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The Late Jurassic Aguilar pluton is located in NW Argentina, about 300—400 Km east of the Tarapaca
basin, representing the backarc basin linked to the Jurassic volcanic arc. This small-size and composi-
tionally heterogeneous pluton intruded the metasedimentary rocks of the Ordovician Santa Victoria
Group, along the Cobres-Salinas Grandes lineament. A revision of published geochemical data in the light
of new field and petrological results, allows us to propose a model concerning the petrogenesis and
emplacement mechanisms of Aguilar pluton and to discuss its geodynamic setting. The pluton is mainly
composed of metaluminous and nearly peraluminous granitoids, showing the geochemical character-
istics of ferroan granites. The volumetrically subordinate mafic rocks are both ne- and hy-normative, and
their primary magmas were generated by partial melting of a pristine Proterozoic mantle. Aguilar rocks
display a rather limited range in (87Sr/%0sr);, compared to the entire rift-related plutonic suite, i.e.,
0.703198—-0.704601, and &Nd; from —1.06 to 3.82, calculated at 149 Ma. Fractional crystallization of
mantle-derived magmas and crustal contamination processes explain the evolution to produce strongly
silica-oversaturated magmas, which emplaced in the continental crust. The petrological data indicate
that magma emplacement and cooling occurred at rather shallow depth. Multiple injections of magma
batches into the magma chamber caused mingling and mixing processes early in the crystallization
history. The Aguilar pluton is one of the several igneous complexes whose formation was associated with
the extensional tectonics active during Late Jurassic-Early Cretaceous in NW Argentina. Based on the
geological position and the igneous rocks affinity, we exclude that the Late Jurassic magmatism was
generated in an orogenic setting and envisage that it was linked to the early extensional phase that
preceded the Cretaceous continental rifting, related to the break—up of the South America-Africa
continents.
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1. Introduction

Since Early Mesozoic time, the Andean margin geodynamic
evolution was characterized by the subsequent subduction of the
Aluk, Farallon and Pacific oceanic plates under the South American
continent (Zonenshayn et al., 1984; Jaillard et al., 1990; Scheuber
et al., 1994, Fig. 1A). During the Late Jurassic-Early Cretaceous, the
oblique convergence of the Aluk plate with the South American
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plate produced a transtensional-extensional tectonic regime along
the continental margin, which favored the emplacement of a long-
lived magmatic arc forming the present Coastal Cordillera (Fig. 1B).
Arc magmatism began in the Coastal Cordillera at 180 Ma and
lasted until 100 Ma, including the emplacement of large volumes of
mafic lavas and coeval batholiths (Oliveros et al., 2006; Boekhout
et al, 2012). The Jurassic-Early Cretaceous forearc realm is un-
known because it was eroded during the on-going subduction
(Rutland, 1971; Stern, 1991; Mpodozis and Ramos, 1990; Ramos,
2000, 2009). East of the magmatic arc, the extensional stress
regime and the subsequent crustal thinning provided the space for
the development of the continental-marine Tarapaca basin, that
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Fig.1. A. Plate configuration of the southern Pacific in correspondence of the Central Andes at about 150 Ma, after Scheuber et al. (1994). B. Geological sketch of the southern Central
Andes showing the location, in NW Argentina, of the Upper Jurassic-Lower Cretaceous plutons. The paleogeographic reconstruction of the Jurassic magmatic arc (Coastal Cordillera)
and associated Tarapaca basin is after Printz et al. (1994). (1) El Condor lineament; (2) Cobres-Salinas Grandes lineament after Marquillas and Salfity (1988).

extends from 21° to 28°S. Many authors (Mufioz et al.,, 1988;
Groschke et al, 1988; Charrier and Mufioz, 1994; Printz et al,,
1994; Jaillard et al., 2000) considered it as a backarc basin linked
to the Jurassic magmatic arc (Fig. 1B). In the foreland, at 300—
400 km east of the Tarapaca basin, between 18°S and 28°S, a
widespread magmatism developed in an extensional tectonic
regime in Late Jurassic-Early Cretaceous time, before the Creta-
ceous rift-related sedimentation of Salta Group (Marquillas and
Salfity, 1988). The geodynamic setting of this magmatism is
controversial. Viramonte et al. (1999) included it in the backarc
magmatism of the Jurassic-Cretaceous active continental margin.
More recently, based on geochronological and petrological data, the
extensional tectonic phase responsible for this magmatic activity
has been linked to the break-up of the South America-Africa con-
tinents (Cristiani et al., 2005).

The Late Jurassic-Early Cretaceous magmatic activity formed
two discrete plutonic belts, roughly aligned along the El Condor
and Cobres-Salinas Grandes lineaments (Fig. 1B) (Marquillas and
Salfity, 1988). These belts include the Rangel, Castro Tolay, Santa
Julia, Tusaquillas, Abra Laite, Aguilar, Fundiciones, Hornillos, and
Mecoya plutons (about 163 to 123 Ma, Rubiolo, 1992; Menegatti,
2001; Cristiani, 2003; Zappettini, 2008; Hauser et al., 2010). The
plutons show a great variety of rock compositions, ranging from
metaluminous biotite or amphibole + biotite granitoids (70 vol%),
to peraluminous biotite + muscovite + garnet or cordierite
granitoids (10 vol%) and gabbroic intrusions, syenitic differenti-
ates, peralkaline granitoids and lamprophyres (20 vol%). Later,
between 120 and 60 Ma, alkaline volcanic rocks prevail (basanite,
trachyte, nephelinite, tephriphonolite, mugearite and alkali
olivine basalts with lower crust and mantle xenoliths; Viramonte
et al., 1999; Lucassen et al., 1999, 2005, 2007; Comin Chiaramonti
et al., 2009). These Cretaceous volcanic rocks are intercalated
with syn-rift deposits of the Salta Group (Salfity and Marquillas,
1994).

