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Abstract The Eastern Sierras Pampeanas were structured

by three main events: the Ediacaran to early Cambrian

(580–510 Ma) Pampean, the late Cambrian–Ordovician

(500–440 Ma) Famatinian and the Devonian-Carbonifer-

ous (400–350 Ma) Achalian orogenies. Geochronological

and Sm–Nd isotopic evidence combined with petrological

and structural features allow to speculate for a major rift

event (Ediacaran) dividing into two Mesoproterozoic major

crustal blocks (source of the Grenvillian age peaks in the

metaclastic rocks).This event would be coeval with the

development of arc magmatism along the eastern margin of

the eastern block. Closure of this eastern margin led to a

Cambrian active margin (Sierra Norte arc) along the wes-

tern margin of the eastern block in which magmatism

reworked the same crustal block. Consumption of a ridge

segment (input of OIB signature mafic magmas) which

controlled granulite-facies metamorphism led to a final

collision (Pampean orogeny) with the western Mesopro-

trozoic block. Sm–Nd results for the metamorphic base-

ment suggest that the TDM age interval of 1.8–1.7 Ga,

which is associated with the less radiogenic values of

eNd(540) (-6 to -8), can be considered as the mean aver-

age crustal composition for the Eastern Sierras Pampeanas.

Increasing metamorphic grade in rocks with similar detrital

sources and metamorphic ages like in the Sierras de

Córdoba is associated with a younger TDM age and a more

positive eNd(540) value. Pampean pre-540 Ma granitoids

form two clusters, one with TDM ages between 2.0 and

1.75 Ga and another between 1.6 and 1.5 Ga. Pampean

post-540 Ma granitoids exhibit more homogenous TDM

ages ranging from 2.0 to 1.75 Ga. Ordovician re-activation

of active margin along the western part of the block that

collided in the Cambrian led to arc magmatism (Famatinian

orogeny) and related ensialic back-arc basin in which

high-grade metamorphism is related to mid-crustal felsic

plutonism and mafic magmatism with significant contam-

ination of continental crust. TDM values for the Ordovician

Famatinian granitoids define a main interval of 1.8–1.6,

except for the Ordovician TTG suites of the Sierras de

Córdoba, which show younger TDM ages ranging from 1.3

to 1.0 Ga. In Devonian times (Achalian orogeny), a new

subduction regime installed west of the Eastern Sierras

Pampeanas. Devonian magmatism in the Sierras exhibit

process of mixing/assimilation of depleted mantle signa-

ture melts and continental crust. Achalian magmatism

exhibits more radiogenic eNd(540) values that range

between 0.5 and -4 and TDM ages younger than 1.3 Ga. In

pre-Devonian times, crustal reworking is dominant,

whereas processes during Devonian times involved dif-

ferent geochemical and isotopic signatures that reflect a

major input of juvenile magmatism.
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Introduction

The Pacific margin of Gondwana is composed of different

cratonic blocks that were amalgamated during several

events from the Proterozoic to the Paleozoic (Rapela et al.

2007; Ramos 2008 and references therein). The Sierras

Pampeanas, which constitute a series of N–S-oriented

basement units cropping out between 26� and 33� S, are

situated between the Archaean to Palaeoproterozoic Rı́o de

la Plata craton to the east against which they have a fault

contact (López de Luchi et al. 2005) and to the Grenvillian

Cuyania-Precordillera Terrane (Kay et al. 1996) in the

west.

The Sierras Pampeanas are separated into the Eastern

Sierras Pampeanas (ESP) dominated by Paleozoic granites,

metasedimentary and metaigneous rocks, and the Western

Sierras Pampeanas (WSP) characterized by metabasic,

ultrabasic and calc-silicate rocks which expose Mesopro-

terozoic crystalline basement (Casquet et al. 2001, 2006;

Vujovich et al. 2004).

The Eastern Sierras Pampeanas constitute polyphase

deformed basement units, which were structured by three

events: the Ediacaran to early Cambrian (580–510 Ma)

Pampean, the late Cambrian–Ordovician (500–440 Ma)

Famatinian and the Devonian-Carboniferous (400–350

Ma) Achalian orogenies (Aceñolaza and Toselli 1981;

Rapela et al. 1998; Stuart-Smith et al. 1999; Steenken et al.

2006; López de Luchi et al. 2007; Drobe et al. 2009, 2010;

Siegesmund et al. 2010). These orogenies are related to the

accretion of different terranes integrated into the proto-

Andean margin of Gondwana. The low to high-grade

metasedimentary successions of the Eastern Sierras

Pampeanas were considered as an extension of the very

low to low-grade Puncoviscana Formation (Drobe et al.

2009 and references therein) that is developed along the

Cordillera Oriental.

The aim of this contribution is to give an overview of

the geological features of the Eastern Sierras Pampeanas

with the main focus on the Sierras de Córdoba, San Luis,

and Chepes. We integrate available geological, geochem-

ical, and isotopic information to set time constraints on the

metamorphism and magmatism and to provide a summary

of the data that may support a revised model for the late

Neoproterozoic to early Paleozoic tectonic evolution of the

proto-Andean margin of Gondwana. Hence, the paleotec-

tonic scenario calls for a major rift event (Ediacaran)

dividing crustal blocks with Sm–Nd signature and pro-

ducing juvenile crust with subsequent evolution of (Cam-

brian) active margins reworking the same crust. In the

Ordovician, re-activation of active margins led to the

opening of an ensialic back-arc basin with mafic crust

production and significant contamination by continental

crust. In Devonian times, a new subduction regime was

installed west of the Eastern Sierras Pampeanas and mag-

matism involves a transient heat anomaly associated with

extensive melting of an enriched mantle source and prob-

ably of a crustal segment.

Geological background of the main basement units

of the Eastern Sierras Pampeanas

The Eastern Sierras Pampeanas extend from southern Salta

to the San Luis and La Pampa provinces (Fig. 1). The

eastern sector of these basement units is mainly affected by

the Pampean orogeny, which is characterized by late

Neoproterozoic sedimentation and Ediacaran to Cambrian

deformation, magmatism and metamorphism (Rapela et al.

2007; Siegesmund et al. 2010). The western sector is

dominated by the Famatinian orogeny, which is charac-

terized by Cambrian marine sedimentation and late

Cambrian to Ordovician magmatism (Sims et al. 1998;

Steenken et al. 2006). The Achalian orogeny overprints this

basement (Sims et al. 1998, Siegesmund et al. 2010). Post-

Pampean cooling of the basement domains in the Cambrian

to early Ordovician is related to imbrication and uplift

along different shear zones, while middle to late Silurian

K/Ar biotite ages register different stages of the exhuma-

tion (Steenken et al. 2010).

Sierras de Córdoba and Sierra Norte

The Sierras de Córdoba and the Sierra Norte (Fig. 2), as

well as its continuation in the Sierras de Ambargasta and

Sumampa, are the easternmost group of the Sierras

Pampeanas. These Sierras consists of a series of north–

south mountain chains limited by west-vergent reverse

thrust faults on its western side and are separated by

intermontane Mesozoic and Cenozoic sediments (Table 1).

The Sierra Norte, Sierras de Ambargasta and Sumampa,

constitute a major block mostly made up of Ediacaran to

early Cambrian arc-related I-type calc-alkaline granitoid

intrusions named the Sierra Norte-Ambargasta Batholith

(SNAB) (Lira et al. 1997; Siegesmund et al. 2010). Mag-

matic activity ceased in the late Cambrian with the

emplacement of the Oncán porphyritic rhyolite dykes

(Rapela et al. 1991; 494 ± 11 Ma). The SNAB encloses

large roof-pendants of a locally contact overprinted meta-

morphic complex (Table 1). The ages of these metamor-

phic rocks have been assigned to the late Precambrian

(Siegesmund et al. 2010 and references therein).

The Sierras de Córdoba constitute a unit of igneous and

low- to high-grade metamorphic para and orthogneisses,

marble, amphibolites and ultramafic rocks, which under-

went local partial melting processes that lead to migmati-

tization. Peraluminous and metaluminous granitoids of
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different ages intrude this basement (Rapela et al. 1998;

Sims et al. 1998). The polymetamorphic complexes are

organized in lithological and structural domains (Fig. 2):

Sierra Chica, Sierra Grande and Sierra de Comechingones

separated by ductile shear zones and mafic and ultramafic

rocks (Siegesmund et al. 2010 and references therein).

These domains are characterized by Ediacarian sedimen-

tation and late Ediacaran to Cambrian deformation,

Fig. 1 Schematic map of the

Early Paleozoic sequences of

the Sierras Pampeanas,

Cordillera Oriental and Puna

basement units (modified from

Dalla Salda et al. 1998). Limits

of the Pampean and Famatinian

orogens were taken from Rapela

et al. (2007)
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magmatism and metamorphism with a more restricted

Ordovician magmatic event (Rapela et al. 1998; Siegesmund

et al. 2010) and voluminous intrusions of Devonian gran-

ites. A NNW trending belt of granulite-facies metamorphic

rocks and related S-Type granitoids (Fig. 2) can be split

into the San Carlos Massif in the NW and to the SE into the

Sierra de Comechingones (Guereschi and Martino 2008

and references therein). Mafic and ultramafic rocks that

were in part interpreted as ophiolites were separated into an

eastern belt called the Sierra Chica and a western belt

known as the Sierra Grande (Mutti 1987; Escayola et al.

1996).

The Sierra Chica (Fig. 2) has been subdivided into

a series of metamorphic complexes. Most southward, the

Las Peñas metamorphic complex (Bonalumi et al. 2001)

comprises medium- to high-grade metamorphic rocks

(Table 1). In the central part, gneisses, homogenous and

heterogeneous migmatites, marbles and amphibolites con-

stitute the Sierra Chica Metamorphic Complex (Martino

et al. 1995). In the north, partly migmatized gneisses with

rare marble and amphibolite are present together with

hornblende and biotite-bearing tonalite, granodiorite, bio-

tite-bearing granite, granitic orthogneisses and banded

paragneisses (Rapela et al. 1998).

