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The Early Ordovician granitoids of the Sierra de Velasco reflect the across-arc compositional variation of
the Famatinian magmatic arc (NW Argentina) developed along the proto-Andean margin of western
Gondwana. This variation is characterized by means of field, petrographical, geochemical and isotopic
studies. The Sierra de Velasco contains three main types of Early Ordovician granitoids that are miner-
alogically and geochemically distinct, but generally conform a continuous high-K, magnesian and calc-
alkalic magmatic series. I-type granitoids (IG) make up the southern part of the range. They are biotite
—hornblende—titanite metaluminous to weakly peraluminous granodiorites and tonalites typical of
a coastal I-type belt and were possibly formed by melting of mafic lower crust/lithospheric mantle, with
minor assimilation of crustal metasediments. S-type granitoids (SG) crop out in the central and northern
portions of the range. They are biotite—muscovite and biotite—cordierite strongly peraluminous syeno-
and monzogranites representative of an inland S-type belt and were possibly formed by large-scale
anatexis of metasedimentary crust and hybridization with more mafic lower crustal melts. Between the
IG and SG, in the central parts of the range, transitional I/S-type granitoids (TG) are recognized that
consist of biotite, biotite—muscovite and subordinate biotite—titanite—allanite—epidote moderately
peraluminous monzogranites, granodiorites and tonalites. The TG show intermediate characteristics and
were possibly generated by less common mechanisms of mixing between I-type and S-type magmas
and/or their parent mafic lower crustal and metasedimentary melts. The transition from IG to TG to SG
towards the continental interior reflects a compositional continuum related to a progressive variation in
the degrees of mixing between mafic and metasedimentary end-members.
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1. Introduction S-type belt towards the east (Fig. 1). The I-type belt consists of

Cordilleran-type granitoids (e.g. Pankhurst et al., 1998; Otamendi

The Sierras Pampeanas of northwestern Argentina contain
abundant Ordovician granitoid batholiths and meta-volcanic rocks
that together define the Famatinian magmatic arc. This arc devel-
oped along the active proto-Andean margin of western Gondwana
in response to the eastward subduction of a paleo-Pacific oceanic
plate (e.g. Toselli et al., 1996; Pankhurst and Rapela, 1998; Miller
and Sollner, 2005). The resulting granitoid magmatism is pres-
ently distributed along two main belts (Pankhurst et al., 2000):
a metaluminous I-type belt towards the west, and a peraluminous
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et al., 2009b), whereas the S-type belt has been regarded as an
inner Cordilleran belt (e.g. Rapela et al., 1990; Toselli et al., 1996).
The across-arc dichotomy of coastal I-type granitoids and inland
S-type granitoids is a common feature of many orogenic belts. The
best-known example is that of western United States (e.g. Miller
and Bradfish, 1980), where the I-type belt is represented by the
Sierra Nevada and Peninsular Ranges batholiths and the S-type belt
by inner Cordilleran muscovite-bearing granites, of which the main
representative is the Idaho batholith. Other examples include the
New England orogen of eastern Australia (Shaw and Flood, 1981),
the Southeast Asian tin belt (Cobbing et al., 1986) and the middle
and southern Urals (Fershater et al., 1998). The difference between
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the two belts is generally attributed to an increased contribution of
the continental crust towards the interior of the continent (e.g.
Brown et al., 1984).

The Sierra de Velasco makes up one of the largest granitoid
massifs of the Famatinian magmatic arc (Fig. 1) and has generally
been considered part of the inner S-type belt in regional studies
(e.g. Rapela et al., 1990; Toselli et al., 1996; Pankhurst et al., 2000).
However, more recent local studies by Bellos et al. (2002) and Bellos
(2005, 2008) have shown that the southern portion of the sierra
consists of metaluminous granitoids belonging to the I-type belt
(Figs. 1 and 2). The presence of both granitoid types along >150 km
of continuous granitic outcrops makes the Sierra de Velasco an
ideal area to study the transition between the I- and S-type gran-
itoids across the Famatinian magmatic arc.

In this contribution, we present the results of field, petro-
graphical, geochemical and isotopic studies of the Famatinian
granitoids outcropping in the Sierra de Velasco. In addition to I- and
S-type granitoids, we define and characterize intermediate or
transitional I/S-type granitoids in this mountain range. We discuss
the possible origins of each granitoid type and relate them to the
geotectonic setting of this part of the western margin of Gondwana
during the Early Paleozoic.

2. Geological setting
2.1. The Sierras Pampeanas and the Famatinian magmatic arc

The Sierras Pampeanas of NW Argentina consist in a series of
basement blocks exhumed during the Neogene by high-angle, N—S
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trending reverse faults (Gonzalez Bonorino, 1950) related to the
subduction of the Nazca plate under the western margin of South
America (Jordan and Allmendinger, 1986; Isacks, 1988). These
blocks are made up almost entirely of metamorphic and intrusive
rocks of Neoproterozoic to Early Carboniferous age. The evolution
of the Sierras Pampeanas during the Neoproterozoic and Paleozoic
is characterized by two main periods of convergence along the
proto-Pacific margin of Gondwana that generated two main
orogenic cycles: the Pampean and Famatinian cycles (Acefiolaza
and Toselli, 1973, 1981). Each cycle spans distinctive depositional,
metamorphic, deformational and magmatic events.

The Pampean Cycle (~580—520 Ma) began with the deposition
of an extensive pelite-greywacke turbiditic sequence in a passive
margin setting (e.g. Ramos, 1988; Jezek, 1990; Sims et al., 1998;
Rapela et al.,, 1998; Do Campo and Guevara, 2005). These sedi-
ments, and their metamorphic equivalents, make up the Punco-
viscana Formation, originally defined by Turner (1960) in the
extreme NW of Argentina, but later extended to encompass most of
the metamorphic rocks of the Sierras Pampeanas (e.g. Acefiolaza
and Toselli, 1981; Toselli, 1990; Prozzi, 1990; Willner et al., 1990;
Sims et al., 1998; Von Gosen and Prozzi, 1998). Metamorphism,
deformation and calc-alkaline magmatism affected the Punco-
viscana Formation at ca. 530—520 Ma (e.g. Lork et al., 1990; Adams
et al., 1990; Rapela et al., 1998), probably in a collisional setting that
included subduction, accretion of the Pampean terrane, and late- to
post-orogenic extensional collapse (e.g. Rapela et al., 1998).

The Famatinian Cycle (ca. 490—350 Ma) began with the depo-
sition of siliciclastic sediments in extensional marine basins
between the Middle/Late Cambrian and Early Ordovician
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Fig. 1. General geological map of the central part of the Sierra Pampeanas of NW Argentina between 27°S and 32°S. Inset shows map location and extent of the Famatinian
magmatic arc (modified from Chernicoff et al., 2010). Dotted rectangle indicates location of Fig. 2.
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Fig. 2. Geological map of the Sierra de Velasco. Location of samples used in this study
and of existing U—Pb ages are shown. Previous geochemistry samples are from Bellos
(2005), Rossi et al. (2005) and Lopez et al. (2007). U-Pb ages are from Pankhurst et al.
(2000), Rapela et al. (2001), Baez et al. (2008) and de los Hoyos et al. (in press); see text
for details. Mineral abbreviations throughout the text are from Whitney and Evans
(2010).

(e.g. Bahlburg and Hervé, 1997; Bahlburg, 1998; Bock et al., 2000).
The resulting sequences form thick sedimentary packages that lie
discordantly over the Puncoviscana Formation. Renewed plate
convergence and subduction caused superimposed high T/P
metamorphism spanning the interval ca. 480—430Ma (e.g.
Bachmann et al., 1986; Sims et al., 1998; Lucassen and Becchio,
2003; Biittner et al., 2005; Larrovere et al., 2011; de los Hoyos
et al,, in press) and the development of the Famatinian magmatic
arc along the continental margin of western Gondwana. It is widely
accepted that Famatinian magmatism preceded the collisional

accretion of the Precordillera terrane (i.e. Cuyania, Fig. 1) in Mid-
Ordovician times (e.g. Ramos, 1988, 2004; Astini et al., 1995;
Pankhurst et al., 1998; Thomas and Astini, 2003; Vaughan and
Pankhurst, 2008), although debate still continues as to its origin
(e.g. Acefiolaza et al., 2002).

