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A B S T R A C T

The origin of Patagonia and its relations with the South American crustal blocks to the north have been a matter 
of debate for decades. We report results from a multidisciplinary study centered on Paleozoic granitoids exposed 
in the northeastern corner of the North Patagonian Massif. Microstructural and magnetofabric studies reveal two 
suites of granitoids. Late Carboniferous (?) granitoids (Yaminué Complex, Tardugno Granodiorite, Cabeza de Vaca 
leucogranite) were emplaced and subsequently deformed in a major NNE-SSW compressive stress regime that also 
provoked top-to-the-SW thrust deformation in shallow crustal levels. Gravity and geobarometric studies show that 
the same major deformation event has been recorded at different crustal levels. The age and type of deformation 
of this event recorded across the northern boundary of Patagonia strongly supports a Late Carboniferous – Early 
Permian frontal collision between Patagonia and Gondwana. This major deformation event ceased by 281 Ma 
when the Navarrete Plutonic Complex, which shows mainly magmatic fabrics, was emplaced under a far-field 
WNW-ESE stress regime. Crustal continuity between the North Patagonian Massif and the Pampia and Arequipa-
Antofalla terranes is suggested by similar Late Paleoproterozoic crustal model ages, comparable detrital zircon 
ages in Early Paleozoic successions, the apparent continuity of an Early Ordovician continental magmatic arc 
and paleomagnetic data. Reconciliation of this evidence with the Late Paleozoic frontal collision is obtained in a 
tectonic model that suggests that the North Patagonian Massif is a parautochthonous crustal block. 
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INTRODUCTION

The geologic evolution of Patagonia in pre-Mesozoic 
times is still a matter of debate. Two main hypothesis have 

been put forward. One suggests that Patagonia has always 
been an integral part of Gondwana (e.g. Dalla Salda et al., 
1990) while an opposite view has portrayed Patagonia as 
an allochthonous terrane that collided with Gondwana in 
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Late Paleozoic times (e.g. Ramos, 1984, 2008). Numer-
ous evidence in favor of one or another model has been 
produced and published in the last decade (e.g. Tickyj et 
al., 1997; Rapalini, 1998, 2005; Gonzalez et al., 2002; 
von Gosen, 2003; Chernicoff and Zappettini, 2003; Kos-
tadinoff et al., 2005; Pankhurst et al., 2006; Gregori et al., 
2008; and many others). 

The basement of Patagonia has been traditionally sub-
divided into two tectonic blocks, i.e the North Patago-
nian or Somuncura Massif (NPM)- in the north- and the 
Deseado Massif in the south (Leanza, 1958, Harrington, 
1962) (Fig.1). The relations among these blocks are poorly 
known (Ramos, 2002, 2008), as their mutual boundary is 
covered by thick Mesozoic to Cenozoic sedimentary suc-
cessions of the San Jorge Basin (Uliana and Biddle, 1987). 
Recently, Pankhurst et al. (2006) suggested that while the 
NPM was already part of Gondwana in Ordovician times, 
southern Patagonia (basically the Deseado Massif) consti-
tutes an allochthonous terrane that collided with the NPM 
in Mid-Carboniferous times. Ramos (2008, and references 
therein) also suggested a Paleozoic collision between the 
Deseado Massif and NPM. However, in his model south-
western Patagonia plus the Antarctic Peninsula (“Antonia” 
terrane), collided first with the NPM and then both col-
lided with Gondwana in the Late Paleozoic. Paleomagnetic 

data obtained so far from the NPM suggest that this block 
shares a common apparent polar wander path with Gond-
wana since the Devonian (Rapalini, 1998). This is con-
sistent with models that favor an autochthonous NPM, al-
though the data still allow orthogonal movements between 
both land masses of the order of 1500 km (Rapalini, 2005). 
Pankhurst et al. (2006) provided strong geochronological 
evidence that the Early Ordovician magmatic arc that de-
veloped along the southwestern Gondwana margin (Famat-
inian arc, e.g. Pankhurst and Rapela, 1998 and references 
therein) extends into the NPM (Fig. 1a), which suggests 
crustal continuity between Gondwana and northern Pat-
agonia in the Ordovician. From a detailed structural study 
on Early Paleozoic metasedimentary and clastic sedimen-
tary rocks exposed in the northeastern NPM, von Gosen 
(2002, 2003) has documented an important NNE-SSW 
Late Paleozoic contractional event (Fig.1b) affecting this 
area, which would favor the model of a frontal collision 
between the NPM and Gondwana. Rapalini (2005) tried 
to reconcile both lines of evidence and suggested the pos-
sibility of a parautochthonous NPM that rifted away from 
Gondwana in the Early Paleozoic with the opening of a 
small ocean basin (≤ 1500 km) and its subsequent closure 
and collision in the Late Paleozoic. More recently, Gre-
gori et al. (2008) acknowledged the important Late Paleo-
zoic tectonic deformation along the northern boundary of 
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 A) Schematic distribution of the major crustal units of the margin of West Gondwana, (modified after Rapalini, 2005 and Vaughan and 
Pankhurst, 2008 and references therein) using further information from Tohver et al. (2007) for the extension of the southern margin of the Río de la 
Plata craton; B) Geological sketch of the main tectonic elements between Sierras Australes and the northeastern North Patagonian Massif (modified 
after von Gosen, 2002; Gregori et al., 2008; Ramos, 2008). Rectangle corresponds to the geologic map of Figure 2.
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Patagonia and assigned it to a complex configuration of 
kinematically partially independent blocks, integrating the 
whole process into some kind of “escape tectonics”. Dif-
ferent geophysical evidence has been used either to dis-
card or to support crustal continuity between Gondwana 
and Patagonia. Chernicoff and Zappettini (2003) have in-
terpreted regional aeromagnetic anomalies as suggesting a 
major crustal discontinuity along the northern boundary of 
the NPM whereas Kostadinoff et al. (2005) have proposed 
crustal continuity from regional gravity and magnetic in-
formation.

Late Paleozoic granitoids are relatively well exposed 
in northern Patagonia. They are interpreted in different 
ways according to the diverse tectonic models (Rapela 
and Caminos, 1987; Caminos, 2001; Llambías et al., 2002; 
Pankhurst et al., 2006; López de Luchi et al., 2010 and ref-
erences therein). The relationship between magmatism and 
tectonic activity in the Late Paleozoic, the crucial time span 
for determining whether or not North Patagonia ever col-
lided with the SW Gondwana margin, is discussed in this 
contribution. We integrate the results of a multidisciplinary 
study of the Late Paleozoic granitoids cropping out in the 
northeastern sector of the NPM, west of Valcheta. Detailed 
petrographic, isotopic and microstructural data were com-
plemented with magnetic fabric studies, thermobarometric 
determinations and gravity surveys. In addition, new and 
published chronological information based on the Sm-Nd 
system was compiled and recalculated in order to charac-
terize the crustal segment and processes involved in the 
petrogenesis of the granitoids in the northeastern part of the 
NPM. We put forward a tectonic model that favors the idea 
of a frontal collision between a paraautochthonous NPM 
and the Gondwana margin in the Late Carboniferous-Early 
Permian.  	

GEOLOGIC BACKGROUND

Late Paleozoic magmatism is widespread in northern 
Patagonia defining an approximately E-W magmatic belt 
of Late Carboniferous to Permian granitoids (see Ramos, 
2008, and references therein). Our study was carried out in 
the northeastern area of the NPM (Fig.2), along this ma-
jor magmatic belt. The oldest stratigraphic unit of the area 
(see Table 1) is the metaclastic Nahuel Niyeu Formation 
(NNF, Chernicoff and Caminos, 1996a) which comprises a 
thick sequence of meta-greywackes, siltstones, shales, lo-
cal hornfels and scarce metavolcanics. Deposition of the 
NNF occurred after 515 Ma, according to U-Pb dating of 
detrital zircons (Pankhurst et al., 2006). As Ordovician 
leucogranitoids (Caminos et al., 2001; López de Luchi et 
al., 2008; Tohver et al., 2008; Gozálvez, 2009) intrude the 
metaclastic unit, deposition of NNF is bracketed between 
the Middle Cambrian and the Furongian. Chernicoff and 

Caminos (1996a) described three deformational events af-
fecting the NNF. D2, the main phase of deformation, pro-
duced SW verging folds with a NW-SE trending axis that 
plunges 30º to the SE. D3 records a change from a NE-SW 
towards an E-W stress field. This is basically consistent 
with the structural observations of von Gosen (2003), who 
described significant evidence of a main deformational 
phase with top-to-SSW thrust tectonics affecting the NNF 
and the Siluro-Devonian Sierra Grande Formation. This 
thrusting event can therefore be dated as post-Devonian.

Ordovician muscovite-bearing leucogranites intrude 
the NNF close to Valcheta town (Figs 2 and 3). These gran-
itoids outcrop as NNE elongated bodies. The presence of 
Ordovician granites in the area was proposed by Caminos 
(2001) based on lithologic comparisons with the Punta Si-
erra Formation (U-Pb SHRIMP ca. 475 Ma, Pankhurst et 
al., 2006) that crops out 200 km ESE (Fig. 2) from our 
study area, along the Atlantic coast, and which intrudes the 
El Jagüelito Formation. Recent K-Ar and Ar-Ar muscovite 
cooling ages for the leucogranites which intrude the NNF 
(López de Luchi et al., 2008; Tohver et al., 2008; Gozálvez, 
2009) provided the first geochronologic evidence for sig-
nificant Ordovician magmatism in our study area (Fig. 2). 
These results argue for a wider regional extent of the Or-
dovician magmatism in the NE corner of the NPM (López 
de Luchi et al., 2008), as previously proposed by Pankhurst 
et al. (2006).

The Silurian-Devonian marine sedimentary rocks of 
the Sierra Grande Formation (SGF) unconformably overlie 
the NNF. The SGF comprises quartzites, orthoquartzites 
and minor conglomerates and pelites. A Silurian to Early 
Devonian age has been assigned on the basis of scarce in-
vertebrates (Manceñido and Damborenea, 1984). Recent 
dating of detrital zircons by U-Pb (SHRIMP) by Uriz et al. 
(2008a, b) indicates a maximum depositional age of 428 
Ma. Outcrops of the SGF have been affected by Late Pale-
ozoic folding and thrusting, both in its type-area near the 
town of Sierra Grande (Zanettini, 1981; von Gosen, 2002) 
as well as in our study region (von Gosen, 2003). 

