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Abstract The Guarguaraz Complex in West Argentina

formed during collision between the microplate Chilenia

and South America. It is composed of neritic clastic me-

tasediments with intercalations of metabasic and ultrabasic

rocks of oceanic origin. Prograde garnet growth in metap-

elite and metabasite occurred between 1.2 GPa, 470�C and

1.4 GPa, 530�C, when the penetrative s2-foliation was

formed. The average age of garnet crystallization of

390 ± 2 Ma (2r) was determined from three four-point

Lu–Hf mineral isochrones from metapelite and metabasite

samples and represents the time of collision. Peak pressure

conditions are followed by a decompression path with slight

heating at 0.5 GPa, 560�C. Fluid release during decom-

pression caused equilibration of mineral compositions at the

rims and also aided Ar diffusion. An 40Ar/39Ar plateau age

of white mica at 353 ± 1 Ma (1r) indicates the time of

cooling below 350–400�C. These temperatures were

attained at pressures of 0.2–0.3 GPa, indicative of an

average exhumation rate of C1 mm/a for the period

390–353 Ma. Late hydrous influx at 0.1–0.3 GPa caused

pervasive growth of sericite and chlorite and reset the Ar/Ar

ages of earlier coarse-grained white mica. At 284–295 Ma,

the entire basement cooled below 280�C (fission track ages

of zircon) after abundant post-collisional granitoid intru-

sion. The deeply buried epicontinental sedimentary rocks,

the high peak pressure referring to a low metamorphic

geotherm of 10–12�C/km, and the decompression/heating

path are characteristics of material buried and exhumed

within a (micro) continent–continent collisional setting.

Keywords Albite–amphibolite facies �
Geothermobarometry � Lu–Hf system � K–Ar system �
Fission track (zircon) � Collision zone � Garnet �
Potassic white mica

Introduction

The growth of continental crust at the Pacific margin at

latitudes 30�–40�S in Phanerozoic times (Fig. 1a) involved

the formation of accretionary prisms, juvenile magmatic

additions and collision of allochthonous terranes (e.g. Ramos

2000, 2009; Willner et al. 2008). Whereas the nature of the
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Argentine Precordillera as an allochthonous microplate

called Cuyania is well established in spite of contrasting

proposals about its derivation (Ramos 2000, 2009), the

existence of a further allochthonous terrane to the west is

still a matter of debate. Ramos et al. (1986) proposed a

separate ‘‘Chilenia’’ terrane mainly due to the occurrence

of ultrabasic bodies within a metamorphic belt in the

Frontal Cordillera and western Precordillera of Argentina.

These were interpreted as remnants of ophiolites along a

suture. However, surface exposures of rocks of Chilenia

itself have not yet been firmly proven to be exposed outside

the proposed suture zone, although there is indirect evi-

dence for a separate microplate from chemical fingerprints

in magmatites (e.g. Mpodozis and Kay 1992). New evi-

dence for its existence and evolution can be derived by

unravelling the geodynamic evolution of two contrasting

metamorphic belts with high-pressure (HP) rocks on both

sides of the proposed terrane (Fig. 1a): (1) the Guarguaraz

Metamorphic Complex at the suture between Cuyania and

Chilenia in W Argentina (longitude 69�W) has character-

istics of a Palaeozoic collision zone (Massonne and

Calderón 2008; Willner et al. 2008), whereas (2) the

basement of the Coastal Cordillera in central Chile

(longitude 72�W) represents a Late Palaeozoic coastal

accretionary prism (e.g. Hervé 1988, Willner 2005, Willner

et al. 2005; Glodny et al. 2005; Richter et al. 2007). Yet

both HP complexes are composed of continent-derived

metasediments including up to 10–15% intercalations of

disrupted oceanic crust. A comparison of the evolution of

these similar complexes with contrasting settings will

aid in the understanding of collision zones particularly of

microplates in general.

The purpose of this paper is to explore the pressure–

temperature–time evolution of the Guarguaraz Complex in

more detail by a combined multimethod geothermobaro-

metrical and geochronological approach for a better

understanding of processes of terrane collision and their

recognition in general. We will study phase relations of the

HP part of the amphibolite facies, unravel specific PT

conditions and evolutions typical for a collisional setting as

well as derive a more exact timing of the collision and the

duration of processes like exhumation. This is the first time

such a detailed multimethod approach has been applied in

the Andes, and thus, our results should help to better define

other similar microplate collisional settings apparent in the

classical continental margin orogen of the Andes (Ramos

2009).

Geological setting

The westernmost exposures of metamorphic basement

rocks in Argentina that include ultrabasic rocks, occur

within the Frontal Cordillera and the western flank of the

Precordillera. Two units can be distinguished in the

southern part (Caminos 1993): a low-grade unit in the north

(Davis et al. 1999, 2000; Gerbi et al. 2002) and a medium-

grade unit in the south (Polanski 1964, 1972; Bjerg et al.

1990; Lopez and Gregori 2004) known as the Guarguaraz

Complex (Fig. 1b). This Complex consists of following

four main lithologies with protolith interpretations derived

from geochemical studies (Bjerg et al. 1990; Lopez and

Gregori 2004; Lopez et al. 2009; Fig. 1c): (1) garnet–

micaschist and quartzitic schist dominate the metamorphic

basement and are considered as originally derived through

erosion of a mature cratonic continental basement. The

metasediments contain intercalated lenses of (2) garnet-

bearing amphibolite with a N- or E-MORB geochemical

signature, (3) serpentinite with tremolite-/talc-bearing wall-

rocks and (4) marbles and calc-silicate. Massonne and

Calderón (2008) studied a metapelite and derived a PT path

characterized by HP metamorphism at 1.35 GPa, 500�C

followed by a decompression to mid-crustal conditions at

0.8 GPa, 565�C. These authors were the first to propose a

collisional setting based on the their PT data. An earlier

peak PT estimate at 0.9 ± 0.2 GPa, 500 ± 50�C on

amphibolite corresponds to a midcrustal stage only

(Ruviños et al. 1997).

Detrital zircon U–Pb ages reveal a maximum deposi-

tional age for the Guarguaraz metasedimentary rocks of

563 Ma (Willner et al. 2008). This is consistent with

findings of acritarchae of a presumed Vendian-Cambrian

age in the metasediments (Lopez et al. 2009) and a whole-

rock Sm–Nd isochron age of 655 ± 76 Ma for the inter-

calated metabasite interpreted as the crystallization age of

the protolith (Lopez et al. 2009). Furthermore, the 563-Ma

age is consistent with a protolith age of 576 ± 17 Ma

(U–Pb zircon) reported from a metabasite in the low-grade

Cortaderas Complex further north (Davis et al. 2000).