The Famatinian magmatic arc is presently found as a NNW-
SSE trending belt occupying over 1500 km along strike from
~22°S to ~33°S (Fig. 1) within the Sierras Pampeanas and
extending northwards into the Puna—Altiplano region, where
Famatinian rocks switch from plutonic to volcanic (e.g. Coira
et al.,, 1999; Viramonte et al., 2007). Further south, the Famati-
nian arc is mostly buried beneath Quaternary sediments but can
be followed down to ~39°S on aeromagnetic data (Chernicoff
et al, 2010, Fig. 1). The Famatinian arc is characterized by
widespread magmatism that formed an outer I-type dominated
belt and an inner S-type dominated belt (Pankhurst et al., 2000,
Fig. 1). In the Sierras Pampeanas, the I-type belt is represented
mainly by the sierras of Famatina (e.g. Acefiolaza et al., 1996;
Saavedra et al.,, 1998), southern La Rioja (Chepes, Los Llanos
and Ulapes, e.g. Pankhurst et al., 1998) and Valle Fértil (e.g.
Otamendi et al., 2009b). The S-type belt is represented mainly
by the sierras of Fiambala (e.g. Grissom et al., 1998), Capillitas
(e.g. Rossi et al., 2002), Mazan (e.g. Schalamuk et al.,, 1989;
Toselli et al., 1991) and Velasco (see Section 2.2). This across-
arc feature can also be found in the Puna—Altiplano region,
where the Ordovician plutonic and volcanic rocks have been
separated into the metaluminous I-type “Faja Eruptiva Occi-
dental” to the west and the peraluminous S-type “Faja Eruptiva
Oriental” to the east (e.g. Coira et al., 1999; Poma et al., 2004;
Viramonte et al., 2007).

U—Pb zircon geochronology (by both conventional and SHRIMP
methods) constrains Famatinian magmatism to the Early Ordovi-
cian (between 490 and 460 Ma) for both the I-type (Pieters et al.,
1997; Pankhurst et al., 1998, 2000; Dahlquist et al., 2008;
Chernicoff et al., 2010) and S-type belts (Pankhurst et al., 2000;
Rapela et al., 2001; Hockenreiner et al., 2003; Viramonte et al.,
2007; Varela et al,, 2008). The existing ages do not reveal any
progressive migration of activity, but rather indicate that both belts
are essentially contemporaneous.

A subsequent magmatic phase occurred during the Middle
Devonian to Early Carboniferous (e.g. Rapela et al., 1991; Grissom
et al, 1998; Llambias et al., 1998; Siegesmund et al., 2004;
Dahlquist et al., 2006, 2010; Steenken et al., 2008; Grosse et al.,
2009). This magmatism has been related either to a post-orogenic
period at the end of the Famatinian Cycle (e.g. Llambias et al., 1998;
Pankhurst and Rapela, 1998; Miller and Sollner, 2005), or to a new
cycle called the Achalian Cycle (e.g. Sims et al., 1998; Dahlquist
et al., 2006).

2.2. The Sierra de Velasco

The Sierra de Velasco is made up almost exclusively of granitic
rocks. A metamorphic basement is only present as small outcrops of
metasedimentary rocks along the eastern flank of the sierra (Fig. 2).
These rocks can be correlated with the La Cébila Formation, defined
by Gonzalez Bonorino (1951) in the Sierra de Ambato, to the
northeast (Fig. 1). The La Cébila Formation is essentially metapelitic
and comprises schists, phyllites and subordinated interbedded
meta-quartzites. The depositional age of this unit is constrained
between ca. 530 Ma, which corresponds to the youngest detrital
zircons dated by Finney et al. (2003, 2004) and Rapela et al. (2007),
and ca. 480 Ma, which corresponds to the oldest granitoids of the
sierras of Velasco and Mazan. The recent discovery of marine fossils
in this formation further constrains its depositional age to the Early
Ordovician (Verdecchia et al., 2007), very close to the ages of the
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granites that intrude the formation. In addition, migmatites and
hornfelses can be found in the vicinity of the granitic intrusives.

The Sierra de Velasco contains granitoids of two main ages, Early
Ordovician and Early Carboniferous (e.g. Baez et al., 2005; Toselli
et al,, 2005, 2007). The Early Ordovician granitoids are spatially
dominant (Fig. 2) and are the subject of this paper. Pankhurst et al.
(2000) analyzed these granitoids in a regional context and
considered them part of the S-type Famatinian belt, but recognized
that the “biotite granites” of the southwestern part of the range
have geochemical trends and compositions that suggest hybrid-
ization with I-type melts. In more local studies carried out at the
northwestern (Rossi et al., 2000, 2005) and southern (Bellos, 2005,
2008) ends of the range, the northwestern granitoids were defined
as S-type and the southern granitoids as I-type. The transition
between the two granitoid types in the central part of the sierra has
not been previously addressed.

Several U—Pb age determinations exist for Early Ordovician
granitoids of the Sierra de Velasco (Fig. 2). Pankhurst et al. (2000)
obtained an age of 481.0 + 2.8 Ma (U—Pb SHRIMP on zircon) for
a two-mica granite on the western flank of the sierra (here
considered part of the transitional I/S-type granitoid group, see
Section 3). They also obtained an age of 484.2 + 3.1 Ma for a cordi-
erite S-type granite from neighboring Sierra de Mazan. Rapela et al.
(2001) obtained an age of 481.4 + 2.4 Ma (using the same method)
for a biotite-cordierite S-type granitoid located in the central region
of the Sierra de Velasco. More recently, Baez et al. (2008) obtained
an age of 470.6 +£9.3 Ma (conventional U-Pb on zircon) for the
biotite—muscovite S-type granitoid cropping out at the north-
western tip of the sierra. Finally, de los Hoyos et al. (in press) report
three ages for granitoids from the central-eastern flank:
461 +11 Ma (conventional U—Pb on zircon) for a transitional I/S-
type granitoid, 476.4 + 1.5 Ma (conventional U—Pb on monazite) for
a biotite—muscovite S-type granitoid, and 465 412 (conventional
U—Pb on monazite) for a biotite—cordierite S-type granitoid (Fig. 2).
No geochronological data exist for the I-type granitoids in the
southern part of the sierra. However, their similarity with the
granitoids of the sierras of Famatina and southern La Rioja suggests
that they have comparable ages.

The Early Ordovician granitoids are cut by numerous NNW—SSE
trending shear zones (Fig. 2) that also affect other ranges further
north (e.g. Lopez and Toselli, 1993; Lépez et al., 2006, 2007;
Hockenreiner et al.,, 2003). These shear zones dip sub-vertically
towards the northeast and consist of mylonites and proto-mylon-
ites. Kinematic indicators suggest compressional movements
towards the southwest with a secondary sinistral transcurrent
component (Lopez et al., 2006). The shear zones of the Sierra de
Velasco have not been dated. However, age determinations have
been performed on similar mylonites located in the Sierra de
Copacabana (Fig. 1) that are a continuation of the Velasco shear
zones. Lopez et al. (2000) obtained a K—Ar age of 436.3 +10.3 Ma
on muscovites from a pegmatite within a shear zone, whereas
Hockenreiner et al. (2003) obtained an Sm—Nd age of
402.0 £+ 2.0 Ma on syntectonic garnets from mylonites.

In the northern and central-eastern sectors of the Sierra de
Velasco, post-tectonic Early Carboniferous granites intrude the
Ordovician granitoids and cross-cut the shear zones (e.g. Baez et al.,
2002; Grosse and Sardi, 2005; Dahlquist et al., 2006, 2010; Grosse
et al.,, 2009) (Fig. 2). These are high-K peraluminous, porphyritic
syeno- and monzogranites emplaced in a post-orogenic to anoro-
genic setting.

3. Granitoid types, field relationships and petrography

Three main types of Famatinian granitoids can be recognized in
the Sierra de Velasco based on their mineralogy and geochemistry

(Fig. 2): metaluminous to weakly peraluminous biotite -hornblende
-titanite I-type granitoids (IG), moderately peraluminous bio-
tite—(muscovite)—(titanite) transitional I/S-type granitoids (TG),
and strongly peraluminous biotite—(muscovite)—(cordierite) S-type
granitoids (SG). Contact relationships between the granitoid types
are usually not clear. The contact between the IG and the TG seems to
be gradational. On the western flank of the sierra, the contact
between the SG and the TG coincides with the La Horqueta shear
zone (Lopez et al., 2007, Fig. 2), whereas on the eastern flank it does
not, but is obscured by the presence of metasediment outcrops.

