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A petrological and geochronological study of Cordilleran granitoid intrusions in the Bariloche area
(Argentina) point to a complex time-compositional evolution of magmatic processes in relation with
oblique subduction of the Phoenix plate below the South America active margin during Jurassic times.
The observed geochemical variations in both major and trace elements, together with the textural and
mineralogical relations, point to a roughly defined, overall process of magmatic “filtering” linking all the
intrusive batholithic rocks of the Bariloche area. These data suggest that the composition of the parental
magma that underwent fractionation may be an intermediate magma with SiO2 ¼ 58e60 wt%,
MgO ¼ 2.5 wt%, FeO ¼ 6.5 wt%, CaO ¼ 6.1. These are coincident with the typical compositions of evolved
andesites. Magnetite, amphibole and plagioclase are the main phases involved in the fractionation
process. According to Hbl thermobarometry, fractionation may have taken place, at least in part, at
shallow pressures (P ¼ 0.5e1.5 kbar), possibly at the level of emplacement. The coupled observations of
the two pressure dependent ratios, namely Sr/Y and La/Yb are pointing to a low-pressure, low-
temperature final fractionation dominated by only Pl. The geochronologic study by UePb SHRIMP zircon
determinations of 14 samples from granites, tonalites and diorites yield a broad range of about 20 Ma,
between 150 and 170 Ma at the Medium Jurassic. The batholith was accomplished by a protracted
magmatic activity that lasted for about 20 Ma. This time is much longer than the time elapsed from
intrusion to complete crystallization of shallow magma chambers. It is concluded that amalgamation of
discrete magma pulses is the dominant process that built-up the batholith. The observed structures
suggest that the fractures conditioning the emplacement of the magma batches were arranged en
échelon and show a right-stepping. The resulting geometry is compatible with the activity of a large-
scale, sinistral, NeS trending, strike-slip fracture zone permitting the emplacement of each magma pulse.
This major, strike-slip fault system should be deeply entrenched in the crust to allow intruding magmas
generated and fractionated at depth. Because batholith generation is a direct consequence of subduction,
structural relations and ages can be used to constraint the plate motion relations during Jurassic in this
region of the South America active margin.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

It is broadly recognized that batholiths supply relevant infor-
mation about lithosphere evolution in relation with subduction in
All rights reserved.
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active continental margins (Lee et al., 2007; Silver and Chappell,
1988; Wyllie, 1977). On one hand, batholiths represent large mass
transfer processes from deep zone of the lithosphere to the upper
continental crust, contributing to the conformation of the conti-
nental masses (Hawkesworth and Kemp, 2006). On the other hand,
batholith magma generation needs special thermal regimes in the
crust and mantle, which require particular geodynamic processes
UePb zircon geochronology of Cordilleran granitoids of the Bariloche
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(Annen et al., 2006a, 2006b; DeCelles et al., 2009). Furthermore,
batholiths transport inherited geochemical fingerprints from their
source, which may be used to assess the relative contribution from
continental crust, subducted oceanic crust or mantle wedge in their
generation, which can be used to constraint source composition
and depth of magma generation (Kemp and Hawkesworth, 2003).

The possibility of getting precise age determinations by UePb
zircon geochronology in batholiths, allows us to establish a precise
chronology of the thermal and geodynamic processes associated
with the generation ofmagmas. Consequently, batholiths are among
the most important geologic sources of information in orogenic
environments. In this sense, Cordilleran batholiths formed along the
continental margin of the Americas have received special attention
along the last years with the aim of constraining the time-evolution
of the subduction system. Detailed and comprehensive studies have
been carried out in North America (Crawford et al., 2005; Lackey
et al., 2005; Lee et al., 2007; Valencia-Moreno et al., 2003) and
South America (Hervé et al., 2007; Pankhurst et al., 1999; Parada
et al., 1999). Although these studies can be considered as a first-
order approach to constrain the relation between subduction and
magma generation in active continentalmargins, it is clear that they
have contributed largely to a better understanding the complex
processes involved.

In South America, the Mesozoic-Tertiary Patagonian batholith,
extending for more than 3000 km from 39� to 55� S latitude, and
the Coast batholith of Northern Chile, from 33� to 38� S latitude, is
among the best examples in the world to develop geodynamic
models in relation with subduction at active continental margins.
The sporadic, but regular and almost continuous, production of
magma for time-periods of about 150Ma in South Patagonia (Hervé
et al., 2007) and for about 200 Ma in Coast Chile batholith (Parada
et al., 1999), without the intervening action of accreted continental
blocks, makes this sector of the America’s margin of special interest
to develop predictive models. The aim is to produce models for
granite magma generation in continental margins that can be
applied in more complex regions and ancient orogenic belts in
which subduction was followed by continental collision (e.g. the
Thethyan orogenic belt in Asia). Consequently, the Cordilleran
batholiths of the South American continent can be used as a natural
laboratory inwhich geodynamicmodels supplied by both empirical
formulations based on geological-geophysical data (Collins, 2002;
DeCelles et al., 2009) and thermo-mechanical numerical experi-
ments (Currie et al., 2007; Gerya et al., 2004; Vogt et al., 2009) and
phase equilibria determinations (Castro et al., 2010; Castro and
Gerya, 2008) can be tested by means of a combination of struc-
tural, geochronological and petrological studies.

In spite of the valuable information supplied by previous studies
of these Andean batholiths in South America, our knowledge is still
limited and important areas still require detailed geochronological
and petrological studies.We show in this paper newgeochronologic
andgeochemical dataof granodiorite-tonalite intrusions fromoneof
thesepoorly knownareas: the regionof Bariloche inArgentina in the
provinces of Río Negro and Neuquén (40�e42� S latitude). In addi-
tion, the confluence in this region of other large batholiths, the
Subcordilleran plutonic belt and the Central Patagonian batholith
(Rapela et al., 2005),which is linked toaprocessof Late Triassic-Early
Jurassic subduction, highlights the special interest of the Bariloche
area. In the studyof the Bariloche region shown in this paper, precise
UePb SHRIMPzircon ages are used to correlate large-scale processes
of magma production in the continental crust or the lithospheric
mantle with tectonic processes related to plate convergence and
subduction. The data confirm the peculiarity of this batholithic
sector. These are discussed in terms of correlationwith neighboring
batholithic masses with similar ages to the South and North along
the active continental margin during large periods of the Mesozoic.
Please cite this article in press as: Castro, A., et al., Petrology and SHRIMP
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2. Geology and previous geochronology of the Bariloche
region

The Bariloche region forms part of the Argentinean Patagonian
Andes in the sector between 40�S and 42�S. The region is charac-
terized by a poly-orogenic evolution with a Paleozoic Gondwanan
basement, deformed during the Carboniferous and Permian times,
covered byMesozoic and Cenozoic rocks that were deformed by the
Andean compression during the Cenozoic. Granitoid calc-alkaline
magmatism is widespread, represented in the region by large
plutonic bodies of supposed Mesozoic age. Small Tertiary granite
intrusions are also present in the area.

The Mesozoic-Cenozoic rocks of the Andean cycle unconform-
ably overlie the Gondwanan basement. The stratigraphic record
starts with the deposition of a thick volcano-sedimentary series
during the Lower Jurassic (Lizuaín, 1980), in relation with exten-
sional tectonic setting (Giacosa and Heredia, 2001). Activity along
NeS-trending normal faults conditioned the generation of tecton-
ically controlled basins (grabens) to the west of the studied zone,
where the volcano-sedimentary sequence was deposited. During
the same age (185e195 Ma), the eastern part of the studied area
remained as a relatively elevated region (horst), dominated by the
intrusion of calc-alkaline granitoid plutons of the Subcordilleran
plutonic belt (Rapela et al., 2005). This extensional episode was still
active from the Middle Jurassic to the Cretaceous, with the intru-
sion of the huge Cordilleran batholith (Giacosa and Heredia, 2001)
and the sedimentation of sedimentary rocks in the eastern part. The
Andean compressional phases were responsible for the inversion of
the Mesozoic extensional structures. A continental retroarc fore-
land basin (Ñirihuau Basin) was located at the front of the fold and
thrust belt and progressively migrated eastward (Giacosa and
Heredia, 2004).

The tectonostratigraphic data show that the Andean compres-
sion took place during, at least, three main stages: Upper Creta-
ceous-Paleocene (Ramos,1999) not represented in this area, Middle
Eocene to Early Oligocene, and Late Oligocene to the Miocene-
Pliocene limit (Giacosa et al., 2005). These compressional periods
alternated with extensional episodes when thick volcanic and
volcano-clastic sequences were deposited.

The large Mesozoic granitoid plutons, which were emplaced
during protracted extensional episodes, are the objective of this
study. These are assumed part of the Patagonian batholith, which
extends for more than 3000 km south of the Bariloche region along
the coast of Chile. Previous geochronology data of the Patagonian
batholith in the Bariloche region were reported by Toubes and
Spikermann (1973), González Díaz (1982), Ramos et al. (1982)
and Rapela et al. (1987). These refer to KeAr and RbeSr ages of
Late Jurassic to Miocene granitoids (150e8 Ma), although González
Díaz (1982) dated a Middle Jurassic granitoid (172 � 10 Ma) at
Cerro Coihue, to the west of San Carlos de Bariloche. More precise
is the geochronological information of the Subcordilleran plutonic
belt, with zircon UePb ages ranging from 181 to 226 Ma in the
Bariloche region (Varela et al., 2005; Rapela et al., 2005). KeAr and
RbeSr ages of the Subcordilleran granitoids vary from 177 to 10 Ma
(e.g. Franchi and Page, 1980; Lizuaín, 1981; Rapela et al., 1987).
Plutons belonging to the Central Patagonian batholith in the Bar-
iloche region have been dated between 220 and 162 Ma (RbeSr,
KeAr; e.g. Varela et al., 1991; Rapela et al., 1992) and a precise
UePb determination yielded 221 � 3 Ma (Rapela et al., 2005).
These previous geochronological data are summarized in Table 1.
Given the scarcity of reliable geochronological data for the North
Patagonian batholith in Argentina, this work presents the results of
a project of sensitive high-resolution ion microprobe UeThePb age
determinations on zircons from Cordilleran granitoids of the Bar-
iloche region.
UePb zircon geochronology of Cordilleran granitoids of the Bariloche
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Table 1
Previous geochrological data of Mesozoic-Cenozoic granitoids of the Bariloche region between 40 and 44� S latitude.

Patagonian batholith Subcordilleran belt Central patagonian batholith

Locality Age Rock Ref. Locality Age Rock Ref. Locality Age Rock Ref.

Miocene Brazo de la Tristeza 8 � 0.4 (KeAr) Grd 1 Cerro Catedral 10 � 0.5 (KeAr) Gr 1
Hoyada del Cerro López 9 � 0.5 (KeAr) Grd 1 Cerro Catedral 13 � 1 (KeAr) Gr 3
South of Cerro Tronador 15 � 2 (KeAr) Grd 2

Oligoceno South of Cerro Tronador 24 � 10 (KeAr) Grd 4

Eocene Cerro El Fuerte 51 � 10 (KeAr) Grd 2 Arroyo Golondrina
(Río Foyel)

46 � 4 (KeAr) Grd 5

Lago Martín 53 � 5 (KeAr) Grd 2 Arroyo Golondrina
(Río Foyel)

55 � 5 (KeAr) Grd 5

Río Villegas 51 � 10 (KeAr) Grd 5
Lago Puelo 42 � 2 (KeAr) Grd 6
Cordón Cholila 37 � 2 (KeAr) Grd 6

Late
Cretaceous

Lago Perito Moreno 92 � 10 (KeAr) Grd 3 Cerro Morrudo 82 � 3 (KeAr) Grd 5
Lago Perito Moreno 93 � 10 (RbeSr) Grd 4
South of Cerro Tronador 71 � 1 (KeAr) Grd 4
South of Cerro Tronador 79 � 9 (KeAr) Grd 2

Early
Cretaceous

Lago Perito Moreno 112 � 5 (KeAr) Grd 3 Río Villegas 102 � 5 (KeAr) Grd 3
Lago Perito Moreno 131 � 10 (KeAr) Grd 3 SW of Cerro

Catedral
113 � 7 (KeAr) Grd 3

South of Cerro Tronador 102 � 10 (KeAr) Grd 3 Lago Mascardi 127 � 10 (KeAr) Gd 3
South of Cerro Tronador 113 � 2 (KeAr) Grd 4 Lago Gutiérrez 140 � 6 (KeAr) Gd 7
Lago Steffen 103 � 5 (KeAr) Grd 2 Cerro Piltriquitrón 130 � 10 (KeAr) Grd 5
Lago Escondido 100 � 5 (KeAr) Grd 2 Epuyén-El maitén 109 � 5 (KeAr) Grd 6
Veranadas de Tillería 124 � 5 (KeAr) Grd 2 Epuyén-El maitén 104 � 5 (KeAr) Grd 6
Arroyo Motoco 123 � 5 (KeAr) Grd 2 Leleque 141 � 5 (KeAr) Gr 8

Late Jurassic Cerro Negro 150 � 10 (KeAr) Grd 2

Middle
Jurassic

Cerro Coihue 172 � 10 (KeAr) Grd 2 Leleque 164 � 4 (RbeSr) Gr 9 Paso de las
Flores-Comallo

171
(RbeSr)

To 11

Lago Puelo 173 � 10 (KeAr) To 6 Sañicó 162 � 7
(KeAr)

Ga 11

Cruce Meliquina 172 � 15 (KeAr) Gd 7 Sañicó 170 � 6
(KeAr)

