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a b s t r a c t

In central-western Argentina, an Early Paleozoic belt including mafic-ultramafic bodies, marine meta-
sedimentary rocks and high-pressure rocks occur along the western margin of the Precordillera and in
the Frontal Cordillera. First pressure-temperature estimates are presented here for low-grade rocks of the
southern sector of this belt based on two metasedimentary and one metabasaltic sample from the
Pe~nasco Formation. Peak metamorphic conditions resulted within the range of 345e395 �C and 7.0
e9.3 kbar within the high-pressure greenschist facies. The corresponding low metamorphic gradient of
13 �C/km is comparable with subduction related geothermal gradients. Comparison between these re-
sults and data from other localities of the same collision zone (Guarguaraz and Colohuincul complexes)
confirms a collision between Chilenia and the composite margin of western Gondwana and suggests a
stronger crustal thickening in the south of the belt, causing exhumation of more deeply buried se-
quences. During the Early Paleozoic a long-lived marine sedimentation coupled with the intrusion of
MORB-like basalts occurred along a stable margin before the collision event. This contrasts with the
almost contemporaneous sedimentation registered during accretion in accretionary prism settings and
additionally proves the development of a collision zone along western Precordillera and the eastern
Frontal Cordillera as well as the existence of Chilenia as a separate microcontinent.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

During Early Paleozoic times, several microcontinents (e.g.
Paracas, Cuyania, Chilenia and others) collided with the western
margin of Western Gondwana (current South American Plate; e.g.
Ramos, 2009). The recognition of their respective sutures was
originally mainly based on the presence of mafic-ultramafic belts or
regional lineaments along such hypothesized boundaries. Particu-
larly, in central-western Argentina a linear chain of several mafic
and ultramafic bodies occurs over 400 km which was first inter-
preted as a suture zone between the composite western Gondwana
margin (after Ordovician collision of the Cuyania microcontinent)
Boedo), arne.willner@rub.de
ich), h-j.massonne@imi.uni-
and the Chilenia microcontinent by Haller and Ramos (1984) and
Ramos et al. (1986).

There is still a debate on numerous aspects of the collision event
mostly regarding the provenance of the Chilenia terrane (if it is
allochthonous or parautochthonous to Gondwana). Do the mafic-
ultramafic bodies belong to different geotectonic environments or
belong they to the same ancient oceanic lithosphere section?
Which was the subduction polarity of the Chilenia terrane when it
approached to the Gondwana margin? Where was the corre-
sponding magmatic arc located?

The presence of the mafic-ultramafic belt is so far one of the
main evidences that support the existence of Chilenia as a separate
microcontinent. Late Neoproterozoic to Early Paleozoic metasedi-
mentary rocks associated to mafic and ultramafic bodies from the
Precordillera and the Frontal Cordillera exhibit similar structural
styles and polyphase deformation; intense isoclinal and dis-
harmonic folding, crenulation cleavage and double-vergent
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deformation (von Gosen, 1997; Davis et al., 1999; Gerbi et al., 2002;
L�opez, 2005; Giambiagi et al., 2010). Studies on metamorphism of
metabasites and metasedimentary rocks along the belt and further
south have provided critical evidence for collision processes (Davis
et al., 1999; Robinson et al., 2005; Massonne and Calder�on, 2008;
Willner et al., 2008, 2011; Gargiulo et al., 2011, 2012, 2013, Boedo
et al., 2012, this work).

The purpose of this contribution is to characterize the pressure-
temperature (P-T) metamorphic conditions of the metasedi-
mentary and metabasaltic rocks from the Pe~nasco area, part of the
southern sector of the Precordillera mafic-ultramafic belt.
Furthermore, we correlate our new P-T data with those obtained
from the southernmost sector of the mafic-ultramafic belt (Guar-
guaraz Complex; Massonne and Calder�on, 2008; Willner et al.,
2011) and the extension of the corresponding collisional suture to
the Colohuincul Complex (Martínez et al., 2012).

2. Geological setting

2.1. The Argentine Precordillera

The Argentine Precordillera is a fold and thrust belt which is
located in central-western Argentina and developed along the
western margin of the Cuyania composite terrane (Fig. 1a). Its Early
Paleozoic stratigraphy is well documented with dominating se-
quences of platform limestones to the east and marine siliciclastic
sedimentary rocks to the west, where mafic-ultramafic bodies,
affected by very low to low-grade metamorphism (e.g. Davis et al.,
1999; Rubinstein et al., 2000; Robinson et al., 2005; Boedo et al.,
2012, 2015), are intercalated (Haller and Ramos, 1984; Astini
et al., 1995; Thomas and Astini, 2003).

The western Argentine Precordillera consists of metasedi-
mentary rocks which originated in deep marine and continental
slope settings, including platform carbonate and siliciclastic olis-
toliths from its basement (Thomas and Astini, 2003 and references
therein). These rocks are spatially related to mafic-ultramafic
bodies within the Precordillera mafic-ultramafic belt. The out-
crops of this belt are discontinuous between latitudes 28� and 33�S
and consist of serpentinized ultramafic rocks, mafic granulites,
together with massive metagabbros, metabasaltic dikes, sills and
pillow lavas. The mafic rocks have N- to E-MORB (Normal-to
Enriched-Mid-Ocean Ridge Basalts) signature and positive εNd
values (þ6 to þ9.3), which are compatible with basalts/gabbros
from the oceanic crust (Haller and Ramos, 1984; Kay et al., 1984;
Cort�es and Kay, 1994; Fauqu�e and Villar, 2003; Gonz�alez
Men�endez et al., 2013; Boedo et al., 2013). The vergence of defor-
mation in Early Paleozoic units is still a matter of debate. Most
authors postulate that it is to the west based on the main vergence
of major structures (Ramos et al., 1986; von Gosen, 1997; Cort�es
et al., 1999; Ariza et al., 2015), whereas others propose an east-
ward vergence on the basis of only localized kinematic indicators
within allochtonous granulite lenses (Davis et al., 1999; Gerbi et al.,
2002; �Alvarez Marr�on et al., 2006), which may have been rotated as
they show different orientations along strike regarding the main
foliation (S1) in metasedimentary rocks (Boedo, 2015).