The focus of this paper is the Aguilar pluton (AG pluton here-
after), whose compositional heterogeneity and location at the
eastern end of the plutonic belt provide the opportunity to study
the origin and evolution of the Late Jurassic intraplate magmatism
in NW Argentina (Fig. 1B). The geology of the AG pluton was pre-
sented in the early works of Hausen (1925), Spencer (1950), Turner
(1970) and Lamfranco (1972). Isotopic and geochronological data,
ranging from 200 Ma to 150 Ma, have been reported by Linares
(1968), Stipanicic and Linares (1969), Halpern and Latorre (1973),
Linares and Latorre (1975), Haschke et al. (2005), Cristiani (2003).
Regional geological data related to the presence of lead-zinc
mineralization have been given by Brodtkorb et al. (1978),
Gemmell et al. (1992) and Sureda and Martin (1990). More
recently, petrological and geochemical data have been reported by
Cristiani et al. (2002, 2003, 2005) and Haschke et al. (2005). In this
paper, we combine geochemical data reported in a previous paper
(Cristiani et al., 2005) with new field, petrographic and mineral-
ogical results, with the aim to define the petrogenetic processes
and emplacement mechanisms of the AG pluton. Moreover, we
discuss and compare the results with the available data on the
coeval intrusions in the study area, and we propose a general
tectono-magmatic model for the Late Jurassic-Early Cretaceous
magmatism in NW Argentina.

2. Geology

The AG pluton is located in the Jujuy Province, NW Argentina
(23°12’S, 65°40'W), near to the boundary between the morphos-
tructural units of the Eastern Cordillera and Puna Plateau (Fig. 1B).
The pluton crops out on an area of about 45 km? and shows a
roughly ellipsoidal shape, with the major axis trending N—S along
the eastern margin of the Aguilar Range (Fig. 2). The intrusive body
is cut by the Eastern and Western Aguilar faults and the Quemado
fault (Fig. 2). The Eastern Aguilar Fault is a reverse fault with
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Fig. 2. Geological sketch map of the Aguilar pluton, showing the distribution of the main lithological facies and the sampling sites (geology modified after Lamfranco, 1972;

Gemmell et al., 1992).

eastward vergence, probably linked to the detachment thrust of the
Puna basement on the Eastern Cordillera morphostructural units
(Drozdzwski and Mon, 1999). The Western Aguilar and the Que-
mado faults represent westward-verging reverse faults generated
as a consequence of the regional shortening during the Andean
compressional deformation (Cladouhos et al., 1994; Kley et al.,
1999; Coutand et al., 2001). The compressional deformation uplif-
ted the AG pluton through oppositely vergent, north-northeast
striking thrust faults (Fig. 2), active at 17—12 Ma in the eastern
border of the Puna plateau (Marrett and Strecker, 2000;
Allmendinger and Zapata, 2000; Acocella et al., 2007).

The age of the Aguilar pluton was determined at 149.4 + 1 Ma by
Rb/Sr isochrone (Cristiani, 2003) and 150.4 4+ 0.9 Ma by U/Pb on
zircon (Haschke et al., 2005). A contact metamorphism aureole
developed in the Ordovician sedimentary rocks surrounding the
pluton in the western and northern sectors. These host rocks
originally consisted of marine-platform sediments including
sandstones, shales and limestones (Spencer, 1950). Moving away
from the intrusion, the metamorphic facies range from pyroxene-
hornfels (K-feldspar-cordierite-andalusite) to hornblende-hornfels
and albite-epidote hornfels (Lamfranco, 1972; Brodtkorb et al,,
1978). Several broad metasomatic skarn zones, bearing a calc-
silicate assemblage (garnet, hedenbergite, johannsenite and vesu-
vianite) and hosting sphalerite, galena and pyrite intercalated with
carbonate and silicate gangue minerals, are present near to the
contact with the plutonic body (Sureda and Martin, 1990; Gemmell
et al,, 1992). The Aguilar mine has been exploiting since 1930’s

strata-bound Zn—Pb—Ag sulfide ores hosted by the Aguilar pluton
contact aureole quartzites and hornfels. The ores are interpreted as
sedimentary-exhalative stratiform deposits formed in the Ordovi-
cian marine sediments and later overprinted by contact meta-
morphism during the emplacement of the AG pluton (Gemmell
et al.,, 1992).

The AG pluton mainly consists of granitoid rocks. Gabbroid rocks
are dispersed in the central and southern sectors (cerro Quemado,
valle de la Oriental, and cerro Espejo) of the pluton as massive
bodies, enclaves and sill-like intrusions (Figs. 2 and 3).

3. Petrography

The AG pluton presents a rather large variety of rock types,
which can be grouped into granitoid-sienitoid (hereafter granitoid
l.s.) and gabbroid rocks. According to the modal classification of
Streickeisen (1976), the granitoid s.l. rocks are mainly monzogranite
and quartz-monzonite with subordinate quartz-syenite; the gabb-
roid rocks are monzodiorite and quartz-monzodiorite with minor
diorite, gabbro and foid-gabbro (Fig. 4).