Ga 11

José de San Martín 167 � 30 (KeAr) Grd 10 Sañicó 163 � 5
(KeAr)

Ga 11

Escuela Merino 171
(RbeSr)

To 11

Río Chico,
C. Angostura

174 � 5
(KeAr)

Gd 7

Pilahué 170
(KeAr)

Dt/Ga 12

Early
Jurassic

Lago Puelo 177 � 5 (KeAr) Dt 6 Pilcaniyeu 186 � 4
(RbeSr)

Grd 17

La Angostura 183 � 13 (RbeSr) Gr 13
Arroyo La Tuerta 200 � 24 (RbeSr) Gd 13
José de San Martín 197 � 10 (KeAr) Grd 10
José de San Martín 182 � 2 (UePb) Q-Md 14
Aleusco 180 � 10 (KeAr) Grd 15
Aleusco 177 � 6 (KeAr) Grd 16
Aleusco 179 � 7 (KeAr) Grd 16
Aleusco 184 � 6 (KeAr) Grd 16
Aleusco 185 � 2 (UePb) Gd 14
La Angostura 181 � 2 (UePb) Gr 14
Leleque 181 � 3 (UePb) Gd 14

Late Triassic Lago Gutiérrez 226 � 17 (UePb) Gd 7 Mencué-Chasicó 210 � 9
(RbeSr)

Grd 18

José de San Martín 206 � 10 (KeAr) Ga 10 Gastre zone 220 � 3
(RbeSr)

Grd 19

José de San Martín 207 � 10 (KeAr) Grd 10 Lipetrén 208 � 1
(RbeSr)

Grd 19

José de San Martín 211 � 10 (KeAr) Ga 10 Gastre zone 221 � 3
(UePb)

Grd 14

Name of batholiths and magmatic belt from Rapela et al. (2005). Data sources: 1. Rapela et al. (1987), 2. González Díaz (1982), 3. Toubes and Spikermann (1973), 4. González
and Valvano (1979), 5. González Díaz and Lizuaín (1984), 6. Lizuaín (1981), 7. Varela et al. (2005), 8. Lizuaín (1983), 9. Rapela (1999), 10. Franchi and Page (1980), 11. Varela
et al. (1991), 12. Cucchi (1991), 13. Gordon and Ort (1993), 14. Rapela et al. (2005), 15. Spikermann et al. (1988), 16. Haller et al. (1999), 17. Alonso (1990) in Rapela and Alonso
(1991), 18. Cingolani et al. (1991), 19. Rapela et al. (1992). Grd: Granitoids, Gr: Granite, Gd: Granodiorite,To: Tonalite, Q-Md: Quartz-Monzodiorite, Dt: Diorite, Ga: Gabbro. Age
scale compiled by Walker and Geiissman (2009).
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3. Analytical techniques

About 110 samples were collected from plutonic rocks of the
Bariloche region. A set of 37 fresh samples was selected for major
and trace element analyses (Table 2). Major elements and Zr were
analyzed by X-Ray fluorescence (XRF) at the University of Oviedo
(Spain) using glass beads. Precision of the XRF techniquewas better
than � 1.5% relative. Trace element and rare earth elements (REE)
were analyzed by inductively coupled plasma mass spectrometry
(ICP-MS) with an HP-4500 system at the University of Huelva,
following digestion in a HF þ HNO3 (8:3) solution, drying and
Table 2
Whole-rock analyses of major and trace elements of representative granitoid rocks of th

Rock type Diorite Diorite Qtz-diorite Qtz-diorite Tonalite-granodiorite To

Sample A-208-8 A-208-29 A-208-14 A-208-11 A-208-22 A-

(wt.%)
SiO2 50.71 56.14 60.98 62.48 69.74 7
TiO2 1.17 1.16 0.88 0.75 0.44
Al2O3 16.73 17.37 16.79 16.29 15.05 1
FeOt 7.58 7.33 5.90 5.83 3.09
MgO 5.28 2.54 2.29 2.09 0.99
MnO 0.15 0.21 0.12 0.11 0.07
CaO 9.10 6.66 5.10 6.17 3.14
Na2O 2.55 2.48 2.84 2.67 3.39
K2O 1.27 1.85 2.00 1.33 2.37
P2O5 0.13 0.27 0.23 0.13 0.13
Loi 3.50 2.85 1.82 0.91 0.90
Total 98.17 98.85 98.95 98.76 99.31 9
Mg#a 0.55 0.38 0.41 0.39 0.36
ASIb 0.76 0.97 1.06 0.96 1.10

(ppm)
Li 25.14 14.92 18.15 7.79 7.94
Be 0.83 1.25 1.85 0.91 1.86
Sc 41.19 29.49 12.96 26.17 11.81 1
V 225.2 177.2 125.6 152.8 55.80 5
Cr 288.2 129.1 148.6 152.4 143.1 11
Co 30.91 16.62 14.53 14.83 5.86
Ni 36.19 9.86 112.7 8.83 4.78
Cu 23.65 20.86 19.33 34.76 3.23
Zn 76.61 178.4 78.33 54.39 36.80 8
Ga 16.51 19.54 20.11 16.57 17.32 1
Rb 50.97 50.57 74.15 42.98 61.24 3
Sr 341.3 473.0 378.3 314.6 294.1 27
Y 17.79 28.95 28.46 32.19 16.59 1
Zr 28.73 6.76 21.62 7.83 24.12
Nb 3.79 5.99 9.38 4.16 7.74
Cs 3.74 0.80 2.34 2.21 1.48
Ba 283.9 617.8 492.3 323.4 650.0 64
La 11.80 20.60 27.65 17.33 26.18 1
Ce 23.87 46.75 59.79 39.23 50.13 2
Pr 2.91 6.20 7.50 5.33 5.63
Nd 13.40 25.50 30.42 24.91 20.14 1
Sm 3.42 6.12 6.46 5.91 3.53
Eu 1.19 1.73 1.64 1.22 0.90
Gd 3.54 5.88 5.83 5.43 3.11
Tb 0.57 0.91 0.95 0.96 0.53
Dy 3.33 5.10 5.20 5.40 2.98
Ho 0.73 1.20 1.06 1.24 0.58
Er 1.91 2.96 2.80 3.18 1.54
Tm 0.37 0.49 0.42 0.50 0.28
Yb 1.71 2.75 2.72 3.31 1.70
Lu 0.24 0.41 0.38 0.50 0.24
Hf 1.28 0.42 1.14 0.53 1.07
Ta 0.37 0.50 0.72 0.30 0.34
Pb 5.60 17.13 15.07 6.76 8.58 1
Th 4.38 5.91 7.87 3.65 8.03
U 0.79 0.70 1.63 0.80 1.53
SREE 68.99 126.6 152.8 114.5 117.5 6
206Pb/238U Agec 154.5 172.5 171 161.7 168.1 14

a Mg# ¼ Mol MgO/(MgO þ FeO).
b ASI ¼ Mol Al2O3/(CaO þ Na2O þ K2O).
c Mean 206Pb/238U age in Ma.

Please cite this article in press as: Castro, A., et al., Petrology and SHRIMP
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second dissolution in 3 ml HNO3. The average precision and accu-
racy for most of the elements were controlled by repeated analyses
of SARM-1 (granite) and SARM-4 (norite) international rock stan-
dards. They fall in the range of 5e10% relative. Probe analyses
were obtained with a JEOL JXA-8200 SuperProbe at the University
of Huelva. A combination of silicates and oxides were used for
calibration.

A set of 14 representative samples was processed for zircon
separation and UePb geochronology. This first sampling shown in
this paper is focused on the granitoid rocks that form the large
plutonic intrusions in the Bariloche region. The aim of the SHRIMP
e Bariloche region.

nalite-granodiorite Granite Granite Granite Granite Granite Granite

208-6 A-208-20 A-208-13 A-208-31 A-208-33 A-208-1 A-208-48

1.32 71.64 71.80 74.30 74.50 75.66 77.55
0.35 0.41 0.39 0.26 0.18 0.15 0.13
4.11 13.88 14.10 13.97 14.09 13.20 12.58
2.98 2.69 2.71 1.93 1.80 1.40 1.55
0.88 0.56 0.50 0.36 0.31 0.31 0.08
0.07 0.06 0.06 0.03 0.07 0.04 0.03
3.30 1.57 2.02 1.83 1.54 0.64 0.71
3.10 3.26 3.01 3.11 3.15 2.77 3.38
1.79 4.16 4.03 3.36 3.41 4.57 3.62
0.07 0.08 0.08 0.06 0.08 0.06 0.02
1.39 1.20 0.72 0.64 0.70 0.93 0.15
9.34 99.52 99.40 99.83 99.81 99.73 99.79
0.34 0.27 0.25 0.25 0.24 0.28 0.08
1.09 1.10 1.09 1.16 1.22 1.25 1.17

8.82 23.31 30.52 4.52 38.09 14.96 5.64
1.04 1.83 1.90 2.08 2.05 1.91 1.57
0.93 4.24 6.71 8.03 0.00 2.53 5.58
6.94 27.80 31.27 19.97 12.81 12.35 7.45
6.4 136.0 170.8 147.6 156.9 147.7 218.4
5.90 3.47 4.17 3.11 1.71 1.62 1.01
4.93 3.50 4.01 2.94 89.57 3.02 4.38
4.79 15.43 6.22 2.34 1.61 2.08 5.71
3.27 53.22 30.12 14.98 17.29 20.38 9.79
4.12 16.02 16.09 15.15 14.40 15.69 16.64
8.66 170.2 155.0 91.95 116.2 198.5 86.29
3.9 145.8 161.0 187.8 149.7 93.67 46.96
5.10 39.11 30.49 21.72 9.57 13.43 31.10
0.95 45.23 22.47 2.73 14.63 31.28 7.18
2.98 10.82 9.19 7.43 7.01 11.03 7.48
1.19 5.54 5.44 1.42 3.27 3.68 0.31
0.5 756.0 702.3 690.8 648.9 519.6 889.4
3.29 39.10 27.68 36.23 19.41 33.35 31.11
6.42 83.01 59.16 72.32 37.72 68.80 62.87
3.07 10.10 7.38 8.10 4.36 7.95 7.76
1.66 39.45 29.07 29.50 14.90 28.72 30.51
2.78 8.31 6.40 5.55 2.80 5.91 6.44
0.70 1.25 1.26 0.94 0.59 0.52 0.93
2.42 7.02 5.80 4.38 2.19 4.22 5.81
0.51 1.18 0.93 0.73 0.36 0.62 0.99
2.38 6.19 5.30 3.49 1.75 2.91 5.48
0.57 1.42 1.20 0.76 0.35 0.48 1.18
1.73 3.82 3.08 2.18 0.90 1.24 2.94
0.27 0.55 0.40 0.33 0.16 0.18 0.41
2.00 3.55 3.11 2.45 0.98 1.12 2.52
0.25 0.50 0.45 0.31 0.13 0.20 0.38
0.21 1.96 1.14 0.15 0.61 1.30 0.45
0.28 0.84 0.95 0.66 0.81 1.29 0.22
0.74 21.35 14.37 8.69 16.00 23.18 5.87
4.20 16.84 13.27 12.76 9.12 17.89 11.13
1.19 2.21 2.08 1.14 1.38 3.05 1.59
8.04 205.5 151.2 167.3 86.61 156.2 159.3
9.9 171.6 168.9 171 156.8 163.5 173.2
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study is two-fold. On one hand, we aim to get precise ages of
granite emplacement and crystallization. On the other hand, we
plan to identify pluton-scale changes in relation with the sequence
of magma pulses and possible zircon inheritances. Zircon separa-
tion was accomplished by traditional techniques using dense
liquids and magnetic (Franz) separation. Selected crystals free of
impurities and fractures were selected by hand-picking with
a binocular lens. These were mounted in epoxy, together with
reference standards, and polished. Sectioned zircons were studied
by CL imaging for selection of point analyses. Core and rims were
analyzed in several grains of each individual samplewith the aim of
identifying inherited cores. These selected points were target over
the CL images and analyzed for UeThePb isotopes with SHRIMP at
the Beijing-SHRIMP Center (Chinese Academy of Geological
Sciences, Beijing), following methods given in Williams (1998) and
references therein. The datawere processed with ISOPLOT software
(Ludwig, 2003) for Concordia plots, probability density plots,
stacked histograms and weighted means and Concordia age
calculations.

