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Abstract The evolution of the Early Palaeozoic orogen

of West Gondwana in the Cambrian to Ordovician base-

ment of the Andes between *18� and 32� S is investigated

for pressure and temperature conditions and age of meta-

morphism. It is characterized by mid-crust temperatures

commonly above the wet granite solidus (*650�C).

Widespread felsic migmatite and rare granulite formed at

pressures of ca 0.5–0.7 GPa, locally 1.0 GPa. These rocks

represent the deepest exhumed sections of the Early Pal-

aeozoic crust. High pressure–low temperature rocks are

absent. The crystallization ages, compiled from the litera-

ture in combination with new data, for near peak meta-

morphic conditions of these high-grade metamorphic rocks

in NW Argentina and N Chile are *530–500 Ma and

*470–420 Ma. Both age groups are spatially overlapping.

Radiogenic isotope signatures (Sr, Nd, Pb) are used to

characterize the Early Palaeozoic basement. The Pb and Sr

isotope compositions of the Early Palaeozoic basement

indicate mixing arrays between pre-Palaeozoic unradio-

genic and radiogenic crust. Crustal residence ages (Sm–Nd

TDM) indicate a prominent event of crust formation around

*2 Ga, which is known continent-wide. This material was

recycled during Midproterozoic and Early Palaeozoic

orogenies without prominent additions of new crust present

in the isotope record, i.e. accretion of compositional exotic

material is absent.

Keywords Active continental margin � Orogeny � P–T–t �
Crustal composition � Central Andes � Early Palaeozoic

Introduction

The Pacific margin of the Central Andes was active over

long periods in the Early and Late Palaeozoic and from the

Mesozoic onwards (e.g. Coira et al. 1982; Ramos 2000). At

the latitude of the Puna (22–26�S), the continental margin

throughout the Neoproterozoic and Phanerozoic formed

either during prolonged phases of subduction without col-

lision of continental fragments (e.g. Damm et al. 1990,

1994; Franz et al. 2006) or by cycles of extension, basin

formation, rifting and drifting of continental fragments

(terranes) and re-accretion of the terranes during subduction

(for a summary see Ramos 2008). The accretion of terranes

exotic to this margin (the Argentine Precordillera, Chilenia,

and Mejillonia terranes) is debated for the area west of the

Neoproterozoic to Early Palaeozoic orogens (e.g. Ramos

et al. 1986; Rapela et al. 1998; Aceñolaza et al. 2002; Astini

and Dávila 2004; Finney et al. 2005; Ramos 2008; Willner

et al. 2008). The Neoproterozoic to Ordovician orogens

(Fig. 1) formed part of the worldwide Brasiliano-Panafrican

orogenic belts, which evolved during Neoproterozoic

and Early Palaeozoic time (e.g. Cawood and Buchan

2007). Early Palaeozoic metamorphism and magmatism

(*570–420 Ma) were traced by radiogenic isotope
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geochronology from *4�S–42�S along the western margin

and inland of the South American continent (Fig. 1a; e.g.

Damm et al. 1990, 1994; Pankhurst et al. 1998, 2000 and

2006; Sims et al. 1998; Lucassen et al. 2000; Wörner et al.

2000; Lucassen and Becchio 2003; Büttner et al. 2005;

Steenken et al. 2006, 2008; Chew et al. 2007; Viramonte

et al. 2007; Schwartz et al. 2008; Siegesmund et al. 2010;

Casquet et al. 2010). Fossil thermal regimes of exhumed

orogens are revealed by quantitative studies of metamor-

phic and magmatic rocks including pressure–temperature

conditions, crystallization ages and chemical and isotopic

compositions in the regional geological context.
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We present new quantitative pressure–temperature esti-

mates of the peak-metamorphic mineral paragenesis

between *29�S and 23�S, element geochemical and Nd,

Pb, and Sr isotope data of 34 Cambrian to Ordovician high-

grade metamorphic rocks between *29�S and 27�S. Five

new U–Pb ages on titanite in high-grade metamorphic rocks

(Sierra de Moreno/North Chilean Precordillera; Fig. 1b)

and from the Archibarca granite (Salar de Antofalla; NW

Argentina; Fig. 1c) supplement existing age data (Lucassen

and Becchio 2003 and references therein). The new data

provide insights into the thermal, time and compositional

structure of the Palaeozoic orogen from the Pacific coast to

the eastern slope of the present Andes together with the

existing data base.

Early Palaeozoic high-grade metamorphic rocks

between 18 and 32�S

In the study area, the Neoproterozoic to Cambrian Pam-

pean and Ordovician to Silurian (in parts transitional to

Devonian) Famatinian orogenies (or cycles) were distin-

guished in the Palaeozoic orogen mainly on the base of

ages of sedimentation and magmatism (defined by Ace-

ñolaza and Toselli 1976; see also Miller et al. 1994; Rapela

et al. 1998; Pankhurst et al. 1998, 2000). Pampean and

Famatinian metamorphic crystallization ages of high-grade

metamorphic and crust-dominated magmatic rocks overlap

regionally and occur in the same areas especially in the

western sections of the orogen (for recent reviews see

Lucassen et al. 2000; Pankhurst et al. 2000; Lucassen and

Becchio 2003). The Palaeozoic orogen is well exposed in

northwest and central Argentina in what is now the

southern high plateau or the Andean back arc and stretches

in scattered outcrops as far west as the north Chilean coast

(Fig. 1).

High-grade metamorphism of the high-temperature–low

to medium-pressure type (*600–750�C, 0.4 to 0.8 GPa) is

common and independent of the variable crystallization

ages (*530–500 Ma and *470–450 Ma; e.g. Grissom

et al. 1991, 1998; Rapela et al. 1998; Becchio et al. 1999;

Lucassen et al. 2000; Wörner et al. 2000; Porcher et al.

2004; Büttner et al. 2005; Casquet et al. 2006; Viramonte

et al. 2007; Otamendi et al. 2008). Abundant felsic mi-

gmatites indicate similar conditions, i.e. temperatures

above the wet granite solidus (Johannes and Holtz 1996), in

areas where quantitative thermo-barometry is not available.

The common metamorphic basement of NW Argentina

(Fig. 1) comprises rocks of felsic composition with little

variation in their lithologies. Most rocks have siliciclastic

sedimentary protoliths with compositions between quartz-

feldspar-rich greywackes and shales as endmember. Tran-

sitions from low grade, likely Neoproterozoic to Cambrian

sedimentary rocks to migmatites and rare granulite, are

observed in the Puncoviscana Formation (e.g. Büttner et al.

2005). Less common orthogneisses formed from granodi-

orite–granite intrusions. Marbles, calcsilicate rocks, and

amphibolites (meta-dikes/lavas and meta-gabbros) are of

minor volume in general but can be locally dominant. Their

thickness varies between decimetres and tens to hundred of

metres within the dominant gneiss-migmatite unit, and all

rocks indicate a similar metamorphic grade at the outcrop

scale (detailed descriptions in Viramonte et al. 2007 and

references therein).

The occurrence of high-grade Early Palaeozoic meta-

morphic basement in Northern Chile is restricted to a few

outcrops in the coastal area, the Chilean Precordillera, and

the western slope of the Altiplano (Penı́nsula Mejillones,

cañón del Rı́o Loa, Sierra de Moreno, Belén; Fig. 1b). In

comparison with NW Argentina, the appearance and ele-

ment and isotope compositions of the metamorphic rocks

are similar, but pelite and carbonate protoliths are rare,

however, (Lucassen et al. 1999a, 2001). Detailed descrip-

tions of the Chilean outcrops have been given previously

(Lucassen et al. 2000; Wörner et al. 2000 and references

therein).

Fig. 1 a Growth pattern of South America showing the core regions

of the craton and younger tectono-magmatic–metamorphic provinces

(after Cordani et al. 2003, 2009). The western Pacific margin is

dominated by variable reworking of older material during the

Phanerozoic and in the Early Palaeozoic and ongoing Cenozoic

subduction related orogens, respectively. Such old material is

represented e.g. by the Arequipa domain with Sunsas (Grenville)

crystallization age (e.g. Wasteneys et al. 1995; Wörner et al. 2000;

Casquet et al. 2010). The most prominent exposures of the Early

Palaeozoic orogen are in the Sierras de Pampeanas (e.g. in: Pankhurst

and Rapela 1998) and the southern Puna Plateau (e.g. Damm et al.

