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a b s t r a c t

Combined petrological, geochemical, isotopic and geochronological data shed light on the origin and
evolution of a peraluminous garnet-bearing two-mica granitoid (El Tigre Granitoid: ETG) cropping out in
southwestern Sierra de Pie de Palo (31◦31′30′′S–68◦15′12′′W), and to constrain the age and petrogenetic
conditions of this intrusive event. ETG experienced amphibolite to greenschist facies metamorphism
after igneous crystallization, followed by strong deformation restricted to narrow mylonite zones (ETG
shear zone) and partial dynamic recrystallization under lower-T conditions. A dextral shear sense is
compatible with kinematic observations registered along the NNE striking regional Las Pirquitas over-
thrust, active at 473 ± 10 Ma (K/Ar on <2 �m micaceous fraction for the ETG shear zone). The ETG crops
out as small, tabular to lenticular vein-like bodies emplaced into metasedimentary rocks of the Pie de
Palo Complex. The ETG ranges from granodiorite to tonalite, with a moderately peraluminous signature
(ASI = 1.09–1.33; A/CNK >1.1; normative corundum; low CaO values between 1.72 and 2.41%), plotting
mostly in the granite–trondhjemite fields of the Ab–An–Or diagram. The trace element contents show
a relatively low abundance of Rb, HFS elements such as Y, Nb, Ta, Ga and Zr, and high concentrations of
Ba, Sr, and

∑
LREE. The chondrite-normalized REE pattern has a high slope with [La/Yb]N = 9.48–55.32

and a negative or absent europium anomaly. Relationships between trace elements suggest the classical
setting of granitoids produced in a convergent plate setting.

A U–Pb SHRIMP crystallization age on zoned igneous zircon of 1105.5 ± 4.1 Ma suggests that the ETG

could be part of the magmatic complex forming the Grenvillian basement of the Western Sierras Pam-
peanas. (87Sr/86Sr)1105 values of 0.70543 and εNd of +4.2 indicate a rather immature source for its origin,
with similar initial isotopic ratios to those found in orthogneisses from elsewhere in the Western Sierras
Pampeanas. On the other hand, Sm–Nd model ages (TDM) for the ETG range from 1.20 to 1.39 Ga. Geochem-
ical and isotopic signatures of the ETG could be explained by low-pressure partial melting from a basaltic

rmal
hanc
source under high geothe
1.1 Ga global period of en
. Introduction

Arguments for a parautochthonous Gondwanan origin of the
uyania terrane have been proposed by Finney (2007), who pos-
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gradient conditions. This thermal anomaly could be associated with the
ed mantle plume activity, developing widespread global magmatism.

© 2010 Elsevier B.V. All rights reserved.

tulated that this terrane migrated during the Middle Ordovician
along a transform fault at the southern margin of West Gondwana
(present coordinates). Nevertheless, most studies carried out dur-
ing the last two decades agree that the exotic Cuyania terrane was
detached from Laurentia and coupled to Western Gondwana in

the Early to Middle Ordovician (see Ramos, 2004 and references
therein). The Cuyania terrane is well preserved in the basement
rocks of the central Argentinean Andes as an elongated (≈1200 km
long and up to 250 km wide) NNW-SSE area delimited by the
Chilenia terrane to the west, the Pampia terrane to the east and

http://www.sciencedirect.com/science/journal/03019268
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Fig. 1. (a) Sketch map of central Argentina showing the main tectonic domains, modified from Ramos (2004). Grenvillian ages were obtained from Sierra de Umango:
1108 ± 13 Ma and 1084–1189 Ma in orthogneiss, Varela et al. (2003, 2008); Sierra de Maz: 1070 ± 41 Ma in anorthosite, Casquet et al. (2004), Las Matras Block: ∼1200 Ma in
tonalite, Sato et al. (2000, 2004); Precordillera: xenoliths from Miocene lava domes, Kay et al. (1996); Sierra de Pie de Palo: carbonates, Galindo et al. (2004), 1021 ± 12 Ma in
orthogneiss, Pankhurst and Rapela (1998); 1.4 Ga in detritic zircons, Casquet et al. (2001); Rapela et al. (2005); 1169+8/−7 Ma in tonalite, Vujovich et al. (2004). (b) Schematic
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eological map of southern Sierra de Pie de Palo (modified from Ramos and Vujov
ETG), El Gato Tonalite (1169+8/−7 Ma, Vujovich et al., 2004) and A-type granitoid (Q
lutons (481 ± 6 and 470 ± 10 Ma, Baldo et al., 2005) and other granitoid outcrops (

he Famatina terrane to the north (Ramos, 2004; Vaughan and
ankhurst, 2008). According to Ramos (2004), four sectors can
e defined within the Cuyania terrane: the Precordillera Fold and
hrust Belt, the San Rafael Block, the Sierra de Pie de Palo area and
he Las Matras Block (Fig. 1a).

Grenvillian ages have been obtained recently from U–Pb zir-
on dating both in plutonic rocks (e.g. Casquet et al., 2004; Sato
t al., 2004; Vujovich et al., 2004) and metamorphic rocks (e.g.
ankhurst and Rapela, 1998; Casquet et al., 2001; Varela et al., 2003,
008; Naipauer et al., 2005, 2009; Rapela et al., 2005) along the
estern Sierras Pampeanas (Ramos, 1999) and even for xenoliths

rom Miocene lava domes (Kay et al., 1996) that crop out in the
rgentinean Precordillera. Moreover, Sr and C isotopes obtained

rom some carbonate rocks in the Sierra de Pie de Palo (SPP) also
ndicate Grenvillian ages (Galindo et al., 2004). Recently Kumar
t al. (2007) proposed a global thermal event at 1.1 Ga, probably
riven by excess mantle heat, responsible for the development
f widespread global magmatic activity. Consequently, this global
hermal anomaly should be considered in the interpretation of the
renvillian magmatic and metamorphic ages reported along the
estern Sierras Pampeanas.
All these ages constitute direct or indirect evidence for the
asement age of the terrane and, together with stratigraphic and
edimentological data (e.g. Astini et al., 1995; Keller, 1999), would
upport the hypothesis that this terrane could be derived from part
f Laurentia. Consequently, the whole of the Western Sierras Pam-
eanas might represent basement remnants of an allochthonous
00 and Naipauer et al., 2005, 2009) showing the location of the El Tigre Granitoid
da Derecha orthogneiss, 774 ± 6 Ma, Baldo et al., 2006). El Indio and Difunta Correa
and Dalla Salda, 1993) are also indicated.

Grenvillian terrane of which the Precordillera and the Sierra de
Pie de Palo are only a part (see Pankhurst and Rapela, 1998, and
references therein).

In this study we present radiometric ages (U/Pb SHRIMP ages
on zircons, 40Ar/39Ar ages on biotite and muscovite and a K/Ar age
on very fine-grained mica fraction) and the Rb/Sr and Sm/Nd sig-
natures of a peraluminous garnet-bearing two-mica granitoid (El
Tigre Granitoid: ETG) cropping out at the southwestern slope of the
SPP (Fig. 1b). The aim of this study is to describe the mode of occur-
rence, petrography and chemistry of this granitoid and to correlate
it with other granitoid rocks exposed in the area. Combined petro-
logical, geochemical, isotopic and geochronological data presented
here shed new light on its origin and evolution, and constrain the
age of this intrusive phase emplacement. These data also help us
to test whether the ETG could have formed part of a calc-alkaline
arc that erupted during an inferred Grenvillian collision with the
Mesoproterozoic basement of the Precordillera terrane (Vujovich
and Kay, 1998), or whether it is related to the Early Ordovician
peraluminous magmatism emplaced early during the Famatinian
tectono-thermal event (Baldo et al., 2005).