The Sierra Grande is dominated by medium- to coarse-

grained granitoid, K-feldspar-cordierite migmatites, ana-

tectic granitoids and interlayered biotite gneisses and

amphibolites of the San Carlos Massif (SCM; Bonalumi

et al. 2001). This massif is limited to the east by quartz-rich

micaceous gneisses and biotite-bearing quartz-feldspar

gneisses that host marbles, amphibolites, and pegmatites.

Toward the west, the SCM grades into gneisses and stromatic

migmatites, which were overthrusted along the moderately

inclined, NNW trending reverse Los Túneles shear belt

(Martino 2003) onto phyllites (Mermela group). The defor-

mation in the Los Túneles shear belt is constrained between

the late Cambrian and the early Ordovician (Steenken et al.

2010). Guereschi and Martino (2008) proposed that a partial

melting process related to the metamorphism (&700�C,

5.5–6.5 Kb) results from the exhumation after a compres-

sional event. (Fig. 3). The Las Palmas gneiss located

southwest of the SCM is a strongly folded high-grade banded

gneiss (Gordillo 1984), which grades into cordierite-bearing

diatexite, i.e. the Piedras Rosadas.

In the Sierra de Comechingones, three complexes

(Otamendi et al. 1998, 2000; Sims et al. 1998) are distin-

guished: north of the Devonian Cerro Aspero batholith

(Fig. 2) the Sierra de Comechingones Metamorphic

Complex (SCMC) and to the south, the Monte Guazú

and the Achiras complexes (Table 1). The SCMC consists

of a medium- to high-grade metasedimentary sequence,

peraluminous leucogranites, marble/calc-silicate, gabbros,

amphibolite with MORB-like affinities and mafic–ultra-

mafic rocks (Otamendi et al. 2004 and references therein).

Martino et al. (1995) separated the SCMC into the cordi-

erite-bearing diatexites and stromatic migmatites of the

Yacanto group. The locally interlayered San Miguel group

is composed of mafic and ultramafic rocks, garnet-bearing

gneisses and marbles and the Santa Rosa cordierite-garnet

granulite. The mafic rocks also appear widespread as small

intrusive dikes and as pillows in the migmatites (Otamendi

et al. 2004). The Monte Guazú Complex is distinguished

by having a probably Ordovician (Gromet et al. 2001;

Drobe et al. 2010 this volume) suite of intermediate calc-

alkaline igneous rocks interlayered with medium- to

high-grade metasedimentary rocks (Fagiano et al. 2008;

Otamendi et al. 2000). The Achiras Complex is a monot-

onous sequence comprising discontinuous belts of grey-

wacke-derived amphibolite-facies gneisses and schists that

are interlayered with peraluminous leucogranites. The

complex is intruded by Devonian peraluminous granites,

like the Achiras granite (384 ± 6 Ma, U–Pb zircon, Stuart-

Smith et al. 1999). Fagiano et al. (2008) proposed an

Ordovician age for the metamorphism of the Achiras

Complex (Table 1). The Achiras Metamorphic Complex

was correlated with the Conlara Metamorphic Complex

(Sims et al. 1998).

The aforementioned metamorphic complexes affected

the moderately east-dipping, N–S trending early Cambrian

to Silurian Guacha Corral shear belt (Martino 2003;

Steenken et al. 2010; Fig. 2), which juxtaposed the base-

ment of the Sierra de Comechingones on top of the eastern

slope of the Sierra de San Luis, i.e. the Conlara Meta-

morphic Complex.

Sierra de San Luis

The Sierra de San Luis (Figs. 1, 2) records an Ediacaran

to Devonian metamorphic and magmatic evolution and

comprises three NNE—SSW striking basement domains of

amphibolite- to granulite-facies complexes, the Nogolı́,

Pringles and Conlara metamorphic complexes (Sims et al.

1997). The domains are generally (Fig. 2) separated by an

assemblage of metaquartz arenites and phyllites: the San

Luis Formation (Prozzi and Ramos 1988) and are intruded

by Ordovician and Devonian granitoids (Sims et al. 1997,

1998; López de Luchi et al. 2007). The metamorphic

events and mineral parageneses are summarized in Table 1.

The Conlara Metamorphic Complex (CMC) is the

easternmost of these complexes. The western margin of the

Fig. 2 Simplified geological map of the Sierras de Córdoba, the

Sierra Norte, the Sierra de Chepes and the Sierra de San Luis

(modified from Martino 2003; Steenken et al. 2006 and Siegesmund

et al. 2010). Detrital zircon age spectra and TDM ages for felsic

igneous and metaclastic rocks are included

b
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Table 1 Mineral paragenesis, P–T constraints and ages of the Pampean and Famatinian metamorphic events

Lithology PT conditions Age References

Sierras de Córdoba

Sierra Norte

Roof pendants in SNAB M1 Low-grade slates and schists;

medium-grade amphibolites

and marbles; high-grade

gneisses and migmatites

584– 560 Ma Llambı́as et al. (2003)

Sierra Chica

Las Peñas MC M2? Orthogneisses; metabasic rocks,

amphibolites, impure marbles,

Grt ? Cdr ? Kfs migmatites

Bonalumi et al. (2001)

Sierra Chica MC M2? Sill ? Cdr ? Grt migmatites 6–6.5 Kbar

700–750�C

Martino et al. (1995)

Amphibolites, marbles,Grt ? Bt

gneisses

Gordillo (1984)

La Calera Group M2 Metabasic rocks 9 Kbar 810�C 522 ± 8 Ma mon Rapela et al. (1998)

Crd ? Grt Diatexites 6 Kbar 820�C Baldo et al. (1996)

San Roque MC M2? Ms ? Sill gneisses, Bt gneisses Rapela et al. (1998)

Ti-rich amphibolites Baldo et al. (1996)

El Diquecito Group Tonalitic orthogneisses Rapela et al. (1998)

Sill ? Grt ? Kfs gneisses Baldo et al. (1996)

Marbles; diopside-rich

amphibolites

M2 Crd migmatites 6 Kbar 820�C 522 ± 8 Ma mon

Ascochinga Complex M2? Banded paragneisses Rapela et al. (1998)

Sierra Grande

San Carlos Massif M2 Crd ? Sill migmatites 5.5–6.5Kbar 700�C Ca.530 Ma Peak at

500–560 Ma

Guereschi and Martino

(2008)

Bt gneisses Escayola et al. (2007)

Las Palmas M1 Grt ? Sill ? (Kfs ? Bt) banded

gneisses

543 ± 4 Ma Gordillo (1984); Siegesmund

et al. (2010)

Pichanas Complex M2 Grt gneiss Low P high T 531 ± 10 Ma Sims et al. (1998)

M1 561 ± 10 Ma

Los Túneles Phyllite 250–280�C Detrital peak at

600 Ma

Escayola et al. (2007)

North Achala Crd gneisses 4.5 Kbar 685�C Baldo et al. (1996)

Quilpo Fm M2 Crd ? Sill ? Grt gneiss 529 ± 10 Ma Sims et al. (1998)

M1 Bt-Grt gneiss 581 ± 16 Ma

Sierras de Córdoba

Sierra de Comechingones

Sierra de Comechingones MC

Cañada del Sauce M1 Bt-Grt-Crd-Kfs diatexite 5.5–6 Kbar

725–780�C

577 ± 11 Ma Siegesmund et al. (2010)

Guereschi and Martino

(2008)

Tala Cruz M1 Bt ? Sill ? Grt ? Kfs

Stromatite

8.5–9 Kbar

810–840�C

553 ± 3 Ma Guereschi and Martino

(2008)

Sierra de Comechingones

MC

Gneiss, diatexites

Amphibolites and peridotites Otamendi et al. (2004)

Santa Rosa Massif M2 Crd migmatites 7.5 Kbar 850–900�C 536 ± 11 Ma Otamendi et al. (2006)

511 ± 6 Ma Siegesmund et al. (2010)

Monte Guazú Complex M2 Kfs ? Sill ? Grt stromatitic

migmatite

7 Kbar 750�C Fagiano et al. (2008)

M1 Pl ? Qz ? Bt ± Grt paragneiss
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Table 1 continued

Lithology PT conditions Age References

Achiras MC M1 Grt ? Bt ? Pl ? Qtz schist \5 Kbar 420–530�C Fagiano et al. (2008)

M2 5–8 Kbar 760�C Otamendi et al. (2004)

Sierra de San Luis

Pringles MC M1/

M2

Pl-Kfs-Grt-Bt-Sill ± Crd

granulite

5.7–6.4 Kbar

740–790�C

498 ± 10 Ma Steenken et al. (2006)

Chl ? Bt ? Ms ? Qtz ? Pl ?

Kfs amphibolite

Micaschists, migmatites and

amphibolites

Hauzenberger et al. (2001)

Nogolı́ MC M2? Bt ? Sill ? Pl migmatite;

micaschists, metaquartzites,

migmatites and amphibolites;

metabasalts

478 ± 4 Ma Steenken et al. (2006)

Bt-Pl-Grt gneiss 5–8 Kbar 660–791�C González et al. (2009

San Luis Fm M1 Ill ? Chl ? Bt ? Qtz ± Ab ±

Grt phyllite

250–350�C Post 530- pre ca

480 Ma

Drobe et al. (2009)

Conlara MC M2 Bt ? Qtz ? Pl ± Grt banded

schist

35 Kbar 3600�C 564 ± 21 Ma Siegesmund et al. (2010)

Metagreywackes, metapelites,

turmaline schist

Detrital

ages \ 560 Ma

Sierra de Chepes

Roof pendants in granitoids M2 Low-medium grade metapelites

Bt to Crd zones 3 Kbar 400–700�C 478 ± 9 Ma Pankhurst et al. (1998)

Migmatites (And-Kfs zone)

Sierra de Velazco

Phyllites (Bt zone) Toselli (1990), Rapela et al.