The detrital zircon age spectrum resembles that of Early

Palaeozoic sedimentary rocks of the Precordillera and

displays positive eHf values that follow a Mid-Proterozoic

crustal evolution trend starting at 1.2–1.5 Ga with juvenile

magma production (Willner et al. 2008). This is consistent

with Sm–Nd model ages at 1.4–1.7 Ga for the Guarguaraz

micaschist (Basei et al. 1998), whereas model ages for the

metabasite are at *1 Ga (Lopez et al. 2009). Previous

records of the age of metamorphism are defined only by a

poor Rb–Sr whole-rock isochron of the Guarguaraz

micaschist at 375 ± 34 Ma (Basei et al. 1998) and a K–Ar

whole-rock age of 370 ± 18 Ma by Caminos et al. (1979).

In the low-grade units to the north of the Guarguaraz

Complex, Davis et al. (1999) published 40Ar/39Ar plateau

ages of 384 ± 0.5 Ma and 377 ± 0.5 Ma from undefined

white-mica concentrates interpreted as crystallization ages

dating the peak of low-grade metamorphism.
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All rocks are overprinted by a penetrative NE-trending

second transposition foliation that is subparallel to the

bedding and to relics of a first foliation. The regional

stretching lineation strikes NW–SE. The transposition

foliation is deformed to NE–SW-trending mega-anticlines

(Fig. 1b, c; Lopez and Gregori 2004). Granodioritic–

tonalitic magmas intruded the basement at 348 ± 35 Ma

(Rb–Sr) and 337 ± 15 Ma (K–Ar) as dated by Caminos

et al. (1979). Astini et al. (2009) also mentioned bimodal

volcanism at 360–336 Ma in the Western Sierras

Pampeanas that is interpreted as post-collisional mag-

matism and related to extension. The Guarguaraz base-

ment is unconformably overlain by Upper Carboniferous

sediments (El Plata Formation). Siliciclastic Devonian

and Carboniferous sedimentary rocks constitute an

extensive basin of siliciclastic sediments to the west of

the Argentine Precordillera (Caminos 1979). The Car-

boniferous sedimentary rocks and the basement were

intruded by Permo-Triassic granitoids (264–202 Ma) and

are overlain by Permo-Triassic andesitic and rhyolitic

lavas of the Choiyoi Group formed during major crustal

extension (Gregori et al. 1996). Late Palaeozoic intru-

sions caused wide contact metamorphic halos discernable

by the blastesis of andalusite (Vujovich and Gregori

2002).

Petrographic characteristics and mineral composition

For the study of PT conditions and age dating, we concen-

trated on two abundant rock types only: garnet–micaschist

and garnet–amphibolite (Fig. 1). The mineral assemblages

as well as their locations are given in Table 1. Structural

formulae of representative analyses used for PT calculations

are presented in Table 2. Further data are available as sup-

plementary data tables which can be downloaded from

electronic supplementary material and upon request to the

first author. Abbreviations of minerals and end-member

components in this paper are as follows: Ab = albite,

Am = amphibole, Bt = biotite, Cl = chlorite, Ep = epi-

dote, Gt = garnet, Im = ilmenite, Kf = potassic feldspar,

Lw = lawsonite, Mt = magnetite, Pg = paragonite, Pl =

plagioclase, Qz = quartz, Rt = rutile, Tt = titanite, V =

H2O as hydrous fluid, Wm = potassic white mica.

Garnet–micaschist

The mineral assemblage of the metapsammopelitic rock is

garnet - chlorite - biotite - white mica - ilmenite -

plagioclase ± epidote ± rutile ± K-feldspar ± titanite ±

magnetite (Table 1). The prominent fabric is a penetrative

s2 transposition foliation defined by an alternating

Fig. 1 a Compilation of tectonic environments during late Palaeo-

zoic times at lat. 29–37�S based on Caminos (1979), Mpodozis and

Kay (1992), Ramos (2000), and Willner et al. (2005). The light grey
line marks the suture between the Chilenia and Cuyania Terranes

according to Ramos (2000). b Simplified geological map of the

southern part of the Argentine Frontal Cordillera at 33�100S–33�450S
according to Polanski (1964, 1972). c Detailed lithological map of the

Guarguaraz Complex south of the Rio de las Tunas according to

Lopez and Gregori (2004)
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phyllosilicate- and quartz-rich banding of up to 3 mm

thickness. White mica, chlorite (0.1–0.5 mm) and biotite

(0.2–0.5 mm) are strongly oriented parallel to the banding.

Biotite also grew late as crosscutting grains. Some bands

include crenulation of the phyllosilicates with recrystal-

lized fold hinges. Ilmenite with rutile inclusions or rare

magnetite are the opaque minerals. Graphite, zircon and

tourmaline are frequent accessories, whereas epidote is

rare. Quartz, plagioclase and occasional potassic feldspar

(0.1–0.5 mm) recrystallized as polygonal aggregates

between the phyllosilicate bands. In most rocks, garnet

grew as 1- to 5-mm-sized euhedral porphyroblasts

Fig. 2 Maps of X-ray intensity

distribution of Mn, Ca, Fe, Mg

and Fe/Mg in garnet from

metapelite 29290 (a) and

metabasite 29310 (b). Relative

intensities increase from blue to

red. Atomic proportions pfu of

respective elements are given

for each zone
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containing abundant titanite and quartz inclusions partic-

ularly in the core, where they are partly aligned parallel to a

former crenulation foliation. Further inclusions of rutile,

ilmenite, epidote, albite and chlorite are observed. Garnet

overgrew a polygonal quartz fabric of similar size as that of

the matrix only in its outer zones. Garnet rims are partly

corroded by biotite that also grew within fissures cross-

cutting the garnet crystals (Fig. 2a). Porphyroblasts of

albite of 1–5 mm grew across the phyllosilicate bands

containing abundant inclusions of apatite, chlorite, quartz,

titanite, phengite and epidote. Rims around albite with

sharp boundaries are composed of slightly altered

plagioclase.

During late-stage alteration in most rocks, fine-grained

aggregates of sericitic white mica and chlorite

(0.01–0.05 mm) replaced large crystals of white mica,

chlorite or biotite along the foliation planes as well as

particularly garnet partly or completely. Pseudomorphs

after garnet are by far more frequent than fresh garnet in

the sampling area. Also matrix quartz can be corroded.