2. Geologic setting
The SPP, one of the westernmost ranges in the west of the Sier-
ras Pampeanas System, is considered by many authors (Astini et
al., 1995; Casquet et al., 2001) as the main exposure of the Pro-
terozoic basement of the Cuyania terrane, a supposed Laurentian
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ig. 2. (a) Detailed geological map and petrography of the ETG and its derived m
ylonite). Stereoplot (lower hemisphere) of the NE-E striking ETG shear zone wit
ovement of the hanging wall (dextral shear). (b) Metric boudinage of El Tigre Gra

ranitoid. (d) Hand sample of mylonitic/ultramylonitic rock.

xotic block accreted to the southwestern margin of Gondwana
its current location) in the Mid-Ordovician during the Famatinian
rogeny (Thomas and Astini, 1996; Casquet et al., 2001; Ramos,
004). The SPP comprises a tectonic collage of Mesoproterozoic
ainly metasedimentary and igneous rocks and Neoproterozoic to

ower Paleozoic metasedimentary sequences (Vujovich et al., 2004
nd references therein). It is composed of a metamorphic basement
ith two different sequences (Fig. 1b): the Pie de Palo Complex

omposed mainly of amphibolites and ultramafic rocks (mostly
erived from island arc and oceanic environments) associated with
iotite–muscovite–garnet gneisses and schists of Mid-Proterozoic
ge (Ramos and Vujovich, 2000), and the Caucete Group, in the
estern flank, characterized by platform siliciclastic to carbon-

te sequences possibly of late Proterozoic-Lower Cambrian age
Naipauer et al., 2009). Relationships between both complexes are
lways structural where exposed, represented by the first order
as Pirquitas Thrust along the western margin of the SPP (Fig. 1b).
his thrust system, a NS-NNE trending low-angle and a top-to-the-
est sense of relative movement, underwent protracted activity

rom 464 Ma until ca. 396 Ma, placing the Middle Proterozoic Pie de
alo Complex over the Upper Proterozoic–Lower Paleozoic Caucete
roup (Ramos et al., 1998; Casquet et al., 2001). Nevertheless,

40 39
ecent Ar/ Ar ages in hornblende (Mulcahy et al., 2007) from
mylonite–ultramylonite of 515 ± 2 Ma and 510 ± 3 Ma have been

nterpreted as the earliest phase of deformation during thrusting
D1, Van Staal et al., 2005). The ca. 464 Ma would then reflect the
ge of the penetrative deformation (D2, Van Staal et al., 2005)
es, with location of dated samples TM1-05 (undeformed ETG) and TM7-05 (ETG
erate southeasterly dip and subhorizontal stretching lineations. Arrows show the
inside metamorphic host rock. (c) Hand sample of undeformed/slightly deformed

related to the accretion of the Precordillera during the Middle
Ordovician.

Granitic rocks of diverse nature and age that make up a small
proportion of the crystalline basement of the SPP, have intruded
the metamorphic basement (Fig. 1b). In the Pie de Palo Complex,
a Mesoproterozoic (Grenvillian) age of 1.0–1.2 Ga was assigned
based on Rb/Sr and U/Pb age determinations of some felsic meta-
intrusive bodies present in the metasedimentary/metavolcanic
middle to late Proterozoic sequences (McDonough et al., 1993;
Varela and Dalla Salda, 1993; Pankhurst and Rapela, 1998). In the
western SPP, close to the study area, a U–Pb SHRIMP age from zir-
con on a tabular, sill-like calc-alkaline tonalite/granodiorite (“El
Gato tonalite”) yielded an age of 1169+8/−7 Ma (Vujovich et al.,
2004). Orthogneisses derived from metaluminous A-type monzo-
granites (“A-type granitoid”) with a crystallization U–Pb SHRIMP
zircon age of 774 ± 6 Ma were recognized by Baldo et al. (2006)
in the southwestern SPP. Concerning Sr isotope compositions of
the Difunta Correa Metasedimentary Sequence included in the Pie
de Palo Complex (Baldo et al., 1998), the carbonates are coinci-
dent with those described for late Proterozoic carbonates and an
age of middle to late Neoproterozoic (580–720 Ma) is inferred for
them (Galindo et al., 2004; Rapela et al., 2005). Finally, two garnet-

bearing two-mica granites, “El Indio” and the “Difunta Correa”
plutons, with crystallization ages of 481 ± 6 Ma and 470 ± 10 Ma,
respectively (U–Pb SHRIMP zircon ages), were also reported
by Baldo et al. (2005) in the south-eastern part of the SPP
(Fig. 1b).
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ig. 3. Igneous and mylonitic microscopic textures of the ETG. (a) Allotriomorphic
iotite as main components (cross-polarized light). (b) Ultramylonitic texture in hig
extral brittle domino structure in a moderately deformed granitoid (cross-polarize

ight). In all photographs, scale bar is 0.5 mm. Pl: plagioclase, Ms: muscovite, Bt: bio

According to Casquet et al. (2001) the Pie de Palo Complex first
nderwent low-pressure/temperature (P/T) type metamorphism,
eaching in some places migmatitic conditions (686 ± 40 MPa,
90 ± 17 ◦C), comparable to the Grenvillian M2 metamorphism
f the supposed Laurentian counterpart of the terrane. The sec-
nd metamorphic event is of Famatinian age and took place
nder higher P/T conditions, following a clockwise P–T path (baric
eak: 1300 ± 100 MPa, 600 ± 50 ◦C). Low-U zircon overgrew detri-
al Grenvillian cores as pressure fell from its peak, and yields U–Pb
HRIMP ages of ca. 460 Ma, which is interpreted as the age of duc-
ile thrusting coincident with early uplift. The initial accretion to
ondwana must have occurred before this.

A tectonic model proposed by Vujovich and Kay (1998) for the
PP invokes a Mesoproterozoic oceanic suprasubduction zone set-
ing for the Pie de Palo Complex that collided with a continental
lock during the Grenville orogeny. Collision was followed by for-
ation of a Mesoproterozoic, dominantly felsic arc, whose magmas

rupted through the thickened crust.

. Petrology of the El Tigre Granitoid (ETG)

The ETG (31◦31′30′′S–68◦15′12′′W), is a homogeneous
quigranular medium-grained (3–5 mm grain size) garnet-bearing
wo-mica granitoid occupying a restricted area at the downstream
nd of Quebrada del Tigre at the southwestern end of Sierra de Pie
e Palo (Figs. 1 and 2). The ETG is contained in strongly folded and
heared rocks of the Pie de Palo Complex (Figs. 1b and 2a) and it is

patially closely associated with Las Pirquitas Thrust-related shear
ones (Castro de Machuca et al., 2008).

Host rocks are low- to medium-grade metasedimentary rocks
f the Mid-Proterozoic Pie de Palo Complex which locally
onsists of quartz–muscovite and quartz–plagioclase–biotite–
lar texture in undeformed tonalite (sample TM1-05) with plagioclase, quartz and
formed granitoid sample TM7-05 (parallel-polarized light). (c) Plagioclase showing
). (d) Dextral mica-fish structures developed in ultramylonitic rock (cross-polarized
tz: quartz, Kfs: K-feldspar.

muscovite ± garnet mylonite schists. Foliation of the host rocks
varies greatly in orientation but has a NE average strike direction.

The granitoid crops out as small (10 cm to a few meters wide)
tabular to lenticular light yellowish-gray felsic bodies emplaced
concordantly with the schistosity of the metamorphic rocks. The
ETG has been folded together with the country rock and as a result
of rheology contrast, boudinage is frequently developed (Fig. 2b).
The ETG is not foliated towards the outside of shear zones and con-
tacts with the host rock are always sharp; both the ETG and the
country rock are complexly folded at a regional scale. There is no
evidence of contact metamorphism by the ETG and microgranular
enclaves and xenoliths are absent.

Localized ductile shear zones, ranging in width from a few
centimeters to a few meters, were observed in the ETG out-
crops developed mainly at the boundaries of the granitoid
boudins. Transition from undeformed/slightly deformed granitoid
to mylonite–ultramylonite can be observed in the ETG ductile shear
zones (Fig. 2c and d), allowing sample collection with relict tex-
tures related to an igneous and regional metamorphic event, and
high-strained samples, related to the later shearing.

The ETG shear zone has a NE-E striking, moderately east-
dipping mylonitic foliation, and subhorizontal stretching lineations
(Fig. 2a). Mesoscopic and microscopic kinematic indicators suggest
dextral shear sense compatible with NW-W shortening (Castro de
Machuca et al., 2008). This is consistent with top-to-the-west N-
S to NE striking ductile thrust along the western side of the SPP
(Ramos et al., 1998; Vujovich et al., 2004; Mulcahy et al., 2007).
3.1. Igneous and metamorphic textures

The granoblastic texture of the ETG resembles the allotriomor-
phic granular texture of the original intrusive rock (Fig. 3a). Only
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procedures at the Department of Geology (University of Chile).
Twenty-two separated zircon grains were finally selected for
ig. 4. Modal quartz (Qtz)-alkali feldspar (A)-plagioclase (P) ternary diagram
Streckeisen, 1976) of the ETG.

inor microscopic evidence of strain effects such as undulose
xtinction in quartz, some bending in micas and limited subgrain
ormation but no recrystallization is present.

Based on the modal classification (QAP diagram elaborated on
minimum of 1100 points per sample on thin sections, Fig. 4)

he ETG composition varies from granodiorite to tonalite. Plagio-
lase (Ab87-73, Michel-Levy method), quartz, biotite, subordinate
ca. 2.9% modal abundance increasing up to 15% modal abundance
n quartz-rich lithologies) muscovite (Ms1) and microperthitic K-
eldspar in the granodioritic varieties, make up the bulk of the rock.

yrmekite patches sometimes replace the K-feldspar at the con-
act with plagioclase crystals. Polysynthetic twins in the myrmekite
how that the quartz “worms” are in a plagioclase matrix. Rare
uscovite–quartz symplectites are also found. Accessory miner-

ls include abundant rutile, zircon, monazite and lesser allanite
nd ilmenite. Zircon crystals, some of them included in biotite,
re mostly euhedral to subhedral (rounded); pleochroic radiation
aloes can be visible around them. Rutile is present as deep golden-
rown grains or as very fine needles within biotite. Rare apatite,
itanite and tourmaline are also found.

