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a b s t r a c t

The low-grade Nahuel Niyeu Formation in the Aguada Cecilio area (40�500Se65�530W) shows ultramafic
to felsic metaigneous rocks forming a sill swarm intercalated in the metasedimentary sequence and a
polyphase deformation which permit an integrated study of the magmatic and tectonometamorphic
evolution of this geological unit.

In this paper we present a geological characterization of the Nahuel Niyeu Formation in the Aguada
Cecilio area combining mapping, structural and metamorphic analysis with a SHRIMP UePb age and
geochemical data from the metaigneous rocks.

The metasedimentary sequence consists of alternating metagreywackes and phyllites, and minor
metasandstones and granule metaconglomerates. The sills are pre-kinematic intrusions and yielded one
SHRIMP UePb, zircon crystallization age of 513.6 ± 3.3 Ma. Their injection occurred after consolidation of
the sedimentary sequence. A syn-sedimentary volcanic activity is interpreted by a metaandesite lava
flow interlayered in the metasedimentary sequence. Sedimentary and igneous protoliths of the Nahuel
Niyeu Formation would have been formed in a continental margin basin associated with active magmatic
arc during the Cambrian Epoch 2. Two main low-grade tectonometamorphic events affected the Nahuel
Niyeu Formation, one during the Cambrian Epoch 2eEarly Ordovician and the other probably in the late
Permian at ~260 Ma. Local late folds could belong to the final stages of the late Permian deformation or
be even younger.

In a regional context, the Nahuel Niyeu and El Jagüelito formations and Mina Gonzalito Complex show
a comparable CambrianeOrdovician evolution related to the Terra Australis Orogen in the south
Gondwana margin. This evolution is also coeval with the late and early stages of the Pampean and
Famatinian orogenies of Central Argentina, respectively. The late Permian event recorded in the Nahuel
Niyeu Formation in Aguada Cecilio area is identified by comparable structures affecting the Mina Gon-
zalito Complex and El Jagüelito Formation and resetting ages from granitoids. This event represents the
Gondwanide Orogeny within the same Terra Australis Orogen.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

Early Paleozoic basemenet rocks in the northeastern North
Patagonian Massif (Fig. 1aed) consist of a number of low-grade
metamorphic rocks, such as Nahuel Niyeu (Caminos, 1983) and El
Jagüelito (Ramos, 1975; Giacosa, 1987) formations, high-grade
metamorphic rocks, such as Mina Gonzalito (Ramos, 1975;
Giacosa, 1987) and Yaminu�e (Caminos, 1983) complexes, as well
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Fig. 1. Geology of the northeastern North Patagonian Massif, based on the geological maps of Caminos (2001) and Busteros et al. (1998) and our investigations. (a) Regional situation
of the North Patagonian Massif (NPM, dotted line) and its main basement outcrop areas in the context of South America and Argentina. (bed) Simplified regional geological map of
the Nahuel Niyeu-Aguada Cecilio (a), Mina Gonzalito-Sierra Pailem�an (c), and Sierra Grande-Arroyo Salado (d) areas. Figure b shows location of Figs. 2 and 3.
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as deformed and undeformed granitoid plutons, like Tardugno
Granodiorite and Punta Sierra Plutonic Complex (Nú~nez, 1975;
Busteros et al., 1998). Although with heterogeneous degree of in-
formation, the stratigraphic, paleontologic, structural, meta-
morphic and UePb age constraints suggest mostly Cambrian
deposition ages for the protoliths of both low and high-grade rocks,
main Ordovician tectonometamorphic event, and Cam-
brianeOrdovician plutonism (Varela et al., 1998, 2008, 2011, 2014;
Giacosa, 1994a,b, 1997, 1999, 2001; Chernicoff and Caminos,
1996a,b; Gonz�alez et al., 2002, 2008a,b,c, 2010a,b, 2011a,b,c,
2013a,b, 2014a,b; Giacosa, 2001; von Gosen, 2002, 2003;
Pankhurst et al., 2006, 2014; Gozalvez, 2009a; L�opez de Luchi
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et al., 2008; Naipauer et al., 2010; Rapalini et al., 2013; Chernicoff
et al., 2013; Greco et al., 2013, 2014a,b; García et al., 2014a;
among others). Part of these basement units is unconformably
covered by fosiliferous SilurianeDevonian Sierrra Grande Forma-
tion (Harrington, 1962), and all the region is affected by late
Paleozoic tectonism and magmatism.

The CambrianeOrdovician interval involved in the basement
evolution is equivalent to the transition between the Neoproterozoic
to Middle Cambrian, Pampean orogenic cycle and the Late Cambrian
to Devonian, Famatinian cycle (Ace~nolaza and Toselli, 1976;
Ace~nolaza and Miller, 1982), both cycles well represented to the
north of Patagonia. However, the posibility of Patagonia being
allochthonous to this part of southwestern Gondwana previous to
the late Paleozoic has been a matter of intense debate for decades
(e.g., Ramos, 1984, 2008; Pankhurst et al., 2003, 2006; Gregori et al.,
2008; L�opez de Luchi et al., 2010; Rapalini et al., 2010). The Arche-
ocyath fauna with affinity with the AustraliaeAntarctica paleobio-
graphic province found in limestone blocks in northeastern
Patagonia argues for an Antarctic connection and relation to the Ross
orogeny of the Transantarctic Mountains (Gonz�alez et al., 2010a,b,
2011b,c; Naipauer et al., 2010; Ramos and Naipauer, 2014). Howev-
er, other research lines suggest that the Pampean and Famatinian
orogens from Norwestern Argentina and Sierras Pampeanas regions
might stretch southward into the Patagonia (Varela et al., 1991; Dalla
Salda et al., 1992; Pankhurst et al., 2003, 2006, 2014; Martínez
Dopico et al., 2011; Rapalini et al., 2013).

The Nahuel Niyeu Formation is a mainly metasedimentary unit
with wide outcrops between the localities of Nahuel Niyeu, Val-
cheta and Aguada Cecilio (Fig. 1b). In the areas of Nahuel Niyeu to
Valcheta, it was mapped and structurally analyzed by Caminos
(1983, 2001), Chernicoff and Caminos (1996a) and von Gosen
(2003), with detrital zircon data published by Pankhurst et al.
(2006) and Rapalini et al. (2013). Although smaller, the outcrops
of Aguada Cecilio area show intercalated metamafic rocks and a
polyphase deformation (Giacosa, 1994a,b, 1997, 1999; Martínez
et al., 2001; Greco et al., 2013) which allows an integrated study
of the magmatic and tectonometamorphic evolution of the Nahuel
Niyeu Formation.

This study is focused on the mapping, structural and meta-
morphic analysis of the Nahuel Niyeu Formation in the surround-
ings of Aguada Cecilio (40�500S and 65�530W), including
description of the associated metaigneous rocks. Their results,
together with a SHRIMP UePb age and geochemical data from the
metaigneous rocks, contribute to the characterization of the Cam-
brianeOrdovician tectonic setting of the region and the late
Paleozoic tectonics.

The geologic time scale used in this contribution corresponds to
the GSA Geologic Time Scale v4.0, which is mainly based on
Gradstein et al. (2012). The approximate correspondence with the
following traditional division of the Cambrian Period into Early
(Terreneuvian and Epoch 2), Middle (Epoch 3) and Late (Furongian)
is based on Babcock and Peng (2007) and Peng et al. (2012).

2. Geologic setting

Basement outcrops of northeastern North Patagonian Massif are
depicted in Fig. 1b (Nahuel Niyeu to Aguada Cecilio area), Fig. 1c
(Mina Gonzalito-Sierra Pailem�an area) and Fig. 1d (Sierra Grande-
Arroyo Salado area).

The Nahuel Niyeu Formation between Nahuel Niyeu and Aguada
Cecilio (Fig. 1b) is composed of alternating beds of phyllites, slates,
quartz to quartzo-feldspathic metagreywackes, and minor in-
tercalations of metasandstones, metaconglomerates and basic
igneous rocks (Nú~nez, 1975; Nú~nez et al., 1975; Caminos, 1983,
2001; Giacosa, 1994a,b; Chernicoff and Caminos, 1996a; Greco
et al., 2013, 2014a). Maximum deposition age is constrained by
SHRIMP UePb detrital zircon ages of ca. 515 and 507Ma (Pankhurst
et al., 2006; Rapalini et al., 2013). The metamorphic grade shows a
general increase towards the east (Caminos and Llambías, 1984).
Structural orientations of folded beds and associated foliation
planes are variably oriented close to Nahuel Niyeu, where late
Paleozoic thrust tectonics juxtaposes the Tardugno Granodiorite
against the Nahuel Niyeu Formation (Caminos and Llambías, 1984;
Chernicoff and Caminos, 1996b; von Gosen, 2003), while towards
the east the main orientations are NEeSW. The Nahuel Niyeu For-
mation is intruded by two sets of granitoid plutons belonging to the
Ordovician Punta Sierra and Permian Navarrete plutonic complexes
(Caminos, 1983, 2001; Pankhurst et al., 2006; L�opez de Luchi et al.,
2008; Tohver et al., 2008; Gozalvez, 2009a,b; Rapalini et al., 2013),
and minor dikes (Varela et al., 2001).

