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a b s t r a c t

The La Pampa Gneisses are an enclave of orthogneisses emplaced within late Paleozoic to Triassic
granitoids of the Chollay Batholith, in the Cordillera Frontal, to the east of Vallenar. Previous geochro-
nological data (a Rb/Sr “errorchron” of 415 � 4 Ma) allowed to some authors to suggest that these rocks
were part of the Chilenia Terrane accreted to Gondwana during the Middle Devonian (ca. 390 Ma). New
petrographic, chemical and geothermobarometric studies, together with UePb geochronological data
show that the protolith of the La Pampa Gneisses derives from peraluminous tonalites emplaced during
the Pennsylvanian at 306.5 � 1.8 Ma, ruling out the hypothesis considering these rocks as remnant of the
pre-collisional Chilenia basement. The tonalites were metamorphosed between 5.06 and 5.58 kbar and
709e779 �C during the middle Permian (267.6 � 2.1 Ma), possibly in conjunction with the San Rafael
tectonic event and the emplacement of the oldest granitoids of the Chollay Batholith. A new intrusive
episode occurred at ca. 240 Ma, followed by exhumation and cooling during a regional Triassic exten-
sional episode.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction: the Chilenia problem

During most of the Paleozoic, Gondwana and Laurentia were
separated by the Iapetus Ocean, and the western margin of Gond-
wana records a complex history of subduction, collision of micro-
plates and accretion of terranes (Ramos, 2009; Ramos et al., 1984,
1986; Astini et al., 1995; Rapela et al., 1998; Thomas and Astini,
2003a, b; Cawood, 2005). A variety of allocthonous and/or para-
autocthonous terranes (Pampia, Famatina, Arequipa-Antofalla and
Cuyania) were amalgamated to the stable Río de la Plata and
Amazonia cratons during the early Paleozoic (Fig. 1). In central
Argentina and Chile, the latest terrane which would become part of
Gondwana is the hypothetical Chilenia Terrane (Ramos et al., 1984,
1986), probably accreted to South America during the Middle
Devonian (Davis et al., 1999, 2000; Ramos, 2009; Willner et al.,
All rights reserved.
2008, 2011). However, unlike other terranes such as Pampia or
Cuyania (Rapela et al., 1998; Ramos, 2009, 2010), rock outcrops that
can be attributed to Chilenia are unknown and no direct evidences
for its original affiliation are available.

Various authors have proposed that the eastern limit of Chilenia
is represented by a string of ultramafic bodies and metamorphic
lenses located between the Cordillera Frontal and the Western
Precordillera over at least 300 km length from 30� to 34� S. One of
these, the Guarguaraz Complex, composed of serpentinite lenses,
metabasites and garnet-bearing metasedimentary rocks exposed at
the Cordón del Portillo in the Cordillera Frontal, southwest of
Mendoza (Fig. 1; Ramos and Basei, 1997; Keppie and Ramos, 1999;
López de Azarevich et al., 2009; González-Menéndez et al., 2013),
has been interpreted as part of a continental margin later deeply
buried within the collision zone between Chilenia and the previ-
ously accreted Cuyania Terrane (Massonne and Calderón, 2008;
Davis et al., 1999, 2000). Davis et al. (1999) obtained an Ar/Ar age
of 384.5 � 0.5 Ma in neocrystallized white mica from a phyllite
sample of the Guarguaraz Complex, which was interpreted as the
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Fig. 1. Map of tectonostratigraphic terranes of central Chile and Argentina, showing
the approximate position of terrane sutures (thick white lines). In black, outcrops of
the main metamorphic complexes and units discussed in the text. LPAC: Late Paleozoic
Accretionary Complexes; TMC: El Tránsito Metamorphic Complex; HMC: Huasco
Metamorphic Complex; LPG: La Pampa Gneisses; CMC: Choapa Metamorphic Com-
plex; GC: Guarguaraz Complex; CCMC: Central Chile Metamorphic Complex. Red
rectangle shows the study area and corresponds to the geological map of Fig. 2. Terrane
boundaries modified from Ramos (2009). (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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age of the deformation and metamorphism caused by the collision.
More recently, Willner et al. (2011) reported three four-point Lu/Hf
mineral isochrons from metapelite and metabasite, which yield an
average age of 390.0 � 2.2 Ma, which they also interpreted as the
time of the collision between Chilenia and Cuyania. To the west,
Chilenia seems to be bounded by accretionary complexes devel-
oped along the subduction system built along its trailing edge after
its collision with Gondwana, and now preserved along the Chilean
Coastal Cordillera, including the Huasco (Moscoso et al., 1982;
Godoy and Wellkner, 2003; Welkner et al., 2006), Choapa (Irwin
et al., 1988; Willner et al., 2008) and the Central Chile meta-
morphic complexes (Hervé, 1988; Hervé et al., 2012, Fig. 1).

The Chilenia basement appears, however, to be largely covered
by late Paleozoic to Cenozoic sedimentary and volcanic rocks and
intruded by late Paleozoic to Triassic batholiths. A supporting
argument for the continental nature of Chilenia can be found in the
geochemical signatures of the late Paleozoic to Triassic igneous
rocks of the Cordillera Frontal (Kay et al., 1989; Mpodozis and Kay,
1990, 1992; Llambías, 1999) whose geochemistry indicates an
important contribution of melts derived from a continental crust
(Mpodozis and Kay, 1990, 1992). Recently, Álvarez et al. (2011)
argued in favor of the existence of Chilenia based on the age of a
population of detrital zircon grains in the El Tránsito Metamorphic
Complex. This unit has an important group of zircon grains of ca.
570e535 Ma, an age that is absent in known igneous or meta-
morphic rocks from Chile and Argentina, suggesting a source likely
located in the Chilenia Terrane. The same age group of detrital
zircons has been also identified within the Choapa and Huasco
metamorphic complexes (Willner et al., 2008; Álvarez et al., 2011)
and in the Guarguaraz and Filo Gris complexes (Astini and Cawood,
2009).

One of the few rock units that have been attributed to Chilenia
are the Las Yaretas Gneisses, that crops out at the Cordón del Por-
tillo, Mendoza (Ramos and Basei, 1997; Keppie and Ramos, 1999).
However, López de Azarevich et al. (2009) considerer this unit as
slices of the eastern Grenvillian-age Cuyania basement, which were
tectonically incorporated into the Guarguaraz Complex during the
collision with Chilenia. More recently, Astini and Cawood (2009)
suggested the Filo Gris Complex, located in the Cordillera Frontal
of La Rioja, Argentina, and formed by mottled phyllites and meta-
greywakes (including a 570e535Ma population of detrital zircons),
as part of a sedimentary blanket deposited on top of the Chilenia
Terrane before its final accretion to Gondwana.

One of the few places where Paleozoic metamorphic units occur
in the Chilean Frontal Cordillera is the El Tránsito valley region, to
the east of the city of Vallenar (29�S; Fig. 1), where Ribba et al.
(1988) recognized a, two km in diameter, sub circular enclave of
migmatitic gneisses within the ElquieLimarí Batholith, and termed
them the La Pampa Gneisses (Figs. 1 and 2). These are the only
outcrop of rocks which potentially belongs to the Chilenia base-
ment recognized so far in Chile. A Rb/Sr “errorchron” of 415 � 4 Ma
was the main argument in favor to the assignment of this unit to
Chilenia (Ribba et al., 1988).

In this contribution we present a combined geochronological
(zircon UePb ages), geochemical and geothermobarometric study
of the La Pampa Gneisses. These new data together with new zircon
UePb ages from the enclosing intrusive rocks will allow us to
determine the age, origin, and the possible links to Chilenia and to
the Late Paleozoic geodynamic evolution of the Pacific margin of
Central Chile and Argentina.

2. Basement geology of the El Tránsito valley region

Fig. 2 is a simplified geological map of part of the El Tránsito
river valley, showing the distribution of metamorphic and plutonic
rocks of the Cordillera Frontal basement. The area can be divided in
two tectonic domains separated by the Pinte Fault, a major NeS
trending basin-controlling normal fault that represents an exten-
sional regime during the Mesozoic and was reactivated as reverse
during later stages of the Andean orogeny (Reutter, 1974; Ribba
et al., 1988; Salazar et al., 2012).
2.1. The Eastern domain

Along the southeast corner of the study area, the eastern
domain includes the outcrops of the La Pampa Gneisses which are
intruded by granitoid plutons of the Chollay Batholith and sur-
rounded by a migmatitic aureole (Fig. 2). A NeS elongated belt of
mylonitic rocks (El Portillo Mylonites) derived from an igneous
protolith (Ribba, 1985; Murillo, 2012) appears to the west of the La
Pampa Gneisses, and, as the Chollay Batholith plutons, are un-
conformably covered by Triassic lavas and Jurassic marine sedi-
mentary rocks (Reutter, 1974; Ribba et al., 1988; Salazar et al., 2012,
Fig. 2).

Ribba et al. (1988) described the La Pampa Gneisses as banded
orthogneisses with potassium feldspar, plagioclase, quartz, biotite



Fig. 2. Simplified geological map of the El Tránsito valley area, east of Vallenar.
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Table 1
Zircon UePb geochronological analytical data.