Textural and mineralogical evidence suggest that after igneous
rystallization the ETG underwent regional metamorphism that
lightly obliterated primary igneous textures. Small subhedral to
uhedral garnet crystals (0.06 mm average) with a pale green tint
ave been found in most of the samples. Relics of larger (up to
.8 mm) anhedral garnets are partially replaced by chlorite, epi-
ote and sometimes biotite along fractures and rimming garnet.
arnets up to 2.5 cm in diameter (in hand sample) surrounded by a

eucocratic (Pl-Qtz) rim are also locally present. Its appearance sug-
ests that they would have formed through metamorphic reactions
nder amphibolite facies conditions. Some samples contain no gar-
et but rounded clots of chlorite + epidote + opaques, allowing us to

nfer the former presence of garnet.
Abundant zoisite–clinozoisite + sericite derived from plagio-

lase and muscovite (Ms2) from biotite, are assigned to retrogres-
ion events. Evidences for retrogression also include the partial
eplacement of garnet by biotite, biotite by secondary muscovite
ccompanied by iron–titanium oxide segregation, exsolution in

eldspars, albitization of plagioclase and slight chloritization of
iotite. In addition myrmekite formation generally records a partial
djustment to falling temperatures.
earch 177 (2010) 308–322

3.2. Mylonitic textures

Pronounced foliation and extensive grain-size reduction com-
pared to the crystal size of the undeformed/slightly deformed
ETG, characterize the more intense mylonitic deformation. A tran-
sition between protomylonite, mylonite and ultramylonite are
observed in samples according to distance from shear zone cen-
tres. These rocks contain a variable proportion of plagioclase,
K-feldspar and, more rarely, polycrystalline quartz porphyro-
clasts, in a fine-grained well-foliated, dynamically recrystallized
quartz–phyllosilicate–epidote matrix (Fig. 3b).

Feldspar porphyroclasts tend to be elliptical or rounded in shape
with strong evidence of fracturing and slipping along crystallo-
graphic cleavage planes, thus a bookshelf structure is common.
Plagioclase porphyroclasts are usually fragmented, albitized and
partially transformed to sericite and epidote. Secondary deforma-
tion twins are developed. Plagioclase shows evidence of brittle
deformation by a “domino-type” (Passchier and Trouw, 2005)
fragmented porphyroclast (Fig. 3c). Microcline porphyroclasts are
relatively abundant; they are fractured in some cases and undu-
lose extinction is common. Although cross-hatched twinning is
also present, most microcline grains show deformation-enhanced
twinning. A pressure-shadow texture composed of quartz, epidote
and fine-grained white-mica is frequent around feldspar porphy-
roclasts.

When quartz porphyroclasts are present, they show strong
undulose extinction, sutured boundaries, and become progres-
sively flattened defining foliation and lineation. In mylonites and
ultramylonites, quartz has developed as long and thin ribbons usu-
ally showing partial to full recovery.

Micas are severely bent and smeared out along foliation
planes. Large mica flakes have developed characteristic “mica-fish”
(Fig. 3d). Fractured garnet porphyroclasts are completely dismem-
bered in fine-grained aggregates, and are not longer recognizable
in the ultramylonites.

With increased strain, destruction of feldspar and micas is
accompanied by a small but markedly greater abundance of
fine-grained muscovite and epidote-group minerals, and hence
probably indicates an increased water content of the total rock.
Mica and epidote grains show preferred orientation and a rel-
atively uniform grain size in the matrix. A lack of evidence for
intracrystalline deformation in the smaller individual grains at
the optical microscope scale, suggests that oriented new growth
and/or dynamic recrystallization with recovering (e.g. Passchier
and Trouw, 2005) could have occurred during shear deformation.

�-Type feldspar porphyroclasts and mica-fish structures were
used as kinematic indicators. Together with asymmetrical micro-
folds and microsheared porphyroclasts, a dextral (with minor
normal component) shear movement can be inferred. These
microtectonic data are consistent with meso-scale outcrop mea-
surements (Fig. 2a). According to microstructure characterization,
the metamorphic grade of the ETG shear zone reaches the green-
schist facies.

4. U/Pb, Ar/Ar and K/Ar geochronology

4.1. U/Pb SHRIMP zircon ages

Zircons were separated from an undeformed granitoid (sample
TM1-05) after crushing and standard heavy liquid and magnetic
determination of ion microprobe U–Th–Pb ratios, and the con-
centrations, analysed on SHRIMP II at the Australian National
University, were determined relative to the Temora reference zir-
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on. Decay constants employed are those recommended by Steiger
nd Jager (1977). Measured compositions were corrected for com-
on Pb using the measured 204Pb/206Pb ratio.
The grains are in general small and were hand-picked with

oth elongate and more equant grain shapes selected for final
nalysis. Reflected and transmitted light photomicrographs and
athodo-luminescence (CL) images were captured with the aim
f analysing the internal structure and possible zoning pattern of
elected grains. Both elongate and more equant grain shapes show
L images with a mostly zoned igneous internal structure, although
here are some small, more homogeneous areas that may indicate

inor metamorphic overgrowths (Fig. 5a). Such areas were too
mall to be analysed in general by the 20 micron SHRIMP II spot. A
ummary of the analytical results is listed in Table 1.

Measured U contents range from 207 to 1024 ppm, with an
verage of 489 ppm, whereas Th ranges from 29 to 367 ppm, with
median of 158 ppm. Th/U ratios vary between 0.04 and 0.54,

aving an average value of 0.33. Common Pb ranges from 33 to
57 ppm, with an average value of 75 ppm and a proportion of
06Pb in the total measured Pb (f204 in Table 1) less than 0.18%,
he average of f204 being 0.06%. The data set uncorrected for com-

on Pb plots close to concordia in a Tera–Wasserburg plot (Fig. 5b)
n concordance with the low common Pb analysed. After correction
or common Pb, the analyses are close to or within the analytical
ncertainty of the Wetherill concordia diagram (Fig. 5c) giving a
ean analytical age of 1103.0+10/−7.5 Ma (1�, MSWD = 1.2), mostly

orming a simple-bell shaped age distribution in 207Pb/206Pb ages
Fig. 5d). There is a slight skew to the younger side, and this may
upport a slightly younger overprint. The weighted mean for all
07Pb/206Pb ages has no excess scatter giving 1104.8 ± 4.8 Ma (1�,
SWD = 1.2). If the youngest analysis is excluded then the weighted
ean age is 1105.5 ± 4.1 Ma (1�, MSWD = 1.02, probability = 0.44).

onsequently, the dominant zoned igneous zircon in this rock crys-
allized at 1105 Ma.

.2. 40Ar/39Ar biotite and muscovite ages

Single biotite and muscovite grains from the undeformed
M1-05 sample were selected for 40Ar/39Ar step heating dat-
ng. Micas were separated from this sample after crushing and
nal hand-picking selection under a binocular microscope from
250–180 �m fraction. Sample preparation and 40Ar/39Ar mica

nalyses were carried out at the Laboratorio de Geocronología
f the Servicio Nacional de Geología y Minería, Chile, follow-
ng the analytical procedures detailed in Arancibia et al. (2006).
fter irradiation, samples were cooled for three months. Blanks
btained during the analysis were as follows: 40Ar = 7.42 × 10−17,
9Ar = 4.51 × 10−19, 38Ar = 7.63 × 10−20, 37Ar = 8.13 × 10−19, and
6Ar = 2.44 × 10−19 mol. 40Ar/39Ar analytical data of biotite (two
uns) and muscovite from sample TM1-05 are listed in Table 2 and
ge spectra given in Fig. 6. Plateau, integrated and apparent ages
n Table 2 are quoted at the 2� level error. Plateau ages were cal-
ulated if more than 50% of the 39Ar was released in at least three
uccessive concordant (at the 2� level) steps.

Two different runs on biotite separates were carried out, the first
ne giving a disturbed age spectrum pattern, without any plateau
bserved, progressively increasing apparent ages from step C to G
rom 946.9 ± 1.8 to 970.1 ± 15.1 Ma and a calculate integrated age
f 938 ± 4 Ma (Table 2). An increase in the 37ArCa/39ArK in the last
teps (Table 2) probably corresponds to impurities in the biotite
rystals.
For a second run on more carefully selected biotite crystals,
ithout any optical evidence of microscopic impurities, the three
rst steps define a plateau age (50.2% 39Ar released, MSWD 3.1,
able 2 and Fig. 6a) of 910 ± 20 Ma. The last three steps show

progressive increase in the apparent ages from 929.6 ± 2.8
earch 177 (2010) 308–322 313

to 950.3 ± 6.2 Ma, all eight steps forming an integrated age of
923 ± 4 Ma, which is consistent with the plateau age obtained for
the same sample.