The medium to high-grade Yaminu�e Complex crops out to the
southwest of Nahuel Niyeu (Fig. 1b) and consists of shallowly dip-
ping stratified gneisses, schists and foliated tonalites to granodio-
rites and leucogranites, with minor amphibolites and marbles
(Caminos, 2001; Caminos and Llambías, 1984; Chernicoff and
Caminos, 1996b; von Gosen, 2003). Despite initially considered as
Precambrian (RbeSr whole rock data, Caminos et al., 1994), more
recent conventional and SHRIMP UePb studies have disclosed
magmatic crystallization ages of deformed granitoids in the Ter-
reneuvian (Tardugno Granodiorite), Ordovician and Per-
mianeCarboniferous intervals (Basei et al., 2002; Chernicoff et al.,
2013; Rapalini et al., 2013; Pankhurst et al., 2014). This variety of
magmatic ages, added to a Carboniferous maximum deposition age
of a paragneiss (detrital zircons with SHRIMP UePb ages, Chernicoff
et al., 2013), makes difficult the understanding of the whole sedi-
mentary, tectonometamorphic and magmatic evolution of the
Yaminu�e Complex, particularly because the geologic and structural
relationships between the dated units are not clear.

The Mina Gonzalito Complex (Fig. 1c) is composed of para-
gneisses, schists, marbles, amphibolites, orthogneisses and syn-
tectonic granites. SHRIMP and LA-ICPMS UePb dating of detrital
zircons (Pankhurst et al., 2006; Greco et al., 2014b) showmaximum
depositional ages of 540e535 Ma and 515 Ma, comparable to those
of the Nahuel Niyeu Formation, with additional metamorphic rims
dated at 472 Ma. This is consistent with a SHRIMP UePb zircon
crystallization age of 492 ± 6 Ma of a granodiorite orthogneiss
(Varela et al., 2011), affected together with the country rocks by
penetrative NNWeSSE to NWeSE trending foliations (Giacosa,
1997; Gonz�alez et al., 2008a). The brittleeductile El Jagüelito
shear zone (Fig. 1c; Ramos, 1975; Ramos and Cort�es, 1984; Giacosa,
1993, 1994a,b, 1997) juxtaposes the Mina Gonzalito Complex
against the Pe~nas Blancas Pluton (Fig. 1c; Giacosa, 1997). The latter
pluton has recently been assigned to the Punta Sierra Plutonic
Complex, on the basis of an Ordovician SHRIMP UePb zircon age
(García et al., 2014a). This shear zone and the Pe~nas Blancas shear
zone affecting the Pe~nas Blancas Pluton represent the Permian
tectonism in this area (Fig. 1c, Giacosa, 2001; von Gosen, 2002),
while other plutons belonging to the Pailem�an Plutonic Complex
(Giacosa, 1993, 1997; Grecco et al., 1994; García et al., 2014b)
represent the Permian magmatism.

The El Jagüelito Formation is a turbiditic sequence lithologically
comparable to the Nahuel Niyeu Formation (Caminos and Llambías,
1984; Giacosa, 1987; von Gosen, 2003) and consisting of slates,
phyllites, metagreywackes, metasandstones, with minor mafic
layers, metaconglomerates, intercalations of metatuffs, meta-
ignimbrites, metaandedesite and metarhyolite lava flows, and
metarhyolitic dikes and domes (de Alba,1964; Giacosa and Paredes,
2001; Gonz�alez et al., 2002, 2008b, 2011a,b, 2013a, 2014a,b). It is
well exposed in the area of Sierra Grande-Arroyo Salado (Fig. 1d),
and poorly exposed in the west of Mina Gonzalito (Fig. 1c). Detrital
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zircon ages with youngest peaks between 535 and 523 Ma
(Pankhurst et al., 2006; Naipauer et al., 2010) are consistent with
the finding of trace fossils (Gonz�alez et al., 2002) and Arche-
ocyathan limestone blocks in a metaconglomerate (Gonz�alez et al.,
2011b). Pervasive NNWeSSE to NNEeSSW foliation, dipping with
high angle to the W, accompanies tight and overturned folds
(Giacosa and Paredes, 2001; von Gosen, 2002; Gonz�alez et al.,
2008b, 2011a,b, 2014a,b). Several granitoid plutons belonging to
the Punta Sierra Plutonic Complex intrude the El Jagüelito Forma-
tion after the first tectonometamorphic event. Their conventional
and SHRIMP UePb zircon ages are between 476 and 462Ma (Varela
et al., 1998, 2008; Pankhurst et al., 2006; Gonz�alez et al., 2008c;
García et al., 2014a). Permian magmatism of the Pailem�an
Plutonic Complex also affects the southern Sierra Grande area
(Varela et al., 2008).

SilurianeDevonian sandstones and quartzites of the Sierra
Grande Formation containing fossils of the Malvinokaffric fauna
cover the El Jagüelito Formation and eroded Ordovician granitoids in
the area of Sierra Grande-Arroyo Salado (Fig.1d). They are affected by
late Paleozoic folding and thrusting with main NNWeSSE orienta-
tions (Harrington, 1962; de Alba, 1964; Zanettini, 1981; Cort�es, 1981;
Huber-Grünberg,1990; Busteros et al.,1998; von Gosen, 2002). In the
area of Nahuel Niyeu to Valcheta, nonfosiliferous but comparable
sedimentary sequences unconformably covering the Nahuel Niyeu
Formation and also affected by late Paleozoic tectonism are assigned
to the Sierra Grande Formation (Fig. 1b; Sesana, 1968; Methol and
Sesana, 1972; Nú~nez et al., 1975; Caminos, 1983, 2001; Chernicoff
and Caminos, 1996a; von Gosen, 2003).

After the late Paleozoic tectonic andmagmatic events, Triassic to
Early Jurassic Treneta VolcanicePlutonic Complex develops in the
Nahuel Niyeu area (Fig. 1b; Caminos, 1983; Pankhurst et al., 1993;
L�opez de Luchi et al., 2008), and then all the region is dominated by
a widespread Jurassic rhyolitic magmatism of the Marifil Volcanic
Complex (Fig. 1bed; Malvicini and Llambías, 1974; Cort�es, 1981;
Pankhurst and Rapela, 1995; Pankhurst et al., 1998; M�arquez
et al., 2011), including basal volcaniclastic strata (Fig. 1b; Puesto
Piris Formation, Nú~nez, 1975) and andesiticetrachyandesitic vol-
canic beds and dikes (Gonz�alez et al., 2014a,b).

3. Lithology of the Nahuel Niyeu Formation in the
surroundings of Aguada Cecilio

In the Aguada Cecilio area, the Nahuel Niyeu Formation is
mainly composed of alternating metagreywackes and phyllites, and
minor metasandstones and granule metaconglomerates, which
define the relict bedding (S0) (Figs. 2 and 3a, b and 4a). In addition,
Giacosa (1994a,b, 1997, 1999) and Greco et al. (2013, 2014a)
mentioned intercalations of metagabbro/diorites forming part of
the same sequence.

The igneous rocks are widely distributed in the area. They are
subvolcanic sills which intruded with sharp contacts parallel to
bedding (S0) of the still undeformed and non-metamorphosed
clastic sedimentary sequence (Figs. 2 and 3a,b). Additionally, an
effusive lava flow also concordant with S0-planes is found in close
association (Fig. 2). The sills display a local thermal metamorphism
with centimetric to decimetric hornfels on both contact surfaces of
the country rock into which they are intruded (Fig. 4b). The lava
flow exhibits a contact thermal overprint only along its base.

The sills are simple or composite and are arranged in a
WNWeESE trending swarm within an area of ~10 km by ~7 km
(Figs. 2 and 3). Individually, they are 1e150 m thick and 0.2e3 km
long. Simple sills consist of gabbro/diorite or peridotite with vari-
ations in their grain size. The former composition predominates
over the latter. We mapped only two composite sills that comprise
two different sets of compositions. The border zone with mafic and
ultramafic rocks is interpreted as their base. One composite sill
presents a 1e4 m thick base of peridotite with a thicker gabbro/
diorite section toward the roof (Fig. 2). The other composite body is
a larger sill that includes a 20e30 m thick base of gabbro/diorite
and a main body of granodiorite with thin lenses of granite as
magmatic differentiation products (Figs. 2 and 4c). In all cases,
contacts among facies are transitional without chilled margins.