3.1. Granitoids Ls. rocks

These rocks present a great variability in colour from pale pink
to grey and have medium-grained hypidiomorphic, heterogranular
textures. The main mineral phases of the monzogranite are
orthoclase, plagioclase, quartz, biotite, hornblende, with magnetite,
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Fig. 3. Photographs illustrating the occurrences of mafic microgranular enclaves in the Aguilar monzogranite. A: Ghosts of medium-grained diorite enclaves within the biotite-
hornblende monzogranite. These relationships provide evidence of extensive mingling and partial hybridization between magmas with different composition, during the
emplacement of the Aguilar monzogranite. B: Enclaves of fine-grained diorite hosted in syenite (pen = 14 cm). C: Enclaves of fine-grained layered gabbroid rock, showing the sharp
contact with the syenite sill-like intrusion. D: Irregular and scalloped contact between syenite intrusion and monzodiorite enclaves (lens cap = 5 cm). E: Example of mingling
between mafic and felsic components showing evidence of dismembering of the mafic enclaves, producing locally an intensely hybridized zone (pen = 14 cm). F: Example of
mingling between dismembered fine-grained diorite enclaves and the surrounding monzogranite host rock (pen = 14 cm).

ilmenite, apatite, zircon, allanite, and titanite as accessory minerals.
Hornblende is absent and biotite is the main mafic mineral along
the western side of the pluton and in two irregular masses, one in
the northern and another in the southern sectors of the pluton
(Fig. 2). Somewhere, the monzogranite shows a porphyritic texture
with feldspar megacrysts showing plagioclase cores and K-feldspar
rims, yielding a typical anti-rapakivi texture (Vance, 1965; Wark
and Stimac, 1992). According to the crystals morphologies and
the relations between the two feldspars, two types may be distin-
guished, 1) plagioclase crystal mantled by K-feldspar, and 2)
plagioclase core followed by dendritic plagioclase and successively
mantled by K-feldspar (“E” and “F”, types respectively; after
Hibbard, 1981; Staby and Gotze, 2004).

Quartz-monzonite rocks occur as enclaves and sill-like in-
trusions in the biotite-hornblende monzogranite. They show
porphyritic texture and contain orthoclase, plagioclase, quartz, and
biotite as main mineral phases, sometimes with subordinate
hornblende. Apatite, titanite, zircon and opaque minerals are the

main accessory phases. The quartz-syenite rocks occur as enclaves
and sill-like intrusions showing relatively high amount of ortho-
clase, scarce quartz, and abundant clusters of hornblende and
biotite that confer to the rock a high colour index.

3.2. Gabbroid rocks

The gabbroid rocks include some massive bodies and many
enclaves dispersed in the biotite-hornblende monzogranite. The
enclaves are commonly dark in colour, ellipsoidal to rounded and
flattened in shape with the maximum dimension between 5 and
100 cm (Fig. 3). Crystals from host rocks may occur within the
enclaves.

The gabbroid rocks, with monzodiorite, quartz-monzodiorite,
diorite and gabbro modal composition, show fine to medium-
grained, hypidiomorphic texture. Clinopyroxene is an ubiquitous
mineral of the gabbroid bodies and enclaves. The gabbro and diorite
enclaves have subophitic textures with clinopyroxene enclosing
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calcic plagioclase. The plagioclase crystals range in size from
0.5 mm to 1 mm, and show normal and, rarely, oscillatory zoning.
The hornblende forms prismatic crystals that enclose cores of cli-
nopyroxene (coronitic texture). Some samples (foid-gabbro)
contain low amounts of modal feldspathoids (nepheline?) in a
finely-crystallized, interstitial mass.

4. Mineral chemistry
4.1. Feldspars

Plagioclase and alkali feldspar compositions (Table 1) are
plotted in Fig. 5A. The plagioclase from gabbroids (e.g. diorite AG31
with SiO, = 47.4 wt%) exhibits a rather large compositional varia-
tion from Ans;_4g (core) to Anyg.p; (rim). On the contrary, the
plagioclase from granitoid s.l. rocks with SiO, around 60 wt %
(AG45ca) shows scarce zoning and oligoclase composition from
Anq3.10 (core) to Any7.7 (rim). The associated alkali feldspar has a
composition of Org7_g4, The microgranular enclaves (AG45s, with
SiO, = 53 wt%), hosted in the sample AG45ca, show a compositional
range from Any_14 (core) to Any;—13 (rim). The monzogranites AG13
(Si0, = 69.4 wt%) and AG18 (SiO, = 74.0 wt%) have plagioclase
crystals from strongly zoned (core Ansg to rim Anjy) to unzoned
(e.g. Any3_11 from core to rim). The associated alkali feldspars have a
composition range of Orgs_g4. The plagioclase crystal analyzed from
the sample AG18 gave an average value from Any3 (core) to Anyq
(rim). The coexisting alkali feldspar shows a compositional range of
Ory4—97 and forms microlites in the groundmass, graphic inter-
growth with quartz, or mantling of plagioclase crystals (anti-
rapakivi texture).

4.2. Clinopyroxene

Clinopyroxene is a main constituent of the gabbroid bodies and
enclaves. It forms large euhedral to subhedral green phenocrysts or
glomerocrystals, ca. 4 mm in size, showing variable degrees of
alteration with rims of secondary amphiboles. Therefore, it has
been analyzed only in the sample which shows the most preserved
crystals (AG31; Table 2). In the groundmass, optically unzoned
clinopyroxene grains are present (<1 mm). The analyzed crystals
have a small compositional range (Fig. 5B) in the diopside field
according to the classification of Morimoto (1988). Some normal
zoning with Mg# = 0.73—0.70 in the cores and Mg# = 0.70—0.62 in
the rims has been observed. Also the Na;O content increases from

the cores (0.57—0.73 wt%) to the rims (0.82—0.95 wt %). Some
crystals show modest reverse zoning (i.e. crystal C3) with Mg#
from 0.72 (core) to 0.74 (rim). The A" content is low, ranging from
0.15 to 0.19 (core) and 0.15—0.04 (rim) a.f.u. (atoms by formula
units).