Muscovite grains present a highly disturbed pattern (Fig. 6b) and
no plateaus were detected. In this disturbed apparent age pattern,
two well defined sectors (step B vs. steps C–G) are observed with a
progressive apparent age increasing from steps C (594.4 ± 1.3 Ma)
to G (657.8 ± 3.0 Ma). It is worth noting that the apparent age
obtained from step G is coincident (within the errors range) with
the 653.9 ± 1.1 apparent age of step B (51.1% 39Ar release on a sin-
gle step). Steps C–F, characterized by lower apparent ages, could
be interpreted as resulting from K-poor domains (higher Ca/K and
Cl/K are detected on these three steps) or as consequence of a K-
poor mixed phase in the muscovite grains. An integrated age of
641 ± 3 Ma is calculated.

4.3. K/Ar on fine-grained micaceous fraction

Two runs of the very fine-grained fraction (<2 �m) from the
recrystallized micaceous mylonitic matrix were separated and
analysed by the K/Ar method at the Laboratorio de Geocronología
of the Servicio Nacional de Geología y Minería, Chile. X-ray diffrac-
tion on the separated fraction shows quartz–albite–muscovite and
K-feldspar. Taking into account that mylonitic microstructures sug-
gest shearing under greenschist facies conditions, the obtained
age of 473 ± 10 Ma (Table 3) is interpreted as close in age to the
mylonitic event (Castro de Machuca et al., 2008).

5. Geochemical characteristics

Thirteen fresh samples representative of textural and modal
variations in the ETG were crushed, powdered and anal-
ysed at the ALS Chemex Laboratories in Vancouver, Canada
(www.alschemex.com). Major elements were determined by stan-
dard X-ray fluorescence spectrometry after lithium borate fusion
and trace elements, including rare earth elements (REE), by ICP-
MS (Table 4). Instrumental uncertainties are as follows: all major
elements ± 0.01%; Cs, Ho, Lu, Tb, Tm ± 0.01 ppm; Er, Eu, Sm,
Yb ± 0.03 ppm; Dy, Gd, Th, U ± 0.05 ppm; Ga, Nd, Sr, Ta ± 0.1 ppm;
Hf, Nb, Rb ± 0.2 ppm; Ba, Ce, Co, La, Y, Zr ± 0.5 ppm; Cu, Ni, Pb, V,
Zn ± 5 ppm; Cr ± 10 ppm.

Most analyses form coherent arrays on major element Harker
diagrams, with a decrease in TiO2, FeOt, MgO, CaO and P2O5 with
increasing SiO2, while Na2O increases slightly with silica. A more
irregular pattern is observed for K2O. The SiO2 content of ETG sam-
ples ranges from 67.82 to 71.40% (average 70.4%), Al2O3 ranges
from 14.70 to 16.07%, the Na2O content varies between 3.55 and
4.79% and K2O between 1.55 and 3.07%. The ETG plots in the sub-
alkaline field on the total alkalis vs. silica diagram and clusters
within the field of the calc-alkaline granites on the AFM diagram.
According to the normative composition, the ETG mostly plots in
the granite–trondhjemite fields on the Ab–An–Or diagram (Fig. 7a),
independent of the deformational stage.

In terms of alumina saturation, the ETG classified as slightly to
moderately peraluminous (Fig. 7b), with alumina saturation index
(ASI) values ranging from 1.09 to 1.34 (average of 1.22). The pera-
luminous character is also indicated by the presence of normative
corundum content (average of 2.89%) and low CaO values between
1.72 and 2.41%. The occurrence of subordinate primary muscovite
and the presence of metamorphic garnet could also be evidence of

its peraluminous nature, but its significance will be discussed later.

The relationship between Ga/Al and (Ce + Zr + Nb + Y) indicates
that the ETG belongs to the S- or I-type, contrasting with an A-
type granitoid (Quebrada Derecha orthogneiss) found by Baldo
et al. (2006) few kilometers south of the ETG (Figs. 1b and 8a).

http://www.alschemex.com/
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Table 1
Summary of SHRIMP U–Pb zircon results for sample TM1-05, ETG, Sierra de Pie de Palo, Western Sierras Pampeanas, Argentina.

Grain spot U
(ppm)

Th
(ppm)

Th/U 206Pb*
(ppm)

204Pb/206Pb f206 (%) Total ratios Radiogenic ratios � Age (Ma) % Disc

238U/206Pb ± 207Pb/206Pb ± 206Pb/238U ± 207Pb/235U ± 207Pb/206Pb ± 206Pb/238U ± 207Pb/206Pb ±
1.1 249 104 0.42 40 0.000004 0.01 5.332 0.060 0.0770 0.0005 0.1875 0.0021 1.990 0.026 0.0770 0.0005 0.869 1108 11 1120 13 1
2.1 409 147 0.36 63 0.000028 0.05 5.609 0.060 0.0766 0.0004 0.1782 0.0019 1.872 0.022 0.0762 0.0004 0.895 1057 10 1101 11 4
3.1 328 105 0.32 48 0.000099 0.17 5.837 0.063 0.0778 0.0004 0.1710 0.0018 1.801 0.024 0.0764 0.0006 0.821 1018 10 1105 15 8
4.1 282 91 0.32 44 0.000017 0.03 5.508 0.077 0.0767 0.0005 0.1815 0.0025 1.915 0.030 0.0765 0.0005 0.905 1075 14 1109 13 3
5.1 634 232 0.37 98 0.000007 0.01 5.575 0.058 0.0762 0.0003 0.1793 0.0019 1.881 0.021 0.0761 0.0003 0.929 1063 10 1097 8 3
6.1 680 367 0.54 104 0.000013 0.02 5.595 0.059 0.0764 0.0003 0.1787 0.0019 1.877 0.021 0.0762 0.0003 0.934 1060 10 1100 8 4
7.1 254 105 0.41 40 – <0.01 5.474 0.060 0.0769 0.0005 0.1827 0.0020 1.938 0.025 0.0769 0.0005 0.867 1082 11 1119 13 3
8.1 746 29 0.04 113 0.000032 0.05 5.661 0.059 0.0771 0.0003 0.1765 0.0018 1.865 0.021 0.0766 0.0003 0.928 1048 10 1111 8 6
9.1 320 45 0.14 49 0.000080 0.13 5.568 0.060 0.0763 0.0004 0.1794 0.0019 1.858 0.024 0.0751 0.0006 0.824 1063 11 1072 15 1

10.1 354 160 0.45 57 0.000011 0.02 5.334 0.059 0.0758 0.0005 0.1874 0.0021 1.954 0.026 0.0756 0.0006 0.835 1107 11 1084 15 −2
11.1 415 118 0.28 65 0.000028 0.05 5.501 0.058 0.0763 0.0004 0.1817 0.0019 1.903 0.023 0.0760 0.0004 0.891 1076 11 1094 11 2
12.1 207 82 0.40 33 0.000030 0.05 5.388 0.060 0.0762 0.0005 0.1855 0.0021 1.938 0.027 0.0758 0.0007 0.790 1097 11 1089 17 −1
13.1 339 123 0.36 53 0.000007 0.01 5.497 0.059 0.0766 0.0004 0.1819 0.0020 1.919 0.023 0.0765 0.0004 0.885 1077 11 1109 11 3
14.1 566 255 0.45 87 – <0.01 5.556 0.058 0.0768 0.0003 0.1800 0.0019 1.907 0.022 0.0768 0.0003 0.924 1067 10 1117 9 5
15.1 504 191 0.38 78 0.000073 0.12 5.581 0.059 0.0771 0.0003 0.1790 0.0019 1.877 0.022 0.0761 0.0004 0.898 1061 10 1097 10 3
16.1 673 335 0.50 112 0.000028 0.05 5.172 0.054 0.0767 0.0003 0.1933 0.0020 2.034 0.023 0.0763 0.0003 0.931 1139 11 1104 8 −3
17.1 1024 259 0.25 157 0.000010 0.02 5.622 0.058 0.0762 0.0002 0.1778 0.0018 1.864 0.020 0.0760 0.0002 0.962 1055 10 1095 6 4
18.1 465 171 0.37 70 0.000105 0.18 5.692 0.060 0.0785 0.0003 0.1754 0.0018 1.862 0.022 0.0770 0.0004 0.877 1042 10 1121 12 7
19.1 482 150 0.31 74 0.000007 0.01 5.582 0.060 0.0772 0.0004 0.1791 0.0019 1.904 0.022 0.0771 0.0004 0.903 1062 10 1124 10 5
20.1 707 117 0.16 110 0.000005 0.01 5.501 0.060 0.0765 0.0003 0.1818 0.0020 1.917 0.022 0.0765 0.0003 0.954 1077 11 1108 7 3
21.1 902 231 0.26 131 0.000100 0.17 5.910 0.061 0.0780 0.0002 0.1689 0.0017 1.785 0.020 0.0766 0.0003 0.924 1006 10 1111 9 9
22.1 220 59 0.27 34 0.000026 0.04 5.610 0.064 0.0769 0.0005 0.1782 0.0020 1.879 0.025 0.0765 0.0005 0.851 1057 11 1108 14 5