The central zone of the thicker sills preserves relics of igneous
minerals and textures (Fig. 4c and d). Igneous minerals are partially
or even pseudomorphically replaced by mineral association of
regional metamorphism (see Section 5). Metaperidotites and
metagabbro/diorites preserve relics of cumulate and medium to
fine-grained equigranular textures, respectively. Metagranodiorites
and metagranites still reveal patches of typical magmatic equi-
granular textures (Fig. 4c). The thinner gabbroic sills also preserve
relics of subvolcanic diabase textures in the central zone.

Mafic and ultramafic igneous rocks from the border zones of the
thicker composite and simple sills and those of the thinner simple
ones are transformed into greenschists with a penetrative schistose
structure (Fig. 4d and e). Similarly, felsic rocks of the mafic to felsic
composite sill are transformed into schistose metagranitoids close
to its border zone.

Up to now, one bed of effusive lava was found intercalated with
metagreywackes and phyllites (Fig. 2). It is a 1.5e2 m-thick tabular
layer, composed of stretched and boudinaged segments, folded
together with the sedimentary sequence. The lava is composed of a
porphyritic andesite which preserves relics of its primary igneous
minerals and texture. It also preserves vesicles along the top side of
the flow, and a mixture between a pillow lava structure and
peperite at the base (Fig. 4f).

4. Structure of the Nahuel Niyeu Formation

The sills together with their respective hornfelses share the
same folded structure and metamorphism as those of their host
rocks (Greco et al., 2013, 2014a). Therefore, they were intruded
before the onset of deformation and metamorphism.

The structures are described here in chronological order and
correspond to five deformation stages that have been recognized in
the Nahuel Niyeu Formation. D1 and D2 structures are associated
with the penetrative metamorphic foliations that characterize
these rocks. After that, microgranodiorite dikes cut D1eD2 struc-
tures. Subsequent to the intrusion of these dikes, a new deforma-
tion stage D3 affected them for the first time and refolded the
D1eD2 fabric. D4 and D5 structures represent the final stages of the
deformational history.

4.1. D1eD2 structures

Two sets of superposed, coaxial WNWeESE trending F1 and F2
folds forming Type III interference patterns of Ramsay (1962)
characterize the D1 and D2 deformation structures (Figs. 2, 3a,b
and 5a,b). F1 and F2 folds are isoclinal, similar and their axes plunge
towards the WNW. A high angle NNE-dipping S1 and S2 axial plane
cleavage/schistosity is associated with both folds (Fig. 5a and b). S1
and S2 foliations are subparallel in the limbs of F1 and F2 folds
(Fig. 6a and b), but in the hinge zone of the F2 folds, S2 constitutes a
crenulation cleavage/schistosity (Fig. 6c). In this zone, it is common
to see the S1 foliation partially or completely transposed by the S2
foliation. The intersection between S1 and S2 cleavage/schistosity
defines the WNW-trending L2 lineation that is parallel to B2 and B1
axes (Fig. 6d). The structures described above are penetrative in the
metasedimentary rocks, greenschists and schistose metagranitoids
contrasting to the central zone of the sills that conserve their relict
igneous texture.



Fig. 2. Geological map of the area west of Aguada Cecilio town with samples localities and the trace of the schematic block sketch aea0ebeb0 in Fig. 5a. Map based on our field work.
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Fig. 3. (a) Geological map of the area north of Aguada Cecilio town with the trace of the schematic block sketch cec0eded0 in Fig. 5b. (b) Detail of the F1 and F2 folds in F3 fold limb.
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4.2. Post D2epre D3 dikes

WNWeESE trending, biotite-bearing microgranodiorite dikes
cut the S1eS2 foliation planes in the limbs and hinge zones of the F1
and F2 folds at low and high angles, respectively (Figs. 5b and 7a).
They contain numerous enclaves of the low grade metamorphic
country rock (Fig. 7b), and locally produce a thermal meta-
morphism that overprints textures of the previous regional
metamorphism.
4.3. D3 structures

WNWeESE trending F3 folds (first folding in microgranodiorite
dikes) and high-angle reverse faults dipping to the NNE are the
most conspicuous structures in the Nahuel Niyeu Formation
(Figs. 2 and 3). F3 folds are tight to isoclinal and their axial planes
dip 75�e85� to the NNE, resulting in overturned folds with ver-
gence to the SSW; similarly the reverse faults indicate a tectonic
transport to the SSW (Fig. 5a and b). The S3 axial plane crenulation
cleavage and disjunctive schistosity (S1 schistosity in micro-
granodiorite dikes) characterize the hinge zone of the F3 folds
(Fig. 6e). Pencil structures occur in the F3 hinge zones where the S3
foliation intersects the S1eS2 foliation (Fig. 6f). B3 fold axes are
subparallel to those of F1 and F2 folds (Fig. 5a,b). Therefore, F3
folding results in the second Type III interference pattern (Ramsay,
1962) that we observe in the low-grade basement rocks (Figs. 2, 3
and 5a,b).
4.4. D4 and D5 structures

Two sets of kink folds affect all the structures and rocks
described above. On the basis of their temporal relationship, we
describe the kink folds as F4 and F5. The NEeSW trending F4 and the
NNWeSSE trending F5 folds are local and have centimetric to
decametric sizes. These folds locally alter the strike and dip of the
previous planar and linear structures (Figs. 2 and 3).
5. Microfabrics and metamorphism

5.1. Nahuel Niyeu Formation

5.1.1. Metasedimentary rocks
Metasedimentary rocks preserve relict detrital grains of quartz,

plagioclase, alkali feldspar, polycrystalline quartz and lithics of
phyllites and igneous rocks. The recrystallized matrix that sur-
rounds the detritus contains metamorphic minerals forming foli-
ation planes (Fig. 8a and b). S1 cleavage/schistosity contains the first
metamorphic association composed of chlorite þ biotite þ
muscovite þ epidote þ quartz ± tourmaline ± calcite, which is
characteristic of greenschist facies metamorphism (biotite zone). F2
microfolds are associated with an S2 axial plane crenulation
cleavage/schistosity formed by rigid grain rotation, recrystallization
and neoformation of S1 minerals. In this way, both S1 and S2 display
the same metamorphic mineral association (Fig. 8c and d). The S3
crenulation cleavage is defined by fine chlorite, sericite and oxides



Fig. 4. Outcrop features of the metasedimentary and metaigneous rocks from the Nahuel Niyeu Formation. (a) Alternating metagreywacke and phyllite defining the relict bedding
(S0). (b) Contact between metaperidotite and metagreywacke, showing decimetric deformed hornfels. (c) Contact between metagranite differentiate and metagranodiorite, both
preserve the relict equigranular texture. From this metagranite differentiate the sample was taken for SHRIMP UePb zircon dating. (d) Metagabbro/diorite sill partially converted
into greenschist with penetrative S1eS2 foliation. The picture corresponds to the contact between central (non-foliated) and border zone (foliated) of a simple sill. (e) Thin sill
transformed into greeenschist with a penetrative S1eS2 schistosity. (f) Metaandesite lava flow interbedded in the metasedimentary rocks. This effusive rock shows vesicles in its top
side. The dashed line indicates the concordant contact of the lava flow with bedding (S0).
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along dissolution surfaces. This mineral association is distinctive of
greenschist facies metamorphism (chlorite zone). F3 microfolds
present rotation and reorientation of S1eS2 minerals along S3
foliation planes.

5.1.2. Greenschists and metagabbros/diorites
Greenschists present a metamorphic mineral association of

tremoliteeactinolite þ chlorite þ epidote þ albite þ calcite þ
titanite ± quartz (Fig. 9a) defining the planar S1 fabric and replacing
pseudomorphically the relict igneous minerals such as amphibole,
plagioclase, opaque mineral and biotite. This mineral association is
typical of greenschist facies in mafic protoliths (Bucher and Grapes,
2011, p. 363 and references therein). In these rocks and at right
angle to the L2 lineation and F2 microfolds, the S1 foliation is
partially transposed by the S2 schistosity. The latter is defined by a
greenish brown biotite that partially replaces the chlorite, trem-
oliteeactinolite and relict igneous amphibole (Fig. 9a). The greenish
brown biotite is characteristic of the greenschist facies at around
~400 �C (Bucher and Grapes, 2011, p. 364 and references therein).
Although this biotite can be present from greenschist to upper



Fig. 5. Schematic block sketches and lower hemisphere equal area stereographic projections of fabric elements from the Nahuel Niyeu Formationwestern (a) and northern (b) parts
of the Aguada Cecilio area. The trace of the schematic block sketches is indicated by aea0ebeb0 and cec0eded0 . The legend of the geological units is shown in Fig. 2. D3 structures in
the Nahuel Niyeu Formation are equivalents to D1 structures in the microgranodiorite dikes. For the locations of block sketches see Figs. 2 and 3a.
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Fig. 6. D1, D2 and D3 structures in the metasedimentary and metaigneous rocks of the Nahuel Niyeu Formation. (a) Isoclinal F1 fold in metagreywackes from a limb of a F2 fold. The
relict S0 compositional banding is folded but S1 and S2 foliations are parallel to the axial plane of the F1 fold. (b) Isoclinal F1 fold in a thin metaperidotite sill from a limb of a F2 fold.
The S1eS2 foliation is parallel to the axial plane of the F1 fold. (c) Hinge zone of an isoclinal F2 fold in a metagreywacke. The S1 foliation is folded and the S2 foliation represents a
crenulation schistosity. Also, the quartz veins, subparallel to S1, are folded. (d) Metaperidote sill in the hinge zone of a F2 fold. L2 lineation indicates the intersection between S1 and
S2 foliations and it is parallel to the fold axis. The hammer handle dips to the NNW as the fold axis. (e) Phyllite in the hinge zone of a F3 fold with development of S3 axial plane
crenulation cleavage. (f) Hinge zone of a F3 fold in greenschist with pencil structures. The S1eS2 foliation is folded and crosscuted by the S3 foliation.
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amphibolite facies (Bucher and Grapes, 2011, p. 350 and references
therein), we consider that the most reasonable metamorphic grade
reached during the development of the S2 metamorphic foliation
was greenschist facies on the basis of the absence of metamorphic
hornblende.