4. Granite types and structures in the Bariloche area

4.1. Mapping and general structures

The studied zone includes a quadrangle of around 11,000 km2,
extending from 40�340S to 42�000S and from 71�000W to 71�450W
in the Bariloche region of Argentina (Fig. 1). Large, NeS-directed
Cenozoic reverse faults and thrusts and Mesozoic normal faults
inverted during the Andean contractional episodes, are the main
structures mapped in this region (Fig. 1). The trend of reverse faults
and thrusts changes to NWeSE between San Carlos de Bariloche
and Villa de la Angostura, to the north of the Nahuel-Huapi Lake. An
eastward verging imbricate thrust system, probably diverging from
a floor thrust, has been interpreted at San Carlos de Bariloche (Fig.1,
cross section IeI0), while a more complex structure, with triangle
zones and pop-ups can be seen more to the south, at El Bolsón
(Fig. 1, cross section IIeII0). The thrusted blocks are composed of
Paleozoic basement rocks, Early Jurassic volcanic and volcano-
sedimentary rocks and granitoids of the Subcordilleran plutonic
belt, granitoids of the Cordilleran batholith, and Cenozoic sedi-
mentary and volcanic rocks. The Cordilleran granitoids mostly
outcrop along a NeS belt covering the western half of the studied
area, although their exposure widen eastwards to the north of San
Carlos de Bariloche (Fig. 1). Accordingly, the studied area has been
subdivided into a northern zone and a southern zone (Fig. 1). The
Cordilleran granitoids intruded the rocks of the Paleozoic basement
and the Early Jurassic volcanic and volcano-sedimentary series. The
external contacts of the Cordilleran batholith are sub-vertical or
inward dipping, and are NWeSE to NNWeSSE trending (Fig. 2i,j).
Therefore, these contacts are oblique and systematically crosscut
by the more recent, NeS oriented Cenozoic thrusts and reverse
faults (Fig. 1). Internal contacts between distinct granitoid facies
are commonly sharp, although smooth transitions have been
occasionally observed. The size of the individual plutons inside
the Cordilleran batholith is difficult to determine due to the scarcity
of continuous exposures. However, when observed, individual
plutons are sub-vertical tabular bodies, several tens to a few hun-
dred meters in thickness, which coincides with the description
made by Pankhurst et al. (1999) from the North Patagonian bath-
olith in Aysén (Chile). The internal fabric of the Cordilleran gran-
itoids is commonly planar (foliation) and defined by the preferred
orientation of the long axes of euhedral or subhedral crystals of
plagioclase and amphibole (see photomicrographs in Supplemen-
tary Material; Appendix A). This feature indicates that the observed
foliation is magmatic in origin. Preferred orientation of the long
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axes of isolate, elongate mafic microgranular enclaves, alignment of
mafic enclave corridors, and parallel arrangement of mafic
schlieren also contribute to define this magmatic foliation, that is
more strongly developed in the vicinity of pluton contacts. The
average strike of the magmatic foliation is NWeSE to NNWeSSE
(Fig. 2aed), sub-parallel to the trend of the external contacts of the
batholith. Interestingly, the main foliation of the Paleozoic base-
ment shows a similar azimuth (Fig. 2g,h). In the northern zone, the
magmatic foliation shows moderate to high dips to the NE (Fig. 2a).
More variable dips have been measured at the southern zone
(Fig. 2c), although a statistical predominance of moderately to
highly SW-dipping planes is recognizable. Locally, in particular near
the external contacts of the batholith, a solid-state fabric (foliation
and lineation) can be observed. Quartz crystals are stretched and
show blocky subgrains, with two orthogonal systems of subgrain
boundaries, and polycrystalline quartz aggregates of equant grains
probably developed by dynamic recrystallization. Plagioclase
crystals are commonly fractured, although deformation twins and
bent crystals with undulose extinction have also been observed
(microphotograph in Supplementary Material; Appendix A). These
microstructures in quartz and plagioclase are indicative of defor-
mation temperatures around 400 �C or even higher (e.g. Passchier
and Trouw, 1996). The spatial attitude of this solid-state foliation is
similar to that of the magmatic foliation (Fig. 2g), with a NWeSE to
NNWeSSE directed average azimuth (Fig. 2h). The measured line-
ations show contrasted plunges, although they share the same
NWeSE trending azimuth (Fig. 2g). Kinematic criteria allow
assigning a dextral rotation component to the deformation
responsible for these solid-state fabrics. Finally, two sets of sub-
vertical mafic dikes have been measured, NWeSE and EeW
trending, respectively (Fig. 2k).

4.2. Rock type nomenclature and magmatic series definition

The large plutonic bodies mapped and sampled in the Bariloche
region are dominantly composed of silicic rocks forming a contin-
uous series from Qtz-diorites to tonalites, granodiorites and
granites. More mafic, dioritic compositions are subordinate, rep-
resenting less than 10 vol% of the outcropping rocks. With the
exception of diorites, the other groups show gradual transitions
over large distances in the field. It is impossible to trace lithological
limits. However, in order to follow a systematic description, the
rocks were initially classified by field and petrographic criteria
based on the color index and feldspar mineralogy. Lately, this
provisional classification was corrected by using chemical criteria
that, in general terms follow the TAS classification diagram (Fig. 3a).
Four large groups have been distinguished: (1) Hbl-diorite, (2) Qtz-
diorite, (3) tonalite-granodiorite, and (4) granite. Rocks of the Hbl-
diorite group (HD) have SiO2 < 60 wt%, with CaO and FeO > 6 wt%
typically and MgO in the range 3e5 wt%. Other geochemical
features will be given later on in the paper. The second group is
formed by Qtz-diorites (QD), which is defined by rocks having
a silica range of 60e63wt% SiO2, for CaO and FeO> 5wt%. The third
and most abundant group, is formed by tonalites and granodiorites
(TG) rocks with a silica range of 63e71 wt% SiO2, for CaO and
FeO> 3 wt%. These two rock types are considered together because
the local changes in the Kfs content shift the classification without
appreciable textural and color index changes. Finally, the group of
granites (G) is defined for rocks with SiO2 > 71 wt%, with typically
FeO < 3 wt% and CaO < 2 wt%. The four groups show continuous
and discontinuous geochemical variations that are analyzed in
a later section with the aim of establishing genetic links, to identify
magmatic processes and to constraint intensive parameters. These
will give signification to radiometric ages in terms of thermal and
tectonic evolution of the studied region.
UePb zircon geochronology of Cordilleran granitoids of the Bariloche
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Fig. 1. Geological map of the Bariloche region. Inset shows its location inside the North Patagonian Batholith. The traces of cross sections IeI0 and IIeII0 are indicated in the map.
Modified from Giacosa and Heredia (2004), García-Sansegundo et al. (2009) and our own data.
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Granitoids (SiO2 > 60 wt%), which include QD, TG and G groups,
define a good continuous calcic trend in the MALI (modified alkali-
lime index; Frost et al., 2001) vs silica classification diagram
(Fig. 4b). They are magnesian a calcic with ASI close to 1 [alumina
saturation index, ASI¼molar Al2O3/Na2Oþ K2Oþ(CaO-1.67*P2O5)].
Diorites plot in part in the calcic trend and part in the calc-alkalic
trend in the same diagram. These features will be described later on
in the paper. Here we show these diagrams only for purposes of
rock classification and series characterization.

4.3. Petrography

Most plutonic rocks in the studied area are light-colored rocks of
tonalite andgranodioritic composition, showingcoarse- tomedium-
grained igneous textures. Granites s.s. are more abundant at the
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northern part of the studied area, while diorites predominate
southwards. Detailed descriptions, mineral compositions and pho-
tomicrographs of all these rocks are shown in the Supplementary
Material (Appendix A). The diorite group (DG) is a homogeneous
suite of hornblende � biotite-diorites with pyroxene-hornblende
facies located near the contacts and forming mafic microgranular
enclaves. Dioritic enclaves show the typical features of local disso-
lution (García-Moreno et al., 2006). They are dark-grey colored,
unequant, coarse- to fine-grained facies, showing a variety of tex-
tures from isotropic to foliate. Chilled-margin diorites and enclaves
show cumulate foliate textures of Hbl þ Mt � Px � Ol (mineral
symbols after Kretz, 1983). Rocks with porphyritic texture have
phenocrysts of Pl andHbl. Textural relations suggest that plagioclase
crystallized before amphibole. The dominant assemblage consists of
Hbl, Pl,Mt, Qtz andKfs. Accessory phases are Ap, Ilm, Ttn, Py and Zrn.
UePb zircon geochronology of Cordilleran granitoids of the Bariloche
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Fig. 2. Pole density diagrams and rose diagrams of the structural data measured in the Cordilleran granitoids and their host rocks. Density calculation: Gaussian, expected values
under uniform distribution: 1s. Equal area projection, lower hemisphere. Contour interval: 1s. 15� classes (rose diagrams); double-headed arrow: mean circular direction; shaded
area: confidence interval for a level of significance at the 5%. (a), (c), (e), (g), (k) Pole density diagrams of the magmatic foliation measured in the granitoids of the northern and
southern zones, of the solid-state foliation, of the main foliation shown by the Paleozoic basement, and of mafic dikes, respectively. (b), (d), (f), (h), (i), (j), (l) Rose diagrams
representing the azimuth of the magmatic foliation measured in the granitoids.
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Amphibole is the main mafic mineral. It is present as green-pleo-
chroic, subhedral/euhedral, porphyritic crystals (anhedral in the
matrix). Most amphibole classify on the Leake et al. (1997) diagrams
as Mg-hornblende [Si pfu ¼ 6.55e7.15, Mg/(Mg þ Fe2þ) ¼
0.65e0.79], and less abundantly as tschermakitic hornblende [Si pfu
6.48e6.44, Mg/(Mg þ Fe2þ) ¼ 0.63] and actinolitic hornblende [Si
pfu ¼ 7.45e7.50, Mg/(Mg þ Fe2þ) ¼ 0.77e0.83]. Plagioclase is
present as euhedral/subhedral grains with oscillatory zoning
ranging from An81 to An25. Occasionally, it contains inclusions of
primary Ep and Mt. Magnetite [Cr/(Cr þ Al) z 0.52, Fe2þ/
(Fe2þ þ Fe3þ)z 0.33] is abundant in DG,mostly as inclusions in Hbl.
Zircons are mainly included in Qtz, Pl, and occasionally in Hbl.

The assemblage of chilled-margin facies consists of porphyritic
Pl laths (An64), Cpx, primary Ep, Hbl, Mt and Qtz. The accessory
assemblage consists of Ap, Mt and Zrn. Most Cpx classify as
chrome-aluminian augite (En47Fs11Wo42) and aluminian-diopside
(En40Fs16Wo44). Primary Ep appears abundantly in the matrix and
occasionally as subhedral inclusions within Pl grains. Amphiboles
classify as Mg-hornblende (Si pfu ¼ 6.68, Mg# ¼ 0.81) and Mg-
hastingsite (Si pfu¼ 6.18, Mg#¼ 0.77). Plagioclase consists of a core
(An65) rimmed by a less calcic Pl (An10). There are veins of Cc
refilling interstices between euhedral Amph and Pl (<10%).
Amphiboles from these veins are Mg-hornblende (Si pfu z 6.96
and Mg# z 0.68).

The quartz-diorite group (QDG) is a homogeneous suite of dark-
grey, coarse- to medium-grained rocks that grade transitionally
into diorites by increasing the relative contents of mafic minerals.
Porphyritic facies present phenocrysts of Pl, and Amph and locally
Please cite this article in press as: Castro, A., et al., Petrology and SHRIMP
area, Argentina, Journal of South American Earth Sciences (2011), doi:10
Bt. Some facies are porphyritic because the presence of poiko-
crystals of Qtz with inclusions of Amph, Bt and Pl. The dominant
assemblage consists of Pl (andesine-labradorite), Amph (Mg-
hornblende), Mg-rich Bt, Qtz and Kfs (rare). Accessory mineral
assemblage consists of Mt, Ttn, Ilm, Zrn and heterogeneously
disseminated Py. Epidote appears as primary as well as a secondary
mineral. Amphibole is the main mafic mineral; it is present as
green-pleochroic subhedral grains with weak patchy zoning. It
appears as phenocrysts and as interstitial grains between plagio-
clase laths in the groundmass. Most amphiboles are Mg-horn-
blende (Si pfu ¼ 7.0; Mg# ¼ 0.70) and less abundantly
tschermakitic hornblende (Si pfu ¼ 6.42; Mg# ¼ 0.83) and acti-
nolitic hornblende (Si pfu ¼ 7.28e7.35; Mg# ¼ 0.70). Mica is
present as brown-pleochroic, Mg-rich, anhedral grains (usually
subhedral), (Tc3Ti-Phl17Fe-East10Mus1East10Phl53). It shows affini-
ties with micas from calc-alkaline orogenic suites. Plagioclase
shows a core with concentric oscillatory zoning, with bands of
labradorite interspersed with An42, rimmed by An24. Zircon crystals
are included in Qtz, Pl and Amph.

The Granodiorite-Tonalite Group (GTG) is a suite of grey,
isotropic to foliate, coarse- to medium-grained rocks, ranging from
porphyritic to glomeroporphyritic. The dominant assemblage
consists of Amph, Bt, Pl, Qtz and Kfs. Accessory phases are Mt, Ap,
Ttn, Ilm and Zrn. Amphibole and Bt are the main mafic minerals;
they are present as phenocrysts of Amph and clots of Bt, and as part
of the groundmass as anhedral grains between euhedral plagio-
clase laths. Amphibole is present as green-pleochroic subhedral to
anhedral grains showing a weak patchy zoning. Most amphiboles
UePb zircon geochronology of Cordilleran granitoids of the Bariloche
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Fig. 3. General compositional features of granitoids and mafic rocks of the Bariloche region. (a) TAS (Total alkalis vs silica) classification diagram (Le Bas et al., 1986). (b) MALI-silica
diagram (Frost et al., 2001). Grey dots correspond to data from the Patagonian batholith south of Bariloche (Data from Hervé et al., 2007; Pankhurst et al., 1999).
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classify as Mg-hornblendes (Si pfu¼ 6.60e7.26; Mg#¼ 0.60e0.81).
Biotite is present as brown-pleochroic subhedral grains with
inclusions of Ap, Mt and Zrn. Most biotites show compositions
around Tc5Ti-Phl16Fe-East13Mus1East10Phl53. Plagioclases show
oscillatory zoning, ranging from An59 to An9. Occasionally, plagio-
clases show a normal pattern of zoning consisting in a core of An47
rimmed by a band of An21. Quartz and Kfs are the main felsic
minerals of the groundmass. They have inclusions of Pl and Bt.
Zircon appears as inclusions in Qtz, Bt and Kfs.