1994; Becchio et al. 1999; Lucassen et al. 2000). Occurrences of

Early Palaeozoic magmatic and metamorphic rocks extend into Chile,

Peru and southern Ecuador (diagonal ruling; e.g. Damm et al. 1994;

Lucassen et al. 2000; Chew et al. 2007, 2008). b Early Palaeozoic

metamorphic rocks in N Chile occur in Belén (Wörner et al. 2000),

Rio Loa cañón, Mejillones Peninsula and Sierra de Moreno (Lucassen

et al. 2000). New age data presented in this study are from Quebrada

Choja, Cerro Negro and Quebrada Quinchamale of the Sierra de

Moreno. P–T estimates (in �C/GPa) from Mejillones are from this

study, others from the literature. c P–T estimates (in �C/GPa) of peak

metamorphic conditions in the high-grade basement of NW Argentina

(this study in bold letters; other data from Becchio 2000); age data are

U–Pb ages on titanite (Lucassen and Becchio 2003; Büttner et al.

2005; this study) and minimum ages of metamorphism from K–Ar

dating on minerals marked by ‘[’xxx Ma (Lucassen et al. 2000). The

geological map (after SEGEMAR 1997) shows the distribution of

Palaeozoic magmatic–metamorphic rocks and Neoproterozoic–Cam-

brian sedimentary rocks (Puncoviscana Formation) in the principal

Palaeozoic Mountain Ranges between *22�S and 30�S. Locations

with new P–T data, geochemistry or age determinations are presented

in detail in the text. The key to the locations from south to north is:

(1) Maz, (2) Espinal, (3) Umango, (4) Toro Negro, (5) Cazadero

Grande, (6) El Peñón/El Jote, (7) Cerro Plegado, (8) Hombre Muerto,

(9) Antofalla, (10) Archibarca, (11) Centenario

b
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Geo-thermo-barometry and age determinations

Titanite, a common accessory mineral in metamorphic

rocks at moderate pressures and especially in calcsilicate

rocks, is here used for U–Pb dating and yields crystalli-

zation ages (e.g. Romer and Rötzler 2001). Sample prep-

aration, chemistry and mass spectrometric procedures are

in the eAppendix. The new data include four metamorphic

rocks from N Chile.

Table 1 gives an overview of P–T conditions in NW

Argentina and N Chile, on the basis of geo-thermo-

barometers mostly including garnet (mineral data are in

eTable 1). For analytical methods of microprobe analyses,

major and trace element determinations and Sr, Nd, Pb

isotope ratios on whole rocks see the eAppendix. We focus

on the peak metamorphic conditions and will show that

these are rather similar over the extended area of several

hundred km (Fig. 1b, c). Information about the prograde

evolution is not preserved in the high T samples. Core-rim

relations in garnet always indicate a clockwise P–T path

and no indications for anti-clockwise development were

found. Details about prograde or retrograde development

require the investigation of preferably complete sections

including the lower-grade metamorphic rocks (e.g. in

Sierra de Quilmes; Büttner et al. 2005; Büttner 2009;

Fig. 1c) and will probably differ from one locality to the

other due to different tectonic development.

Figure 1c shows the distribution of P–T–t in the study

area in NW Argentina. From the southern Puna Plateau to

the Sierras Pampeanas, the estimated peak metamorphic

conditions are ca 600–870�C and ca 0.4–1.0 GPa with a

mean value of 0.65 GPa. Ages of metamorphic crystalli-

zation are 530–420 Ma without a well constraint regional

distribution pattern (Lucassen and Becchio 2003). Similar

rock types, metamorphic conditions and crystallization

ages are described from the scattered and scarce Chilean

outcrops (e.g. Damm et al. 1990, 1994; Lucassen et al.

2000; Wörner et al. 2000). In the following, we give a

Table 1 Pressure temperature estimates from mineral chemistry

Sample Area Lithology Mineral paragenesis Results T (�C) P (GPa) Methods

Core Rim

NW Argentina

01/124 Maz Orthogneiss Grt-Pl-Amp 750–800/0.8-0.9 640–730/0.7 2, 3, 5

01/101 Maz Micaschist Grt-Pl-Bt-Ms-Sil-St 650–700/0.65 560–620/0.5–0.6 4, 9,11

01/94 Umango Amphibolite Grt-Pl-Amp 800/0.95 770/0.8 3, 5

01/83b Umango Amphibolite Grt-Pl-Cpx-Kfs 908/1.0 750–820/0.9 2, 3, 5,10

01/66 Espinal Migmatite Grt-Pl-Bt-Ms-Sil 570/0.5 9, 10

01/57 Toro Negro Amphibolite Grt-Pl-Amp 650/0.45 615/0.4 3, 5

01/56 Toro Negro Migmatic gneiss Pl-Grt-Sil-Bt-Ms 830/0.75 650/0.5 9, 11

01/45 Cazadero Grande Amphibolite Grt-Pl-Amp 590/0.6 3, 5

6/131* El Peñón Gneiss Pl-Ms-Kfs-Qtz 550/0.45–0.55 7

6/129* El Peñón Mica schist Grt-Bt-Pl-Kfs-Qtz 550–600/0.50 1, 4

150IIc* Quilmes Migmatite Grt-Bt-Pl-Ms-Kfs-Qtz 590–705/0.53 470–520/0.33 1, 4

150IIIc* Quilmes Migmatite Grt-Bt-Pl-Ms-Kfs-Qtz 640–820/0.53 450–520/0.32 1, 4

6/111* Quilmes Migmatite Cpx-Opx 700 8

6/110* Quilmes Migmatite Grt-Bt-Pl-Cd-Sil-Qtz 630–760/0.64 590–720/0.52 1, 4

6/139* El Jote Amphibolite Grt-Amp-Pl-Qtz 550–565/0.39 2, 4, 5

4/7* Hombre Muerto Migmatite Grt-Bt-Pl-Ms-Kfs-Qtz 520–580/0.45 550/0.5 1, 4, 7

6/76* Hombre Muerto Gneiss Grt-Bt-Pl-Ms-Kfs-Qtz 570–600/0.45–0.6 1, 4, 7

4/32* Filo Oire Grande Migmatite Grt-Bt-Pl-Sil-Qtz 620–750/0.68 590–660/0.5 1, 4

4/30* Filo Oire Grande Amphibolite Amp-Pl 680–700 3

5/09* Centenario Schist Grt-St-Bt-Sil-Pl-Qtz 590–650/0.7 550/0.5 1, 4

5/19* Centenario Gneiss Grt-Bt-Ms-Pl-And-Qtz 580–600/0.45 550/0.35 1, 4, 6

Northern Chile

3/373 Mejillones Amphibolite Amph-Pl-Grt-Qtz 625/0.39 2, 5

3/385 Mejillones Gneiss Amph-Pl-Grt-Qtz 615/0.44 510/0.29 2, 5

* Data from Becchio (2000); key to methods: 1. Kleemann and Reinhardt (1994); 2. Graham and Powell (1984); 3. Holland and Blundy (1994);

4. Berman (1988, 1991); 5. Kohn and Spear (1990); 6. Ghent and Stout (1981); 7. Massonne and Schreyer (1987); 8. Lindsley (1983);

9. Holdaway et al. (1997); 10. Sengupta (1989); 11. Bhattacharya et al. (1989)
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summary of the field relations and petrography of the

studied basement areas, in combination with the P–T-t

data.

N Chile

Mejillones peninsula

The occurrence of high-grade metamorphic rocks is

restricted to the central part of the peninsula (*23�130–
23�220S; *70�330W; map in: Baeza 1984). The suite is

dominated by medium- to coarse-grained (0.5–1 mm)

biotite gneiss with minor intercalated amphibolite (few m

to 10 m scale). Migmatization is absent (Baeza 1984).

Penetrative foliation in a garnet amphibolite and in an

amphibole–biotite gneiss formed during peak metamor-

phism. The mineral assemblage of the amphibolite (sam-

ple 3/373) comprises [20 vol% hornblende and garnet,

\20 vol% plagioclase and cummingtonite, \10 vol%

quartz and biotite as well as accessory (\5 vol%) ilmenite

and magnetite. The gneiss (3/385) contains \40% pla-

gioclase, \20 vol% hornblende, garnet and biotite and \5

vol% cummingtonite, muscovite, ilmenite and magnetite.

The composition of the silicate minerals is uniform and

compositional zoning is absent or restricted to small outer

rims (3/385). The application of geo-thermo-barometry

to the paragenesis hornblende-garnet-plagioclase-quartz

yielded *0.35 GPa and 625�C in the amphibolite and

*0.44 GPa and 615�C (core) and 0.29 GPa and 510�C

(rim) in the gneiss (Table 1; eTable 1 for the microprobe

analyses).

The age of the high-grade metamorphism from an

internal mineral isochron on a garnet amphibolite (Sm–Nd)

is 525 ± 10 Ma (Lucassen et al. 2000). The K–Ar isotope

system in hornblende and biotite is influenced by thermal

field of the extended Jurassic intrusions and reset to

*150 Ma (Lucassen et al. 2000). The TDM of amphibolite

and gneiss is *1.5 Ga and indicates a Proterozoic age of

the magmatic and metasedimentary protoliths (Lucassen

et al. 2000).