Metagabbro/diorite sills that preserve their relict igneous min-
erals and textures typically contain euhedral plagioclase and
interstitial minerals such as amphibole, sagenitic biotite, opaque
mineral, and quartz with alkali feldspar constituting micrographic
textures (Fig. 9b). An early replacement of the igneous mineralogy
is observed, where decussate chlorite replaces mafic minerals,
clinozoisite the plagioclase cores, and pumpellyite the amphibole,
while prehnite “cysts” appear in the biotite. This early replacement
and the relict igneous mineralogy are partially or even pseudo-
morphically replaced by the main metamorphic mineral associa-
tion of tremoliteeactinolite þ chlorite þ epidote þ albite þ
titanite þ calcite þ quartz (Fig. 9b), which is consistent with
greenschist facies conditions (Bucher and Grapes, 2011, p. 363 and
references therein). The observed metamorphic reaction
clinozoisite þ fine decussate chlorite / tremoliteeactinolite þ
albite that is also typical of prograde metamorphism of basic rocks
at greenschist facies (Bucher and Grapes, 2011, p. 357). Greenish



Fig. 7. Post-D2epre-D3 microgranodiorite dike. (a) S1eS2 schistosity of the Nahuel Niyeu Formation is cut at a great angle by a microgranodiorite dike. This photograph corresponds
to the hinge zone of a F2 fold. (b) Hand specimen of a microgranodiorite dike that shows angular enclaves of the phyllites with L2 lineation. The enclaves and their structure confirm
that the intrusion of the dikes was subsequent to D2 deformation. (c) and (d) are photomicrographs of the same image with parallel and crossed nicols, respectively. Micro-
granodiorite dike from a F3 hinge zone. Dark seams and igneous biotite define their S1 foliation, equivalent to the S3 foliation in the Nahuel Niyeu host rock. Muscovite, chlorite and
calcite replace the igneous minerals. The groundmass shows partially recrystallized quartz and siderite porphyroblasts. Symbols for minerals: Af (alkali feldspar), Bt (biotite), Cal
(calcite), Chl (chlorite), Ms (muscovite), Pl (plagioclase), Qtz (quartz), Sd (siderite).
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brown biotite replaces chlorite, tremoliteeactinolite and igneous
amphibole (Fig. 9b).

5.1.3. Metaperidotites
Cumulus olivine and intercumulus of pyroxene, brown amphi-

bole, opaque mineral and minor sagenitic biotite compose the
metaperidotite cumulates (Fig. 9c). Cumulates exhibit an early
serpentinization that affects olivine and pyroxene. Pseudomorphic
cummingtoniteegrunerite replacing brown amphibole and
serpentine, and blue chlorite replacing sagenitic biotite (Fig. 9c)
represent the main metamorphic mineralogy in cumulates. This
mineral association (cummingtoniteegrunerite þ blue chlorite)
also suggests conditions of a greenschist facies metamorphism
(Evans and Ghiorso, 1995 and references therein), as does the as-
sociation talc þ bowlingite þ fine green chlorite þ muscovite þ
tremoliteeactinolite, which fill microfractures and replace the
previous mineral associations (Fig. 9c).

5.1.4. Metagranitoids
Schistose metagranitoids show a penetrative S1eS2 schistosity

recorded by alternating micaceous and quartzo-feldspathic do-
mains (Fig. 9d). The micaceous domains contain a metamorphic
mineral association of biotite þ epidote þ actinolite þmuscovite þ
calcite, which is coherent with greenschist facies conditions
(Fig. 9d). Actinolite pseudomorphically substitutes and grows at the
expense of biotite. The quartzo-feldspathic domains show a typical
fabric of dynamic recrystallization with relict igneous minerals
such as quartz, plagioclase, and alkali feldspar. The relict igneous
quartz grains have undulose extinction, deformation bands and
subgrain boundaries. The relict feldspars exhibit fragmentation,
deformation twins, bending, undulose extinction, and grain
boundary recrystallization (Fig. 9d).

Metagranodiorites include patches with equigranular magmatic
textures, and contain quartz, plagioclase, alkali feldspar with mi-
crographic textures and relict mafic mineral (amphibole?) as
essential minerals, and minor apatite, allanite and zircon. Meta-
granitic magmatic differentiates within metagranodiorites display
granular textures. They are composed of quartz and microcline in
micrographic textural arrangements, plagioclase, and relics of a
mafic mineral (amphibole?) (Fig. 9e). Apatite and zircon are also
common accessory minerals. Although metagranodiorites/granites
partially preserve their igneous textures, quartz shows intra-
crystalline microstructures such as undulose extinction, deforma-
tion bands, and subgrain boundaries. It was also affected by
dynamic recrystallization (Fig. 9e). The mafic mineral is pseudo-
morphically replaced by biotite þ epidote and the feldspars are
partially replaced by albite þ calcite þ epidote. These replacement
minerals represent the main metamorphic mineral association,
which is equivalent to that observed in the schistose
metagranitoids.



Fig. 8. Photomicrographs of the metasedimentary rocks from the Nahuel Niyeu Formation. (a) and (b) are photomicrograph of the same image with parallel and crossed nicols
respectively. (c) and (d) idem. (a) and (b) Metagreywacke with relict detrital grains of quartz and plagioclase. The larger quartz shows undulose extinction with subgrains at the
boundaries. Smaller detrital quartz is flattened and displays dynamic recrystallization. Flattened detrital quartzes, muscovite, fine chlorite and biotite define the S1eS2 foliation. (c)
and (d) S2 crenulation schistosity in laminated metagreywacke. The thin section is perpendicular to L2 lineation. Dashed line indicates the relict S1 schistosity. Note that the
metamorphic mineral association is the same for both S1 and S2 foliations. Symbols for minerals: Bt (biotite), Cal (calcite), Chl (chlorite), Ep (epidote), Ms (muscovite), Qtz (quartz).
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5.1.5. Metaandesite
The metaandesite lava flow has a relict porphyritic texture

composed of amphibole and plagioclase phenocrysts in a partially
recrystallized groundmass (Fig. 9f). Themagmaticflowparallel to the
top and base of the lava is recorded by the long axis orientation of
amphibole phenocrysts. The amphibole shows pseudomorphic
replacement by the metamorphic association of
chloriteþ epidoteþ calciteþ greenish brownbiotite± actinolite; the
greenish brown biotite appears replacing the chlorite (Fig. 9f). The
plagioclase has deformation twins and in its core displays the same
mineral association that replaces the amphibole. The groundmass
preserves some relict igneous crystals but is mainly composed of the
metamorphic association epidote þ albite þ
calciteþ chloriteþ greenish brown biotiteþ quartzþmicroperthitic
feldspar (Fig. 9f). Metamorphic associations in this rock also are
equivalent to those of the greenschists andmetagabbros/diorite and,
therefore, characteristic of greenschist facies conditions (Bucher and
Grapes, 2011, p. 363 and references therein).

5.2. Microgranodiorite dikes

Microgranodiorite dikes cutting the S1eS2 foliations contain
plagioclase and biotite phenocrysts, the latter defining an igneous
foliation. Plagioclase, quartz, and alkali feldspar with quartz in
micrographic textural arrangements constitute the microgranular
groundmass. In F3 hinge zones the dikes present their first axial
plane schistosity (equivalent to S3 planes in the Nahuel Niyeu
Formation). This foliation is defined by dark seams, originated by
accumulation of opaque grains along dissolution surfaces, and
reoriented igneous biotite (Fig. 7c and d). Muscovite and calcite
replace the plagioclase phenocryst. Kinked biotite phenocrysts
show pseudomorphic replacement by muscovite. In the ground-
mass, calcite, muscovite and chlorite substitute the feldspars while
undulose quartz is partially recrystallized. The groundmass con-
tains additional siderite porphyroblasts (Fig. 7c and d). The
replacement minerals represent a similar metamorphic condition
to that associated with the D3 structures of the Nahuel Niyeu
Formation.