Garnet (andradite0.00–0.05, grossular0.07–0.35, spessar-

tite0.13–0.50, pyrope0.02–0.07, almandine0.30–0.63) shows a

growth zoning pattern (Fig. 2a; see also Massonne and

Calderón 2008). From core to rim, Mn, Fe3? and XFe

decrease, whereas Fe2? and Mg increase. Additionally, Mn

and Fe show oscillatory zoning in the rim that is correlated

with each other. At the outer rim and within fissures

through the garnet, patch-like discordant garnet overgrew

older garnet showing a strong increase in Mn and Mg and a

decrease in Ca and Fe. It should be noted that particularly

XFe = Fe2?/(Fe2? ? Mg) shows a continuous decrease,

thus suggesting a steady temperature increase during garnet

growth.

Coarse-grained white mica is phengite (Si 3.30–3.36

apfu) in the core and displays lower Si-contents at narrow

rims (3.13–3.28 apfu; see also Massonne and Calderón

2008), whereas serizitic white mica is mainly muscovite

(Si 3.02–3.25 apfu; Fig. 3a). Contents of Na (0.02–0.13)

and XMg (0.1–0.7) vary widely but do not seem to be

significantly distinct between generations. Compositions

plot close to the ideal Tschermak’s substitution line except

for some sericitic grains due to substitution of some Al by

Fe3? (Fig. 3a).

Biotite shows little compositional variation without

clear zoning within and among samples (XMg 0.44–0.55; Ti

0.16–0.39 apfu, Na 0.03–0.09 apfu) in contrast to chlorite

(Si 4.98–6.67 apfu, XMg 0.39–0.63, Mn 0.02–0.21 apfu).

Rare epidote in sample 29290 shows a variation in Fe3?

content at 0.66–0.98 apfu with no difference between

matrix epidote and inclusions in garnet. Plagioclase is

usually albite, but at discordant rims variable compositions

were observed in different rocks (An29, An41–44).

Garnet–amphibolite

The predominant assemblage in the intercalated metabasite

lenses is Ca - amphibole - garnet - epidote - chlorite -

quartz - plagioclase - ilmenite - titanite ± magnetite

(Table 1). Hypidioblastic amphibole (0.5–2 mm) is either

oriented parallel to the penetrative foliation or unoriented.

Cores are rich in quartz inclusions. Epidote (0.1–0.5 mm)

and titanite aggregates are aligned parallel to the foliation.

Hypidiomorphic porphyroblasts of garnet (1–5 mm) con-

tain inclusions of ilmenite, titanite, epidote, chlorite and

amphibole. Garnet rims, which are frequently corroded by

chlorite, can contain large quartz inclusions with polygonal

fabric. Matrix quartz forms polygonal aggregates partly

with secondary recrystallization. Albite mostly grew as

inclusion-rich porphyroblasts occasionally showing over-

growth of strongly sericitized plagioclase rims with sharp

boundaries. K-feldspar may occur rarely. Most chlorite

replaces a late retrograde phase replacing garnet and

amphibole at its edges or along crosscutting fissures and is

commonly intergrown with magnetite and/or ilmenite.

Fig. 3 a Si–Al variation diagram of white mica within the studied

metapelite samples b XMg-Si variation diagram of amphibole in the

studied metabasite samples
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Biotite occurs in some K-rich amphibolite as well as

occasional calcite.

Ca-amphibole is strongly zoned being actinolitic horn-

blende and magnesiohornblende in the core and tscher-

makitic hornblende and tschermakite at the rim (Fig. 3b; Si

7.3–5.9 apfu). This trend is correlated with decreasing XMg

(0.35–0.66). Calculated contents of Fe3? are variable

(0.16–1.73 apfu) as those of (Na ? K)A (0.00–0.77 apfu)

and (Na ? K)B (0.07–0.62 apfu), whereas Ti (0.01–0.08

apfu), Mn (0.01–0.13 apfu) and K (0.02–0.20 apfu) are

present as traces only. Actinolite, actinolitic hornblende and

magnesiohornblende occur as inclusions in garnet.

The growth zoning pattern of garnet (andradite0.00–0.06,

grossular0.03–0.37, spessartite0.04–0.58, pyrope0.01–0.11, alm-

andine0.22–0.63) in the amphibolite is similar to that of

garnet in the metapelite except for Ca (Fig. 2b). From core

to rim Mn, Ca and XFe decrease and Fe and Mg increase.

At the outer rim overgrowth, patches of a discordant garnet

show a strong increase in Mn and Ca and a decrease in Mg,

Fe and XFe.

Chlorite shows intermediate Si-contents (5.06–5.97

apfu) and XMg (0.40–0.73) with little variation within

samples and traces of Mn (0.01–0.31 apfu) and Ti

(0.00–0.03 apfu). Epidote has Fe-contents of 0.63–0.87

apfu that are lower (0.55 apfu) in inclusions in garnet.

Plagioclase is albite with rims containing 19–34 mol%

anorthite component.

It should be noted that thin layers of garnet–amphibole

quartzite with sceletal garnet growth are associated with

metabasite lenses.

Fig. 4 a P–T pseudosection

calculated for metapelite 29290

(whole-rock analysis in

Table 3) with the position of the

PT path during growth of

garnet; b stability fields of

minerals as well as selected

composition isopleths of garnet

and white mica intersecting at

the PT conditions during

initiation of garnet growth

(star); c isopleths of Si in white

mica and wt% of free water; the

inserted PT path indicates

substantial water release after

decompression; d isopleths for

Ca, Fe and Mg in garnet
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Geothermobarometry

The predominant assemblages observed in the Guarguaraz

Complex indicate albite–amphibolite facies conditions, i.e.

the high pressure part of the amphibolite facies above

*0.8–1.0 GPa at 500�–700�C, where only albite is the

stable plagioclase up to at *1.5–1.7 GPa. To explore the

PT conditions, at which the predominant assemblages with

garnet were formed at various stages, we have chosen two

independent approaches: the calculation of (1) PT pseu-

dosections and (2) mineral equilibria defined by intersec-

tion of multivariant reactions. For both methods, we

selected different thermodynamic data sets to ensure

independently derived PT data.