Sierra de Moreno

The most common rock type is gneiss with varying pro-

portions of feldspar, quartz, biotite and rare garnet and

muscovite. The protoliths were greywacke-type sediments

as inferred from bulk element chemical composition and

compositional layering (Lucassen et al. 1999a, 2000). Calc-

silicate rocks, dioritic orthogneiss and amphibolite are

scarce and of minor volume. Migmatization has occurred in

the metasedimentary rocks and indicates upper amphibolite

facies temperatures of [650�. Garnet is rare or absent in

mafic amphibolites. It indicates moderate pressure below

*0.5–0.7 GPa. Quantitative geo-thermo-barometry in

these rocks is hampered by the lack of suitable mineral

paragenesis.

The age of peak metamorphism is not well constraint.

Metamorphic rocks from Quebrada Choja in the northern

Sierra de Moreno have yielded a variety of ages in the

U–Pb system (U–Pb intercept ages: migmatite: * 466 Ma,

Damm et al. 1990; * 470 Ma, Loewy et al. 2004;

orthogneiss * 415 Ma, Damm et al. 1990; * 497 Ma,

Loewy et al. 2004). An internal Sm–Nd mineral isochron

from a calcsilicate rock from the same location at Queb-

rada Choja yielded 505 ± 6 Ma and a K–Ar age on

hornblende 478 ± 15 Ma (Lucassen et al. 2000). K–Ar

ages on amphibole and biotite from high-grade metamor-

phic rocks vary between * 470 Ma in the northern part

and * 300 Ma in the southern part of Sierra de Moreno.

The K–Ar ages were interpreted as cooling ages

from peak metamorphism and variably influenced by the

thermal field of Late Palaeozoic intrusions in the area

(age of the intrusions * 300 Ma; Lucassen et al. 1999a,

2000). TDM ages of the metamorphic rocks in Sierra de

Moreno are between *1.6 and 1.9 Ga (Lucassen et al.

2000, 2001).

In order to obtain a more precise age of metamorphism,

titanite separates from three calcsilicate and one migmatite

sample from Sierra de Moreno have been dated by the U–Pb

method (Fig. 2a–d; Table 2). Sample 4/326 is from Queb-

rada Choja (Fig. 1b; 21�0403200S; 68�32�4400W) from a lens

of coarse-grained calcsilicate rock in migmatite. Samples

3/63 and 3/74 are from dm-thick layers of calcsilicate rock

in migmatite from the Cerro Negro area (Fig. 1b;

21�5104300S; 69�0605500W). The migmatite 4/76 is from

Quebrada Quinchamale (Fig. 1b; 21�5205400S69�0505200W)

close to the border with a Late Palaeozoic intrusion. Dif-

ferent types of titanite could neither be distinguished in thin

section nor be distinguished in the mineral separates under

the binocular microscope. Six titanite fractions from calc-

silicate sample 4/326 are concordant or near concordant

(Fig. 2a) with mean ages of 470.4 ± 7.7 Ma (206Pb/238U)

and 469.6 ± 5.1 (207Pb/235U). This *470 Ma age is similar

to U–Pb intercept ages from zircons in granitoid rocks

and migmatite from the same area (Damm et al. 1990;

Loewy et al. 2004) but it is distinctly younger than the

Sm–Nd mineral isochron of *505 Ma (Lucassen et al.

2000). Concordant or near concordant titanite fractions of

calcsilicate 3/63 (Fig. 2b; Table 2) yielded average ages

of 432.1 ± 3.7 Ma (206Pb/238U) and 433.4 ± 2.8 Ma

(207Pb/235U). Titanite separates from calcsilicate 3/74 show

a range of concordant ages between *440 and *410 Ma

(Fig. 2c; Table 2). Spread of ages along the concordia is

commonly attributed to small Pb loss or inheritance of

radiogenic Pb from precursor minerals, which especially
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affects low l (l\ 2,000; l = 238U/204Pb) minerals (e.g.

Romer 2001; Romer and Rötzler 2005). Considering the old

concordant *470 Ma age from Quebrada Choja and the

young *430 Ma age from Cerro Negro, the range of ages

from 3/74 could be caused by inheritance of radiogenic Pb

(the apparent older ages in Fig. 2c) from precursor titanite

during younger titanite growth.

The migmatite (4/76; Table 2) with average ages of 315.4 ±

3.5 Ma (206Pb/238U) and 316.2 ± 2.3 Ma (207Pb/235U) is

distinctly younger than titanite from the other samples

and belongs to the thermal event in the crust that is docu-

mented by the abundant Late Palaeozoic magmatism in the

Coastal and Precordillera of northern Chile (e.g. Maksaev

1990; Lucassen et al. 1999a). The same migmatite sample
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Fig. 2 Concordia diagrams for titanite from the different samples (a–d) from Sierra de Moreno/N Chile and (e) Archibarca/NW Argentina.

Sample locations are indicated in Fig. 1. Data-point error ellipses are 2r. The figure was plotted using ISOPLOT (vers. 2.49; Ludwig 2001)
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was previously dated at 311 ± 7 Ma by K–Ar on hornblende

(Lucassen et al. 2000, 2001) and the combination of titanite

and hornblende ages points to rapid cooling. This migmatite

likely was related to contact metamorphism in the vicinity of

the Late Palaeozoic intrusions.

NW Argentina: southern Puna

Metamorphic P–T conditions are summarized in Table 1

and Fig. 1c and crustal residence ages TDM of the protoliths

from this work are listed in eTable 2. Age data from the

sample localities are previously published U–Pb ages on

titanite (Lucassen and Becchio 2003) except for one new

U–Pb age determination on titanite from the Archibarca

granitoid (Table 2). It is included here, because it con-

tributes to the knowledge of the poorly known basement in

one of the name-giving areas of the Arequipa-Antofalla

terrane (e.g. Loewy et al. 2004).

Archibarca

The Archibarca granitoid is located at the NW border of

Salar de Antofalla (25�180S; 67�470W). It comprises mainly

granite with smaller associated bodies of tonalite to grano-

diorite. The host rocks are gneisses and minor amphibolite,

which previously have been dated by K–Ar mineral ages to

*450–430 Ma ca 30 km south of the intrusion (Kraemer

et al. 1999; Lucassen et al. 2000). The granitoids have been

dated by K–Ar on minerals to 485 ± 15 Ma (Palma et al.

1986). Sample AN 25 is a fine-grained granodiorite from one

of the smaller satellite intrusions of the Archibarca granit-

oid. Rare phenocrysts are plagioclase, quartz and fine-

grained titanite. A scatter of concordant or near concordant

U–Pb ages along the concordia between *470 and

*450 Ma (Fig. 2e; Table 2) could indicate inheritance of

older radiogenic Pb or slight Pb loss. Most ages are between

450 and 460 Ma. The average of three of six titanite frac-

tions yielded 454.4 ± 6.0 Ma (206Pb/238U) and 453.8 ±

5.0 Ma (207Pb/235U). This apparent age is slightly younger

than that of nearby Ordovician intrusions of similar com-

position (Complejo Igneo Pocitos *470 Ma; Kleine et al.

2004) but within the range of activity of the Famatinian

magmatic arc (e.g. in Pankhurst and Rapela 1998). TDM of

the Archibarca granitoid is *1.1 Ga and similar to the

nearby Ordovician intrusions (Kleine et al. 2004), whereas

the metamorphic rocks from the Antofalla area yielded

*1.9 Ga (Lucassen et al. 2001).

El Peñon

Samples were taken at 26�270S; 67�140W. The unit is

deformed in prominent shear zones of 1–10 m (in extreme

cases 100 m) width with large boudin-like bodies of mar-

ble and orthogneiss. Compositional layering (mm-cm

scale) of polygonal quartz–feldspar and clinopyroxene–

hornblende–epidote–titanite-rich layers marks the foliation

plane in the shear zones. In calcsilicate (01/22 with [30%

plagioclase and \30% quartz; \10% clinopyroxene, epi-

dote, hornblende, calcite; \3% garnet, titanite), shear

bands (mm-scale) mark the foliation by grain size reduc-

tion. The shear bands have the same mineral assemblage as

the low-strain areas. P–T in gneiss and micaschist reached

*550–600�C and 0.5 GPa (Becchio et al. 1999; Becchio

2000). The average age of the metamorphism from three

samples is *520 Ma. The TDM of the calcsilicate (01/22)

is 2.0 Ga (eTable 2).