The Precordillera mafic-ultramafic belt can be divided in two
sectors according to their rock association and metamorphic grade:
a northern sector, which comprises the outcrop localities of Jagü�e,
Rodeo, Tigre and Calingasta, and a southern sector with the outcrop
areas of Pe~nasco, Pozos, Cerro Redondo, Cortaderas and Bonilla
(Fig. 1a). A very low to low-grade metamorphic imprint is regis-
tered along the northern part of the belt (Cucchi, 1971; Buggisch
et al., 1994; Robinson et al., 2005), while a low to medium grade
metamorphic imprint affects its southern part, where in-
tercalations of retrogradedmafic granulite (a former layered gabbro
complex) also occur (Davis et al., 1999; Boedo et al., 2012). Haller
and Ramos (1984) assumed that the southernmost part of the
mafic-ultramafic belt is located in the Sierra de Guarguaraz within
the Frontal Cordillera (Fig. 1b), where serpentinite, metagabbro,
metabasaltic dikes and pillow lavas occur in contact with marble
and schist of sedimentary origin (Villar, 1969, 1970; Gregori and
Bjerg, 1997; L�opez de Azarevich et al., 2009; Gargiulo et al., 2011).
These lithological units are grouped in the Guarguaraz Complex
(L�opez and Gregori, 2004). Despite their particular differences, the
mafic and ultramafic bodies from the Precordillera and Frontal
Cordillera are considered to belong to a dismembered ophiolite
along the suture zone between the composite western Gondwana
margin (after Ordovician collision of the Cuyania microcontinent)
and the Chilenia microcontinent (Fig. 1aeb) (Haller and Ramos,
1984; Ramos et al., 1986).

U/Pb ages on detrital zircon show a maximum age of deposition
of 555 ± 8 Ma for the (meta)sediments of the Guarguaraz Complex
(Willner et al., 2008), which is consistent with findings of cyano-
bacteria and acritarchs of probable Vendian-Cambrian age and an
age of 655 ± 76 Ma (Sm-Nd whole-rock) for an intercalated meta-
basite (L�opez de Azarevich et al., 2009), interpreted by them as the
probable crystallization age of the protolith. Similar to the western
Precordillera, the mafic bodies have N- to E-MORB chemical
signature and the whole sequence is strongly deformed and
metamorphosed. Massonne and Calder�on (2008) estimated an
early P-T stage of 8 kbar, 470e500 �C in metapelites and a subse-
quent pressure increase (13.5 kbar, 500 �C) followed by a decom-
pression to 8 kbar, 565 �C. Willner et al. (2011) determined similar
high pressure conditions (12e14 kbar, 470e530 �C) in metabasite
and metapelite, followed by a decompressionwith a slight increase
in temperature (5 kbar, 560 �C).

Regarding P-T conditions in the northern part of the Pre-
cordillera, Rubinstein et al. (1998, 2000) and Robinson et al. (2005)
estimated very low to low-grade and low pressure conditions
(2e3 kbar, 250-350 �C) in metabasite and metapelite from the
Alcaparrosa and Yerba Loca formations in the Calingasta and Rodeo
areas, respectively. P-T estimates by Davis et al. (1999) for the
Cortaderas mafic granulites in the southern part of the Precordillera
yielded temperatures between 850 and 1000 �C at 11 kbar. Boedo
et al. (2012) estimated similar conditions in mafic granulite from
the Cord�on del Pe~nasco area (P > 9 kbar, T~885 �C).

To the south, in the North Patagonian Andes, rocks from the
Colohuincul Complex (Fig. 1a) exhibit metamorphic trajectories
deduced to be the result of thermal relaxation after crustal thick-
ening (Martínez et al., 2012). These authors also interpret these
processes as a consequence of the Chilenia collision against the
western Gondwana margin and extend the microcontinent up to
the 41�S (present coordinates).

Dating of the metamorphic event in low and medium grade
rocks from the Precordillera, Frontal Cordillera and North Patago-
nian Andes generally yielded Devonian ages (Cucchi, 1971;
Buggisch et al., 1994; Davis et al., 1999; Willner et al., 2011;
Martínez et al., 2012).

The mafic-ultramafic belt, which is considered as an almost
complete ophiolite sequence, represents oceanic crust that may
have been subducted shortly before the collision of the Chilenia
microcontinent with the western Gondwana margin in the Middle
Devonian (Haller and Ramos,1984; Ramos et al., 1986;Willner et al.,
2011). However, Davis et al. (2000) proposed that the mafic gran-
ulite in the Precordillera could partly represent the roots of a
magmatic arc.

After exhumation of the Chilenia collision zone, marine sedi-
ments of Early Carboniferous age unconformably overlie all base-
ment rocks (Amos and Rolleri, 1965).



Fig. 1. a) Schematic map from central-western Argentina and central Chile. The light grey line marks the suture zone between the Chilenia and Cuyania microcontinents. The black
square indicates the location of the map in Fig. 1b. b) Simplified regional map from the southern sector of the Precordillera mafic-ultramafic belt and eastern Frontal Cordillera
(Guarguaraz Complex). Map modified from Caminos (1993).
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2.2. The Cord�on del Pe~nasco area

Our study zone is located in the Cord�on del Pe~nasco, in the
northern province of Mendoza (Fig. 2). A wide variety of nomen-
clature schemes have been proposed for the Early Paleozoic rocks
exposed in this area and current stratigraphic nomenclature is
invalid (Boedo, 2015). Therefore, we propose the term Cortadera
Complex to designate the lithological units originally described by
Harrington (1971) as “facies Cortadera”. This unit comprises lenses
of serpentinite (harzburgite, dunite, wehrlite, lherzolite) and ret-
rograded mafic granulite (former layered gabbro) in tectonic con-
tact with phyllite and subordinated metacarbonate. Occasionally,
serpentinite and metasedimentary rocks are intruded by E-MORB
(meta)basaltic dikes. Because all contacts are tectonic and due to
strong internal deformation, the unit thickness is unknown
(Harrington, 1971). The Cortadera Complex is assigned to the
Neoproterozoic-Cambrian? on the basis of stratigraphic relations
and an age of 576 ± 17 Ma (U/Pb on zircon) obtained on a meta-
basaltic dike (Davis et al., 2000).

The Cortadera Complex is in tectonic contact with the Pe~nasco
Formation (Fig. 2). Our work adopts the criteria employed by Cort�es
et al. (1999) who defined the Pe~nasco Formation as the siliciclastic
metasedimentary succession present in the study area, which is
equivalent to the “facies Normal” early described by Harrington
(1971). This unit comprises up to 2 m thick layers of medium to
fine-grained metagreywacke alternating with metapelite. Scarce
pelitic deposits crop out in some regions. Occasionally, amalgam-
ated medium-grained metagreywacke, thick coarse-grained



Fig. 2. Simplified geological map from the Pe~nasco-Cortaderas area after Davis et al. (1999) and Boedo (2015) with locations of the analyzed samples indicated by triangles.
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metagreywacke and fine-grained metaconglomerate occur. To the
east of the study area, fining-upwards cycles and sedimentary
structures such as flute marks, inverse grading, load casts, hori-
zontal lamination and ripples were observed (Boedo et al., 2012;
Boedo, 2015). The succession is intruded by E-MORB (meta)
basaltic dikes and sills. To the west, metavolcanic rocks, metabasalt
and metahyaloclastite are more frequently intercalated. The pre-
served strata and sedimentary structures indicate a turbiditic
sedimentation in proximal areas and associated metabasaltic dikes
and sills and metahyaloclastite suggest a shallow oceanic basin to
the west of the Cuyania microcontinent (Boedo et al., 2013).
The Pe~nasco Formation is assigned to the Ordovician-Early

Devonian on the basis of stratigraphic relations (Cort�es et al.,
1999). The metasedimentary rocks show three main foliations: S0
(bedding), S1 (main foliation) and S2 (crenulation cleavage)
(Fig. 3aeb). Metamorphic grade and deformation increase from
east towest. To the east, S1 affects only fine-grained rock types with
little or no mineral recrystallization, whereas to the west, S1 is well
developed (in many cases, S0 coincides with S1) and S2 may appear.