Pseudosections

Pseudosections for a metapelite (sample 29290; Fig. 4) and

a metabasite (sample 07CH06; Fig. 5) were calculated with

the PERPLE_X software package (Connolly 1990, 2005;

used version of august 2006 downloaded from www.

perplex.ethz.ch). These samples were chosen from the

petrographically investigated rocks, because no signs of

metasomatism or veining were discernable and the domi-

nating metamorphic assemblage was homogenously dis-

tributed at thin section scale. We used the thermodynamic

data set of Holland and Powell (1998, updated 2002) for

minerals and aqueous fluid and solid-solution models

for white mica, epidote, garnet, plagioclase, amphibole,

Fig. 5 a P–T pseudosection

calculated for metabasite

07CH06 (whole-rock analysis in

Table 3) with the position of the

PT path during growth of

garnet; b stability fields of

minerals as well as selected

composition isopleths of garnet

intersecting at the PT conditions

during initiation of garnet

growth (star); c isopleths of

wt% of free water; the inserted

PT path indicates substantial

water release during prograde

garnet growth and

decompression; d isopleths for

Ca, Fe and Mg in garnet
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chlorite and biotite reported by Holland and Powell (2003)

and Powell and Holland (1999). Albite, K-feldspar, quartz,

titanite, H2O and paragonite were considered as pure

phases. For the calculation of the pseudosections, the major

element compositions analysed by XRF were simplified to

an 11-component system (SiO2-TiO2-Al2O3-FeO-MgO-

MnO-CaO-Na2O-K2O-H2O-O2; K2O = 0 for the metaba-

site and normalized to 100% (Table 3). Water contents

were augmented to excess water conditions considered to

have prevailed during peak PT conditions. Oxygen con-

tents were estimated (0.04 resp. 0.1 wt%) to account for

epidote and magnetite present in the samples. Calculated

compositions of minerals provide good coincidence with

measured ones (Table 2) except for amphibole, because the

applied solid-solution model for amphibole can be taken as

provisional only.

Calculated isopleths for the Ca, Fe and Mg contents in

garnet are, in fact, strongly temperature dependent, but

those for the inner garnet core cut at 1.15 GPa, 495�C and

1.10 GPa, 510�C for the metapelite and metabasite

(Figs. 4, 5), respectively. For the metapelite, the isopleth of

the maximum Si content for phengite (Si 3.35 apfu) also

intersects the corresponding PT point. Thus, in both rock

types, garnet started to grow in assemblage with chlorite,

albite, titanite, epidote and amphibole (Figs.4, 5) as cal-

culated and in accordance with the observed inclusion

assemblage. In the metapelite, additionally biotite, rutile

and phengite were present at this stage. Most phases are

observed as inclusions in garnet and albite. Only the

presence of amphibole could not be proved in the studied

metapelite samples but was observed as inclusion in albite

by Massonne and Calderón (2008). Inclusions of actinolite

in garnet of the amphibolite (Table 2) could point to early

PT conditions lower than those derived here from the

garnet core.

Further garnet growth in both rock types is due to higher

temperatures according to the shift in compositional isop-

leths for garnet. The mineral assemblages are characterized

by the disappearance of titanite and albite in the metapelite

and metabasite, respectively. The temperature for this peak

pressure stage can be constrained at about 530�C, because

the rutile stability field is not reached in the metabasite.

Under the assumption that white-mica compositions

remained at[3.3 Si apfu as observed over most part of the

large white-mica grains in the metapelite, pressure must

have slightly increased to about 1.25 GPa.

For the latest stage of garnet growth (patchy overgrowths

and fissure fillings), the corresponding mineral assemblages

are garnet-biotite-chlorite-white mica-epidote-plagioclase-

magnetite-rutile (metapelite) and the amphibole-garnet-

epidote-plagioclase-ilmenite-magnetite (amphibolite) at

considerably lower pressure, but higher temperature

(\0.8 GPa; [550�C; Figs. 4a, 5a). Isopleths calculated for

free water in the systems (Figs. 4c, 5c) show that during

decompression, considerable fluid was released in the

metapelite and the metabasite enhancing further growth and

Table 3 Whole-rock compositions

Metapelite Metabasite Simplified compositions used for

calculations of PT pseudosections

(Wt%) 29290 07CH06 (Wt%) 29290 07CH06

SiO2 65.8 48.1 SiO2 65.2 47.5

TiO2 0.63 2.60 TiO2 0.63 2.57

Al2O3 15.5 12.8 Al2O3 14.6 12.7

FeO FeO 5.64 15.17

Fe2O3 6.32 17.1 Fe2O3

CaO 1.04 10.4 CaO 1.72 10.3

MgO 3.15 5.63 MgO 3.11 5.57

MnO 0.33 0.25 MnO 0.33 0.25

K2O 4.17 0.38 K2O 4.13

Na2O 0.61 2.02 Na2O 0.60 2.00

P2O5 0.09 0.24 O2 0.04 0.10

CO2 0.09 0.10

H2O 2.41 1.71 H2O 3.96 3.94

100.1 101.3 100.0 100.0

Analyses were obtained by a Philips PW 2400 X-ray fluorescence

(XRF) spectrometer at Universität Stuttgart. Finely ground rock

powder produced with a WC dish-and puck mill was fused with

Spectromelt� (ratio 1:9) to prepare glass discs

Fig. 6 Synoptic clockwise pressure–temperature-time-deformation

path for the Guarguaraz Metamorphic Complex
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equilibration of the mineral phases at mid-crustal conditions

as suggested by Massonne and Calderón (2008). During this

decompression/heating path, albite porphyroblasts were

growing in some rocks and the peristerite gap of plagioclase

was overstepped during growth of their rims, when the

midcrustal stage was reached with further temperature

increase.

Multivariant reactions

For calculating the PT position of multivariant reactions,

we used the Ge0calc software of Brown et al. (1989) with

the thermodynamic dataset of Berman (1988) augmented

by compatible thermodynamic data of the following

end-members: glaucophane (Evans 1990), clinochlore,

Mg–Al-celadonite, Fe–Al-celadonite (Massonne 1995a),

daphnite and muscovite (Massonne and Szpurka 1997).

The used activity formulations for non-ideal solid solutions

are as follows: chlorite and amphibole by Massonne

(1995a, b), garnet by Berman (1990), feldspar by Fuhrman

and Lindsley (1988), biotite by McMullin et al. (1991) and

potassic white mica by Massonne (1995a, 1997). An ideal

solid-solution model was chosen for epidote (aclinozoisite =

1 - Xpistazite).

For the metapelite samples 29290 and 29310, we used

following multivariant equilibria combining core com-

positions of garnet, white mica and biotite and respective

compositions of the cores (Table 2) to derive conditions

for the early stages according to the calculated PT

pseudosection (Fig. 4a). However, the biotite composi-

tion does not vary considerably in contrast to that of

chlorite.