4.3. Amphibole

Representative amphibole analyses for the main AG rock types
are listed in Table 3. The chemistry corresponds to calcic amphi-
boles according to Leake et al. (1997), and the compositional range
is characterized by a broadly continuous variation from hastingsite
to ferroedenite, up to ferrohorneblende varieties (Table 3 and
Fig. 5C). Hastingsite is the amphibole variety in the diorite (AG31;
Si0y = 47.49 wt%) and shows a range of Mg# from 0.39 to 0.46
(Fig. 5C). The total Al contents range from 2.17 to 2.24 a.f.u while the
AlY and Ti are in the range 1.66—2.04 and 0.23—0.40 afu.,
respectively. The composition of amphibole in the monzodiorite
enclaves (AG45s; SiO; = 53.54 wt%) plots mainly in the hornblende
field, while ferroedenite is the dominant amphibole in the mon-
zogranite, with Mg# and Al" ranging from 0.23 to 0.25 and from 1.2
to 1.49 a.f.u., respectively. The contents of Al,03 and TiO; in the
amphibole crystals decrease with increasing differentiation grade
of the host rock. The amphibole crystals in the diorite AG31 have
higher Al,03 (10.21-12.36 wt%) and TiO, (2.25—3.46 wt%) in
respect to those in the silicic suite (e.g. AG18, Al,03 = 7.10—8.00 and
TiO, = 0.25—1.77 wt%) (Table 3).

4.4. Biotite

Representative analyses of biotite composition are listed in
Table 4. The biotite has a restricted range of composition in all rock
types and plots along the phlogopite-annite tie-line (Fig. 5D). The
most Mg-rich biotite compositions are present in the enclave
AG45s (Si0, = 53.54 wt%) with Mg# = 0.36—0.34, AlV = 2.34—
2.38 a.f.u. and TiO; = 4.03—4.34 wt %. In the hornblende-biotite
monzogranite (sample AG18; SiO, = 74.04 wt %), biotite crystals
have Mg# = 0.25-0.22, A"V = 2.37-2.55 a.fu. and TiO; = 3.08—
3.58 wt %. The fluorine plus chlorine contents in biotite are higher
in the monzogranite rocks, with a range from 0.90 to 1.26 wt%
(core) to 0.72—1.41 wt% (rim), than in the basic rocks, ranging from
0.83 (core) to 0.78 wt% (rim). This tendency is in agreement with F—
Cl increase with magmatic differentiation.

5. Geochemistry

The AG rocks show a large variation in SiO, content, ranging
from 44.8 wt% to 76.6 wt%, and largely plot in the alkaline field,
straddling the Irvine and Baragar (1971) line with the most silicic
terms (Fig. 6A). In the Nay0 vs. K;0 diagram (inset in Fig. 6A), the
AG rocks mainly plot in the potassic and transitional fields, but a
few samples fall in the sodic field. The AG rocks are mainly met-
aluminous, with some samples weakly peraluminous and a few
ones close to peralkaline (Fig. 6B). The granitoid rocks have char-
acteristics of A-type granites (Bonin, 2007, and references therein)
or “ferroan granites”, according to Frost and Frost (2011), having
high FeO¢/MgO ratios (Fig. 6C and D).

Variation diagrams for selected major and trace elements
plotted against SiO; content (Fig. S1) show that the concentration
of K0 increases strongly with the magma evolution. The Al,O3
content increases in the SiO interval between 44 and 60 wt% and,
then, sharply decreases with further differentiation. Na;O does not
show any significant correlation with SiO». In contrast, FeOy, TiOo,
Ca0, Mg0O, MnO and P,05 show negative trends with increasing
Si0,. Among the trace elements compatible in ferromagnesian
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Representative feldspar analyses from AG granite (wt %). Structural formula recalculated on the basis of 8 oxygen. C1 = crystal; ¢ = core; i = intermediate zone; r = rim.
Microprobe analysis with JEOL JXA-8600-A4 at IGG-CNR, Florence, Italy.