The Yaminué Complex (YC), originally defined by 
Caminos and Llambías (1984) and further studied by Cher-
nicoff and Caminos (1996b), Llambías et al. (2002) and 
López de Luchi et al. (2010), comprises strongly foliated 
granitoids, emplaced in gneisses, schists and marbles of 
unknown age. The largest and best outcrops of this unit 
are located to the south of the Falkner and Ramos Mexia 
railway stations (Fig. 2). There, the YC (Fig. 3) forms NE 
shallowly dipping sheet-like bodies of a coarse to medium 
grained porphyritic granodiorite-monzogranite, and less 
frequently tonalite (López de Luchi et al., 2010). These 
are separated by sub-concordant sheets of mostly tonalitic 
biotite-orthogneiss, a fine-grained equigranular to porphy-
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ritic leucogranite and some pegmatite dykes. At the central 
part of the complex, unfoliated tonalite and granodiorites 
with microgranular enclaves appear as isolated outcrops. 
The coarse porphyritic granodiorite-monzogranite domi-
nates the middle part of the complex whereas the tonalite 
forms most of its base towards the south (López de Luchi et 
al., 2010). The YC shows both intrusive and tectonic con-
tacts with the NNF at different localities (von Gosen, 2003). 
Chernicoff and Caminos (1996b) proposed that it was af-
fected by two episodes of deformation. For many years this 
unit was considered as Precambrian (Caminos et al., 1994). 
More recently, Basei et al. (2002) suggested a Late Car-
boniferous age based on conventional U-Pb zircon dating. 
However, the ages are not very precise. Foliated granitoids 
with high temperature solid state deformation microstruc-
tures yielded ages at 305±31, 281± 29 and 276±11 Ma. An 
age of 244±14 Ma for a granitoid with a green-schist facies 
deformation overprint suggests episodes of lead loss.

The Tardugno Granodiorite (TG, Figs. 2 and 3) is ex-
posed to the south of the Nahuel Niyeu village. It consists 

of deformed porphyritic granodiorites variably affected 
by a heterogeneously developed foliation that led to S-C 
surfaces (Chernicoff and Caminos, 1996b). Kinematic in-
dicators demonstrate a top-to-the-SW sense of shear (von 
Gosen, 2003). This granodiorite is intruded by a tonalite of 
the Permian Navarrete Plutonic Complex and is in contact 
with the NNF along steeply dipping NE trending mylonitic 
shear zones. Basei et al. (2002) have reported a 300±6 Ma 
conventional U-Pb age for an undeformed tonalite assigned 
to the TG.

The recently defined Cabeza de Vaca Leucogranite 
(CVL, López de Luchi et al., 2010), corresponds to a large 
igneous body that intrudes the YC in the western sector of 
the study area near the Estancia Cabeza de Vaca (Fig. 3). 
This unit was previously considered as part of the Nav-
arrete Plutonic Complex (Rapela and Caminos, 1987). 
Leucogranitic sheets and dykes intruding the granodiorite-
tonalites of the YC over most of the western sector are also 
considered as part of this unit. The leucogranite sheets are 
concordant with the penetrative fabric of the tonalite-grano-
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diorite. These sheets were deformed into tight folds with 
NW- to NNW trending axes (Chernicoff and Caminos, 
1996b). The inequigranular to equigranular fine-grained 
leucogranite consists of quartz, plagioclase (often saus-
suritised) and K-feldspar, with <5% biotite. At diffe-rent 
outcrops it appears either massive or well foliated. No ra-
diometric dating is available for this unit, although intru-
sive relations and deformational history (López de Luchi et 
al., 2010) suggest an age bracketed between the YC and the 
Navarrete Plutonic complex.

The Navarrete Plutonic Complex (NPC) is the most 
conspicuous Late Paleozoic granitoid unit in the study area 
(Figs. 2 and 3). It is composed of granodiorites, tonalites, 
granites and associated microtonalite, microgranodiorite, 
microdiorite, spessartitic lamprophyres and leucogranitic 
dykes, which on the basis of major and some trace-elements 
were suggested to be related to a subduction zone mag-
matism (Rapela and Caminos, 1987). The largest outcrops 
(Fig. 3) are located to the south of the Nahuel Niyeu village 
(eastern outcrops, ca. 70 km2) and the Falkner railway sta-
tion (western outcrops, ca. 180 km2). Scattered granitoid 
outcrops (Figs. 2 and 3), located to the west and north of 
Valcheta town, i.e. San Martín pluton, have also been as-
signed to the NPC (Caminos, 2001). Different facies have 
been identified in this complex (Rapela and Caminos, 1987; 
Caminos, 2001). López de Luchi et al. (2010) recently pro-
posed the existence of three main facies: i) the Robaina 
Facies: a porphyritic biotite (±amphibole) granodiorite-
monzogranite; ii) the Aranda Facies: a biotite-hornblende 
granodiorite; and iii) the Guanacos Facies: a porphyritic to 
equigranular amphibole-biotite tonalite-granodiorite. 

In several areas the NPC is cut by early Jurassic epizonal 
granites (Flores granite) or covered by Triassic or younger vol-
canic rocks as well as modern sediments. Therefore, the actual 

shape of the plutonic bodies is difficult to determine from the 
exposures alone, with the exception of the eastern outcrops 
west of the Salado creek (Fig. 3). Contacts with the host rocks 
(generally the NNF metasediments) are discordant, sharp and 
strait. Only in a few places (e.g. Puesto Navarrete) the pluton 
borders are mostly concordant with the foliation of the sur-
rounding metasedimentary rocks. On the western border of the 
western outcrops, where the NPC is intruding the YC, contacts 
are sharp at the meter scale (Caminos, 2001), but more irregu-
lar and transitional at a smaller scale. A SHRIMP zircon age 
of 281±3 Ma was obtained by Pankhurst et al. (2006) from a 
biotite granodiorite at Puesto Navarrete (Aranda facies, Fig. 2) 
suggesting an Early Permian age for the entire NPC. A lower 
quality U-Pb SHRIMP zircon crystallization age of ca. 260 
Ma (Pankhurst et al., 2006) was reported for the San Martín 
pluton, exposed to the north of Valcheta (Figs. 2 and 3). Re-
cently, López de Luchi et al. (2008) have provided a K-Ar age 
of 258±4 Ma on biotite from the San Martin pluton, consistent 
with the U-Pb age.

An erosional unconformity separates the NPC from the 
Treneta volcanics which are represented by Triassic (?) andes-
ites, rhyolitic tuffs and dacitic ignimbrites. The early Jurassic 
Flores Granite (Rb/Sr isochron age of 188± 3 Ma, Pankhurst et 
al., 1993, and K-Ar cooling ages on muscovite of 188±2 and 
193±5, Ma, López de Luchi et al., 2008) intrudes the NPC at 
the eastern outcrops mainly (Figs. 2 and 3). 

STRUCTURAL DATA: MAGNETIC FABRICS AND 
MICROSTRUCTURES  

Field and microscopic observations

López de Luchi et al. (2010) reported a detailed micro-
structural and magnetic fabric study of the Late Paleozoic 

Schematic stratigraphy, lithology, structural features and ages for the main pre-Cretaceous units of the Valcheta area, based on the works 
of Caminos (1983, 2001), Chernicoff and Caminos (1996a, b), Llambías et al. (2002), Basei et al. (2002), von Gosen (2003), Pankhurst et al. (2006), 
Uriz et al. (2008a), Tohver et al. (2008) and López de Luchi et al. (2008).

TABLE 1
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granitoids of the area west of Valcheta (Fig. 3). The studied 
units comprise the YC, the TG, the CVL and all facies of 
the NPC. Microscopic analyses of mineralogy, textures and 
microstructures permitted to characterize each unit. A brief 
summary of them follows:

The Late Carboniferous YC (Figs. 2 and 3) is domi-
nated by foliated granitoids that exhibit either magmatic 
or solid-state deformation which developed a penetrative 
planar fabric and parallel high-strain zones, including 
meter- to decameter-sized sheets of orthogneisses, which 
are mostly tonalites. Magmatic microstructures are indi-
cated by shape-preferred orientation of undeformed feld-
spar and biotite. Submagmatic microstructures (Bouchez 
et al., 1992) which correspond to melt relocation textures 
are observed as microaplite surrounding or filling frac-
tures in perthitic K-feldspar crystals and in strain shadows 
or in shear bands around the feldspars.  In the moderately 
solid-state deformed granitoids, foliation and lineation 
are defined by the preferred orientation of feldspars and 

micas. Megacrysts of K-feldspar, partially converted into 
microcline, show tails of recrystallized melt relocation ag-
gregates. Quartz appears as flattened polycrystalline ag-
gregates due to subgrain rotation and grain boundary mi-
gration recrystallization and shows relics of chess-board 
subgrains. 

The TG is characterized by a dominant S-C fabric in which 
K-feldspar porphyroclasts locally show coarse core and man-
tle structures and contain flame perthites. Narrow shear zones 
with intense grain-size reduction zones cut the core-and-man-
tle fabrics of the feldspar. In more intensely deformed areas, 
the porphyroclasts form well-developed triple points. Biotite, 
chlorite and dynamically recrystallised quartz define the C sur-
face. Kinked and bent muscovite occurs locally. Large quartz 
grains show elongate subgrains and contain dynamically re-
crystallised bands. Heterogeneously developed low tempera-
ture shear zones are observed near the contact with the NNF. 
The mylonites and ultramylonites developed in the TG have a 
pronounced NE trending steep planar fabric. 

Geologic map of pre-Cretaceous units exposed west of Valcheta (from Caminos, 1983, 2001 and our own observations).FIGURE 3
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The CVL appears either massive or well foliated. The 
variably developed solid-state foliation is defined by recrys-
tallized flattened quartz aggregates which wrap around the 
K-feldspar porphyroclasts with evidence of both subgrain 
rotation and grain boundary migration recrystallization. In 
some samples melt relocation textures and submagmatic 
fractures would suggest a continuity of the deformation 
from the latest stages of crystallization to the initial stages 
of cooling. 

The NPC is dominated by magmatic and submagmatic 
microstructures. The Robaina Facies is variably foliated 
due to a macroscopic, shape-preferred orientation of euhe-
dral K-feldspar and biotite. Quartz crystals are subhedral 
with some undulose extinction and chessboard patterns but 
they are equant except in the more foliated types. Although 
high-temperature solid-state microstructures are identified 
towards the western border close to the western outcrops of 
the YC the overall magmatic texture remains unmodified. 
The Aranda Facies shows dominant coarse grained and 
equigranular to slightly porphyritic textures. K-feldspar 
varies from microcline to smoothly twinned perthitic or-
thoclase. Quartz is subhedral to anhedral and appears as 
monocrystalline or in aggregates. Deformation at the mag-
matic stage is shown by locally chessboard subgrains in 
quartz. In some cases a weak planar fabric is defined by 
the shape preferred orientation of subhedral plagioclase, 
biotite and some amphibole. Submagmatic deformation is 
evidenced by fractures in feldspar filled with microaplite, 
and some subgrains in plagioclase. The Guanacos Facies 
is characterized by coarse-grained grey hornblende-biotite 
tonalites predominantly homogeneous and massive that 
grade into granodiorite compositions. Although chess-
board subgrains are observed in quartz the angular shape 
of the interstitial spaces is preserved. Anhedral to subhe-
dral amphibole crystals appear as isolated crystals or tend 
to form clots. Submagmatic fractures filled with quartz and 
recrystallized fine-grained plagioclase mosaics are found 
towards the western margin of the facies. 