3.1. I-type granitoids (IG)

The IG (i.e. Palanche pluton in the sense of Bellos, 2008) consist
of medium- to coarse-grained biotite—hornblende granodiorites
and tonalites, and subordinate biotite monzogranites. They are
equigranular to slightly porphyritic, with occasional K-feldspar
megacrysts (5—20%). Their mineral assemblage consists of plagio-
clase (23—59%), quartz (20—46%), K-feldspar (3—25%), biotite
(3—19%), hornblende (3—10%), titanite (<4%), allanite (<3%), opa-
que minerals (<1%, mostly magnetite), epidote, apatite and zircon.
Plagioclase is subhedral to anhedral, has albite twinning and
frequently shows optical oscillatory zoning. K-feldspar is scarce,
perthitic and interstitial in the tonalities, whereas in the granodi-
orites it is sometimes present as light pink megacrysts up to
2—3 cm across. Biotite is subhedral to anhedral, has light brown to
green pleochroism and is partially altered to epidote, muscovite
and chlorite. Hornblende is subhedral to anhedral, has light to dark
green pleochroism, and is sometimes altered to epidote. Titanite is
associated either with biotite or hornblende and occurs as small
rhombic-shaped euhedral to subhedral crystals. Allanite is anhedral
to subhedral, generally prismatic, and is normally enclosed by
epidote. Opaque minerals are associated with biotite, hornblende
and titanite. Apatite occurs as prismatic inclusions in quartz,
plagioclase and biotite, whereas zircon is included mostly in biotite
forming small prismatic crystals with pleochroic haloes.

The IG can exhibit weak to moderate deformation. Quartz
crystals have ondulose extinction and commonly show fine-
grained recrystallized borders, feldspar twins are sometimes
slightly deformed, and biotites show kinked cleavages.

The IG contain mafic enclaves, syn-plutonic dykes and small
mafic intrusives. All of these mafic rocks show signs of hybridiza-
tion with the granitoids. Enclaves have sizes usually between 10
and 50 cm, rounded borders and oval shapes. Contacts with the
host granitoids can be sharp, lobate, cuspate or sometimes diffuse.
Schlieren commonly occur around their borders and they contain
xenocrysts from the host granitoid. The dykes have variable strike
and thickness, generally between 0.3 and 10 m. They are commonly
disrupted and fragmented, sometimes forming enclave swarms.
The contacts with the enclosing granitoids are sharp and they are
normally bordered by hybrid rocks of intermediate composition.
The intrusives have irregular shapes and sizes between 2 and 10 m;
they are composed of dioritic cores and hybrid granodiorite shells.
Both enclaves and dykes have quartz-dioritic composition, some-
times grading to tonalitic or dioritic. They are dark colored and have
a fine-grained, equigranular texture. They are mainly composed of
evenly distributed subhedral plagioclase (45—65%), pale brown to
green hornblende (5—45%) and brown biotite (up to 25%). Horn-
blende also occurs as clots. Quartz and K-feldspar are scarce and
interstitial or occur as xenocrysts from the enclosing granitoid,
normally surrounded by hornblende forming ocellar textures.
Subhedral titanite and opaque minerals, mostly magnetite, are
common. Apatite is abundant as small elongate prisms and needles.
No large mafic bodies are found in the IG, in contrast with other
areas of the I-type granitic belt such as the western part of the
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Sierra de Famatina (Acefolaza et al., 1996) and the Sierra de Valle
Fértil (Otamendi et al., 2009a, b). The IG also contain scarce,
greenschist facies metamorphic xenoliths formed by quartz, K-
feldspar and biotite.

3.2. Transitional I/S-type granitoids (TG)

The TG are normally dark gray, medium- to coarse-grained
equigranular granodiorites and tonalites, but can grade to
pinkish-gray porphyritic monzogranites. The only abundant
accessory mineral is biotite. Muscovite is usually present, whereas
hornblende is never observed, except within mafic magmatic
enclaves. Typical modal compositions are quartz (30—35%),
plagioclase (25—45%), K-feldspar (5—20%), biotite (10—25%),
muscovite (0—7%), apatite (1%), zircon, monazite and opaque
minerals (magnetite and ilmenite). Plagioclase forms subhedral
laths with albite twinning and oscillatory zoning. K-feldspar
normally forms small interstitial crystals. In the porphyritic
variety, K-feldspar also occurs as pink megacrysts of up to 10 cm
across and can reach abundances of 10%. Biotite occurs as sub-
hedral, brown to green laminar crystals, usually grouped in
elongated bands, together with scarce muscovite. Apatite is
relatively abundant and occurs as equidimensional, subhedral
crystals always in contact with, or included in, biotite. Small
prismatic zircon crystals are generally included in biotite or more
rarely in plagioclase. Subhedral to anhedral monazite grains were
only recognized in mineral concentrates. A subordinate variety of
the TG is characterized by the absence of muscovite and the
occurrence of epidote, allanite and titanite (0.5—1%) in association
with biotite. In this variety, epidote is subhedral to euhedral and
equidimensional, whereas allanite forms subhedral and elongated
prismatic crystals, and titanite occurs as light brown, euhedral,
rhombic-shaped grains.

The TG generally show stronger deformation than the IG. A
foliated structure is commonly observed, consisting of larger quartz
and plagioclase crystals surrounded by smaller recrystallized
quartz and biotite crystals forming sub-parallel bands. Feldspars
usually show discontinuous and bent twinning, whereas micas are
commonly kinked. Rossi and Toselli (2004) suggest that greenschist
facies metamorphic conditions were reached, close to the brittle-
ductile boundary at ~ 12 km (Sibson, 1977).

Both metasedimentary and mafic magmatic enclaves are found
in the TG. Metasedimentary enclaves composed of schists, phyl-
lites and hornfelses occur either as small enclaves or as large roof
pendants. Contacts between the TG and metasedimentary host-
rocks and enclaves are frequently irregular and partly diffuse,
indicating relatively deep emplacement levels compared to
thebiotite-cordierite SG (see Section 3.3). The hornfels paragenesis
is quartz+K-feldspar+biotite+plagioclase+cordierite+sillimanite+
garnet. Rossi and Toselli (2004) concluded that hornfel
septas within the TG on the western flank of the Sierra de Velasco
equilibrated at 640°C and 4.8kbar. Mafic magmatic enclaves are
similar to those found in the IG but are less abundant. They
decrease in both abundance and size from south (close to the IG)
to north. They are quartz-dioritic to tonalitic and consist of horn-
blende+biotite+plagioclase+quartz+titanite+epidote-+allanite.

3.3. S-type granitoids (SG)

The SG are medium- to coarse-grained porphyritic monzo- and
syenogranites. Two varieties can be distinguished: a main bio-
tite—muscovite variety and a subordinate biotite—cordierite variety
(Fig. 2).

The biotite—muscovite variety (i.e. the Antinaco Orthogneiss in
the sense of Rossi et al., 2000, 2005) is characterized by large (up to

10 cm) and abundant (10—20%) pink, perthitic K-feldspar mega-
crysts. These are commonly poikilitic (with inclusions of plagioclase
and biotite) and show Carlsbad twinning. The matrix is composed of
quartz (20—40%), zoned and unzoned plagioclase (15—30%), per-
thitic K-feldspar (30—40%), red-brown biotite (7—15%) and musco-
vite (2—10%), together with occasional garnet and scarce apatite,
tourmaline, zircon, monazite and opaque minerals. Garnet is
considered to be of magmatic origin because of its relatively high
spessartite content that increases towards the rims (Rossi et al.,
2005). Biotite + muscovite + garnet -+ plagioclase + aluminosilicate
(kyanite/sillimanite) + quartz assemblages in the biotite-muscovite
SG from the northwestern flank of the Sierra de Velasco yielded
maximum temperatures and pressures of 591 °C and 4.3 kbar (Rossi
et al.,, 2005).

The biotite—cordierite variety is found as relatively small bodies
in the Sierra de Velasco (Fig. 2), whereas it forms large plutons in
the sierras of Mazan and Capillitas (Figs. 1 and 2). Syenogranites are
the most common facies, with subordinate monzogranites and
granodiorites. This variety is also porphyritic, but the K-feldspar
megacrysts are gray to pale-yellow. The matrix is formed by quartz
(20—40%), unzoned plagioclase (15—30%), perthitic K-feldspar
(20—40%), red-brown biotite (8—15%), cordierite (3—15%), silli-
manite (<1-5%) and scarce garnet, apatite, zircon, monazite and
opaque minerals (ilmenite and pyrite). Cordierite occurs as sub-
hedral to euhedral prisms (up to 20 mm long) with very variable
degrees of alteration. Three types of cordierite can be distin-
guished: (1) with aligned, fine-grained quartz and biotite inclusions
in the cores and inclusion-free rims; (2) with unaligned coarse-
grained inclusions of quartz, biotite and muscovite; and (3) inclu-
sion-free. Simple twinning, considered indicative of a magmatic
origin, is observed in types (2) and (3). Sillimanite is found asso-
ciated with micas, either as euhedral prisms or showing fibrous
habit. Monazite is relatively abundant and easily recognizable in
backscattered images.

The SG normally show strong deformation and can be consid-
ered orthogneisses. The K-feldspar megacrysts are commonly
deformed, producing asymmetrical structures. Feldspars in the
matrix show discontinuous and bent twinning whereas quartz
occurs both as larger crystals with ondulose extinction and as
smaller recrystallized grains in a mosaic arrangement. Micas are
fractured and oriented in sub-parallel bands. In the bio-
tite—muscovite SG variety, both sillimanite and kyanite are found
generated at the expense of quartz and muscovite (Rossi et al.,
2000).