Fig. 3. Thin-section photomicrographs. a) Plane-polarized light. Sample CP 26-10 showing spaced foliation (S1) and incipient crenulation cleavage (S2). Microlithons are composed
of quartz (Qtz) and minor plagioclase and detrital mica (Wm), whereas cleavage domains consist of oriented chlorite, white mica and opaque minerals. b) Plane-polarized light.
Sample CP 26e10 exhibiting spaced foliation (S1) where detrital quartz (Qtz) shows pressure-dissolution effects (black arrows). c) Plane-polarized light. Metabasalt QM 2e08 with
saussuritized plagioclase (Pl) and brownish amphibole (Hbl) in a matrix composed of chlorite (Chl), white mica (Wm) and albite (Ab). d) Crossed-polarized light. Relic of clino-
pyroxene (Cpx) surrounded by fibrous actinolite (Act). Titanite (Ttn) is also present and partially replaces original ilmenite crystals. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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3. Materials and methods

3.1. Sample preparation and analyses

Representative rock types from the Pe~nasco area were sampled
(Fig. 2). Based on thin-section studies, we selected three samples
containing white mica: one mafic sample (QM2-08) and two
metasedimentary samples (09A20 and CP 26e10), in order to
perform the petrological investigation documented in our
contribution.

Samples were prepared and analyzed following standard pro-
cedures. Special efforts were made to avoid samples containing
veins. The whole-rock major and trace element concentrations
were analyzed at ACTLABS Laboratories (Canada) following the
lithium metaborate/tetraborate fusion procedure and subsequent
ICP-MS analytics. The compositions of mineral phases were
analyzed with a CAMECA SX100 electron microprobe at Institut für
Mineralogie und Kristallchemie, Universit€at Stuttgart, Germany.
Operating conditions on the routine mineral analyses were a beam
current of 15 kV, a beam diameter of about 5 mm and acceleration
voltage of 10 nA. Counting time per element were 20 s at the peak
and on the background. Standards were natural minerals (e.g.
wollastonite for Si and Ca Ka1, rutile for TiKa1, rhodonite for
MnKa1), pure oxides (e.g. Fe2O3 for FeKa1) and glass (e.g. Ba glass
for BaLa1). The PAP correction procedure provided by CAMECAwas
applied.

The proportion of cations for white mica is based on 42 negative
charges neglecting the interlayer cations; the sum of octahedrally
coordinated cations is set at 4$1 to allow for an estimation of Fe3þ.
For chlorite, cations are based on 56 negative charges; H2O is
calculated on the basis of the structural formula with OH ¼ 16.
3.2. Geothermobarometric methods

Based on bulk-rock composition of the samples, the minimum
Gibbs energy relation was calculated with the computer program
PERPLE_X (Connolly, 1990; version 6.6) to construct P-T pseudo-
sections in the system Si-Ti-Al-Ca-Fe-Mg-K-Na-O-H. This chemical
system was applied for both mafic and metasedimentary samples.
Bulk-rock compositions were simplified to the above 10-compo-
nent system by (1) adding MnO to FeO, (2) removing P2O5 com-
bined with a reduction of CaO considering that phosphorus is only
bound to pure apatite, and (3) increasing H2O to excess conditions
considered to have prevailed during metamorphism. O2 contents
were estimated to account for trivalent Fe in epidote and pum-
pellyite (Table 1). Subsequently, the bulk-rock compositions were
normalized to 100% (Table 1).

Samples were modeled in the P-T range of 2e10 kbar and 200-
400 �C with the PERPLE_X software. For this purpose, the internally
consistent thermodynamic data set of Holland and Powell (1998,
updated 2003) for minerals and aqueous fluidwas applied, with the
addition of end-member data for Fe2þ- and Fe3þ-pumpellyite, Fe2þ-
and Mg-stilpnomelane, actinolite and magnesioriebeckite
(Massonne and Willner, 2008). Calculations were performed using
the solid-solution models of Powell and Holland (1999) and
Holland and Powell (2003) for white mica, epidote, chlorite and
biotite and those of Massonne and Willner (2008) for amphibole,
sodic clinopyroxene, pumpellyite and stilpnomelane. The clino-
pyroxenemodel is that of Holland and Powell (1996) supplemented
by the acmite component, which is commonly enhanced at very



Table 1
Bulk-rock compositions of the studied samples. Analyzedmajor element contents in metasedimentary rocks (09A20 and CP 26e10) andmetabasalt (QM 2e08) compared with
simplified and normalized values for the selected chemical system.

Composition (in
wt.%)

CP 26e10
analyzed

CP 26-10 simplified and
normalized

09A20
analyzed

09A20 simplified and
normalized

QM 2e08
analyzed

QM 2e08 simplified and
normalized

SiO2 72.92 71.04 65.77 64.08 46.04 43.06
Al2O3 11.26 10.97 16.00 15.59 16.97 15.87
TiO2 0.90 0.88 0.80 0.78 1.32 1.23
FeO 4.91 4.85 e 6.32 9.21 8.75
Fe2O3 0.36 e 7.04 e 1.01 e

MnO 0.07 e 0.14 e 0.15 e

MgO 1.55 1.51 2.14 2.08 7.13 6.67
CaO 0.96 0.72 0.35 0.18 12.55 11.58
Na2O 2.19 2.13 1.64 1.60 2.03 1.90
K2O 1.95 1.90 3.48 3.37 1.00 0.94
P2O5 0.17 e 0.13 e 0.12 e

O2 e 0.00 e 0.00 e 0.40
H2O e 6.00 e 6.00 e 9.60
Total 97.24 100.00 97.47 100.00 97.53 100.00
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low-grade conditions. Albite, K-feldspar, prehnite, quartz, titanite,
H2O, ilmenite and magnetite were considered as pure phases.
Willner et al. (2013) showed that the pseudosection technique is
particularly suitable to model very low to low-grade metamorphic
rocks: (1) A maximum of fluid is usually present, (2) individual
mineral grains are small and typically unzoned without overgrown
cores, and (3) relict and prograde phases are interconnected by the
fluids produced and are part of the reacting bulk-rock composition.