(2001),Toselli et al. (2005)

Micaschists, metaquarzites (And

zone)

Crd migmatites (Sill-Kfs zone)

Antinaco orthogneiss 5–7 Kbar 600�C 471 ± 3 Ma

Sierra de Ancasti

West

Ancasti Fm. Metasediments Willner (1983)

Portezuelo Fm. Crd ? Bt ? Sill ? Kfs ± Grt

Gneisses

M2 Qtz ? Pl ? Kfs ? Bt ? Grt

Migmatites

ca.472 Ma

Cent.

Ancasti Fm. Folded banded schists

M1 Bt ? Pl ± Grt ± Ms schists Low P 524 ± 28 Knüver (1983); Willner

(1983)

East

Jumeal Mb of Sierra Brava C. Paragneisses, migmatites Aceñolaza and Toselli (1977)

La Calera Mb of Sierra Brava

C.

Marbles, schists, and

amphibolites

Sierra de Quilmes

SW

Met-equiv. Amphibolite-facies rocks ca.470 Ma Büttner et al. (2005)

Puncoviscana Fm. Migmatites ca.6 kbar 800�C

NE Very low-grade clastic

metasedimentary rocks

M1 and M2 refer to the stages of metamorphism as described in the cited articles. These labels are not used in the text
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CMC is affected by the Devonian Rı́o Guzmán shear zone,

whereas its eastern margin toward the Sierra de Come-

chingones (Sims et al. 1997) is controlled by the Guacha

Corral shear zone. The metamorphic series of the CMC

comprises NNE trending metagreywackes and scarce

metapelites and metaigneous components, which encom-

pass basic sills and granitic rocks. These belong to two

distinct groups: an earlier one represented by orthogneis-

ses, locally migmatites, mainly tonalitic to granodioritic

and scarce amphibolites and a later granitic one, which

comprises late Cambrian to early Ordovician monzogranite

to tonalitic plutons (i.e. La Tapera, El Peñón, El Salado)

and a group of large granitic pegmatites.

The Nogoli Metamorphic Complex (NMC) is composed

of paragneisses, mica schists, metaquartzites, and migma-

tites, with minor amphibolite and small lenses of two micas

and garnet leucogranites. González et al. (2009 and refer-

ences therein) proposed that part of the amphibolites are

meta-komatiites, and high-Fe tholeiite metabasalts, which

are interlayered with marbles and banded iron formation.

W to NW trending remnants were considered as pre-

Famatinian (Pampean?), whereas NNE to NE trending

penetrative deformation were related to the Famatinian

deformation (González et al. 2004). Prograde regional

metamorphism accompanies deformational phases, from at

least middle greenschist to high amphibolite facies.

The Pringles Metamorphic Complex (PMC) consists of

paragneisses, mica schists, migmatites, and amphibolites.

Discontinuous lenses of mafic (mainly norites) to ultramafic

units occur along a narrow NNE–SSW central belt concor-

dant with the NNE-trending S2 foliation. Granulite-facies

metamorphism, which would result from the emplacement

of (ultra-) mafic intrusions, occurred during the beginning of

the Famatinian cycle (Fig. 3; Hauzenberger et al. 2001;

Steenken et al. 2005, 2006; Delpino et al. 2007). Granulite-

facies assemblages grade into amphibolite and greenschist

facies assemblages (Hauzenberger et al. 2001; Delpino et al.

2007).

The NNE trending low-grade phyllites and meta-

quartz-arenites of the San Luis Formation appears in two

belts (Fig. 2). NNE trending large-scale tight folds with a

moderate plunge is the main deformation style in the San

Luis Formation, corresponding to the Famatinian event

recorded in the PMC (Steenken et al. 2006, 2008). Isocli-

nally folded quartz layers within the phyllites (Fig. 2)

suggest a preceding deformation phase. The transpressional

Rı́o Guzmán shear zone that accommodated the ‘‘east-side-

up’’ displacement of the CMC is developed along the

eastern belt of this formation (Steenken et al. 2008).

Sierra de Chepes

The Sierras de Chepes, Malanzán, and Los Llanos (Fig. 2)

are composed of early Ordovician metaluminous, calcal-

kaline granitoids, and restricted peraluminous S-type

monzogranites. Small bodies of gabbro diorite or quartz

diorite frequently mingled with the surrounding granodi-

orites. The most important granitoid unit is the 490 ±

5 Ma (U/Pb zircon age) Chepes Granodiorite (Pankhurst

et al. 1998). The metasedimentary rocks in the Sierras de

Chepes occur as discontinuous roof pendants of the host

(Pankhurst et al. 1998). These greenschist to amphibolite

grade rocks are largely metapelites with intercalations of

metarenites. A first metamorphism is represented by fine-

grained inclusions of biotite, magnetite, quartz, and musco-

vite preserved in cordierite porphyroblasts. The second, but

low-pressure metamorphism, which was considered as coe-

val with the granitoid emplacement (Pankhurst et al. 1998),

grades from phyllite to an anatectic zone (Pankhurst et al.

1998). The metamorphic events and mineral parageneses are

summarized in Table 1.

Main geological features of other basement blocks

in the Eastern Sierras Pampeanas

The Sierra de Quilmes metamorphic complex (Fig. 1)

consists of upper to mid-crustal, mainly siliciclastic meta-

sediments and shows a continuous, northeast to southwest

transition from very low- and low-grade metamorphic

clastic sediments into amphibolite facies and migmatitic

Fig. 3 P–T path for high-grade metamorphic rocks of the Sierra de

Comechingones and the Pringles Metamorphic Complex. a P–T path

for the Pringles Metamorphic Complex taken from Delpino et al.

(2007) and b the P–T path for the Sierra de Comechingones after

Guereschi and Martino (2008). Note that the trajectories are different

for the Sierra de Comechingones and the Pringles Metamorphic

Complex. In the former, higher grade reactions are crossed before

decompression; whereas in the latter, these reactions pre-dated an

isothermal compression path. Compilation of reactions by Otamendi

et al. (2004) according to VM94 (Vielzeuf and Montel 1994) and

SKC99 (Spear et al. 1999). Mineral abbreviations after Kretz (1983)
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rocks (Table 1). The protoliths were mainly turbiditic

sediments of the Puncoviscana Formation (Toselli 1990;

Toselli and Rossi de Toselli 1990). Büttner et al. (2005)

calculated an Ordovician age for the metamorphic peak.

The Sierra de Velasco (Fig. 1) is dominated by grani-

toids. Low-grade metamorphic rocks (Table 1) are only

present as small outcrops along the eastern flank. These

phyllites and mica schists have been correlated with the

lower Ordovician metasedimentary La Cébila Formation

(Verdecchia et al. 2007; Grosse et al. 2008), which sepa-

rates the Sierra de Velasco from the Sierra de Ambato

(Fig. 1).

The Sierra de Ancasti (Fig. 1) comprises three meta-

morphic domains. The eastern flank, the Sierra Brava

Complex is composed of paragneisses and migmatites

(Aceñolaza and Toselli 1981) as well as marbles, schists,

and amphibolites. The central sector is mostly formed by

folded NNW-SSE trending banded schist of the Ancasti

Formation (Aceñolaza and Toselli 1981; Willner 1983),

which records a low-pressure Pampean metamorphism that

was overprinted by a syn-deformational medium-grade

event (Willner 1983; Knüver 1983; Gaido 2003). In the

western flank, metasediments of the Ancasti Formation

prograde into gneiss and migmatites of the El Portezuelo

Formation (Willner 1983). Ordovician granites and tour-

maline- and beryl-bearing pegmatites are emplaced in the

Sierra Brava Complex and the Ancasti Formation. The

metamorphic events and mineral parageneses are summa-

rized in Table 1.

Time constraints for the Pampean metamorphism

Time constraints for the sedimentation of the clastic units

that later constituted the Pampean metamorphic basement

of the Eastern Sierras Pampeanas are provided by detrital

zircon ages of the different units of the Sierras de Córdoba,

the CMC (Fig. 2) and the Ancasti Formation. In the Sierras

de Córdoba, younger detrital zircons are around 550 Ma as

well as in the Conlara Metamorphic Complex (Steenken

et al. 2008; Siegesmund et al. 2010). In the Sierra de

Ancasti, the youngest detrital peak is ca. 570 Ma (Rapela

et al. 2007).

In the Sierra Norte, age constraints for the metamorphic

evolution predating the emplacement of the SNAB grani-

toids are provided by two ages. First, the 584 Ma age of an

ignimbritic rhyolite (Llambı́as et al. 2003) which is inter-

layered with a metaclastic gneiss, and secondly, the U/Pb

age of 533 ± 12 Ma for the San Miguel orthogneiss

located along the eastern flank of the Sierra de Sumampa

(Siegesmund et al. 2010).

Rapela et al. (1998, 2002) and Otamendi et al. (2006)

related the main Pampean migmatization event, cordierite

formation and metamorphic peak at *530 Ma in the

Sierra Grande and in the Sierra de Comechingones to a

second phase of metamorphism. In the Sierra Grande, the

U/Pb zircon age of 543 ± 3.6 Ma for the high-grade non-

migmatitic Las Palmas gneiss (Fig. 2) (Siegesmund et al.

2010) suggests an earlier onset of metamorphism than

widespread anatexis at *530 Ma. In the Sierra de Come-

chingones Metamorphic Complex, the Tala Cruz migma-

tites yielded a concordant SHRIMP U/Pb zircon age of

553.5 ± 3.2 Ma (Siegesmund et al. 2010), whereas the

Cañada del Sauce diatexite (Guereschi and Martino 2008)

yielded an older metamorphic event of 577 ± 11 Ma

(Siegesmund et al. 2010). Therefore, portions of the

basement of the Sierra de Comechingones might be older

than Late Ediacaran and the ubiquitous metamorphic

equivalents of the Puncoviscana Formation. The Santa

Rosa Grt-Crd granulite, i.e. the restite of the melting event

related with the second phase of metamorphism, yielded a

U/Pb zircon age of 536 ± 11 Ma (Siegesmund et al. 2010).

Constraints on the younger limit of the metamorphism

are provided by PbSL titanite ages obtained from calc-

silicate intercalations in the San Carlos Massif, which

yielded an age of 505.7 ± 7.3 Ma (Siegesmund et al.