Sample AG45s AG45s AG45s AGA45s AG45s AG45s AGA45s AGA45s AG45ca AG45ca AG45ca AG45ca AG45ca AG45ca
Clc Cli Clr C2c C2r C3c C3r Cc4 Clc Clr C2c C2r 3 Cc4
Sio, 66.25 66.00 65.18 64.8 64.73 62.56 66.24 65.27 65.02 66.52 66.16 63.53 65.72 66.54
Al,03 21.61 21.35 21.95 21.62 21.75 25.58 22.17 19.09 22.23 21.83 21.92 23.02 18.66 19.69
FeO 0.14 0.14 0.15 0.11 0.16 0.2 0.07 0.17 0.12 0.1 0.04 0.1 0.16 0.09
Ca0 1.98 2.00 293 3.09 2.77 1.39 232 0.05 2.84 1.38 2.15 3.63 0.05 0.26
Na,O 10.07 10.37 10.28 10.17 9.56 7.5 9.55 143 10.14 9.32 9.7 9.04 0.56 2.83
K0 0.35 0.21 0.14 0.17 0.13 2.62 0.18 14.36 0.17 0.21 0.26 0.22 15.17 9.6
Sum 100.4 100.07 100.63 99.96 99.1 99.85 100.53 100.37 100.52 99.36 100.23 99.54 100.32 99.01
Si 29 29 2.86 2.86 2.87 2.77 2.89 298 2.85 2.92 2.89 2.81 3.01 3.01
Al 1.11 1.11 113 113 1.14 133 1.14 1.03 1.15 1.13 1.13 1.2 1.01 1.05
Fe 0.01 0.01 0.01 0 0.01 0.01 0 0.01 0 0 0 0 0.01 0
Ca 0.09 0.09 0.14 0.15 0.13 0.07 0.11 0 0.13 0.06 0.1 0.17 0 0.01
Na 0.85 0.88 0.87 0.87 0.82 0.64 0.81 0.13 0.86 0.79 0.82 0.78 0.05 0.25
K 0.02 0.01 0.01 0.01 0.01 0.15 0.01 0.84 0.01 0.01 0.01 0.01 0.89 0.55
An 9.60 9.52 13.5 14.24 13.7 7.69 11.71 0.25 13.28 7.46 10.74 17.93 0.26 1.55
Ab 88.38 89.29 85.73 84.82 85.54 75.06 81.21 13.11 85.78 91.19 87.71 80.78 5.3 30.46
Or 2.02 1.19 0.77 0.93 0.77 17.25 1.08 86.63 0.95 135 1.55 1.29 94.44 67.99
Sample AG18 AG18 AG18 AG18 AG18 AG18 AG18 AG18 AG18 AG18 AG18 AG18 AG18 AG18 AG18
Clc Cir C2c C2r C3c C3r C4c Car C5¢ C5r C6 c7 8 c9 C10
Si0, 67.86 66.42 65.2 64.94 65.27 65.33 65.01 66.65 65.13 65.44 63.86 63.67 64.08 64.23 65.75
Al,05 21.57 22.23 22.99 21.81 22.36 22.36 22.96 21.55 22.25 21.98 19.54 19.58 19.44 19.76 19.77
FeO 0.05 0.21 0.14 0.06 0.16 0.13 0.12 0.13 0.15 0.13 0.18 0.14 0.03 0.13 0.07
Ca0 0.55 2.03 2.35 2.13 2.65 2.20 3.16 2.34 247 2.27 0.06 0.05 0.04 0.08 0.05
Na,O 9.56 8.24 8.87 10.38 10.1 9.66 9.35 9.99 9.3 10.02 0.24 0.29 0.17 0.58 2.8
K20 0.11 0.53 0.13 0.17 0.29 0.66 0.38 0.31 0.26 0.29 15.13 15.27 15.92 15.11 12.26
Sum 99.7 99.66 99.68 99.49 100.83 100.34 100.98 100.97 99.56 100.13 99.01 99.00 99.68 99.89 100.7
Si 2.95 291 2.86 2.87 2.85 2.86 2.84 29 2.87 2.87 2.96 2.96 2.96 2.96 297
Al 1.11 1.15 1.19 1.14 1.15 1.16 1.18 1.11 1.16 1.14 1.07 1.07 1.06 1.07 1.05
Fe 0 0.01 0.01 0 0.01 0 0 0 0.01 0 0.01 0.01 0 0.01 0
Ca 0.03 0.1 0.11 0.1 0.12 0.1 0.15 0.11 0.12 0.11 0 0 0 0 0
Na 0.81 0.7 0.75 0.89 0.86 0.82 0.79 0.84 0.79 0.85 0.02 0.03 0.02 0.05 0.25
K 0.01 0.03 0.01 0.01 0.02 0.04 0.02 0.02 0.01 0.02 09 0.91 0.94 0.89 0.71
An 3.06 11.55 12.66 10.09 12.46 10.75 15.39 11.26 12.6 10.94 0.32 0.27 0.21 0.42 0.25
Ab 96.21 84.86 86.5 88.95 85.92 85.41 8241 86.97 85.83 87.39 235 2.8 1.59 5.49 25.7
Or 0.73 3.59 0.83 0.96 1.62 3.84 22 1.78 1.58 1.66 97.33 96.94 98.2 94.09 74.04
Sample AG 13 AG 13 AG 13 AG 13 AG 13 AG 13 AG 13 AG 13 AG31 AG31 AG31 AG31 AG31 AG31
Clc Clr C2c C2r 3 C4 c5 Cc6 C1 c2 C3c C3r C4c Car
Si0, 64.75 65.5 53.52 65.75 64.11 62.75 65.44 64.59 61.43 60.56 53.94 61.88 57.94 62.69
Al,03 2212 22.18 30.14 21.88 22.97 23.98 18.87 18.74 24.55 2448 28.68 24.54 26.99 24.15
FeO 0.14 0.05 0.14 0.16 0.2 0.08 0.1 0.1 0.11 0.2 0.22 0.19 0.09 0.11
Ca0 241 2.77 12.16 2.49 2.73 4.82 0.04 0.01 54 5.51 10.29 4.46 7.24 4.03
Na,O 9.61 10.03 4.64 9.67 8.91 8.33 0.49 0.63 8.2 8.4 5.96 8.88 6.67 8.62
K0 0.22 0.34 0.22 0.19 0.33 0.24 15.85 16.65 0.34 0.31 0.09 0.18 0.1 0.12
Sum 99.25 100.87 100.82 100.14 99.2 100.2 100.79 100.72 100.03 99.46 99.18 100.13 99.03 99.72
Si 2.87 2.86 24 2.88 2.84 2.77 2.99 2.98 2.73 2.71 2.46 2.74 2.60- 2.77
Al 1.15 1.14 1.6 1.13 1.2 1.25 1.02 1.02 1.28 1.29 1.54 1.28 1.43 1.26
Fe 0.01 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.00
Ca 0.11 0.13 0.59 0.12 0.13 0.23 0 0 0.26 0.26 0.5 0.21 0.35 0.19
Na 0.82 0.85 0.4 0.82 0.76 0.71 0.04 0.06 0.71 0.73 0.53 0.76 0.58 0.74
K 0.01 0.02 0.01 0.01 0.02 0.01 0.92 0.98 0.02 0.02 0.01 0.01 0.01 0.01
An 12.01 12.99 58.41 12.32 14.18 23.89 0.20 0.05 26.16 26.14 48.58 21.5 37.26 20.38
Ab 86.68 85.11 40.33 86.56 83.77 74.7 4.48 5.44 71.88 72.11 50.92 7747 62.12 78.89
Or 131 1.90 1.26 1.12 2.04 142 95.32 94.52 1.96 1.75 0.51 1.03 0.61 0.72