The Granite group (GG) is a suite of light-colored, coarse- to
medium-grained, Bt-granites with textures ranging from porphy-
ritic to glomeroporphyritic in a hypidiomorphic groundmass. The
dominant assemblage consists of Bt, Pl, Kfs, Qtz, Ms and rarely,
green Amph. Accessory phases are Mt, Ap, Ilm, Py and Zrn.
Amphibole is present in some porphyritic facies forming euhedral
phenocrysts and glomerules. Biotite is the main mafic mineral. It is
present as brown-pleochroic anhedral grains, frequently embracing
euhedral Pl grains. Most Bt has an end-member composition
around Tc5Ti-Phl24Fe-East19Mus2East2Phl26. The compositions of Bt
from quartz-diorites, granodiorites and granites are very similar.
Biotite contains inclusions of Ap, Mt and Zrn. Plagioclase is present
as phenocrysts, glomerules and as part of the matrix. It shows
a distinctive oscillatory zoning core, with interspersed bands of
An53 and An19. K-feldspar forms anhedral grains with abundant
inclusions of Qtz, Bt and Pl. Occasionally, Kfs grains form glomer-
ules of assembled poikilitic grains. Most Qtz is present as anhedral
grains, but it forms subhedral grains in some facies. Zircons are
included in Qtz, Bt, Kfs and Pl.

5. Geochemical features

A set of 47 samples were collected and analyzed for major and
trace elements. These are 21 diorites, 5 Qtz-diorites, 15 tonalite-
granodiorites and 11 granites. The criteria for rock classification and
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nomenclature were exposed in a previous item. Representative
analyses, including the selected samples for geochronologic study,
are listed in Table 1 (a complete list is given in the Supplementary
Material; Appendix A). The main geochemical features and their
comparisons with similar rocks of the Patagonian batholith are
exposed below.

5.1. Major elements

Asmentioned above, the studied intrusiveMesozoic rocks of the
Bariloche region show a complete range of silica from basic to
intermediate and acid terms (49e75 wt% SiO2). Of these, the silicic
compositions represented by tonalites and granodiorites dominate
in more than 90% of the outcropping rocks at the level of erosion of
the plutons. In general terms, these are comparable to other
plutonic associations of the Patagonian batholith, south of the
Bariloche area, and also similar to calcic series from other Cordil-
leran batholiths of North America (Frost et al., 2001). A salient
feature is the presence of a silica gap, which is null within the range
58e60 wt% SiO2, separating the more mafic members, diorites,
form the Qtz-diorites. In the Harker diagrams (Fig. 3) the associa-
tion Qtz-diorite-tonalite/granodiorite-granite shows a continuous
trend with good negative correlations for Al2O3, CaO, FeO and MgO.
Alkalis show a more scattered distributionwith a marked tendency
to positive correlation. These relations are compatible with
magmatic fractionation trends. Diorites, to the left of the silica gap,
show a scattered distribution for most major elements, possibly
related to local accumulations of Hbl and Mt in agreement with the
observed textural features. Our data reproduce the main
geochemical signatures reported for Cordilleran granitoids and
mafic rocks of the Patagonian batholith (Hervé et al., 2007;
Pankhurst et al., 1999).

Some diorites have high values of Al2O3 (up to 20 wt%). These
are also rich in FeO and CaO (>8 wt% in both). The MgO content of
UePb zircon geochronology of Cordilleran granitoids of the Bariloche
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Fig. 4. Silica variation (Harker) diagrams plotting granitoids and mafic rocks of the Bariloche Cordilleran granitoids. Samples from the Patagonian batholith (Hervé et al., 2007;
Pankhurst et al., 1999) are shown in the background.
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this group is, however, very low (<5 wt% MgO). The high contents
in Ca and Fe are correlated with the abundant Hbl and Mt in these
rocks of possible cumulate origin. The low Mg content can be
compatible with the cumulate origin if the fractionating magma is
of intermediate composition. This will be discussed later. The
scattered distribution of the more mafic rocks (diorites) also
support the cumulate character controlled bymechanical processes
that concentrate locally mafic minerals. By contrast, the linear
patterns of the other group, approaching true liquid lines of descent
is in support of processes of magma fractionation with the impli-
cation that intermediate and felsic rocks may have derived from
nearly liquid systems.

The same inferences can be drafted based on the continuous
curved trend displayed in the CaOeMgO diagram (Fig. 5a), a good
proxy of cotectic relations in calc-alkaline magmas. A significant
geochemical feature of these Cordilleran granitoids is the high Mg#
(Mg# ¼ molar MgO/MgO þ FeO) for the intermediate terms of the
series. Some tonalites and granodiorites may have values of up to
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Mg# ¼ 0.5, contrasting with the more mafic Qtz-diorites that may
haveMg#¼ 0.4 (Fig. 5b). The jump inMg# is attributed to the onset
of Mt precipitation in the system, which is correlated with the
common presence of Mt in the more mafic rocks. This mineral may
have played a significant role in magma fractionation.

5.2. Trace elements

A correlation of interest is found between Sr and Ca. These are
coupled in magmatic fractionation, particularly in the granitic
members of the series. The Sr content is correlated with the modal
abundance of Pl. The maximum content is moderate (<600 ppm).
Diorites are out of the Ca-Sr trend (Fig. 5c). They display an
increase in Ca at constant Sr. This denotes the above-mentioned
cumulate character of diorites, in which Cpx accumulation
produces high Ca concentrations without partitioning of Sr. These
coupled variations can be attributed to mineral assemblage, which
in turn is pressure dependent. Model calculations will be shown
UePb zircon geochronology of Cordilleran granitoids of the Bariloche
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Fig. 5. Diagrams showing relevant geochemical variations of granitoids and mafic rocks of the Bariloche region. Major element (a, b) variations are compared with cotectic liquid
compositions calculated with MELTS code for low (4 kbar, in red) and high (15 kbar, in blue) pressure and at fO2 conditions of two log units greater than the QFM buffer. The parental
liquid (large star) is a Qtz-diorite. Tick marks on the theoretical lines are 10 wt% liquid increments. In the CaO vs MgO diagram (a) the two cotectic lines are very close in composition
and similar to the trend displayed by granodiorites-tonalites and granites. In the Mg# vs MgO diagram (b) the low-pressure line reproduces the jump in the Mg# denoting a larger
effect of Mt fractionation at low-pressure. A drastic change from low to high pressure is depicted by the SreCaO diagram (c). The positive correlation between Rb and ASI (alumina
saturation index) is denoting the implication of metaluminous phases (e.g. Hbl) in the fractionation process. Variations in the REE fractionation are shown in (e) and (f). Granitoid
fractionation vectors (grey arrows) point to LREE enrichment together with HREE depletion in the more fractionated compositions. Note the parallel trends traced by granodiorites-
tonalites and granites. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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later for this coupled pair. The correlation found between the ASI
and the Rb (Fig. 5d) is characteristic of fractionation processes
dominated by metaluminous phases, namely Px and Hbl. The
range of Sr/Y ratios of the studied rocks (Sr/Y ¼ 2e40) are similar
to other Cordilleran granites from Patagonia and North America.
Although these values are lower than those of high-silica adakites
(average Sr/Y ¼ 60; Moyen, 2009), they are higher than most
granites and the upper continental crust (2-20; Moyen, 2009 and
references therein). Granites (SiO2 > 71 wt%) display the lowest
values of the Sr/Y ratio, ranging from 1 to 20. Granodiorites,
Qtz-diorites and diorites are aligned along a parallel trend with
higher values of the Sr/Y ratio.
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Similar complex relations are displayed by REE (Fig. 6). All rocks
are characterized by a little fractionation of the LREE with respect to
HREE. Fractionation ismorepronounced in thegroupof granodiorites
and granites, which have LaN/YbN (N denoting chondrite-normalized
values) ratios in the range 4e20 (average 10.5), compared with the
lower values of 2e6 (average 4.6) of diorites and Qtz-diorites. Only
the granite group (SiO2>71wt%)may showanegative Euanomaly in
some samples (Fig. 6), not necessarily the more silicic ones. This Eu
anomaly is almost absent in the other groups of granitoids, namely
tonalites, granodiorites and Qtz-diorites. Some samples of the diorite
group may have an Eu positive anomaly, reinforcing the cumulate
originwith the possible implication of Pl. The interpretation of these
UePb zircon geochronology of Cordilleran granitoids of the Bariloche
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REE patterns in terms of magmatic fractionation will be given in
a further section. The analyzed LaN/YbN ratios in the Bariloche region
are similar to reported data from the Patagonian batholith (Hervé
et al., 2007; Pankhurst et al., 1999). These are shown in Fig. 5e,f.
Again, granites form a parallel trend pointing to more fractionated
ratios coupled with both an increase in LREE and a decrease of the
HREE. These trends are markedly different compared with the more
regular variations of Qtz-diorites and the possible residual diorites. It
can be highlighted thatwhereas the group of tonalites, granodiorites,
Qtz-diorites and diorites plot within the ranges of typical Cordilleran
batholiths in a Sr/Y vs LaN/YbN diagram (Fig. 7), the group of granites
(SiO2 > 71 wt%) plot outside this region with anomalously low Sr/Y
ratios formoderate LaN/YbN values.Many of these geochemical ratios
are strongly dependent on intensive variables, P, T and fO2, which are
conditioning the coexisting assemblage in the crystallizing magma
and/or the melting process in the source region. Consequently, the
determinationof these intensivevariables is fundamental to interpret
the geochemical variations anddecipherwhether fractionation at the
level of emplacement or melting at the source region was the
dominant process involved in the formation of the rock association.
An attempt to determine pressures and temperatures duringmagma
emplacement is given here below. Further estimationswill be shown
later on basis to thermodynamic modeling.

6. Thermobarometry based on HblePl equilibria

Mineral chemistry data of amphiboleeplagioclase pairs for dio-
rites, quartz-diorites and tonalites were obtained for representative
samples. Analytical results are given in the Supplementary Material
(Appendix A). Amphibole and plagioclase are omnipresent, in
different proportions butwith similar textural and chemical features,
as part of the mineral assemblage of diorites to granites of the bath-
olith in the studied area. Amphiboles classify as Mg-hornblende [Si
pfu ¼ 6.55e7.26, Mg/(Mg þ Fe2þ) ¼ 0.60e0.81], tschermakitic
hornblende [Si pfu ¼ 6.48e6.44, Mg/(Mg þ Fe2þ) ¼ 0.63e0.83] and
actinolitic hornblende [Si pfu ¼ 7.28e7.50, Mg/(Mg þ Fe2þ) ¼
0.70e0.83]. Barroisite and Mg-hastingsite [Si pfu ¼ 6.18, Mg/
(Mgþ Fe2þ)¼ 0.77] havebeen analyzed fromdiorite chilled-margins.
MostAmphisunzonedMg-hornblende, but somegrains showpatchy
zoning. They have low contents of TiO2which range from2.25wt% in
diorites to 0.66 wt% in tonalites, most in the range between ca.1.3 to
ca.0.7. Negative correlation of log Kd (TiO2) with temperature
suggests that these low TiO2 contents mean low temperatures near
the solidus of the diorite-tonalite system, in agreement with the
presence of quartz in the same assemblage. Most Pl is present as
phenocrysts and as part of the groundmass showing oscillatory-
zoning. Al-in-hornblende barometer (Hammarstron and Zen, 1986;
Schmidt, 1992), applied to single Hb-grains, shows that crystalliza-
tion of Hb began at pressures lower than 6 kbar and followed to less
than 1 kbar.

Sampled pairs of amphibole and plagioclase were analyzed in
adjacent spots where Pl and Hb were apparently in textural equi-
librium. PeT estimates for hornblendeeplagioclase equilibrium
were performed using an iterative method (Anderson, 1996) which
combines Hb-Pl thermometry (Blundy and Holland, 1990; Holland
and Blundy, 1994) with the Al-in-hornblende barometry (Schmidt,
1992; Anderson and Smith, 1995).

The closest range of pressure-temperature estimates after seven
iterations are given for the calibration reaction edenite þ albite ¼
richterite þ anorthite (Holland and Blundy, 1994) for temperature,
Fig. 6. Chondrite normalized (Nakamura, 1974) REE diagrams of representative
intrusive rocks form the Bariloche region. The field of Qtz-diorites (grey) is taken as
a reference in all diagrams.
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Fig. 7. Sr/Y vs Y (a) and Sr/Y vs LaN/YbN (b) diagrams plotting representative intrusive rocks from the Bariloche region. Diorites, Qtz-diortes and their fractionates (i.e.: granodiorites
and tonalites) define a possible “trend of pulses” as supported by age-composition relations. Granites are plotted defining a parallel trend possibly related by fluid migration
fractionation. Arrows mark the possible low-pressure (i.e. sub-volcanic) evolution from individual pulses of magma at late stages of fractionation. Samples from the Patagonian
batholith (Hervé et al., 2007; Pankhurst et al., 1999) and from the Peninsular Ranges batholith in North America (Lee et al., 2007) are plotted in the background for comparisons.
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combined with the calibration of Anderson and Smith (1995) of the
Al-in-hornblende barometer. Anderson (1996) concluded that
the calibrationbasedon this reactionwas thepreferred calibrationof
the thermometer towork in conjunctionwith that Al-in-hornblende
barometer. Most pressure estimates for diorites (ca. 2.5-1.2 kbar) are
slightly higher than for quartz-diorites and tonalites (c.a. 2.0-
0.7 kbar). For the last pressures, temperature estimates show similar
relations, with slightly higher temperatures for diorites (ca. 826-
747 �C) than for quartz-diorites and tonalites (ca. 792-650 �C). These
PeT estimates correspond to near-solidus sub-volcanic conditions
(s.l.) and are in agreement with cavities present in some of the
studied zircon crystals, which were interpreted as a vapor phase
trapped during crystallization of igneous zircons in a sub-volcanic
environment (cf. Rapela et al., 2010).