The dominant facies of the San Martín Pluton is a pink-
ish porphyritic monzogranite with up to 4 cm K-feldspar 
megacrysts. Crystals of quartz and feldspar are surrounded 
by a fine-grained quartz–feldspar matrix, and undeformed 
biotite grains. Sometimes, small grains are included into 
larger grains and can form an inner corona near grain 
boundaries. This microstructure is interpreted as a melt 
relocation texture in which the fined-grained fraction is a 
result of late-magmatic melt crystallization.

Anisotropy of magnetic susceptibility (AMS)

These observations were  complemented through the 
study of the magnetic fabric of the exposed granitoids 
(López de Luchi et al., 2010) by means of the anisotropy of 

magnetic susceptibility (AMS, Tarling and Hrouda, 1993). 
The experimental procedures and detailed interpretations 
were presented in López de Luchi et al. (2010). The most 
significant AMS results are presented in Figure 4 (see also 
Table I, available in the electronic version of the paper at 
www.geologica-acta.com). Sixty sampling sites (over 300 
independent cores) were located on the outcrops of the 
above described units. While the NPC is basically ferro-
magnetic (mean bulk susceptibility K > 10-3 SI), the CVL 
and TG plutons are paramagnetic (K < 10-4 SI). On the other 
hand, the YC shows a large dispersion in bulk susceptibil-
ity values, consistent with its largest lithologic variation. In 
general, a good agreement between AMS scalar parameters 
as anisotropy degree (P’, Jelinek, 1978) and deformation 
as observed microscopically was found. Shape param-
eter (T, Jelinek, 1978) showed a clear correlation between 
anisotropy degree and oblate magnetic fabric, suggesting 
an increasing flattening strain (Hrouda, 1993; Borradaile 
and Henry, 1997). Tectonic flattening of the YC rocks, as 
determined from field and microscopic observations, is 
therefore consistent with the overall scalar AMS data. Sig-
nificantly different magnetic fabric parameters were shown 
by the NPC. The very little to none deformation observed 
in the different facies of this complex correlates with the 
much reduced values of anisotropy degree (López de Luchi 
et al., 2010) and the lack of a dominant ellipsoid shape. 
Non-negligible tectonic flattening, as inferred from AMS 
data, was only observed locally on sites of the NPC located 
very close to the borders of the pluton, which are likely 
related to flattening against the country rock wall during 
emplacement.

The spatial distribution of magnetic and field folia-
tions and lineations (Fig. 4a and b) may help elucidating 
the processes associated with emplacement and deforma-
tion of the Yaminué and Navarrete complexes. Consistency 
of AMS axes with mesoscopic foliation determined in the 
field was generally observed, giving significant confidence 
to a widespread use of the AMS directional parameters to 
interpret the petrofabrics. 

The large exposures of the YC in the western sector 
of the study area show a very flat foliation (Fig. 4a) with 
an apparent large scale folding around a N-S trending axis 
developing an antiform of over 10 km wave-length. In the 
northern exposures, the magnetic and field foliations trend 
systematically WNW-ESE with a variable but shallow dip 
towards NNE. Lineations in this area systematically plunge 
towards N or NE (Fig. 4b). The same foliation and linea-
tion trends are present in the CVL exposures, although they 
tend to show greater dip and plunge angles (around 40° to 
50°). A few sites, close to the eastern border of the CVL ex-
posures, show foliation planes with somewhat higher dips 
and NW-SE to N-S trends. The few sites sampled on the 
TG, in the eastern sector of the area (Fig. 4a), also show 
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low angle foliation dips towards the North or East but with 
significant more scatter. Lineations are shallow and their 
directions range from North to East too. 

The mineral and magnetic fabrics of the YC, TG and 
CVL are mainly the product of high-temperature deforma-
tion occurred during and after emplacement. The direction-
al data presented in Figs. 4a and b suggest that these units 
were emplaced and subsequently deformed in a NNE-SSW 
compressional field, with YC attaining the highest defor-

mation. Petrographic and AMS data clearly indicates that 
the CVL underwent a significantly lower deformation. 
However, similar foliation and lineation trends to those of 
the YC rocks strongly argue for the same regional stress 
field during intrusion of the CVL.

Exposures of the NPC in the western area are formed 
by the Robaina and the Guanacos facies. A general trend 
of foliation planes dipping towards the NE or E with low 
to intermediate angles and a systematic alignment of low 

Structural and magnetic fabric directional data for the area west of Valcheta; A) Distribution of field and magnetic foliations; B) Distribution 
of field and magnetic lineations.
FIGURE 4
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angle k1 axes trending ENE are observed (Fig. 4 a,b). This 
suggests a far field NW-SE compressive stress during em-
placement of these plutons. The eastern outcrops, on the 
other hand, are dominated by the Aranda facies. This is 
characterized by oblate fabrics and the orientation of the 
foliation planes seems to be mostly controlled by boundary 
effects. A flattening effect due to compression against the 
walls is confirmed in a few cases. A WNW-ESE to NW-SE 
far field maximum stress can be inferred during emplace-
ment of the Aranda facies at least for some areas (west of 
Puesto Yanca, Fig. 4 a,b) where almost identical foliations 
and lineations are observed. 

AMS and microstructural analyses indicate that the Late 
Paleozoic granitoids in the northeastern region of the North 
Patagonian Massif were intruded under two different tec-
tonic regimes. The oldest units, i.e. the YC, TG and CVL, 
were intruded and subsequently deformed, in a NNE-SSW 
compressional stress field. A major change in the tectonic 
regime occurred before the intrusion of the large igneous 
bodies of the NPC, which are virtually free of solid state 
deformation. Mineral and magnetic fabrics of these bodies 
suggest that they were emplaced under a NW-SE to WNW-
ESE far-field maximum stress.   

GRAVITY SURVEY

Further insights into the crustal structure of the study 
region and the extension in depth of different igneous bod-
ies, was gained through a gravity survey. One hundred 
and forty four topographic and gravity stations were sur-
veyed in the study area (Fig. 5a). Gravity measurements 
were done with a LaCoste & Romberg gravity-meter, with 
±0.01 mGal precision. All measurements were referred 
to the IGSN71 (Internacional Gravity Standarization Net 
1971, Morelli et al., 1974). Sub-metric precision of alti-
tude determination at each station was obtained by differ-
ential mode GPS recordings. Density measurements of the 
most representative lithologies (Table 2) were carried out 
in order to constrain the gravity models. Our  survey was 
complemented with a previous regional gravity database 
of 1680 stations along NE Patagonia from the Instituto de 
Física de Rosario (Universidad Nacional de Rosario) and 
the Instituto Geofísico Sismológico “Ing. F. S. Volponi” 
(Universidad Nacional de San Juan). To identify the resid-
ual gravity anomalies (Fig. 5b).the regional gravity effect 
was substracted by a 35 km upward continuation of the 
Bouguer general anomaly map. 

A central negative residual Bouguer anomaly extend-
ing from the Nahuel Niyeu village towards the SSW is ob-
served in the map (Fig 5b). This anomaly coincides with 
the exposures of the eastern bodies of the NPC, the Flores 
granite and all mapped outcrops of the Silurian-Devonian 

unmetamorphosed sandstones of the Sierra Grande Forma-
tion. A large positive anomaly of up to 15 mgals coincides 
with the exposures of the YC and extends southwestward. 
Towards the eastern margin of the surveyed area another 
positive anomaly of around +5 mgals is observed. Table 2 
shows that the YC and NPC have very similar densities. 
The NNF, on the other hand, is somewhat denser than all 
other lithologies. Therefore, no correlation is apparent be-
tween the residual Bouger anomalies and the densities of 
the exposed lithologic units. This suggests that the grav-
ity signature is governed by deeper features and points 
to different structural levels being exposed in the region. 
Therefore, the western exposures, with the largest positive 
gravity anomaly, should correspond to significantly deeper 
levels than the central area. 

The relationship between the gravity data and the base-
ment structures was quantified with a 2D model (obtained 
with the SAKI program, Webring, 1985) of density distri-
bution in the subsurface along cross-section A-B (see loca-
tion in Fig.5b). 

The model suggests that the exposed rocks in the west-
ern area correspond to crustal levels some 10 km deeper 
than those in the central area. This is consistent with su-
pracrustal unmetamorphosed sedimentary rocks (Sierra 
Grande Fm.) and very low grade metamorphic units of the 
NNF only exposed in the latter area, and which coincide 
with the negative residual anomaly. The gravity model por-
trays the YC as a relatively thin unit, which is consistent 
with the subhorizontal foliations and field observations of 
interlayering of the deformed granitoids and the metasedi-
ments of the NNF that suggest YC as a shallow-dipping 
sheet or series of sheets.

TEXTURAL OBSERVATIONS AND GEOBAROMETRIC DATA

We used the Al-in hornblende geobarometer to obtain 
pressure of emplacement of the NPC and YC (Table 3). We 
measured major oxides in core-to-rim transects through 
hornblende and adjacent plagioclase. Data were taken from 
minerals in contact with quartz in order to fulfill the re-
quirement of silica saturation. Technical details of determi-
nations are presented in Table II (available in the electronic 
version of the paper at www.geologica-acta.com).

We used one sample of amphibole bearing biotite-
tonalite from the central part of the YC and five samples 
of biotite-amphibole porphyritic tonalite to granodiorite of 
the NPC, i.e. three samples of the Guanacos facies and two 
of the Aranda facies (see location of samples in Fig. 3). 
Most of the data fulfill the criteria of hypersolidus equi-
libration and the ratio Fe/(Fe+Mg) for the amphiboles is 
always lower than 0.65 which agrees with the primary 
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Gravimetric data for the area west of Valcheta: Top) Regional Bouguer anomaly map; center) Residual Bouguer anomaly map; bottom) Upper 
crustal model for cross-section A-B, based on the gravity and density data (Table 2).
FIGURE 5
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magnetite that characterizes these rocks (López de Luchi et 
al., 2010). High plagioclase anorthite content (outside the 
range An25-35) or low K-feldspar activities can increase 
the Al-in-hornblende independent from pressure, therefore 
the Al-in-hornblende thermobarometer was restricted to 
the plagioclase compositions ~ An25-40 (Anderson and 
Smith, 1995). 