6. SHRIMP UePb zircon analytical procedure and result

One sample of a metaigneous rock interbedded in the meta-
sedimentary sequence of the Nahuel Niyeu Formation was selected
for zircon study and SHRIMP UePb dating. After a failed attempt to
collect zircons from the metagranodiorite facies of the
metagranodiorite-gabbro/diorite composite sill (Fig. 2), we
collected 20 kg of ametagranite differentiate within the same facies
(sample V11e148, Figs. 2 and 4c). Standard jaw-crushing, sieving
and separation into 75,108,150 and 212 mmsize fractions, as well as
heavy minerals concentration by elutriation processes and mag-
netic susceptibility techniques were performed at the laboratories
of the Centro de Investigaciones Geol�ogicas (Universidad Nacional
de La Plata-CONICET). Zircon grains were hand-picked in alcohol
under a binocular microscope to obtain fractions of similar shape,
color and size. About two hundred zircons were selected from the
least magnetic fractions.



Fig. 9. Photomicrographs of the metaigneous rocks from the Nahuel Niyeu Formation. Transmitted light, parallel nicols in a, b, c and f. Crossed nicols in d and e. (a) Thin section
perpendicular to L2 lineation of a greenschist. Tremoliteeactinolite, chlorite, epidote, albite, titanite and quartz are arranged according to S1 foliation, which is partially transposed
by S2 foliation. Greenish brown biotite defines the S2 foliation. Dismembered F2 fold show a relict amphibole partially replaced by chlorite, in its hinge zone. (b) Metagabbro/diorite
with relict igneous minerals and texture. Pseudomorphic replacements of: amphibole by tremoliteeactinolite, chlorite and greenish brown biotite; euhedral plagioclase by epidote,
chlorite and albite; opaque mineral by titanite and chlorite. Quartz is a relict interstitial mineral. (c) Metaperidotite cumulate. Olivine, pyroxene, brown amphibole, biotite and
opaque mineral are the relict igneous minerals. Olivine and pyroxene are pervasively serpentinized. Cummingtoniteegrunerite replaces the serpentine and the brown amphibole.
Fine green chlorite and bowlingite fill the microfractures and replace the previous mineral associations. (d) Schistose metagranodiorite with micaceous and quartzo-feldspathic
domains which define the S1eS2 schistosity. Plagioclase and alkali feldspar are relict igneous minerals. (e) Metagranite differentiate with relict igneous minerals and micro-
graphic texture. Quartz grains in the lower right quadrant show undulose extinction, deformation bands and subgrain boundaries. (f) Metaandesite lava flow with relict porphyritic
texture. Chlorite þ epidote þ calcite þ greenish brown biotite ± actinolite substitute the phenocrysts of amphibole and plagioclase, and the minerals of the groundmass. Dashed
lines indicate the orientation of the phenocrysts by magmatic flow. Symbols for minerals: Ab (albite), Amph (amphibole), Af (alkali feldspar), Bt (biotite), Chl (chlorite), CumeGru
(cummingtoniteegrunerite), Ep (epidote), Ol (olivine), Pl (plagioclase), Px (pyroxene), Qtz (quartz), TreAct (tremoliteeactinolite), Ttn (titanite).
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SHRIMP UePb ages were obtained using the SHRIMP IIe in-
strument of the Centro de Pesquisas Geocronol�ogicas (CPGeo),
Instituto de Geociências, Universidade de S~ao Paulo (USP), Brasil.
Prior to SHRIMP analyses, the selected zircon grains were mounted
in epoxy resin and plugged together with standard zircons
(TEMORA-2 reference zircon with 206Pb/238U age ¼ 416.78 ±
0.33 Ma, Black et al., 2004). The mount was polished and docu-
mented using optical (reflected and transmitted light) and scanning
electron microscopy (Secondary Electrons and Cath-
odoluminescence), in order to select the sites for UePb analysis on
the basis of internal structure and fracturing degree of the grains
(McLaren et al., 1994). After extensive cleaning, the mount was
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coated with ultra-pure gold (~3 nm thick) and inserted into the
SHRIMP for analysis. The analytical method follows those described
by Compston et al. (1984) and Williams (1998). Correction for
common 206Pb is made using the measured 204Pb according to
Stacey and Kramers (1975). The data were filtered to remove
analysis with >3% 206Pb of common origin before age calculations.
Data from the SHRIMP analyses are represented in a Concordia
diagram produced with ISOPLOT/Ex (Ludwig, 2008). All analytical
errors are presented at 1s level. The SHRIMP UePb results are
summarized in the Table A.1 of the Appendix A.

The zircons from the metagranite are prismatic, amber color or
colorless and transparent and their lengths range from 120 to
75 mm, with an aspect ratio of 3.1e1.3 (Table A.1). In cath-
odoluminescence (CL) images, crystals show low luminescence,
oscillatory and sector zoning typical of magmatic zircon, or ho-
mogeneous internal texture (Fig. 10a). We discarded six out of
seventeen analyzed zircons by high 206Pb of common origin
(Table A.1). One cluster of five concordant zircons yielded a
206Pb/238U Concordia age of 513.6 ± 3.3 Ma (MSWD ¼ 0.84,
Fig. 10b). One zircon from this cluster (spot 9.1) displays 5.62%
common 206Pb, but it is concordant and its age is coherent with the
age of the cluster. From these reasons we did not discard this
particular zircon. The five concordant zircons have magmatic fea-
tures such as sector and oscillatory zoning, well-defined faces, and
high Th/U values (Fig. 10a,b and Table A.1). Therefore, we interpret
the Concordia age as the magmatic crystallization age of the met-
agranite. Since this granite is a magmatic differentiate from the
granodiorite (Fig. 4c), the concordia age can be assigned to the
crystallization age of the whole sill (Fig. 2). The remaining zircon
grains have younger 206Pb/238U ages, between ca. 487 Ma and ca.
396 Ma which could be interpreted as Pb loss probably due to
regional metamorphism and deformation (Table A.1). A preliminary
report of these ages was early presented by Greco et al. (2014a).

7. Whole-rock geochemistry

Three whole-rock geochemical compositions from the sills were
determined. Samples V12e37 and V12e38 correspond to meta-
peridotite and metagabbro/diorite, respectively, and both of them
Fig. 10. Zircons and geochronological data plot of the sample V11e148. (a) Cathodoluminesc
grain. Spot size of 30 mm. (b) UePb concordia diagrams of SHIRMP UePb zircon data. Grey ell
that yield the Concordia age. This age is given at 1s confidence level. Spots 1.1, 2.1, 3.1, 10.1
belong to the same sill. Sample V12e40 corresponds to a meta-
granodiorite. Sample localities are shown in Fig. 2. Whole rock
powders, prepared at Centro de Investigaciones Geol�ogicas, La
Plata, were sent to ACME Analytical Laboratories S.A., Canada
(http://acmelab.com/) for major, trace and REE element analysis
using alkaline fusion with lithium borate and being diluted with
acid digestion to perform ICPeES and ICPeMS methods. Results of
the geochemical analyses are summarized in the Table A.2 of the
Appendix A. Major element data were recalculated to 100% on
anhydrous basis before using them in classification diagrams
(Fig. 11a and b).

The samples are classified as peridotite-gabbro (V12e37), sub-
alkalic gabbro (V12e38) and granodiorite (V12e40) with
42.4e64.7 wt.% SiO2 (Fig. 11a). All samples plot in the field of the
subalkaline series and belong to the tholeiitic series (Irvine and
Baragar, 1971) (Fig. 11a and b). The MORB-normalized spider dia-
grams show a relative enrichment in large-ion lithophile elements
(LILE) and a sharp increase in Rb/Yb values in the more silicic
compositions; also these diagrams exhibit negative anomalies in
HFSE (Nb, P and Ti) especially in the basic and intermediate com-
positions (Fig. 11c). These characteristics are typical of subduction
related magmas (Gill, 2010, p. 190). Moreover, as the negative Nb
anomaly is distinctive of the continental crust, it could indicate a
crustal involvement in magma processes (Rollinson, 1993, p. 148).
Chondrite-normalized Rare Earth Elements (REE) plots (Sun and
McDonough, 1989) show flat patterns for the samples V12e37
and V12e38, whereas the sample V12e40 displays a light REE
(LREE) enrichment with a negative Eu anomaly (Fig. 11d).