7. Zircon geochronology

Representative samples of the most abundant and better-
exposed intrusive bodies were selected for zircon separation and
UePb geochronology via SHRIMP. A systematic sampling was
carried out along transversal sections of intrusive bodies (e.g. Rio
Manso section: 5 samples; Mascardi-Tronador section: 4 samples)
with the aim of identifying age variations and compositional
polarities orthogonal to the NeS structures. Other samples were
collected from particular outcrops in which granites and mafic
rocks show indications of coeval magmatic activity.

7.1. Sample descriptions and results

Most of the studied zircons show cavities piercing the cores, the
rims, and even the grain boundaries. These cavities are interpreted
as entrapments of a vapor phase in a sub-volcanic environment,
reinforcing the low PeT estimations yielded by the PleHb ther-
mobarometry. No zircon inheritances were found. This, along with
the observed zircon textures (e.g. euhedral shapes and core-rim
zonations, see below), is an indication of a single igneous crystal-
lization episode for zircons. Isotopic ratios and ages of the analyzed
data points are listed in Table 3. Fig. 8 shows CL images and Con-
cordia plot of two representative rocks, the Qtz-diorite A208-11 and
the granite A208-33. Concordia plots from all studied rocks are
shown in Fig. 9. A complete set of CL images is given in the
Supplementary Material (Appendix A). A brief description of the
studied samples and their analytical results are given here below.
Please cite this article in press as: Castro, A., et al., Petrology and SHRIMP
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7.1.1. A208-8
Rio Manso (41�30030.100, 71�47030.900). It is a Hbl-rich melano-

cratic rock (group D) showing mm scale banding in which fine-
grained (<0.2 mm) layers composed of Pl and Mt alternate with
Hbl-rich layers. Amphibole is a Mg-hornblende, anhedral and poi-
kilitic with abundant inclusions of Mt. Relict inclusions of altered
mafic minerals (Px?) are common. Pseudomorphosed Ol crystals
showing the typical rhomboidal shape are commonly found. These
are very similar in alteration products to the inclusions in Hbl.
Apatite and zircon are accessory minerals.

Recovered zircon grains range in size from 106 mm to 276 mm.
Zircon grains, both entire or fragments from the process of crushing,
are subhedral to euhedral, mainly equant. CL images show thatmost
grains consist of a core, which is sometimes embayed, surrounded
by a banded overgrowth. Some grains are complex, consisting of
a subhedral-unzoned core surrounded by three, banded and unz-
oned, overgrowths. Zircon cores are mainly unzoned, often bright.
Zirconovergrowths showavarietyof textures, banded andunzoned.
U and Th contents are very high. U contents range from 276 to
4095 ppm,mostly greater than 1000 ppmU. High Th contents range
from 182 to 14803 ppm, mostly greater than 1400 ppm. The Th/U
ratios are>1 suggesting that zircons did not undergo a U loss event.
The 7 analyzed grains, including cores and rims, yield concordant
data. Five of the 7 analyzed areas form a single concordant group
giving a Concordia age of 154 � 1.8 Ma (MSWD ¼ 1.7) that corre-
sponds to Late Jurassic. There is not any evidence in the studied
zircons of any old inherited zircon grain. Only one zircon age is off
the main concordant group giving an age of 147.0 � 2.0 Ma.

7.1.2. A208-29
Lago Mascardi e Tronador volcano (41�14020.600, 71�45032.500).

This is a medium-grained, homogeneous, mesocratic to melano-
cratic rock (Group D), essentially composed of Hbl and Pl. Inter-
stitial Qtz is common as a subordinate component. The rock is
altered with abundant secondary minerals as Chl, Ep and Cc.

The zircons from this sample range in size from 75 mm to
116 mm. Some grains present skeletal cores surrounded by a banded
overgrowth which ends with euhedral faces. A few grains show
a sector-zoned core. Most grains consist of a dark or light sub-
hedral-unzoned core surrounded by thin, banded overgrowths. The
U content is moderate, ranging from 210 to 2070 ppm, mostly
below 1000 ppm. Th contents are in the range between 262 and
3968 ppm, mostly under 1000 ppm. There are two zircon grains
UePb zircon geochronology of Cordilleran granitoids of the Bariloche
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Table 3
SHRIMP isotopic ratios and ages of analyzed points in zircons from granitoids of the Bariloche region.

Grain spot U ppm Th ppm Th/U 206Pb* ppm 206Pbc % Isotopic ratios Age (Ma)

206Pb*/238U Error � % 207Pb*/235U Error � % 207Pb*/206Pb* Error � % 206Pb/238U 207Pb/206Pb

SHRIMP zircon UePb data for sample A208-1
2 69 116 1.75 1.46 0.00 0.02477 3.7 0.224 6.3 0.0657 5.1 157.7 � 5.7 797 � 110
3.1 871 869 1.03 19.7 0.29 0.02627 1.7 0.1750 2.9 0.0483 2.3 167.2 � 2.8 114 � 55
3.2 1731 190 0.11 37.5 0.03 0.02524 1.7 0.1742 2.1 0.05007 1.1 160.7 � 2.7 198 � 27
4 246 340 1.43 5.39 0.27 0.02542 1.8 0.1686 3.8 0.0481 3.3 161.8 � 3.0 105 � 78
5 690 270 0.4 15.5 0.09 0.02611 1.7 0.1768 2.7 0.04911 2.0 166.2 � 2.9 153 � 47

SHRIMP zircon UePb data for sample A208-6
1 147 93 0.66 2.93 0.86 0.02310 2.2 0.154 8.4 0.0482 8.1 147.2 � 3.2 111 � 190
2 189 153 0.84 3.79 0.46 0.02325 2.1 0.1671 5.3 0.0521 4.9 148.2 � 3.0 290 � 110
3 182 151 0.86 3.70 0.58 0.02356 2.1 0.158 6.5 0.0487 6.1 150.1 � 3.1 134 � 140
4 145 74 0.53 3.14 0.60 0.02498 2.2 0.167 9.6 0.0485 9.4 159.1 � 3.5 122 � 220
5 129 84 0.67 2.68 0.00 0.02410 2.3 0.1744 5.6 0.0525 5.2 153.5 � 3.5 307 � 120
6 172 124 0.75 3.55 0.00 0.02404 2.2 0.180 5.6 0.0542 5.1 153.2 � 3.3 381 � 120
8 174 88 0.53 3.35 0.00 0.02245 2.2 0.165 7.8 0.0532 7.5 143.1 � 3.1 336 � 170
9 299 261 0.90 5.98 0.00 0.02331 2.0 0.1659 3.9 0.0516 3.3 148.5 � 2.9 269 � 77
10 176 132 0.77 3.58 0.98 0.02341 2.2 0.161 6.3 0.0500 5.9 149.2 � 3.3 193 � 140
11 128 134 1.09 2.66 0.42 0.02414 3.1 0.175 7.7 0.0527 7.1 153.8 � 4.7 314 � 160
12.1 1160 913 0.81 23.2 0.09 0.02324 1.8 0.1587 2.4 0.04951 1.7 148.1 � 2.6 172 � 39
12.2 139 76 0.56 3.08 6.82 0.02404 3.4 0.200 30 0.060 29 153.1 � 5.2 614 � 640

SHRIMP zircon UePb data for sample A208-8
2 4095 3952 1.00 86.0 0.06 0.02443 1.7 0.1623 2.0 0.04818 1.0 155.6 � 2.6 108 � 24
3.1 4857 14803 3.15 96.3 0.05 0.02306 1.7 0.1550 1.9 0.04874 0.82 147.0 � 2.5 135 � 19
4 4108 5573 1.40 87.8 0.05 0.02486 1.8 0.1692 2.0 0.04938 0.91 158.3 � 2.8 166 � 21
5.2 1182 1770 1.55 25.0 0.25 0.02454 1.7 0.1643 2.7 0.04855 2.0 156.3 � 2.7 126 � 48
6.1 276 182 0.68 5.92 0.83 0.02475 2.7 0.170 9.2 0.0499 8.8 157.6 � 4.2 188 � 210
6.2 1390 1419 1.06 29.4 0.00 0.02466 1.7 0.1655 2.3 0.04869 1.5 157.0 � 2.7 133 � 35
7 2375 5010 2.18 49.3 0.16 0.02414 1.7 0.1628 2.2 0.04891 1.4 153.8 � 2.6 143 � 33
8.1 1365 1937 1.47 28.8 0.55 0.02444 1.7 0.1685 3.2 0.0500 2.7 155.6 � 2.7 195 � 62
8.2 879 1003 1.18 18.6 2.53 0.02398 1.9 0.246 7.9 0.0745 7.7 152.7 � 2.8 1054 � 150

SHRIMP zircon UePb data for sample A208-11
1 55 48 0.91 1.25 2.15 0.02600 2.9 0.167 13 0.0466 12 165.5 � 4.8 31 � 290
2.2 87 75 0.89 2.06 1.43 0.02714 2.7 0.185 19 0.0494 19 172.6 � 4.5 168 � 450
3.1 81 40 0.51 1.73 0.66 0.02467 2.2 0.183 8.6 0.0539 8.3 157.1 � 3.5 367 � 190
4 115 109 0.98 2.59 2.18 0.02568 2.7 0.153 15 0.0432 15 163.5 � 4.3 �155 � 380
5.1 38 30 0.80 0.846 2.99 0.0250 4.2 0.158 37 0.046 37 159.1 � 6.6 �8 � 880
5.2 75 42 0.58 1.66 1.99 0.02532 2.4 0.169 15 0.0484 15 161.2 � 3.8 117 � 350
6.1 42 32 0.78 0.904 1.44 0.02473 2.8 0.202 15 0.0593 15 157.5 � 4.4 577 � 320
6.2 51 29 0.59 1.08 1.86 0.02422 2.8 0.164 22 0.049 22 154.3 � 4.2 146 � 520
8.1 86 84 1.01 1.91 0.75 0.02573 2.3 0.206 9.1 0.0582 8.8 163.8 � 3.7 537 � 190
8.2 96 49 0.53 2.14 0.50 0.02572 2.1 0.184 7.1 0.0519 6.8 163.7 � 3.4 281 � 160

SHRIMP zircon UePb data for sample A208-13
1 290 198 0.70 6.74 0.55 0.02685 1.8 0.1790 3.9 0.0484 3.4 170.8 � 3.1 117 � 81
2 50 45 0.93 1.14 2.58 0.02585 2.5 0.191 14 0.0535 14 164.5 � 4.0 349 � 320
3 192 172 0.92 4.32 0.89 0.02593 2.0 0.168 9.7 0.0470 9.5 165.0 � 3.2 48 � 230
4.1 218 228 1.08 5.10 0.00 0.02726 1.9 0.2002 3.6 0.0533 3.1 173.4 � 3.3 340 � 69
4.2 299 280 0.97 7.14 1.15 0.02746 1.9 0.217 6.3 0.0572 6.0 174.6 � 3.2 500 � 130
5 189 203 1.11 4.17 0.50 0.02549 1.9 0.180 7.5 0.0513 7.2 162.3 � 3.2 254 � 170
6 182 165 0.93 4.20 0.37 0.02669 1.9 0.171 6.1 0.0466 5.8 169.8 � 3.2 28 � 140
7 22 13 0.63 0.546 3.82 0.02779 3.5 0.256 23 0.067 23 176.7 � 6.1 833 � 470
8 172 107 0.64 3.90 0.26 0.02634 1.9 0.1936 4.5 0.0533 4.1 167.6 � 3.2 341 � 93

SHRIMP zircon UePb data for sample A208-14
1 101 111 1.14 2.37 3.14 0.02655 2.7 0.153 15 0.0418 15 168.9 � 4.5 �240 � 380
2.2 59 50 0.87 1.42 2.44 0.02743 3.0 0.204 29 0.054 29 174.4 � 5.2 373 � 650
2.1 92 113 1.27 2.18 2.31 0.02692 2.2 0.203 6.5 0.0547 6.1 171.2 � 3.7 401 � 140

SHRIMP zircon UePb data for sample A208-20
1 63 69 1.12 1.46 1.78 0.02634 2.6 0.184 15 0.0508 15 167.6 � 4.3 231 � 350
2 118 93 0.81 2.75 1.69 0.02653 2.2 0.185 15 0.0507 15 168.8 � 3.7 228 � 350
3 133 108 0.84 3.10 1.16 0.02679 2.2 0.184 13 0.0498 13 170.4 � 3.7 184 � 310
5 173 147 0.88 4.18 1.14 0.02780 2.0 0.198 7.1 0.0516 6.8 176.8 � 3.4 269 � 160
6 235 241 1.06 5.36 0.00 0.02656 1.9 0.2003 3.6 0.0547 3.0 169.0 � 3.2 400 � 68
7 116 118 1.05 2.83 1.66 0.02804 2.1 0.193 9.6 0.0499 9.4 178.2 � 3.7 193 � 220
8 193 170 0.91 4.65 1.22 0.02778 2.1 0.169 14 0.0441 14 176.6 � 3.6 �104 � 350
10 119 95 0.83 2.69 1.44 0.02584 2.2 0.190 12 0.0533 11 164.5 � 3.6 344 � 260