minerals, Ni and Cr for the most primitive samples are dispersed in
the diagram against SiO,, whereas V and Co show a regular
decreasing trend with increasing SiO,. Although scattered, Y de-
fines a poor bell-shaped correlation with SiO,, while Zr exhibits a
well-defined bell-shaped trend. Rb shows scattered points for low
silica contents and an increase with silica after 55 wt%. The Sr
contents show a negative correlation with SiO; in the felsic rocks,
and strong scattering in the less differentiated samples. In general,
several major and trace elements plotted vs. silica show scattered

values in the mafic samples, an inflection in the trend at 55—60 wt%
SiO,, and a regular trend above 60 wt% SiO-.

The rare earth element patterns and the trace elements spider-
diagrams are reported in Fig. 7 for the granitoid (Fig. 7A, B) and
gabbroid (Fig. 7C, D) rocks. The granitoid rocks are compared to the
muscovite-bearing peraluminous Tusaquillas granite, representing
the crustal magma of the plutonic suite (Cristiani et al., 2005). The
gabbroid rocks are compared to the Castro Tolay sample T6 (Cristiani
et al, 2005), representing the most primitive mafic rock in the
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Table 2
Representative pyroxene analyses from Aguilar granite (wt %). Structural formula
recalculated on the basis of 6 oxygens. C1 = crystal; ¢ = core; r = rim; bdl: below

x

AG18 (SI0,=74%)

AG13 (SI0,269.4%)

AG45 (Si0,=60%)

AOr
= IXOr

Ag45 MME (Si0,=53%)

'AG31 (SIO,= 47%)

\.“A Or

detection limit. Analytical techniques: see Table 1.
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Fig. 5. Mineral composition from selected samples representative of the Aguilar
pluton rock types: A) Feldspar composition, plotted into Or-Ab-An (mol%) diagram.
Open and full symbols are cores and rims, respectively. B) Clinopyroxene compositions,
symbols as in Fig. 5A. Classification diagram after Morimoto (1988). C) Amphibole
composition plotted in Ca + Al vs Al + K + Na diagram after Giret et al. (1980); (1)
hastingsite; (2) hornblende; (3—6) edenite; (4) actinolitic hornblende; (5) actinolite. D:
Biotite composition plotted in the Al-Mg—(Fe*? + Mn) diagram (cf. Bailey, 1984 and
references therein).

Sample AG31 AG31 AG31 AG31 AG31 AG31
Clc Clr C2c C2r C3c C3r
SiO, 51.05 50.03 48.95 4820  49.03 53.05
TiO, 0.76 1.15 1.2 2.08 1.45 0.13
Al,O5 3.99 3.90 6.75 533 6.35 0.66
FeO 5.70 6.30 5.72 7.62 5.45 531
MnO bdl bdl bdl bdl bdl bdl
MgO 15.80 14.75 13.86 12.90 14.45 15.43
Ca0 2213 22.92 2279 232 2254 2498
Na,0 0.57 0.95 0.73 0.82 0.73 0.44
Cr,03 bdl bdl bdl bdl bdl bdl
Sum 100 100 100 100 100 100
Si 1.86 1.82 1.77 1.76 1.78 1.9
Ti 0.02 0.03 0.03 0.05 0.05 0.00
AV 0.15 0.15 0.18 0.2 0.19 0.04
Sum 2.03 2.00 1.98 2.01 2.02 1.94
AlV! 0.05 0.01 0.08 0.02 0.07 0.00
Fe3* 0.08 0.16 0.11 0.13 0.09 0.1
Fe?* 0.11 0.05 0.08 0.11 0.05 0.08
Mg 0.87 0.85 0.78 0.75 0.82 0.89
Ca 0.88 091 0.9 0.93 0.88 1.01
Na 0.05 0.07 0.04 0.07 0.04 0.04
Sum 2.04 2.05 1.99 2.01 1.95 212
Wo 45.62 4752 4901 493 4832 49.73
En 4516 4232 4154 397 42,62 42.12
Fs 9.22 10.16 945 11.1 9.06 8.15
Mg/(Mg + Fe?*)  0.73 0.70 0.70 0.64 0.72 0.74

plutonic suite. The AG granitoids show higher LREE, higher La/Yb
and minor Eu negative anomaly in respect to the Tusaquillas gran-
itoid, and evident Ba, Sr, P and Ti troughs. With regard to the mafic
rocks, they show higher REE content, both light and heavy, than the
Castro Tolay sample, and higher content in both LILE and HFSE.