Cerro Plegado

The area is dominated by a series of granitic–dioritic or-

thogneisses and amphibolite, intruded by a small monz-

ogranite. Contacts between intrusion and metamorphic

rocks show ductile deformation. An orthogneiss (AN3-39,

from 25�590S; 68�190W) composed of plagioclase, potassic

feldspar, quartz, biotite and hornblende, with peak-

metamorphic epidote and titanite, yielded an age of meta-

morphism of *465 Ma; the TDM is 1.3 Ga (eTable 2).

P–T determinations could not be carried out because suit-

able mineral assemblages are lacking.

Cazadero Grande

Impure marble and calcsilicate rocks occur together with

minor amphibolite in boudins (m to 10 s of m-scale) within

migmatite (samples taken at 27�190S; 68�100W). Decime-

tre-scale intercalations of marble, amphibolite, schist and

quartzite are locally preserved in the migmatic gneiss and

indicate a sedimentary protolith. Garnet-bearing biotite

schist has\10% plagioclase, 40–50% quartz,\30% biotite,

\10% muscovite and \5% garnet. Metamorphic condi-

tions were 590�C and 0.6 GPa (Table 1) in thin bands

(5–10 cm) of amphibolite (01/45) composed of plagio-

clase, amphibole and garnet. The age of metamorphism is

*450 Ma (two calcsilicate rocks). The TDM ages (eTable

2) are 1.7 Ga (impure marble; sample 01/35) and 1.8 Ga

(gneiss; sample 01/36).

NW Argentina: western Sierras Pampeanas

Sierra Toro Negro

The unit of migmatite and minor marble, calcsilicate and

amphibolite is very similar to the rocks at Cazadero

Grande. Samples were taken at 28�180S; 68�130W. The
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calcsilicate rock is a layered (mm to cm-scale, 01/54)

m-sized boudin. The bright layers (potassic feldspar,

plagioclase, clinopyroxene, and minor quartz in variable

modes) have a well-annealed polygonal equigranular fabric

similar to the dark layers (epidote, clinopyroxene, plagio-

clase, amphibole, and quartz in variable modes). Both

layers contain small amounts of calcite and titanite. The

surrounding migmatite (01/55, 01/56, 01/62) has a well-

developed foliation marked by the preferred orientation of

biotite and variable modes of biotite, quartz and feldspar.

Feldspar and quartz form polygonal fabrics. Minor garnet

occurs in most samples, sillimanite and/or potassic feld-

spar, plagioclase and cordierite is present in some samples.

Peak metamorphic conditions were 830�C and 0.75 GPa.

The retrograde rim compositions yielded 650�C and

0.5 GPa (determined on migmatite 01/56, and on

amphibolite 01/57; Table 1). The ages of metamorphism

are *450 and *430 Ma. The TDM ages (eTable 2) are

1.9 Ga (calcsilicate rock 01–54) and 1.7 and 2.1 Ga

(migmatites 01/55, 01/62).

Sierra Espinal

Samples were taken at 28�560S; 68�170W. Migmatite with

calcsilicate boudins of *10 m size and some amphibolites

(not associated with the calcsilicate rocks) is the dominant

lithology. The calcsilicate rocks consist mostly of epidote

with minor amounts of clinopyroxene, calcite and quartz

(01/69), or of calcite with minor amounts of clinopyroxene

and garnet (01/70). The fabric of the coarse-grained rock

([5 mm in grain size) is equigranular without preferred

orientation. Garnet and clinopyroxene show a patchy dis-

tribution in the well-annealed fabric. The migmatite has

muscovite, which indicates slightly lower metamorphic

temperatures than at the other sample locations. Samples

01/63 (muscovite-rich) and 01/66 represent the migmatite.

Metamorphic conditions were 570�C and 0.5 GPa

(Table 1). The age of metamorphism is *465 Ma (two

calcsilicate rocks). The TDM ages (eTable 2) are 1.7 Ga in

the calcsilicate rocks (01/69, 01/70), 1.7 Ga and 1.8 Ga

in migmatite (01/66, 01/63), and 1.9 Ga in amphibolite

(01/67).

Sierra Umango

Migmatite with a marble layer (c. 20-100 m thick, lateral

extension some km) and amphibolite (hornblende–plagio-

clase–quartz–garnet biotite in variable modes) layers (cm–

m scale) locally intercalated with marble and calcsilicate

rocks are the dominant lithologies. Samples are from

29�020S; 68�460W. The marble contains numerous tecton-

ically eroded clasts (cm–m scale) of the surrounding

sheared migmatite. The clasts are entrained in the calcite

matrix without reaction textures around or in the clasts.

Sample 01/77 is an example of the common migmatic

gneiss (\15% feldspars, 40–50% quartz, \30% biotite,

\5% muscovite, \5% garnet). The garnet is partially ret-

rogressed with fine-grained rims of chlorite, biotite and

muscovite. The muscovite may have formed during the

shearing of the migmatite. Fine-grained amphibolite

([60% plagioclase,[20% hornblende,[10% biotite,\5%

garnet and minor clinopyroxene, opaque minerals, titanite

and apatite; 01/79) shows only one deformation. The

clinopyroxene occurs locally with hornblende and biotite

without reaction textures. Sample 01/80 is an undeformed

(or completely recovered from deformation) marble ([90%

calcite; \10% isolated grains of clinopyroxene, plagio-

clase, quartz, titanite) without preferred orientation in the

equigranular fabric. Marble 01/89 from the same large

outcrop has been deformed in a shear zone. Grain size of

calcite is smaller than in marble 01/80 and the calcite

grains have a preferred orientation. Peak metamorphic

conditions were *900�C and 0.95 GPa and 800�C and

0.9 GPa in amphibolite. The rim compositions of the

minerals yielded *750–800�C and 0.9 GPa and 770�C and

0.8 GPa, respectively (Table 1). The age of metamorphism

(last recrystallization at high T in the marble) is *420 Ma.

The TDM ages (eTable 2) are 1.7 Ga in the calcsilicate

rocks (01/80, 01/89), 1.7 Ga in the migmatite (01/77) and

2.1 Ga in the amphibolite (01/79).

Sierra de Maz

Samples are from two sites at the eastern and one site at the

western slope of the mountain range. In the eastern slope

(Mina La Pampa; 29�130S, 68�220W), deformed migmatite

(quartz, plagioclase, biotite, garnet in variable modes,

01/123, locally they contain sillimanite and potassic feld-

spar, 01/126) and plagioclase-rich orthogneiss are com-

mon. Orthogneiss is distinguished by up to 10-mm large

plagioclase crystals in a finer-grained, polygonal matrix of

plagioclase commonly with 120� grain boundary intersects

in 01/124 ([70% plagioclase, \10% biotite, \5% garnet

and hornblende). The Fe–Mg minerals are concentrated in

layers, which mark the foliation and only minor amounts

occur within the plagioclase matrix. Orthogneiss 01/129

([60% plagioclase) shows clinopyroxene aggregates,

which formed after up to 10 mm large single clinopyrox-

ene crystals, still visible in the orientated trails of exsolu-

tion of opaque minerals. The aggregates are surrounded by

an up to 1 mm wide rim of hornblende, minor biotite and

garnet preferentially occurring within the rim. Calcsilicate

rocks (01/125) show a polygonal fabric of [60% coarse-

grained calcite, \20% clinopyroxene and epidote and \10

vol% plagioclase, amphibole and sericite grown after

plagioclase. Layers of amphibolite (01/127) are closely
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associated with calcsilicate rocks. The amphibolites (\35%

plagioclase, \50% hornblende, \5% epidote and garnet)

are characterized by thin layers of epidote with garnet.

Amphiboles commonly show poikiloblastic textures with

abundant inclusions of epidote and plagioclase from the

matrix. Peak conditions of metamorphism recorded from

the orthogneiss are *750–800�C and 0.8–0.9 GPa. Rim

compositions yield *640–730�C and 0.7 GPa (Table 1).

Discordant U–Pb ages from titanite yielded a lower inter-

cept age of *440 Ma and an upper intercept age of

*1,200 Ma, whereas U–Pb ages of *430 Ma in a second

sample are concordant (Lucassen and Becchio 2003). The

TDM ages (eTable 2) are 1.6 Ga in the calcsilicate rock

(01/125), 1.6, 2.5 and 2.6 Ga in the migmatite, (01/127,

01/126, 01/123), 1.8 Ga in the amphibolite (01/118), and

1.8 and 2.1 Ga in the orthogneiss (01/129; 01/124).