SHRIMP zircon UePb data for sample A208-22
1.1 359 925 2.66 7.90 0.61 0.02536 1.9 0.17 6.1 0.0499 5.8 161.4 � 3.0 188 � 136
2 120 139 1.19 2.80 1.22 0.02670 2.2 0.18 7.2 0.0491 6.9 169.9 � 3.6 155 � 161
4 238 277 1.20 5.50 0.35 0.02665 1.9 0.19 4.0 0.0517 3.6 169.6 � 3.1 272 � 82
5 222 95 0.45 5.10 0.63 0.02670 1.9 0.19 8.6 0.0506 8.4 169.8 � 3.3 224 � 193

(continued on next page)
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Table 3 (continued )

Grain spot U ppm Th ppm Th/U 206Pb* ppm 206Pbc % Isotopic ratios Age (Ma)

206Pb*/238U Error � % 207Pb*/235U Error � % 207Pb*/206Pb* Error � % 206Pb/238U 207Pb/206Pb

6 244 277 1.17 5.50 0.66 0.02618 1.9 0.18 6.0 0.0508 5.7 166.6 � 3.2 232 � 132
7 144 116 0.83 3.20 0.37 0.02583 2.0 0.20 5.5 0.0559 5.1 164.4 � 3.3 448 � 113
9 246 306 1.29 5.70 0.71 0.02703 1.9 0.18 6.7 0.0489 6.4 172.0 � 3.2 145 � 151
10 310 527 1.76 7.10 0.89 0.02651 1.9 0.17 5.8 0.0470 5.5 168.7 � 3.1 47 � 131
11 38 33 0.90 0.90 3.09 0.02678 2.8 0.19 12.7 0.0522 12.4 170.3 � 4.7 294 � 283

SHRIMP zircon UePb data for sample A208-29
1 391 684 1.81 9.41 5.54 0.02642 3.0 0.404 9.5 0.1109 9.0 168.1 � 5.0 1814 � 160
2 2070 3722 1.86 48.0 0.06 0.02696 2.7 0.1837 2.9 0.04940 1.2 171.5 � 4.5 167 � 28
3 886 914 1.07 20.4 0.08 0.02680 2.7 0.1804 3.1 0.04882 1.6 170.5 � 4.5 139 � 37
4 2021 3968 2.03 45.9 0.27 0.02634 2.7 0.1734 3.1 0.04775 1.6 167.6 � 4.4 87 � 37
5 210 245 1.20 4.81 1.45 0.02627 2.8 0.198 8.8 0.0547 8.3 167.1 � 4.7 399 � 190
7 676 1106 1.69 16.4 0.19 0.02813 2.7 0.1933 3.9 0.0498 2.8 178.8 � 4.8 188 � 65
9 652 262 0.42 15.5 0.25 0.02762 2.7 0.1948 3.5 0.0511 2.2 175.6 � 4.7 247 � 51
10 811 633 0.81 19.9 2.98 0.02765 2.8 0.212 12 0.0555 12 175.8 � 4.9 434 � 260
11 1630 1139 0.72 41.3 4.95 0.02807 2.8 0.204 10 0.0527 9.7 178.4 � 4.8 314 � 220

SHRIMP zircon UePb data for sample A208-31
1 145 108 0.77 3.39 1.08 0.02692 2.8 0.162 6.2 0.0437 5.5 171.2 � 4.8 �126 � 140
2 257 280 1.12 6.11 1.30 0.02728 2.8 0.161 6.3 0.0428 5.6 173.5 � 4.8 �182 � 140
3 192 176 0.95 4.60 0.81 0.02764 2.9 0.185 9.9 0.0484 9.5 175.7 � 5.0 121 � 220
4 166 157 0.98 3.79 0.00 0.02662 2.9 0.1966 4.4 0.0536 3.3 169.4 � 4.8 352 � 74
5 71 62 0.89 1.72 1.52 0.02764 3.1 0.188 11 0.0494 11 175.8 � 5.3 166 � 260
6 255 258 1.05 6.12 0.46 0.02785 2.8 0.1967 5.1 0.0512 4.2 177.1 � 4.9 252 � 97
7 141 104 0.76 3.22 0.32 0.02647 3.3 0.197 5.8 0.0539 4.7 168.4 � 5.5 368 � 110
8 390 282 0.75 9.06 1.80 0.02652 2.8 0.197 9.6 0.0539 9.2 168.8 � 4.7 368 � 210
10 419 412 1.01 9.72 0.39 0.02687 2.8 0.1824 3.9 0.0492 2.7 171.0 � 4.7 159 � 64
11 229 165 0.74 5.02 0.32 0.02544 2.8 0.167 6.6 0.0476 6.0 162.0 � 4.5 82 � 140
12 79 49 0.64 2.07 10.66 0.0273 3.9 0.210 37 0.056 37 173.8 � 6.7 444 � 830

SHRIMP zircon UePb data for sample A208-33
2 41 16 0.40 0.842 0.00 0.02377 3.4 0.194 8.2 0.0591 7.4 151.5 � 5.2 569 � 60
4.1 739 225 0.31 15.9 0.00 0.02502 2.8 0.1677 3.4 0.04861 2.0 159.3 � 4.4 129 � 46
4.2 489 179 0.38 10.3 0.29 0.02446 2.7 0.1612 3.9 0.0478 2.7 155.8 � 4.2 90 � 65
5 488 508 1.08 10.5 0.17 0.02501 2.7 0.1787 3.9 0.0518 2.8 159.3 � 4.3 278 � 63
6.1 926 229 0.26 20.0 0.08 0.02515 3.0 0.1709 3.6 0.0493 2.0 160.1 � 4.7 162 � 48
6.2 849 227 0.28 17.6 0.19 0.02411 2.7 0.1620 3.3 0.04874 1.8 153.5 � 4.1 136 � 43
7 322 81 0.26 6.92 0.25 0.02496 2.8 0.1710 4.9 0.0497 4.1 158.9 � 4.4 180 � 95
8 110 84 0.79 2.29 1.20 0.02401 3.0 0.168 11 0.0507 11 153.0 � 4.6 226 � 250
9 759 199 0.27 16.6 0.18 0.02545 2.7 0.1722 3.6 0.0491 2.3 162.0 � 4.3 151 � 55
10 199 310 1.61 4.15 0.25 0.02422 2.8 0.1605 5.1 0.0481 4.2 154.3 � 4.3 102 � 100
11 808 326 0.42 16.8 0.09 0.02419 2.7 0.1639 3.4 0.04914 2.0 154.1 � 4.1 155 � 47
12 737 686 0.96 15.9 0.18 0.02509 2.7 0.1699 3.4 0.04911 2.0 159.7 � 4.3 153 � 47

SHRIMP zircon UePb data for sample A208-48
1 473 248 0.54 11.5 0.26 0.02812 2.7 0.1903 4.1 0.0491 3.0 178.8 � 4.8 151 � 71
2 392 225 0.59 9.52 0.22 0.02825 2.8 0.1966 4.6 0.0505 3.7 179.6 � 4.9 218 � 85
3 721 405 0.58 16.8 0.20 0.02714 2.7 0.1839 3.7 0.0491 2.5 172.6 � 4.6 155 � 58
4 670 334 0.51 15.9 0.23 0.02750 2.7 0.1809 3.7 0.0477 2.6 174.9 � 4.7 85 � 61
5 305 180 0.61 6.80 0.34 0.02586 3.0 0.1790 4.6 0.0502 3.5 164.6 � 4.8 205 � 82
6 767 451 0.61 17.9 0.00 0.02718 2.7 0.1864 3.2 0.04974 1.7 172.9 � 4.6 183 � 39
7 808 460 0.59 18.5 0.00 0.02663 2.7 0.1814 3.1 0.04940 1.6 169.4 � 4.5 167 � 36
8 417 272 0.67 9.63 0.47 0.02677 2.7 0.1861 3.9 0.0504 2.8 170.3 � 4.6 215 � 65
9 372 313 0.87 8.59 0.27 0.02678 2.8 0.1820 4.1 0.0493 3.0 170.4 � 4.7 162 � 70
10 456 426 0.97 10.7 0.11 0.02741 2.7 0.1849 3.6 0.0489 2.4 174.3 � 4.7 145 � 56
11 336 206 0.63 8.01 0.00 0.02771 2.8 0.1971 3.7 0.0516 2.4 176.2 � 4.8 267 � 55
12 624 779 1.29 14.8 0.11 0.02758 2.7 0.1920 3.3 0.05048 1.9 175.4 � 4.7 217 � 43

Errors are 1-sigma; Pbc and Pb* indicate the common and radiogenic portions, respectively.
Error in Standard calibration was 0.73% (not included in above errors but required when comparing data from different mounts).
Common Pb corrected using measured 204Pb.
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with high contents of U and Th. Respectively, ca. 2050 ppm U and
3800 ppm Th. The Th/U ratios are mostly >0.2 as usual in zircons of
magmatic origin (Hartmann et al., 2000). Eight of the 9 analyzed
grains yield a concordant data giving a Concordia Age of 172.5� 3.1
Ma (MSWD ¼ 0.97) that corresponds to the Middle Jurassic.

7.1.3. A208-14
Rio Manso (41�34036.500, 71�30015.100). This sample corresponds

to a fine-grained, mesocratic rock (Group QD) essentially composed
of Pl and Hbl with subordinate Qtz, Bt and Mt. Plagioclase is char-
acteristically euhedral and shows a complex oscillatory zoning.
Monomineralic Hbl aggregates (clots), 1e3 mm in diameter, are
Please cite this article in press as: Castro, A., et al., Petrology and SHRIMP
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common. These normally have an external prismatic habit and are
surrounded by Bt. Reaction from a precursor Px is the suggested
interpretation for these mafic clots (Castro and Stephens, 1992).
Quartz is typically poikilitic and Hbl may have both euhedral habit
in crystals grown together with Qtz, and, more frequently, an
anhedral habit surrounding Pl in Qtz-free areas.

Zircon grains of this sample are mostly equant, ranging in size
from 75 mm to 116 mm. Most of them are euhedral or fragments of
euhedral grains showing distinct zonation patterns. Usually, zircon
grains present a clear unzoned core rimmed by oscillatory or
sector-zoned overgrowths. Many grains show embayed grain
boundaries. The U content is moderate to low, ranging from 59 to
UePb zircon geochronology of Cordilleran granitoids of the Bariloche
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Fig. 8. Cathodoluminescence images and Concordia plots of two representative samples from the two main rock groups. A) A208-11 Qtz-diorite. B) A208-33 Granite.
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101 ppm. Th contents range from 50 to 113 ppm. Th/U ratios are in
the normal range for igneous zircon. The three analyzed grains
yield a Concordia Age of 171 � 5 Ma (MSWD ¼ 0.33) corresponding
to the Middle Jurassic.

7.1.4. A208-11
Rio Manso (41�35042.200, 71�45041.500). It is a coarse-grained,

mesocratic rock (Group QD) essentially composed of Pl, Qtz and Hbl
and subordinated Bt and Mt. Accessory minerals are Ap and Zrn.
The rock has a hypidiomorphic texture, in which euhedral Pl is
interlocked, and Qtz together with some Hbl occupy the interstices.
Secondary minerals are Chl and Cc. Hornblende in these interstices
is grown together with Qtz and is characterized by a euhedral habit.
Other Hbl crystals form polycrystalline aggregates with an external
prismatic shape, possibly formed by reaction from a precursor Px.
Some of these clots are dominantly composed of Bt. Plagioclase
shows a complex oscillatory zoning.
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The zircons from this sample range from big, equant to elongate,
entire or fragments of euhedral grains, ranging in size from 110.3 to
310.3 mm. The CL images show usually an unzoned core overgrown
by rims showingmostly sector-zoning, or less frequently oscillatory
zoning. Some zircons show jagged boundary grains interpreted as
broken small cavities near the grain boundary. The U contents are
relatively low, ranging from 38 to 115 ppm, most being less than
100 ppm. Th contents range from 29 to 109 ppm. Th/U ratios range
from 0.51 to 1.01 being normal for igneous zircon. The ten analyzed
spots yield a Concordia Age of 161.7 � 2.6 Ma (MSWD ¼ 1.5) cor-
responding to the Middle Jurassic.

7.1.5. A208-22
Lago Steffen (41�30045.300, 71�30054.800). It is an inequigranular

leucocratic rock (Group TG) showing a porphyritic texture with
phenocrysts of up to 5 mm in diameter of Pl and Qtz in a fine-
grained felsitic matrix composed of Qtz, Pl and Kfs. Subordinate
UePb zircon geochronology of Cordilleran granitoids of the Bariloche
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Fig. 9. Concordia plots of SHRIMP UePb isotopic analyses. Plots include 1s error bars diagrams.
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minerals are Kfs, Hbl and Mt. Occasionally, Hbl forms poly-
crystalline aggregates that resemble phenocrysts of a precursor Px.
Chlorite and Ep are common accessory minerals. Magnetite inclu-
sions are frequently observed in Hbl aggregates.