In the AG rocks, the range of initial 87Sr/®5Sr is 0.703198—
0.704605, calculated at 149 Ma (Cristiani et al., 2005) (see
Supplementary Files). This is a modest variation compared to the
large variation in SiO; content from 45.3 to 69.4 wt%. As regards the
Nd isotopic ratios, (*>Nd/44Nd); values range from 0.512392 to
0.512642, calculated at 149 Ma, corresponding to a range in &'Nd
from —1.06 to 3.82 (Fig. 8).

6. Discussion
6.1. The Aguilar pluton

6.1.1. Magma sources

The rocks forming the AG pluton represent a nearly continuous
suite from gabbroid to granitoid compositions. For discussing the
origin of the AG rocks, we compare them with the most silicic
granitoids and the most primitive rocks of the Late Jurassic-Early
Cretaceous magmatism in NW Argentina. The AG granitoids do
not correspond, in their mineralogical and geochemical composi-
tion, to the muscovite-bearing peraluminous Tusaquillas granite
(Fig. 7A, B). Instead, the low Sr and high Nd isotopic ratios of the
entire AG suite and the continuous trends observed in most major
and trace elements geochemical diagrams suggest that differenti-
ation of mantle-derived magmas was a major process in the genesis
of the AG rocks.

Some constraints on the nature of the mantle source can be
obtained from the mafic AG rocks. However, none of the AG rocks
represent unmodified mantle-derived magma, although some
show relatively high MgO, Ni, Cr and V contents as well as low
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Table 3
Representative amphibole analyses from Aguilar granite. Structural formula on the basis of 23 oxygens. ¢, core; r, rim; bdl: below detection limit. Analytical techniques: see
Table 1.
Sample AG13 AG13 AG13 AG18 AG18 AG18 AG18 AG31 AG31 AG31 AG31 AG31
Clc C2c C2r C3c C3r C4c Car C5¢ C5r C6c Cér C7c
Si0, 4418 4426 43.63 41.76 41.50 0.25 41.94 40.77 38.78 41.44 39.87 38.91
TiO, 1.43 1.30 1.66 1.20 1.30 0.25 1.77 2.25 3.10 2.04 3.04 3.46
Al,03 8.95 6.63 743 8.10 7.69 8.00 7.10 11.97 12.31 10.21 11.66 12.36
FeO 17.97 22.57 22.94 28.5 28.81 29.22 28.97 21.84 20.89 20.38 20.8 21.15
MnO 0.51 0.74 0.68 0.78 0.77 0.70 0.74 0.47 0.41 0.55 0.50 0.48
MgO 9.98 7.45 7.04 4.22 413 417 3.96 7.46 7.03 8.32 7.21 7.15
Ca0 11.91 10.99 10.97 10.14 10.46 10.61 10.23 10.99 11.57 11.81 11.46 11.53
Na,O0 1.89 1.81 1.68 2.20 2.09 2.09 2.18 2.07 245 1.92 2.12 241
K,0 1.09 0.84 0.92 1.26 1.18 1.14 1.00 1.24 1.23 1.06 1.24 1.26
F 0.00 0.35 0.15 0.80 0.80 0.83 0.73 0.15 0.00 0.21 0.31 0.18
Cl 0.00 0.21 0.24 0.22 0.28 0.25 0.33 0.28 0.22 0.21 0.18 0.12
Cr,03 0.30 bdl bdl 0.02 bdl bdl bdl bdl 0.04 bdl bdl bdl
Sum 98.21 97.15 97.34 99.2 99.01 98.91 98.95 99.49 98.03 98.15 98.39 99.01
Si 6.65 6.88 6.76 6.54 6.54 6.43 6.62 6.14 6.01 6.34 6.14 5.96
ALV 135 1.12 1.24 1.46 1.43 1.49 132 1.86 1.99 1.66 1.86 2.04
Sum 8.00 8.00 8.00 8.00 7.97 7.92 7.94 8.00 8.00 8.00 8.00 8.00
AlM 0.24 0.09 0.12 0.03 0.00 0.00 0.00 0.26 0.25 0.19 0.25 0.19
Ti 0.16 0.15 0.19 0.14 0.15 0.14 0.21 0.25 0.36 0.23 0.35 04
Cr 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe3* 0.15 0.36 0.40 0.82 0.76 0.90 0.70 0.70 0.20 0.35 0.25 0.30
Fe?* 2.11 2.58 2.57 292 3.04 2.96 3.12 2.05 2,51 2.26 242 241
Mn 0.07 0.10 0.09 0.10 0.10 0.09 0.10 0.06 0.05 0.07 0.07 0.06
Mg 1.24 1.73 1.63 0.99 0.97 0.98 0.93 1.67 1.62 1.9 1.65 1.63
Ca 1.92 1.83 1.82 1.70 1.77 1.80 1.73 1.77 1.92 1.94 1.89 1.89
Na 0.55 0.55 0.50 0.67 0.64 0.64 0.67 0.60 0.74 0.57 0.63 0.72
K 0.21 0.17 0.18 0.25 0.24 0.23 0.20 0.24 0.24 0.21 0.24 0.25
Sum 7.69 7.55 7.50 7.62 7.67 7.74 7.66 7.60 7.89 7.72 7.75 7.85
Mg/Mg + Fe? 0.42 0.40 0.39 0.25 0.24 0.25 0.23 0.45 0.39 0.46 0.41 0.40
Sample AG45ca AG45ca AG45ca AG45ca AG45s AG45s AG45s AG45s AGA45s AGA45s
C8c C8r C9c Cor Cl10c Cl0r Clic Clir Cl2c Cl2r
SiO, 46.1 45.67 45.67 46.41 44.56 43.26 43.49 43.44 42.93 441
TiO, 1.18 1.59 1.21 1.25 1.71 1.93 1.91 1.77 2.02 1.83
Al,03 5.47 5.60 5.74 5.60 6.75 7.15 7.15 6.85 7.29 7.05
FeO 22.72 21.77 22.57 22.74 24.21 24.00 24.16 2441 25.07 24.65
MnO 0.70 0.63 0.53 0.66 0.61 0.74 0.72 0.73 0.77 0.69
MgO 8.10 8.08 8.25 8.09 6.96 6.72 6.71 6.78 5.90 6.48
Cao 11.00 11.26 11.35 11.11 10.28 10.19 10.13 10.22 1031 9.95
Na0 1.40 1.54 1.09 1.46 1.80 1.82 2.08 1.91 2.12 2.03
K;0 0.63 0.65 0.64 0.63 0.78 0.83 0.88 0.78 0.90 0.76
F 0.20 0.31 0.26 0.41 bdl 0.30 bdl 0.31 bdl 0.41
Cl 0.14 0.13 0.12 0.17 bdl 0.25 bdl 0.28 bdl 0.31
Cry03 0.01 0.01 0.02 0.01 0.05 bdl bdl bdl bdl 0.02
Sum 97.65 97.24 97.45 98.54 97.71 97.19 97.23 97.48 97.31 98.28
Si 7.04 7.05 7.02 7.05 6.82 6.71 6.72 6.72 6.69 6.77
AlY 0.96 0.95 0.98 0.95 1.18 1.29 1.28 1.25 1.31 1.23
Sum 8.00 8.00 8.00 8.00 8.00 8.00 8.00 7.97 8.00 8.00
AlYi 0.03 0.07 0.05 0.05 0.03 0.01 0.02 0.00 0.03 0.05
Ti 0.14 0.18 0.14 0.14 0.20 0.23 0.22 0.21 0.24 0.21
Cr 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Fe3+ 0.52 0.21 0.51 0.45 0.69 0.73 0.67 0.77 0.55 0.73
Fe?* 2.38 2.60 2.37 244 2.40 2.38 245 2.39 2.71 244
Mn 0.09 0.08 0.07 0.08 0.08 0.10 0.09 0.10 0.10 0.09
Mg 1.84 1.86 1.87 1.83 1.59 1.55 1.54 1.56 137 1.48
Ca 1.80 1.86 1.85 1.81 1.68 1.69 1.68 1.69 1.72 1.64
Na 0.41 0.46 0.32 0.43 0.53 0.55 0.62 0.57 0.64 0.60
K 0.12 0.13 0.12 0.12 0.15 0.16 0.17 0.15 0.18 0.15
Sum 7.33 7.45 7.30 7.35 7.36 7.40 7.46 7.44 7.54 7.39
Mg/Mg + Fe? 0.44 0.42 0.44 0.43 0.40 0.40 0.39 0.40 0.34 0.38