Maximum P-T conditions were estimated with the aid of P-T
pseudosections by a combination of the P-T field of the observed
assemblage in the studied samples and the isopleth of the
maximum Si content observed in white mica. Although the Si iso-
pleths of white mica can show different dP/dT slopes in pseudo-
sections of metasedimentary and metabasalt samples, the Si
content in white mica often increases with pressure. Therefore, it
can be employed as a geothermobarometer (Willner et al., 2013).
The confidence on white mica is due to the strong variation of Si
content in the selected P-T range and mostly (but not always)
pressure-dependent.
4. Petrographic and mineral chemical features

Sample CP 26e10 is a fine to medium-grained metagreywacke
with granoblastic texture and a pronounced spaced cleavage (S1).
Incipient crenulation cleavage (S2) can be traced from aligned small
white mica laths and opaque minerals (Fig. 3a). Microlithons
consist of quartz (70%), albite (25%), detrital opaque minerals (3%),
amphibole (1%), and accessory white mica, apatite and zircon (1%)
(Table 2). Grain sizes of detrital quartz, white mica and albite range
from 0.2 to 0.6 mm. Some detrital grains of quartz are rotated and
show pressure solution effects parallel to S1 (Fig. 3b). The size of
recrystallized quartz, albite and metamorphic mica is 0.1e0.5 mm.
Table 2
Low-grade metamorphic assemblages of metasedimentary and metabasaltic rocks. Detri
Abbreviations of minerals are: Ab: albite, Act: actinolite, Am: amphibole, Ap: apatite, Cal:
Ilm: ilmenite, Kf: potassic feldspar, Mag: magnetite, Op: opaque minerals, Opx: orthopyro
Wm: white mica, Zr: zircon.

Low-grade Metamorphic phases

Metasedimentary Am Grt Pu Ep Chl Wm Kf Ab Qtz
CP 26-10 x x x x
09A20 x x x x

Metabasalt Act Grt Pu Ep Chl Wm Kf Ab Qtz
QM 2-08 x x x x x x
Anastomosing cleavage domains are smooth and are composed of
white mica þ chlorite þ opaque minerals. Transitions between
microlithons and cleavage domains are discrete. Compositions of
metamorphic white mica are muscovite-phengite (3.16e3.36 Si per
formula unit -p.f.u.-, XMg (¼Mg/(Mg þ Fe)) ¼ 0.54e0.62 and XNa
(¼Na/(Na þ K þ Ba)) ¼ 0.02e0.04; Table 3). XMg in chlorite is
0.33e0.36 with 5.40e5.71 Si p.f.u.

Sample 09A20 is a fine-grained metagreywacke with grano-
blastic texture and a slightly folded spaced cleavage (S1). Micro-
lithons consist of quartz (75%), albite (21%), white mica (3%) and
zircon and apatite as accessory phases (1%, Table 2). Grain sizes of
detrital quartz and albite are up to 0.3 mm. Sub-parallel cleavage
domains are smooth and consist of white mica þ chlorite þ opaque
minerals. Transitions between cleavage domains and microlithons
are discrete. Flakes of white mica (phengite) with 3.26e3.35 Si
p.f.u., a relatively constant XMg ranging from 0.49 to 0.56 and XNa
between 0.02 and 0.06 are present (Table 3). XMg in chlorite is
0.32e0.34 with 5.30e5.32 Si p.f.u.

Metabasalt sample QM 2e08 is a hypabysal tholeiite with sub-
ophitic textures that consists of relics of clinopyroxene (diopside
and augite, Boedo, 2015) with grain size up to 2.4 mm, and minor
brown amphibole, ilmenite and apatite (Fig. 3ced). Plagioclase is
replaced by albite and sericitic white mica (Fig. 3c), but one analysis
yielded a relic magmatic composition of XAb ¼ 0.56, XAn ¼ 0.43,
XOr ¼ 0.01. This igneous paragenesis is partially replaced by a low-
grade metamorphic assemblage: chlorite þ white
micaþ albiteþ epidoteþ titaniteþ actinoliteþ quartzþmagnetite
(Fig. 3d; Table 2). Chemical composition of whitemica is: 3.20e3.44
Si p.f.u (phengite; Fig. 4) and XMg ¼ 0.45e0.78 (Table 3). Chlorite is
characterized by XMg of 0.51e0.53 and 5.59e5.72 Si p.f.u. Epidote
has 0.33e0.56 Fe3þ p.f.u. and 0.003e0.007 Mn p.f.u.
tal and igneous phases that are still recognizable on thin-section are also included.
calcite, Chl: chlorite, Cpx: clinopyroxene, Ep: epidote, Grt: garnet, Hbl: hornblende,
xene, Pl: plagioclase, Pu: pumpellyite, Qtz: quartz, Stlp: stilpnomelane, Ttn: titanite,

Detrital phases

Ttn Cal Stlp Op Qtz Pl Am Wm Ap Zr
x x x x x x x
x x x x x x

Igneous phases
Ttn Cal Stlp Mag Cpx Opx Hbl Pl Ilm Ap
x x x x x x x



Table 3
Representative chemical analyses of white mica and chlorite from metagreywackes (09A20, CP 26e10) and white mica, chlorite and actinolite from metabasalt (QM 2e08).