Enclaves are less abundant than in the IG and TG. Both meta-
sedimentary and mafic magmatic types are found. In some areas,
the biotite—cordierite SG variety contains abundant metasedi-
mentary xenoliths and large roof pendants composed of phyllites
and schists. The angular shape, sharp contacts and nearly unaltered
metasedimentary textures and structures observed in most xeno-
liths and roof pendants indicate very shallow emplacement levels
for the biotite—cordierite SG variety. Hornfels with the assemblage
cordierite + biotite + K-feldspar + sillimanite + quartz occur only
in the vicinity of the cordierite-bearing granitoids. Magmatic
enclaves are less mafic than in the southern granitoids, their
composition being biotitic tonalites.

4. Geochemistry

32 New whole-rock chemical analyses of samples from the
studied granitoid types (3 of IG; 10 of TG; 19 of SG) are shown in
Table 1; locations are shown in Fig. 2. Six samples were analyzed at
Activation Laboratories Ltd. (Canada) by ICP (for major elements)
and ICP-MS (for trace elements). The other 26 samples were
analyzed at the universities of Oviedo (major elements) and Huelva



Table 1

Whole-rock major and trace element geochemistry of the studied Sierra de Velasco granitoids.

Sample: I-type granitoids Transitional I/S-type granitoids

6496° 6480° 7479 Avg. (14) St. dev. 6554° 6575% 65532 6564° 7466 7468 7603 7655 7920 7922 Avg. (12) St. dev.
Mayor oxides (wt.%)
Si0, 72.52 69.07 70.03 66.92 3.55 65.39 69.02 68.00 64.58 62.66 66.51 65.18 68.69 68.16 69.33 67.18 226
TiO, 031 0.53 0.44 0.63 022 0.79 0.52 0.52 0.65 0.99 0.60 0.71 0.41 0.57 0.39 0.59 0.17
Al,05 13.20 14.15 13.93 14.98 1.01 15.41 14.66 15.31 15.41 16.17 14.88 14.97 14.10 14.76 14.29 14.91 0.60
Fe,05"" 226 4.30 3.16 4.46 1.40 5.73 4.25 4.08 522 7.00 499 5.06 323 3.77 3.17 4.53 112
MgO 0.70 135 1.03 1.44 0.51 2.00 1.62 1.55 2.09 214 1.70 175 1.02 1.06 0.85 1.52 0.44
MnO 0.03 0.09 0.08 0.09 0.03 0.09 0.09 0.08 0.09 0.13 0.08 0.13 0.09 0.08 0.09 0.09 0.02
Cao 1.81 3.65 293 3.55 1.04 3.19 273 2.81 3.01 334 2.53 2.14 0.89 157 2.78 2.52 0.70
NaO 231 277 2.84 3.01 0.29 272 253 279 3.14 3.17 2.36 272 1.99 226 3.06 2.66 0.36
K0 5.04 272 3.93 332 1.01 345 3.50 3.63 3.16 293 4.50 3.47 6.38 5.66 3.46 4.03 1.05
P05 0.07 0.16 0.13 0.17 0.07 037 0.17 0.19 0.24 0.46 0.28 0.21 0.11 0.29 0.10 0.23 0.11
PF. 1.16 1.09 0.56 0.90 0.29 119 1.29 1.22 1.10 0.78 0.71 nd. nd. nd. nd. 0.91 0.33
Total 99.40 99.88 99.06 99.41 0.48 100.32 100.38 100.17 98.68 99.76 99.15 96.34 96.91 98.18 97.52 98.87 1.36
A/(CNK) 1.05 1.00 0.98 1.00 0.04 1.10 1.14 112 1.10 1.12 111 1.24 1.20 1.16 1.03 1.12 0.05
Trace elements (ppm)
\ 46 84 54 86 36 108 75 64 91 110 n.d. 102 67 50 49 78 22
Cr n.d. 60 188 51 45 63 37 42 62 79 n.d. 56 48 34 46 52 13
Rb 228 148 101 134 39 206 160 176 213 181 n.d. 189 181 167 143 177 23
Sr 119 133 118 184 50 93 85 92 90 84 n.d. 128 117 70 114 97 18
Y 34 41 26 32 8 42 33 26 28 28 n.d. 27 17 25 12 27 8
Zr 101 200 n.d. 210 54 228 175 123 165 n.d. n.d. 185 158 161 120 164 34
Nb 18 14 10 13 3 24 15 14 26 28 n.d. 26 17 10 11 18 6
Ba 836 459 468 786 355 343 242 241 182 108 n.d. 404 731 334 385 344 168
La 18 51 29 53 49 37 31 23 28 27 n.d. 39 24 43 25 32 7
Ce 39 98 62 108 91 77 62 49 59 56 n.d. 91 60 108 60 70 18
Pr 52 10 8.3 11 7.6 9.9 7.7 59 6.7 75 n.d. 10 6.6 13 6.4 8.5 22
Nd 25 35 34 41 25 36 28 22 28 31 n.d. 37 24 48 23 32 8
Sm 8.1 6.5 6.7 8.4 3.0 8.0 6.1 48 6.0 72 n.d. 73 4.7 10.6 43 6.7 18
Eu 13 13 11 15 0.3 11 0.9 0.9 1.0 1.0 n.d. 13 11 0.9 0.9 1.1 0.2
Gd 84 6.0 5.8 71 1.7 7.0 52 42 5.7 73 n.d. 6.4 4.0 9.6 3.7 6.1 1.8
Tb 1.5 11 0.9 12 03 14 1.0 0.8 11 14 n.d. 11 0.7 14 0.5 1.0 03
Dy 8.3 6.8 53 6.2 1.6 8.3 6.1 4.7 5.7 72 n.d. 6.1 3.7 6.8 29 59 1.7
Ho 1.5 15 11 12 0.4 15 12 0.9 1.1 12 nd. 1.1 0.7 12 0.5 1.1 03
Er 39 42 3.0 36 1.1 4.0 33 24 2.7 26 n.d. 27 19 26 13 27 0.7
Tm 0.58 0.71 0.43 0.55 0.17 0.61 0.55 0.38 0.41 0.32 n.d. 0.32 0.26 031 0.15 0.38 0.13
Yb 32 4.4 2.7 34 1.0 3.6 32 24 25 1.6 n.d. 18 1.6 1.7 0.8 22 0.8
Lu 0.41 0.83 0.39 0.47 0.17 0.49 0.48 033 0.35 0.22 n.d. 0.22 0.24 0.24 0.12 031 0.12
Ta 8.0 5.1 1.7 3.0 25 4.5 39 54 5.1 4.6 nd. 2.7 29 23 25 3.7 1.1
Pb 28 18 17 18 5 16 14 24 22 16 n.d. 33 47 41 32 27 10
Th 8.1 17 16 14 8 20 18 12 12 12 n.d. 17 13 22 9.2 16 5
u 14 22 12 18 0.9 21 1.6 23 26 1.0 n.d. 18 19 0.7 1.0 1.7 0.6
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Sample:  S-type Bt—Ms granitoids S-type Bt—Crd granitoids
7688 7359 7721 7907 7908 7956 7581 7595 7833 7915 7610 7668 7913 Avg.(17) St.Dev. 7493 7661 7663 7903 7905 7196 Avg.(7) St.Dev.