2010). K/Ar and Ar/Ar muscovite ages starting at 502 Ma

were reported by Krol and Simpson (1999) and Steenken

et al. (2010). These ages mark the end of the Pampean

metamorphism and may suggest a relatively fast exhuma-

tion of the Pampean orogen at *500 Ma. This event cor-

relates with the first activation of the Guacha Corral and

Los Túneles shear zones (Steenken et al. 2010), the initi-

ation of renewed compression along the Gondwana margin

(Steenken et al. 2006 and references therein) and with the

Irúyica deformation phase (Astini et al. 2008), an early

phase of the Famatinian orogeny.

Evidence that the Pampean orogeny started in the

Ediacaran is also provided by the Pb/Pb garnet age of

564 ± 21 Ma (Siegesmund et al. 2010) for the banded

schist of CMC. In the Sierra de Ancasti, detrital zircons of

the Ancasti Formation (Rapela et al. 2007) indicate that the

sedimentation should be youngest than 600–570 Ma. The

main tectonothermal event affecting these rocks is assigned

to the Pampean orogeny based on the Rb–Sr mineral iso-

chron of 524 ± 28 Ma (Knüver 1983). In Table 1, ages

and P–T-t constraints of the Pampean metamorphic events

are summarized.

Time constraints for the Famatinian metamorphism

Ordovician Famatinian metamorphism is mostly related to

the closure of ensialic back-arc or inter-arc basins devel-

oped east (in the ESP) or inside the main Famatina mag-

matic arc in the Sierra de Famatina (Balhburg 1991;
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Steenken et al. 2006; Dahlquist et al. 2008; Collo et al.

2009; Drobe et al. 2010 this volume). In the latter (Fig. 1),

low-grade metamorphism and deformation are bracketed

between 457 ± 9 and 463 ± 14 Ma (Collo et al. 2008).

The youngest detrital zircon ages exhibit a major peak at

486 ± 5 Ma and possibly a younger one at 463 ± 7 Ma,

which suggests a derivation from the active Famatinian arc

(Dahlquist et al. 2008).

SHRIMP and PbSL analysis indicate a concordant U/Pb

age at 498 ± 10 Ma for granulite-facies metamorphism of

the Pringles Metamorphic Complex (Steenken et al. 2006,

2008). Pb/Pb garnet ages indicate that the Pb isotope equil-

ibration took place during the middle to late Ordovician

(452 ± 19 Ma), defining the youngest age of the metamor-

phism. Post-dating the onset of high-grade metamorphism,

the Pringles Metamorphic Complex was intruded by ca.

490 Ma granitoids (Steenken et al. 2006). At around

478–468 Ma, granodioritic to tonalitic rocks intrude the

low-grade San Luis Formation post-dating the onset of the

first metamorphic overprint (Steenken et al. 2006).

A pre-Famatinian deformational and metamorphic his-

tory for the Nogolı́ Metamorphic Complex was proposed

by von Gosen and Prozzi (1998), Sato et al. (2003) and

González et al. (2004, 2009). The banded iron formation

and mafic to ultramafic meta-volcanic rocks should be of

Mesoproterozoic age (González et al. 2009). Conventional

U–Pb monazite and zircon, chemical Th–U–Pb total

monazite, and Ar–Ar hornblende plateau ages from par-

agneisses, orthogneisses and amphibolites range between

475 and 457 Ma and constrain the timing of regional high-

grade metamorphism to the early to mid-Ordovician

(González et al. 2004; Steenken et al. 2006). Steenken et al.

(2006) reported a Th/Pb SHRIMP monazite age of

478 ± 4 Ma for a migmatite from the northern part of the

complex, and a Pb/Pb age of 460 ± 12 Ma for peralum-

niuos S-type garnet leucomonzogranite from the central

part of the complex. Detrital ages of the NMC define a

maximum around 530 Ma (Steenken et al. 2006; Drobe

et al. 2009).

In the Sierra de Chepes, an early to middle Cambrian

metamorphism was proposed by Pankhurst et al. (1998)

based on an Rb–Sr errorchron of 513 ± 31 Ma. Banded

schist from the Sierras de Chepes yielded detrital ages

between 540 and 511 Ma with an average of 525 Ma

(Drobe et al. 2010 this volume).

Büttner et al. (2005) proposed that for the Sierra de

Quilmes metamorphic complex the metamorphic peak in

migmatites and calc-silicate rocks is at or slightly prior

to *470 Ma.

In Table 1, a summary of the P–T constraints and ages of

the Famatinan metamorphism is presented. Therefore, it can

be concluded that the Famatinian orogen consists of two

stages of compression, one related to the onset of subduction

at around 500 Ma and another stage at ca. 470 Ma that is

related to the cessation of the Famatinian magmatism.

Magmatism in the Eastern Sierras Pampeanas

Rapela et al. (1990) separated granitoids of the Sierras

Pampenas into G1, G2 and G3 that roughly correspond in

time to the Pampean, Famatinian, and Achalian orogenies.

Rapela et al. (1998), Quenardelle and Ramos (1999),

Pankhurst et al. (2000) and Rapela (2000) considered that

the Pampean magmatism is arc-related with minor post-

collisional peraluminous intrusions. Famatinian magma-

tism is arc-related and I-type in the west and grades into

S-type granitoids toward the continent. Devonian magma-

tism would be either arc-related with a Devonian subduc-

tion along the western margin of the Precordillera terrain or

the result of post-Ordovician uplift.

Ediacaran to Cambrian Granitoids

Calc-alkaline magmatic rocks of Ediacaran and Cambrian

age form the batholith of Sierra Norte and extend discon-

tinuously southward along the Sierra Chica (Rapela et al.

1998). These rocks consist of metaluminous to weakly

peraluminous granitoids and associated volcanic rocks

(Lira et al. 1997) and exhibit intrusive contacts with the

metasedimentary host. Granodiorites and monzogranites

are the dominant rocks with late-stage rhyolites, and

miarolitic monzogranites (Lira et al. 1997). Aplites, por-

phyries, and pegmatites intrude all the sequences (Rapela

et al. 1991). The geochemistry suggests that these grani-

toids are arc-related (Lira et al. 1997) and would provide a

record of subduction and convergent margin tectonics

along the western margin of Gondwana in the late Neo-

proterozoic. Geochronological studies from the Sierra

Norte granitoids (Schwartz et al. 2008) indicate a period

of emplacement bracketed between 550 and -530 Ma.

A SHRIMP U–Pb zircon age of Ma 515 ± 4 was obtained

for the Ojo de Agua granite in northeastern Sierra Norte

(Stuart-Smith et al. 1999).

Cambrian granitoids (the G1b suite of Rapela et al.

1998) located in the Sierra Grande and Sierra de Come-

chingones are peraluminous anatectic melts of the meta-

sedimentary country rocks (Rapela et al. 1998). Ages of

these groups of plutons are bracketed between 523 ± 2 for

El Pilón (Rapela et al. 1998, 2001) and 529 ± 3.4 for the

Juan XXIII pluton (Escayola et al. 2007; Fig. 2).

In the Sierra de San Luis, Cambrian granitoids would

correspond to orthogneisses interlayered with the meta-

clastic units of the Cambrian CMC. In the NMC, an age of

ca. 530 Ma (Vujovich and Ostera 2003) was calculated for

a granodiorite located in the northern part of the complex.
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Ordovician Granitoids

Pankhurst et al. (2000) have identified three distinct gran-

ite-types: a dominant I-type, small-scale S-type, and tona-

lite-trondhjemite-granodiorite, which are contemporaneous

within the 484–463-Ma interval (Dahlquist et al. 2008 and

references therein). I-type magmatism is represented by

tonalites, granodiorites, minor monzogranites, and gabbros

that can be traced from the NW in Catamarca and La Rioja

down to the Sierras de Valle Fértil-La Huerta in the San

Juan province and the Sierra de San Luis. The S-type

granitoids are developed in Sierra de Velasco, Sierra de

Chepes, and in a sector of the Sierra de San Luis (Steenken

et al. 2006, 2008). The TTG group (TTG, i.e. El Hongo,

Calmayo, La Fronda, Guiraldes, La Playa and Paso del

Carmen tonalite to granodiorite plutons) is emplaced in the

Sierra Grande except for the Calmayo group (500–480 Ma,

U–Pb zircon, Rapela et al. 1998), which intrudes the Sierra

Chica Complex.

López de Luchi et al. (2007) considered that the Ordo-

vician granitoids (ca.500–470 Ma) of the Sierra de San

Luis (Fig. 4) are synkinematic with compressive defor-

mation related to the early stages of Famatinian conver-

gence. These authors proposed a separation of the

granitoids of the Sierra de San Luis into an Ordovician

tonalite suite (OTS; metaluminous to mildly peraluminous

calcic tonalite-granodiorites) and an Ordovician granodio-

rite–granite suite (OGGS; peraluminous calcic to calc-

alkaline granodiorite-monzogranites). In the Conlara

Metamorphic Complex, the OGGS (Fig. 4a) comprises the

early Ordovician monzogranite to tonalitic plutons (i.e. La

Tapera, El Peñón, El Salado) and the group of large

granitic pegmatites, which show comparable deformation

microstructures.

Lower Ordovician metaluminous calc-alkaline grani-

toids which constitute the principal lithologies of the

Sierras de Chepes, Malanzán and Los Llanos (Fig. 2) fre-

quently exhibit mingling relationships with gabbro diorite

or quartz diorite. The most important granitoid unit is the

490 ± 5 Ma (U/Pb zircon age) Chepes Granodiorite

(Pankhurst et al. 1998).

Ordovician metagranitoids of the Sierra de Velasco

(Toselli et al. 2005, Báez et al. 2005) consist of strongly

peraluminous porphyritic two-mica-, garnet-, sillimanite-

and kyanite-bearing meta-monzogranites (Rossi et al.