At the northern end of the eastern slope of Sierra de Maz

(29�100S, 69�270W), garnet-staurolite–muscovite–biotite-

schist is the common rock type (01/101; [40% quartz,

\30% biotite plus muscovite, \10% plagioclase, garnet

and staurolite porphyroblasts). Micaschist (01/97, 01/98)

with a higher amount of staurolite and abundant magnetite

represents the transition to a layer (dm scale) of a mag-

netite-enriched metamorphic rock (01/99). The magnetite-

rich rock contains patchy, disrupted opaque minerals

([40%) with zigzag grain boundaries in a matrix of ribbons

formed by quartz, minor plagioclase, staurolite and biotite.

Peak metamorphic conditions were *650–700�C and

0.65 GPa from core compositions and low T of 560–620�C

at slightly lower P of 0.5–0.6 GPa from rim compositions

(Table 1). TDM ages (eTable 2) are 1.8 and 2.4 Ga in mi-

caschist (01/97, 01/101). The TDM ages of 2.8 and 3.3 Ga

in the magnetite-rich metamorphic rocks (01/98, 01/99) are

among the highest in our sample set.

In the western slope (29�270S, 68�300W), sheared mi-

gmatite is the principal rock type, with minor amphibolite,

marble and calcsilicate rocks. The internal preferred orien-

tation marked by inclusions in garnet porphyroblasts of the

amphibolites and mica schists is rotated with respect to

the external foliation. Ages of metamorphism are *440

and*530 Ma. TDM ages (eTable 2) are 1.7 Ga in amphib-

olite (01/108), 1.8 Ga in calcsilicate rock (01/111), and

2.0 Ga in sheared migmatite (garnet micaschist 01/105).

Element chemical and Sr, Nd and Pb isotope

composition of the metamorphic basement

Element chemical composition

The rock types included in this study are variable in

composition and comprise siliciclastic metasedimentary

rocks (gneisses, migmatite, mica schist), carbonate-rich

metasedimentary rocks (calcsilicate rocks to impure mar-

ble), two exotic iron-rich samples in the metasedimentary

unit and metaigneous rocks (amphibolite, orthogneiss).

Crust-normalized average major and trace element of

gneisses, migmatite, and mica schist and the element dis-

tribution pattern of (para)gneisses and migmatites mostly

from south of 27�S are very similar to formerly obtained

data mainly from north of 27�S (Lucassen et al. 2001). The

complete data set gives a reliable average composition of

the basement, based on a total of *300 analyses among

them 48 paragneisses from the Puna and northern Sierras

Pampeanas. The new data perfectly fit the pattern of the

sedimentary and metasedimentary basement north of 27�S

(major and trace element and isotope composition see

eTable 2). A depletion of Na, Ca and Sr with respect to the

average upper crust (Fig. 3a) occurs in many Early Palae-

ozoic felsic rocks of N Chile and NW Argentina and has

been interpreted as an effect of one or more cycles of ero-

sion and deposition of the respective source rocks (Lucassen

et al. 2001). The average composition of the high-grade

metamorphic basement is also similar to sedimentary rocks

of the Puncoviscana Formation (Fig. 3a). The Puncoviscana

Formation (e.g. Bock et al. 2000; Lucassen et al. 2001;

Drobe et al. 2009) is considered to represent the protoliths

of many metasedimentary rocks in NW Argentina

(Schwartz and Gromet 2004; Büttner et al. 2005). The

deviation of the average element pattern of the amphibolites

from the average composition of the upper crust is less

pronounced than the deviation of juvenile magmatic rocks

(Fig. 3a).

The REE composition of gneisses, migmatite, and mi-

caschist and the calcsilicate to impure marble largely

overlap and the average compositions nearly coincide

(Fig. 3c). This indicates a similar source of REE in silici-

clastic and carbonate-dominated protoliths. REE distribu-

tion patterns of all metaigneous rocks are variably enriched

in LREE (light REE; Fig. 3b). Prominent positive Eu

anomalies are present in the two orthogneisses with high

plagioclase contents from Sierra de Maz. The amphibolites

show slightly negative or no Eu anomalies. The average

REE composition of the amphibolite is more typical for

arc-related rocks than for MORB (LREE depleted, lower

REE contents) or intraplate magmatic rocks (higher con-

tents, steeper REE pattern).

Isotope composition

Most new Nd and Sr isotope data of the metamorphic rocks

(eTable 2) from the southernmost Puna plateau (Cazadero

Grande; El Peñon), the western Sierras de Pampeanas and

published compositions from metamorphic rocks of the

southern plateau, northern Sierras Pampeanas (Lucassen

et al. 2001) occupy the same compositional field (Fig. 4)
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and are typical of the regional Palaeozoic continental crust.

Metamorphic rocks from Sierras de Maz and Umango have

lower Nd isotope ratios than the regional Palaeozoic con-

tinental crust. New TDM ages (eTable 2) are summarized in

Fig. 5.

The scatter of the initial Pb-isotope ratios of our whole-

rock data is large and similar to feldspar and calcite from

the same rock types and localities (Fig. 6, eTable 2; Luc-

assen and Becchio 2003). The ratios encompass the vari-

ability known from other Palaeozoic magmatic and

metamorphic rocks from the Central Andes (discussion of

the Pb variability in Lucassen et al. 2001, 2002; Mamani

et al. 2008). The samples with low l (\4) and the least

radiogenic Pb isotope signatures (measured and age cor-

rected to 500 Ma; eTable 2) are plagioclase-rich orthog-

neiss (01/124, 01/129) or amphibolite (01/118, 01/127)

from Sierra de Maz. The unradiogenic 207Pb/204Pb and
206Pb/204Pb signatures of samples from Sierra de Maz

coincide with those of the Arequipa massive, but
208Pb/204Pb of 01/127 and 01/129 is less radiogenic. The

signature of these samples is similar to the composition

from some Cambrian granite from *24�S (Lucassen et al.

2002). A few samples, including the magnetite-rich 01/98,

have initial 207Pb/204Pb that are higher than in other Pal-

aeozoic rocks at comparable 206Pb/204Pb. This indicates the

influence of an old high-l source in these samples (i.e.

Early Proterozoic or Archean material enriched in U before

exhaustion of the 235U isotope, the parent of the stable
207Pb), which is rare but known from the Central Andes

(Fig. 6; eTable 2; Lucassen et al. 2002).

Discussion

Metamorphism and crystallization age

The pressure–temperature conditions of Early Palaeozoic

metamorphic rocks from the study areas in N Chile and

NW Argentina are in the range of *0.4–1.0 GPa at tem-

peratures between *500 and 900�C (Table 1). Pressures

of *1.0 GPa at T *800–900�C are restricted to Sierra
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Umango (also previously observed by Porcher et al. 2004)

and the southern part of Sierra de Maz. This corresponds to

granulite facies conditions at lower crustal depth. Meta-

morphic conditions at the other locations are within the

range of mid to upper amphibolite facies with temperatures

commonly above the wet solidus of felsic compositions

(*650�C; e.g. Johannes and Holtz 1996) and pressures

between *0.4 and 0.7 GPa. Felsic migmatite is a common

rock type at most locations. High temperatures have

extinguished information from the prograde path. Traces of

retrograde metamorphism restrict to small rims around

minerals that were influenced by element diffusion during

cooling. The new P–T data are in accordance with meta-

morphic conditions described from other locations in N

Chile (*18�S, Wörner et al. 2000) and from the Pampean

and Famatinian of Argentina between *26�S and 32�S

(e.g. in Pankhurst and Rapela 1998; Hauzenberger et al.

2001; Porcher et al. 2004; Büttner et al. 2005; Otamendi

et al. 2008). The peak metamorphic pressures correspond

with two exceptions to crustal depth of 15–25 km. Indi-

cators of continent collision in the metamorphic record,

i.e., high pressure–low temperature rocks, appear to be

absent in the Early Palaeozoic orogen, even in the pre-

sumed zone of Palaeozoic terrane accretion south of 30�S

(e.g. Baldo et al. 1996; Lucassen et al. 2000; Büttner et al.

2005; Casquet et al. 2008; Delpino et al. 2007; Otamendi

et al. 2008; Schwartz et al. 2008).

Age determinations on metamorphic minerals of the

actual paragenesis are the direct link to metamorphic crys-

tallization and deformation. The two groups of metamorphic

crystallization ages of *530–500 and *470–420 Ma

overlap spatially (Fig. 1). In N Chile, new and published age

data from Belén, Mejillones, and Sierra de Moreno (*525,

505, 470, and 430 Ma) indicate the same age structure as in

the southern Puna and its eastern slope (Lucassen et al. 2000;

Wörner et al. 2000; Lucassen and Becchio 2003; Büttner

et al. 2005) and in the Sierra de Maz–Sierra Umango area

(Lucassen and Becchio 2003; Casquet et al. 2004; Porcher

et al. 2004). Attempts to attribute a *1.2 Ga age from

metamorphic overgrowth on inherited older zircon to

metamorphic conditions of *780�C and 0.8 GPa in Sierra

de Maz (Casquet et al. 2006) remain ambiguous, because

two high T metamorphic overprints (at near identical P–T

conditions as those reported by Casquet et al. 2006) occurred

in the Cambrian and Late Ordovician–Silurian in Sierra de

Maz.