Sample V80 from the YC corresponds to a porphyritic 
biotite-tonalite with scarce hornblende that shows a uni-
form distribution, lacks resorption borders and is not ar-
moured but intergrown with biotite, which indicates that 
it crystallized at the emplacement level. Data corresponds 
to pairs of cores or rims of both amphibole and normally 
zoned plagioclase. Crystallization temperatures and pres-
sures obtained for V80 vary between 698-749°C (average 
722 ± 27 °C) and 5.7-4.4 kbar (average 5.1 ± 0.6 kbar).

Complex magma mingling and mixing processes are 
indicated in the NPC (Guanacos and Aranda facies, López 
de Luchi et al., 2010). V65 corresponds to the dominant 
lithology of the Guanacos facies, while V65b belongs to an 
enclave. V65 is a coarse-grained grey hornblende-biotite 
tonalite. Zoned plagioclase grains are generally less than 
1 cm in length and typically display a complex zoning 
with cores altered to sericite and epidote that show sharp 

boundaries with oligoclase limpid rims (López de Luchi et 
al., 2010). Uniform distribution of hornblende and the lack 
of armouring by biotite suggest in situ crystallization. Tem-
peratures of 685-754 °C (average 726 ± 30°C) and pressure 
of 2.88-3.45 kbar (average 3.2 ± 0.3 kbar) were obtained 
using both core and rim pairs from V65. The enclave V65b 
shows temperatures between 709-745°C (average 730 ± 
15°C) and crystallization pressure between 2.41 and 3.38 kbar 
(average 2.9 ± 0.4 kbar) that are within errors indistin-
guishable from those of the host V65. Sample V91 (Fig. 3) 
is a granodiorite of the Aranda facies without alteration and 
in sharp contact with a very low grade metaclastic facies of 
the NNF. Rock is a medium-grained and light pinkish grey 
biotite-hornblende granodiorite with a trend to porphyritic 
textures due to plagioclase megacrysts and with around 
10% of mafic and opaque minerals (hornblende, biotite, 
titanite, zircon, apatite, allanite and magnetite). Amphib-
ole is always armored by biotite and makes up elongate 
aggregates which indicate that it probably did not crystal-
lize at the emplacement level. Zonation of plagioclase is 
complex and mostly oscillatory. The results show a com-
plex crystallization history for this rock. The hornblende 
crystals generally appear to be normally zoned, suggesting 
higher pressures and temperatures of crystallization for the 
cores than for the rims If calculations are performed with 
the SiO2 impoverished amphibole cores and the andesine 
(around 35%), core pressure varies between 4.77 and 5.80 
kbar (average 5.3 ± 0.5 kbar) and temperatures between 
717 and 748°C (average 729 ± 15°C). When the dominant 
oligoclase rims and small crystals of the matrix together 
with the more silica rich amphibole rims are used, tem-
peratures of 754-723°C (average 738° ±15°C) and pres-
sures between 2.55 and 3.25 kbar (average 2.9 ± 0.4 kbar) 
are obtained. As the textural observations indicate that the 
amphibole is set in an aggregate surrounded by biotite, 
this data does not correspond to the crystallization pres-
sure of the host but probably indicates the pressure path of 
the ascending magma entraining more mafic components. 
We can assume a trajectory of ascent that started at least at 
around 5 kbar followed by an episode of crystallization at 
around 2.9 kbar.

An enclave (V74) was collected from the outcrops 
of the Aranda facies near Pto. Aranda (Fig. 3). Rocks 
are fine grained equigranular amphibole-biotite di-
orite to monzodiorite. Host rock for the enclave is a 
biotite-porphyritic granodiorite. Amphiboles of the en-
clave can be separated in 3 groups on the basis of the 
Si content. Different results are obtained considering 
which group is used in the calculations. Results range 
from 2.89-3.44 kbar (average 3.1 ± 0.3 kbar) and tem-
peratures between 712-743ºC (average 727° ± 15°C), to 
0.9-2.1 kbar (average 1.5 ± 0.5 kbar) and temperatures 
between 712-740ºC (average 725º ± 12°C). Within er-
rors, pressure around 3.1 kbar is equivalent to the lower 

Density of the main geological units exposed in the study 
area. N: number of individual calculations per site. Mean densities are 
shown with one standard deviation values. Location of samples is in 
Figure 4.

TABLE 2
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calculated pressure for V91 and comparable with the 
western sector of the NPC.

VAL 221 (Fig. 3) is a fine to medium grained equi-
granular gray monzodiorite to diorite stock that exhibits 
sharp contact with the NNF. The hornblende crystals are 
normally zoned, meaning core to rim decrease in Al and 
Ti. Pressure is bracketed between 1.43-2.50 kbar (average 
2.1 ± 0.5 kbar) and T ranges between 697 - 796 ºC (ave-
rage 742 ± 50 ºC). These P-T constraints are interpreted 
as indicating the emplacement depth for this rock because 
amphibole is in textural equilibrium with the rest of the 
minerals. The diorite-monzodiorite represents a hybridiza-
tion stage during the petrological evolution of NPC.

A crustal section across NNF indicates a decrease in 
the metamorphic grade from the easternmost outcrops near 
Valcheta towards the west (López de Luchi et al., 2008). 
This implies that if both the host of V74 and VAL 
221 record a similar P, the contact between the very low 
grade facies of NNF with the green-schist facies intruded 
by the Ordovician granites should predate emplacement 
of NPC.

Pressures were converted into emplacement depth on 
the assumption of an average crustal density of 2.8 g/cm3 

(Table 3). Because the uncertainty in pressure determina-
tions using Anderson (1996) thermobarometer is ± 0.6 kbar, 
the corresponding uncertainty in emplacement depth 
would be ± 2.1 km. In any case, the significantly different 
emplacement levels obtained for the YC (around 18 km) 
and the NPC (around 10 km) are very consistent with the 

gravimetric model that suggests around 10 km of uplift-
ing of the exposures of the YC with respect to the eastern 
outcrops of the NPC (Fig. 5b).

ISOTOPE DATA: SM-ND MODEL AGES 

The Nd isotopic composition of igneous and metamor-
phic rocks allow investigating differences among magma 
production events and defining crustal provinces (Bennett and 
DePaolo, 1987). We revised, compiled and interpreted the al-
ready published and our own Nd isotopic data (Table 4) for 
Paleozoic to Lower Jurassic magmatic, sedimentary and 
metamorphic units of the northeastern corner of the 
NPM in order to evaluate their sources and petrologi-
cal affinities.

Analytical Techniques and Sm-Nd parameters 
and Model Ages Calculation (TDM) 

The εNd notation is a parameter that compares the sam-
ple Nd isotope ratio (143Nd/144Nd) with the isotopic com-
position of the primitive mantle (CHUR) at a specific time. 
The most useful εNd is that one calculated backwards, at 
the time of crystallization or metamorphism of the rock, 
because it can be used as a proxy of the magma source. 
There are two different ways of calculating model ages, a 
single stage model (Goldstein et al., 1984) that considers 
a linear evolution of the Nd isotopic composition and the 
two stage model (De Paolo et al., 1991) that takes into ac-
count the mixing of melts or sources in the petrogenetic 
processes. Choosing between the two available models is 

Emplacement depth calculated from the thermobarometry data for selected samples of the YC and NPC. Pressures were converted into em-
placement depth on the assumption of an average crustal density of 2.8 g/cm3. See text for discussion. Location of samples is in Figure 3. See Appendix 
for the analytical major element results for the plagioclase and amphibole samples used in the calculations.

TABLE 3
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difficult because each model has its own advantages and 
inconveniences. The main failures of the single stage mod-
el are referred to the uncertainties that may result from the 
Sm/Nd fractionation of the granitic melts and their sources 
during partial melting, Sm/Nd fractionation during magma 
differentiation and the mixing of melts or sources during 
the petrogenetic processes. On the other hand, the two 
stage model assumes that all the sources follow the same 
isotopic evolution as the average continental crust (Wu et 
al., 2003) According to Wu et al. (2003), Jahn et al. (2000) 
and our own observations, and in order to minimize the 
error at the model ages, we choose to use the single stage 
model if -0.3 ≥ fSm/Nd ≥ -0.5, within the values of the TDM1 
≈ TDM2, and the two stage model if -0.3 ≤ fSm/Nd or fSm/Nd ≤ 
-0.5. In order to establish criteria to compare the values, 
we recalculated all the available data under these assump-
tions. The obtained parameters (εNd(t), fSm/Nd, TDM1 or TDM2 

depending the case)  are presented in Table 4. Mesopro-
terozoic (1.3-1.7 Ga) TDM model ages and negative εNd 

between -2 and -6 characterize all Paleozoic rocks in the 
study region. A detailed discussion of these results is pre-
sented in the next section.

DISCUSSION

The multidisciplinary studies carried out in the north-
eastern corner of the North Patagonian Massif described 
above provide significant constraints for the Paleozoic tec-
tonic evolution of northern Patagonia. All available evi-

dence can be reconciled in a tectonic model that portrays 
the NPM as a para-authochtonous block that underwent a 
late Paleozoic frontal collision  with Gondwana.  This evi-
dence and details of this model are discussed below. 

Evidence for a Late Paleozoic collision

Von Gosen (2003) proposed that a major NNE-SSW 
contractional event affected the northeastern sector of the 
NPM in the Late Paleozoic. He based his inference on top-
to-the-SSW thrusts affecting the Sierra Grande and Na-
huel Niyeu Formations south of the Nahuel Niyeu village, 
in the central area of our study region. According to this 
author this deformational event predated the intrusion of 
the Navarrete plutonic complex, now dated as Early Per-
mian (281 Ma). After this, the regional stress field rotated 
counterclockwise to reach an approximate WNW-ESE di-
rection by Late Permian times. Distribution of outcrops in 
the study area plus the results of the gravity survey and the 
geobarometric data indicate that exposures in the western 
sector (i.e. YC) correspond to a structural level some 10 km 
deeper than the one exposed in the central sector (i.e. Sierra 
Grande Fm., eastern outcrops of NPC). Microstructural and 
AMS results (Fig. 4) indicate that the tonalitic to granitic 
YC have undergone an intense tectonic high- and low-
temperature deformation, characterized by homogeneous 
WNW trending foliations shallowly dipping towards the 
NNE and NNE trending subhorizontal lineations in its 
northern part. The CVL shows foliation trends parallel to 
those of the YC with moderate dip towards the NNE, but 

Sm-Nd isotopic data for the different units of NE North Patagonian Massif. Location of samples is in Figure 2. All Nd isotopic data were 
previously normalized against the value of 146Nd/144Nd = 0.7219 and Jolla Nd standards or equivalents by the corresponding authors. 1- this work, 
2- Pankhurst et al. (2006), 3- Basei et al (2002), 3- Pankhurst et al. (1993).