2005). Subordinate varieties include biotite–cordierite

meta-monzogranites and biotite meta-granodiorites and

meta-tonalites. In the southern part of the Sierra, the main

lithologies are metaluminous to weakly peraluminous

biotite-hornblende meta-granodiorites and meta-tonalites

(Bellos 2005).

In the Sierra de Ancasti, Ordovician granitoid magma-

tism is represented by calc-alkaline and metaluminous

plutons and minor garnet-bearing two-mica granite stocks

(Reissinger 1983; Rapela et al. 2005). In the Sierra de

Quilmes, Famatinian magmatism is represented by the

composite peraluminous to metaluminous granitoids of the

Cafayate pluton (Büttner et al. 2005).

Devonian to Lower Carboniferous Granitoids

Paleozoic magmatism in the Sierras Pampeanas ended

with the intrusion of a suite of middle Devonian to

Lower Carboniferous batholiths (López de Luchi 1996;

Fig. 4 Diagnostic features of the Ordovician and Devonian grani-

toids of the Sierra de San Luis. a Tectonic classification R1–R2. More

evolved granites cluster in the syncollisional field. Samples of the

Ordovician Tonalite Suite are located along the limit between mantle

fractionates and pre-plate collision fields, which would suggest mafic

sources. Rocks from the Ordovician granodiorite-granite suite trend

from the pre-plate collision to syncollisional fields, which correlate

with their dominant crustal sources. Devonian hybrid granitoids

extend from the post-collisional uplift to late-orogenic fields indicat-

ing enriched mafic sources to the syn-collisional field, which

represent either crustal derived or fractionated melts. b Chondrite-

normalized REE patterns (Boynton 1984) for rocks with SiO2 \ 66%.

Note that the Devonian intermediate rocks show higher (Gd/Yb)N,

which would suggest their deeper source and an enrichment in light

rare-earth elements

Int J Earth Sci (Geol Rundsch) (2011) 100:465–488 475

123



Stuart-Smith et al. 1999; Pinotti et al. 2002; Siegesmund

et al. 2004). They were considered either as post-Fama-

tinian or post-orogenic (Rapela et al. 1998) or as the

Achalian granite group. In the Sierra de Córdoba, the

Devonian Achala Batholith is a peraluminous, alkali-calcic

granitoid with sharp and discordant contacts, which would

represent variable proportions of a juvenile mantle com-

ponent and crustal melts formed by dehydration melting of

biotite-bearing gneisses (Rapela et al. 2008). The Cerro

Aspero batholith in Sierra de Comechingones is made up of

biotite granite and leucogranites (Pinotti et al. 2002, 2006).

In the Sierra de San Luis, voluminous Devonian batholiths

(Las Chacras-Potrerillos, Renca, La Totora, and El Hornito)

are made up of an I-type hybrid monzonite–granite suite

with metaluminous alkali-calcic (393–385 Ma) monzonite-

quartz monzonite–granodiorite ± monzogranite and pera-

luminous alkali-calcic monzogranites (Fig. 4a, b) (López de

Luchi et al. 2007). Undeformed granites of Lower Car-

boniferous age (Dahlquist et al. 2008) are located in the

north (Báez et al. 2005) and central (Grosse et al. 2008)

parts of the Sierra de Velasco. They have some features in

common with the Devonian granitoids, i.e. nearly circular

shapes, general lack of pervasive solid-state deformation,

discordant relationships with the host, shallow emplace-

ment, syeno- to monzogranitic compositions, porphyritic

textures and an abundance of pegmatites and aplites. Miller

and Söllner (2005) proposed that the Devonian to early

Carboniferous magmatism is related to post-orogenic

regional crustal heating, whereas Grosse et al. (2008) pro-

posed that the general age decrease of the Achalian mag-

matism from south to north could have been related to a

progressive delamination of the crust coupled with upper

mantle upwelling from south to north.

Neoproterozoic (ultra-) mafic rocks of the Sierra de

Córdoba

The NNW-SSE trending eastern belt is composed of

lherzolite with interlayered websterite and subordinate

harzburgite, abundant pyroxenite and gabbros. Mutti

(1992) described abundant leucocratic plagiogranite dikes.

Escayola et al. (1996) assigned the tectonic setting to an

ensialic back-arc basin, whereas Ramos et al. (2000)

interpreted the belt as ophiolite remnants of a back-arc

zone. Anzil and Martino (2009) considered that the ultra-

mafic sequence would correspond to an obducted lens or

slice of oceanic mantle, probably part of a basal tectonite of

an ophiolitic complex.

The ultramafic–mafic units of the western belt, which

extend along *300 km, are made up of harzburgites that

were metasomatized by intrusive basaltic dikes (Escayola

et al. 2007). Basaltic dikes are made up of plagioclase-

hornblende ± orthopyroxene ± clinopyroxene. Spinel

dunites are close to these dikes. Escayola et al. (1996)

interpreted the western belt as a suture zone and considered

the ultramafic rocks as dismembered ophiolites with

MORB affinities. Escayola et al. (2007) suggested a

suprasubduction-zone ophiolitic complex formed at a back-

arc stage. Sm–Nd dating of basalt and gabbro dikes,

pyroxenites, and impregnated peridotites of the western

belt yielded an isochron age of 647 ± 77 Ma. The eNd(647)

value of ?5.2 is consistent with an oceanic or back-arc

origin for the ophiolite sequence (Escayola et al. 2007).

Gabbros with OIB signatures located in the Sierra de

Comechingones, which result from the subduction of a

mid-ocean ridge beneath the paleo-Pacific Gondwana

margin, are related to the high-grade metamorphism of the

Sierras de Córdoba (Tibaldi et al. 2008).

Within the CMC, ultramafic rocks have not been

reported yet. However, scarce amphibolites are distributed

in a N–S belt through Sierra del Morro, San Felipe and

Villa de Praga. Some tungsten deposits are genetically

related to them (de Brodtkorb et al. 2005).

Ordovician mafic rocks in the Sierra de San Luis

and Sierra de Chepes

Mafic to ultramafic Ordovician complexes are developed in

the central part of the Sierra de San Luis, whereas gabbros

are recognized as small plutons associated with the calc-

alkaline granitoids of the Sierra de Chepes, Sierra de

Fiambalá and in the Famatina Complex in the Sierra de

Famatina (Fig. 1). In the Pringles Metamorphic Complex,

506–480 Ma mafic to ultramafic bodies for which back-arc

or marginal basin settings were proposed (Sims et al. 1998;

Hauzenberger et al. 2001; Steenken et al. 2008) are rep-

resented by norites to gabbro-norites with minor ultramafic

rocks. On both sides of the mafic to ultramafic bodies, a

metamorphic gradient from granulite to greenschist facies

is observed (Delpino et al. 2007), and therefore a contact

metamorphic origin for the granulite-facies paragenesis

was suggested (Hauzenberger et al. 2001; Steenken et al.

2005, 2006). Amphibole-bearing gabbros associated with

the calc-alkaline complexes of the Sierra de Chepes, i.e. the

Tama gabbro exhibit mingling relationships with the host

granodiorite (Pankhurst et al. 1998).

Isotopic constraints for the Neoproterozoic-early

Paleozoic geodynamic evolution of the Gondwana

margin

Sm–Nd parameters were calculated at 540 Ma for all the

metamorphic rocks, whereas the igneous rock data were

calculated at the crystallization age (Table 2, Figs. 5, 6; see

also Drobe et al. 2009).
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Sm–Nd fingerprints for the metamorphic rocks

Metamorphic rocks of the Sierras Pampeanas were plotted

in the fSm/Nd vs eNd(540) diagram (Fig. 6b). As the majority

of the rocks exhibit fSm/Nd in the interval of sedimentary

derived crustal rocks, i.e. between -0.3 and -0.45, TDM1

ages (Drobe et al. 2009) are inferred to reflect the weighted

average crustal residence time of all the detrital contribu-

tions from the source area. Sm–Nd results for the meta-

morphic basement suggest that the TDM1 age interval of

1.8–1.7 Ga, which is associated with the less radiogenic

eNd(540) values of -6 to -8, can be considered as the mean

Fig. 5 Frequency distribution plots of TDM ages for metaclastic and

igneous felsic rocks of the Eastern Sierras Pampeanas. Comparison

between the data collection indicates that the main period of juvenile

input to the continental crust or alternatively reworking of a younger

unexposed segment of the crust corresponds to the Devonian-Early

Carboniferous. Ordovician felsic rocks with model ages younger than

1.4 Ga correspond to a part of the TTG suite of the Sierras de

Córdoba. Data base taken from Rapela et al. (1998), Pankhurst et al.

(1998), Millone et al. (2003), Pinotti et al. (2002), Steenken et al.

(2004, 2006), Otamendi et al. (2006), Grosse et al. (2008), Collo et al.

(2009), Drobe et al. (2009, 2010 this volume) and this work
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average crustal composition for the Eastern Sierras

Pampeanas (Figs. 5, 6b). Younger TDM1 ages and more

radiogenic eNd values in metaclastic rocks could reflect

stages of additional juvenile material, a different crustal

source or a petrogenetic process. Collo et al. (2009) indi-

cated that the Gondwanan isotopic signature for the Mes-

oproterozoic source of the Sierra de Famatina (TDM ages

1.8 and 1.6 Ga) differs from the 1.1–0.8 Ga ‘Laurentian-

like’ Grenville signature.

Detrital zircon age patterns for the Pampean metaclastic

rocks of the Sierras de Córdoba, the Conlara Metamorphic

Complex and the Ancasti Formation exhibit prominent

Mesoproterozoic and Brasiliano peaks (Fig. 2), whereas

those for the Ordovician metamorphic rocks independently

of their metamorphic grade show some Pampean and a less

pronounced Grenvillian peak suggesting a limited Gren-

villian input. As the Sm–Nd model ages (Fig. 2) are older

than these peaks, the magmatic–metamorphic events sam-

pled by the zircon cores/rims mainly represent recycled

crustal sources.