Notes: (1) Uncertainties given at the 1� level.
(2) Error in Temora reference zircon calibration was 0.45% for the analytical session (not included in above errors but required when comparing 206Pb/238U data from different mounts).
(3) Pb* is the radiogenic Pb.
(4) f206% denotes the percentage of 206Pb that is common Pb.
(5) Correction for common Pb made using the measured 204Pb/206Pb ratio.
(6) For % Disc, 0% denotes a concordant analysis.
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ig. 5. (a) Zircon cathodo-luminescence (CL) image and U–Pb radiometric ages for
era–Wasserburg diagram and (c) Wetherill plot of the full dataset showing error
ata showing the homogeneous age of analysed zircons.

he trace element contents show a relatively low abundance
f Rb (56.2–83.0 ppm), HFS elements such as Y (6.1–31.5 ppm),
b (4.3–6.4 ppm), Ta (0.3–0.5 ppm), Ga (17.7–21.2 ppm) and Zr

205–491 ppm), and high concentrations of Ba (354–1770 ppm),
r (264–568 ppm), and �LREE (136–211 ppm). The ETG contents
f high-field strength elements (HFSE) are relatively low, which is
ypical of orogenic granites, with very low Rb/Sr and Sr/Ba ratios
0.13–0.28 and 0.17–0.89, respectively). The low Y and Zr values
re probably controlled by the accessory zircon, rutile, allanite,
onazite and apatite which commonly retain these elements and

ffect thus their concentrations. The relationships between trace
lements suggest that the ETG has the classical setting of grani-
oids produced in a convergent plate environment (e.g. Pearce et
l., 1984). In fact, the ETG plots in the volcanic arc granite field on
he Y + Nb vs. Rb diagram (Fig. 8b). This tectonic environment is also
onfirmed by the Ta + Yb vs. Rb, Yb vs. Ta and Hf–Rb/10 − Ta × 3 dis-
rimination diagrams for granites. According to the relationships
etween trace elements, the ETG could be considered as a vol-
anic arc granitoid emplaced in a convergent plate setting under

compressive tectonic regime.

A chondrite-normalized REE pattern (Fig. 9) shows a high
lope with [La/Yb]N = 9.48–55.32 and a negative to slightly positive
uropium anomaly (Eu/Eu* = 0.62–1.10). A slight decrease in the
otal REE amounts, but preserving a parallel pattern, is observed
le TM1-05 (ETG, Sierra de Pie de Palo, Western Sierras Pampeanas, Argentina). (b)
es at 68.3% confidence limits for igneous cores. (d) Relative probability plot of full

when comparing the normalized pattern of undeformed or slightly
deformed granitoids with highly deformed mylonites (Fig. 9a).
This REE mobilization during mylonitization could be related to
a decrease of the modal garnet and accessory mineral amounts in
mylonites compared with undeformed rocks. The strong difference
in the REE pattern of the ETG with respect to the El Gato tonalite
(Fig. 9b) is also remarkable; this is characterized by a very low HFSE
ratio and low HREE, and was interpreted by Vujovich et al. (2004)
to be a consequence of the derivation of this rock from an oceanic
rather than a continental setting. Nevertheless, a similitude in the
REE normalized pattern as well as with the YbN values are observed
between the ETG and tonalites from the Mesoproterozoic basement
of the Las Matras Block (Fig. 9b), suggesting similar petrogenetic
processes as discussed latter below.

6. Sr- and Nd-isotopes

Rb/Sr and Sm/Nd isotopic analyses were carried out on whole

rock samples at the Geochronological Research Center, University
of São Paulo, Brazil. The Rb–Sr and Sm–Nd analyses were prepared
using the procedures of Tassinari et al. (1996) and Sato et al. (1995),
which involve HF-HNO3 dissolution plus HCl cation exchange sep-
aration. No visible solid residues were observed after dissolution.
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Table 2
40Ar/39Ar step heating analytical data of biotite (two runs) and muscovite from sample TM1-05, ETG, Sierra de Pie de Palo, Western Sierras Pampeanas, Argentina.

Step Laser power Ca/K Cl/K 36Ar/39Ar 40Ar*/39Ar Mol 39Ar Cum. % %40Ar* Age (Ma) (±2�)

Run 11436-01, biotite, sample TM1-05 (J = 0.0013212 ± 0.0000027, 2�)
A 3 0.028 0.006 0.022 492.334 0.797 10.0 98.7 903.9 2.5
B 6 0.009 0.009 0.008 522.403 2.764 44.8 99.6 946.9 1.8
C 9 0.015 0.013 0.008 511.804 1.663 65.7 99.5 931.8 2.8
D 12 0.009 0.008 0.007 516.340 1.546 85.2 99.6 938.3 1.8
E 15 0.016 0.006 0.006 521.030 0.656 93.5 99.7 944.9 3.3
F 20 0.034 0.007 0.006 529.269 0.402 98.5 99.7 956.5 3.4
G 25 0.031 0.015 0.007 538.968 0.082 99.5 99.6 970.1 15.1
H 30 −0.077 0.025 0.004 531.476 0.036 100.0 99.8 959.6 23.7

Integrate age = No plateaus detected 938 4

Run 11436-02, biotite, sample TM1-05 (J = 0.0013212 ± 0.0000027, 2�)
A* 3 0.075 0.016 0.024 496.701 0.687 11.2 98.6 910.2 2.8
B* 6 0.013 0.006 0.007 502.689 1.596 37.3 99.6 918.8 2.4
C* 9 0.037 0.014 0.009 498.151 0.788 50.2 99.5 912.3 2.7
D 12 0.035 0.011 0.006 508.936 1.009 66.7 99.6 927.8 2.4
E 15 0.017 0.006 0.006 509.075 0.844 80.5 99.6 928.0 2.6
F 20 0.018 0.002 0.003 510.258 0.573 89.9 99.8 929.6 2.8
G 25 0.062 0.005 0.006 518.160 0.362 95.8 99.7 940.9 3.9
H 30 −0.033 0.016 0.007 524.857 0.258 100.0 99.6 950.3 6.2

Integrate age = 923 4
(*) Plateau Age = 910 20

Run 11437-01, muscovite sample TM1-05 (J = 0.0013224 ± 0.0000027, 2�)
A 3 1.422 −0.018 0.098 479.717 0.062 0.9 94.3 886.3 9.9
B 6 0.019 0.006 0.008 330.339 3.441 52.0 99.3 653.9 1.1
C 9 0.056 0.012 0.006 295.110 1.338 71.8 99.4 594.4 1.3
D 12 0.057 0.007 0.005 313.827 0.421 78.1 99.5 626.3 2.6
E 15 0.047 0.006 0.002 319.172 0.488 85.3 99.8 635.3 2.3
F 20 0.034 0.010 0.001 327.829 0.596 94.2 99.9 649.7 2 2
G 25 0.069 0.001 0.004 332.696 0.369 99.6 99.6 657.8 3.0
H 30 0.471 0.062 0.018 295.576 0.024 100.0 98.3 595.2 20.3

Integrate age = No plateaus detected 641 3

Step: laser output power (in watt) for analysed micas. 40Ar* is the radiogenic argon from natural K-decay.

Fig. 6. 40Ar/39Ar step heating apparent age spectra and %40Ar*, 37ArCa/39ArK and 36ArCl/39ArK spectrum of selected biotite (a) and muscovite (b) grains from sample TM1-05
(ETG, Sierra de Pie de Palo, Western Sierras Pampeanas, Argentina).

Table 3
Analytical results of K/Ar dating (sample TM7-05 ETG mylonite), Sierra de Pie de Palo, Western Sierras Pampeanas, Argentina.

Sample Lab. number Dated material %K Rad. Ar (nl/g) Atmosph. Age (Ma) Error (2�)

TM7-05 P900-TM7 <2 �m micaceous fraction 3.130 65.755 6 473 ±14
TM7-05 P894-TM7 <2 �m micaceous fraction 3.130 65.877 9 473 ±14

Weighted average 473 ±10
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Table 4
Major and trace elements analyses of the El Tigre Granitoid (ETG), Sierra de Pie de Palo, Western Sierras Pampeanas, Argentina. Major oxides in wt%, trace elements in ppm.
Fe2O3 represents total Fe.