Mayor oxides (wt.%)

Si0, 71.02 7199 6946 7285 7513 7255 7241 7209 69.54 7080 7291 73.98 73.61 71.46 223 68.85 66.64 7323 7334 74.70  72.00 71.29 2.85
TiO, 0.43 0.36 0.51 0.24 0.13 0.26 0.24 0.12 0.40 0.33 0.25 0.20 0.24 035 0.17 0.63 0.71 0.22 0.31 0.28 0.49 0.44 0.18
AlL03 14.54 1427 1500 14.09 14.19 1448 13.78 1385 1423 1404 1417 1413 14.27 14.30 0.43 1468 16.09 14.68 1433 1355 14.28 14.56 0.77
Fe,05"  3.66 2.88 4.10 221 113 222 1.52 1.46 3.20 2.60 1.60 1.88 223 2.84 123 4.51 4.55 1.26 1.86 1.29 3.75 3.01 148
MgO 117 0.87 1.36 0.51 0.24 0.58 0.05 0.16 0.88 0.54 0.50 0.40 0.49 0.81 0.53 1.56 1.70 0.44 0.54 0.43 1.22 1.01 0.54
MnO 0.10 0.09 0.10 0.03 0.01 0.04 0.02 0.03 0.09 0.07 0.04 0.03 0.04 0.06 0.03 0.07 0.06 0.02 0.03 0.02 0.10 0.06 0.03
Cao 147 0.92 123 0.71 0.63 0.72 0.58 111 0.94 1.15 0.85 0.63 0.67 1.06 043 1.94 033 0.53 0.72 0.62 0.62 0.94 0.66
NaO 2.51 248 2.51 2.60 3.06 267 2.66 2.74 252 2.66 3.09 3.00 252 2.60 0.30 2.18 1.97 1.59 2.70 253 1.84 217 0.40
K0 435 4.58 4.01 5.21 521 5.28 5.76 517 5.00 4.85 5.49 5.65 5.07 4.84 0.60 443 5.54 6.75 5.58 5.19 4.24 5.10 0.97
P,05 0.18 0.16 0.19 0.28 0.13 0.26 0.26 0.17 0.19 0.16 0.13 0.17 0.22 0.20 0.04 0.20 0.13 0.42 0.13 0.12 0.16 0.19 0.10
PF. 0.81 1.03 1.26 0.69 0.52 0.73 n.d. n.d. n.d. n.d. 0.52 0.58 0.87 0.95 0.40 0.86 1.72 0.76 0.70 0.61 1.07 0.91 0.39
Total 10023 9963 9972 9942 10038 99.78 9728 9690 9699 9720 99.53 100.66 100.20 99.25 1.32 99.92 9945 9990 10025 9934 99.77  99.67 0.41
AJ(CNK) 1.26 133 140 1.26 1.20 1.27 1.18 1.14 1.26 1.20 113 1.16 132 1.25 0.09 123 1.63 135 121 1.24 1.63 1.36 0.19
Trace elements (ppm)

A\ 50 40 62 18 6 25 21 18 65 51 16 15 19 39 23 89 76 10 26 14 n.d. 46 34
Cr 106 74 114 83 60 35 17 135 64 83 15 28 85 64 34 90 63 88 20 14 n.d. 38 32
Rb 184 176 213 n.d. 200 230 280 138 222 240 194 204 n.d. 315 337 148 170 207 200 180 165 178 20
Sr 71 7 80 65 65 71 93 100 88 89 83 48 66 81 16 137 108 108 88 110 89 104 18
Y 19 10 15 24 11 23 28 19 12 11 13 11 24 27 19 26 14 18 15 12 25 23 14
Zr 45 44 37 92 42 101 110 78 123 86 86 82 92 106 61 n.d. 110 82 102 83 184 122 45
Nb 17 16 17 14 59 14 19 5.6 20 20 8.1 9.0 14 14 5 15 20 75 12 8.3 14 13 4
Ba 274 247 332 220 144 221 203 193 428 306 260 153 220 288 105 634 511 437 258 272 423 411 134
La 30 22 24 18 84 19 16 18 21 22 19 17 18 24 10 43 43 8.7 27 22 31 31 13
Ce 62 45 48 36 17 41 42 44 57 54 38 36 36 52 20 84 84 19 55 44 46 61 27
Pr 8.0 5.6 6.1 4.5 2.0 5.0 4.5 4.4 6.1 5.8 4.7 4.4 4.5 6.1 23 10.5 113 26 7.0 5.5 72 7.9 33
Nd 31 21 24 17 75 19 16 15 23 21 18 17 17 23 9 47 44 11 26 21 26 31 13
Sm 6.1 4.2 4.7 4.1 1.7 4.5 4.0 32 49 43 38 39 4.2 5.0 18 9.4 8.3 35 55 43 6.6 6.6 23
Eu 0.9 0.8 1.0 0.7 0.5 0.7 0.5 0.8 1.0 1.0 0.9 0.5 0.7 09 0.2 1.7 15 12 0.9 1.0 20 14 0.4
Gd 54 35 42 4.4 1.8 4.5 43 32 4.0 35 35 3.6 4.4 4.8 18 8.5 7.0 42 4.8 38 6.3 6.0 1.8
Tb 0.8 0.5 0.7 0.9 0.4 0.9 0.9 0.6 0.6 0.5 0.6 0.6 0.9 0.8 04 11 0.9 0.8 0.7 0.6 0.8 0.9 0.3
Dy 4.5 26 3.6 5.0 21 4.9 5.7 3.6 33 2.7 28 26 51 5.0 25 6.4 4.0 4.4 3.6 28 4.9 5.0 2.0
Ho 0.8 04 0.7 0.9 0.4 0.9 1.1 0.7 0.6 0.4 0.5 0.4 0.9 1.0 0.6 1.0 0.6 0.8 0.6 0.5 2.0 1.0 0.6
Er 2.0 1.1 1.7 25 13 25 29 22 12 1.0 13 1.0 25 27 19 2.8 14 18 1.5 12 29 24 1.4
Tm 0.27 0.16 0.25 0.38 0.22 0.39 0.45 0.34 0.16 0.15 0.20 0.15 0.38 0.40 0.26 0.24 0.19 0.26 0.22 0.17 0.49 033 0.22
Yb 1.6 1.0 1.5 24 1.5 25 2.7 2.0 1.1 1.0 13 0.9 24 2.5 16 20 1.0 15 14 1.1 3.0 21 13
Lu 0.22 0.15 0.23 038 0.24 039 0.43 0.31 0.15 0.14 0.21 0.15 0.38 0.37 0.23 0.15 0.17 0.23 0.21 0.18 0.40 0.28 0.18
Ta 4.0 5.0 4.3 22 1.7 23 3.7 22 59 52 20 1.7 22 3.0 14 4.5 24 20 22 18 n.d. 26 1.0
Pb 24 28 23 38 31 31 41 42 42 52 39 35 38 31 12 27 40 37 35 32 n.d. 34 5
Th 17 9.4 11 9.1 4.0 11 10 6.5 10 8.9 11 10 9.1 11 4 20 21 33 17 12 10 14 6

u 29 18 24 5.1 32 5.7 3.0 0.9 23 1.8 49 42 5.1 3.0 14 1.1 5.7 4.7 8.4 6.2 49 4.7 25

n.d. = not determined.
2 Analyses carried out at Activation Laboratories Ltd. by ICP (for major elements) and ICP-MS (for trace elements); all other analyses carried out at the universities of Oviedo by XRF (for major elements) and Huelva by ICP-MS
(for trace elements).
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Fig. 3. Harker major oxides variation diagrams for the studied Sierra de Velasco granitoids. Fields in the K,0 vs. SiO, diagram are from Rickwood (1989). I/S-type granitoid boundary
at ASI= 1.1 from Chappell and White (1974).

(trace elements), Spain. Major elements were determined by XRF
with a Phillips PW2404 system using glass beads; the typical
precision of this method is better than +1.5%. Trace elements were
analyzed by ICP-MS with an HP-4500 system. The precision and
accuracy for most elements range between <5 and 10%, as deter-
mined by repeated analyses of international rock standards SARM-
1 and SARM-4. Details on the procedures can be found at www.
actlabs.com and in de la Rosa et al. (2001). The use of interna-
tional standards at all labs ensures reproducibility and compara-
bility of the resulting data. Previous analyses published in Bellos

(2005; 11 samples of IG), Rossi et al. (2005; 3 samples of SG) and
Lépez et al. (2007; 2 samples of TG and 2 of SG) are also considered.
Averages based on all samples are also shown in Table 1.

4.1. Major element geochemistry

The IG have the largest compositional range and are the least
silicic granitoids (61—73% SiO;). The TG have intermediate
compositions (63—69% SiO,), whereas the SG have the highest silica
contents (66—75% SiOz). On a KO vs. SiO, diagram, all three
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Fig. 4. Granite classification scheme of Frost et al. (2001) for the studied Sierra de
Velasco granitoids.

granitoid types plot mostly in the high-K calc-alkaline field (Fig. 3).
Following the classification scheme of Frost et al. (2001), they
correspond to magnesian (Fig. 4a) and calc-alkalic granitoids
(Fig. 4b). According to the alumina saturation index (ASI), the IG are
metaluminous to weakly peraluminous (ASI=0.94—1.05), the TG
are moderately peraluminous (ASI=1.03—1.24), and the SG are
strongly peraluminous (ASI = 1.13—1.63) (Fig. 3).

The three granitoid types define different trends on the A—B
diagram of Debon and Le Fort (1983) and plot in distinct fields
following the classification of Villaseca et al. (1998) (Fig. 5). The IG
plot in the metaluminous and low peraluminous fields and define
a negative slope trend of increasing peraluminosity towards the
more felsic samples. In contrast, the SG plot in the highly per-
aluminous field and have positive slope trends of decreasing per-
aluminosity towards the more felsic varieties; the biotite-cordierite
variety roughly defines a steeper-sloped trend than the bio-
tite—muscovite variety. The TG plot in the moderately per-
aluminous field and their trend is sub-horizontal, with fairly
constant peraluminosity towards the more felsic samples.