Although a change in the source for the protoliths of

the Ordovician and Pampean metaclastic rocks is reflected

Fig. 6 eNd(t) vs. fSm/Nd data showing the Eastern Sierras Pampeanas

metaclastic and igneous rocks. a Mafic–ultramafic rocks. Depleted

mantle (DM) sources plot in both right quadrants depending upon the

nature and degree of light-rare-element enrichment of the source at

the time of extraction of the melts. Values of eNd and fSm/Nd for DM

at 500–600 Ma and as a field (dashed line) for the crustal reservoir

represented by the oldest recorded continental crust of the Eastern

Sierras Pampeanas i.e. TDM ages between 1.8 and 1.7 Ga are shown.

Any mixture between these two reservoirs should lie along a mixing

line. Ordovician mafic–ultramafic complex and gabbros are located

close to the crustal field suggesting crustal component incorporation.

b Metaclastic rocks. Note that most of the metaclastic rocks are

restricted to crustal values of fSm/Nd and that the eNd(t) is less

radiogenic for the Ordovician metaclastic rocks, which suggest more

recycling. c Felsic igneous rocks. Pampean rocks older than 540 Ma

separate into two groups. The group with eNd(t) values [ -5

corresponds to the rocks of the Sierra Chica de Córdoba in which

mafic microgranular enclaves are found (and show TDM \ 1.6 Ga).

Rocks with eNd(t) values \ -5 correspond to granitoids for which the

metaclastic host is less radiogenic (both sharing TDM ages

ca.1.7–1.8 Ga). A trend from more radiogenic eNd(t) values with

time is observed, and it is accompanied by values of fSm/Nd more

negative than the average continental crust. See text for comments
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by the detrital zircon age patterns, the average interval of

crustal residence ages is similar. Metamorphic rocks of

the same grade from different parts of Eastern Sierras

Pampeanas show similar TDM1 ages (Fig. 2) and crustal

fSm/Nd values but less radiogenic eNd(540) values with

decreasing age, which implies an additional recycling

process of the same sources during the Ordovician.

Low- to medium-grade metaclastic rocks of the Sierras

Pampeanas show similar average crustal residence age but

more negative eNd(t) values (Fig. 6b) for the Ordovician

units. The Ordovician Pringles Metamorphic Complex

and the Cambrian Sierra Chica metamorphic rocks show

similar TDM ages but less radiogenic (-6) eNd(540) values

for the PMC. Pampean high-grade metaclastic rocks of

the Sierra Grande de Córdoba and Sierra de Comechin-

gones (Fig. 5) show consistently younger TDM ages of

1.6–1.5 Ga, eNd(540) values between -4 and -3 and an

fSm/Nd value above the average -0.4 for the continental

crust. The Ordovician high-grade rocks of the Pringles

Metamorphic Complex exhibits TDM1 ages between 1.7

and 1.6 Ga (Fig. 5) and a mean eNd(540) value of -5.5

(Fig. 6b). Since the zircon age pattern suggests a less

important Grenvillian contribution to the protoliths of the

Pringles Metamorphic Complex, it could be inferred that

the Grenvillian component introduced more radiogenic

compositions.

Younger average crustal residence ages in the Pampean

metaclastic rocks, which can be roughly subdivided into

low to medium- and high-grade rocks, can be ascribed to

the petrogenetic process. Rocks that underwent partial

melting exhibit younger TDM1 ages than those rocks that

lack this process. Although SHRIMP zircon data for the

granulite of the Sierra de Comechingones are scarce,

the persistence of the Mesoproterozoic peaks (Fig. 2) in

the Pampean units (Siegesmund et al. 2010) suggests that

younging of the TDM1 ages results from a petrogenetic

process. Otamendi et al. (2006) proposed that the granulites

were formed by a short-lived event of local thermal input,

which enhanced the possibility that melting was rapid

enough to trigger isotopic disequilibrium. Therefore, the

Sm–Nd data for the high-grade Pampean metaclastic rocks

of Córdoba do not identify different sources located east or

west of the Sierra de Córdoba as previously proposed by

Escayola et al. (2007).

To summarize, increasing metamorphic grade in rocks

with similar sources and ages like in the Sierras de Córdoba

is associated with a younging of the TDM ages and more

positive eNd(540) values. In metaclastic rocks of different

metamorphic ages, the Grenville source introduces a rela-

tively more positive epsilon. The change of source between

the Pampean and the Famatinian metaclastic rocks is

related to a higher degree of recycling as evidenced by the

less radiogenic epsilon.

Sm–Nd fingerprints for the magmatic rocks

Sources and evolution of neodymium isotopic ratios of the

magmatic rocks are analyzed in the eNd versus fSm/Nd plot

(Fig. 6a, c) for time corrected epsilon values (Shirey and

Hanson 1986).

Mafic–ultramafic complexes

Our own database for the mafic rocks (Table 2) was

combined with data from Pankhurst et al. (1998), Rapela

et al. (1998), Sato et al. (2001), de Brodtkorb et al. (2005)

and Escayola et al. (2007). Sm–Nd results for the mafic–

ultramafic rocks are heterogeneous, which is evident from

the wide range in Sm–Nd isotopic compositions (Table 2),

with eNd(540) values ranging from -6.37 to ?7 and
147Sm/144Nd ratios ranging from 0.09 to 0.3. Consequently,

an ample range of TDM ages were calculated (Table 2).

Rocks of the Eastern belt located in the Sierra Chica de

Córdoba (Fig. 6a) can be separated in two groups: mafic–

ultramafic rocks with a depleted mantle signature with

eNd(today) values around 11, eNd(540) values of 6–8.5 and

positive fSm/Nd and another more variable group located in

the northern sector in which amphibolites are characterized

by negative eNd(today) values, positive eNd(540) values, and

negative fSm/Nd. TDM2 ages vary between 570 and 560 Ma.

In the western belt in the Sierra de Comechingones, two

groups can be recognized (Fig. 6a). One group includes

serpentinites and metabasaltic dykes in which eNd(today)

values can be higher or lower than the depleted mantle. The

other group is made up of the gabbros related to the

granulite-facies metamporphism, like Intihuasi, Suya Taco

and Sol de Mayo in which the eNd(today) values are sig-

nificantly lower than that of the contemporary depleted

mantle. If the serpentinites and peridotites are discarded

due to the complex processes involved in their genesis, the

remaining primitive rocks yielded a TDM2 age range of

700–600 Ma, which agrees with the WR Sm–Nd isochron

age calculated for the ophiolite complex of the western belt

(Escayola et al. 2007). It is remarkable that two samples

from the area of Los Túneles in the western sector of the

Sierra Grande also yielded TDM2 ages of around 620 Ma.

Uncertainties concerning the crystallization age only

allows for speculation that rocks of the Sierra de Come-

chingones mafic complexes with eNd(540) values higher

than the contemporaneous depleted mantle value, could

indicate that the original liquid was very primitive and

derived from a LREE-depleted source. Alternatively, the

original peridotite protolith could have lost LREE elements

during selective metasomatism.

Older TDM ages and lower eNd(540) values suggest that

the TDM values of these samples reflect enriched signatures

and/or a longer crustal residence time (Arndt and Goldstein
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1987). In the northern part of the Sierra Chica (de Brodt-

korb et al. 2005, Rapela et al. 1998 and Table 2), rocks

considered as amphibolites as well as the gabbros of the

Sierra de Comechingones (Fig. 6a) have eNd(540) values

significantly below that of the contemporary depleted

mantle and were probably derived from the sub-continental

lithospheric mantle. Tibaldi et al. (2008) proposed that the

metasomatic enrichment required for OIB-like magmatism

was caused by low-degree partial melting of progressively

younger and warmer subducted oceanic lithosphere at the

Pampean convergent margin and that subsequent melting

of the overlying enriched mantle wedge produced OIB

magmas.

The norites of the PMC, which plot in the lower left

quadrant of Fig. 6a, could be explained by the mixing of

mantle and crustal components. Their data plot on a mixing

line (Fig. 6a) connecting the DM signature at 500–600 Ma

with the average values for the metaclastic rocks of the

Pringles Metamorphic Complex. Available data on the

amphibolites and komatiitic basalts of the Nogolı́ Meta-

morphic Complex, which show negative eNd and fSm/Nd

values, and consequently variable TDM ages, could also

result from a process of mixing with a crustal component.

Since the crystallization age of these rocks was calculated

from a WR Sm–Nd isochron (Sato et al. 2001), it could

represent a mixing line between crustal and depleted

mantle components.

The less evolved Devonian magmatic rock of the Las

Chacras batholith indicates a younger TDM age (Fig. 5)

coupled with an increase in the eNd value (Fig. 6c).

The Sierras de Córdoba mafic–ultramafic complexes

occupy both right quadrants in Fig. 6a, whereas a group of

the Ordovician mafic rocks of the Sierras de San Luis are

located in probable mixing trends of depleted mantle and

continental crust. The magmatic units, which yielded

positive eNd(540) values, indicate juvenile character. Some

samples (Fig. 6a) show high initial eNd(540) values close to

the model depleted mantle curve (Wu et al. 2003). How-

ever, the range of the initial eNd(540) values and the spread

of TDM ages suggest either that the original magma was not

a pure primary melt or that the Sm–Nd system has been

modified by metamorphism or metasomatism. The TDM

ages of rocks with a depleted mantle signature (which

follows the path of the model depleted mantle) may suggest

that formation of oceanic crust in the Sierra Chica could

have been active up to 560 Ma; whereas in the Sierra de

Comechingones, formation of oceanic crust was active

from around 600–700 Ma.

In summary, the analysis of the Sm–Nd results indicates

two types of Pampean-related mafic rocks in which no

interaction with the continental crust in the sense of mixing

or assimilation process is recognized. One group shows a

DM signature and LREE-depleted sources, which could

indicate a stage of ocean crust formation, and another

younger group with a signature of enrichment (cf. Sieges-

mund et al. 2010). On the other hand, in the Ordovician

rocks, the processes of mixing/assimilation of DM signa-

ture melts and continental crust are characteristic. There-

fore, the geodynamic scenario for the Ordovician mafic

rocks could imply thicker continental crust than for the

emplacement of the Pampean mafic rocks or alternatively,

a fast extensional process (extensional collapse) could

prevent modification of the mafic melts in their ascent to

the emplacement level.