Sample S15 S27 TM1-05 S4S S15S TM3-05 TM6-05 S21 TM4-05 TM2-05 SIS T39 TM7-05

Rock type Prl Prl Prl Prl Prl Sd Sd Sd Prm Myl Myl Myl Myl

SiO2 67.82 68.78 68.95 71.40 69.10 68.49 69.78 70.50 70.03 74.47 71.20 70.66 73.49
TiO2 0.53 0.35 0.51 0.47 0.46 0.56 0.42 0.40 0.39 0.11 0.48 0.25 0.11
A12O3 15.72 15.68 16.03 15.60 15.80 16.07 15.70 14.70 15.08 14.40 15.90 15.38 14.94
Fe2O3 3.46 2.70 3.42 2.58 2.61 3.84 2.90 2.98 2.89 1.05 2.42 2.03 1.44
MnO 0.03 0.02 0.06 0.05 0.04 0.04 0.02 0.03 0.02 0.02 0.04 0.02 0.02
MgO 0.91 0.71 0.92 0.81 0.89 0.89 0.71 0.77 0.76 0.16 0.80 0.48 0.22
CaO 2.28 1.98 2.19 2.39 2.39 2.17 2.41 1.72 2.08 1.10 1.76 1.43 1.50
Na2O 3.64 3.82 4.30 4.79 4.25 3.73 3.55 3.61 3.83 4.19 4.48 3.74 4.03
K2O 2.79 2.96 1.76 1.55 2.97 1.86 2.34 3.07 1.76 1.74 1.81 3.69 3.17
P2O5 0.11 0.10 0.07 0.10 0.12 0.07 0.09 0.07 0.10 0.08 0.08 0.07 0.07
LOI 0.91 0.89 0.65 0.40 1.25 1.10 1.01 1.01 1.20 0.86 1.40 0.81 0.69

Total 98.41 98.21 98.94 100.40 99.88 98.94 99.10 99.10 98.24 98.24 100.40 98.72 99.77

Ba 1285 1305 354 820 1770 643 982 1505 496 400 1170 1035 567
Rb 75.5 66.4 58.5 57.0 83.0 58.9 56.2 70.2 48.7 36.7 51.0 64.6 55.7
Th 13.5 9.0 11.4 10.6 14.0 13.0 13.7 1.0 11.5 9.9
Nb 4.5 4.3 5.5 21.0 19.0 6.4 5.7 5.7 6.4 2.0 5.0 5.1 2.9
Sr 430 356 316 446 568 311 319 264 300 183 381 231 198
Zr 236 205 269 491 262 254 227 233 274 79 296 163 27
Y 8.3 6.1 31.5 9.0 15.0 16.8 16.4 7.3 22.3 35.2 44.0 11.4 10.4
Cr 10 10 20 10
V 42 32 46 53 51 33 37 9 23 14
Ni 8 11 7 5 9
Co 7 5 7 5 5 5 5 5 3 3
Pb 41 23 22 24 35 49 20 19 27 24
Cu 9 6 9 6 5
Zn 173 72 86 82 68 209 62 24 55 36
Cs 1.50 1.38 2.17 1.64 1.01 1.71 1.02 0.46 0.56 0.59
Ga 21.2 19.4 17.7 18.6 17.8 18.6 17.6 16.5 17.2 15.6
Sn 4 2 1 1 1 6 1 1 1 1
Ta 0.4 0.4 0.3 0.5 0.4 0.4 0.4 0.2 0.2 0.2
Hf 6.2 5.6 7.3 6.8 5.9 6.0 7.6 3.1 4.7 0.9
U 2.99 2.61 3.31 2.25 2.93 2.34 3.76 3.19 1.97 0.99
La 55.4 36.5 45.2 42.4 52.2 54.6 46.8 10.6 28.4 13.6
Ce 102.0 66.3 87.5 78.7 98.3 103.0 93.0 14.4 58.2 27.8
Pr 10.2 6.8 9.6 8.6 10.2 10.8 10.2 3.1 5.9 3.0
Nd 34.5 23.0 35.6 31.5 36.1 37.1 37.4 13.2 21.2 11.8
Sm 5.06 3.25 6.45 5.61 5.86 5.65 7.05 2.96 3.83 2.47
Eu 1.02 0.94 2.25 1.73 1.71 1.00 1.72 1.53 0.97 0.97
Gd 3.85 2.74 6.06 4.98 5.13 4.28 6.35 3.61 3.42 2.16
Tb 0.42 0.30 0.88 0.65 0.62 0.41 0.89 0.62 0.45 0.29
Dy 1.60 1.26 5.02 3.09 2.90 1.62 4.36 4.14 2.11 1.74
Ho 0.32 0.22 1.16 0.63 0.57 0.25 0.80 0.99 0.38 0.37
Er 0.82 0.63 3.57 1.80 1.49 0.72 2.09 3.06 1.00 1.14
Tm 0.11 0.09 0.52 0.26 0.18 0.09 0.32 0.54 0.12 0.18
Yb 0.71 0.60 3.19 1.61 1.16 0.66 1.76 3.19 0.75 1.30
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Lu 0.18 0.16 0.53 0.28

rl: protolith (undeformed granitoid); Sd: slightly deformed granitoid; Prm: protom

he Sr isotopic ratios were normalized to 86Sr/88Sr = 0.1194; repli-
ate analyses of 87Sr/86Sr for the NBS987 standard give a mean
alue of 0.71028 ± 0.00006 (2�), with measured Sr blanks of 5 ng.
d isotopic ratios were normalized to 146Nd/144Nd = 0.72190. The
verages of 143Nd/144Nd for La Jolla and BCR-1 standards were
.511847 ± 0.00005 (2�) and 0.512662 ± 0.00005 (2�), respec-
ively. The blanks measured < 0.03 ng Nd. Isotopic analyses of Sr
nd Nd were carried out on a multicollector VG 354 Micromass and
innigan-MAT 262 mass spectrometers, respectively. Initial Sr and
d isotopic ratios were calculated to an age of 1105 Ma, as deduced

rom U–Pb SHRIMP data. Analytical results are given in Table 5.
Undeformed/slightly deformed granitoid (sample TM1-05) has
87 86 143 144
( Sr/ Sr)1105 ratio of 0.70543 and ( Nd/ Nd)1105 ratio of

.511424, with a εNd value of +4.2. This initial Sr signature is slightly
ore radiogenic than those calculated for other Grenvillian grani-

oids present in the Cuyania terrane (Juchi orthogneiss, 1108 Ma,
.70217–0.70337, Varela et al., 2003; Pie de Palo orthogneisss,
0.18 0.16 0.30 0.55 0.16 0.23

ite; Myl: mylonite.

1021 ± 12 Ma, 0.7045, Pankhurst and Rapela, 1998; Las Matras
granitoid, ≈1200 Ma, 0.7030, Sato et al., 2000) and even the nearby
774 ± 6 Ma A-type granitoid (0.70309, Baldo et al., 2006). Never-
theless, in terms of εNd values, the ETG presents a rather primitive
signature, only comparable with that of the A-type granitoid (+4.2
to +5.0) and more primitive than the other Grenvillian granitoids
present in the region (+2.3 to +2.8 for the Juchi orthogneiss and +1.6
to +1.8 for the Las Matras granitoid).

Data from moderately deformed ETG (sample TM3-05) suggests
mainly open system behavior for the Sr isotopes during deforma-
tion, with (87Sr/86Sr)1105 = 0.69840, (143Nd/144Nd)1105 = 0.511332
and εNd +2.4. Moreover, highly deformed ETG mylonite (sample

87 86
TM7-05) has a more radiogenic signature ( Sr/ Sr)1105 = 0.71655,
(143Nd/144Nd)1105 = 0.511160 and εNd −1.0 which could be the
consequence of high fluid-rock interaction between the granitoid
and the host rocks during mylonitization processes. In fact, highly
deformed granitoid (sample TM7-05) has a higher 147Sm/144Nd
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Fig. 7. (a) Geochemical classification diagram of granitoids after O’Connor (1965) modified by Barker (1979), based on the normative Ab, An, and Or proportions. (b) Plot
of A/CNK (Al2O3/CaO + Na2O + K2O)molar vs. A/NK (Al2O3/Na2O + K2O)molar for the ETG and other Grenvillian granitoids (El Gato Tonalite, Vujovich et al., 2004; Las Matras
granitoids, Sato et al., 2000 and Sierra de Umango orthogneiss, Varela et al., 2003). A-type granitoid (Baldo et al., 2006) and Famatinian peraluminous granitoids from the
Western Sierras Pampeanas (Dahlquist et al., 2007) are also represented.
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ig. 8. Discrimination diagrams for granitoids. (a) Plot of 104 × Ga/Al vs. (Ce + Zr + Nb
t al., 1984) showing the fields of syn-collisional granites (syn-COLG), within plate
n Fig. 7.

atio and a lower Zr/Y ratio (≈2.2) compared with undeformed
amples. For the purpose of petrogenetic considerations, only
he isotopic signature of sample TM1-05 (tabular-shaped, 5 m
ide, undeformed to slightly deformed tonalite) was considered.

he single-stage model ages (TDM and TDM-2) calculated for the
ndeformed rock is 1.20 or 1.34 Ga according to the different cal-
ulations applied (Table 5). Nevertheless, for granitoid rocks with
47Sm/144Nd ratios more than 10% different from that of the aver-

ge continental crust, as in the ETG case, a two-stage Nd model
ge (T2DM in Table 5) seems to be more appropriate to estimate the
verage crustal residence age of the protolith (see Li et al., 2003).
he T2DM model ages for the ETG is 1.39 Ga (Table 5), slightly older
han model ages calculated using single-stage models.
howing the I + S type and A-type granitoids fields. (b) (Y + Nb) vs. Rb diagram (Pearce
es (WPG), volcanic arc granites (VAG) and ocean-ridge granites (ORG). Symbols as

7. Discussion

7.1. Age and geotectonic relationships for the ETG

The crystallization sequence deduced from microscopic textu-
ral criteria indicates that quartz, oligoclase, biotite and muscovite
(Ms1) are the earliest (magmatic) phases. Microperthitic K-feldspar
is later in the sequence and textural relationships suggest that

it replaced plagioclase. Metamorphic retrograde/alteration effects
are locally widespread and include: partial to total replacement of
plagioclase by very fine-grained sericite ± epidote, biotite replaced
by secondary muscovite (Ms2) accompanied by iron-titanium oxide
segregation, albitization of plagioclase, substitution of K-feldspar



D. Morata et al. / Precambrian Research 177 (2010) 308–322 319

Ta
b

le
5

A
n

al
yt

ic
al

re
su

lt
s

of
R

b–
Sr

an
d

Sm
–N

d
-i

so
to

p
es

fr
om

th
e

El
Ti

gr
e

G
ra

n
it

oi
d

(E
TG

),
Si

er
ra

d
e

Pi
e

d
e

Pa
lo

,W
es

te
rn

Si
er

ra
s

Pa
m

p
ea

n
as

,A
rg

en
ti

n
a.