Sample CP 26-10 09A20 QM 2-08

Mineral White mica Chlorite White mica Chlorite White mica Chlorite Actinolite

SiO2 48.32 46.43 49.13 48.90 48.06 25.46 24.74 26.35 26.33 49.80 49.33 48.37 47.53 49.54 48.65 24.03 24.07 49.80 50.85 49.29 50.83 48.10 49.71 26.33 26.35 26.21 27.12 50.86 51.68
Al2O3 26.74 29.75 27.65 28.40 27.35 20.15 20.69 21.27 19.97 28.75 28.29 29.24 29.31 28.44 28.13 20.34 20.49 25.84 26.04 26.98 25.82 32.70 31.39 19.10 19.12 18.97 18.99 2.72 2.88
TiO2 0.35 0.47 0.26 0.11 0.20 0.06 0.06 0.04 0.05 0.22 0.27 0.20 0.30 0.33 0.25 0.07 0.08 0.05 0.05 0.06 0.04 0.15 0.10 0.05 0.02 0.02 0.11 0.41 0.59
FeO 3.78 2.60 3.14 2.61 3.06 31.53 32.23 30.30 32.06 3.14 3.76 3.51 3.75 3.19 3.35 33.69 33.23 2.02 3.23 2.56 2.78 2.24 1.60 25.48 26.10 26.04 25.37 11.11 13.76
Fe2O3 2.34 2.47 e e e e e e e e e e e e e e e 2.24 e 1.38 e e e e e e e 7.66 2.32
MgO 2.48 1.93 2.34 2.39 2.36 9.77 9.86 9.09 9.04 2.27 2.42 2.15 1.98 2.18 2.22 9.01 9.56 3.97 3.43 3.42 3.60 1.03 2.08 15.99 15.32 15.59 15.62 12.17 13.13
MnO 0.04 0.01 e 0.01 e 0.40 0.45 0.41 0.43 0.01 0.03 e 0.02 0.04 0.01 0.73 0.69 0.07 e 0.02 0.04 0.01 e 0.41 0.38 0.37 0.42 0.36 0.20
CaO 0.03 0.02 0.02 e 0.05 0.03 0.03 e 0.14 0.04 e e e 0.01 0.04 0.04 e 0.04 0.93 0.04 0.14 0.05 0.05 e e e e 10.31 11.66
Na2O 0.14 0.28 0.20 0.14 0.11 e 0.01 0.02 0.04 0.12 0.15 0.35 0.42 0.12 0.13 0.01 e 0.08 0.08 0.14 0.10 0.13 0.11 e e e e 0.82 0.87
K2O 10.40 9.83 9.98 9.58 9.92 0.28 0.06 0.84 0.37 10.97 10.60 10.13 10.53 10.73 10.68 0.11 0.07 10.45 10.23 10.60 10.23 9.92 10.05 e e e e 0.15 0.10
BaO 0.21 0.18 0.19 0.26 0.21 0.00 e 0.08 e 0.20 0.17 0.20 0.14 0.20 0.22 e e e e e e e e e e e e e e

H2O 4.40 4.40 4.39 4.40 4.31 10.98 10.99 11.15 11.06 4.47 4.44 4.41 4.38 4.44 4.38 10.83 10.89 4.44 4.44 4.43 4.43 4.50 4.55 11.31 11.27 11.25 11.38 2.03 2.04
Total 99.24 98.38 97.30 96.78 95.62 98.66 99.10 99.55 99.50 99.99 99.45 98.56 98.36 99.22 98.06 98.85 99.06 99.00 99.29 98.93 98.02 98.85 99.62 98.68 98.55 98.46 99.01 98.60 99.24
Cations
Si 3.29 3.16 3.36 3.34 3.35 5.56 5.40 5.67 5.71 3.34 3.33 3.29 3.26 3.35 3.33 5.32 5.30 3.36 3.43 3.33 3.44 3.20 3.27 5.59 5.61 5.59 5.72 7.52 7.59
Al(IV) 0.71 0.84 0.64 0.66 0.65 2.44 2.60 2.33 2.29 0.66 0.67 0.71 0.74 0.65 0.67 2.68 2.70 0.64 0.57 0.67 0.56 0.80 0.73 2.41 2.39 2.41 2.28 e 0.41
Ti 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.01 2.63 2.62 0.01 0.003 0.003 0.002 0.01 0.005 0.008 0.003 0.003 0.02 0.05 0.06
Al(VI) 1.44 1.55 1.58 1.62 1.59 2.75 2.72 3.06 2.81 1.61 1.58 1.63 1.62 1.61 1.60 0.01 0.01 1.42 1.50 1.49 1.50 1.77 1.71 2.36 2.41 2.36 2.43 0.47 0.09
Fe3þ 0.12 0.13 e e e e e e e e e e e e e e e 0.11 e 0.07 e e e e e e e 0.85 0.26
Fe2þ 0.22 0.15 0.18 0.15 0.18 5.76 5.88 5.45 5.81 0.18 0.21 0.20 0.21 0.18 0.19 6.24 6.12 0.11 0.18 0.14 0.16 0.12 0.09 4.52 4.65 4.64 4.47 1.37 1.69
Mg 0.25 0.20 0.24 0.24 0.25 3.18 3.21 2.91 2.92 0.23 0.24 0.22 0.20 0.22 0.23 2.97 3.14 0.40 0.35 0.34 0.36 0.10 0.20 5.06 4.86 4.96 4.91 0.05 0.03
Mn 0.002 0.001 e e e 0.07 0.08 0.08 0.08 0.001 0.002 e 0.001 0.002 0.001 0.14 0.13 0.004 e 0.001 0.002 e e 0.07 0.07 0.07 0.07 2.68 2.87
Ca 0.002 0.002 0.001 e 0.004 0.01 0.01 e 0.03 0.003 e e e 0.001 0.003 0.01 e 0.003 0.07 0.003 0.01 0.004 0.003 e e e e 1.63 1.83
Na 0.02 0.04 0.03 0.02 0.01 0.00 0.00 0.01 0.02 0.02 0.02 0.05 0.06 0.02 0.02 0.004 e 0.01 0.01 0.02 0.01 0.02 0.01 e e e e 0.24 0.25
K 0.90 0.85 0.87 0.83 0.88 0.08 0.02 0.23 0.10 0.94 0.91 0.88 0.92 0.92 0.93 0.03 0.02 0.90 0.88 0.91 0.88 0.84 0.84 e e e e 0.03 0.02
Ba 0.006 0.005 0.005 0.007 0.006 e e 0.007 e 0.005 0.009 0.005 0.004 0.005 0.006 e e e e e e e e e e e e e e
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Fig. 4. SieAl variation diagram of white mica for the studied metagreywackes and
metabasalt samples.
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5. Geothermobarometry

Our P-T pseudosections for the bulk-rock compositions of two
metagreywacke samples CP 26e10 and 09A20 and metabasalt
sample QM 2e08 result the first P-T conditions estimated for the
southern low-grade metamorphic sector of the Precordillera mafic-
ultramafic belt.

Stability fields for mineral assemblages calculated for sample CP
26e10 (Fig. 5) show that white mica and quartz occur throughout
the whole P-T range (2e10 kbar, 200-400 �C). Chlorite is absent
Fig. 5. PeT pseudosection for metagreywacke CP 26e10 from the Pe~nasco Formation calcul
with the PERPLE_X software package (Connolly, 1990). Shading indicates the degree of varia
highest Si content is indicated as bold solid line within the field of the observed assemblage
amphibole, Bt: biotite, Ch: chlorite, Cp: clinopyroxene, Ep: epidote, Gt: garnet, Kf: potassic
Qz: quartz, Ru: rutile, St: stilpnomelane, Sp: titanite, Sb: stilbite, Wm: white mica, Zo: zois
below 225 �C, but it is present in all assemblages formed above
340 �C, for the whole range of pressure range considered here
(Fig. 5). Between 225� and 340 �C, formation of chlorite is pressure
dependent. Chlorite is absent in the assemblages formed at higher
pressure. Albite is present in all parageneses developed below c.
7.5 kbar Above 310 �C, albite also appears in all assemblages formed
at 7.5e10 kbar.