Magmatism that is crustal-derived or contains high

proportions of crustal material near-continuously occurs

between *570 and 440 Ma (e.g. Damm et al. 1990, 1994;

in: Pankhurst and Rapela 1998; Pankhurst et al. 2000;

Lucassen et al. 2001; Büttner et al. 2005; Chew et al. 2007;

Viramonte et al. 2007) and requires thermal anomalies in

the crust over the whole time span. Age spectra derived

from detrital zircons from Late Palaeozoic (meta)
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Fig. 5 Sm-Nd model ages (TDM) compiled from this work and the

literature, and the range of peaks in U–Pb ages from zircons (shaded

area). Most TDM of Palaeozoic metamorphic, magmatic and sedi-

mentary rocks plot between 1.7 and 2.0 Ga. Our TDM from the

western Sierras Pampeanas (black bars) follows this pattern. Recently

published data from the sierras de Maz and Espinal (white bars;

Casquet et al. 2008) have a similar age range, but peak at somewhat

younger ages. The black broken line ‘Western Sierras Pampeanas’

represents the total of both data sets. The U–Pb inheritance in zircons

from Neoproterozoic to Late Palaeozoic rocks shows three peaks, one

between 1.8 and 2.1 Ga, which coincides with the common TDM, a

second peak between 0.9 and 1.2 Ga, which represents the Sunsas

(Grenville) orogeny, and a third one, which represents the Brasiliano–

Pampean–Famatinian orogenies. The TDM indicates only one major

formation (or homogenization) of crust. All TDM are recalculated to

single-stage evolution model of Goldstein et al. (1984). Data sources:

TDM from the compilation in Lucassen et al. (2001) and Franz et al.

(2006); additional data from Drobe et al. (2009). U–Pb data: Bahlburg

et al. 2009; Damm et al. (1990, 1994), Wörner et al. (2000). Lucassen

and Becchio (2003), Loewy et al. (2004), Steenken et al. (2006),

Chew et al. (2007, 2008), Collo et al. (2009), Martin-Gombojav and

Winkler (2008), Willner et al. (2008), Cardona et al. (2009), Casquet

et al. (2010), Rapela et al. (2010), Zimmermann et al. (2010)
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sedimentary rocks appear to be continuous from Pampean

to Famatinian (e.g. Bahlburg et al. 2009; Willner et al.

2008). The spatial distribution and related to the huge area

still sparse geochronological data does not unequivocally

allow to distinguish between continuous high temperatures

or episodes of thermal relaxation. In the eastern Sierras

Pampeanas, metamorphism and magmatic activity ceased

in the Early Ordovician (e.g. Siegesmund et al. 2010), but

in the western Sierras Pampeanas, Southern Puna and N

Chile, the Pampean and Famatinian ages show close spatial

relations in the metamorphic rocks, without systematic

differences in the metamorphic grades. Even if the gap in

crystallization ages of the metamorphic rocks is not an

artefact of sparse data, the gap was \30 Ma and the crust-

lithosphere remained at high temperatures, because cooling

of lithospheric sections by heat conduction is slow (10th of

million years; e.g. Fowler 1990) and magmatism was still

active. The occurrence of different concordant U–Pb ages

on titanite in rock units without differences in the meta-

morphic grade or tectonic contacts has been interpreted as

reset of the U–Pb clock by localized ductile deformation

and recrystallization of the titanite during persistent high

T (Lucassen and Becchio 2003).

Element and isotope chemical composition and crustal

residence

The chemical affinities of Early Palaeozoic metasedimen-

tary basement and granitoid intrusions, older Neoprotero-

zoic to Cambrian sedimentary rocks and Ordovician

sedimentary rocks indicate crustal recycling in sedimen-

tary–magmatic cycles (e.g. Damm et al. 1990, 1994; Bock

et al. 2000; Lucassen et al. 2001; Egenhoff and Lucassen

2003; Zimmermann and Bahlburg 2003; Zimmermann
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Fig. 6 Initial Pb isotope composition of whole-rock samples from

southern Puna and western Sierras Pampeanas and Sierra de Maz

from this study, data from Casquet et al. (2008) are from Sierras de

Maz and Umango, whole-rock samples from Puna and Sierra de

Quilmes, and feldspar and calcite data from Palaeozoic metamorphic

and magmatic rocks (N Chile and NW Argentina; Lucassen et al.

2001, 2002; Lucassen and Becchio 2003). The field of Palaeozoic

whole rock (N Chile and NW Argentina; Lucassen et al. 2001) and the

samples of the Arequipa massif (Tilton and Barreiro 1980;

compilation in Lucassen et al. 2002) are present-day values. Cenozoic

volcanic rocks show two clusters of compositions (compilation in

Lucassen et al. 2006 and abundant new data and map of distribution

in Mamani et al. 2008). The regional distribution of the clusters

indicates Pb provinciality (Mamani et al. 2008) related to the

distribution of different crustal domains. The unradiogenic Midpro-

terozoic Arequipa source is already an endmember in the composi-

tional array of the Early Palaeozoic basement rocks. S&K indicates

the crustal lead evolution from Stacey and Kramers (1975)
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et al. 2010). The new chemical data fit this scheme per-

fectly (Fig. 3). At the outcrop level, these felsic rocks are

dominant and juvenile Early Palaeozoic additions to the

crust, i.e. mafic magmatic rocks and their metamorphic or

sedimentary equivalents are rare (above references). The

small volumes of mafic magmatic and metamorphic rocks

have chemical arc signatures and variable contributions

from the felsic crust (e.g. Lucassen et al. 2001; Kleine et al.

2004; Coira et al. 2009). The plagioclase-rich orthogneiss

and amphibolite from Sierra de Maz resemble composi-

tional features of other metaigneous rocks from Sierra de

Maz (Casquet et al. 2004; Rapela et al. 2010).

The Sm–Nd isotope system is used to constrain crustal

residence ages. The distribution of the single-stage TDM

ages of Early to Late Palaeozoic metamorphic, magmatic

and sedimentary rocks shows a prominent peak between

1.6 and 2.0 Ga (Fig. 5). The range of TDM of our data and

data from Sierra Umango (Varela et al. 2003) and Sierra de

Maz (Casquet et al. 2008) coincides, but the latter peak at

ca 1.5 Ga, whereas our data peak at ca 1.7 Ga (Fig. 5) with

several samples of significantly older TDM. This is likely

the effect from accidental differences in the sampling of a

relatively small area, because both data sets agree with the

regional TDM distribution, which is based on a much larger

sample set (Fig. 5). The relations between U–Pb ages from

zircons and crustal residence ages of Neoproterozoic to

Late Palaeozoic sedimentary, metamorphic and magmatic

rocks show interesting relations. The prominent peaks in

zircon ages from a broad spectrum of Early to Late Pal-

aeozoic rocks (Fig. 5) along the margin between Ecuador

and Southern Chile are Palaeoproterozoic (*1.8–2.1 Ga),

Grenvillian or Sunsas (*0.9–1.2 Ga), and Brasiliano—

Pampean—Famatinian (*0.4–0.65 Ga). Older ages are

rare in the zircon record. The TDM and Palaeoproterozoic

U–Pb ages largely overlap, but the TDM ages are skewed

towards somewhat younger ages down to 1.5 Ga. There are

no important juvenile additions to the crust detected in the

Sm–Nd system during the prominent Sunsas and Neopro-

terozoic to Early Palaeozoic orogenies, both well docu-

mented in the zircon ages. The major crust formation (or

homogenization) occurred around 1.8–2.0 Ga. Subsequent

orogenies recycled this crust. Minor juvenile additions

could be hidden in the younger TDM (\1.8 Ga), which

possibly represent mixing between the Palaeoproterozoic

and younger sources.