R
b

(p
p

m
)

Sr
(p

p
m

)
87

R
b/

86
Sr

87
Sr

/86
Sr

(87
Sr

/86
Sr

) o
εS

ri
Sm

(p
p

m
)

N
d

(p
p

m
)

14
7
Sr

n
/14

4
N

d
14

3
N

d
/14

4
N

d
(14

3
N

d
/14

4
N

d
) o

εN
d

C
H

U
R

t
T D

M
(G

a)
T C

H
U

R
(G

a)
T D

M
-2

(G
a)

T 2
D

M
(G

a)

TM
1-

05
64

.5
0

41
9.

02
0.

44
56

9
0.

71
24

74
0.

70
54

25
11

3.
19

5.
52

34
.2

0
0.

09
75

47
0.

51
21

31
1

0.
51

14
23

6
4.

15
1.

20
0.

78
1.

34
1.

39
TM

3-
05

50
.6

4
35

3.
84

0.
41

41
0

0.
70

49
53

0.
69

84
04

6.
43

7.
35

42
.7

1
0.

10
41

28
0.

51
20

87
4

0.
51

13
32

2
2.

36
1.

33
0.

91
1.

48
1.

53
TM

7-
05

33
.1

5
18

3.
72

0.
52

30
4

0.
72

48
20

0.
71

65
48

28
8.

43
5.

72
27

.0
6

0.
12

77
65

0.
51

20
87

0
0.

51
11

60
4

−1
.0

0
1.

66
1.

22
1.

88
1.

80

εN
d

C
H

U
R

t
ca

lc
u

la
te

d
u

si
n

g
p

re
se

n
t-

d
ay

va
lu

es
fo

r
a

ch
on

d
ri

ti
c

u
n

if
or

m
re

se
rv

oi
r

(C
H

U
R

)
of

14
7
Sm

/14
4
N

d
=

0.
19

67
an

d
14

3
N

d
/14

4
N

d
=

0.
51

26
38

.J
ac

ob
se

n
an

d
W

as
se

rb
u

rg
(1

98
4)

.
T D

M
ca

lc
u

la
te

d
u

si
n

g
th

e
d

ep
le

ti
n

g
m

an
tl

e
d

at
a

m
od

el
va

lu
es

of
(14

7
Sm

/14
4
N

d
)=

0.
22

2
an

d
(14

3
N

d
/14

4
N

d
)=

0.
51

31
14

.M
ic

h
ar

d
et

al
.(

19
85

).
T C

H
U

R
ca

lc
u

la
te

d
u

si
n

g
th

e
p

re
se

n
t-

d
ay

C
H

U
R

m
od

el
va

lu
es

of
Ja

co
bs

en
an

d
W

as
se

rb
u

rg
(1

98
4)

.
T D

M
-2

u
si

n
g

th
e

d
ep

le
ti

n
g

m
an

tl
e

d
at

a
m

od
el

va
lu

es
of

(14
7
Sm

/14
4
N

d
)=

0.
21

37
an

d
(14

3
N

d
/14

4
N

d
)=

0.
51

31
51

.G
ol

d
st

ei
n

an
d

Ja
co

bs
en

(1
98

8)
.

T 2
D

M
u

si
n

g
th

e
K

et
o

an
d

Ja
co

bs
en

(1
98

7)
fo

rm
u

la
ti

on
,w

it
h

f S
m

/N
d

va
lu

es
fo

r
co

n
ti

n
en

ta
lc

ru
st

an
d

d
ep

le
te

d
m

an
tl

e
of

−0
.4

an
d

0.
08

59
2,

re
sp

ec
ti

ve
ly

.

Fig. 9. Chondrite-normalized (Nakamura, 1974) REE patterns for (a) representa-

tive samples of the undeformed ETG (black circle), slightly deformed granitoid
(white circle) and highly deformed ETG mylonite (white square). (b) REE pattern
of representative ETG undeformed-slightly deformed rocks compared with other
Grenvillian rocks from the Cuyania terrane, Argentina. Symbols as in Fig. 7.

by microcline, and chloritization of biotite. Metamorphic garnet
is partially replaced by chlorite ± epidote + Fe-oxides. Occasionally,
fine-grained biotite rims garnet and replaces it along cracks sug-
gesting that the formation of garnet was followed by a retrograde
episode of biotite growth during low-pressure–low-temperature
metamorphism. A local overprinted mylonitic event is inferred
from zones with intensive grain-size reduction, the presence of por-
phyroclast relicts immersed in a well-foliated, very fine-grained
matrix, and stretching lineation development. Microstructural
analysis suggests the predominance of brittle and low-temperature
plastic processes during mylonitic deformation.

Consequently, textural and mineralogical evidence indicates
that the ETG experienced amphibolite to greenschist facies meta-
morphism after igneous crystallization, followed by later strong
deformation restricted to narrow mylonite zones and partial
dynamic recrystallization under lower-T conditions.

The SHRIMP U–Pb zircon age obtained in this study allows us
to constrain the crystallization age of the ETG to 1105.5 ± 4.1 Ma.
Igneous and metaigneous rocks with ages between 1020 and
1110 Ma belonging to the Grenvillian Basement of the Western
Sierras Pampeanas (Fig. 1) are dioritic to granodioritic intrusions

(ca. 1079 Ma, U–Pb zircon, McDonough et al., 1993), orthogneisses
(1091–938 Ma, U–Pb zircon, McDonough et al., 1993; 1021 ± 12 Ma,
Rb–Sr isochron, Pankhurst and Rapela, 1998) and migmatites
(1027 ± 59 Ma, Rb–Sr isochron, Varela and Dalla Salda, 1993) in
the Sierra de Pie de Palo, the orthogneisses from Juchi, Sierra de
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Fig. 10. (a) (La/Yb)N vs. YbN and (b) Sr/Y vs. Y diagrams discriminating between
20 D. Morata et al. / Precambri

mango (1108 ± 13 Ma, U–Pb zircon, Varela et al., 2003) and the
northosites of Sierra de Maz and Sierra del Espinal (1070 ± 41 Ma,
–Pb SHRIMP zircon, Casquet et al., 2004). The tectonic model
roposed by Vujovich and Kay (1998) for the SPP, invokes a Meso-
roterozoic oceanic suprasubduction zone setting for the Pie de
alo Complex that collided with a continental block during the
renville Orogeny. Collision was followed by the formation of a
esoproterozoic, dominantly felsic arc, whose magmas erupted

hrough the thickened crust. Minor felsic arc rocks, mainly tonalite
nd granodiorite sills and dykes included in the Pie de Palo Com-
lex, are thought to represent the younger felsic arc stage (Vujovich
t al., 2004). According to the obtained U–Pb SHRIMP age (1105 Ma),
he slightly peraluminous ETG could have been emplaced during

Mesoproterozoic tectono-thermal event and would be part of
he magmatic complex forming the Grenvillian basement of the

estern Sierras Pampeanas.
40Ar/39Ar ages obtained both in biotite as well as in muscovite,

eflect subsolidus re-equilibration processes after crystallization. A
iotite plateau age of 910 ± 20 Ma could be explained as a post-
agmatic (metamorphic?) thermal event in which biotite and

arnet could be recrystallized, probably during a not yet well con-
trained Grenvillian metamorphic event. In this sense, it is worth
emarking that Sato et al. (2000) suggest a Neoproterozoic ther-
al event to justify previously obtained K-Ar ages in biotite from

onalites of 869 ± 17 Ma. Nevertheless, the obtained biotite ages
ould also be explained as the consequence of single processes of
ooling due to slow exhumation rates after plutonic emplacement.
his thermal event could have developed previous to the Neopro-
erozoic crustal rifting episode that eventually led to the break-up
f Rodinia (Baldo et al., 2005, 2006).