Sample Concentration Isotope ratios Apparent ages (Ma) Best age Error Disc

U (ppm) Th/U 238U Error 207Pb Error 206Pb Error 207Pb Error (Ma) 1-s (%)

206Pb (%) 206Pb (%) 238U 1-s 206Pb 1-s

JA01-1 517.2 0.09 23.82 2.12 0.0582 1.12 265.1 5.5 536.2 24.3 265.1 5.5 51
JA01-2 1388.4 0.15 41.68 2.43 0.0557 0.78 152.8 3.7 440.2 17.3 152.8 3.7 65
JA01-3 326.0 0.27 23.51 1.56 0.0525 0.93 268.5 4.1 305.8 20.9 268.5 4.1 12
JA01-4 388.1 0.24 23.77 1.51 0.0519 0.88 265.7 3.9 280.8 20.1 265.7 3.9 5
JA01-5 241.9 0.20 24.54 1.53 0.0543 0.96 257.4 3.9 381.7 21.4 257.4 3.9 33
JA01-6 332.4 0.24 23.87 1.46 0.0520 0.89 264.6 3.8 286.8 20.3 264.6 3.8 8
JA01-7 210.1 0.18 22.81 1.86 0.0515 1.12 276.6 5.0 261.1 25.6 276.6 5.0 �6
JA01-8 398.8 0.15 26.00 1.86 0.0661 1.88 243.3 4.4 809.7 38.8 243.3 4.4 70
JA01-9 241.0 0.24 23.40 1.58 0.0616 1.20 269.7 4.2 661.7 25.6 269.7 4.2 59
JA01-10 778.7 0.16 27.80 1.55 0.0596 0.83 227.8 3.5 590.4 18.0 227.8 3.5 61
JA01-11 286.7 0.17 23.64 1.68 0.0552 0.90 267.1 4.4 422.0 20.0 267.1 4.4 37
JA01-12 353.2 0.19 24.32 1.82 0.0534 0.90 259.8 4.6 344.3 20.3 259.8 4.6 25
JA01-13 509.3 0.28 24.11 1.65 0.0514 0.87 261.9 4.2 259.7 19.8 261.9 4.2 �1
JA01-14 176.5 0.28 23.80 1.64 0.0526 1.00 265.4 4.3 312.2 22.5 265.4 4.3 15
JA01-15 97.9 0.19 24.40 1.80 0.0514 1.28 258.9 4.6 260.7 29.2 258.9 4.6 1
JA01-16 611.6 0.13 24.27 2.03 0.0528 1.02 260.3 5.2 321.5 23.1 260.3 5.2 19
JA01-17 474.1 0.17 24.01 2.01 0.0563 1.10 263.1 5.2 464.9 24.3 263.1 5.2 43
JA01-18 201.6 0.06 25.31 2.09 0.0537 1.16 249.8 5.1 358.8 25.9 249.8 5.1 30
JA01-19 379.9 0.17 22.51 1.99 0.0531 1.07 280.2 5.4 332.0 24.0 280.2 5.4 16
JA01-21 81.5 0.30 21.29 2.04 0.0892 1.41 295.9 5.9 1407.7 26.8 295.9 5.9 79
JA01-22 377.4 0.18 24.02 1.91 0.0513 1.07 262.9 4.9 254.9 24.3 262.9 4.9 �3
JA01-23 270.8 0.20 23.47 1.86 0.0584 1.10 269.0 4.9 543.5 23.8 269.0 4.9 51
JA01-24 586.0 0.50 27.20 2.11 0.0591 1.03 232.7 4.8 572.5 22.2 232.7 4.8 59
JA01-25 564.9 0.36 25.09 1.92 0.0538 1.02 252.0 4.7 362.4 22.9 252.0 4.7 30
JA01-26 164.2 0.21 24.22 1.91 0.0512 1.18 260.9 4.9 248.4 27.0 260.9 4.9 �5
JA01-27 599.1 0.14 22.75 1.92 0.0661 1.08 277.3 5.2 808.9 22.5 277.3 5.2 66
JA01-28 168.2 0.24 23.61 2.01 0.0615 1.76 267.5 5.3 657.5 37.4 267.5 5.3 59
JA01-29 257.2 0.53 24.57 3.10 0.0618 1.53 257.1 7.8 665.6 32.3 257.1 7.8 61
JA01-30 777.1 0.48 24.19 1.85 0.0518 0.97 261.1 4.7 274.6 22.0 261.1 4.7 5
JA01-31 210.3 0.19 23.11 2.60 0.0921 1.25 273.1 7.0 1469.8 23.5 273.1 7.0 81
JA01-32 467.7 0.20 22.70 2.27 0.0522 1.10 277.9 6.2 295.2 25.0 277.9 6.2 6
JA01-33 324.3 0.16 23.49 2.33 0.0525 1.16 268.8 6.1 308.1 26.3 268.8 6.1 13
JA01-34 306.0 0.14 18.31 3.06 0.0580 1.20 342.8 10.2 529.3 26.0 342.8 10.2 35
JA01-35 275.1 0.24 24.63 2.42 0.0524 1.15 256.5 6.1 303.1 26.1 256.5 6.1 15
JA01-36 242.1 0.19 23.78 2.36 0.0521 1.16 265.5 6.1 288.2 26.4 265.5 6.1 8
JA01-38 135.6 0.37 23.70 2.24 0.0521 1.28 266.4 5.9 288.3 29.1 266.4 5.9 8
JA01-39 282.9 0.23 23.60 2.11 0.0523 1.15 267.6 5.5 298.7 26.1 267.6 5.5 10
JA01-40 603.9 0.57 23.07 2.26 0.0584 1.07 273.5 6.0 543.5 23.3 273.5 6.0 50
JA01-41 343.6 0.53 23.32 3.51 0.0580 1.32 270.6 9.3 528.7 28.7 270.6 9.3 49
JA01-42 285.1 0.25 22.43 2.16 0.0560 1.17 281.1 5.9 452.7 25.7 281.1 5.9 38
JA01-44 2158.3 0.75 41.78 2.67 0.1153 1.23 152.5 4.0 1884.4 22.1 152.5 4.0 92
JA01-45 304.4 0.75 22.53 2.23 0.0762 1.21 279.9 6.1 1100.0 24.1 279.9 6.1 75
JA01-46 320.2 0.28 23.06 1.60 0.0599 0.97 273.6 4.3 598.9 24.4 273.6 4.3 54
JA01-47 423.6 0.18 23.90 1.71 0.0528 0.98 264.2 4.4 318.8 25.8 264.2 4.4 17
JA01-48 266.8 0.24 23.56 1.60 0.0526 1.03 268.0 4.2 310.4 26.8 268.0 4.2 14
JA01-49 601.9 0.01 24.34 1.51 0.0527 0.92 259.6 3.9 317.5 24.8 259.6 3.9 18
JA01-50 413.6 0.14 21.62 1.66 0.0529 0.93 291.5 4.7 324.3 24.8 291.5 4.7 10
JA01-51 46.2 0.16 23.85 2.02 0.0525 1.85 264.8 5.2 308.8 43.6 264.8 5.2 14
JA01-52 278.5 0.25 23.34 1.59 0.0529 1.01 270.5 4.2 322.5 26.4 270.5 4.2 16
JA01-53 619.1 0.10 24.26 1.59 0.0534 0.92 260.4 4.1 346.2 24.6 260.4 4.1 25
JA01-54 699.0 0.07 23.24 1.66 0.0579 0.94 271.6 4.4 526.9 24.2 271.6 4.4 48
JA01-55 153.2 0.28 23.65 1.50 0.0521 1.12 267.0 3.9 290.9 28.7 267.0 3.9 8
JA02-1 1016.6 0.32 26.68 1.43 0.0519 0.87 237.2 3.3 280.8 23.9 237.2 3.3 16
JA02-2 193.8 0.65 25.68 1.79 0.0517 1.08 246.2 4.3 271.9 27.9 246.2 4.3 9
JA02-3 74.4 0.38 26.11 1.82 0.0541 1.52 242.3 4.3 373.9 36.2 242.3 4.3 35
JA02-4 82.1 0.42 25.49 1.67 0.0529 1.46 248.0 4.1 325.0 35.4 248.0 4.1 24
JA02-5 282.6 0.34 25.29 1.63 0.0533 1.04 250.0 4.0 340.8 26.9 250.0 4.0 27
JA02-6 276.7 0.27 23.35 2.28 0.0547 1.14 270.4 6.0 398.9 28.6 270.4 6.0 32
JA02-7 892.1 0.41 25.30 2.08 0.0634 0.98 249.8 5.1 722.4 24.2 249.8 5.1 65
JA02-12 1188.8 0.29 25.50 1.65 0.0537 1.00 248.0 4.0 358.9 22.5 248.0 4.0 31
JA02-13 235.7 0.58 24.09 1.69 0.0588 1.26 262.2 4.3 559.3 27.2 262.2 4.3 53
JA02-14 157.5 0.63 25.25 1.60 0.0534 1.23 250.4 3.9 344.3 27.6 250.4 3.9 27
JA02-15 183.9 0.33 25.41 1.58 0.0521 1.17 248.8 3.9 288.5 26.6 248.8 3.9 14
JA02-16 1184.5 0.26 25.91 1.42 0.0622 1.07 244.1 3.4 680.5 22.8 244.1 3.4 64
JA02-17 161.9 0.35 25.65 1.54 0.0545 1.21 246.5 3.7 391.7 27.0 246.5 3.7 37
JA02-18 608.0 0.38 24.05 1.49 0.0521 1.01 262.6 3.8 290.7 23.0 262.6 3.8 10
JA02-20 1367.3 0.26 26.36 1.94 0.0522 1.19 240.0 4.6 293.0 26.8 240.0 4.6 18
JA02-21 54.3 0.36 25.12 1.93 0.0509 1.67 251.6 4.8 237.2 38.1 251.6 4.8 �6
JA02-22 112.2 0.55 24.94 1.70 0.0512 1.32 253.5 4.2 251.2 30.1 253.5 4.2 �1
JA02-23 191.4 0.42 26.18 1.61 0.0529 1.18 241.6 3.8 325.0 26.6 241.6 3.8 26

(continued on next page)
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Table 1 (continued )

Sample Concentration Isotope ratios Apparent ages (Ma) Best age Error Disc

U (ppm) Th/U 238U Error 207Pb Error 206Pb Error 207Pb Error (Ma) 1-s (%)