TABLE 4
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with microstructures and magnetic fabrics suggestive of 
syn-magmatic to high temperature gentler deformation. 
The TG also shows evidence of high to low temperature 
tectonic deformation and foliation planes consistent with 
top to the SW thrusting (Von Gosen, 2003).  The direc-
tional consistency of the shallow foliations and lineations 
in YC coupled with the microstructural analyses and grav-
ity data clearly suggest a sheet-like geometry of the igne-
ous bodies that were intruded and deformed during a main 
compressive event. Consistency of field and magnetic fab-
ric foliations and lineations from the CVL and TG with 
those of YC, but with less intense deformation, can be ex-
plained by a later emplacement of the former units during 
the same tectonic episode, i.e. a major NNE-SSW thrusting 
event. Such scenario would explain the sheet-like nature 
of the plutons, the progressive deformation recorded by 
the different units, the homogeneous WNW-ESE shallow 
foliations and the shallowly dipping lineations trending N 
to NE. Our data can therefore be interpreted as a record of 
the same tectonic event described by Von Gosen (2003), 
but at deeper crustal levels. Therefore, evidence of a major 
NNE-SSW compressional event affecting this area in the 
Late Paleozoic looks robust. Age constraints on this event 
are not very precise. The Yaminué and Tardugno granitoids 
have been dated as ca. 300 Ma, but with large uncertainties 
(Table 1) and the CVL has not been dated yet. The main 
time constraint on this event is provided by the 281±3 Ma 
age of the NPC which is not affected by such deformation 
and for which field and magnetic fabrics are interpreted as 
evidence of intrusion under a NW-SE to WNW-ESE far 
field compressive stress.  

The NNE-SSW compressional event affecting the 
rocks of the study area can be compared and correlated 
with the Late Paleozoic deformational event (Fig.1b) that 
folded and thrust-faulted the Sierra de la Ventana clastic 
deposits (Harrington, 1962; Buggisch et al., 1987; Japas, 
1999; Ramos, 2008, and references therein). Paleomagnet-
ic data from the youngest exposed unit of this succession 
(the Tunas Formation, Tomezzoli and Vilas, 1999; Tomez-
zoli, 2001) indicate that folding of the sequence took place 
mainly in the Early Permian, while sedimentation was still 
taking place (López Gamundi and Breitkreuz, 1997). Ar-
Ar dating of an ash bed in the Tunas Fm. by Tohver et al. 
(2008) yielded 282.4±2.8 Ma. Vergence of folded struc-
tures in this region is to the NNE (see Ramos, 2008 and 
references therein).

 
A few hundred kilometers to the west of Sierra de la 

Ventana, in the province of La Pampa, the highly deformed 
granitoids of the Cerro Los Viejos (Fig. 1b) show a SSW 
dipping WNW trending foliation (Tickyj et al., 1999). 
Tomezzoli et al. (2003) published a magnetic fabric study 
of these highly deformed rocks that shows that the NNE-
SSW major compressional stress was later superseded by 

a NW-SE directed stress as seen in the magnetic lineations 
and S-C surfaces. Radiometric ages suggest that the first de-
formational event may correspond to the biotite K-Ar ages 
of 304±15 and 330±15Ma (Linares et al., 1980), whereas 
younger ages of 280.4 ± 2.3; 261 ±13; 265 ± 13 Ma (Tickyj 
et al., 1999) may be related to the second event. Despite 
uncertainties, the structural evolution of the Cerro Los Vie-
jos and the Yaminué-Navarrete areas are coeval and kin-
ematically consistent. Ar-Ar ages on chlorite, biotite and 
muscovite from deformed basement rocks of the Sierra de 
la Ventana region around 265 Ma (Tohver et al., 2008) also 
suggest the possibility of two stages of deformation in the 
whole region: a NNE verging contractional thrust and fold 
belt followed by a WNW-ESE compressional event that 
may have resulted in further folding and/or transpressive 
deformation as proposed by Sellés Martinez (1989). The 
latter may have taken place along the WNW-ESE Pigué, 
Salitral de la Vidriera and Nueva Roma transcurrent fault 
systems (Bonorino et al., 1987; Alvarez, 2004). 

In the three regions the first event took place around 
300 Ma and corresponded to a contraction orthogonal to 
the boundary between Patagonia and the Gondwana blocks. 
The second event occurred between 280 and 260 Ma by a 
WNW-ESE contraction that may have produced NNE 
trending folds and faults and controlled the emplacement 
of large granitoid bodies in northern Patagonia, as the 
NPC. This later event is likely expressed in many areas as 
E-W block displacements and transpressive deformation. 
Gregori et al. (2008) have argued against the existence of 
a frontal collision between Patagonia and Gondwana and 
have proposed a single but heterogeneous tectonic event 
due to a variable compressive stress direction recorded 
along the North Patagonian Massif, governed by a major 
WNW-ESE transcurrent displacement between both tec-
tonic blocks along the Huincul-Rio Colorado fault system. 
Robust evidence of successive, near orthogonal, regional 
stress fields as inferred from our study and others already 
mentioned, cannot be explained by Gregori et al.’s model. 
However inhomogeneities in deformation due to a variable 
structural grain of the basement, as proposed by these au-
thors, is likely present. 

Arguments in favor of a frontal collision between the 
NPM and Gondwana during the latest Carboniferous (ca. 
300 Ma) are: structures resulting from orthogonal deforma-
tion with opposite vergence at both sides of the boundary 
between Patagonia and SW Gondwana, the development 
of a very thick fold-and-thrust belt in Sierra de la Ventana, 
a fore-deep basin generated due to tectonic stacking to the 
NE (Claromecó fore-deep, see Ramos, 1984, 2008), and 
the location of the study region several hundred kilom-
eters away from the Phantalassic active margin (Hervé et 
al., 1987). This is basically the model proposed by Ramos 
(1984, 2008) and von Gosen (2002, 2003). In this model, 
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an ocean must have been consumed under the NPM be-
fore collision, which should have resulted in arc mag-
matism along the northern margin of Patagonia. Closure 
of the oceanic basin and cease of subduction must have 
produced a re-arrangement of the plate kinematics around 
SW Gondwana with its subsequent changes in the regional 
compressional fields. The already mentioned counterclock-
wise rotation (from NNE-SSW to WNW-ESE) during the 
Early Permian, could result from such plate reorganization. 
SW Argentina and central Chile were affected by a sig-
nificant tectonic phase in the Early Permian (280-265 Ma) 
called the San Rafaelic phase (Azcuy and Caminos, 1987; 
Llambías and Sato; 1995; Llambías et al., 2003). This has 
generally been ascribed to a major change in the subduc-
tion processes along the western margin of South Ameri-
can Gondwana (Hervé et al., 1987; Mpodozis and Ramos, 
1989; Rapalini and Vilas, 1991). 

Crustal continuity between Patagonia and south-
western Gondwana

Several authors have argued against the collisional 
model (Dalla Salda et al., 1990; Rapalini, 1998; Gonzalez 
et al., 2001; Pankhurst et al., 2006). However, in most cas-
es arguments concern the allochthonous or authochthonous 
nature of the Patagonian block rather than the existence or 
not of a collision along its northern boundary.

Rapalini (1998) advocated that Patagonia is autoch-
thonous based on Devonian to Permian paleomagnetic 
poles from the NPM which are consistent with the coeval 
apparent polar wander path for Gondwana. However, the 
confidence limits of the paleomagnetic poles allow a near-
ly orthogonal separation of up to about 1500 km between 
NPM and Gondwana in the Devonian to Middle Carbon-
iferous (Rapalini, 2005). This is illustrated in figure 6, in 
which two different paleogeographic reconstructions are 
presented for the Early Devonian, based on the reference 
paleomagnetic pole of Gondwana for such age (McElhinny 
and McFadden, 2000) and the available pole for the Sierra 
Grande Fm. (Rapalini, 1998). Available paleomagnetic 
data cannot discriminate between a paleogeographic model 
in which Patagonia remains in its present position respect 
to the South American blocks or another in which it is or-
thogonally displaced 1500 km from its northern boundary. 
Therefore, a small ocean between both land masses is not 
precluded by the paleomagnetic data. The nearly orthogo-
nal separation required (Fig.6) suggests that if an ocean 
was closed in the Late Carboniferous, approximation of the 
Patagonian block must have been orthogonal to the Gond-
wana margin, consistent with the deformational evidence 
on both sides.

Similarities in detrital zircon ages between the Early 
Paleozoic metasedimentary units of the North Patagonian 
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Massif (Pankhurst et al., 2006) and some metasedimentary 
units of the Eastern Sierras Pampeanas, La Pampa prov-
ince and the Puncoviscana basin (Schwartz and Gromet, 
2004, Steenken et al., 2006, Rapela et al., 2007; Adams et 
al., 2008; Chernicoff et al., 2007, 2008 a,b) suggest similar 
sources for these basins. This makes an allochthonous ori-
gin for the NPM less likely. In particular maximum simi-
larities are found in the age patterns of zircons from the late 
Cambrian- early Ordovician foreland basins of La Pampa 
with those of the metaclastic rocks of northeastern NPM 
(Fig. 7a). 

Pankhurst and Rapela (1998) have proposed that a 
2000 km long Early Ordovician magmatic arc (the Famat-
inian arc, e.g. Dahlquist et al., 2008) that extends along 
the southwestern margin of Gondwana is also found in the 
northeastern corner of the NPM (Pankhurst et al., 2006). 
This also suggests crustal continuity between northern Pat-
agonia and Gondwana in the Early Ordovician (Fig. 1a).

Nd Isotopic evolution during the Paleozoic

In the NPM, the oldest crustal segment formed during 
the Late Paleoproterozoic, between 1.6 to 1.7 Ga (Table 4), 
is identified in the fine to medium-grained metasediments of 
Middle-Late Cambrian age exposed in the northeastern re-
gion. These low-grade metasedimentary units, El Jagüelito 
and Nahuel Niyeu Formations, show TDM ages much older 
than their respective maximum depositional age (500-530 
Ma), negative to slightly negative εNd(t) values (-5 to -4) 
and in all cases typical crustal values of fSm/Nd (-0.37 to -0.4). 
This Late Paleoproterozoic bulk model ages and associated 
parameters indicate that there is no juvenile input in its con-
solidation as a rock, and hence nor in its precursor.

Ordovician granitoids intruding the low grade meta-
clastic units can be found in the northeastern NPM in two 
areas, west of Valcheta and Sierra Grande. Sm-Nd informa-
tion is only available for the Arroyo Salado, Playas Dora-
das and Sierra Grande granites (Fig. 2) of the latter sector. 
These granites show TDM model ages between 1.45-1.57 
Ga (Table 4) and εNd(t) ca -2.7. Although all of them have 
a crustal signature, the Nd ages and the relatively more 
radiogenic εNd(t) suggest a juvenile melt supply to a bulk 
crustal segment. 