In the calculation result of sample CP 26e10, phengite can be
associated with chloriteþparagonite þ lawsonite þ titanite þ
albite þ quartz (dashed field of the pseudosection Fig. 5). The
observed mineral assemblage is close to this calculated paragenesis
although paragonite and lawsonite were not identified. These
minerals are predicted to occur in a small amounts (~0.5% vol. and
between 0.8 and 2.8% vol., respectively). It could be inferred that
they were not identified due to their low proportions and/or
because they were decomposed along the retrograde P-T path. The
P-T field of the observed assemblage (dashed field in Fig. 5) is cut by
the isopleth of maximum observed Si content (3.36 p.f.u.) in white
mica, at 315-395 �C and 7.6e9.3 kbar. It is possible to consider these
data as the peak P-T conditions reached by this rock since the
calculated paragenesis is relatively consistent with the observed
mineral assemblage and no retrograde assemblages or textures
were identified.

In metagreywacke sample 09A20 (Fig. 6), quartz, white mica
(phengite) and rutile appear throughout the whole calculated P-T
range, whereas albite does not occur below 300 �C at pressures
above 8 kbar. Above approximately 325 �C, chlorite is present in all
assemblages formed in the range of pressure range considered for
here, whereas below c. 225 �C chlorite is absent in the calculated
mineral assemblages formed in the whole range of pressure
considered. The presence of chlorite is pressure dependent be-
tween 225� and 325 �C and absent in assemblages formed at higher
pressure.

In the calculation result of sample 09A20, chlorite can be asso-
ciated with white mica þ paragonite þ titanite þ albite þ
ated for the whole-rock composition in the system NaeCaeKeFeeMgeAleSieTieHeO
nce as shown. Isopleths of Si p.f.u. in white mica are shown by white dotted lines. The
(hatched). Abbreviations of minerals and end-member components are: Ab: albite, Am:
feldspar, Lm: laumontite, Lw: lawsonite, Pa: paragonite, Ph: phengite, Pu: pumpellyite,
ite, H2O: aqueous fluid.



Fig. 6. PeT pseudosection for metagreywacke 09A20 from the Pe~nasco Formation calculated for the whole-rock composition in the system NaeCaeKeFeeMgeAleSieTieHeO
with the PERPLE_X software package (Connolly, 1990). For abbreviations and references see Fig. 5.

F.L. Boedo et al. / Journal of South American Earth Sciences 72 (2016) 227e240 235
quartz þ rutile (dashed field in the pseudosection of Fig. 6). The
observed mineral assemblage observed in sample 09A20 is close to
the calculated paragenesis, although paragonite and titanite were
not identified. Both minerals are predicted to occur in small
amounts (~0.5% vol. for titanite and up to 5% vol. for paragonite). It
is inferred that these minerals were not recognized due to their
very low proportion or because they were altered.

The P-T field of the observed assemblage is cut by the isopleth of
the maximum observed Si content 3.35 p.f.u. in white mica at 310-
(400�)C and 7.2e9.2 kbar. These data may be considered as the
highest P-T conditions recorded by this rock as neither retrograde
assemblages nor textures were identified and the calculated min-
eral paragenesis is relatively consistent with the recognized
assemblage.

Chlorite is present in all P-T fields for mineral assemblages
calculated for metabasalt QM 2e08 (Fig. 7). Above c. 280 �C, white-
mica is present at pressures above c. 3 kbar. The presence of albite is
P-T dependent and absent in assemblages formed at higher pres-
sure and lower temperature.

The metamorphic conditions of metabasalt QM 2e08 can be
restricted to the P-T field between the pumpellyite- and lawsonite-
out and the biotite-in curves (Fig. 7), since none of these minerals
was recognized in thin-section. In the calculation result for this
sample, chlorite is associated with epidote þ white
micaþ actinoliteþ titaniteþ albiteþ quartz. The observedmineral
assemblage is close to the paragenesis marked by the dashed field
of the pseudosection in Fig. 7, even though magnetite was noted
that does not appear in this pseudosection. This P-T field is inter-
sected by the isopleths of maximum Si content in white mica
(3.44 p.f.u.) and maximum Na content in actinolite (0.24 p.f.u.).
Resulting P-Tconditions of 7.0-(9.2) kbar, 345-(400�)C are similar to
those obtained for metagraywackes 09A20 and CP 26e10.

Considering an optimal overlap of the calculated P-T fields of the
observed assemblages and the isopleths of the maximum Si con-
tents of white mica in the three pseudosections, the maximum P-T
conditions should be in the range of 345e395 �C and 7.0e9.3 kbar,
if similar P-T conditions are assumed in the study area. These es-
timations are consistent with the observed assemblages in the
samples which occurred in the high-pressure low-temperature
region of the greenschist facies in the transitional field to the
blueschist facies.
6. Discussion

The information obtained from the calculated P-T pseudo-
sections reveals that the metasedimentary and metabasaltic rocks
from the Pe~nasco Formation experienced high-pressure/low-grade
metamorphism at 345e395 �C and 7.0e9.3 kbar (Fig. 8). Because
only minor differences were observed for the estimated P-T con-
ditions between samples of different protoliths, we assume a ho-
mogeneous metamorphic evolution for the rocks of the Pe~nasco
Formation. The resulting geothermal gradient of 13 �C/km is
somewhat higher than those derived for rocks of the suture zone
between Chilenia and Cuyania (7-12�C/km; Ruvi~nos et al., 1997;
Massonne and Calder�on, 2008; Willner et al., 2011; Martínez
et al., 2012). Nevertheless, it is still comparable with subduction
zone geothermal gradients (3-15�C/km; Liou et al., 1990; Ernst,
2001; Zhang et al., 2003). The here derived P-T conditions (high-
pressure greenschist facies) conditions can be attained to depths of
about 25e32 km (calculated with a mean crustal density of 2.8 g/
cm3), and were related to the maximal burial depth of the sedi-
mentary and basaltic rocks from the upper part of a downgoing slab
or, alternatively, part of the base of an accretionary wedge within
the collision zone between the Chilenia microcontinent and west-
ern Gondwana.

Furthermore, the temperature range estimated for rocks of the
Pe~nasco area is also consistent with those calculated by Voldman
et al. (2010), where the Conodont Alteration Index (CAI ¼ 5) sug-
gests that peak temperatures were between ~300 and 480 �C.