In Sierra de Maz, metasedimentary rocks have the oldest

TDM (2.4–2.8 Ga) in contrast to the TDM (\2 Ga) from

orthogneiss and amphibolite from the same area. Casquet

et al. (2010) report the Sm–Nd isotope composition of five

gneisses from the Arequipa massif, which yield TDM of

*2.5–2.8 Ga (recalculated to single-stage ages; Goldstein

et al. 1984). The old residence ages could represent

inheritance from the Early Palaeoproterozoic-Archean host

of the younger igneous protoliths in agreement with pre-

vious interpretations (Casquet et al. 2008, 2010; Rapela

et al. 2010). The eNd at 1,200 Ma, which is the presumable

formation age of the igneous protolith of orthogneiss and

amphibolite (Rapela et al. 2010), is between -1 and ?4 for

the metaigneous rocks of Sierra de Maz but negative for

most metasedimentary rocks (-2 to -10). This indicates a

depleted mantel component in the metaigneous rocks like

elsewhere in metaigneous rocks of Sierra de Maz (Casquet

et al. 2008; Rapela et al. 2010). The TDM ages of 3.3 Ga for

the magnetite-rich rock (sample 01–99) is not considered,

because the 147Sm/144Nd of 0.15 is above typical crustal

values (e.g. Goldstein et al. 1984) and a secondary change

during metamorphism or during pre-metamorphic sedi-

mentary-weathering processes cannot be precluded.

Pb-isotope compositions of metamorphic and magmatic

rocks in the Central Andes are indicative of crustal

domains due to the U mobility during Proterozoic meta-

morphism (e.g. Tilton and Barreiro 1980; Wasteneys et al.

1995; Tosdal 1996; Lucassen et al. 2002; Mamani et al.

2008). The Arequipa Pb signature with rather unradiogenic
207Pb/204Pb and 206Pb/204Pb (Fig. 6) is attributed to U

depletion during Sunsas (Grenvillian) high-grade meta-

morphism. The second widespread Pb signature is more

radiogenic than the Arequipa signature (Fig. 6) and rep-

resents the part of the same crust not depleted in U. Both

signatures form a mixing array (Fig. 6). Both crustal

sources contribute variably to the Pb signature of the

Cenozoic Andean magmatism, which allows a spatial dis-

crimination of dominance of one or the other source

(Fig. 6; Mamani et al. 2008). The new analyses fit into this

regional scheme (Fig. 6).

Peculiarities such as old high-l signatures (high
207Pb/204Pb at given 206Pb/204Pb) are of local importance

only and have been tentatively explained as inheritance, i.e.

not homogenized during the Sunsas or Early Palaeozoic

orogenies (Lucassen et al. 2002).

At Sierra de Maz, correction of Pb isotope ratios for in

situ decay to 1.2 Ga shifts Pb isotope ratios of most sam-

ples to the vicinity of the low l orthogneiss and amphib-

olite (eTable 2). This indicates an early fractionation of the

U/Pb ratio near the possible 1.2 Ga crystallization age

(Casquet et al. 2004; Rapela et al. 2010) of the magmatic

protoliths of orthogneiss and amphibolite.

Concluding remarks

Simultaneous thermal events in the crust are documented

along the western margin of South America in the Early

Palaeozoic (Fig. 1a). Metamorphic conditions were of high

T and pressures between 0.4 and 0.7 GPa never exceeding

1.0 GPa. Early Palaeozoic low T–high P metamorphism,
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i.e. eclogite facies, as known from the Alpine collision

zones (e.g. Spalla et al. 1996) or of the Variscan orogen in

Europe (e.g. O’Brien and Carswell 1993) is not described

from the Palaeozoic of the Central Andes (e.g. Lucassen

et al. 2000; Schwartz et al. 2008).

Radiogenic isotope compositions indicate a consistent

compositional pattern. A main event of crustal formation

(or homogenization) around 1.8–2.0 Ga is seen in the

crustal residence ages and ages of inherited zircons of

Early Palaeozoic metamorphic, magmatic and sedimentary

rocks. The 2 Ga age is considered as a major event of crust

formation around the Archean and Early Palaeoproterozoic

core regions of South America (e.g. Cordani et al. 2000;

Sato and Siga 2002; Rino et al. 2004), which may be in turn

the source of Palaeoproterozoic–Archean remnants in the

2 Ga crust. Subsequent important growth stages were not

detected in the Sm–Nd record despite well defined Sunsas

(Grenvillian) and Neoproterozoic- Early Palaeozoic orog-

enies (thermal events) along the margin. The variable Pb-

isotope composition is explained by U depletion during the

Sunsas (Grenvillian) high-grade metamorphism, which can

be traced in the Pb-isotope composition in such distant

areas like Sierra de Maz (this work), N Chile (Belén;

Wörner et al. 2000) and the Arequipa Massif of south Peru

(Fig. 1; Tilton and Barreiro 1980; Tosdal 1996 and refer-

ences therein). The contiguous Nd and Pb isotope signa-

tures preclude the accretion of large volumes of material

with depleted mantle signatures, e.g. island arcs, after the

2 Ga event.

In N Chile and NW Argentina (*18�–27�S), the belt of

similar metamorphic conditions, crystallization ages, and

composition extends eastwards from the Pacific coast to at

least the eastern slope of the Puna. The spatial coherence

of this section has been demonstrated from Neoproterozoic

throughout the Phanerozoic (e.g. Damm et al. 1990, 1994;

Lucassen et al. 1999a, 2000, 2001, 2002; Bock et al. 2000;

Aceñolaza et al. 2002; Büttner et al. 2005; Franz et al.

2006; Zimmermann et al. 2010) and has been tentatively

extended into the Sierras Pampeanas south of 27�S

(Lucassen et al. 2000, 2001; Lucassen and Becchio 2003;

Franz et al. 2006). Coherence in the evolution of the

continental margin could be traced back from the Early

Palaeozoic into the Proterozoic on a large regional scale

at least between western Central Argentina (Sierras

Pampeanas) to Ecuador by an increasing number of high

precision age data on magmatic and metamorphic rocks

and rapidly evolving provenance studies of zircons by in

situ methods (e.g. Damm et al. 1990, 1994; Wörner et al.

2000; Lucassen and Becchio 2003; Loewy et al. 2004;

Steenken et al. 2006, 2008; Chew et al. 2007, 2008; Collo

et al. 2009; Martin-Gombojav and Winkler 2008; Willner

et al. 2008; Cardona et al. 2009; Casquet et al. 2010;

Rapela et al. 2010).

The segmentation of this margin by different Protero-

zoic–Late Palaeozoic terrane collisions in succession of

the influential suggestion of Ramos et al. (1986) appears to

be an ongoing issue (Ramos 2008). The uniform age

structure of thermal events over large distances, uniform

and consistent compositional trends are not in favour of

collision of small, i.e. not margin-wide, exotic or para-

utochthonous terranes in a subduction regime. Para-

utochthonous terranes partially avoid the problem of

disturbed compositional coherence, because they are from

the same margin (Ramos 2008). However, they require a

phase of continental rifting at the margin, ocean floor

formation, and subsequent initiation of subduction and

collision, if they can be considered a terrane. Continental

break up commonly leads to important mantle-derived

flood basalt magmatism that is not visible in the geological

record of this margin. Collision should lead to high

P metamorphism, i.e. the formation of blue-schist to

eclogite facies rocks. Metamorphic conditions with

T *700�C and P *1.3 GPa, which is the highest

P reported from the Central Andes, in a small, isolated

occurrence of Permian metamorphic rocks from the

southern continuation of Sierra Moreno (Fig. 1) are cer-

tainly not indicative of collision-related metamorphism

(Sierra de Limon Verde; Lucassen et al. 1999b). Extension

along this margin of Gondwana is, a common, well-

established feature, however. It resulted in large-scale

sedimentary basins roughly parallel to the margin (for

recent reviews: Tankard et al. 1995; Ramos 2000) at least

in the Neoproterozoic-Cambrian (Puncoviscana Forma-

tion), Ordovician, Permian, and Cretaceous.

During Mesozoic to Early Tertiary time, extension

triggered the formation of extensional to transpressional

arcs along the Central Andes’ margin (e.g. Scheuber and

Reutter 1992; Scheuber and González 1999). This pro-

duced mainly juvenile magmas in the arc (e.g. Lucassen

et al. 2006). Contemporaneously, small-volume intra-plate

magmatism of mafic to ultramafic composition occurred in

the back arc (e.g. Sempere et al. 2002; Lucassen et al.

2007; Comin-Chiaramonti et al. 2010). This magmatism

contributed to the compositional variability of magmatic

rocks at this margin without a fundamental change of the

overall composition of the crust (Franz et al. 2006). The

further elaboration of a model for the Neoproterozoic to

late Palaeozoic history of metamorphism–magmatism–

sedimentation considering oscillation of the margin

between extensional, transpressional and compressional

phases (e.g. Bahlburg et al. 2009; Büttner 2009) without

fragmentation and (exotic) terrane accretion could lead to

an alternative to the presently dominant ‘accretion model’.
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Chiaradia M, Baldo E, González-Casado JM, Dahlquist J (2008)

The Mesoproterozoic Maz terrane in the Western Sierras

Pampeanas, Argentina, equivalent to the Arequipa–Antofalla

block of southern Peru? Implications for West Gondwana margin

evolution. Gondwana Res 13:163–175

Casquet C, Fanning CM, Galindo C, Pankhurst RJ, Rapela C, Torres P

(2010) The Arequipa massif of Peru: new SHRIMP and isotope

constraints on a Paleoproterozoic inlier in the Grenvillian orogen.