Felsic rocks

The overall high abundance of felsic intrusive rocks and

the paucity of intermediate compositions suggest that

crystal fractionation of mafic parental magmas was not

important. The partial melting of crustal sources during

basalt underplating or during crustal delamination is the

dominant process at least during the Pampean and Ordo-

vician cycles. Pre-540 Ma (Figs. 5, 6c) granitoids of the

Sierra de Córdoba make up two clusters: one that would be

entirely crustal, since they have TDM ages older than

1.75 Ga and eNd(540) values lower than -5, and another

cluster which corresponds to samples from Sierra Chica de

Córdoba in which eNd(540) values are more radiogenic and

TDM ages younger. In the first cluster, melting of a large

amount of old sedimentary protoliths can be suggested;

whereas in the second, since the host is less radiogenic and

older, melting of a variably rejuvenated crust could be

assumed. In this area, tonalites and granodiorites carry

dioritic enclaves suggesting a mixture of a mafic precursor

with metasedimentary sources.

In spite of the episode of mafic magma input to the crust

as shown by the ca. 540 Ma gabbros of the Sierra de

Comechingones, no evidence of this juvenile input is seen

in the post 540 Ma Pampean felsic rocks, which would

represent partial melts derived from the older than 1.75 Ga

basement (Fig. 6c). Therefore, it could be proposed that

mafic magma should have just controlled the melting

process through delamination or underplating.

Although juvenile input is suggested by the mafic rocks

in the Pringles Metamorphic Complex or the gabbros of the

Sierra de Chepes, widespread Famatinian magmatism

with the exception of the minor TTG suites reworked the

old lithospheric sources (Pankhurst et al. 1998). Mostly

evolved granitoids dominate the rock spectrum in the

Famatinian subduction stage. This fact suggests melting of

mostly crustal sources as would be expected in regions of

thick continental crust.

Sources for TTG suites of the Sierra de Córdoba are

younger. Data from the Guiraldes and La Fronda thron-

dhjemite together with a leucogranite from the northern
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sector of Sierra Chica de Córdoba cluster at a TDM age of

ca.1.3 Ga (see Fig. 5), which is accompanied by an

eNd(540) value of -5 and a fSm/Nd value of -0.55 (Fig. 6c).

One throndhjemite of the San Carlos Massif and the La

Playa granodiorite show the youngest TDM age and a

positive or slightly negative value of eNd(470), which sug-

gests a juvenile input.

López de Luchi et al. (2007) proposed crustal sources

for the Ordovician tonalite series of the Sierra de San Luis

based on the low Cr and Ni and relatively high K, 87Sr/86Sr

ratios (0.70850–0.71114), and an eNd(470) value (-5.3 to

-6.0), which precludes an origin from variably fraction-

ated mantle melts. The REE pattern of the OTS (Fig. 4b)

reveals subordinate negative Eu anomalies indicating little

plagioclase control during magma evolution, which com-

bined with the low total REE may suggest a source that

underwent previous melting and possibly consumption of

plagioclase.

Field evidence and the age of the mafic–ultramafic rocks

(506–480 Ma) suggest that they crystallized almost at the

same time or slightly before the tonalite-granodiorite OTS

(481–468 Ma) and the 496 Ma of the Paso del Rey S-type

granitoids of the OGGS (López de Luchi et al. 2007).

Because mafic melts are denser than hydrous granitoid

melts, large volumes could have intruded into the middle to

lower crust (as indicated by the gravimetric results and

thermal modeling by Kostadinoff et al. 1998; Steenken

et al. 2005). A differentiation/assimilation process in the

lower crust could account for the mixed crustal-mantle

signature of the Ordovician mafic rock as is evident in the

norites of the Virorco complex (Fig. 6a). Mafic magmatism

could thus result from the breaking off of a slab of oceanic

crust during ongoing convergence or from the melting of

the lower crust heated from below by underplating of

basalts or input of heat from delamination of the lower

crust.

The combination of the time span of the mafic

emplacement from 506 to 480 Ma with that of the felsic

igneous rocks from 495 to 470 Ma (Steenken et al. 2006)

argues for a 25 Ma interval of magmatic activity in the

Sierra de San Luis, which is coincident with the time span

assigned to the Famatinian magmatism (Dahlquist et al.

2008 and references therein). Therefore, in the PMC

granulite-facies metamorphism, mafic magma emplace-

ment and I-type and minor S-type magmatism are related to

the active subduction stage of the Famatinan orogeny, a

situation similar to the rest of the Ordovician magmatism

along the margin of Gondwana.

Devonian to early Carboniferous magmatism could have

tapped a juvenile source, which mixed with a crustal end-

member in order to generate the intermediate to acidic

rocks as already proposed by López de Luchi et al. (2007).

The Pampean Paleoproterozoic crust or an unexposed

lower crustal segment could represent the aforementioned

crustal end-member. Alternatively, the granitoids may

represent successive episodes of fractionation of enriched

mantle-derived melts. There is almost no overlap between

the Sm–Nd results of this younger group of granitoids

(Figs. 5, 6c) and the rest of the felsic rocks of the Sierras

Pampeanas.

Although some discussion could be addressed concern-

ing the degree of crust-mantle interaction in pre-Devonian

times, crustal reworking is dominant, whereas processes

during the Achalian orogeny led to different geochemical

and isotopic signatures (López de Luchi et al. 2007). The

high heat flow associated with the rising mafic magma

during extension is inferred to have partially melted the

crust during peak metamorphism in the Pampean orogeny;

whereas in the Ordovician, the continental arc setting

favored extensive interaction between mantle derived and

crustal melts. In contrast, during Devonian times extensive

melting of an enriched mantle led to a huge volume of

felsic magmatism and/or alternatively a different crustal

segment is involved as source of the felsic melts.

Models for the early Paleozoic tectonic evolution

of the Eastern Sierras Pampeanas

Models for the Pampean Orogeny

Two conflicting models have been proposed to explain

the (580–510 Ma) Pampean orogeny. One model follows

the concepts initially published by Ramos et al. (1986)

involving a terrane collisional model in which a terrane

(Pampia or Western Sierras Pampeanas according to dif-

ferent interpretations by Rapela et al. (1998, 2007) is

accreted to the western margin of Gondwana. The second

situation evokes a non-collisional model, which considers

that the main phase of the orogen is driven by the sub-

duction of a seismic ridge (Schwartz et al. 2008 and ref-

erences therein).

The first model evokes a collisional origin, mostly

between the Rı́o de la Plata craton (RPC) and the Pampia

Terrane as proposed by Ramos et al. (1986) and Ramos

(1988) in which the orogen was initially related to a

magmatic arc established on the Pampia Terrane prior to

the collision. Kraemer et al. (1995) revised this model and

proposed a long-lasting orogen between ca. 900 and

540 Ma. This orogen would have started with an initial

passive margin stage between the Pampia Terrane and the

Rı́o de la Plata Craton (RPC), which was followed by the

onset of an eastward subduction beneath the RPC and a

retro-arc extension, responsible for the ophiolitic belts

invoked by these authors. The end of this process was

outlined with the collision of these landmasses and the
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setting for the Puncoviscana Basin, which would have

worked as a peripheral foreland basin. Rapela et al. (1998)

considered that the Pampean Orogeny was a short-lived

orogenic cycle (ca.10 Ma) triggered by an east-dipping

subduction beneath the RPC that would have formed a

magmatic arc in the Sierras de Córdoba ca. 535 Ma; fol-

lowed by the collision with the Pampean Terrane causing

high-grade metamorphism and peraluminous granitoid

emplacement at 530–520 Ma.

More recently, different interpretations as the ones

proposed by Escayola et al. (2007) or Collo et al. (2009)

reframed the collisional models influenced by Sm–Nd

isotopic data and zircon provenance patterns. Escayola et al.

(2007) proposed an initial stage in which a west dipping

subduction could have started ca. 650 Ma between the RPC

and a Grenvillian (?) Pampia terrane with the development

of a 0.6 Ma magmatic arc and a back-arc basin at the

western side of this arc. After the RPC collided with the

magmatic arc, widening of the back-arc basin continued,

and the onset of an east-dipping subduction process

underneath the arc took place. This basin would have been

closed ca. 560 Ma followed by a collisional stage between

this landmass and the Pampia terrane. According to their

interpretation, this collision (between 580 and 540 Ma)

would have caused ophiolite obduction and crustal thick-

ening, a tectonic setting with promoted decompression,

high-grade metamorphism and crustal melting between 540

and 515 Ma. On the other hand, Collo et al. (2009) had

taken into account the existence of three blocks in the

Eastern Sierras Pampeanas: a Brasiliano arc, Córdoba

Terrane and the Pampia Terrane. In this case, the orogeny

would have been caused by subsequent collisions and the

ultimate closure of the Puncoviscana ocean *530 Ma.

The other hypotheses consider that the Pampean orogeny

could have been formed as a non-collisional orogen.

According to Schwartz et al. (2008), the orogenic evolution

started with a long-lived early subduction between 555 and

525 Ma that would have built a calc-alkaline magmatic arc,

which could partially provide the sediments to build a long

accretionary prism. This scenario could have been subject

either to: (1) a subduction rollback episode, (2) a partial

density-driven subduction-thickened lower lithosphere or

(3) a subduction of a mid-ocean spreading center to produce

the short-lived pulse of high-grade metamorphism and

peraluminous/mafic magmatism in the accretionary prism.

However, these authors conclude that the most plausible

option would be the one that involves the subduction of a

seismic ridge beneath the accretionary prism developed in

the RPC, excluding a continental collision (Schwartz and

Gromet 2004) and the existence of the Pampia craton. As

noted previously by Escayola et al. (2007), all these models

have two statements in common: (1) the subduction of

oceanic lithosphere was east dipping beneath the RPC, and

(2) the supracrustal sequences of the Eastern Pampean

Ranges represent the passive/active margin deposits along

the continental platform of that craton.