206Pb (%) 206Pb (%) 238U 1-s 206Pb 1-s

JA02-24 113.9 0.43 25.56 1.70 0.0509 1.33 247.4 4.1 238.4 30.4 247.4 4.1 �4
JA02-25 455.1 0.32 25.43 1.55 0.0512 1.07 248.6 3.8 251.9 24.3 248.6 3.8 1
JA02-26 1319.0 0.32 25.34 2.04 0.0979 1.42 249.5 5.0 1583.8 26.4 249.5 5.0 84
JA02-27 671.5 0.32 25.12 2.03 0.0535 0.98 251.6 5.0 349.3 22.0 251.6 5.0 28
JA02-28 373.7 0.20 26.43 2.08 0.0563 1.13 239.4 4.9 464.6 24.8 239.4 4.9 48
JA02-29 466.7 0.26 24.98 2.13 0.0521 0.99 253.0 5.3 290.6 22.6 253.0 5.3 13
JA02-30 219.3 0.30 24.41 2.17 0.0541 1.13 258.8 5.5 375.0 25.1 258.8 5.5 31
JA02-31 669.6 0.19 25.54 2.25 0.0544 1.01 247.6 5.5 389.5 22.5 247.6 5.5 36
JA02-32 1004.6 0.31 28.13 2.51 0.0964 1.81 225.2 5.6 1556.4 33.6 225.2 5.6 86
JA02-33 137.0 0.41 25.39 2.19 0.0513 1.22 249.0 5.3 255.1 27.9 249.0 5.3 2
JA02-34 149.0 0.38 27.22 2.25 0.0519 1.30 232.6 5.1 282.1 29.5 232.6 5.1 18
JA02-35 168.1 0.32 24.38 2.51 0.0568 1.37 259.2 6.4 484.6 30.0 259.2 6.4 47
JA02-36 100.1 0.39 23.30 2.54 0.0564 1.42 270.8 6.7 466.3 31.2 270.8 6.7 42
JA02-37 108.1 0.32 23.41 2.58 0.0558 1.46 269.6 6.8 443.0 32.2 269.6 6.8 39
JA02-38 1137.1 0.15 26.01 2.46 0.0528 1.06 243.2 5.9 322.2 24.0 243.2 5.9 25
JA02-39 447.2 0.30 25.02 2.41 0.0528 1.19 252.6 6.0 319.9 26.8 252.6 6.0 21
JA02-40 160.8 0.66 26.03 2.58 0.0593 1.54 243.0 6.2 578.3 33.2 243.0 6.2 58
JA02-41 299.3 0.36 24.86 2.47 0.0654 1.56 254.2 6.1 788.2 32.4 254.2 6.1 68
JA02-42 159.8 0.40 26.63 2.48 0.0512 1.38 237.7 5.8 248.4 31.5 237.7 5.8 4
JA02-44 1024.6 0.18 24.15 2.42 0.1015 1.78 261.5 6.2 1652.6 32.7 261.5 6.2 84
JA02-45 60.2 0.43 25.57 3.05 0.0554 1.92 247.3 7.4 429.3 42.2 247.3 7.4 42
JA02-46 1306.2 0.27 26.23 3.08 0.0546 1.23 241.2 7.3 395.8 27.3 241.2 7.3 39
JA02-47 87.3 0.30 25.80 2.78 0.0547 2.11 245.1 6.7 398.4 46.6 245.1 6.7 38
JA02-48 238.6 0.80 25.23 2.47 0.0515 1.22 250.6 6.1 263.0 27.7 250.6 6.1 5
JA02-49 90.9 0.46 25.07 2.42 0.0527 1.56 252.2 6.0 317.9 35.0 252.2 6.0 21
JA02-50 197.5 0.60 26.90 2.40 0.0514 1.34 235.3 5.5 260.3 30.4 235.3 5.5 10
JA05-0 118.9 0.29 20.87 1.97 0.0534 1.25 301.7 5.8 347.9 28.0 301.7 5.8 13
JA05-1 291.9 0.56 20.75 2.17 0.0502 1.43 303.4 6.4 202.3 32.8 303.4 6.4 �50
JA05-2 92.2 0.46 23.97 12.67 0.0520 3.13 263.5 32.6 284.5 70.0 263.5 32.6 7
JA05-3 470.8 0.26 12.79 2.07 0.0575 1.16 485.2 9.7 511.9 25.3 485.2 9.7 5
JA05-4 648.6 0.48 15.24 2.18 0.0561 1.09 409.7 8.6 456.3 24.0 409.7 8.6 10
JA05-5 195.4 0.31 6.96 1.97 0.0678 1.16 865.3 15.9 862.8 23.9 865.3 15.9 0
JA05-6 675.0 0.55 19.35 1.99 0.0525 1.12 324.7 6.3 305.9 25.4 324.7 6.3 �6
JA05-7 610.2 0.46 19.84 2.16 0.0521 1.28 317.0 6.7 291.6 29.0 317.0 6.7 �9
JA05-8 1544.1 0.29 20.27 3.22 0.0535 1.08 310.5 9.7 348.9 24.2 310.5 9.7 11
JA05-9 1231.0 0.15 26.08 1.99 0.0515 1.08 242.6 4.7 264.6 24.5 242.6 4.7 8
JA05-10 382.9 0.85 14.38 2.02 0.0564 1.15 433.5 8.5 468.3 25.2 433.5 8.5 7
JA05-11 545.4 0.97 22.48 2.06 0.0557 1.17 280.6 5.6 438.5 25.8 280.6 5.6 36
JA05-12 68.2 2.00 5.96 2.27 0.0724 1.42 999.5 21.0 998.6 28.6 999.5 21.0 0
JA05-13 126.0 0.65 23.45 5.59 0.0805 4.87 269.2 14.7 1208.2 93.0 269.2 14.7 78
JA05-14 223.8 1.20 13.91 2.16 0.0559 1.21 447.7 9.3 448.7 26.7 447.7 9.3 0
JA05-15 413.7 0.45 24.20 2.17 0.0511 1.55 261.1 5.5 246.8 35.3 261.1 5.5 �6
JA05-16 369.0 0.64 13.28 2.12 0.0548 1.33 468.0 9.5 403.7 29.5 468.0 9.5 �16
JA05-17 1002.0 0.47 24.54 1.86 0.0516 1.16 257.5 4.7 268.8 26.5 257.5 4.7 4
JA05-18 562.0 0.33 19.43 1.90 0.0519 1.26 323.5 6.0 282.4 28.5 323.5 6.0 �15
JA05-19 216.3 0.35 4.73 2.00 0.0858 1.16 1235.4 22.4 1333.9 22.3 1333.9 22.3 7
JA05-20 592.9 0.37 9.71 1.95 0.0605 1.12 632.0 11.7 620.7 24.0 632.0 11.7 �2
JA05-21 404.5 0.72 21.21 1.97 0.0523 1.33 297.0 5.7 298.6 30.0 297.0 5.7 1
JA05-23 192.0 0.25 11.76 1.97 0.0578 1.34 526.1 10.0 524.1 29.1 526.1 10.0 0
JA05-24 1799.3 0.12 5.25 1.79 0.0788 1.03 1123.3 18.5 1166.0 20.2 1166.0 20.2 4
JA05-25 222.6 0.19 28.30 3.08 0.0506 1.84 223.9 6.8 222.6 41.9 223.9 6.8 �1
JA05-26 478.7 0.96 12.14 1.90 0.0575 1.17 510.2 9.3 510.5 25.6 510.2 9.3 0
JA05-27 149.4 0.42 6.11 2.72 0.0718 1.34 976.5 24.6 980.5 27.0 976.5 24.6 0
JA05-28 263.7 0.51 11.77 2.06 0.0580 1.28 525.8 10.4 529.6 27.8 525.8 10.4 1
JA05-29 41.9 0.63 23.93 2.69 0.0514 2.82 263.9 6.9 259.6 63.5 263.9 6.9 �2
JA05-30 341.2 0.12 12.93 2.02 0.0557 1.28 480.3 9.3 439.0 28.3 480.3 9.3 �9
JA05-31 678.8 0.33 5.40 1.97 0.0763 0.84 1094.7 19.8 1102.8 16.8 1102.8 16.8 1
JA05-32 1155.4 0.52 14.22 2.03 0.0547 0.90 438.0 8.6 399.6 20.1 438.0 8.6 �10
JA05-33 642.2 0.67 23.95 2.16 0.0583 1.20 263.7 5.6 541.4 26.0 263.7 5.6 51
JA05-34 272.5 0.20 5.41 2.18 0.0747 0.96 1093.1 21.9 1061.6 19.2 1061.6 19.2 �3
JA05-35 916.9 0.43 19.68 2.11 0.0522 0.99 319.5 6.6 294.5 22.4 319.5 6.6 �8
JA05-36 1358.2 0.29 20.17 2.00 0.0519 0.92 311.9 6.1 281.4 21.0 311.9 6.1 �11
JA05-37 371.2 0.34 22.98 2.22 0.0518 1.19 274.5 6.0 278.1 27.1 274.5 6.0 1
JA05-38 924.5 0.30 5.42 2.03 0.0757 0.86 1092.2 20.3 1087.4 17.1 1087.4 17.1 0
JA05-39 792.8 0.52 22.73 2.11 0.0522 1.06 277.6 5.7 296.2 24.1 277.6 5.7 6
JA05-40 119.4 0.34 23.83 2.27 0.0514 1.83 265.0 5.9 258.9 41.5 265.0 5.9 �2
JA05-41 373.9 0.67 21.45 2.18 0.0529 1.14 293.8 6.2 323.0 25.7 293.8 6.2 9
JA05-42 191.1 0.62 21.01 3.18 0.0571 1.78 299.8 9.3 495.4 38.8 299.8 9.3 39
JA05-43 670.1 0.36 20.94 2.40 0.0517 1.12 300.7 7.1 272.0 25.5 300.7 7.1 �11
JA05-44 551.1 0.57 21.79 2.18 0.0509 1.16 289.3 6.2 236.3 26.6 289.3 6.2 �22
JA05-45 301.9 0.63 20.97 2.08 0.0524 1.27 300.2 6.1 303.6 28.7 300.2 6.1 1
JA94-93 990.1 0.54 26.10 0.01 0.0526 0.01 242.3 3.1 310.3 22.6 242.3 3.1 22
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Table 1 (continued )