Late Paleozoic magmatism is represented in the area by 
the YC and the NPC. The YC (Table 4, Fig 7b) exhibits TDM 
values between 1.5 and 1.6 Ga, mean crustal fSm-Nd,n -0.34 
to -0.53 and a spread of εNd(t) between -3.6 and -6.1. These 
values can typify either different degrees of recycling in the 
bulk crustal segment or different protoliths involved. How-
ever a main continental crustal recycling as demonstrated 
by the εNd(t) is inferred for all. The Permian magmatism 
represented by the NPC shows an episode of mixing of un-

equal parts of an old recycled crust with new inputs of a 
slightly depleted mantle-derived magma as demonstrated 
by the wide range in εNd(t) and TDM ages between 1.3 and 
1.6 Ga (Table 4, Fig. 7b). The calc-alkaline granodiorite of 
the Aranda facies at Pto. Navarrete (Figs. 2 and 3) show 
TDM ages of 1.3 Ga and relatively radiogenic εNd(t) values 
(-2.08) suggesting a rejuvenation yielded by a new magma 
input to the already recycled bulk crustal segment. 

The highly fractionated Lower Jurassic Flores Granite 
(table 4, Fig. 7a) exhibits TDM2 ages of 1.4 Ga and εNd(t) val-
ues of -5.3, which may imply the recycling of the younger 
bulk crust.

The Late Paleoproterozoic TDM ages found in the NPM 
are very different from those of the Rio de la Plata craton 
(Fig. 7b) (see Steenken et al., 2004; Rapela et al., 2007), sug-
gesting a significantly different Proterozoic crustal evolution. 
On the other hand, these model ages (Fig. 7b) are similar to 
those from the Sierras Pampeanas (Pampia terrane, Steenken 
et al., 2004) and the Arequipa-Antofalla block (Loewy et al., 
2003, 2004) suggesting that the NPM might have a Protero-
zoic crustal connection with any or both of them. 

Geotectonic considerations 

If an ocean floor was consumed under northern Pat-
agonia, previous to its frontal collision, a pre-collision arc-
related magmatism should be found in this region. How-
ever, very little pre-280 Ma calc-alkaline magmatism has 
been reported from northern Patagonia. A relatively small 
“Colorado” ocean (Fig. 6B) that was consumed after a 
short-lived subduction may have produced scarce arc mag-
matism and can be an explanation for such absence. Varela 
et al. (2005) suggested that the less evolved (and normally 
more deformed) rocks of YC show a magmatic arc sig-
nature, whereas the more evolved terms fall into the syn-
collisional fields in tectonic diagrams. The leucogranites of 
the CVL (Fig.3) are consistent with the final products of a 
collision (our own geochemical unpublished data). A geo-
chemical and petrological change is observed in the NPC 
which has been interpreted as the product of a slab break-
off process by Pankhurst et al. (2006). 

Sm-Nd isotopic signature of rocks in the northeastern 
NPM suggest that during the Paleozoic the bulk crust was 
extensively recycled with two main episodes of juvenile 
addition to the bulk crustal segment: the first during Ordo-
vician times as evidenced by granitic intrusions in the Si-
erra Grande area and the second during the lower Permian 
as shown by the data from the NPC. 

All available evidence can be reconciled in a model that 
proposes a parautochthonous origin for the NPM (Rapalini, 
2005; Ramos, 2008). Kinematic details of the evolution of 
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this terrane previous to its proposed collision are virtually 
unknown. Pankhurst et al. (2006) proposed that a collision-
al event affected the southwestern margin of the NPM in 
the Middle Carboniferous (ca. 325 Ma) in which the De-
seado Massif was accreted. NPM was considered in this 
model an autochthonous part of Gondwana. Ramos (2008), 
on the other hand, suggested that the collision included the 

Antarctic Peninsula and southwestern areas of Patagonia, 
along a basically NW-SE subduction zone. Independent 
of the model, this collision apparently predated that at the 
northern margin of the NPM discussed in this paper. This 
older collision may have triggered a southward directed 
subduction under its northern margin and consumption of 
a small ocean basin.
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FIGURE 7
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The origin of this small “Colorado” ocean is not clear. It 
is possible that the NPM rifted away from basically the same 
relative position that occupied after its subsequent collision. 
In this case rifting might have evolved as a southward con-
tinuation of the Ordovician back-arc basin developed along 
most of the Famatinian magmatic arc. In the basement areas 
of La Pampa and San Luis provinces (Hauzenberger et al., 
2001; Steenken et al., 2006; Chernicoff et al., 2007, 2008a; 
Zappettini et al., 2005) an early Ordovician back-arc basin 
was intruded by mafic rocks and closed and inverted in the 
Middle Ordovician due to the collision (Astini et al., 1995; 
Ramos, 2004) or approaching of the Laurentian Precordill-
era (Cuyania) terrane to the Gondwana margin (Steenken 
et al., 2006). The NPM, however, did not undergo such a 
collision as the southern boundary of the Cuyania terrane 
is located to the north (present coordinates) of the NPM. 
Plate kinematics re-organization after Cuyania collision 
may have induced further rifting along northern Patago-
nia that might have led to the small Colorado ocean. The 
late Silurian-Early Devonian clastic sedimentary rocks of 
the Sierra Grande Formation should represent the passive 
margin deposits on the southern margin of the ocean (see 
von Gosen, 2002). Closure of the ocean may have started in 
the Early or Middle Carboniferous, perhaps due to collision 
of the Deseado (Pankhurst et al., 2006) or the “Antonia” 
terrane (Antarctic Peninsula+southern Patagonia, Ramos, 
2008). Problems with this model are the lack of rift-relat-
ed sediments and magmatism. Some basic volcanic rocks 
intercalated in sedimentary rocks associated to the Sierra 
Grande Formation (Cortés, 1984) may be the only available 
evidence for such extensional magmatism. Such evidence, 
as it has been advocated for the later suture, may lay below 
several thousand meters of the Meso-Cenozoic infilling of 
the Colorado Basin. 

An alternative to the model above is that the NPM rifted 
away from a location different to that of its subsequent col-

lision. Assembly of Gondwana in the late Neoproterozoic 
and Early Paleozoic involved numerous tectonic blocks 
that rifted away and subsequently were accreted (Cawood, 
2005). The possibility of the NPM to have originated close 
to or associated with other blocks (i.e., Pampia, Arequipa-
Antofalla, Kalahari craton, the Antarctic Peninsula o Mary 
Bird Land) should be further investigated.

In the Late Carboniferous to Early Permian this small 
ocean was already consumed under the NPM and a frontal 
collision with the Gondwana passive margin took place. 
This event produced a major NNE-SSW compressive de-
formation with opposite vergences in the upper (SW) and 
the lower (NE) plates (Fig. 8). The collision of the parau-
thochtonous Patagonia probably triggered a major oceanic 
plate rearrangements in SW Gondwana that produced a 
nearly 90° counter-clockwise rotation of the regional stress 
field, that started to be governed by eastward (present-day 
coordinates) Panthalassic subduction beneath southern 
South America, that dominated northern Patagonia during 
most of the Permian.   

SUMMARY AND CONCLUSIONS

A multidisciplinary study of Paleozoic magmatic rocks 
exposed in the northeastern corner of the North Patagonian 
Massif has shed light on its paleotectonic evolution. 

Microstructural and magnetofabric studies have re-
vealed the presence of two major suites of magmatic rocks. 
The Yaminué Complex and its associated units of the Tar-
dugno Granodiorite and the Cabeza de Vaca leucogranites 
of late Carboniferous – earliest Permian age, were intruded 
and subsequently deformed under a strong NNE-SSW 
compressive stress associated to top-to-SW-thrust-tecton-
ics, as also observed in unmetamorphosed supracrustal 

Sketch illustrating the opposite vergence of tectonic deformation due to a frontal collision between the North Patagonian Massif and the Río 
de la Plata craton (Gondwana) in Late Paleozoic times. The fold and thrust belt in the latter is best exposed in the Sierra de la Ventana and the Cla-
romecó foredeep basin, whereas deformation in the former is seen in northeastern North Patagonian Massif. Note the presence of pre- to syn-collisional 
deformed magmatic bodies (modified from Ramos, 1984).

FIGURE 8
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sedimentary units in the same region. Similar deformation 
age and pattern have been observed in the Cerro los Viejos 
(La Pampa province) and the Sierra de la Ventana fold belt, 
both to the north of the Colorado basin, and the northern 
boundary of Patagonia. These latter areas, however, show a 
top-to-NE vergence of deformation as recorded in penetra-
tive foliation in Cerro Los Viejos and widespread folding 
in Sierra de la Ventana. By the Early Permian (281 Ma) 
this deformational event had ceased and the regional stress 
field changed into a WNW-ESE maximum stress direc-
tion. Under these conditions, intrusion of the 281 Ma, and 
younger, Navarrete Plutonic complex took place as virtu-
ally undeformed granitoids. 

Gravity surveys of our study area and geobarometric 
determinations clearly indicate a significant difference 
(around 10 km) in the exposed structural levels corre-
spondent to the deformed granitoids of the Yaminué Com-
plex and the thrusted and folded sedimentary successions 
of the Early Paleozoic Nahuel Niyeu and Sierra Grande 
Formations. Expression of the same deformational event at 
different crustal levels is therefore evident in this region.

A preliminary study plus a regional recopilation and 
recalculation of TDM ages from the Early Cambrian meta-
sedimentary units and the Paleozoic granitoids indicate a 
late Paleoproterozoic crustal signature for the NPM, which 
is similar to those found in the Sierras Pampeanas (Pampia 
terrane) and the Arequipa-Antofalla block. On the other 
hand, it is significantly different from the typical crustal 
ages of the Río de la Plata craton, suggesting that the latter 
was not connected with the NPM in the Proterozoic.

Similar detrital zircon age patterns between Early Pale-
ozoic (meta) sedimentary rocks from the NPM and those 
from the Sierras Pampeanas (specially from La Pampa 
and San Luis) and the apparent continuation of the Early 
Ordovician Famatinian magmatic arc into northeastern 
Patagonia suggest crustal continuity between the Pampia 
and NPM blocks by the Early Paleozoic. Paleomagnetic 
data obtained so far from the NPM suggests that no wide 
ocean existed between Patagonia and Gondwana between 
the Devonian and Permian.