On the basis of a geochronological study in the RPC,

Rapela et al. (2007) proposed that these supracrustal

sequences or protoliths of the metasedimentary rocks of the

ESP could have been initially deposited as large submarine

fans at the southern tip of the RPC and the Kalahari craton

and fed by a magmatic arc located at the present African

side. They conclude that the closing of the Clymene Ocean

(Trindade et al. 2006), which might have separated the

RPC from the Grenvillian terranes such as Amazonia,

Arequipa-Antofalla and Western Sierras Pampeanas, would

have led to a right-lateral accretion of a Western Sierras

Pampeanas Terrane (namely Cuyania without the Pre-

cordillera Terrane in the sense of Ramos (2008)) to create

the Pampean belt at *540–520 Ma. After the collision, a

continued right-lateral movement would have displaced the

Pampean mobile belt to its present position alongside the

Rı́o de la Plata Craton through the dextral Trans-Brasiliano

shear zone. Following these ideas, Drobe et al. (2009)

proposed that the PMC and NMC, in the Sierras de San

Luis, might have been deposited since 515 Ma, as an infill

of the post-Pampean back-arc basins. Recently, new pre-

cise geochronological data allowed Siegesmund et al.

(2010) to invoke a two-stage model determining the onset

of metamorphism at 550–540 Ma and the docking of a

Mesoproterozoic terrane ca. 530 Ma.

Models for the Famatinian Orogeny

The evolution and geodynamic setting of the Sierras

Pampeanas during the Ordovician was essentially consid-

ered a collisional orogeny (Fig. 7). The (500–440 Ma)

Famatinian orogen consists of a continuous upper-plate

continental arc, associated with some contribution from

juvenile mantle material and ensialic basins (Collo et al.

2009; Dahlquist et al. 2008), which stretched between

southern Peru and northern Patagonia (Casquet et al. 2006;

Chew et al. 2007; Martı́nez Dopico et al. 2010). The first

collisional model (Ramos 1988) invokes the collision of

the Laurentia-derived Precordillera/Cuyania Terrane,

which docked with the proto-Andean margin of Gondwana

in the mid to late Ordovician (Thomas and Astini 2003 and

references therein). More recently, Dahlquist et al. (2008)

proposed a model for the development of a relatively short-

lived (481–463 Ma) Famatina Complex (Famatina mag-

matic arc and related ensialic basins) along the border of

the Pampean basement, related with an ongoing subduction

along the margin of their Western Sierras Pampeanas

Terrane. Although magmatism and closure of the ensialic

basin were related to a compressive event, no indication of

the geodynamic setting of the compression was addressed.
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Another hypothesis invokes a parautochthonous model,

where the Cuyania Terrane (sedimentary sequence of the

Precordillera of Argentina plus Grenville basement of the

Western Sierras Pampeanas) migrated along a transform

fault, from a position on the southern margin of West

Gondwana (present coordinates) in the mid-Ordovician to

its modern position outboard of the Famatina magmatic belt

in Devonian time (Finney 2007 and references therein).

The interval between the end of the Pampean orogen and

the initiation of the Famatinian subduction encompasses the

uplift and erosion of the Pampean-related rocks that feed

middle Cambrian foreland basins like the original basin of

the PMC (which developed along the margin of the Pam-

pean terrane) and the initiation of a new subduction along

the western margin of the Pampean terrane. Collo et al.

(2009) proposed that these foreland basins received con-

tributions from the contemporaneous early Cambrian

Pampean volcanism from the east (e.g. tuffs in the San Luis

Formation) and from partially exhumed I-type granitoids.

The first deformation and metamorphism in these basins

was related to the onset of the Famatina subduction at

around 500 Ma. Subsequently, an extensional ensialic

back-arc regime was established. The initiation of granulite-

facies metamorphism due to the transient anomaly associ-

ated with the 506–480 Ma mafic and ultramafic intrusions is

contemporaneous or closely followed by the emplacement

of crustal derived granitoids, such as the northern stock of

the 491 Ma Paso del Rey granite and the 480–460 Ma OTS

Fig. 7 Schematic evolution of the Eastern Sierras Pampeanas

between 30 and 32� SL from the Neoproterozoic to the Silurian.

a Back-arc extension according to Escayola et al. (2007) and data

from this paper, Table 2. Note that arc magmatism is developed in an

inferred Arequipa derived block. Location of this margin close to the

Kalahari craton is taken from Rapela et al. (2007). b Initial

development of an accretionary prism along an active margin that

started after the closure of the Adamastor ocean. Ages to constrain an

older metamorphic overprint are taken from Sims et al. (1998) and

Siegesmund et al. (2010). c Late Neoproterozoic to early Cambrian

development of the Sierra Norte arc magmatism and concomitant

deposition of accretionary prism sediments. d Deformation of the

accretionary prism (Puncoviscana Formation equivalent) and cessa-

tion of arc magmatism. Ridge subduction hypothesis and ages for the

magmatism are taken from Schwartz et al. (2008). Final closure of the

orogen e is ascribed to the accretion of a slice of Mesoproterozoic

basement that may correspond to the Western Sierras Pampeanas

Terrane or Pampia. The evidence for an Arequipa—Antofalla

connection for this basement seems feasible (Casquet et al. 2008)

but timing of accretion remains dubious. f Displacement of the

Pampean belt from the original situation as an apron along the

Kalahari margin to its final position facing the Rı́o de la Plata Craton,

which took place after ridge collision and during WSP accretion

(Rapela et al. 2007). g Initiation of the subduction that migrated to

the western border of the Pampean belt. Incipient development of

extensional basins. Age constraints for the initiation of sedimentation

are interpreted from the detrital data of Steenken et al. (2006),

Siegesmund et al. (2010) and Drobe et al. (2009, 2010 this volume).

h Accretion of the Precordillera Terrane. Age constraints for the

Pringles Metamorphic Complex were taken from Steenken et al.

(2006). Synorogenic deposition of Negro Peinado and Achavil

Formations according to Collo et al. (2009). i Post-Famatinian

margin of Gondwana. j Convergence of Chilenia based on Ramos

(1988)
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tonalite-granodiorite in the low-grade phyllites. The pro-

nounced crustal signatures of both mafic and felsic rocks

may indicate that the deeper exposed crustal levels of the

PMC may show roots of the Famatinian arc. Delpino et al.

(2007) proposed that a late compressional regime devel-

oped NNE trending shear zones which controlled the

exhumation of the Ordovician complex.

Collo et al. (2009) suggested that the initiation of the

Famatinian orogenic cycle could correspond to the Iruyic

unconformity in NW Argentina. Extensional basins post-

dating the initiation of the Famatinan arc were developed

along the entire margin of the Pampean terrane (Collo et al.

2009).

Models for the Achalian Orogeny

The (400–350 Ma) Achalian orogeny (or the Achalian

cycle, Sims et al. 1997) resulted from the collision of the

allochthonous Chilenia Terrane with Gondwana (Fig. 7)

(Ramos et al. 1986; Ramos 1988; Sims et al. 1997, 1998;

Davis et al. 1999; Quenardelle and Ramos 1999). This event

roughly corresponds to the late to post-Famatinian events

of the Famatinian cycle of Dalla Salda et al. (1998). The

Achalian orogeny is a period of heterogeneous deformation

due to crustal scale shear zones that may have resulted from

the resumption of the convergence on the western margin of

Gondwana (Siegesmund et al. 2004). Achalian granitoids

intruded the older basement and are especially widespread

in the Sierra de San Luis and the Sierras de Córdoba (Sims

et al. 1997; Siegesmund et al. 2004; López de Luchi et al.

2007; Rapela et al. 2007). The large Devonian intrusions of

the Sierras de Córdoba, i.e. the Achala and Cerro Aspero

batholiths, show typical post-tectonic emplacement char-

acteristics, like the highly discordant contact with the host

rocks (Pinotti et al. 2006), suggesting that the block of the

Sierras de Córdoba behaved as a rigid indenter during the

accretion processes to the western outboard of Gondwana

The voluminous Achalian granitic magmatism has raised

much speculation regarding the underlying geodynamic

causes (López de Luchi et al. 2007 and references therein).

It was first discussed as post-tectonic in relation to the

Famatinian cycle (Llambı́as et al. 1998; Dalla Salda et al.

1998) or as resulting from mafic underplating (López de

Luchi 1996, López de Luchi et al. 2007). Alternatively, it

can be proposed that this magmatism results from slab

break-off during the late stages of the subduction that ended

with the collision of Chilenia.
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Foundation.M. López de Luchi thanks DAAD support through DAAD

grants A/03/39422 and A/07/10368. Dr Zimmermann, Dr Basei and

an anonymous reviewer are thanked for their helpful comments.

References
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Chica de Córdoba (Sierras Pampeanas) Argentina. Geogaceta

19:51–54

Balhburg H (1991) The Ordovician back-arc to foreland successor

basin in the Argentinian—Chilean Puna: tectonosedimentary

trends and sea-level changes. In: MacDonald DIM (ed) Sedi-

mentation, tectonics, and eustasy. Spec Pub Inter Assoc Sedi-

mentol 12:465–484

Bellos LI (2005) Geologı́a y petrologı́a del sector austral de la sierra

de Velasco, al sur de los 29� 44’S, La Rioja, Argentina. In:
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Ranges, San Luis and Córdoba, Argentina. V� S Am Symp

Isotope Geol, pp 478–482

Delpino SH, Bjerg EA, Ferracutti GR, Mogessie A (2007) Counter-

clockwise tectonometamorphic evolution of the Pringles Meta-

morphic Complex, Sierras Pampeanas of San Luis (Argentina).

J S Am Earth Sci 23:147–175
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Famatiniano en la evolución de los complejos Monte Guazú y
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metamórficas. In: Aceñolaza FG, Miller H, Toselli J (eds)

Geologı́a de la sierra de Ancasti, Münstersche Forschungen zur
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del Pórfido Granı́tico de Oncán, sierra Norte de Córdoba, Sierras
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