An Ar/Ar plateau age of 384.5 ± 0.5Mawas related towhitemica
growth during peak P-T conditions in the low-grade metamorphic
rocks of the Cortaderas area by Davis et al. (1999). We assume a
similar age for the Pe~nasco Formation due to the presence of similar
metamorphic rocks in both our study and the Cortaderas areas
(Fig. 1b). If this assumption is correct, there would be a difference
between the time of deposition of the protoliths of the low-grade



Fig. 7. P-T pseudosection for metabasalt QM 2e08 from the Pe~nasco Formation calculated for the whole-rock composition in the system Na-Ca-K-Fe-Mg-Al-Ti-Si-H-O with the
PERPLE_X software package (Connolly, 1990). Isopleths of Si p.f.u. in white mica (black dotted line) and Na p.f.u. in actinolite (grey dotted line) are shown. Highest and lowest Si and
Na contents are indicated as bold solid lines within the field of the observed assemblage (hatched). For abbreviations and references see Fig. 5.

Fig. 8. P-T diagram considering the metamorphic peak conditions for the Precordillera
units (Pe~nasco, Alcaparrosa and Yerba Loca formations) and the metamorphic P-T-
paths for the Guarguaraz and Colohuincul complexes. P-T data taken from: field a-
Robinson et al. (2005); b- This work; c- Massonne and Calder�on (2008) and Willner
et al. (2011); d- Boedo (2015); e� Martínez et al. (2012). Ages taken from: 1- Davis
et al. (1999), 2- Willner et al. (2011) and 3- Martínez et al. (2012).
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metasediments in the Lower Paleozoic and the Middle Devonian
age of high-pressure metamorphism due to burial during
continent-microcontinent collision. An alternative burial of the
sediments could have been occurred by accretion within an
accretionary prism prior to collision. In this case, however,
deposition happened close or during the accretion event as proved,
for instance, for the Late Paleozoic coastal accretionary prism of
Chile (Willner et al., 2005, 2008). However, more precise age data
for the low-grade event are required in the future to rule out or
prove this possibility.

South of the study region, in the Sierra de Guarguaraz (Frontal
Cordillera), Massonne and Calder�on (2008) andWillner et al. (2011)
obtained P-T-t paths where peak metamorphic conditions
(12e14 kbar, 470�-530 �C) were followed by a decompression path
with a slight increase in temperature (5 kbar, 560 �C), reaching
temperatures below 350e400 �C at pressures of 2e3 kbar (Fig. 8).
Willner et al. (2011) dated the peak of high-pressure meta-
morphism at 390 ± 2 Ma (Eifelian; Lu-Hf mineral isochrones) and
correlated this agewith the collision event. This age is similar to the
Ar/Ar age of 385.5 ± 0.5 Ma derived by Davis et al. (1999) in the
Cortaderas area suggesting a similar age of collision in the low-
grade areas of the collision zone. In the Guarguaraz Complex,
Willner et al. (2011) also derived a 40Ar/39Ar plateau age of
352.7 ± 0.6 Ma of white mica and fission track ages in zircon at
284 ± 19 and 295 ± 18 Ma interpreted as cooling ages under 350 �C
and 280 �C, respectively (Fig. 8). Hence, relatively low exhumation
rates of 0.9e1.2 mm/a were estimated for the period 390-353 Ma
and even lower exhumation rates of 0.1e0.05 mm/a for the period
of 353e290 Ma.

Similarly, Massonne and Calder�on (2008) and Willner et al.
(2011) regard the P-T evolution of the Guarguaraz Complex as
characteristic for crustal thickening by collision ruling out an earlier
proposal of an accretionary prism (L�opez and Gregori, 2004). The
main arguments are: (1) the significantly higher burial depths of
the Guarguaraz Complex compared to maximum thicknesses of



Fig. 9. Possible geodynamic scenario depicted on EeW schematic cross-sections
through western South-American Gondwana from the Late Neoproterozoic to the
Early Carboniferous (see text for discussion).
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40 km known from accretionary prisms (Ring and Brandon, 1999)
and (2) the heating during early decompression after the maximum
pressure (Fig. 8) contrasting with typical decompression-cooling
paths in accretionary prisms (e.g. Willner et al., 2005, 2012). Simi-
larly, in the northern area of the North Patagonian Andes, Martínez
et al. (2012) yielded a similar U-Th-Pb age of 391 ± 4 Ma in
monazite, which was also related to high pressure metamorphic
conditions (18 kbar at 440 �C) and the collision event. The P-T-t
path derived by these authors partly coincides with those of the
Guarguaraz Complex (Fig. 8). The differences between these paths
and the P-T conditions obtained in the study area would suggest
that different portions of the collision zone are exposed within the
Chilenia-western Gondwana suture.

By contrast, the estimated metamorphic gradients in meta-
basalts of the Rodeo and Calingasta areas (Alcaparrosa and Yerba
Loca formations, Fig. 8) in the northern sector of the mafic-
ultramafic belt (Fig. 1b) are higher than those of the Pe~nasco area.
This is in accordance with the regional pattern observed in the
western Argentine Precordillera, where deformation and meta-
morphism increase towards the west and south. Rubinstein et al.
(1998) estimated temperatures of 239e304 �C in metabasaltic
pillow lavas and dikes, and Voldman et al. (2010) peak tempera-
tures of ~110�e300 �C (CAI¼ 2e4.5), suggesting a stacking depth of
~12 km at this latitude (calculated using 30�C/km as geothermal
gradient andmentioned paleotemperatures). Robinson et al. (2005)
derived P-T conditions of 2e3 kbar and 250-350 �C in metabasalts
using Mg/Fe between actinolite and chlorite. This refers to a
metamorphic gradient of 23e43�C/km and depths of 7e11 km
differing from the aforementioned gradients derived from rocks
which were involved in the Chilenia-western Gondwana collision
zone. We postulate that the exposed northern part of the mafic-
ultramafic belt was rather situated in a foreland position with
respect to the collision zone. Similar metamorphic gradients of
20e25 �C/km at depths of 7e12 km were derived in similar fore-
land zones of continental collision zones in the Appalachians of
Nova Scotia, Canada (Willner et al., 2015), and the Variscides of
Central Europe (Fielitz and Mansy, 1999).

The high-pressure metamorphism and related collisional pro-
cesses within the collision zone of Chilenia with the composite
margin of western Gondwana fits into a four-stage evolution as
follows:

(1) The Guarguaraz Complex in the southernmost part of the
mafic-ultramafic belt records a continental margin sedimentation
in the Late Neoproterozoic as suggested by acritarchs and a Sm-Nd
protolith age of 655 Ma for a metabasite (L�opez de Azarevich et al.,
2009) and detrital zircon populations (Willner et al., 2008). This
sedimentary environment would be compatible with the existence
of an ocean between the Chilenia and the Cuyania microcontinents
at that time (Fig. 9a). During Early Paleozoic times, this ocean
extended further north (present coordinates) as proved by con-
spicuous Late Neoproterozoic-Silurian continental margin sedi-
mentation along thewesternmargin of the Argentine Precordillera.
This period of time is indicated by youngest U/Pb ages of detrital
zircon populations in the San Isidro-Bonilla (603-592 Ma; Abre
et al., 2012; Gregori et al., 2013, Fig. 1b) and the Calingast a-Rodeo
(526-458Ma; Abre et al., 2012) areas and U/Pb zircon crystallization
ages of E-MORB basalt intrusions in the Cortaderas (418e576 Ma;
Davis et al., 2000) and the Jagü�e (454 Ma; Fauqu�e and Villar, 2003)
areas.