Zircons from this sample range from relatively small, elongate,
euhedral grains to big, elongate, euhedral grains, or fragments of
these grains, ranging in size from ca. 76 mm to ca. 407 mm. CL images
show typical igneous zircons consisting in a light or dark unzoned
core rimmed with oscillatory zoning. Some grains present a longi-
tudinal zonation that is consistent with an igneous origin. U
contents are moderate to low, ranging from 38 to 359 pp. Th
contents are correspondingly moderate, ranging from 33 to
925 ppm. Th/U ratios range from 0.42 to 2.03, mostly >1, typical of
igneous zircons. There are no evidences of zircon inheritances. The
nine analyzed spots yield a Concordia Age of 167.7 � 2.2 Ma
(MSWD ¼ 1.12) that corresponds to the Middle Jurassic.

7.1.6. A208-6
Rio Manso (41�30030.100, 71�50035.500). It corresponds to a coarse-

grained leucocratic rock (Group TG) composed of Pl and Qtz, with
subordinate Bt and Kfs. Magnetite, apatite and zircon are common
accessory minerals. The rock is altered with abundant secondary
minerals such as Chl, Ep and sericite. Zircons from this sample
range from equant to elongate, big euhedral grains, or fragments of
these grains, ranging in size from119.0 to 419.0 mm. CL images show
either an anhedral unzoned core or an euhedral unzoned core,
rimmed by oscillatory zoning. Some grains show a longitudinal
pattern of zonation and some others show sector-zoning rims. The
zonation patterns as shown by CL images are normal for igneous
zircons. U contents are moderate, ranging from 128 to 1160 ppm,
mostly larger than 150 ppm. Th contents are correspondingly
moderate, ranging from 76 to 913 ppm. There is a good covariance
between U and Th contents. Consistently, Th/U ratios range from
0.53 to 1.09 that is typical of igneous zircons. The twelve analyzed
spots yield a Concordia Age of 149.0 � 1.9 Ma (MSWD ¼ 1.5) cor-
responding to the Late Jurassic.

7.1.7. A208-20
Lago Steffen (41�31001.100, 71�3209.100). This is a coarse-grained

leucocratic rock (Group G) composed of Kfs, Qtz and Pl with Hbl and
Bt as subordinate minerals. Ap, Mt and Zrn are common accessory
phases. Plagioclase crystals tend to be euhedral forming a frame-
work with Kfs and Qtz occupying the interstices. Epidote, chlorite
and sericite are common secondary minerals either replacing
locally Bt or crystallized in veins and interstices between primary
crystals. Quartz tends to form skeletal crystals giving to the rock
a granophyric-like texture. Amphibole (Mg-Hbl) appears as tiny
euhedral inclusions, together with Mt, in Kfs and Qtz, but never
in Pl.

Zircons from this sample range from equant to elongate sub-
hedral grains, or fragments of these grains, ranging in size from
78.8 to 272.7 mm. CL images show dark unzoned cores surrounded
by differently developed oscillatory rims. Some grains show
corroded cores, maybe related to cavities that are commonly found
piercing the oscillatory rims and the cores. The U contents are low
to moderate, ranging from 63 to 235 ppm. Th contents range from
60 to 241 ppm. Th/U ratios range from 0.45 to 2.66, normal values
for igneous zircons. The analyzed spots do not yield a simple well-
grouped cluster on the Wetherill plot but despite this, they provide
a Concordia Age of 171.6 � 2.6 Ma (MSWD ¼ 1.9) that corresponds
to the Middle Jurassic.

7.1.8. A208-13
Rio Manso (41�35002.400, 71�38014.000). It is a medium-grained

leucocratic rock (Group G) composed of Pl, Kfs and Qtz and showing
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a typical hypidiomorphic texture. Euhedral Pl are enclosed by late,
interstitial Qtz and Kfs. Subordinate minerals are Bt and Mt. Alter-
ation products are Chl and Ep. Common accessory minerals are Hbl,
Ap and Zrn. Bt and Hbl are included by Kfs and Qtz. Biotites are rich
in Ap and Zrn inclusions.

The zircons from this sample are elongate, euhedral grains
ranging in size from 50 to 303.6 mm. CL images show unzoned cores
with oscillatory rims. Some grains show sector-zoning. U contents
are low-moderate ranging from 22 to 290 ppm. Th contents show
a good covariance with U, ranging from 13 to 280 ppm. The Th/U
ratios (0.63e1.11) are in the normal range for igneous zircons. The
nine analyzed spots yield a Concordia Age of 168.9 � 2.3 Ma
(MSWD ¼ 1.8) that corresponds to the Middle Jurassic.

7.1.9. A208-31
Lago Mascardi- Tronador volcano (41�1500000, 71�43044.700). It is

a medium-grained, leucocratic and homogeneous rock (Group G)
composed of Qtz, Pl and Kfs, showing a typical hypidiomorphic
texture. Plagioclase tends to be euhedral and is weakly zoned.
Quartz forms large polycrystalline aggregates with undulose
extinction and subgrains. Subordinate Bt forms polycrystalline
aggregates and is transformed to Chl. Zircon and Ap are common
accessory phases.

The zircons from this sample range from equant to elongate,
mostly euhedral or fragmented, with sizes ranging from 94.1 mm to
220.6 mm. CL images show a variety of igneous zonations mainly
consisting in an euhedral to subhedral core rimmed by oscillatory
zoning. Some grains show a longitudinal zoning interpreted as
a section of the oscillatory rim. U contents are low-moderate
ranging from 71 to 419 ppmmost> 150 ppm. Th contents covariate
with U, ranging from 49 to 412 ppm. Th/U ratios range from 0.64 to
1.12, which are normal for igneous zircons. The eleven analyzed
spots yield a Concordia Age of 171 � 3 Ma (MSWD ¼ 0.82) that
corresponds to the Middle Jurassic.

7.1.10. A208-33
Lago Mascardi e Tronador volcano (41�15032.800, 71�39052.500).

This is a medium-grained leucocratic rock (Group G) composed of
Qtz, Kfs and Pl and showing an allotriomorphic texture. Plagioclase
tends to form euhedral and normally zoned crystals. Accessory
minerals are Bt, Mt, Zm and Ap. Secondary Ms is common. Alter-
ation products are Chl, Ep and sericite.

Zircons from this sample are big, clean, elongate, euhedral
grains, ranging in size from 92.6 to 470.4 mm. CL images show
typical igneous zircons with a clean, unzoned core rimmed by rims
with oscillatory zoning. Some grains show longitudinal zoning. U
contents are moderate to high, ranging from 41 to 926 ppm,
although most of them show U contents larger than 400 ppm. Th
contents range from 16 to 686 ppm. Th/U ratios present values
between 0.26 and 1.61 that are in the normal range for igneous
zircons, implying the absence of a Pb loss event. The analyzed spots
formed a well-grouped cluster on the Wetherill plot that yield
a Concordia Age of 156.8� 2.5Ma (MSWD¼ 0.60) corresponding to
the Late Jurassic.

7.1.11. A208-1
Lago Moreno (41�07015.9600, 71�50000.600). This is a coarse-

grained leucocratic and homogenous rock (Group G) composed of
Qtz, Kfs and Pl and showing a typical hypidiomorphic texture.
Plagioclase and Kfs tend to form large prismatic crystals (up to
10 mm). Tiny Pl inclusions are commonly found in Kfs. Subordinate
Bt forms polycrystalline aggregates that occupy, together with Qtz,
the interstices between feldspars. Secondary Ms and Chl are
common. Quartz is a late crystallized phase and locally molds
against plagioclase phenocrysts.
UePb zircon geochronology of Cordilleran granitoids of the Bariloche
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Zircons from this sample are subhedral, elongate grains. Some
are tabular. Grain size range from 74.2 to 312.9 mm. CL images show
typical igneous zircons with unzoned cores rimmed by oscillatory
zoning. Some cores are partially engulfed but rimmed by euhedral
overgrowths. U contents are low to high, ranging from 69 to
1731 ppm. Th contents range from 116 to 869 ppm. Th/U ratios
(0.11e1.75) are in the normal range for igneous zircons. The
five analyzed spots yield a Concordia Age of 163.5 � 2.7 Ma
(MSWD ¼ 1.2) corresponding to the Middle Jurassic.

7.1.12. A208-48
Villa Traful e Angostura (40�37057.200, 71�27028.000). This is

a coarse-grained, porphyritic and leucocratic rock (Group G) very
rich in Qtz and showing an allotriomorphic texturewith Kfs. Albite-
rich Pl and microcline form fine-grained aggregates and occasion-
ally large (>4 mm) crystals, giving to the rocks a porphyritic
appearance. Accessory phases are Bt, Hbl, Mt, Ap and Zrn. Zircons
from this sample are elongate, euhedral grains, ranging in size from
111.5 to 365.4 mm. CL images show typical igneous zircons with
light or dark unzoned cores rimmed by oscillatory zoning. U
contents are moderate, ranging from 305 to 808 ppm. Th contents
range from 206 to 779 ppm, showing a good covariance with U.
Th/U ratios range from 0.51 to 1.29, most of them exceeding 0.6,
being in the normal range for igneous zircons. The twelve analyzed
spots form a well-grouped cluster on the Wetherill plot, yielding
a Concordia Age of 173� 3Ma (MSWD¼ 0.77) corresponding to the
Middle Jurassic.
7.2. Summary of the geochronological results

Fig. 10 summarizes the geochronological results obtained in this
work. Most of the dated granitoids (9 samples) are Middle Jurassic
in age, and only three samples can be ascribed to Late Jurassic
times. The age pattern keeps no particular relation with the
composition of the granitoid (diorite, tonalite, granodiorite or
granites can be indistinctly early or late). Also this study failed to
find a clear spatial variation of granitoid ages in the studied area.
The Cordilleran batholith appears clearly separated in time from
the Early Jurassic magmatism represented by the Subcordilleran
plutonic belt and the V1 volcanic event of the Chon Aike province
(Pankhurst et al., 2000) (Fig. 10). On the other side, the Cordilleran
granitoids are the correlative of the V2 volcanic event of Chon Aike
(Pankhurst et al., 2000). Finally, the Late Jurassic granitoids are
coeval to the Chon Aike V3 volcanic episode (Fig. 10).
Fig. 10. Summary of the new zircon UePb SHRIMP radiometric dating of Cordilleran granit
and V3 eruption events of Pankhurst et al., 2000) and the Subcordilleran plutonic belt (Rape
statistical analyses of the analyzed zircon populations.
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8. Discussion

8.1. Magmatic fractionation: parental magma composition and
depth

The observed geochemical variations in both major and trace
elements, together with the textural and mineralogical relations,
point to a roughly defined, overall process of magmatic “filtering”
linking all the intrusive batholithic rocks of the Bariloche area.
Cumulate diorites are possibly resulting from accumulation of Cpx
(�Pl � Mt) by escaping of a fluid-rich residual melt, and not by
gravitational settling necessarily. This explains the absence of
layered structures in the more mafic rocks (diorites), in which
cumulate textures are observed. Cumulate Cpx was possibly trans-
formed into Hbl clots that dominate the mineral assemblage of
diorites. These contain abundant inclusions of Mt, indicating the
important role of this mineral under high oxygen fugacity (fO2)
conditions. Themost fractionated oxide by the action of the expelled
fluid phase is silica, accounting for the pronounced silica gap
between cumulate diorites and Qtz-diorites. This suggests that the
composition of the parental magma that underwent fractionation
may have a silica content within the range of the gap; i.e. an inter-
mediate magma with SiO2 ¼ 58e60 wt%. Taking this reference
composition, other oxides can be estimated at maximum values of
MgO¼ 2.5 wt%, FeO¼ 6.5 wt%, CaO¼ 6.1. These are coincident with
the typical compositions of evolved andesites (Green, 1982;
Kelemen et al., 2003). Qtz-diorites represent the less fractionated
liquids, and granites the most fractionated. However, the coexisting
mineral assemblage at the time of fluid and/or fluid-rich melt
extraction is changing with time due to the evolving conditions
towards decreasing temperature and increasing silica content of the
fractionating wet magma. Consequently, a drastic change is expec-
ted to occur from the early stages of fractionation, dominated byCpx
and Mt crystallization, to late stages at lower T and higher water
content, dominated by Hblþ Pl fractionation and finally by Pl alone.
These stages are inferred based on textural and mineralogical
features. They have a decisive role in determining other trace-
element signatures, particularly the REE. In the early stages, the REE
behave as incompatible elements because they have solid/liquid
partitioning coefficient (D) lower than unity for Cpx and Mt (Gill,
1981). Thus, they tend to be enriched in the residual liquid and not
fractionatedbetween them. The liquid at this stage is represented by
the Qtz-diorites (Fig. 6a) with silica contents of about 60e62 wt%.
From this stage onwards, in a system with decreasing T and
increasing silica and fluids, the coexisting assemblage change to one
oids from the Bariloche region. Age ranges of the silicic volcanism in Patagonia (V1, V2
la et al., 2005) are shown for comparison. Individual bars represent the age range from
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Fig. 11. Selected age-composition diagrams showing progressive changes in magma
compositions with time. The correlation between Mg# and Yb in the mafic rocks (a) is
denoting possible changes in the source region of magmas. The vector point to frac-
tionation by reduction of the Mg# and increase in the abundance of incompatible
elements (Yb). The vector is diachronic linking rocks separated by more than 15 Ma.
Age and the Sr/Y ratio are positively correlated for granitoids (b) over a time interval of
about 20 Ma. Data points represent discrete magma pulses and the increase in the Sr/Y
ratio may record changing processes in the source region (e.g. pressure or composi-
tion). A decrease in LREE, but not in HREE, is correlated with decreasing age (c).
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dominatedbyHbl (�Pl). This implies an increase ofD trespassing the
threshold of compatibility (D > 1) for the HREE and preserving an
incompatible behavior, D < 1 for the LREE (Rollinson, 1993 and
references therein) in silica-rich system compositions. The impli-
cation is that REE will be depleted in the residual liquids and, at the
same time, slightly fractionated. The abrupt change in the behavior
of the REE with increasing silica is well appreciated in the REE
patterns of granodiorites and tonalites (Fig. 6b). It is still more
marked in the patterns of granites, some of which also record the
presence of Pl in the coexisting mineral assemblage as denoted by
the marked Eu negative anomaly (Fig. 6c). These relations are
equally observed by comparing the normalized LaN/YbN ratios
against the YbN and LaN contents (Fig. 5d,e). These show contrasted
patterns for rocks with SiO2 < 60 wt%, compared with the most
silicic rocks (SiO2 > 62 wt%).