On Harker variation diagrams, all three granitoid types show
similar linear trends (Fig. 3). With increasing SiO, content, TiO-,
Al,03, Fe;03'®, MgO, CaO and P,0s decrease, whereas K,O
increases. Na,O decreases in the IG and TG and shows an erratic
behavior in the SG. The IG generally show better-defined trends,
whereas the SG show the most scatter. Although the trends shown
by the three granitoid types are similar, they are not continuous but
are rather sub-parallel. Thus, for equal SiO, contents, the IG have
higher concentrations of CaO and Na;O and lower concentrations of
TiOy, Al,03, Fe;03', MgO and P,0s than the SG, whereas the TG
usually have intermediate values.

The two varieties of the SG generally have similar major element
concentrations. Mafic and felsic facies within the biotite—cordierite
variety can be distinguished in the Fe;03™' and MgO vs. SiO;
diagrams (Fig. 3). The titanite—allanite—epidote TG variety is
similar in composition to the main TG variety, although it is less
peraluminous.

4.2. Trace element geochemistry

On variation diagrams, the trace elements tend to exhibit more
scatter than the major elements and some trace elements show
different behavior in the different granitoid types (Fig. 6).

In the IG, V, Sc, Sr, Eu and Zr show negative correlation with SiO,,
Rb a positive one, and Y, Nb and the HREE remain relatively
constant. The Rb/Sr ratio is relatively low (average Rb/Sr = 0.8) and
increases slightly with SiO,. Compared to the other granitoid types,
the IG are rich in Sr and Ba and poor in Rb.

The SG exhibit decreasing contents of V, Sr, Y, Ba, Zr and total
REE, and increasing contents of Rb with increasing SiO,. The Rb/Sr
ratio also shows a positive correlation with SiO, (average Rb/
Sr = 2.3). These granitoids are rich in Rb and poor in Sr and Ba. They
are also relatively rich in Y and Th. The two SG varieties have similar
trace element contents and they cannot be separated on these
diagrams.

In the TG, trace elements generally show weak correlation with
SiO,, sometimes defining opposite trends with respect to the other
granitoid types. V, Nb, Zr and Rb correlate negatively, whereas Ba
correlates positively. Y and the REE do not exhibit obvious
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Fig. 5. A—B diagram of Debon and Le Fort (1983) for the studied Sierra de Velasco
granitoids. Granitoid compositional fields in blue are from Villaseca et al. (1998). Solid
gray arrows are the trends defined by each of the studied granitoid types (the three
samples of the titanite—allanite—epidote TG variety were not considered for the
calculation of the TG trend). Dashed red arrows are trends of experimental melts from
different protoliths: 1= pelite-derived melt (Vielzeuf and Holloway, 1988);
2 = greywacke-derived melt (Conrad et al, 1988); 3 =amphibolite-derived melt
(Beard and Lofgren, 1991). Solid fields: La Cebila metapelites from Espizia and
Caminos (1979), Hockenreiner (1998) and our unpublished data; Ancasti meta-
pelites from Willner et al. (1990); Ancasti metagreywackes from Willner et al. (1990)
and our unpublished data; Famatinian gabbros and diorites from Pankhurst et al.
(2000) (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.).



P. Grosse et al. / Journal of South American Earth Sciences 32 (2011) 110—126 119

1607 A
140
120 NN
X
100 4 *X x A
> 80 o
Cha ~ X
60 A BtHbl IG o) XXQ
1 x Bums) TG % @
+
40] + BtTn-AnEp TG QA
el O BtMs SG
O Bt-Crd SG O
0 : —
300 -
(o]
250
g
X
200 1 )z< x i o Q'EIO o)
8 X P o % o
150{ A A
A (@]
ar Mo
100 1 A A A
A
50
35
X
30
X
25 XA
S 20 O o ©
A 0 x0O
15 A a4 ax '?A?ED Oc O
A (]
10 A A xata Ao
o Ya|
5 Q o
5.
o
4_
0]
. i3 o o
w
2 X x § ®0q
X X
2 X x X % O
X qj X o A O
; Aonﬂ"
A A '\
A A% A
0 .

80
60 | o °
O a O
> 40 X A
A “A A )é )?- AA
X OAX x+a o
201 A 2 o0 o g
o 8 o 0 olb
0
300
i A
250 { A A
200 A A A A
A
& 150 A Q
X
100 4 &K oX+4 c@?‘h =
X x X X xgﬁo o
X OCO0»o o
50 | o)
0
300
250 A Aa
o oft O
x, O o]
200 w A 5 t o
5 A
W 150 | X x XX Ao 0oL
A X '@ O A o
100 Boq,
O
50 1 o)
0
30 ;
O
25
A
20 &
55 X
> 15 X B o
; X £ '5(') OO DOD
10 1 X xX® o)
X A
A X X X {8)
51 4740 &% CE&#:P o
0 : . .

60 62 64 66 68 70 72 74 76
sio,

Fig. 6. Selected trace element variation diagrams for the studied Sierra de Velasco granitoids.

correlations with SiO,. Rb and Ba trends are opposite to those of the
other granitoid types. Sr values are quite constant, and the average
Rb/Sr ratio is 1.9. Trace element concentrations are more similar to
those of the SG than to those of the IG. The titanite-
—allanite—epidote TG variety generally has similar concentrations
as the main TG variety.

REE chondrite-normalized plots are shown in Fig. 7. All granitoid
types show relative LREE enrichment and HREE depletion,
producing a concave-up pattern. They all have moderate negative
Eu anomalies suggesting feldspar fractionation at the source. The
negative Eu anomaly is generally less pronounced in the IG (average

Eu/Eu” = 0.64), and stronger in the TG (average Eu/Eu” = 0.54) and
the SG (average Eu/Eu”=0.61). In all granitoid types, REE frac-
tionation tends to decrease with increasing SiO», although the
correlation is generally not good. The IG usually have (La/Yb)y
values of ~5—8, with the exception of three samples which have
values >13, possibly related to higher allanite contents. The main
TG variety has (La/Yb)y values of ~6—11, except two samples with
values of 14 and 17, whereas the titanite-allanite-epidote variety
has higher (La/Yb)y values of ~10—21, possibly related to higher
monazite and allanite contents. The SG have very variable (La/Yb)y
values ranging from 4 to 15. The biotite—muscovite SG generally
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have higher HREE concentrations and lower (La/Yb)y values
(average = 8), possibly related to higher garnet contents, whereas
the biotite-cordierite SG generally have lower HREE contents and
higher (La/Yb)y values (average = 10).

5. Nd isotopes

14 Whole-rock Nd isotope analyses of the studied granitoids are
given in Table 2; locations are shown in Fig. 2. Four samples are of
the IG, three of the TG and seven of the SG. Initial ratios are
calculated using a crystallization age of 472 Ma, which is the

average age of the granitoids based on all available U—Pb ages. Nine
analyses were carried out at the Department of Earth and Envi-
ronmental Sciences, Ludwig-Maximilians-Universitdit, Munich,
Germany, and five at the Geochronology Laboratory of the Uni-
versidade de Brasilia, Brazil. Similar procedures were carried out at
both labs, following the method described by Gioia and Pimentel
(2000). Sm and Nd concentrations were determined by isotope
dilution using a mixed Sm—Nd spike. Samples (50—100 mg) were
dissolved with an HF-HNO3 mixture and then with HCl 6 N. Sm
and Nd were separated in Teflon columns by conventional cation
exchange techniques. The isotopic ratios were measured on Re
evaporation filaments using a Finnigan MAT 262 multi-collector
mass spectrometer. eNd values were calculated using the CHUR
constants of Goldstein et al. (1984) and Peucat et al. (1988). Two-
stage model ages were calculated following Liew and Hofmann
(1988).

The eNd values of all samples are negative, between —3.9
and —8.2, suggesting an isotopically evolved source or sources. The
four IG samples have similar eNd values (—3.9 to —4.9) that are
comparable to the values obtained for I-type granitoids of the
sierras of southern La Rioja (Pankhurst et al., 1998; Fig. 8), although
the IG values are slightly higher, suggesting a somewhat more
primitive source and/or less contamination. The ¢Nd values of the
TG and SG are more variable and generally lower than those of the
IG (Fig. 8). Two TG samples have values of —4.1 and —4.6 that are
within the IG range, whereas the third sample has a lower value of
—6.2. The SG samples span a wide range of values between —4.4
and —8.2 and all but one sample have values that are lower than the
IG range. Most of the TG and SG e¢Nd values are intermediate
between those of the IG and those of metasedimentary basement
rocks (Fig. 8), suggesting significant participation of crustal
components in their genesis.