A geotectonic model is envisaged that supports the 
original proposition of Ramos (1984) of a frontal collision 
between the NPM and Gondwana in the Late Paleozoic. 
According to the available age constraints, this collision 
must have ended by the Early Permian (281 Ma). How-
ever, it must have been the final stage of a short-lived sub-
duction process that consumed a small (< 1500 km) ocean 
under the NPM. A parauthochthonous origin of the NPM 
is therefore the simplest explanation for the available 
data. This block may have rifted away from the Pampia-
Rio de la Plata blocks by the Early to Middle Paleozoic 

generating a small ocean that was consumed during the 
Carboniferous. 
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ELECTRONIC APPENDIX

Supplementary Material 

Figure I: Field relationships and textures of the Ordovician granitoids in the Sierra Grande Area of 
northeastern Patagonia 
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d)

e)

b)

c)

 

Field relationships of the Ordovician granitoids and their host and cover. In the Sierra Grande area 
the host is the low grade metaclastic of the El Jagüelito Fm. and the cover corresponds to the 
clastic Sierra Grande Fm. a) Clear‐cut contact between Arroyo Salado granodiorite and the El 
Jagüelito Fm near along the Arroyo Salado b) Clear‐cut and cross‐cutting contact between a 
granitic facies of the Arroyo Salado pluton and the El Jagüelito Fm. Thin sheets of the granite are 
emplaced also parallel to the pre‐ existing metamorphic fabric c) View of the erosional 
unconformity between Playas Doradas pluton and the Sierra Grande Fm d) Small load‐casts at the 

Field relationships of the Ordovician granitoids and their host and cover in the Sierra Grande Area of northeastern Patagonia.
In the Sierra Grande area the host is the low grade metaclastic of the El Jagüelito Fm. and the cover corresponds to the clastic Sierra Grande Fm. a) Clear-cut 
contact between Arroyo Salado granodiorite and the El Jagüelito Fm near along the Arroyo Salado b) Clear-cut and cross-cutting contact between a granitic 
facies of the Arroyo Salado pluton and the El Jagüelito Fm. Thin sheets of the granite are emplaced also parallel to the pre-existing metamorphic fabric c) View 
of the erosional unconformity between Playas Doradas pluton and the Sierra Grande Fm. d) Small load-casts at the base of a more mafic facies. Granodiorite has 
concentrated between convex-downward lobes, and veins have risen from these points into the mafic layer. Arroyo Salado granodiorite along the Arroyo Salado; 
e) Microgranular dioritic enclaves in the Playas Doradas pluton.

FIGURE 1
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AMS data for the Late Paleozoic plutonic rocks in the study area. Kmean: geometric mean of bulk susceptibility for each site. P´: anisotropy 
degree (Jelinek, 1978), K1 and K3: direction of maximum and minimum susceptibility axes. Location of sites in Figure 4.
TABLE I

Supplementary Material 

Table I: AMS data for the Late Paleozoic plutonic rocks in the study area. Kmean: geometric mean 
of bulk susceptibility for each site. P´: anisotropy degree (Jelinek, 1978), K1 and K3: direction of 
maximum and minimum susceptibility axes. Location of sites in Figure 4. 

Geologic Unit Site Kmean 
(10-5 SI)

P´ K1

(Az°, Dip°)

K3

(Az°, Dip°)

Yaminué Complex V71 1258.6 1.562 356, 21 166, 69 

V79 47.5 1.310 84,12 255, 77 

V80 1033.5 1.233 269, 11 142, 72 

V81 769.6 1.396 297, 9 190, 63

V82A 20.9 1.110 150, 3 304, 86 

V82B 14.0 1.086 180, 5 43, 84 

V83 6.0 1.040 14, 7 237, 80 

V84 1138.8 1.451 156, 11 10, 77 

V85 787.0 1.295 29, 8 232, 81 

V35 28.3 1.035 356, 11 188, 79 

Tardugno Granodiorite V3 30.2 1.048 75, 24 266, 65

V10 214.8 1.070 35, 16 154, 60 

Cabeza de Vaca Leucogranite V57 16.1 1.063 98, 9 195,34

V58 29.2 1.086 119,10 220, 46 

V59 862.3 1.079 8, 47 212, 40

V61 17.4 1.021 22, 62 247, 20

V62 23.5 1.012 38, 44 217, 46

V63 42.9 1.024 86, 23 211, 54

V69 229.4 1.046 105, 15 248, 71

V72 29.3 1.053 8, 33 264, 21

V89 9.2 1.063 5, 3 220, 86
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Continued.TABLE I

Geologic Unit Site Kmean 
(10-5 SI)

P´ K1

(Az°, Dip°)

K3

(Az°, Dip°)

Navarrete Plutonic Complex

Robaina Facies V52 48.8 1.014 191, 64 355, 25

V53 2048.1 1.068 251, 3 343, 28 

V55 1302.6 1.084 261,28 8, 28

V56 205.8 1.045 313, 17 46, 8

V64 818.0 1.104 79, 21 284, 67

V66 704.5 1.071 61, 30 270, 56

V68 849.1 1.097 241, 12 353, 61

V86 1478.6 1.049 271, 3 14, 75 

V88 770.2 1.150 71, 14 223, 74

Guanacos Facies V24 4769.6 1.037 59, 13 315, 46

V25 3863.0 1.085 108, 3 205, 70

V28 2253.2 1.111 111, 4 214, 72

V60 30.3 1.032 170, 18 283, 49

V65 3686.9 1.115 65, 0 333, 84

V67 1255.9 1.092 59, 26 226, 63

V70 1365.6 1.168 67, 33 299, 44

V87 546.7 1.065 34, 24 282, 41

V47 3025.0 1.168 237, 53 339, 9

V48 3372.6 1.125 90, 50 190, 8

V76 1276.5 1.080 114, 27 224, 33

V91 604.2 1.056 187, 27 287, 18

Aranda Facies V2 1544.8 1.108 131, 50 344, 35

V5 316.9 1.089 300, 40 197, 14

V8 828.7 1.069 127, 69 35, 1
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Continued.TABLE I

Geologic Unit Site Kmean 
(10-5 SI)

P´ K1

(Az°, Dip°)

K3

(Az°, Dip°)

V14 1585.0 1.119 231, 12 128, 46

V15 1007.0 1.075 294, 2 26, 42

V16 1817.9 1.084 255, 13 151, 44

V17 1265.1 1.153 130, 2 221, 7

V18 2028.1 1.220 256, 8 164, 11

V38 33.4 1.035 338, 50 100, 24

V51 33.6 1.034 171, 49 75, 5

V73 937.5 1.121 324, 32 94, 46

V74 806.1 1.088 324, 33 93, 45

V77 1836.0 1.295 181, 28 310, 49

V92 740.7 1.080 213, 26 306, 8

V93 439.2 1.084 198, 26 294, 13

San Martin Pluton V44 12.1 1.022 6, 69 115, 7

V45 24.6 1.028 194, 11 288, 19

V46 150.8 1.05 19, 10 289, 3
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Mineral Chemistry data. Mineral chemistry was calculated using a JEOL Superprobe JXA‐8900‐M equipped with five crystal spectrometers 
at the Luis Brú Electron Microscopy Center, Complutense University, Madrid, Spain. Operating conditions were: acceleration voltage of 15 kV, probe 
current of 20 nA, with a beam diameter between 1 to 2 μm. Absolute abundances for each element were determined by comparison with standards 
(Jarosewich et al., 1980; McGuire et al., 1992). An on‐line ZAF program was used.

TABLE II

Table II: Mineral Chemistry data 

Mineral chemistry was calculated using a JEOL Superprobe JXA-8900-M equipped with five crystal 
spectrometers at the Luis Brú Electron Microscopy Center, Complutense University, Madrid, Spain. 
Operating conditions were: acceleration voltage of 15 kV, probe current of 20 nA, with a beam 
diameter between 1 to 2 μm. Absolute abundances for each element were determined by 
comparison with standards (Jarosewich et al., 1980; McGuire et al., 1992). An on-line ZAF program 
was used. 

Amphibole 

SiO2 Al2O3 FeO MnO MgO CaO Na2O K2O TiO2 Cr2O3 Total

V80S8 41.40 11.23 17.95 0.36 8.81 11.47 1.11 1.37 0.68 0.04 94.40

V80S9 41.23 11.68 18.05 0.29 8.91 11.61 1.28 1.36 0.58 0.02 95.01

V80S14 42.31 10.37 17.13 0.30 9.62 11.51 1.06 1.18 0.95 - 94.42

V80S31 42.51 9.53 16.95 0.29 10.33 11.40 1.23 1.04 0.90 - 94.17

V80S32 41.53 10.16 17.58 0.43 9.82 11.43 1.14 1.09 0.77 0.10 94.05

V80S33 41.76 10.40 17.84 0.34 9.60 11.67 1.26 1.21 0.99 0.05 95.11

V65S8 45.97 7.75 13.86 0.68 12.13 11.72 1.04 1.00 1.27 0.03 95.44

V65S9 44.22 8.59 16.03 0.77 11.43 11.37 1.23 0.98 1.06 - 95.67

V65S10 45.89 8.11 15.51 0.76 11.93 11.51 1.07 0.75 0.65 0.01 96.20

V65S16 46.07 7.56 15.61 0.73 11.85 11.69 1.02 0.83 1.14 0.03 96.54

V65S17 46.43 7.34 15.15 0.63 12.44 11.57 0.98 0.84 1.14 0.01 96.52

V65S28 46.74 7.54 15.15 0.67 12.28 11.69 1.10 0.84 1.22 0.07 97.30

V65S29 44.65 8.25 15.71 0.74 11.64 11.59 1.26 1.00 1.33 0.01 96.18

V65S30 46.36 7.91 15.32 0.58 12.37 11.80 1.19 0.81 1.24 0.04 97.60

V65S31 45.81 8.39 16.79 0.71 11.71 11.71 1.20 0.90 1.06 0.02 98.30

V65bS162 43.05 8.33 17.04 0.03 10.60 11.47 1.27 1.00 1.42 0.03 94.24

V65bS163 45.14 7.72 16.34 11.70 11.81 1.14 0.85 1.28 0.01 95.99

V65bS165 45.41 7.05 15.31 12.04 11.66 1.38 0.86 1.31 0.00 95.02

V65bS166 44.42 7.55 16.01 0.01 11.24 11.63 1.29 0.81 1.25 0.06 94.27

V91S35 44.95 8.21 17.63 0.02 10.75 10.98 1.54 0.77 0.85 0.04 95.74

V91S41 44.65 8.82 17.03 - 10.46 10.85 1.48 0.96 1.05 0.08 95.37

V91S42 45.67 7.58 17.50 0.02 11.06 10.93 1.58 0.84 0.73 0.02 95.93

V91S43 45.47 8.02 17.07 0.04 10.98 11.29 1.20 0.84 0.73 - 95.65

V91S44 42.20 11.04 18.49 0.04 9.22 10.97 1.76 1.15 1.10 0.02 95.98

V91S52 44.37 9.06 17.59 0.05 10.80 11.16 1.64 0.82 1.04 0.03 96.54

V91S58 43.58 9.26 18.32 0.05 10.12 10.91 1.60 1.00 0.95 0.03 95.81

V91S61 46.23 7.63 17.05 0.03 11.19 10.82 1.41 0.91 0.66 0.04 95.96

V91S62 42.33 10.39 18.29 0.01 9.55 11.09 1.55 1.10 1.17 0.00 95.49

V91S63 44.99 7.09 16.66 0.04 11.35 11.20 1.20 0.67 0.62 0.01 93.84

V91S64 44.49 8.42 17.41 0.05 10.78 11.32 1.39 0.73 1.02 0.10 95.70

V91S69 45.89 7.93 16.62 0.07 11.61 11.20 1.87 0.62 0.96 0.02 96.78
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Continued.TABLE II