(E1) AnniteBt ? PyropeGt = PhlogopiteBt ? AlmandineGt

(E2) AnniteBt ? MuscoviteWm ? 6 PhlogopiteBt ?

Quartz = 3 Mg–Al-CeladoniteWm ? AlmandineGt

(E3) 2 AlmandineGt ? 3 Mg–Al-CeladoniteWm = 6

Quartz ? PyropeGt ? MuscoviteWm ? 2 AnniteBt

(E4) MuscoviteWm ? 2 PhlogopiteBt ? 6 Quartz =

PyropeGt ? 3 Mg–Al-CeladoniteWm

To derive PT conditions for the late stage, we consid-

ered the composition of the Ca-rich plagioclase, the dis-

cordant garnet overgrowth and the outermost rim of white

mica (Table 2) to calculate (E1) and the following multi-

variant equilibria:

(E5) PyropeGt ? MuscoviteWm ? GrossularGt = 3

AnorthitePl ? PhlogopiteBt

(E6) AlmandineGt ? MuscoviteWm ? GrossularGt = 3

AnorthitePl ? AnniteBt

For sample 29290 conditions are 1.31 GPa/463�C

(early), 1.42 GPa/532�C (peak pressure) and 0.55 GPa/

543�C (late). Comparable results were derived from sample

06CH02: 1.26 GPa/476�C, 1.45 GPa/563�C, 0.40 GPa/

582�C (see also Table 1 and Fig. 6).

Similarly we calculated following multivariant equilib-

ria for the three stages of garnet growth also in the

metabasite samples 29310 and 07CH06 using core, rim and

Table 4 Lu–Hf isotopic compositions and derived mineral isochron ages

Sample Fraction Grain

size [l]

176Lu/177Hf ±2r 176Hf/177Hf ±2r Lu

(ppm)

Hf

(ppm)

29308 Garnet 200–300 0.56957 0.00342 0.286340 0.000007 1.985 0.495 Age = 391.7 ± 2.5 Ma

Hornblende 200–300 0.02226 0.00013 0.282325 0.000006 0.104 0.662 Initial 176Hf/177Hf = 0.282161 ± 5

Hornblende 100–200 0.01704 0.00010 0.282289 0.000011 0.081 0.672 MSWD = 0.88

Whole rock 0.06229 0.00037 0.282611 0.000012 0.390 0.890

07CH06 Hornblende 200–300 0.03760 0.00023 0.283069 0.000010 0.292 1.101 Age = 389.9 ± 2.4 Ma

Hornblende 100–200 0.04080 0.00024 0.283100 0.000010 0.222 0.774 Initial 176Hf/177Hf = 0.282795 ± 6

Garnet 100–300 1.39636 0.00838 0.292996 0.000010 0.850 0.087 MSWD = 1.60

Whole rock 0.09585 0.00058 0.283491 0.000007 0.520 0.771

29290 Garnet 200–300 0.68053 0.00408 0.287394 0.000007 6.468 1.350 Age = 388.3 ± 1.7 Ma

Garnet 100–200 0.74319 0.00446 0.287827 0.000007 6.529 1.248 Initial 176Hf/177Hf = 0.282437 ± 6

White Mica 200–300 0.01705 0.00010 0.282561 0.000006 0.085 0.709 MSWD = 0.49

Whole rock 0.10259 0.00062 0.283183 0.000014 0.395 0.547

For the Lu/Hf analyses about 100 mg of garnet, hornblende and mica (from sieve fractions of 100–200 and 200–300 lm) were handpicked under

a binocular microscope. Mineral fractions were spiked and digested on a hotplate in closed Teflon vials to selectively dissolve the minerals

excluding accessory phases like zircon and rutile (Lagos et al. 2007). Lu and Hf separation was achieved using ion-exchange columns (Münker

et al. 2001), and the Hf fraction has been passed through an additional column to remove any remaining Lu and Yb (column A of Patchett and

Tatsumoto 1980). Lu and Hf isotopic measurements were taken on a Finnigan Neptune MC-ICPMS at the Goethe-Universität Frankfurt,

following the procedures described in Schmidt et al. (2008). Repeated measurements of a Lu-standard yielded a 176Lu/175Lu = 0.026556 ± 31

(2r * 0.12%, n = 10); the Hf standard JMC475 was reproduced with a 176Hf/177Hf = 0.282151 ± 11 (2r * 0.004%, n = 11). Isochrons were

calculated using the ISOPLOT program (Ludwig 2007) with a k176Lu = 1.867 9 10-11/y (Scherer et al. 2001; Söderlund et al. 2004)
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outer rim compositions of garnet, amphibole, chlorite and

plagioclase (Table 2):

(E7) 3 ClinochloreCl ? 5 AlmandineGt = 3 Daph-

niteCl ? 5 PyropeGt

(E8) 5 AlmandineGt ? 39 AnorthitePl ? 12Tremo-

liteAm = 57Quartz ? 20 PyropeGt ? 21 GrossularGt ? 3

DaphniteCl

(E9) 13 AnorthitePl ? 4 TremoliteAm = 19 Quartz ? 5

PyropeGt ? 7 GrossularGt ? ClinochloreCl

(E10) 5 AlmandineGt ? 4 ClinochloreCl ? Grossu-

larGt ? 19 Quartz = 4 TremoliteAm ? 3 DaphniteCl ? 13

AnorthitePl.

For sample 29310 1.13 GPa/495�C (early), 1.42 GPa/

592�C (peak pressure), 0.41 GPa/555�C (late) result, for

07CH06 1.28 GPa/480�C and 1.36 GPa/495�C (see also

Table 1 and Fig. 6). The resulting PT path during garnet

growth is comparable for both major rock types (Fig. 6) and

also coincides with that of Massonne and Calderón (2008).

A retrograde fluid infiltration is defined by the growth of

sericitic white mica in the metapelite and chlorite in all

rock types. The very low grain size of both minerals sug-

gests low crystallization temperatures (*250�–350�C).

The geobarometer reaction

(E11) 5 Al-celadoniteWm ? MuscoviteWm = 6 K-feld-

spar ? ClinochloreCl ? 2 Quartz ? 2 H2O was calculated

for the K-feldspar-bearing samples 06CH02 and 06CH12

considering the compositional range of sericite (Si 3.2 and

3.05 apfu). The calculation results indicate the approxi-

mate PT field of the hydrous fluid infiltration at

*250–350�C and 0.1–0.3 GPa (Fig. 6). Pressures can be

corroborated by the pressures of intrusions of Carbonifer-

ous post-collisional granitoids which caused wide contact

aureoles including andalusite. Stability of andalusite with

muscovite and quartz (sample 06CH24; Table 1) also

occurs at 0.1–0.3 GPa.