According to Hbl thermobarometry, fractionation may have
taken place, at least in part, at shallow pressures (P¼ 0.7e2.5 kbar),
possibly at the level of emplacement. In spite of the consistency of
these thermobarometric results in the different rock types of the
series, it must be remarked that mineral compositions may have re-
equilibrated to the final conditions during slow cooling. However,
the shallow conditions of emplacement, and possibly of magma
fractionation, are in agreement with the widespread observation of
sub-volcanic textures, the habit of zircon crystals and the slightly or
non metamorphosed country rocks, in many cases represented by
eruptive deposits of the same age and composition than the
intrusive rocks. All these data are indicating that most of the
crystallization history of the magmas occurred at the shallow level
of emplacement. We may conclude that Hbl was an important
fractionating phase, and some evidences on this inference will be
given below. However, part of the process of magma differentiation
that produced the plutonic association started possibly at the
source region and along its ascent through the continental crust
until the shallow level of final emplacement. Mineral assemblages
may be dependent on final conditions of crystallization, but
changes in the melt compositions are initially controlled by the
solid-melt phase equilibria at the source region at depth. The
inference is that wemay use rock compositions, properly identified
as part of a liquid line of descent in magmatic systems undergoing
fractionation, to compare with thermodynamic model calculations
and constrain conditions at the source.

With these perspectives, fractionation has been modeled with
MELTS code (Asimow and Ghiorso, 1998; Ghiorso and Sack, 1995)
by assuming an initial liquid composition at the high-silica end of
the compositional gap mentioned above. This is represented by the
composition of Qtz-diorite. The model was run for several condi-
tions by changing pressure and fO2, for initial water content in the
liquid of 2 wt% H2O. Strong similarities between calculated liquid
lines of descent and the rock trends were found for low-pressure
(<4 kbar) and fO2 buffered at QFMþ2 for some geochemical
parameters.

Models lines are plotted in somemajoreelement diagrams (Fig. 5)
that represent variations linked to multisaturation (e.g. cotectic) in
a complex silicate magmatic system. In the CaOeMgO diagram
(Fig. 5a), a proxy of cotectic evolution in calc-alkaline systems, the
silicic groups represented by tonalites, granodiorites and granites
fairly follow the calculated model. The less evolved terms may have
equilibration temperatures of about 1000 �C. The T of about 800 �C
measured by using the HblePl equilibria represent cooling temper-
atures at which the magmamay have about 50 wt% liquid according
toMELTScalculations. The samemodel calculationsareused toobtain
the variation of selected trace elementswith fractionations. These are
calculated by assuming equilibrium crystallization and a modal par-
titioning coefficient (Dm) calculated for the modeled phase assem-
blage at fixed increments of melts fractions (F).
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Fig. 12. Interpretative sketch of emplacement of the northern part of the Northern Patagonian batholith during the Middle Jurassic, according to the data presented in this work. (a)
Middle Jurassic reconstruction of the South American margin of Gondwana. The large red arrow marks the supposed convergence vector for this time period (Zonenshayn et al.,
1984; Mosquera and Ramos, 2006). LOFS: Liquiñe-Ofqui fault system. GFS: Gastre fault system. AFFZ: Agulhas-Falkland fracture zone. Modified from Uliana et al. (1989), Cembrano
et al. (2000), Geuna et al. (2000), Hoffmann-Rothe et al. (2006), Mpodozis and Ramos (2008). The block diagram above the map illustrates the proposed mechanism of emplacement
in the upper crust of the Cordilleran granitoids in the Bariloche area during the Middle Jurassic. (b) Schematic map and interpretative block diagram of the oblique subduction of the
Phoenix plate under the South American margin of Gondwana during the Jurassic. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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The coupled SreCa variation is shown in Fig. 5c with the same
model parameters of the CaOeMgO diagram mentioned above.
Data points and model can be compared qualitatively. The inflec-
tion in the slope at the limit between granites and granodiorites is
related with the appearance of Pl in the system. This is fairly
reproduced by the model. The dominant role of Pl in granites is also
recorded by the pronounced negative Eu anomaly that character-
izes this group.

The Sr/Y ratio is strongly dependent on the presence of Grt in the
coexisting assemblage, and hence on pressure. This can be inde-
pendent of thenature and compositionof the source.However, these
relations are not straightforward in water-undersaturated andesite
systems (Green, 1982) due to two main reasons. First, the Grt
stability boundary sharply changes with T, being almost indepen-
dent on T for T < 950 �C, and strongly dependent on T at T > 950 �C.
Second, Grt is not the liquidus phase for pressures below23kbar. The
implication is that the diorite parental magma of the Bariloche
granitoids may be located at relatively high pressure, at conditions
close to the liquidus of the water-bearing andesite system (ca.
1100 �C) and without Grt in the source. Magmas extracted from this
source in the lithsophere mantle may ascend adiabatically without
crosscutting the Grt stability curve and, consequently, never
undergoing REE fractionation or appreciable increase in the Sr/Y
ratio. Coupled fractionation of Pl and Hbl at low-pressures may
modify slightly the Sr/Y ratios of the parental magmas due to the
compensating effect of these two phases for Sr that may yield
a modal partitioning coefficient close to unity (Moyen, 2009).

The coupled observations of the two pressure dependent ratios,
namely Sr/Y and La/Yb (Fig. 7) are pointing to a low-pressure, low-
temperature final fractionation dominated only by Pl. This may
account for the Sr/Y depletion in granitic rocks (SiO2>71 wt%) that
produce the parallel hyperbolic trend in the Sr/Y vs Y diagram (Fig. 7).
This is compatible with the negative Eu anomaly of these granitic
rocks denoting the role of Pl in the final fractionation process. The
hyperbolic trend displayed by the parental Qtz-diorites and cumu-
lates (diorites) may have been inherited from the source due to local
changes in P and T conditions during melting and segregation. The
implication of this interpretation is that the samples along the
geochemical trendmay correspond to individualmagma pulses from
the source, rather than regions of a bigmagma chamber. The relation
between ages and compositions may help to solve this problem, of
general applicability in other Cordilleran batholiths.

8.2. Time-composition relations: magma pulses from a deep-seated
source?

One of the most important contributions from this study of
Mesozoic granitoid rocks in the Bariloche region is the production
of precise radiometric ages across magma bodies. The results of this
study are crucial to understand the observed geochemical varia-
tions and the interpretation of magmatic processes. At a first-order
approach, ages and compositions are independent. It is possible to
identify early and late diorites as well as early and late granites and
tonalites within a time interval of about 20 Ma. Although some
compositional polarity can be identified within the group of
granitic rocks, younger granites being relatively depleted in LREE
and having the higher Sr/Y ratios (Fig. 11), an intriguing observation
is that rocks forming a continuous geochemical trend are separated
in age by about 10 Ma between then. This time interval is much
longer than themaximummagma residence times of silicic shallow
chamber (Halliday et al., 1989). The solution is that our fractionated
magmatic rocks, which are aligned along geochemical trends that
we interpret as liquid lines of descent, are in fact liquids intruded at
different times in discrete pulses. The compositions of these
magma pulses are constrained by solid-liquid phase equilibria at
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the source region and modified by magmatic fractionation at the
level of emplacement at shallow levels. Which is in the geochemical
patterns inherited form the source and which is created at the level
of emplacement is not straightforward. This requires more detailed
thermodynamic modeling and more precise age determinations.
However, with these new data from radiometric dating and
geochemical variations, it is possible to conclude that amalgam-
ation of discrete magma pulses is the dominant process that built-
up the batholith. Low-pressure geochemical fingerprints are
dominant and obscure source-inherited features. For instance, the
high Mg# displayed by the group of tonalites and granodiorites is
interpreted by Mt fractionation at the level of emplacement
considering a parental magma composition represented by the Qtz-
diorites with SiO2 ca. 60 wt% and MgO ca. 3 wt%. However, models
with a dioritic source (not shown) fit better the fractionation of Mt
at high pressure (P > 10 kbar). The meaning is that these systems
are strongly controlled by high oxygen fugacity and Mt is a stable
phase for wide pressure intervals from the source region to the
emplacement level. Also interesting to note is the low Sr/Y ratios,
similar to other Mesozoic Cordilleran batholiths along the Amer-
ica’s active margin. These ratios are far from adakitic features in
terms of pressure-temperature conditions, but a model based on
partial melting of oceanic crust, cannot be ruled out. A potential
silicic andesite protolith may have been produced at lithospheric
pressures of about 15 kbar and at 1100e1200 �C in a region of the
PT space out of the stability field of Grt. These conditions and source
compositions have been tested bymeans of laboratory experiments
and thermo-mechanical numerical modeling (Castro et al., 2010)
giving melt compositions almost coincident in major and trace
elements with the parental magmas of the Bariloche granitoids.

The silica content of this mafic precursor is critical in giving
more or less silicic residual melts. Only mafic sources with
a minimum silica content of 54 wt% are able to either fractionate to
produce silicic melts with SiO2>63 wt%. These sources are dioritic
or andesitic and not basaltic. The addition of water may increase
slightly the silica content in 1 wt% (Gaetani and Grove, 1998). Thus,
the problem of the generation of silicic magmas is shifted back to
the problem of primary andesite magma generation in the mantle
wedge overlying the subducted lithosphere. The possible genera-
tion of silicic melts by melting of subducted mélanges, which
intrude within the mantle wedge in the form of plumes, has been
postulated (Castro et al., 2010). Batholiths can be a late conse-
quence of these sublithospheric processes.

8.3. Batholith emplacement, age and relations with tectonic
processes

The granitoids of the Cordilleran batholith at the Bariloche area
were emplaced under low-pressure conditions, at shallow levels in
the upper crust. A process of magmatic fractionation linked magma
batches with contrasted compositions (from diorites to granites).
The structural features of the granitoids and their host rocks (Figs. 1
and 2) are pointing to a double emplacement control. First, the size,
tabular geometry and attitude of the pluton contacts and internal
fabrics suggests the activity of a process of dike intrusion (Clemens
andMawer, 1992; Petford, 1996) in agreement with the mechanism
proposed by Pankhurst et al. (1999) for the emplacement of the
Northern Patagonian batholith in Chile. The orientation of the
fractures that accommodated the granitoid intrusion is NWeSE to
NNWeSSE, as shown by the structural data presented in this work
(contacts and fabrics, Figs. 1 and 2). These fractures are oblique to
the general NeS trend of the Patagonian batholith (inset in Fig. 1).
Indeed, the map of the Bariloche region (Fig. 1) shows that the
distinct plutonic bodies of the Cordilleran batholith are NeS
aligned. The resulting geometry is compatible with the activity of
UePb zircon geochronology of Cordilleran granitoids of the Bariloche
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a large-scale, sinistral, NeS trending, strike-slip fracture zone to
which the local fractures permitting the emplacement of each
magma pulse would be associated as secondary tensile or Riedel
fractures (upper block diagram of Fig. 12). The magmatic and solid-
state fabrics observed in the granitoids confirm this model.
Therefore, it is suggested that the sinistral fault system described in
this work, and responsible for the emplacement of the Cordilleran
granitoids at Bariloche, could be considered as a major structure
associated with the paleo-Liquiñe-Ofqui fault system. Pankhurst
et al. (1992) highlighted the importance of the structural control
of strike-slip faulting on the Andean magmatic episodes.

9. Conclusions

The North Patagonian batholith in Bariloche was accomplished
by a protracted magmatic activity that lasted for about 20 Ma,
between 150 and 170 Ma at the Medium Jurassic, according to
UePb SHRIMP zircon determinations on 14 samples.

Geochemical andmineralogical data suggest that the composition
of the parental magma that underwent fractionation may be an
intermediate magma with SiO2 ¼ 58e60 wt%, MgO ¼ 2.5 wt%,
FeO ¼ 6.5 wt%, CaO ¼ 6.1. These are coincident with the typical
compositions of evolved andesites. Magnetite, amphibole and
plagioclase are themain phases involved in the fractionation process.
According to Hbl thermobarometry, fractionation may have taken
place, at least inpart, at shallowpressures (P¼ 0.5e1.5 kbar), possibly
at the level of emplacement.

It is concluded that amalgamation of discrete magma pulses is
the dominant process that build-up the batholith. The resulting
geometry of plutons is compatible with the activity of a large-scale,
sinistral, NeS trending, strike-slip fracture zone permitting the
emplacement of each magma pulse. This major, strike-slip fault
system should be deeply entrenched in the crust to allow intruding
magmas generated and fractionated at depth. Because batholith
generation is a direct consequence of subduction, structural rela-
tions and ages can be used to constraint the plate motion relations
during Jurassic in this region of the South America active margin.
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