Sample Concentration Isotope ratios Apparent ages (Ma) Best age Error Disc

U (ppm) Th/U 238U Error 207Pb Error 206Pb Error 207Pb Error (Ma) 1-s (%)

206Pb (%) 206Pb (%) 238U 1-s 206Pb 1-s

JA94-90 606.5 0.77 26.10 0.01 0.0524 0.01 242.3 3.3 300.8 24.8 242.3 3.3 19
JA94-89 460.8 0.56 25.94 0.01 0.0564 0.01 243.9 3.2 467.8 24.8 243.9 3.2 48
JA94-88 289.1 0.54 26.48 0.01 0.0528 0.01 239.0 3.2 322.1 31.0 239.0 3.2 26
JA94-87 329.3 0.68 26.30 0.02 0.0563 0.02 240.5 3.6 462.8 33.8 240.5 3.6 48
JA94-83 218.6 1.13 26.07 0.02 0.0532 0.01 242.7 3.7 337.6 30.0 242.7 3.7 28
JA94-82 844.1 0.76 26.29 0.02 0.0524 0.02 240.6 3.7 301.4 36.5 240.6 3.7 20
JA94-81 470.9 0.77 26.52 0.01 0.0501 0.01 238.6 3.1 201.1 26.6 238.6 3.1 �19
JA94-77 852.3 0.98 25.77 0.01 0.0512 0.01 245.4 2.6 247.8 27.0 245.4 2.6 1
JA94-76 582.3 0.69 26.10 0.01 0.0507 0.01 242.4 2.6 227.5 28.4 242.4 2.6 �7
JA94-74 623.9 0.90 26.72 0.01 0.0523 0.01 236.9 2.8 297.3 29.3 236.9 2.8 20
JA94-73 625.9 0.81 26.07 0.01 0.0510 0.01 242.7 2.7 239.4 26.8 242.7 2.7 �1
JA94-72 286.9 0.70 26.46 0.01 0.0537 0.01 239.1 2.8 360.1 30.5 239.1 2.8 34
JA94-71 486.5 1.01 26.19 0.01 0.0510 0.01 241.6 2.7 241.4 28.3 241.6 2.7 0
JA94-65 624.0 0.65 25.82 0.01 0.0531 0.01 244.9 2.7 333.2 26.6 244.9 2.7 26
JA94-63 821.7 0.73 26.43 0.01 0.0515 0.01 239.4 2.5 264.4 26.4 239.4 2.5 9
JA94-59 519.6 1.32 26.01 0.01 0.0506 0.01 243.2 2.5 224.3 26.2 243.2 2.5 �8
JA94-56 281.8 1.26 26.34 0.01 0.0504 0.01 240.2 2.9 213.8 31.2 240.2 2.9 �12
JA94-55 356.4 0.70 26.46 0.01 0.0508 0.01 239.1 2.5 233.1 26.3 239.1 2.5 �3
JA94-54 455.8 0.68 26.18 0.01 0.0519 0.01 241.7 2.5 278.9 27.8 241.7 2.5 13
JA94-53 494.3 0.71 26.09 0.01 0.0520 0.01 242.4 2.5 287.0 26.0 242.4 2.5 16
JA94-52 294.3 0.53 26.50 0.01 0.0548 0.01 238.8 2.7 403.2 31.2 238.8 2.7 41
JA94-50 808.8 0.84 25.97 0.01 0.0533 0.01 243.5 2.3 341.8 23.9 243.5 2.3 29
JA94-48 1450.2 1.76 26.14 0.01 0.0513 0.01 242.0 2.4 252.6 22.1 242.0 2.4 4
JA94-47 354.8 1.44 26.55 0.02 0.0562 0.06 238.4 5.0 459.6 120.4 238.4 5.0 48
JA94-46 384.8 0.75 26.27 0.01 0.0508 0.01 240.8 2.6 230.4 29.3 240.8 2.6 �4
JA94-45 733.5 0.93 25.93 0.01 0.0522 0.01 243.9 2.5 293.3 26.9 243.9 2.5 17
JA94-42 336.6 0.98 26.03 0.01 0.0512 0.01 243.0 2.6 250.5 27.4 243.0 2.6 3
JA94-41 467.0 0.61 25.97 0.01 0.0512 0.01 243.6 2.4 251.6 26.0 243.6 2.4 3
JA94-40 728.9 0.85 25.93 0.01 0.0515 0.01 243.9 2.7 261.7 26.3 243.9 2.7 7
JA94-39 282.5 0.89 26.31 0.01 0.0501 0.01 240.5 3.1 199.9 30.8 240.5 3.1 �20
JA94-37 501.8 0.69 26.25 0.01 0.0501 0.01 241.1 2.7 197.4 26.6 241.1 2.7 �22
JA94-34 408.3 1.15 25.91 0.01 0.0513 0.01 244.1 2.9 252.8 27.4 244.1 2.9 3
JA94-30 590.1 1.52 26.38 0.01 0.0515 0.01 239.8 2.7 262.6 26.6 239.8 2.7 9
JA94-27 815.4 0.88 26.22 0.01 0.0515 0.01 241.3 2.7 261.9 25.4 241.3 2.7 8
JA94-25 800.4 0.82 26.15 0.01 0.0508 0.01 241.9 2.6 231.5 24.7 241.9 2.6 �4
JA94-24 400.7 0.76 26.29 0.01 0.0512 0.01 240.7 2.9 249.8 28.6 240.7 2.9 4
JA94-22 589.5 0.75 25.88 0.01 0.0510 0.01 244.4 2.8 239.1 27.0 244.4 2.8 �2
JA94-21 519.8 0.89 26.29 0.01 0.0549 0.01 240.7 3.0 408.7 23.8 240.7 3.0 41
JA94-20 710.7 0.75 26.19 0.01 0.0533 0.01 241.5 3.0 341.5 20.4 241.5 3.0 29
JA94-19 682.3 0.70 25.81 0.01 0.0519 0.01 245.0 3.0 279.8 20.0 245.0 3.0 12
JA94-17 822.1 0.75 26.06 0.01 0.0509 0.01 242.7 3.1 235.5 19.7 242.7 3.1 �3
JA94-12 359.0 0.59 25.62 0.01 0.0520 0.01 246.9 3.6 285.7 33.1 246.9 3.6 14
JA94-5 936.3 1.05 26.06 0.01 0.0535 0.01 242.8 3.0 350.6 19.1 242.8 3.0 31
JA94-4 275.0 0.76 25.96 0.01 0.0517 0.01 243.6 3.5 270.7 28.4 243.6 3.5 10
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and muscovite, although we have also found cordierite and silli-
manite but not potassium feldspar. Geochronological data re-
ported by Ribba et al. (1988) include a poorly defined Rb/Sr bulk
rock “errorchron” of 415 � 4 Ma (MSWD 5.2), a well constrained
bulk rock, muscovite and biotite Rb/Sr isochron of 246 � 18 Ma
and two Triassic K/Ar ages of 239 � 10 Ma (muscovite) and
236 � 6 Ma (biotite). The Chollay Batholith includes a diverse
group of plutons, including the La Pampa Pluton (biotite-horn-
blende tonalites and two mica tonalites), which intrudes the
gneisses to the south of the El Tránsito valley (Fig. 2) and which
was dated by Coloma et al. (2012) at 247 � 3.1 Ma (UePb zircon).
To the north of the valley, the La Pampa Gneisses are intruded by
the Dadín Pluton, (Fig. 2; coarse-grained and foliated biotite-
bearing granodiorites). Further north, Coloma et al. (2012) re-
ported a zircon UePb age of 240.3 � 1.7 Ma in the Sierra Paitepén
Pluton. Other, but until now non-dated intrusives include coarse-
grained and foliated biotite-bearing granodiorites such as those
from the La Totora Pluton (Fig. 2) which outcrops in northern part
of the study area and pinkish biotite-bearing monzogranites from
the Conay Pluton, located to the east of the La Pampa Gneisses
outcrops (Fig. 2).
2.2. The Western domain

Metamorphic rocks, including a group of migmatitic gneisses
with quartz, biotite white mica, staurolite, plagioclase and garnet
(Quebrada Seca Schists; Ribba et al., 1988, Fig. 2) are also observed
in the western domain However, the largest metamorphic unit, is
the El Tránsito Metamorphic Complex, composed of greenschist,
quartz-mica schist, albite-bearing nodular schist, quartzite and
marble (Fig. 2) already described and studied by Ribba (1985),
Ribba et al. (1988) and Álvarez et al. (2011). Mineral assemblages
of the El Tránsito Metamorphic Complex suggest intermediate P-T
metamorphic conditions transitional between greenschist and
amphibolite facies formed at moderate pressures of up to 5 Kbar
(Ribba et al., 1988). Rb/Sr whole rock errorchrons of 304 � 40,
303 � 40 and 335 � 20 Ma may represent the age of a main
Carboniferous metamorphic episode (Ribba et al., 1988). K/Ar
muscovite ages of 238 � 10, 231 � 6 and 229 � 6 Ma indicate a
Triassic cooling event, also recorded by a 248 � 46 Ma Rb/Sr whole
rock errorchron (Ribba et al., 1988). Single-grain UePb ages of
detrital zircon indicates a maximum Devonian sedimentation age
of ca. 380 Ma (Álvarez et al., 2011), which precludes any direct



Fig. 3. Tera-Wasserburg plot of UePb zircon ages for individual LA-ICP-MS analyses from samples JA01 (La Totora Pluton), JA02 (Conay Pluton), JA94 (La Pampa Pluton), showing the
respective weighted average ages.
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linkage with the Chilenia pre-collisional basement. The El Tránsito
Metamorphic Complex is unconformably covered, to the west, by
an acid volcanic and pyroclastic unit (Cerro Bayo Formation; Sal-
azar and Coloma, in prep.) including rhyolitic tuffs dated (UePb
zircon) at 300.8 � 4.6 Ma (Salazar et al., 2009) an age which is,
slightly older than the 296.1 � 4.8 Ma UePb age reported by
Coloma et al. (2012) for a biotite-muscovite-bearing granodiorite
from the Cerro Bayo Pluton, that intrudes the volcanic sequence
(Fig. 2). Further south, at Río del Carmen, the El Tránsito Meta-
morphic Complex is covered by Triassic volcanic rocks of the La



Fig. 4. Microphotographs under plane-polarized light showing textures and miner-
alogy of the La Pampa Gneisses. Ms: muscovite, Bt: biotite, Pl: plagioclase, Qz: quartz,
Cd: cordierite, Sill: sillimanite.
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Totora Formation and by a thick sequence of marine Triassic con-
glomerates of the San Félix Formation (Reutter, 1974; Ribba et al.,
1988; Mpodozis and Cornejo, 1997, Fig. 2). To the east, the El
Tránsito Metamorphic Complex is intruded by Carboniferous to
early Permian hornblende-biotite tonalites, granodiorites, and
muscovite-biotite granodiorites of the ElquieLimarí Batholith
(Ribba, 1985; Mpodozis and Kay, 1990, 1992) such as the coarse
grained biotite-hornblende tonalite of Chanchoquín Pluton which
were dated (conventional UePb age) at 285.7 � 1.5 Ma by
Pankhurst et al. (1996) although two LA-ICP MS single grain zircon
UePb ages reported by Coloma et al. (2012) for the northern part of
the pluton are somewhat older (295.4 � 3.3 and 291.5 � 3.4 Ma,
Fig. 2).