The 641 ± 3 Ma age calculated by dating muscovite may not have
ny geological significance due the disturbed 40Ar/39Ar pattern that
ould be explained by (i) impurities in the muscovite crystals giving
ixed and erroneous ages or (ii) mixing between Ms1 and Ms2 as

reviously showed.
ETG mylonites developed as a result of strong ductile defor-

ation mainly restricted to narrow shear zones oriented NE-E,
hose dextral shear sense (Castro de Machuca et al., 2008) is com-
atible with the NNE striking regional Las Pirquitas Thrust. The
/Ar age of 473 ± 10 Ma on very fine-grained recrystallized white-
ica suggests that shearing, developed under greenschist facies

onditions, occurred close to the Lower-Middle Ordovician in the
PP. This event was probably related to ductile thrusting dated to
lightly before 460 Ma (Casquet et al., 2001). Additionally, Ramos
nd Vujovich (2000) suggest that the Las Pirquitas Thrust devel-
ped before 395.7 ± 0.2 Ma. Moreover, recent 40Ar/39Ar ages of ca.
15 Ma obtained on amphiboles from mylonite–ultramylonite in
he Las Pirquitas Thrust (Mulcahy et al., 2007) could indicate the
arliest phase of deformation responsible for juxtaposition of the
ie de Palo complex and the El Quemado Formation of the Caucete
roup. Younger ages of ca. 464 Ma from an amphibolite somewhere
ithin the complex shear zone (Ramos et al., 1998) together with

ur new K/Ar ages of 473 ± 10 Ma, would then reflect the age of
enetrative D2 deformation (Van Staal et al., 2005) and accretion
f the Cuyania terrane during the Famatinian Orogeny.

.2. Constraints on possible magma source

The geochemistry of the ETG allows us to establish some con-
traints on the genesis of magmas from which it crystallized.
ajor elements classified these rocks mostly as trondhjemites and
ranites, with Na2O/K2O = 1–2, Al2O3 ≈ 16%, Sr = 311–568 ppm, an
bsence of a positive Sr anomaly in primordial mantle-normalized
race element diagrams (not shown in the present paper), relatively
ow Sr/Y ratios and YbN > 10 in undeformed rocks (e.g. sample TM1-
5). All these geochemical features are mostly characteristic of the
adakites and high-Al TTD with respect to normal andesites and low-Al TTD com-
positions (from Drummond and Defant, 1990 and Martin, 1999). Symbols as in
Fig. 7.

so-called low-Al TTD (trondhjemite–tonalite–dacite, Fig. 9), inter-
preted by Drummond and Defant (1990) as the result of partial
melting from a plagioclase-bearing basaltic source without garnet
as a residual phase. Nevertheless, lower Y and Yb values have been
observed in deformed to highly deformed granitoids. The lower
contents of these elements could be related to the lower garnet
amount observed, which may be due to the different deformational
behaviors with respect to the more plastic mica-rich matrix. These
low Y and Yb ETG rocks would consequently plot mostly in the
adakite field (Fig. 10), but must be interpreted as having been gener-
ated from low-pressure melting of a mafic source with garnet-free
residues. Moreover, geochemical signatures of the ETG are similar
to those found by Sato et al. (2000) for the Las Matras Block (inter-
preted by these authors as low-Al TTD), except in the metaluminous
character of the latter granitoids compared with the slightly pera-
luminous signature of the ETG (Figs. 7–9) with primary muscovite
(Ms1) and metamorphic garnet and muscovite (Ms2) as peralumi-
nous phases. However, the presence of these two minerals could
be explained in relation to a metamorphic rather than igneous
origin, both minerals (garnet and muscovite Ms2) having recrys-
tallized under amphibolite facies metamorphic conditions after

igneous emplacement. A similar explanation to justify the presence
of accessory muscovite and garnet in 1 Ga peraluminous grani-
toids has been proposed by Pandit et al. (2003). According to these
authors, muscovite could be formed from subsolidus metamorphic
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ecrystallization of sericitic feldspar alteration produced during
ate-magmatic hydrothermal processes. Moreover, El Gato tonalitic
ill, exposed at Quebrada El Gato and Quebrada Las Pirquitas close
o our study area (Fig. 1b), and plotting in the trondhjemite field
n Fig. 7a, shows a distinctive trace element pattern with lower
EE contents (Fig. 9b), suggesting differences in the source and
etrogenetic processes involved, with the presence of garnet as a
esidual phase. In fact, the low high-field strength element ratios
bserved in this rock has been interpreted as a consequence of an
ceanic rather than a continental setting (Vujovich et al., 2004 and
eferences therein).

The ETG isotopic initial ratios with (87Sr/86Sr)1105 values of
.70543 and εNd of +4.2 are similar to the Sr initial isotopic ratios
ound in the Sierra de Pie de Palo orthogneiss (0.7045 ± 0.0003,
ankhurst and Rapela, 1998) but contrast with the meta-aluminous
uchi orthogneiss (1108 Ma, (87Sr/86Sr)o <0.7040 and εNd = +2.3 to
2.7, Varela et al., 2003) and the meta-aluminous low-Al Las Matras
TG (≈1200 Ma, (87Sr/86Sr)o 0.7030, εNd = +1.6 to +1.8, Sato et al.,
000). The ETG isotopic signatures indicate a rather depleted and

uvenile (immature) source for its origin, in concordance with the
mmature source proposed by Pankhurst and Rapela (1998) for the
arent magma of the Sierra de Pie de Palo orthogneiss.

Nd model ages using both single-stage and two-stage mod-
ling (TDM, TDM-2, T2DM) calculated for undeformed ETG samples
1.2–1.39 Ga, Fig. 11 and Table 5) are similar to those obtained by
apela et al. (2005) from para-amphibolites of the Difunta Correa
equence, and relatively younger than those obtained by Varela
t al. (2003) in the orthogneiss Juchi (1.45–1.48 Ga). They are only
lightly older than the 1105 Ma SHRIMP U–Pb crystallization zircon
ge obtained here. This short time span between the Nd model ages
nd the crystallization age could be interpreted in an adakite gene-
is model similar to that proposed by Martin (1999) for the Archean
TG. According to this model, during the Mesoproterozoic young
ceanic crust could have been subducted under a very high geother-
al gradient, generating subducted slab melts at shallow pressure

onditions, giving a garnet-free but plagioclase-bearing residue.
evertheless, partial melting of juvenile underplating basaltic rocks
t lower pressure under a high thermal regime with a high degree of
ornblende fractionation could also generate peraluminous mag-
as (see Wareham et al., 1997 and references therein) similar

o those the ETG could derived from. In any case, this thermal
nomaly necessary to melt a mafic protolith could be associated

ith the hypothetical 1.1 Ga global episode of higher mantle heat
ow proposed by Kumar et al. (2007). Crystallization of these low-
ressure basaltic source melts could be the source of the low-Al
rondhjemite–tonalite–granodiorite of both the ETG and the Las
earch 177 (2010) 308–322 321

Matras Block. Consequently, the ETG is a Grenville-age felsic pera-
luminous igneous body cropping out in the Sierra de Pie de Palo and
represents part of the crystalline basement of the Western Sierras
Pampeanas.

8. Conclusions

The El Tigre Granitoid (ETG), located in the southwestern Sierra
de Pie de Palo (31◦31′30′′S–68◦15′12′′W), crops out as small, tabular
to lenticular vein-like intrusions into the metasedimentary rocks of
the Pie de Palo Complex. The ETG is geochemically characterized by
its moderate peraluminousity (ASI = 1.09–1.33; A/CNK >1.1), plot-
ting mostly in the granite–trondhjemite fields on an Ab–An–Or
diagram. Relationships between trace elements suggest the clas-
sical setting of granitoids produced in a convergent plate setting
under a compressive tectonic regime.

Textural and mineralogical evidence indicates that the ETG
experienced amphibolite to greenschist facies metamorphism
after igneous crystallization, followed by later strong deformation
restricted to narrow mylonite zones (ETG shear zone) and par-
tial dynamic recrystallization under lower-T conditions. The NE-E
striking ETG shear zone has a dextral shear sense compatible with
the kinematics of the related NNE striking regional Las Pirquitas
Thrust. The K/Ar age of 473 ± 10 Ma on very fine-grained recrys-
tallized white-mica indicates that shearing occurred close to the
Lower-Middle Ordovician.

A U–Pb SHRIMP crystallization age on zoned igneous zircon of
1105.5 ± 4.1 Ma suggests that the ETG could be part of the magmatic
complex forming the Grenvillian basement of the Western Sierras
Pampeanas. Moreover, the (87Sr/86Sr)1105 values of 0.70543 and
εNd of +4.2 indicate a rather immature source for its origin. Geo-
chemical and isotopic signatures of the ETG could be explained by
low-pressure partial melting processes from a basaltic source under
high geothermal gradient conditions. This thermal anomaly could
be associated with the 1.1 Ga global period of enhanced mantle
plume activity, developing widespread global magmatism (Kumar
et al., 2007). Consequently, the ETG is a Grenville-age felsic pera-
luminous igneous body cropping out in the Sierra de Pie de Palo,
which represents part of the crystalline basement of the Cuyania
terrane of the Western Sierras Pampeanas.
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