8. Discussion

8.1. Age and tectonic setting of the Nahuel Niyeu Formation

A syn-sedimentary volcanic activity can be interpreted to have
occurred during the deposition of the Nahuel Niyeu sequence, on
the basis of the metaandesite lava flow interbedded in the meta-
sedimentary rocks (Fig. 12). As the lava shows pillow and peperite
structures, this volcanism may have happened in a subaqueous
environment.
ence images of magmatic zircons analyzed by SHRIMP. Spot number is shown for each
ipses correspond to the cluster of five concordant zircons (spots 4.1, 6.1, 7.1, 9.1 and 11.1)
, 13.1 and 17.1 were not plotted because of their high 206Pb of common origin.

http://acmelab.com/
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The sharp contacts displayed by the sills, parallel to the relict S0
sedimentary bedding of the Nahuel Niyeu Formation (Figs. 2 and
3a,b), suggest that their injection occurred after consolidation of
the clastic sequence, but previous to the onset of deformation and
metamorphism, as shown by the fact that the sills share all the
deformation structures and associated metamorphism with the
metasedimentary country rock (Fig. 12). At this respect, the sills
might even be genetically connected with the andesitic lava flow.

Our mapping has shown that metagabbro/diorite simple sills
dominate over the other igneous bodies (Figs. 2 and 3), and only
two composite sills are present in the studied outcrops. However,
future mapping in the surrounding areas might reveal additional
and comparable sills. As the contacts between the igneous facies
are transitional without chilled margin, the metaperidotite cumu-
late at the base of the composite metagabbro/dioriteeperidotite sill
(Fig. 2) could be the product of gravitational or flow segregation
from the gabbroic magma. Besides, the transitional contact be-
tween the basal metagabbro/diorite and the metagranodiorite of
the large composite sill (Fig. 2) suggests a common magmatic dif-
ferentiation process for these igneous facies. Likewise, the thin
lenses of metagranite as magmatic differentiates in the meta-
granodiorite suggest a similar process (Fig. 4c). From the above, a
spatial, temporal and genetic relationship between the gabbro/
diorite, peridotite, granodiorite and granite igneous facies is likely.
Therefore, we can assign the age of 513.6 ± 3.3 Ma obtained in this
study to the crystallization age of the entire sill swarm (Fig. 12).

Maximum depositional ages between 515 Ma and 507 Ma in the
south of Nahuel Niyeu town (Pankhurst et al., 2006; Rapalini et al.,
2013) are similar to our unpublished detrital zircon data from the
host rocks of the sills in Aguada Cecilio that yield maximum
depositional ages of 516.6e515Ma (Fig. 12). The proximity between
the maximum depositional ages and the crystallization age of the
sills suggests depositionwas followed by rapid consolidation of the
sedimentary beds. This was accompanied by active continental
margin magmatism. This situation is supported by the geochemical
characteristics of the sills, which indicate subduction related
tholeiitic magmatism and involvement of continental crust.
Moreover, prominent younger peaks from detrital zircon distribu-
tions of the Nahuel Niyeu Formation (Pankhurst et al., 2006;
Rapalini et al., 2013; Greco et al., unpublished data) suggest
erosion from a nearby active magmatic arc (Pankhurst et al., 2006;
Cawood et al., 2012). Furthermore, petrographical and geochemical
studies performed by Cagnoni et al. (1993), Giacosa (1997) and
Caminos (2001) in metasedimentary rocks south of the Nahuel
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Niyeu town suggest turbiditic immature deposits with provenance
from acidic volcanic and plutonic rocks and (or) metamorphic rocks
derived from an active continental margin (Cagnoni et al., 1993;
Giacosa, 1997; Caminos, 2001).

According to the lithological, geochemical and geochronolog-
ical features discussed above, the sedimentary and igneous pro-
toliths of the Nahuel Niyeu Formation could be formed in a
continental margin basin associated with an active magmatic arc
during the Cambrian Epoch 2 (Fig. 12). A similar setting was earlier
suggested by Pankhurst et al. (2006) on the basis of detrital zircon
data.

8.2. Summary of deformation and metamorphism events of the
Nahuel Niyeu Formation

In Fig. 12 we have summarized the main features of the
sequence of deformation and metamorphism events and their re-
lationships with the magmatic events in the Aguada Cecilio area.

8.2.1. Early Paleozoic tectonometamorphic event
The same metamorphic conditions characterize the develop-

ment of the NNE-dipping S1 and S2 foliation planes in both the
metasedimentary and metaigneous rocks of the Nahuel Niyeu
Formation (see Section 5.1). The regional metamorphic overprint is
estimated to have reached the greenschist facies (biotite zone).
Therefore, the coaxial WNWeESE trending F1eF2 folds and their
associated S1 and S2 mineral assemblages would correspond to a
main tectonometamorphic event in the biotite zone of the green-
chist facies with two progressive phases of deformation
(D1eD2eM1) (Fig. 12). In addition, the greenish brown biotite that
defines the S2 schistosity in the metamafic rocks and the recrys-
tallization and neoformation of the S1 metamorphic assemblage
over S2 foliation planes in the metasedimentary rocks could indi-
cate a slight increase in the metamorphic conditions of the
greenschist facies M1 metamorphism from D1 to D2 deformation
phases (Fig. 12).

The timing of the D1eD2eM1 tectonometamorphic event is
constrained between the emplacement of the pre-kinematic sills
and the post-D2 microgranodiorite dikes (Figs. 2 and 3). The post-
D2 dikes are equivalent to the post-orogenic Punta Sierra Plutonic
Complex, regarding their structural relationship with respect to the
Nahuel Niyeu Formation. The Valcheta Pluton and equivalent
muscovite granite dikes belonging to this complex (Fig. 1b) crosscut
the S1 and S2 foliations of the sills and metasedimentary rocks of
the Nahuel Niyeu Formation in the area northwest of Valcheta,
according to our observations (Greco et al., 2013, 2014a). Based on
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this relationship, the intrusion of the granite bodies occurred after
the D1eD2eM1 tectonometamorphic event. Although UePb crys-
tallization ages are lacking, the 470 Ma and 468 Ma AreAr
muscovite plateau ages of the Valcheta Pluton (Gozalvez, 2009a;
Rapalini et al., 2013) may represent their cooling after crystalliza-
tion. Therefore, the D1eD2eM1 tectonometamorphic event in the
Valcheta to Aguada Cecilio area can be constrained between the
513.6 Ma crystallization of the sills and ca. 470 Ma cooling of the
Valcheta Pluton, this means in the Cambrian Epoch 2 to Early
Ordovician interval (Greco et al., 2014a) (Fig. 12).

Structural features similar to those detailed above, with S1
foliation subparallel to S0 bedding planes, are described from the
Nahuel Niyeu Formation south of Nahuel Niyeu town (Chernicoff
and Caminos, 1996a; von Gosen, 2003). This metamorphic folia-
tion contains aligned sericite þ chlorite suggesting lower greens-
chists facies conditions (von Gosen, 2003). Although a
reconstruction of the folding related to the S1 foliation and the
identification of a S2 foliation were not possible in this area, this
structure and the associated metamorphism may be equivalent to
the D1eD2eM1 tectonometamorphic event in Aguada Cecilio area.
Moreover, the mineral associations suggest a slight increase in the
metamorphic conditions from chlorite grade in Nahuel Niyeu to
biotite grade in Aguada Cecilio, as proposed by Caminos and
Llambías (1984).

8.2.2. Late Paleozoic tectonometamorphic event
The relative age and intrusion conditions of the WNWeESE-

trending microgranodiorite dikes are essential features in order
to discriminate the tectonometamorphic events in the Nahuel
Niyeu Formation, because the dikes are post-D1eD2eM1 and pre-
D3 intrusions. The strong rheological contrast between the dikes
and the low-grade basement rocks, evidenced by angular en-
claves and contact metamorphism (Fig. 7b), indicates that the
intrusion of the dikes occurred under brittle conditions after the
greenschist facies metamorphism associated with the D1eD2eM1
event. The brittle conditions may be attained by a regional uplift
succeeding the D1eD2eM1 event (Fig. 12). Therefore, we consider
the D3 structures and associated metamorphism as belonging to
a different and younger event than the D1eD2eM1 event. The
mineral associations that characterize the S3 foliation planes in
the metasedimentary rocks and S1 schistosity in micro-
granodiorite dikes suggest a low-grade M2 regional meta-
morphism in chlorite zone of the greenschist facies associated
with the D3 structures (Fig. 12).