3. New geochronological (zircon UePb) data for intrusive
events in the La Pampa area

In order to obtain a better understanding of the geological
framework of the La Pampa Gneisses we dated three samples
collected from the La Totora, La Pampa and Conay plutons. Sample
location is shown in Fig. 2, UePb analytical data are presented in
Table 1, while concordia and weighted average age diagrams are
shown in Fig. 3, and details of the analytical methods are presented
in Appendix A.

Sample JA01 is from the La Totora Pluton was collected w15 km
of the La Pampa Gneisses outcrops (Fig. 2). This sample, petro-
graphically similar to rocks from the Dadín Pluton, which intruded
the La Pampa Gneisses is a foliated granodiorite with holocrystal-
line and inequigranular texture, composed of subhedral quartz
with partial wavy extinction, subhedral plagioclase (w2 mm long),
sub- and anhedral potassium feldspar, biotite partially replaced by
chlorite, white mica (<0.5 mm long) and zircon and apatite as
accessory minerals. Zircon ages of this sample plot on or very close
to the concordia line, with a calculated UePb age of 266.1 � 3.5 Ma
(Fig. 3).

Sample JA94, from the La Pampa Pluton, that intrude the La
Pampa Gneisses is a coarse-grained biotite and hornblende tonalite
(Fig. 2). This sample shows concordant results for most of the in-
dividual grains and yielded a calculated UePb age of 241.7 � 3 Ma
(Fig. 3) which is similar to the Triassic (247 � 3.1 Ma) zircon UePb
age already reported by Coloma et al. (2012).

Sample JA02, from the Conay Pluton, is a pinkish syenogranite
with holocrystalline, inequigranular and isotropic texture,
composed of subhedral quartz (<2 mm long), subhedral potas-
sium feldspar (<0.5 mm long) with perthitic texture, subhedral
plagioclase (<0.5 mm long), white mica and biotite, and zircon
and apatite as accessory minerals. The zircon UePb age of this
sample (247.7 � 3.4 Ma), collected to the east of the La Plata Fault
(Fig. 2), is similar to the ages obtained for the La Pampa Pluton but,
slightly older than others reported for the Conay Pluton by Martin
et al. (1999) which include a biotite K/Ar age of 238 � 6 Ma and
two conventional UePb zircon ages of 242.5 � 1.5 Ma and
242 � 1.5 Ma.

Taken together with previously reported data these new ages
show that two pulses of intrusive activity: middle Permian (ca.
266 Ma) and middle Triassic (ca. 240 Ma) are recorded in the im-
mediate vicinity of the La Pampa Gneisses outcrops.

4. La Pampa Gneisses: petrography, geochemistry and
protolith

The La Pampa Gneisses are white to light grey banded migma-
titic gneiss with saccaroidal texture and medium to coarse grain-
size. Quartz-feldspathic bands alternate with bands rich in biotite
showing granoblastic and lepidoblastic textures, respectively. From
a total of 4 studied samples, JA05 was chosen to be analyzed in
more detail considering its equilibrium textures and representa-
tiveness. The mineral assemblage of sample JA05 includes euhedral
to subhedral quartz (0.3e1 mm long) with wavy extinction, euhe-
dral to subhedral plagioclase (0.2e1.2 mm long), subhedral biotite
(0.5e1.2 mm), euhedral to subhedral muscovite (0.1e0.8 mm),
fibrolitic sillimanite and cordierite (w0.5 mm), in addition to
ilmenite, zircon and apatite as accessory minerals (Fig. 4). Silli-
manite is strongly deformed, whereas quartz and plagioclase are
not, suggesting post-kinematic crystallization from a granitic par-
tial melt for the latter minerals. Muscovite partially replaces biotite
and cordierite, and shows no deformation (Fig. 4), indicating
retrograde growth. The sample contains recrystallized centimetric
porphyroclasts of plagioclase and most of the zircon grains show
euhedral faces.

A chemical analysis of major elements (in wt% oxides) is pre-
sented in Table 2, which shows that the alkali content (K2OþNa2O)
is equal to 4.48 wt% and the silica content is 71, 02 wt%. The Al2O3
content is 15.02 wt%, while the CaO þ Na2O þ K2O is 5.68 wt%
(Table 2), so the ratio Al2O3/CaO þ Na2O þ K2O is >1.

Considering the petrography and major oxides content we
conclude that the protolith of the La Pampa Gneisses derives from
intrusive rocks, specifically peraluminous tonalites.



Table 2
Chemical analysis of major elements (in wt% ox-
ides) for the La Pampa Gneisses sample JA05.

Component %Wt

SiO2 71.02
TiO2 0.60
Al2O3 15.02
Fe2O3 0.86
FeO 3.44
MnO 0.09
MgO 1.45
CaO 1.20
Na2O 1.75
K2O 2.73
P2O5 0.09
LOI 1.64

J. Álvarez et al. / Journal of South American Earth Sciences 47 (2013) 100e115108
5. Zircon UePb data from the La Pampa Gneisses

Fig. 5 shows the results of the UePb geochronological analysis of
La Pampa Gneisses sample JA05 (details in Appendix A). The age of
individual zircon grains show a wide range of dispersion from ca.
1300 to 260 Ma (Fig. 5). Of a total of 45 analyses, 4 have discordant
ages, while 41 plot on, or very close to, the Concordia line (Fig. 5).
The density plot distribution shows an old group of Mesoproter-
ozoic zircons (n ¼ 7, ca. 1300e900 Ma) with Th/U ratios <0.5,
except one (Table 1). As 50% of the grains show planar zonation, we
conclude considering the Hoskin and Schaltegger (2003) criteria,
that this group of zircon grains originated in igneous and meta-
morphic environments and correspond to inherited crystal cores
formed during the Grenville-Sunsas orogeny (Chew et al., 2008;
Cordani et al., 2010; Ramos, 2010).

Zircons with Cambrian, Ordovician and Silurian ages constitute
aminor population (Fig. 5) and plot in 3 different groups with peaks
at ca. 523 (n¼ 3), ca. 480 (n¼ 3) and ca. 440 Ma (n¼ 4). These have
Th/U ratios from 0.12 to 1.2 (Table 1), 85.7% of the analyzed grains
present non-planar zonation, which suggests a mainly meta-
morphic and secondary igneous origin (Hoskin and Schaltegger,
2003). This group seems to be composed of inherited cores from
rocks formed during the evolution of the Pampean and Famatinian
orogenies (Coira et al., 1999; Astini and Dávila, 2004; Schwartz
et al., 2008; Ramos, 2009).

Pennsylvanian zircons (n ¼ 15) with a peak at 306.5 � 1.8 Ma
constitute the largest population (Fig. 5), 69.3% of the analyzed
Fig. 5. Tera-Wasserburg plot of UePb zircon ages for individual LA-ICP-MS an
grains show planar zonation. The Th/U ratio, which varies from 0.29
to 0.97, is in general,>0.5 for planar-zoned zircons and<0.5 for non-
planar-zoned zircons and following the Hoskin and Schaltegger
(2003) criteria, the data suggest, that most of the Pennsylvanian
zircons from sample JA05 have an igneous origin, although some
crystals of metamorphic origin are also present. Considering that
the closure temperature in the zircon UePb system is above 900 �C
(Lee et al., 1997) we interpret that the age of the zircons from this
group is the ageof crystallization of the La PampaGneisses protolith.

The youngest population of zircons in sample JA05 has a
Permian age, this group constitutes the second major population,
with a peak at 267.6 � 2.1 Ma (n ¼ 8) (Fig. 5) and the Th/U ratios
ranging from 0.34 to 0.97. Ages of the grains from this youngest
group were obtained mainly from the external rim of the zircon
grain. 75% of which have textures and zonation indicating a
metamorphic origin. We conclude that this age peak is the result of
a metamorphic event than can be linked to the Guadalupian
magmatic activity represented in the area by intrusives like La
Totora Pluton (Fig. 3) dated at 266.1 � 3.5 Ma.
6. Mineral composition and metamorphism of the La Pampa
Gneisses

Representative analyses of the mineral composition of the La
Pampa Gneisses are presented in Table 3. The ternary AKF diagram
(Fig. 6) projected from appropriate phases and exchange vectors
was constructed using the software CSpace (Torres-Roldán et al.,
2000). Biotite is not zoned, although its compositional variation is
relatively large (Fig. 6) reflecting reequilibration during the P-T
evolution of the sample. The most important compositional varia-
tions affect Al (1.745e1.883 cations per formula unit, p.f.u.), Fe
(1.255e1.522 p.f.u.), Mg (0.809 and 1.068 p.f.u.), Ti (0.070e
0.207 p.f.u.) and Na (0.027e0.045 p.f.u.; Table 3). The XMg [Mg/
(Mg þ Fe) ratio] ranges from 0.359 to 0.441. Muscovite has Si
content from 3.019 to 3.068 p.f.u. while Na ranges from 0.098 to
0.122 cations p.f.u. (Table 3), this low to moderate paragonite
component suggests a relatively high temperature of formation.
Cordierite has XMg in the range 0.560e0.593 (Table 3) and the Na
content varies from 0.128 to 0.178. Sample JA05 from the La Pampa
Gneisses contains plagioclase and no potassium feldspar. Plagio-
clase presents normal zonation and has andesine to oligoclase
composition, with the albite content ranging from 61 to 76 mol %
(Table 3).
alyses and probability density plot from La Pampa Gneisses sample JA05.