J S Am Earth Sci 29:128–142

Cawood PA, Buchan C (2007) Linking accretionary orogenesis with

supercontinent assembly. Earth Sci Rev 82:217–256

Chew DM, Kosler J, Whitehouse MJ, Gutjahr M, Spikings RA,

Miskovic A (2007) UPb geochronologic evidence for the

evolution of the Gondwanan margin of the north-central Andes.

Geol Soc Am Bull 119:697–711

Chew D, Schaltegger U, Kosler J, Magna T, Whitehouse MJ,

Kirkland C, Miskovic A, Cardona A, Spikings RA (2008) U–Pb

geochronologic evidence for the Neoproterozoic—Palaeozoic

evolution of the Gondwanan margin of the North-Central Andes.

In: 27th International Symposium on Andean Geodynamics

(Nice), Extended Abstracts, pp 120–123

Coira B, Davidson J, Mpodozis C, Ramos V (1982) Tectonic and

magmatic evolution of the Andes of northern Argentina and

Chile. Earth Sci Rev 18:303–332

Coira B, Kirschbaum A, Hongn F, Pérez B, Menegatti N (2009) Basic
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Fiambalá, northwestern Argentina: implications for Early Pal-

aeozoic Andean tectonics. In: Pankhurst RJ, Rapela CW (eds)

The Proto-Andean Margin of Gondwana. Geol Soc London Spec

Pub 142:297–332

Hauzenberger ChA, Mogessie A, Hoinkes G, Felfernig A, Bjerg EA,

Kostadinoff J, Delpino SY, Dimieri L (2001) Metamorphic

evolution of the Sierras de San Luis: granulite facies metamor-

phism related to mafic intrusions. Mineral Petrol 71:95–126

Holdaway M, Mukhopadhyay B, Dyar M, Guidotti C, Dutrow B

(1997) Garnet-biotite geothermometry revised: new Margules

parameters and a natural specimen data set from Maine. Am

Mineral 82:582–595

Holland T, Blundy J (1994) Non-ideal interactions in calcic

amphiboles and their bearing on amphibole-plagioclase ther-

mometry. Contrib Mineral Petrol 116:433–447

Johannes W, Holtz F (1996) Petrogenesis and experimental petrology

of granitic rocks. Springer, Berlin, pp 1–335

Kleemann U, Reinhardt J (1994) Garnet-biotite thermometry revis-

ited: the effect of Alvi and Ti in biotite. Eur J Mineral 6:925–941

Kleine T, Mezger K, Zimmermann U, Münker C, Bahlburg H (2004)

Crustal evolution of the early Ordovician Proto-Andean margin

of Gondwana: trace element and isotope evidence from Comp-

lejo Igneo Pocitos (Northwest Argentina). J Geol 112:503–520

Kohn MJ, Spear FS (1990) Two new geobarometers for garnet

amphibolites, with applications to southeastern Vermont. Am

Mineral 75:89–96

Kraemer B, Adelmann D, Alten M, Schnurr W, Erpenstein K, Kiefer

E, van den Bogaared P, Goerler K (1999) Incorporation of the

Paleogene foreland into the Neogene Puna plateau: the Salar de

Antofalla area, NW Argentina. J S Am Earth Sci 12:157–182

Lindsley DH (1983) Pyroxene thermometry. Am Mineral 68:477–493

Loewy SL, Connelly JN, Dalziel IWD (2004) An orphaned basement

block: the Arequipa-Antofalla basement of the central Andean

margin of South America. Geol Soc Am Bull 116:171–187

Lucassen F, Becchio R (2003) Timing of high-grade metamorphism:

early Paleozoic U-Pb formation ages of titanite indicate long-

standing high-T conditions at the western margin of Gondwana

(Argentina, 26–29�S). J Metamorphic Geol 21:649–662

Lucassen F, Franz G, Thirlwall MF, Mezger K (1999a) Crustal

recycling of metamorphic basement: late Paleozoic granites of

the Chilean coast range and Precordillera at 22�S. J Petrol

40:1527–1551

Lucassen F, Franz G, Laber A (1999b) Permian high pressure rocks—

the basement of Sierra de Limón Verde in N-Chile. J S Am Earth

Sci 12:183–199

Lucassen F, Becchio R, Wilke HG, Thirlwall MF, Viramonte J, Franz

G, Wemmer K (2000) Proterozoic–Paleozoic development of the

basement of the Central Andes (18�–26�)—a mobile belt of the

South American craton. J S Am Earth Sci 13:697–715

Lucassen F, Becchio R, Harmon R, Kasemann S, Franz G, Trumbull

R, Wilke HG, Romer RL, Dulski P (2001) Composition and

density model of the continental crust at an active continental

margin—the Central Andes between 21� and 27�S. Tectono-

physics 341:195–223

Lucassen F, Harmon R, Franz G, Romer RL, Becchio R, Siebel W

(2002) Lead evolution of the Pre-mesozoic crust in the Central

Andes (18�–27�): progressive homogenisation of Pb. Chem Geol

186:183–197

Lucassen F, Kramer W, Bartsch V, Wilke H-G, Franz G, Romer RL,

Dulski P (2006) Nd, Pb, and Sr isotope composition of juvenile

magmatism in the mesozoic large magmatic province of northern

Chile (18–27�S): indications for a uniform subarc mantle.

Contrib Mineral Petrol 152:571–589

Lucassen F, Franz G, Romer RL, Schultz F, Dulski P, Wemmer K

(2007) Pre-cenozoic intra-plate magmatism along the Central

Andes (17–34�S): composition of the mantle at an active margin.

Lithos 99:312–338

Maksaev V (1990) Metallogeny, geological evolution, and thermo-

chronology of the Chilean Andes between latitudes 21� and 26�
south, and the origin of the major porphyry copper deposits.

Unpublished PhD thesis, Dalhouse University, Halifax, Nova

Scotia, Canada, 555 pp

Mamani M, Tassara A, Wörner G (2008) Composition and structural

control of crustal domains in the central Andes. Geochem

Geophys Geosyst 9. doi:10.1029/2007GC001925

Martin-Gombojav N, Winkler W (2008) Recycling of Proterozoic

crust in the Andean Amazon foreland of Ecuador: implications

for orogenic development of the Northern Andes. Terra Nova

20:22–31

Massonne HJ, Schreyer W (1987) Phengite geobarometry based on

the limiting assemblage with K-feldspar, phlogopite, and quartz.

Contrib Mineral Petrol 96:212–224

Int J Earth Sci (Geol Rundsch)

123

http://dx.doi.org/10.1029/2007GC001925


Miller H, Toselli AJ, Rossi de Toselli J, Aceñolaza FG (1994)
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Rößling R, Wilke HG (2000) Geochronology, metamorphic

petrology and geochemistry of basement rocks from Belén

(N. Chile) and C. Uyarani (W. Bolivian Altiplano): Implications

for the evolution of Andean basement. J S Am Earth Sci 13:717–

737

Zimmermann U, Bahlburg H (2003) Provenance analysis and tectonic

setting of the Ordovician clastic deposits in the southern Puna

Basin, NW Argentina. Sedimentology 50:1079–1104

Zimmermann U, Niemeyer H, Meffre S (2010) Revealing the

continental margin of Gondwana: the Ordovician arc of the

Cordón de Lila (northern Chile). Int J Earth Sci (Geol Rundsch).

doi:10.1007/s00531-009-0483-8

Int J Earth Sci (Geol Rundsch)

123

http://dx.doi.org/10.1007/s00531-009-0483-8

	The Early Palaeozoic high-grade metamorphism at the active continental margin of West Gondwana in the Andes (NW Argentina/N Chile)
	Abstract
	Introduction
	Early Palaeozoic high-grade metamorphic rocks between 18 and 32degS
	Geo-thermo-barometry and age determinations
	N Chile
	Mejillones peninsula
	Sierra de Moreno

	NW Argentina: southern Puna
	Archibarca
	El Peñon
	Cerro Plegado
	Cazadero Grande

	NW Argentina: western Sierras Pampeanas
	Sierra Toro Negro
	Sierra Espinal
	Sierra Umango
	Sierra de Maz

	Element chemical and Sr, Nd and Pb isotope composition of the metamorphic basement
	Element chemical composition
	Isotope composition

	Discussion
	Metamorphism and crystallization age
	Element and isotope chemical composition and crustal residence

	Concluding remarks
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