(2) The approach of the Chilenia microcontinent toward the
composite margin of western Gondwana led to the development of
an eastward dipping subduction zone (Fig. 9b), as suggested by the
presence of small calc-alkaline bodies of Devonian age in the San
Rafael Block (401 ± 17 Ma; Cingolani et al., 2003) and the Sierra del
Carrizalito (Dessanti and Caminos, 1967; Tickyj et al., 2009) and by
the overall vergence of foliations in the low-grade areas of the
collision zone and in Lower Paleozoic sedimentary rocks within the
Precordillera (Ramos et al., 1986; von Gosen, 1997; Cort�es et al.,
1999; Boedo, 2015). Furthermore, detrital Devonian zircon pop-
ulations of magmatic origin are well detectable in Late Paleozoic
sedimentary rocks in central and northern Chile (Augustsson et al.,
2016) giving an additional hint for the existence of a Devonian
magmatic arc in the composite margin of western Gondwana.

(3) The Middle Devonian age of the final collision of Chilenia
(Fig. 9ced) is well constrained by three Lu/Hf mineral isochron ages
of 390 ± 2 Ma of high-pressure metamorphic assemblages from a
deeper part of the collision zone (Willner et al., 2011) and by Ar/Ar
phengite crystallization ages of 384.5 ± 0.5Ma determined on rocks
from a shallower part (Davis et al., 2000). Slow exhumation with
average rates of 0.1e0.05 mm/a occurred during the Carboniferous
(Willner et al., 2011). A Middle Devonian collision is also hinted by
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the unconformity between deformed Devonian and overlying
Carboniferous deposits (Amos and Rolleri, 1965). The oldest over-
lying marine sedimentary rocks are attributed to the Tournasian.
Late Carboniferous marine and continental Paganzo sediments
unconformably overlie all basement rocks.

(4) The collision event is followed by the formation of a new
magmatic arc within Chilenia and part of the collision zone during
the Early Carboniferous (Fig. 9e). This is the first arc developed at
the present Pacific margin, west of the Chilenia microcontinent,
resulting from subduction of oceanic crust west of Chilenia towards
the east. Evidence for this arc includes ages of 348 ± 35 to 337 ± 15
Ma of granodioritic to tonalitic intrusions within the Guarguaraz
Complex (Caminos et al., 1979), an earliest U/Pb zircon crystalliza-
tion age of 328 ± 3 Ma in the Frontal Cordillera of north-central
Chile (Pineda and Calder�on, 2008), a U/Pb zircon age of a leucog-
ranite cobble of 326 ± 12 Mawith a proximal provenance within an
Upper Carboniferous retrowedge basin near the coast of north-
central Chile (Willner et al., 2008) and a U/Pb zircon age of a
granite cobble of 348 ± 2 Ma in Late Paleozoic sediments of the
Calingasta area (Gallastegui et al., 2014). Furthermore a pronounced
detrital zircon population of magmatic origin and of Lower
Carboniferous age was detected in Late Paleozoic sedimentary
rocks in central and northern Chile (Augustsson et al., 2016).

Apart from the initiation of an Early Carboniferous arc within
Chilenia, there is firm evidence of the beginning of accretion in the
Late Paleozoic coastal accretionary prism in central Chile. The prism
locally contains small lenses of high-pressure rocks exhumed
within a subduction channel yielding a counter-clockwise P-T path.
This indicates earliest subduction against a still hot mantle wedge
with metamorphic ages exceeding the prevailing Late Carbonif-
erous metamorphic ages of the prism (Willner et al., 2004). In
south-central Chile at 40�570S, the peak of high-pressure meta-
morphism in these rocks exhumed within a subduction channel
was dated by a Lu/Hf mineral isochron at 340 ± 2 Ma (Willner et al.,
2009), but an earlier estimation at 361 ± 2 Ma (Ar-Ar hornblende)
by Kato et al. (2008) also exists. Younger Ar/Ar ages in subduction
channel rocks of 319 ± 1 Ma (at 34�380S; Willner et al., 2005) and
303 ± 2 Ma (at 31�32’; Willner et al., 2012) indicate the end of
isobaric cooling at depth in the subduction channel and hence give
minimum ages of the local initiation of subduction and accretion. It
seems, therefore, that the western margin of Chilenia remained a
stable margin in the period ~390-350 Ma after collision.

7. Conclusions

This contribution presents the first P-T estimates for the
southern low-grade metamorphic sector of the mafic-ultramafic
belt (Pe~nasco area) of the Argentine Precordillera. Metasedi-
mentary and metabasaltic rocks from the Pe~nasco Formation
reached peak metamorphic conditions of 345e395 �C and
7.0e9.3 kbar that fall within the high-pressure/low-temperature
region of the greenschist facies. These P-T conditions are higher
than those estimated for the northern part of the belt. The condi-
tions derived here developed under a lowmetamorphic gradient of
13 �C/km, which is higher than those from high-pressure, medium
grade metamorphic rocks from the Guarguaraz Complex (Frontal
Cordillera) and Colohuincul Complex (North Patagonian Andes) (7-
12�C/km; Ruvi~nos et al., 1997; Massonne and Calder�on, 2008;
Willner et al., 2011; Martínez et al., 2012), where P-T-t paths char-
acteristic for a continental collision zone had been derived. This
reasserts that metamorphic conditions for exposed rocks in the
southern sector of the belt were higher than those in the northern
region. This contrast could be related to a stronger crustal thick-
ening within the south of the collision zone between Chilenia
microcontinent and the composite western Gondwana margin
during theMiddle Devonian, causing exhumation of sequences that
were buried more deeply.

The integration and comparison of the results obtained here
with those previously reported for other localities along the belt
prove a long-lived sedimentation along a stable margin before the
collision event. Thus, an alternative model of an accretionary prism
setting for the units of the collisional belt can be discarded. This is
due to a strong contrast between the long-lived sedimentation in
our study area and almost contemporaneous sedimentation during
accretion in an accretionary prism setting (e.g. central Chilean
coastal accretionary prisms along the Pacific margin).

The metamorphic conditions constrained for the Chilenia-
western Gondwana collisional belt, the presence of mafic-
ultramafic bodies along this belt and the sedimentation versus
deformation/metamorphism ages within the collision zone
compared to the evolution of the Late Carboniferous accretionary
prism developed at the Pacific margin of South America reaffirm
the existence of Chilenia as a separate microcontinent.
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