Table 3
Representative mineral analyses of the La Pampa Gneisses sample JA05.

Analisys Phase SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO BaO Na2O K2O Total Si Ti Al Cr Fe Mn Mg Ca Ba Na K #Mg Xan Xab Xor

JA05-23 bt 34.6 3.4 19.0 0.1 21.6 0.4 6.9 0.0 0.1 0.3 9.2 95.4 2.8 0.2 1.8 0.0 1.4 0.0 0.8 0.0 0.0 0.0 0.9 0.362
JA05-24 bt 34.7 3.4 19.0 0.0 21.5 0.3 6.8 0.0 0.1 0.3 9.3 95.4 2.8 0.2 1.8 0.0 1.4 0.0 0.8 0.0 0.0 0.0 0.9 0.361
JA05-25 bt 33.7 2.9 18.5 0.0 22.6 0.4 7.1 0.1 0.1 0.2 8.8 94.3 2.7 0.2 1.8 0.0 1.5 0.0 0.9 0.0 0.0 0.0 0.9 0.359
JA05-31 bt 33.6 3.4 18.4 0.0 22.2 0.4 7.3 0.0 0.1 0.3 8.8 94.5 2.7 0.2 1.7 0.0 1.5 0.0 0.9 0.0 0.0 0.0 0.9 0.368
JA05-45 bt 34.5 2.5 19.1 0.0 20.8 0.3 8.2 0.0 0.1 0.2 9.3 95.0 2.7 0.1 1.8 0.0 1.4 0.0 1.0 0.0 0.0 0.0 0.9 0.411
JA05-46 bt 34.6 2.6 19.3 0.0 21.4 0.3 7.9 0.0 0.0 0.3 9.3 95.7 2.7 0.2 1.8 0.0 1.4 0.0 0.9 0.0 0.0 0.0 0.9 0.397
JA05-47 bt 34.6 0.5 20.4 0.0 19.2 0.3 9.9 0.0 0.0 0.2 9.2 94.5 2.7 0.0 1.9 0.0 1.3 0.0 1.2 0.0 0.0 0.0 0.9 0.479
JA05-50 bt 34.2 1.4 19.3 0.0 21.6 0.4 8.7 0.0 0.1 0.2 9.1 95.2 2.7 0.1 1.8 0.0 1.4 0.0 1.0 0.0 0.0 0.0 0.9 0.418
JA05-51 bt 34.2 1.0 19.7 0.0 20.9 0.3 9.0 0.0 0.0 0.2 9.0 94.4 2.7 0.1 1.8 0.0 1.4 0.0 1.1 0.0 0.0 0.0 0.9 0.433
JA05-53 bt 34.2 2.1 19.0 0.0 21.6 0.3 8.1 0.0 0.1 0.2 9.3 95.0 2.7 0.1 1.8 0.0 1.4 0.0 1.0 0.0 0.0 0.0 0.9 0.401
JA05-54 bt 34.6 1.0 19.9 0.0 20.2 0.3 8.9 0.0 0.1 0.2 9.1 94.3 2.7 0.1 1.9 0.0 1.3 0.0 1.0 0.0 0.0 0.0 0.9 0.439
JA05-73 bt 34.2 2.0 19.1 0.0 21.2 0.3 8.2 0.0 0.1 0.3 9.1 94.6 2.7 0.1 1.8 0.0 1.4 0.0 1.0 0.0 0.0 0.0 0.9 0.408
JA05-75 bt 34.2 2.0 19.1 0.0 21.3 0.3 8.1 0.0 0.1 0.3 9.1 94.6 2.7 0.1 1.8 0.0 1.4 0.0 1.0 0.0 0.0 0.0 0.9 0.406
JA05-78 bt 34.4 2.5 19.2 0.0 21.5 0.3 7.8 0.0 0.1 0.3 9.2 95.3 2.7 0.1 1.8 0.0 1.4 0.0 0.9 0.0 0.0 0.0 0.9 0.391
JA05-83 bt 34.5 2.6 19.2 0.0 21.5 0.3 7.7 0.0 0.1 0.3 9.2 95.3 2.7 0.2 1.8 0.0 1.4 0.0 0.9 0.0 0.0 0.0 0.9 0.389
JA05-107 bt 34.7 1.2 19.6 0.0 21.0 0.3 8.7 0.0 0.0 0.2 9.4 95.2 2.7 0.1 1.8 0.0 1.4 0.0 1.0 0.0 0.0 0.0 0.9 0.425
JA05-108 bt 34.6 2.2 19.5 0.0 21.2 0.3 8.0 0.0 0.1 0.3 9.3 95.4 2.7 0.1 1.8 0.0 1.4 0.0 0.9 0.0 0.0 0.0 0.9 0.402
JA05-109 bt 34.4 1.0 19.6 0.0 20.6 0.4 9.1 0.0 0.1 0.2 9.2 94.6 2.7 0.1 1.8 0.0 1.4 0.0 1.1 0.0 0.0 0.0 0.9 0.441
JA05-36 chl 24.8 0.1 19.8 0.2 36.1 0.9 4.9 0.1 0.0 0.0 0.4 87.4 5.7 0.0 5.3 0.0 6.9 0.2 1.7 0.0 0.0 0.0 0.1 0.196
JA05-91 crd 47.8 0.0 32.1 0.0 8.8 0.6 7.2 0.0 0.0 0.6 0.0 97.2 5.0 0.0 3.9 0.0 0.8 0.0 1.1 0.0 0.0 0.1 0.0 0.593
JA05-92 crd 50.9 0.0 28.2 0.0 9.5 0.5 6.8 0.0 0.0 0.7 0.7 97.4 5.3 0.0 3.5 0.0 0.8 0.0 1.1 0.0 0.0 0.1 0.1 0.560
JA05-93 crd 47.7 0.0 32.0 0.0 9.2 0.6 6.8 0.0 0.0 0.8 0.0 97.1 5.0 0.0 3.9 0.0 0.8 0.1 1.1 0.0 0.0 0.2 0.0 0.568
JA05-94 crd 47.8 0.0 32.1 0.0 8.6 0.5 7.0 0.0 0.0 0.9 0.0 97.0 5.0 0.0 3.9 0.0 0.8 0.0 1.1 0.0 0.0 0.2 0.0 0.592
JA05-95 crd 47.7 0.0 32.2 0.0 9.2 0.6 7.0 0.0 0.0 0.7 0.0 97.5 5.0 0.0 4.0 0.0 0.8 0.0 1.1 0.0 0.0 0.1 0.0 0.577
JA05-96 crd 47.8 0.0 32.1 0.0 9.0 0.5 6.9 0.0 0.0 0.8 0.0 97.2 5.0 0.0 3.9 0.0 0.8 0.0 1.1 0.0 0.0 0.2 0.0 0.577
JA05-101 crd 47.9 0.0 32.2 0.0 9.1 0.5 6.8 0.0 0.0 0.7 0.0 97.2 5.0 0.0 4.0 0.0 0.8 0.0 1.1 0.0 0.0 0.2 0.0 0.573
JA05-104 crd 47.9 0.0 32.3 0.0 8.8 0.5 7.2 0.0 0.0 0.7 0.0 97.5 5.0 0.0 4.0 0.0 0.8 0.0 1.1 0.0 0.0 0.1 0.0 0.593
JA05-110 crd 47.8 0.0 32.1 0.0 9.6 0.6 6.9 0.0 0.0 0.7 0.0 97.7 5.0 0.0 3.9 0.0 0.8 0.1 1.1 0.0 0.0 0.1 0.0 0.561
JA05-9 plg 59.1 0.0 25.6 0.0 0.1 0.0 0.0 7.5 0.0 7.8 0.1 100.3 2.6 0.0 1.3 0.0 0.0 0.0 0.0 0.4 0.0 0.7 0.0 0.342 0.650 0.007
JA05-10 plg 62.0 0.0 23.9 0.0 0.2 0.0 0.0 5.2 0.0 9.2 0.1 100.8 2.7 0.0 1.2 0.0 0.0 0.0 0.0 0.2 0.0 0.8 0.0 0.238 0.755 0.008
JA05-11 plg 61.5 0.0 24.0 0.0 0.1 0.0 0.0 5.5 0.0 8.9 0.2 100.2 2.7 0.0 1.2 0.0 0.0 0.0 0.0 0.3 0.0 0.8 0.0 0.250 0.739 0.011
JA05-16 plg 59.7 0.0 25.1 0.0 0.2 0.0 0.0 6.8 0.0 8.1 0.1 100.1 2.6 0.0 1.3 0.0 0.0 0.0 0.0 0.3 0.0 0.7 0.0 0.315 0.678 0.008
JA05-19 plg 60.8 0.0 24.4 0.0 0.3 0.0 0.0 6.0 0.0 8.6 0.2 100.3 2.7 0.0 1.3 0.0 0.0 0.0 0.0 0.3 0.0 0.7 0.0 0.275 0.717 0.008
JA05-32 plg 58.8 0.0 25.8 0.0 0.0 0.0 0.0 7.5 0.0 7.7 0.1 100.0 2.6 0.0 1.4 0.0 0.0 0.0 0.0 0.4 0.0 0.7 0.0 0.348 0.645 0.008
JA05-33 plg 58.2 0.0 26.1 0.0 0.0 0.0 0.0 7.9 0.0 7.4 0.2 99.9 2.6 0.0 1.4 0.0 0.0 0.0 0.0 0.4 0.0 0.6 0.0 0.368 0.621 0.011
JA05-34 plg 62.9 0.0 23.9 0.0 0.0 0.0 0.0 5.0 0.0 9.2 0.2 101.3 2.7 0.0 1.2 0.0 0.0 0.0 0.0 0.2 0.0 0.8 0.0 0.228 0.759 0.013
JA05-35 plg 57.1 0.0 25.0 0.0 0.1 0.0 0.0 7.4 0.0 7.2 0.2 97.0 2.6 0.0 1.4 0.0 0.0 0.0 0.0 0.4 0.0 0.6 0.0 0.360 0.629 0.011
JA05-63 plg 59.9 0.0 25.1 0.0 0.0 0.0 0.0 6.7 0.0 8.3 0.2 100.1 2.7 0.0 1.3 0.0 0.0 0.0 0.0 0.3 0.0 0.7 0.0 0.307 0.685 0.009
JA05-97 plg 58.3 0.0 25.9 0.0 0.0 0.0 0.0 7.7 0.0 7.6 0.2 99.6 2.6 0.0 1.4 0.0 0.0 0.0 0.0 0.4 0.0 0.7 0.0 0.355 0.634 0.010
JA05-99 plg 58.6 0.0 25.8 0.0 0.0 0.0 0.0 7.6 0.0 7.5 0.2 99.8 2.6 0.0 1.4 0.0 0.0 0.0 0.0 0.4 0.0 0.7 0.0 0.356 0.634 0.010
JA05-102 plg 59.2 0.0 25.4 0.0 0.0 0.0 0.0 7.2 0.0 7.8 0.2 99.9 2.6 0.0 1.3 0.0 0.0 0.0 0.0 0.3 0.0 0.7 0.0 0.335 0.654 0.011
JA05-103 plg 58.0 0.0 26.3 0.0 0.0 0.0 0.0 8.2 0.0 7.3 0.2 100.0 2.6 0.0 1.4 0.0 0.0 0.0 0.0 0.4 0.0 0.6 0.0 0.378 0.611 0.011
JA05-105 plg 59.1 0.0 25.5 0.0 0.0 0.0 0.0 7.3 0.0 7.8 0.2 99.9 2.6 0.0 1.3 0.0 0.0 0.0 0.0 0.3 0.0 0.7 0.0 0.337 0.652 0.011
JA05-20 wm 45.0 0.9 34.5 0.1 2.0 0.0 0.5 0.0 0.2 0.7 10.4 94.4 3.0 0.0 2.7 0.0 0.1 0.0 0.1 0.0 0.0 0.1 0.9
JA05-21 wm 45.2 1.1 34.6 0.0 1.9 0.0 0.5 0.0 0.2 0.8 10.3 94.6 3.0 0.1 2.7 0.0 0.1 0.0 0.0 0.0 0.0 0.1 0.9