Regarding to the timing of the D3eM2 tectonometamorphic
event, this should follow the intrusion of the microgranodiorite
dikes. Varela et al. (2001) suggested that the dikes belong to the late
Paleozoic magmatism on the basis of a KeAr biotite cooling age of
257 ± 7 Ma (see location of sample AB113 in Fig. 2). In our opinion,
however, the dikes are linked to the Early Ordovician magmatism
(Fig. 12), whereas the KeAr age to the D3eM2 tectonometamorphic
event. In the case the M2 metamorphism exceeded the closure
temperature of biotite in the KeAr system (280 ± 40 �C, Harrison
et al., 1985), the cooling age may be considered close to the
D3eM2 event (Fig. 12). In addition, the SSW-directed tectonic
transport caused by F3 folding and reverse faults (Fig. 5a and b) and
the probable late Permian age of the D3eM2 event are consistent
with the late Paleozoic tectonometamorphic and magmatic events
in the North Patagonian Massif (Giacosa, 2001; Llambías et al.,
2002; Basei et al., 2002; von Gosen, 2002, 2003, 2009). Specif-
ically, von Gosen (2003) described S to SW directed thrusts
affecting the Nahuel Niyeu and Sierra Grande formations and the
Tardugno Granodiorite, as products of a NeS to NEeSW Permian
compression in the south of Nahuel Niyeu (Fig. 1b). Moreover,
Chernicoff and Caminos (1996a) reported in this area a folding with
tectonic vergence to the SW that refolds the main metamorphic
foliation of the Nahuel Niyeu Formation. Therefore, these de-
formations may be similar to the D3 structures in Aguada Cecilio.

The subparallel B3 and B1eB2 fold axes permit to interpret the
D1eD2eM1 and D3eM2 tectonometamorphic events as caused by a
similar ~NNEeSSW orientation of compression (Figs. 2, 3, 5a, b and
12). Therefore, the original orientation of the F1eF2 folds, previous
to D3, should have been similar to the F3 orientation. However, we
cannot determine the tectonic transport during F1eF2 folding
because the older structures are obscured by the superposition of
tight to isoclinal F3 folds.

8.2.3. Final stage of deformation
F4 and F5 kink folds locally changed the strike and dip of the D1,

D2 and D3 structures (Figs. 2 and 3). However, we cannot determine
whether these folds changed the original orientation of the D1, D2
and D3 structures within the entire basement of the Aguada Cecilio
area. On a regional scale, the NEeSW trending F4 folds are parallel
and therefore may be equivalent to the NEeSW trending, intense
folding between Nahuel Niyeu and Valcheta (Fig. 1b). However, the
intensity of folding decreases from NW to SE. These NEeSW
trending folds were described by von Gosen (2003), in the south of
Nahuel Niyeu, as resulting from a ~NWeSE compression after the S
to SW directed thrusts discussed in Section 8.2.2. On the other
hand, the NNWeSSE-trending F5 folds might be similar to the ~NeS
to NWeSE trending fold axes that represent the final stage of the
compressive deformational history (under ~WeE compression) in
the south of Nahuel Niyeu (von Gosen, 2003).

The final ~NWeSE and ~WeE compressions are not consistent
with the ~NNEeSSW compression established for the late Permian
D3 deformation. Therefore, the F4 and F5 folds might belong to the
final stages of the Permian deformation as proposed by von Gosen,
2003 or be even younger (Fig. 12).

8.3. Correlation with other basement units of the northeastern
North Patagonian Massif

The low-grade Nahuel Niyeu Formation has traditionally been
compared to the El Jagüelito Formation in the easternmost part of
the North Patagonian Massif (Fig. 1c and d; Caminos and Llambías,
1984; Giacosa, 1987; von Gosen, 2003) on the basis of lithology,
metamorphic grade and deformation style. Moreover, despite
having a higher grade metamorphism dated at 472 Ma, the Mina
Gonzalito Complex was also compared to the low-grade sequences,
on the basis of maximum deposition ages and detrital zircon peak
patterns of the siliciclastic protolith (Pankhurst et al., 2006). The
protoliths of the marbles, widely distributed in the Mina Gonzalito
Complex, were in turn regarded as possible equivalents of the
limestone clasts found in a conglomerate layer in El Jagüelito For-
mation (Gonz�alez et al., 2011b). Further detrital zircon data in these
three units (Naipauer et al., 2010; Rapalini et al., 2013; Greco et al.,
2014b and unpublished data) agree with the previous idea of
similarity in their maximum deposition ages within the Terreneu-
vianeCambrian Epoch 2 interval, and Gondwanan provenance
patterns of zircon populations.

A comparative summary of the main features of the Nahuel
Niyeu Formation, El Jagüelito Formation and Mina Gonzalito
Complex is given in Fig. 13.

The above maximum depositional ages agree with the age
provided by the Archeocyath fossils from the El Jagüelito Formation
(Gonz�alez et al., 2011b), and the ca. 550e510 Ma deposition age of
the marbles from the Mina Gonzalito Complex, derived from a
mean 87Sr/86Sr value of 0.708730 ± 0.000285 and compared with
the global curve (Varela et al., 2014). Upper limit for deposition of
the basement rocks are given by a 513.6 Ma sill of the Nahuel Niyeu
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Fig. 13. Simplified and comparative chart of the Nahuel Niyeu and El Jagüelito formations and the Mina Gonzalito Complex. Not include Permian magmatism.
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Formation (this contribution), Early Cambrianmetatuff intercalated
in the El Jagüelito Formation (Gonz�alez et al., 2013a, unpublished
data) and a 492 ± 6 Ma pre-orogenic granodiorite orthogneiss that
intrudes the Mina Gonzalito Complex (Gonz�alez et al., 2008a;
Varela et al., 2011). These ages are consistent with the detrital
zircon data. With regard to the Yaminu�e Complex, the only detrital
zircon data reported from a paragneiss are interpreted as repre-
senting a maximum deposition age in the late Carboniferous
(Chernicoff et al., 2013), and its relationship with other associated
igneous rocks with early to late Paleozoic ages (Basei et al., 2002;
Chernicoff et al., 2013; Rapalini et al., 2013; Pankhurst et al.,
2014) are not totally clear.
With reference to the igneous rocks associated with the base-
ment units and involved in their first deformation, the Nahuel
Niyeu Formation shows a dominantly mafic magmatism repre-
sented by the sills and a lava flow (Fig. 13), while the El Jagüelito
Formation has pyroclastic and volcanic rocks such as metatuffs,
metaignimbrites, metaandedesite and metarhyolite lava flows, and
metarhyolitic dikes and domes (Gonz�alez et al., 2013a). These latter
rocks have an arc geochemical signature (calc-alkaline) that sug-
gests proximity of active magmatic arc in the Early Cambrian
(Gonz�alez et al., 2013a, unpublished data). This magmatic arc may
also be represented by the Early Cambrian Tardugno Granodiorite
in the area of Nahuel Niyeu (Rapalini et al., 2013; Pankhurst et al.,



G.A. Greco et al. / Journal of South American Earth Sciences 62 (2015) 12e32 29
2014). Mafic intrusive rocks intercalated in the El Jagüelito For-
mation may be comparable to those of the Nahuel Niyeu Formation
(Gonz�alez et al., 2008b, 2011a). However, an Ordovician SHRIMP
UePb zircon age (Gonz�alez et al., 2013a, unpublished data) might
invalidate this comparison. Amphibolite layers intercalated parallel
to S0eS1 planes of the paragneisses and schists of the Mina Gon-
zalito Complex were interpreted as mafic flows with tholeiitic
compositions (Fig.13; Gonz�alez et al., 2008a and unpublished data).
Despite different metamorphic grades, both the Nahuel Niyeu
Formation and Mina Gonzalito Complex seem to share similar
mafic igneous protoliths. The 492 Ma granodiorite orthogneiss,
which intrudes the Mina Gonzalito Complex (Fig. 13; Gonz�alez
et al., 2008a; Varela et al., 2011), may represent the position of
the magmatic arc subsequent to deposition.

The first, early Paleozoic deformation structure in the El Jagü-
elito Formation is a simple NNWeSSE-to NNEeSSW-trending fabric
with mainly east tectonic transport associated with regional
metamorphism in the chlorite zone of the greenschist facies
(Fig. 13; Giacosa and Paredes, 2001; von Gosen, 2002; Gonz�alez
et al., 2002, 2008b, 2011a, 2014a,b). This D1eM1 event is pre-
476 Ma on the basis of the intrusion of the post-orogenic Punta
Sierra Plutonic Complex (Figs. 1d and 13; Varela et al., 1998, 2008;
von Gosen, 2002; Pankhurst et al., 2006; Gonz�alez et al., 2008b,
2013b; García et al., 2014a). This situation is equivalent to that of
the Nahuel Niyeu Formation, where the first tectonometamorphic
event is also constrained by the intrusion of the same plutonic
complex (see Section 8.2.1). However, these formations have
different structural orientations, which might be explained by in-
ternal variation of strain partitioning along the orogen or an effect
of younger deformational events which could have changed the
original orientation.