Geochronology

The Lu–Hf system

Exact timing of the peak of the HP metamorphism is of key

importance, because this age will also approximate the

time of microplate collision. We have chosen the Lu–Hf

system because of (1) its wide use for precise dating of

garnet-bearing assemblages, (2) its presumed high closure

temperature of C700�C (Scherer et al. 2000) resulting in

mineral crystallization ages at medium grade conditions,

(3) a good link of ages to PT conditions and (4) a poten-

tially good age correlation between metabasite and

metapelite. One metapelite and two amphibolite samples

were selected that showed no evidence of retrograde

mineral growth. In these samples, no detrital zircon was

detected that contains high inherited Hf contents to bias

whole-rock isotopic composition.

Three four-point mineral isochrones for rocks of

metapelitic and metabasic composition (Table 4; Fig. 7)

Fig. 7 Lu–Hf isochrones for metapelite sample 29290 and metaba-

site samples 07CH06 and 29308
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were determined by measuring the isotope ratios of two

different minerals (garnet-hornblende or garnet-white

mica), two grain size fractions of one mineral and the

whole rock. The isochrones yield a very narrow age

spectrum of almost identical ages at 388.3 ± 1.7 Ma

(±2r) (metapelite 29290), 389.9 ± 2.4 Ma (metabasite

07CH06) and 391.7 ± 2.5 Ma (metabasite 29308) with an

average of the three samples at 390.0 ± 2.2 Ma (±2r).

Temperature during garnet crystallization can be con-

sidered below or at the lowest level of the assumed closure

temperature range for the Lu–Hf system at 550–800�C

depending on cooling rate and grain size (Scherer et al.

2000; Anczkiewicz et al. 2007). Hence, the resulting ages

are crystallization ages of the predominant garnet-bearing

assemblage. Both major rock types of contrasting origin in

the Guarguaraz Complex show identical ages. This means

that both rock types were already juxtaposed against each

other before the peak of HP metamorphism.

The 40Ar/39Ar system

We analysed single large phengite grains of *1 mm size

in three metapelite samples by the step heating method

using 40Ar/39Ar laser ablation (Table 5; Fig. 8). Due to the

low commonly accepted closure temperature of the
40K-40Ar system of *350–420�C (McDougall and

Harrison 1999 and references therein) with respect to the

peak temperatures of the Guarguaraz Complex, we could

expect cooling ages. However, the selected samples differ

in the degree of late retrograde fluid infiltration and alter-

ation indicated by the amount of sericite and fine-grained

chlorite. Sample 29290 contains no sericite, but samples

06CH03 and 06CH12 contain considerable contents of this

mineral.

The oldest 40Ar/39Ar plateau age of 352.7 ± 0.6 Ma in

sample 29290, in which the plateau consists of 88% of total
39ArK released (Fig. 8), is identical with the normal iso-

chron age of 352.7 ± 1.7 Ma with an initial 40Ar/36Ar ratio

of 312 ± 42 close to that of atmospheric Ar (295.5).

Because this well-defined 40Ar/39Ar age is 40 Myrs

younger than the Lu–Hf crystallization age of the white

mica of 391.7 ± 2.5 Ma, it must be interpreted as a cooling

age. In general, the presence of fluids and/or deformation

are essential for diffusion to proceed at a specific stage

(Villa 1998). In the present case, retrograde deformation

was absent, but sufficient internally generated hydrous fluid

should have been released during decompression to mid-

crustal conditions (see Figs. 4c, 5c) to trigger Ar diffusion

during cooling.

By contrast, the two further samples show consistently

younger ages and more irregular Ar age spectra pointing to

partial Ar loss: In sample 06CH03, the lower temperature

steps show a broad increasing positive slope typical for anT
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Ar loss curve. A plateau age of 322.7 ± 2.4 Ma may be

derived only from the last steps with 43% of the 39ArK total

amount released (Fig. 8). However, it appears to be an

apparent plateau without geological meaning, because it is

considerably younger than the well-defined plateau age of

sample 29290 in spite of the same geological history of

both samples. In sample 06CH12 (with most sericite and

hence most alteration), the investigated large grain of white

mica shows an Ar release spectrum without any plateau.

We interpret both irregular spectra as due to a resetting of

the Ar–Ar ages at temperatures lower than the closure

temperature of the K–Ar system coupled to the late

external fluid influx. It must be noted that in both samples

with resetted Ar–Ar ages, the original chemical composi-

tion of Si-rich white mica is still preserved. Similar Ar-age

resetting at low temperature has also been detected in rocks

of accretionary prisms in South Chile by Ramı́rez-Sánchez

et al. (2007) and Willner et al. (2009a).

However, although age resetting can be correlated with

late fluid influx, it is difficult to envisage the mechanism of

resetting. Considering the large grain size of white mica I

and presumably low temperatures of the influx event

(*250–350�C), it is difficult to explain resetting by dif-

fusion. An in situ dissolution/precipitation process might

be envisaged, but this should have influenced the original

white-mica composition. Alternatively cleavage planes of

white mica could have been pathways for a fluid causing

resetting at low temperatures and shallow depths. Ar

loosely bound in the mica interlayer position will have

been removed by these fluids.

Zircon fission tracks

We selected two rocks for fission-track dating of zircon

from different parts of the Guarguaraz Complex to get

information about the latest detectable stage of exhuma-

tion. Sample 06CH19 is from a zone not overprinted

by a late low-pressure/high-temperature metamorphism,

whereas sample 06CH27, taken from the Arroyo Grande in

the Portillo Area in the southern part of the Guarguaraz

Complex, is characterized by growth of andalusite during a

contact metamorphic overprint associated with granitoid

intrusion. Resulting ages of 283.5 ± 18.8 (sample 06CH19)

and 295.4 ± 17.8 (sample 06CH27) are identical within

the 2r error (Table 6; Fig. 9).