SiO2 Al2O3 FeO MnO MgO CaO Na2O K2O TiO2 Cr2O3 Total

V91S70 46.05 6.92 16.81 0.03 11.83 11.10 1.22 0.72 0.51 0.00 95.18

V91S71 44.80 8.07 17.45 0.02 11.03 11.19 1.66 0.73 1.05 0.03 96.03

V74S51 47.91 6.71 13.13 0.40 13.72 11.67 1.31 0.73 0.83 96.39

V74S53 48.53 6.12 13.79 0.57 14.33 11.90 1.15 0.57 0.66 0.05 97.68

V74S58 44.99 8.35 14.81 0.58 12.27 11.39 1.38 0.95 1.16 95.87

V74S60 50.91 4.30 11.45 0.63 15.31 11.91 0.89 0.41 0.46 0.01 96.28

V74S61 47.84 5.40 12.82 0.54 14.44 11.50 1.09 0.48 0.56 0.02 94.69

V74S62 45.51 8.13 13.97 0.49 13.09 11.63 1.50 0.81 0.95 0.01 96.08

V74S67 49.99 4.94 12.84 0.66 14.81 11.85 0.93 0.45 0.53 0.02 97.01

V74S68 49.34 5.57 12.86 0.53 14.71 11.52 1.13 0.52 0.71 0.03 96.91

V74S71 46.03 7.78 13.93 0.52 13.21 11.83 1.37 0.75 0.95 96.37

V74S72 50.71 4.79 11.96 0.66 14.65 11.93 0.96 0.40 0.40 0.03 96.50

V74S74 46.93 6.56 13.09 0.62 13.17 11.77 1.22 0.62 0.75 94.73

V74S76 50.97 4.02 10.95 0.63 15.95 11.91 0.83 0.35 0.49 0.05 96.14

V74S77 49.32 4.00 11.74 0.68 14.80 11.74 0.72 0.43 0.47 0.09 93.99

V74S80 47.71 5.96 12.78 0.47 13.92 11.56 1.25 0.64 0.60 0.01 94.91

V74S81 44.68 7.60 13.55 0.63 12.54 11.49 1.36 0.84 1.12 0.05 93.85

V74S82 45.70 8.17 14.06 0.51 12.15 10.39 1.43 0.88 0.97 0.01 94.25

V74S83 49.08 4.99 12.05 0.46 14.79 11.50 1.09 0.47 0.60 0.03 95.06

VAL221S85 45.95 7.96 13.62 - 13.50 11.65 1.27 0.63 1.74 0.05 96.35

VAL221S86 51.83 2.43 13.75 0.05 13.82 12.09 0.34 0.13 0.09 0.04 94.58

VAL221S90 46.48 7.28 13.88 - 13.48 11.74 1.01 0.69 0.93 0.01 95.50

VAL221S107 46.82 6.79 13.93 0.02 13.34 11.51 0.94 0.58 0.35 0.00 94.28

VAL221S108 47.23 6.74 13.17 0.03 13.77 11.64 0.85 0.56 0.29 0.00 94.27

VAL221S109 46.83 6.92 12.91 0.02 13.68 11.56 1.02 0.47 0.42 0.02 93.85

VAL221S131 46.26 7.08 13.75 0.01 13.23 11.10 1.06 0.53 0.99 0.06 94.06

VAL221S134 48.73 4.72 12.38 - 14.84 11.62 0.60 0.37 0.53 0.17 93.97

VAL221S136 48.02 6.65 13.17 - 13.98 11.79 0.72 0.48 0.78 0.04 95.63

VAL221S137 46.57 6.99 13.68 - 13.68 10.61 1.35 0.38 0.94 0.03 94.24
 

Plagioclase 

SiO2 Al2O3 FeO CaO Na2O K2O Total

V80S1 56.35 26.37 0.11 8.89 6.86 0.28 98.86

V80S2 57.23 25.96 0.09 8.28 7.18 0.25 98.98

V80S3 56.85 25.49 0.10 7.83 7.39 0.25 97.89

V80S16 56.72 26.25 0.09 8.15 6.88 0.30 98.38

V80S18 57.62 26.06 0.11 7.58 7.23 0.23 98.83

V80S19 56.30 26.27 0.02 8.33 6.92 0.16 98.01

V80S20 57.32 26.15 0.11 7.87 7.09 0.33 98.87
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Continued.TABLE II

SiO2 Al2O3 FeO CaO Na2O K2O Total

V80S21 58.24 25.59 0.11 6.94 7.69 0.12 98.69

V80S24 57.69 25.41 0.07 7.33 7.51 0.31 98.32

V80S26 56.74 25.95 0.05 8.00 6.93 0.29 97.95

V80S25 56.33 25.43 0.07 7.27 7.32 0.38 96.80

V80S27 58.37 23.95 0.09 6.70 7.73 0.25 97.10

V80S30 57.02 26.06 0.10 8.04 7.23 0.13 98.57

V65S1 60.54 25.43 0.137 6.08 7.81 0.155 99.87

V65S43 58.28 27.21 0.08 8.02 6.74 0.13 100.47

V65S41 58.24 24.70 0.05 6.95 6.97 0.07 96.98

V65S42 58.26 26.73 0.11 7.59 6.94 0.11 99.73

V65S2 58.91 26.35 0.19 7.37 7.15 0.23 100.21

V65S21 59.32 25.50 0.12 6.54 7.51 0.20 99.18

V65S22 58.94 25.80 0.12 6.80 7.03 0.29 98.98

V65S23 60.86 25.81 0.11 6.27 7.90 0.13 101.08

V65S48 58.38 27.18 0.17 8.03 6.85 0.16 100.76

V65S3 65.55 21.33 1.62 10.23 0.15 98.88

V65S40 60.57 25.77 0.05 6.68 7.54 0.12 100.74

V65bS150 58.22 25.83 0.05 7.74 7.03 0.14 99.00

V65bS151 58.34 25.60 0.07 7.58 7.40 0.10 99.09

V65bS153 57.46 25.80 0.10 8.02 7.03 0.18 98.58

V65bS155 57.28 26.05 0.09 8.19 7.17 0.10 98.88

V65bS156 58.05 25.18 0.08 7.36 7.33 0.15 98.15

V65bS157 56.93 26.15 0.07 8.65 6.75 0.09 98.65

V65bS159 53.96 27.76 0.09 10.61 5.69 0.10 98.21

V65bS161 58.36 25.59 0.14 7.48 7.44 0.06 99.06

V65bS172 57.27 25.58 0.12 7.87 7.06 0.13 98.04

V65bS173 58.00 25.96 0.16 7.64 7.26 0.14 99.16

V91S46 65.34 21.60 0.09 2.60 10.10 0.19 99.93

V91S47 64.41 22.03 0.17 3.22 9.87 0.24 99.94

V91S48 64.34 22.38 0.05 3.23 9.66 0.23 99.89

V91S49 64.45 22.42 0.16 3.26 9.40 0.21 99.92

V91S50 64.83 21.98 0.10 2.89 9.90 0.22 99.93

V91S59 64.91 21.96 0.08 2.97 9.84 0.20 99.96

V91S60 65.10 21.89 0.03 2.74 9.99 0.16 99.90

V91S66 63.95 22.42 0.07 3.41 9.74 0.27 99.86

V91S67 64.73 22.11 0.08 2.89 9.86 0.17 99.82

V91S68 64.29 22.55 0.07 3.36 9.48 0.18 99.93

V91S72 64.96 21.53 0.13 2.60 10.22 0.35 99.80

V91S73 63.96 22.57 0.14 3.46 9.45 0.33 99.90

V91S74 63.94 22.63 0.14 3.61 9.15 0.43 99.90

V91S75 64.06 22.38 0.04 3.23 9.98 0.15 99.84
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Continued.TABLE II

SiO2 Al2O3 FeO CaO Na2O K2O Total

V91S76 63.52 22.77 0.10 3.79 9.60 0.15 99.93

V91S77 63.41 22.70 0.12 3.73 9.49 0.33 99.79

V91S78 60.35 24.52 0.11 6.27 8.25 0.40 99.91

V91S79 59.77 25.36 0.18 6.69 7.60 0.31 99.91

V91S80 58.60 26.03 0.10 7.91 6.99 0.24 99.88

V91S81 60.22 25.05 0.15 6.33 7.87 0.18 99.80

V74S73 68.50 20.17 0.08 0.41 11.01 0.08 100.23

V74S75 64.83 22.72 0.08 2.99 9.64 0.20 100.46

V74S78 63.82 23.30 0.10 3.81 9.14 0.13 100.31

V74S85 58.71 26.39 0.11 7.54 6.81 0.17 99.72

V74S86 55.95 23.31 0.14 9.86 6.56 0.13 95.95

V74S87 58.61 25.86 0.11 6.81 7.25 0.19 98.83

V74S88 64.10 22.90 0.18 3.34 9.37 0.16 100.05

VAL221S92 57.88 24.82 0.11 7.64 6.07 1.21 97.72

VAL221S93 46.58 28.59 0.19 19.69 1.58 0.27 96.89

VAL221S94 43.81 26.44 0.13 22.27 0.53 0.67 93.84

VAL221S100 54.04 27.91 0.28 10.57 5.34 0.11 98.24

VAL221S101 55.25 26.46 0.23 9.51 6.20 0.16 97.80

VAL221S102 53.17 28.72 0.24 11.61 4.93 0.15 98.82

VAL221S110 58.93 24.81 0.14 7.18 7.50 0.19 98.75

VAL221S111 51.23 29.67 0.19 12.64 4.16 0.13 98.01

VAL221S112 59.82 24.35 0.09 6.20 8.09 0.20 98.75

VAL221S113 51.22 30.01 0.19 13.13 4.19 0.12 98.85

VAL221S116 56.34 26.67 0.19 8.82 6.60 0.17 98.79

VAL221S121 57.15 25.67 0.21 8.04 6.66 0.21 97.93

VAL221S123 55.70 27.36 0.21 9.44 6.13 0.13 98.97

VAL221S127 48.93 31.00 0.37 14.20 3.32 0.09 97.91

VAL221S129 56.58 26.81 0.20 9.03 6.37 0.21 99.20

VAL221S130 52.78 28.99 0.16 11.83 4.84 0.13 98.73

VAL221S139 57.64 26.01 0.16 8.16 6.84 0.16 98.96
 

 