The high-grade Mina Gonzalito Complex (Fig. 1c) presents two
coaxial, NNWeSSE-to NWeSE-trending folding phases with a
~SW vergence associated with amphibolite facies regional meta-
morphism (Fig. 13; Giacosa, 1994a,b; Gonz�alez et al., 2008a)
constrained at 472 Ma by metamorphic growth rims on detrital
zircons (Fig. 13; Pankhurst et al., 2006; Greco et al., 2014b). These
structures are similar to those of the Nahuel Niyeu Formation in
Aguada Cecilio area (Fig. 13). The metamorphic climax and asso-
ciated polyphase deformation are contemporaneous with the
intrusion of the post-orogenic Punta Sierra Plutonic Complex.
Therefore, the tectonometamorphic event in the high-grade rocks
seems to have occurred later than in the low-grade supracrustal
rocks (Nahuel Niyeu and El Jagüelito formations). However, these
events in the three units might be equivalent, with a time differ-
ence typical of regional metamorphism, which is produced by
heat conduction in the crust (Stüwe, 2007, p. 362). Rocks from
shallow crustal levels or external parts of an orogen, which are
under regional metamorphism (e.g. Nahuel Niyeu and El Jagüelito
formations), do not heat significantly, reaching greenschist facies
conditions. And they are the first to cool when exhumation begins.
In contrast, deeper crustal rocks (e.g. Mina Gonzalito Complex)
have more time to attain thermal equilibrium, even while exhu-
mation begins, reaching their metamorphic peak later (Stüwe,
2007, p. 362). This may be why the Ordovician magmatism is
post-orogenic in the low-grade rocks and syn-orogenic in the
high-grade rocks (Fig. 13). Hence, syn-orogenic leucogranites of
the Mina Gonzalito Complex (Gonz�alez et al., 2008a) may be
equivalent to the post-orogenic Punta Sierra Plutonic Complex. A
RbeSr whole rock-mineral isochron age of 452 ± 29 Ma consid-
ered as cooling age of a syn-orogenic leucogranite (Fig. 13; Varela
et al., 2011) supports this suggestion. The post-orogenic Valcheta
Pluton was also correlated with the syn-orogenic granitoids, on
the basis of similar geochemical and lithological features
(Gozalvez, 2009a).
Late Paleozoic structures related with ~NEeSW compression as
in the Nahuel Niyeu Formation (see Section 8.2.2) have been
recognized in further areas of the northeastern North Patagonian
Massif. The El Jagüelito and Pe~nas Blancas shear zones (Fig. 1c) are
the results of a Permian ~NEeSW compression (Giacosa, 2001; von
Gosen, 2002). They were compared to the S to SW-directed thrusts
in the south of Nahuel Niyeu town (see Section 8.2.2; von Gosen,
2002, 2003). In the Sierra Grande-Arroyo Salado area, a NE-
directed thrust and EeW to NWeSE-trending brittleeductile
shear zones affecting the El Jagüelito Formation were ascribed to
the late Paleozoic tectonism by Gonz�alez et al. (2008b, 2011a,
2014a,b) (Fig. 13). In addition, RbeSr whole rock-mineral isochron
ages of ~260 Ma from Cambrian granodiorite orthogneiss in the
Mina Gonzalito Complex, Ordovician Mina Hiparsa Pluton and
Permian Laguna Medina Pluton (Fig. 1c and d) are considered as
resetting ages and related to deformation and metamorphism in
the Permian (Varela et al., 2008, 2009, 2011). Although AreAr
biotite and muscovite ages of 264.4 Ma and 261 Ma from the syn-
orogenic leucogranites of the Mina Gonzalito Complex were
interpreted as crystallization ages (Grecco and Gregori, 2011), they
may also represent resetting ages. Accordingly, the structures and
resetting ages described above can be compared with the late
Permian tectonometamorphic event (D3eM2) recorded in the
Nahuel Niyeu Formation in Aguada Cecilio area (see Section 8.2.2
and Fig. 13).

From the above discussion, the geodynamic scenario of the
northeastern North Patagonian Massif during the Cam-
brianeOrdovician times can be related to the evolution of the south
Gondwana margin. Sedimentary and igneous protoliths of the
Nahuel Niyeu and El Jagüelito formations and Mina Gonzalito
Complex could be formed in a continental margin basin associated
with active magmatic arc (Fig. 13), as suggested earlier by
Pankhurst et al. (2006) on the basis of detrital zircon data. This
basin was subsequently involved in orogenesis, and therefore,
ductilely deformed and regionally metamorphosed (Fig. 13). These
processes were accompanied by arc magmatism that lasted up to
Middle Ordovician. This scenario is consistent with early Paleozoic
sedimentary, tectonometamorphic and magmatic processes that
occurred within the Terra Australis Orogen in the south Gondwana
margin (Fig. 13; Cawood, 2005). These events are also coeval with
the EarlyeMiddle Cambrian stage of the Pampean orogeny and the
Late CambrianeOrdovician part of the Famatinian orogeny of
Central Argentina. However, the possibility of the North Patagonian
Massif being the southern extension of the Pampean and Famati-
nian orogens of Sierras Pampeanas region is a matter of further
debate (e.g. Pankhurst et al., 2014 and references therein). During
late Permian, the basement rocks of the northeastern North Pata-
gonian Massif were again involved in an orogenic process, which is
associated with ~NEeSW compression, as also suggested by
Giacosa (2001) and von Gosen (2002, 2003). The structures and
associated metamorphism related to this compression in the
eastern North Patagonian Massif and toward the north in the
Chadileuvú Block and the Sierras Australes are consistent and
considered as the effects of the Gondwanide Orogeny (von Gosen
et al., 1990, 1991, 2002, 2003; Tickyj and Llambías, 1994; Tickyj
et al., 1997, 1999; Giacosa, 2001), which is inherent to the late
Paleozoic evolution of the Terra Australis Orogen (Fig. 13; Ramos,
2008).

9. Conclusions

In summary, we can draw the following conclusions in relation
to the magmatic and tectonometamorphic processes during the
geologic evolution of the Nahuel Niyeu Formation in the area of
Aguada Cecilio:
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1. The metasedimentary sequence of the Nahuel Niyeu For-
mation contains intercalations of ultramafic to felsic meta-
igneous rocks which crystallized as a subaqueous lava flow
and subvolcanic sills. The lava flow is a metaandesite. The
sills are simple or composite and arranged in a swarm.
Simple sills are metagabbro/diorites or metaperidotites and
predominate over composite sills consisting of metagabbro/
dioriteseperidotites or metagranodioriteegabbro/diorites.

2. The subvolcanic protoliths are spatially, temporarily and
genetically connected. A SHRIMP UePb zircon age of
513.6 ± 3.3 Ma obtained from a sill can be assigned to the
crystallization age of the entire sill swarm. This age is similar
to the maximum depositional ages of the metasedimentary
rocks.

3. The sedimentary and igneous protoliths of the Nahuel Niyeu
Formation would have been formed in a continental margin
basin associated with an active magmatic arc during the
Cambrian Epoch 2.

4. The metaigneous and metasedimentary rocks share all
deformation structures and the associated metamorphism.

5. The Nahuel Niyeu Formation records two main low-grade
tectonometamorphic events. The first event (D1eD2eM1) is
constrained to the Cambrian Epoch 2 to Early Ordovician
interval. The second event (D3eM2) took place probably in
the late Permian at 260 Ma. Local late folds could belong to
the final stages of the Permian deformation or be even
younger.

6. From a regional correlation throughout the North Patagonian
Massif, the sedimentary and igneous protoliths of the high-
grade Mina Gonzalito Complex and the low-grade Nahuel
Niyeu and El Jagüelito formationswould have been formed in
a continental margin basin associated with active magmatic
arc during the Early Cambrian. The metamafic rocks of the
Mina Gonzalito Complex might be considered as the higher
metamorphic equivalents of the metamafic rocks of the
Nahuel Niyeu Formation.

7. Despite different metamorphic grades, the Nahuel Niyeu and
El Jagüelito formations and the Mina Gonzalito Complex re-
cord an equivalent first tectonometamorphic event, which
occurred during the early Paleozoic. The Ordovician granit-
oids are post-orogenic in the low-grade rocks and syn-
orogenic in the high-grade rocks.

8. CambrianeOrdovician evolution of the basement rocks of
the North Patagonian Massif is consistent with the processes
that occurred during the early Paleozoic within the Terra
Australis Orogen in the south Gondwana margin. This evo-
lution is also coeval with the EarlyeMiddle Cambrian and
Late CambrianeOrdovician stages of the Pampean and
Famatinian orogenies of Central Argentina, respectively.

9. The late Permian tectonometamorphic event in the Nahuel
Niyeu Formation in Aguada Cecilio area can be compared to
the late Paleozoic deformation structures affecting the Mina
Gonzalito Complex and El Jagüelito Formation. RbeSr and
AreAr resetting ages of ~260 Ma from Cambrian, Ordovician
and Permian granitoids may also be compared to this tec-
tonometamorphic event.

10. The late Permian tectonometamorphic event recorded in the
Nahuel Niyeu Formation in the area of Aguada Cecilio can be
considered as an effect of the Gondwanide Orogeny within
the same Terra Australis Orogen.
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