Two-stage Nd model ages of the three studied granitoid types
are similar (Table 2): 1.46—1.54 Ga for the IG, 1.47—1.64 Ga for the
TG, and 1.50—1.80 Ga for the SG. These ages are comparable to those
determined for both I- and S-type Ordovician granitoids of neigh-
boring ranges (~150—1.70Ga; e.g. Pankhurst et al, 1998;
Hoéckenreiner et al., 2003). The Nd model ages can be interpreted
in two ways: (1) they indicate a Mesoproterozoic crustal source for
the granitoids; (2) they reflect mixing between an older Palae-
oproterozoic crustal source and a younger source.

6. Discussion
6.1. Classification of the granitoid types

Chappell and White (1974) first proposed the classification of
granites into I- and S-types, based on studies of the Lachlan Fold
Belt granites of eastern Australia. Although this classification has its
pitfalls (e.g. Clarke, 1992), it is valid in that it recognizes that highly
contrasting parental materials can be involved in the genesis of
granites and that granites image these sources, although not
necessarily in a simple manner (e.g. Clemens, 2003). I-types are
considered to be derived by melting of metaigneous crust, whereas
S-types are considered to derive from melting of metasedimentary
crust. The main criteria for distinguishing I- and S-types can be
summarized as follows (see Chappell and White, 1974, 1992, 2001):
I-types usually contain hornblende and titanite and have mafic
microgranular enclaves. They are metaluminous to weakly per-
aluminous (ASI < 1.1) and have higher concentrations in Ca, Na and
Sr. Their ¢Nd values range from +3.5 to —8.9. S-types contain Al-
rich minerals (muscovite, cordierite, garnet, sillimanite, andalusite)
and have metasedimentary enclaves. They are always per-
aluminous (ASI > 1.1) and have higher contents in K and Rb. Their
eNd values range from —5.8 to —9.2.
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Table 2

Whole-rock Sm—Nd isotope data of the studied Sierra de Velasco granitoids.
Sample Sm  Nd  ¥Nd/'Nd 2¢ 1479m/144Nd eNd Nd two-

(ppm)(ppm) error (472 Ma) stage model
age (Ga)

I-type granitoids
6999° 735 332 0.512223 0.000009 0.1338 -4.3 1.49
7145 16.6 115 0.512047 0.000029 0.0873 -49 1.54
7293* 839 414 0.512191 0.000005 0.1225 -43 1.49
7479 541 288 0.512182 0.000007 0.1134 -39 1.46
Transitional I/S-type granitoids
7466 583 259 0.512216 0.000014 0.1358 -4.6 1.51
7682* 525 344 0.512106 0.000009 0.0922 -41 1.47
7920 114 513 0512128 0.000014 0.1345 -6.2 1.64
S-type Bt-Ms granitoids
7359 2.82 16.7 0.512083  0.000008 0.1020 -5.1 1.56
7688 472 263 0.512138 0.000007 0.1085 —-4.4 1.50
7833 416 215 0.512024 0.000014 0.1170 -7.2 1.72
7907° 400 165 0.512078 0.000009 0.1463 -7.9 1.77
S-type Bt-Crd granitoids
7493 810 41.0 0512113 0.000006 0.1194 -5.6 1.59
7663 3.03 9.260.512219 0.000011 0.1978 -8.2 1.80
7903 546 257 0512024 0.000018 0.1285 -79 1.77

eNd values calculated asuming '*3Nd/'**Nd (CHUR)ioday = 0.512638 (Goldstein
et al,, 1984) and '¥7Sm/"*4Nd (CHUR)oday = 0.1967 (Peucat et al., 1988). Calcula-
tion of 2-stage model ages after Liew and Hofmann (1988) with '43Nd/'#*Nd (DM) =
0.513151, '7Sm/'*Nd (DM) =0.219 and '#7Sm/'**Nd (CC) =0.12.

2 Analyses carried out at the Department of Earth and Environmental Sciences,
Ludwig-Maximilians-Universitdt, Munich, Germany.

b Analyses carried out at the Geochronology Laboratory of the Universidade de
Brasilia, Brazil.

Following these criteria, the IG are clearly I-type granites and
the SG are S-type granites. Classification of the TG is more difficult:
(a) they lack hornblende but sometimes contain titanite and they
usually, but not always, contain scarce muscovite; (b) they contain
both metasedimentary and mafic enclaves; (c) they have ASI values
slightly above or below 1.10 (the average is 1.12); (d) their chemistry
is intermediate between the IG and SG, generally more similar to
the later; and (e) their eNd values are comparable to both the SG
and IG. The TG clearly have intermediate or transitional charac-
teristics between the other two granite types and thus can hardly
be classified as either I- or S-type. They can be regarded more
accurately as transitional I/S-type granitoids, or as hybrid granitoids
following the classification scheme and nomenclature proposed by
Castro et al. (1991). This scheme recognizes the importance of
magma mixing or hybridization in the origin of granitoids in
orogenic environments by introducing a new category of H-type
(hybrid) granitoids. Considering mantle-derived magmas and
anatectic melts as mixing end-members, the classification scheme
consists of mafic, totally mantle-derived granitoids (M-type), felsic,
totally metasedimentary-derived granitoids (S-type), and three
intermediate H-type granitoid classes: Hp-type, in which the
contribution of the mafic magma predominates; Hs-type, in which
the felsic end-member predominates; and Hgs-type (hybrid sensu
stricto), in which the participation of each end-member is more or
less equal. Following this scheme, the TG would classify as Hgs-type,
the IG as Hy-type and the SG as Hs-type.

6.2. Origin of the three granitoid types

The more primitive IG samples (i.e. those with lower SiO,
content) are invariably metaluminous and rich in Fe,03, MgO, CaO
and Sr. Villaseca et al. (1998) indicate that these compositions
cannot be generated by partial melting of any peraluminous crustal
protolith such as metapelites, metagreywackes or acid metaigneous

rocks, and that the only possible protholiths are metabasic rocks
such as basaltic amphibolites. Comparison of the IG with compo-
sitions of melts produced by experimental dehydration-melting of
various lithologies supports this idea (Figs. 5 and 9). The compo-
sitional trend shown by the IG on the A—B diagram is similar to the
trend produced by the experimental melting of an amphibolite
under water-undersaturated, lower crustal conditions performed
by Beard and Lofgren (1991, Fig. 5). These authors showed that 30%
amphibolite melting produces a tonalitic melt with A—B values of
—36 and 180, which are very similar to the values of the more
primitive IG samples. Furthermore, in most major element
diagrams designed by Patifio Douce (1999), the IG samples plot in
the field corresponding to melts derived from amphibolites (Fig. 9).
However, the IG, and Cordilleran calc-alkaline granitoids in general,
tend to have higher K/Na ratios compared to basaltic amphibolite
derived melts (Fig. 9), suggesting either (1) assimilation of basaltic
melts with metasediments, or (2) re-melting of older calc-alkaline
rocks that were themselves formed by basalt magma — metasedi-
ment interaction (Wolf and Wyllie, 1991; Patifio Douce, 1999;
Castro et al., 1999). The eNd values of the IG samples are consid-
erably lower than the ¢Nd values of gabbros from the Sierra de Valle
Fértil, considered by Pankhurst et al. (2000) and Otamendi et al.
(2009a) as potential sources for I-type granitoids, and mostly
higher than the eNd values of high-grade crustal metasediments of
the Sierras Pampeanas (Fig. 8), thus agreeing with a process of
interaction of mafic melts with crustal medasediments in their
genesis.

Strongly peraluminous granites such as the SG can be generated
by partial melting of metasediments, either pelites or greywackes,
and/or acid metaigneous rocks (i.e. peraluminous orthogneisses,
e.g. Miller, 1985; Holtz and Johannes, 1991; Villaseca et al., 1998). In
the A—B diagram (Fig. 5), the biotite-muscovite SG compositional
trend plots between the trends of experimental melts derived from
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Fig. 8. ¢Nd values (472 Ma) of the studied Sierra de Velasco granitoid types (symbols
as in Fig. 3). Diamonds are S-type granitoids from the Sierras of Copacabana and
Fiambala (from Hockenreiner et al., 2003). Field of Sierra de Chepes I-type granitoids
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metapelites and metagreywackes, suggesting derivation from
a mixture of both protoliths. This is consistent with field observa-
tions indicating that the metasediments that form the meta-
morphic basement of NW Argentina (Puncoviscana Formation s.1.)
consist of intercalating pelite-greywacke sequences (Willner et al.,
1990; Do Campo and Guevara, 2005). The biotite-cordierite SG
trend suggests a more metapelitic source and/or assimilation with
a metapelitic host-rock, such as the La Cébila Formation, during
emplacement. Abundant metamorphic xenoliths, roof pendants
and xenocrystic cordierite within some biotite-cordierite SG bodies
support the possibility of considerable contamination by the La
Cébila Formation. Comparison with melts in the diagrams of Patifio
Douce (1999) (Fig. 9) indicates that the SG have concentrations of
alumina and alkalis compatible with a metasedimentary origin, but
their concentrations of calcium and especially the ferromagnesian
components are too high. These values can be explained either by
interaction with mafic magmas (e.g. Elburg, 1996; Castro et al.,
1999) or incorporation of restitic phases (White and Chappell,
1977). The presence of mafic enclaves, and the lack of

metasedimentary restites, support the participation of mafic
material. The involvement of a mafic component in the genesis of
the SG is consistent with their Nd isotopic ratios, since the SG
samples have e¢Nd values that are mostly intermediate between the
IG and basement metasediments (Fig. 8). The high variability of the
SG ¢Nd values can be linked to the isotopic heterogeneity shown by
the metasedimentary end-members (Fig. 8).