Fig. 8 39Ar release spectra for metapelite samples 29290, 06CH03

and 06CH12

Table 6 Fission-track data for zircon from the metamorphic basement (31�–32�0S)

Sample N Track density

(9106 tr cm-2)

Age dispersion Central age (Ma)

Ps (Ns) Pi (Ni) Pd (Nd) (Pv2) (±1r)

06CH27 20 15.67 (4,039) 1.622 (418) 0.5140 (3,208) \0.01% (99%) 295.4 ± 17.8

06CH19 16 17.25 (3,026) 1.870 (328) 0.5163 (3,222) \0.01% (99%) 283.5 ± 18.8

Zircon crystals were separated, mounted, polished and etched according to Thomson and Ring (2006), analysed applying the external detector

method and irradiated with Corning dosimeter glass CN5 at the Oregon State University Triga Reactor, Corvallis, USA. Central ages (Galbraith

and Laslett 1993) quoted with 1r errors were calculated using the Zeta-calibration approach of Hurford and Green (1983). The CN5 zeta

calibration factor of 371.5 ± 14.0 (zircon) was obtained by repeated calibration against age standards according to Hurford (1990)
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Fission tracks in zircon shorten or anneal with increased

temperature and duration of heating. For pristine zircon

grains, annealing over geologic time begins at 250 ± 20�C,

with total resetting occurring above 310 ± 20�C (Tagami

et al. 1998), although these temperatures are lower in

zircon with high accumulated radiation damage (Rahn

et al. 2004). This translates into a closure temperature for

fission tracks in zircon at moderate-to-fast cooling rates of

280 ± 30�C, which correlates well with the brittle/ductile

transition (Brix et al. 2002).

The age range by the two samples can be considered as a

valid late cooling age below this temperature for the entire

Guarguaraz Complex.

Discussion and geotectonic constraints

The prograde PT path and HP stages

Titanite and low Na actinolite enclosed in garnets of the

metapelite and metabasite, respectively, are relics of the

early prograde path at low PT. Possible PT conditions of a

pre-HP stage at *0.8 GPa, 500�C were proposed by

Massonne and Calderón (2008). Penetrative deformation

D2 occurred during the prograde path only up to the time of

early garnet growth (folded inclusion trails). This event

was followed by static recrystallization within all rock

types. The resulting polygonal fabric is already overgrown

by garnet rims. Hence, D2 can be correlated with burial.

Peak pressure conditions evolved around a low meta-

morphic gradient of *10–12�C/km, when main garnet

growth occurred from mean PT conditions of 1.22 ±

0.05 GPa, 470� ± 30�C to 1.40 ± 0.05 GPa, 530� ± 50�C.

Continent-derived metasediments and the metabasite of

oceanic origin were already mixed at that time and also

reveal the same exhumation history as proved by the

coinciding peak PT conditions and ages of the pressure

peak.

The Lu–Hf isochrones show that garnet was in equi-

librium with hornblende or white mica resulting in identi-

cal crystallization ages with a mean of 390.0 ± 2.2 Ma

(Fig. 7). Many studies of REE distributions in garnet have

shown that Lu is generally concentrated in the core of

garnet resulting in a bell-shaped zoning pattern particularly

Fig. 9 Histogram and radial

plot representation of zircon

single grain FT age data for

selected rocks of the study area
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at medium grade (e.g. Skora et al. 2006, Anczkiewicz et al.

2007, Schmidt et al. 2008; Konrad-Schmolke et al. 2008).

Hence, the resulting ages—although they represent a

mixture of ages of the three growth stages—are more

weighted towards those of the garnet core. On the other

hand, the low volume of late garnet grown at intermediate

pressure suggests little or no influence on the age of the

bulk volume of garnet. Hence, dated initial garnet growth

can be correlated with the burial process caused by the

collision of Chilenia with Gondwana.

Peak temperature stage

It was shown that during the early decompression event,

considerable amounts of water were released (Figs. 4c, 5c).

Thus, it is conceivable that reactions and equilibration

continued during the decompression path. Albite por-

phyroblast growth is related to this stage. Rim composi-

tions of albite, amphibole, white mica, occasional small

rims of discordant garnet overgrowth as well as biotite

filling fissures in garnet define a third stage of equilibration

at midcrustal conditions around 0.49 ± 0.08 GPa,

560� ± 30�C, whereas Ruviños et al. (1997) and Massonne

and Calderón (2008) determined 0.8 GPa at these tem-

peratures. In any case, a heating during decompression is

independent of the applied geothermobarometric method.

Retrogression stages

The calculated formation of hydrous fluids during decom-

pression should have aided diffusion of the 40Ar/39Ar

system in white mica (Villa 1998). We derived one well-

defined 40Ar/39Ar plateau age of 352.7 ± 0.6 Ma of white

mica that contrasts its Lu–Hf crystallization age of

388.3 ± 1.7 Ma (Fig. 7a) and is interpreted as age of

cooling under *350�–420�C. From the geometry of the PT

path (Fig. 6) and the conditions of the retrogression stage, a

pressure of *0.2–0.3 GPa is assumed for this temperature

range. This pressure is equivalent to a depth of 7–11 km

(on the basis of a mean crustal density of 2.8 g/cm3). If we

take a depth of 46–50 km for the peak of metamorphism

into account, a minimum average exhumation rate of

0.9–1.2 mm/a results for the period 390–353 Ma. Exhu-

mation rates during the heating/decompression path can

still have been considerably higher. Nevertheless, the

derived average rate contrasts significantly lower rates

known from the coastal accretionary systems of Chile

around 0.5 mm/a consistent with mean worldwide erosion

rates and erosion as prime exhumation factor (Glodny et al.

2005; Willner et al. 2005). The higher rate for the

Guarguaraz Complex is more compatible with erosion of

morphologically clearly exposed mountain ranges like the

Alps or Himalaya.

After cooling to below *350�, a late pervasive influx of

hydrous fluids caused the growth of sericite in most

metapelites and considerable chloritization in both metap-

elite and metabasite at *250–350�C and 0.1–0.3 GPa

(Fig. 6). This event occurred in shallow crustal levels,

where hydrothermal circulation is possible. It might have

been a time-equivalent to the still ill-defined episode of

post-collisional granite intrusions at 348 ± 35 to 337 ±

15 Ma (Caminos et al. 1979) in the Guarguaraz Complex

and related to a high geotherm caused by intruding grani-

toids and/or an episode of extension.

This late stage of the retrograde PT evolution is related

to a uniform exhumation level where the entire Guarguaraz

Complex cooled under 280�C as dated by fission tracks in

zircon at 284 ± 19 to 295 ± 18 Ma. This age marks the

end of an early episode of granite intrusions, a pervasive

shallow crustal hydrous fluid influx and a period of a

considerable decrease in average exhumation rates to

0.1–0.05 mm/a during the period of 353–290 Ma when the

Guarguaraz mountain range was already denuded. How-

ever, these exhumation rates must be seen as minimum

rates, because a reburial of the basement within shallow

crustal levels cannot be excluded due to the existence of

unconformably overlying Upper Carboniferous sediments

(El Plata Formation; Caminos 1979) on the basement.