(continued on next page)
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Fig. 6. AKF diagram showing metamorphic assemblage, mineral (grey circles) and
whole rock (grey square) chemical composition. Inner triangle represents chemical
composition of feldspar analysis. End-members are An: anortite, Ab: albite, Or:
orthoclase, Ms: muscovite, Cel: celadonite, Crd: cordierite, Clo: clinochlore, Cha: cha-
mosite, Al-East: aluminum eastonite, Phl: phlogopite. Proyection points are: quartz,
ilmenite and average plagioclase; exchange vectors are: FeMg-1, FeMn-1 and NaSiCa-
1Al-1.
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In order to determine the PT conditions of the La Pampa Gneisses
sample JA05, we calculated an isochemical PT projection (i.e.,
pseudosection) using the bulk chemical analysis of the sample,
presented in Table 2 and obtained by ICP-OES (details in Appendix
A). The results were constrained with mineral composition ana-
lyses obtained by electron microprobe (details in Appendix A).

The calculations were performed for the K2OeNa2OeCaOeFeOe
MgOeAl2O3eSiO2eTi2OeH2O system using the Perple_X software
(Connolly, 2005; version 6.6.7) with the internally consistent
thermodynamic data set of Holland and Powell (1998, 2002 up-
grade, details in hp02ver.dat file from Perple_X suite). The solution
models used are Bio(TCC) (biotite), Gt(HP) (garnet), feldspar
(plagioclase and potassic feldspar), IlGkPy (ilmenite-geikielite-
pyrophanite solution), hCrd (cordierite), Pheng(HP) (white mica),
Chl(HP) (chlorite) and melt(HP) (melt) (details in sol-
ution_model.dat file). The fluid in the system was treated as pure
H2O using the equation of state of Holland and Powell (1998).
Because it is not possible to determine the amount of water during
the metamorphism, we treated four isochemical P-T projections
with a different water content: 1.64 wt% (LOI), 3 wt%, 4 wt% and,
finally, under water saturated conditions. The 1.64 wt%, 3 wt% and
water saturated models predict peak metamorphic conditions
higher than those calculated for the model with 4 wt% of water
(even reaching 800 �C and 6 kbar), this model is more realistic than
the previous ones considering the observed peak paragenesis
assemblage. Furthermore, the model with saturated conditions was
rejected because it predicts that melt appears above 950 �C. The
calculation results, pseudosection and calculated isopleths of #Mg
in biotite and #Mg in cordierite used to determinate peak P-T
conditions, are shown in Fig. 7. Due to the absence of inclusions in
the porphyroblasts, pre-peak conditions cannot be estimated. The
observed peak metamorphic assemblage of sillimanite, biotite,
plagioclase, cordierite and quartz (Fig. 4) corresponds to the field
bt-melt-crd-pl-gt-sill-q-ilm (Fig. 7). The presence of melt in this
prediction, and the fact that sillimanite is strongly deformed,
whereas quartz and plagioclase are not (Fig. 4), suggests that partial
melting occurred during prograde metamorphism. Most of the



Fig. 7. A) P-T pseudosection for the migmatitic La Pampa Gneisses, sample JA05. Abbreviations for solid solutions and pure phases are: bt: biotite; gt: garnet; pl: plagioclase; kfs: potassium feldspar; ilm: ilmenite-geikielite-pyrophanite
solution; crd: cordierite; phg: white mica; chl: chlorite; melt: hydrous silicated melt; zo: zoisite; pa: paragonite; q: quartz; st: staurolite; and: andalusite; ky: kyanite; sill: sillimanite; H2O: water. B) Isopleths of #Mg in cordierite and
biotite projected over the stability fields of the pseudosection in Fig. 7a, showing the isopleth intersection stability field and the estimated minimum and maximum P and T for the peak conditions of metamorphism. The chemical
composition of sample JA05 is presented in Table 1. The P-T pseudosection was calculated for the KNCFMASHT system, with normalized chemical composition (in wt % of major oxides): SiO2: 69.64, TiO2: 0.59, Al2O3: 14.73, FeO: 4.13,
MgO: 1.42, CaO: 1.18; Na2O: 1.72, K2O: 2.68, H2O: 3.92.
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muscovite presents no deformation, whereas sillimanite, biotite
and cordierite are deformed, furthermore it partially replaces bio-
tite and cordierite (Fig. 4), so we conclude that muscovite grew
during the retrograde path.

The intersection of isopleths (Fig. 7b) corresponding to the
observed composition of biotite (#Mg ¼ 0.38 to #Mg ¼ 0.44) and
cordierite (#Mg ¼ 0.56 to #Mg ¼ 0.59) occurs at 709e779 �C and
5.06e5.58 kbar within the field bt-melt-crd-pl-gt-sill-q-ilm
(Fig. 7a). This field contains garnet, which is not observed in the
sample. Although the predicted amount of garnet at the calculated
conditions is low (around 1.6 wt%), this inconsistency is better
explained in terms of accuracy of the calculations derived from the
lack of consideration of Fe3þ, uncertainty in the amount of water
present during partial melting, and the uncertainties inherent to
standard thermodynamic properties of end members and solution
models.

7. Discussion

The La PampaGneisseswere originally considered as a candidate
to be a remnant of the Chilenia basement in Chile (Ramos et al.,
1986; Ribba et al., 1988). Nevertheless, as Chilenia w accreted to
Gondwana during theMiddle Devonian at ca. 390Ma (Willner et al.,
2011; Davis et al., 1999) and the age of the protolith of the La Pampa
Gneisses is Pennsylvanian (306.5 � 1.8 Ma) the suggestion that the
La Pampa Gneisses could be part of Chilenia basement is clearly
untenable. The genesis of the igneous protolith of the La Pampa
Gneisses seems to have involved the partial melting of a sediment
rich continental source in the Pennsylvanian at 306.5 � 1.8 Ma,
suggested by its high Al2O3 (15.02 wt%) content, the euhedral
morphology of most of the zircon grains and the occurrence of
centimetric recrystallized porphyroclasts of plagioclase. Magma-
tism at this time is recorded, in the El Tránsito valley area, by the
zircon UePb ages of 300.8� 4.6Ma reported by Salazar et al. (2009)
for the acid volcanic and pyroclastic Cerro Bayo Formation and
296.1�4.8Ma for the Cerro Bayo Pluton (Coloma et al., 2012, Fig. 2).
The age of the formation of the igneous protolith broadly coincides
with the 320e300 Ma radiometric ages available for the older
Fig. 8. A schematic clockwise P-T path for the metamorphic
intrusive phases of the ElquieLimarí Batholith (Nasi et al., 1985;
Mpodozis and Kay, 1992; Hervé et al., 2013) which comprise large
granitoid plutons showing an important crustal component in the
magma source, i.e. high 87Sr/86Sr ratios (Mpodozis and Kay, 1992),
high d18O and low εHf in zircons (Hervé et al., 2013). These intrusives
include some peraluminous, muscovite-bearing intrusives such as
those forming the Cochiguás Pluton in the Elqui valley region
(Mpodozis and Cornejo, 1988).