The TG have intermediate compositions between the IG and the
SG. In the A—B diagram, they define a sub-horizontal trend of
constant peraluminosity with increasing differentiation, between
the trends of the IG and SG; their compositions are similar to those
of metagreywackes (Fig. 5). Comparing the trend of the TG with
melts produced by metapelites and metagreywackes it is clear that
the TG are not pure melts of either of these protoliths: their per-
aluminosities are too low compared with pelite-derived melts and
they are too mafic compared with both types of melts. A mafic
component seems to be necessary in their genesis. This is further
supported when the TG are compared with experimental melts in
the diagrams of Patifio Douce (1999) (Fig. 9). The TG samples
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generally plot in the field of amphibolitic-derived melts, indicating
that they are too rich in calcium and ferromagnesian components
to be of a purely metasedimentary origin. The presence of mafic
enclaves supports the participation of a mafic component. The eNd
values of the two samples from the main TG variety are within the
SG range, whereas one of these samples and the titanite-allanite-
epidote TG sample have values within the IG range (Fig. 8). The TG
eNd values are thus not conclusive and can concur with the
participation of either or both the SG and IG in their formation. The
intermediate composition of the TG suggests a hybrid or mixed
origin, as was already suggested by Pankhurst et al. (2000) for
biotite granites on the southwestern flank of the sierra. Their
formation can be explained in two ways: (1) “first generation”
mixing of mafic and metasedimentary melts, and (2) “second
generation” mixing of IG and SG melts.

6.3. Geotectonic implications: across-arc variation of Famatinian
magmatism

Available U—Pb ages constrain the timing of Famatinian mag-
matism in the Sierra de Velasco to ~480—460 Ma and indicate that
the production of I-, S- and transitional I/S-type granitoids was
broadly coeval, in agreement with regional geochronological
studies (e.g. Pankhurst et al., 2000). Thus, the across-arc variation of
Famatinian magmatism does not seem to be time dependent.
Instead, the variation from I- to S-type granitoids towards the
continental interior is likely related to varying genetic processes
within a single and continuous subduction-related setting.

All three studied granitoid types have negative ¢éNd values and
similar old Nd model ages of ~1.6 Ga suggesting similar, mostly
isotopically evolved, sources. The compositions of the different
granitoid types can be explained by the varying participation of
two main sources: (1) mafic lower crust/lithospheric mantle; and
(2) metasedimentary crust. The across-arc variation from I- to I/S-
to S-type granitoids can be envisaged as the result of a progres-
sive increase in the participation of the metasedimentary
component towards the interior of the continent, probably at
progressively higher crustal levels and related with increasing
crustal thickness. Following this interpretation, a continuous
across-arc magmatic variation would be expected, as has been
proposed for other subduction-related arcs (e.g. Gray, 1984; Liew
and Hofmann, 1988; Collins, 1996, 1998). However, transitional
I/S-type granitoids seem to be much scarcer than I- and S-type
granitoids, both in the Famatinian arc and in arcs in general. This
suggests that, although there is a progressive compositional
variation in general terms, two end-member situations are more
likely: (1) mafic lower crust melting and production of metal-
uminous magmas, with minor metasedimentary contamination,
towards the continental margin; and (2) melting of metasedi-
mentary crust with minor assimilation of mafic melts generating
strongly peraluminous magmas towards the continental interior.
The intermediate case of mixing of the two end-members, and
consequent formation of transitional I/S-type melts, is possibly
less common because it may only occur at spatially limited
intermediate zones where batches of already produced I- and
S-type magmas pond and mix.

The different granitoid types were emplaced at different crustal
levels, although all at relatively shallow depths. The biotite-
muscovite SG and the TG emplaced at ~14—18 km depths (Rossi
and Toselli, 2004; Rossi et al., 2005; de los Hoyos et al., in press),
whereas the IG emplaced at shallower levels (Bellos et al., 2010,
estimate a maximum depth of ~12km), along with the bio-
tite—cordierite SG (~10km; de los Hoyos et al., in press). The
shallower emplacement level of the IG compared to the bio-
tite—muscovite SG and the TG may be related to more favorable

tectonic conditions towards the continental margin and/or the
lower viscosity and higher temperatures of the I-type magmas.

After emplacement, all of the granitoid types suffered regional-
scale deformation resulting in the observed foliations. NNW—SSE
trending shear zones later developed, along which the granitoids
were probably displaced and relocated to their present positions.
The more deeply emplaced TG and biotite—muscovite SG may have
been displaced upwards relative to the IG and placed in contact by
reverse westward movements along the shear zones (e.g. Lopez
et al., 2006).

7. Summary and conclusions

The Sierra de Velasco is a key area for the across-arc recon-
struction of the subduction-related Famatinian magmatism since it
comprises continuous outcrops ranging from I- to S-type granit-
oids. The sierra contains three main types of Early Ordovician
granitoids that reflect the across-arc variation of Famatinian mag-
matism. The three granitoid types are mineralogically and
geochemically distinct but as a whole make up a continuous high-
K, magnesian and calc-alkalic magmatic series with similar trace
element contents.

The IG are biotite—hornblende—titanite metaluminous to weakly
peraluminous granodiorites and tonalites typical of the coastal
I-type granitoid belt and can be correlated with the granitoids of the
sierras of Famatina, southern La Rioja and Valle Fértil; they were
possibly formed by melting of mafic lower crust/lithospheric
mantle, with minor assimilation of crustal metasediments. The SG
are biotite—muscovite and subordinate biotite—cordierite strongly
peraluminous syeno- and monzogranites representative of the
S-type belt; they likely formed by large-scale anatexis of meta-
sedimentary crust and hybridization with the more mafic lower
crustal melts. The TG are biotite, biotite—muscovite and subordinate
biotite—titanite—allanite—epidote moderately peraluminous I/S-
type monzogranites, granodiorites and tonalities that are here
recognized and characterized for the first time in the Famatinian arc;
they show intermediate characteristics between the I- and S-type
granitoids and were possibly generated by less common mecha-
nisms of mixing between I-type and S-type magmas and/or their
parent melts of mafic lower crustal and metasedimentary melts.

The IG have rather constant Nd isotopic ratios reflecting their
mostly mafic lower crustal source. In contrast, the SG and TG show
higher isotopic variability that can be related with the very large
isotopic variability of the middle and upper metasedimentary crust
of the Sierras Pampeanas, which participated significantly in their
genesis. This variability is consistent with the higher major and
trace element scatter of the TG and SG compositions.

The transition from IG to TG to SG implies a compositional
continuum related to an increasing participation of crustal meta-
sediments towards the continental interior, as has been proposed in
other arcs (e.g. DePaolo, 1981; Brown et al., 1984; Gray, 1984; Liew
and Hofmann, 1988; Collins, 1996). However, two main aspects
differentiate the Famatinian across-arc variation from that of other
arcs: (1) the different types of magmatism are synchronous, as
opposed to being progressively younger inland (e.g. Miller and
Bradfish, 1980) or younger outboard (e.g. Collins and Richards,
2008), and (2) there seems to be no, or minor, involvement of
juvenile material/asthenosphere, a major component in other arcs
(e.g. Miller and Bradfish, 1980; Collins, 1996; Castro et al., 1999).
Instead, the sources of the studied granitoids seem to consist of
mafic lower crust/lithospheric mantle and crustal metasediments
in variable proportions (see also Pankhurst et al., 2000; Viramonte
et al., 2007).

This study shows that a two-way I-type and S-type classification
may not be fully adequate when across-arc magmatism is studied
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with some detail. Progressive variations related to different degrees
of mixing between mafic and metasedimentary end-members
produce a wide range of fairly continuous compositions instead of
a clear-cut separation. In this case, a more suitable classification
would be that of the H-type (hybrid) granitoids proposed by Castro
et al. (1991).
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