Considering the error, the FT-ages may still be Carbonif-

erous (299–360 Ma; Ogg et al. 2008). Possible reburial

within the uppermost crust during Carboniferous times can

only have occurred at the basis of the local Carboniferous

basin under a high geothermal gradient.

Geodynamic consequences

The derived PTtd history of the Guarguaraz Complex

contrasts the well-known evolution of the late Palaeozoic

coastal accretionary systems in central Chile (e.g. Willner

2005; Willner et al. 2005; Glodny et al. 2005; Richter et al.

2007) that developed after collision of Chilenia with

Gondwana at its Pacific side. The following characteristics

of the PTtd evolution in the Guarguaraz Complex can be

considered as typical for a collisional setting between

colliding continental crustal blocks (also outlined by

Massonne and Calderón 2008):

1. In contrast to the coastal accretionary systems in Chile,

there was no subduction of contemporaneous conti-

nental margin sediments, but rather neritic epiconti-

nental sediments deposited in a basin outside its

present position in Late Precambian to Lower Cam-

brian times (Lopez and Gregori 2004; Lopez et al.

2009; Willner et al. 2008).

2. Peak pressure conditions occurred at 1.40 GPa, 530�C

around a low metamorphic geotherm of 10–12�C/km
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and thus exceeds maximum pressure at 0.8–1.1 GPa in

the coastal accretionary prisms of Central Chile

formed by basal accretion with metamorphic gradients

around 12–15�C/km (Willner 2005). This is consistent

with the observation that maximum depth of present

accretionary prisms does not exceed 40 km (Ring and

Brandon 1999) and most coastal accretionary prisms

appear to evolve at metamorphic gradients exceeding

12�C/km (Massonne and Willner 2008). Furthermore,

the average early minimum exhumation rates in the

Guarguaraz Complex are significantly faster than in

the coastal accretionary prisms.

3. Particularly, the decompression/heating path is of

central importance for the recognition of collisional

settings. In coastal accretionary systems such as the

one of Central Chile, decompression during exhuma-

tion is always related to slight cooling (e.g. Willner

2005). On the other hand, decompression/heating paths

are known from specific parts of the collision zones in

continent–continent collisional belts such as the Alps

(e.g. Bousquet 2008; Bousquet et al. 2008; Wiederkehr

et al. 2009) and the Mid-European Variscides (e.g.

Willner et al. 2000) as well as from numerical

modelling of such settings (Willner et al. 2002; Gerya

et al. 2004; Faccenda et al. 2008). The significance of

such PT paths is variable: (1) the pressure peak may be

overprinted on a large scale by a later thermal peak at

lower pressure due to radiogenic heat production,

when large amounts of crustal material were accumu-

lated in the collisional zone (e.g. Bousquet et al. 2008;

Wiederkehr et al. 2009; Faccenda et al. 2008); (2)

small volumes from the exhumation channel of a

collisional complex may show decompression/heating

paths, whereas neighbouring units show a mixture of

heterogeneous PT evolutions, different maximum

depths and interrelated PT paths (Willner et al. 2000,

2002; Bousquet 2008) and (3) heating during decom-

pression may be due to thermal relaxation during

exhumation of high-pressure/high-temperature rocks

(Gerya et al. 2004). In the present case, there is not

sufficient information, particularly of adjacent units to

evaluate, which cause is valid for the present case.

The confirmed collisional belt is a further proof for the

existence of the unexposed Chilenia Terrane. However,

the assignment of the Guarguaraz Complex to either the

Chilenia or the Cuyania Terrane depends on the original

direction of dip of the collision zone which is currently a

Fig. 10 EW cross-sections of the continental margin of South America showing the collision scenario of Chilenia at ca. 400–340 Ma
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matter of discussion. Because a magmatic arc prior to

collision either did not develop or is not exposed, argu-

ments for the direction of slab dip rely on structural

arguments (Ramos et al. 1986; Davis et al. 1999). How-

ever, we would presently favour an east-dipping subduc-

tion zone with Chilenia and the Guarguaraz Complex as the

lower plate (Fig. 10).

Conclusions

We describe the first comprehensive PTtd evolution, char-

acterized by an overall clockwise path for the major rock

types of the Guarguaraz Complex in part of a collision zone

of a microplate in Andean South America. The character-

istics for that environment become apparent when com-

parison is made with the evolution of coastal accretionary

prisms as known from the Coastal Cordillera of Chile.

These characteristics involve (1) burial of epicontinental

sediments deposited long before the collision event in a

basin outside its present position, (2) maximum pressure

conditions exceeding 1.0 GPa by far under a metamorphic

geotherm of 10–12�C/km, (3) early exhumation rates

exceeding 1 mm/a and (4) a decompression/heating path.

Such findings will also aid in the confirmation of real

allochthonous terranes elsewhere in the future that have yet

been proposed by different arguments for the Andes

(Ramos 2009). However, to gain more inside into the

mechanisms of collision zones, blocks from different depths

must be studied in detail to derive interrelated PTtd paths.

The earliest geodynamic development in Central Chile

is now well constrained (Fig. 10). After collision of

Chilenia with Gondwana in Devonian times, a passive

continental margin developed on the Pacific side of the

microplate until it was converted into a convergent conti-

nental margin at about 340 Ma (Willner et al. 2009b) with

the evolution of pronounced coastal accretionary systems

and a late Palaeozoic paired metamorphic belt after ca.

300 Ma (Willner 2005, Willner et al. 2005).
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(2009b) The contrasting evolution of collisional and coastal

accretionary systems between the latitudes 30�S and 35�S:

evidence for the existence of a Chilenia microplate. Abstracts

XII Congreso Geológico Chileno Santiago S9_099:223

Contrib Mineral Petrol

123

http://dx.doi.org/10.1029/2005TC001833
http://dx.doi.org/10.1029/2009TC002496

	The geodynamics of collision of a microplate (Chilenia) in Devonian times deduced by the pressure--temperature--time evolution within part of a collisional belt (Guarguaraz Complex, W-Argentina)
	Abstract
	Introduction
	Geological setting
	Petrographic characteristics and mineral composition
	Garnet--micaschist
	Garnet--amphibolite

	Geothermobarometry
	Pseudosections
	Multivariant reactions

	Geochronology
	The Lu--Hf system
	The 40Ar/39Ar system
	Zircon fission tracks

	Discussion and geotectonic constraints
	The prograde PT path and HP stages
	Peak temperature stage
	Retrogression stages
	Geodynamic consequences

	Conclusions
	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