Subsequently, during the Permian, the peraluminous Pennsyl-
vanian intrusive rocks were metamorphosed under prograde con-
ditions reaching peak metamorphism at a maximum of 779 �C
and 5.58 kbar (Figs. 7 and 8) evidenced by the 267.6� 2.1 Ma zircon
UePb age peak from sample JA05 (Fig. 5). This event was also
recorded by Hervé et al. (2013), who analyzed by SHRIMP zircons
from another sample of the La Pampa Gneisses (Sample FO10101)
from which they obtained also a robust Carboniferous age peak
(305,9.6 � 2.7 Ma) but only two Permian ages around 270 Ma.
This episode of metamorphism concurs with a regional Permian
magmatic event duringwhich the La Totora Pluton of 266.1�3.5Ma
(Figs. 3 and 8) was emplaced. These ages seems to approximately
coincide with the mid-Permian San Rafael Orogenic event that
affected large parts of the Andeanmargin from northern Chile to the
Frontal Cordillera in Argentina (see Llambías and Sato, 1990;
Kleiman and Japas, 2009; Tomlinson et al., 2012). Mpodozis and
Kay (1990, 1992) connect this event with the collision from the
west of the hypothetical Terrane X, that may have shut-off Carbon-
iferous-early Permian subduction along the Chilean segment of the
Gondwana margin. During the Middle Triassic, 30 My after being
metamorphosed, the gneisseswere intruded by the La Pampa Pluton
(241.7 � 3 and 247 � 3.1 Ma; Figs. 2 and 3). This magmatic activity
would have responsible for the formation of the migmatitic contact
metamorphism aureole surrounding the La Pampa Gneisses out-
crops, and with recent data reported by Hervé et al. (2013), who
obtained Triassic UePb SHRIMP ages with a peak of 238.9 � 2.4 Ma
in the external part of the metamorphic zircons from the La Pampa
Gneisses (sample FO10101). The ages from the La Pampa Pluton are
also concordant with the well constrained bulk rock, muscovite and
biotite Rb/Sr isochron of 246 � 18 Ma of the La Pampa Gneisses
evolution of sample JA05 from the La Pampa Gneisses.



J. Álvarez et al. / Journal of South American Earth Sciences 47 (2013) 100e115 113
published by Ribba et al. (1988). The importance of this Middle
Triassic magmatic event is reinforced by the new UePb zircon age
wehave acquired from the Conay Pluton (247.7� 3.4Ma; Fig. 3), just
to the east of the La Plata Fault (Fig. 2). Theyoungest radiometric ages
available for the La Pampa Gneisses are two K/Ar of 239 � 10 Ma in
muscovite and 236 � 6 Ma in biotite (Ribba et al., 1988), which are
identical within errors to the K/Ar muscovite ages of 238 � 10,
231 � 6 and 229 � 6 Ma also available for the El Tránsito Meta-
morphic Complex (Ribba et al., 1988) and, together, indicate a
regional Triassic cooling event (Fig. 8). It is worth tomention that, at
this time (AnisianeLadinian) a thick sequence of more than 5 km of
marine continental sediments (San Félix Formation; Zeil and
Ichikawa, 1958; Reutter, 1974; Schoener, 1985; Padel et al., 2012)
were accumulated in an extensional half graben to thewest of the La
Pampa region (Ríodel Carmenvalley; Fig. 2). Cooling appears to be in
response to extension-driven exhumation of the basement during a
rifting episode that also affected, after the San Rafael event, large
tracts of the Andean region during the Triassic (i.e. Mpodozis and
Cornejo, 1997; Zerfass et al., 2004; Spalletti et al., 2008; Salazar
et al., 2009). All these data can be integrated into a clockwise P-T-t
path that shows the metamorphic evolution of the La Pampa
Gneisses and includes regional prograde metamorphism during the
Permian with a peak at 267.6 � 2.1 Ma, thermal impact throughout
the emplacement of the Triassic intrusives at ca. 240 Ma and retro-
grade exhumation and cooling as a consequence of extensional
tectonics between 240 and 230Ma (Fig. 8). A similar clockwise P-T-t
path has been established by Soto et al. (2012) for the Permian to
Triassic evolution of the Limón VerdeMetamorphic Complex, which
crops out further north, near Calama. Maximum pressures (7.5e
14 Kbar) attained during the Permian metamorphic peak (which
there seems to be older: 280 Ma) were, however, higher than those
reached in the La Pampa Gneisses.

8. Conclusions

The La Pampa Gneisses are orthogneisses that form a large
enclave in the Permian to Triassic Chollay Batholith, whose thermal
and metamorphic evolution records a sequence of events that
characterize the evolution of the Cordillera Frontal of north-central
Chile between the late Carboniferous and Triassic. The protolith
of the La Pampa Gneisses derives from peraluminous tonalites
emplaced during the Pennsylvanian at 306.5 � 1.8 Ma during a
regional magmatic event, which included at least partial melting or
involvement of a sedimentary source containing inherited zircons
which crystallized during the Grenvillian, Pampean and Famatinian
orogenies. The crystallization age of the La Pampa Gneisses proto-
lith invalidates earlier proposals that considered this metamorphic
unit as a possible remnant of the pre-collisional basement of the
Chilenia terrane because this terrane was accreted to Gondwana
during themiddle Devonian (ca. 390Ma). After being emplaced, the
La Pampa Gneisses were metamorphosed under P-T conditions
between 5.06 and 5.58 kbar and 709e779 �C during the middle
Permian (ca. 267 Ma) concomitant with the oldest magmatic event
recognized in the Chollay Batholith. A new intrusive episode linked
to the emplacement of the La Pampa Pluton in the Middle Triassic
(ca. 240Ma) is recorded in themetamorphic rims of zircons and the
Rb/Sr isotopic system while the slightly younger (ca. 239 Ma,
muscovite; ca. 236 Ma, biotite) K/Ar ages can be, finally, interpreted
as the result of very rapid exhumation and cooling during a Triassic
regional episode of extension.
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Appendix A. Analytical methods

Zircon separation and geochronological analysis

Zircons were separated from three samples of plutonic rocks
(JA01, JA02 and JA94) and one sample of the La Pampa Gneisses
(JA05) using standard mineral separation techniques in the
Department of Geology at the Universidad de Chile. After crushing
and sieving at <500 mm, zircon grains were separated using a
Gemini Table, a Frantz magnetic separator and heavy liquids (bro-
moform and methylene iodide). Final zircon selection was made by
hand-picking under a binocular microscope. Zircon grains from
each sample were mounted in a 1-inch diameter epoxy puck that
was ground and polished to expose the grains. Photomicrograph
maps and cathodoluminescence images were used to characterize
the internal features of zircons such as growth zones and inclusions
and to provide a base map for recording laser spot locations.
Approximately 50 zircon grains were analyzed for each sample. Ue
Pb analyses were conducted by laser ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS) at the Radiogenic Isotope
and Geochronology Laboratory at Washington State University,
using a New Wave Nd:YAG UV-213 nm laser ablation system
coupled to a ThermoFinnigan Element2 single collector double-
focusing magnetic sector ICP-MS, following the analytical pro-
cedures described in Chang et al. (2006). The collector configura-
tion allowsmeasurement of 204Pb in an ion-counting channel while
206Pb, 207Pb, 208Pb, 232Th and 238U are simultaneously measured
with Faraday detectors. However, common Pb is typically not sig-
nificant in LA-ICP-MS analyses, most likely because it is concen-
trated in cracks and inclusions, which can be avoided (Gaschnig
et al., 2009). All analyses were conducted in static mode with a
laser beam diameter of 35 mm, operated with output energy of
w32 mJ (at 23 kV) and a pulse rate of 10 Hz. Each analysis consisted
of one 12-s integration on peaks with no laser firing and 21-s in-
tegrations on peaks with laser firing. Hg contribution to the 204Pb
mass position was removed by subtracting on-peak background
values. The lead isotopic ratios were corrected for common Pb,
using the measured 204Pb, assuming an initial Pb composition ac-
cording to Stacey and Kramers (1975) and respective uncertainties
of 1.0, 0.3 and 2.0 for 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb. For
this study we used two zircon standards: Peixe (Dickinson and
Gehrels, 2003) and FC-1 (Paces and Miller, 1993). UePb ages were
calculated using Isoplot (Ludwig, 2003). Ages with >25% discor-
dance or >5% reverse discordance are considered unreliable and
were not used. Also, analyses with an error greater than 10% were
rejected.

Whole rock and mineral analysis

Analysis of sample JA05 was obtained by J. Martinez with a
Perkin Elmer Inductively Coupled Plasma Optical Emission Spec-
trometer (ICP-OES) OPTIMA 7400V model, at the Department of
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Geology, Universidad de Chile. The standard used was BHVO2 from
USGS, Table A1 shows the details (RV: recommended value, MV:
measurement value from average of 4 analyzes).
Table A1
BHVO 2 RV MV SD

SiO2% 49.9 49.7 �0.35
Al2O3 13.5 13.4 �0.11
TiO2 2.73 2.68 �0.02
CaO 11.4 11.2 �0.10
Fe2O3 12.3 12.0 �0.12
MgO 7.23 7.27 �0.10
MnO 0.17 0.18 �0.015
Na2O 2.22 2.24 �0.12
K2O 0.52 0.54 �0.03
P2O5 0.27 0.26 �0.010
Minerals of sample JA05 were analysed using a CAMECA SX100
electron microprobe at the Universidad de Granada, Spain. The
instrumental conditions used were a 15 kV accelerating voltage,
15 nA beam current and 5 mm beam diameter. Standards used for
element calibrations were natural minerals: sanidine (K), barite
(Ba), vanadinite (Cl), diopside (Ca), rutile (Ti), albite (Na), quartz
(Si), and synthetic oxides: Fe2O3 (Fe), MnTiO3 (Mn), Cr2O3 (Cr), MgO
(Mg) and Al2O3 (Al).
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