(87sr/%8sr); and high (*43Nd/4Nd); suggesting scarce modification
by fractional crystallization or crustal contamination processes.
Among these, both slightly silica-undersaturated and saturated
rocks are found, but the strong analogy in the trace element pat-
terns (Fig. 7C—D), as well as the equivalent mineralogical compo-
sition (Fig. 5), suggests that AG silica undersaturated and saturated
mafic rocks derive from a similar mantle source.

The AG pluton mafic rocks are compared to the Castro Tolay
gabbros (154 Ma, sample T6 in Figs. 7 and 8; Cristiani et al., 2005)
and the Rio Grande lamprophyres (163 Ma, sample P8 and field RG
in Fig. 8, Hauser et al., 2010). As regards the isotopic composition,
the AG mafic samples show a close correspondence with the Castro
Tolay gabbro (Fig. 8). In general, the rocks of the AG pluton fall
within the Sr and Nd isotope range for the peridotite xenoliths
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Table 4

Representative biotite analyses from Aguilar granite. Structural formula recalculated on the basis of 22oxygens. C1 = crystal; ¢ = core; r = rim; bdl: below detection limit.

Analytical techniques: see Table 1.

Sample AG45s AG45s AG45s AG45s AG45ca AG45ca AG45ca AG45ca
Clc Cir C2c C3c Clc Cir C2c Cr
Si0; (Wt%) 36.06 36.45 36.16 35.96 35.37 35.49 35.18 35.42
TiO, 4.34 422 421 4.03 417 3.29 4.02 4.05
Al,03 12.78 12.89 12.75 12.82 12.79 13.04 12.51 13.06
FeO 25.03 24.85 25.44 25.52 26.52 26.83 26.98 26.45
MnO 0.34 0.27 0.31 0.37 0.24 0.34 0.26 0.26
MgO 8.23 P0.27 7.91 7.84 6.88 6.91 6.58 6.7
Ca0 0.06 0.04 0.11 0.03 0.08 0.02 0.04 0.04
Na,0 bdl 0.16 0.08 0.10 0.04 0.04 0.10 0.02
K0 9.76 9.69 9.51 9.59 9.42 9.11 9.3 8.95
Cry03 0.05 bdl bdl bdl 0.01 bdl bdl 0.06
F 0.61 0.55 0.46 0.43 0.41 bdl 0.31 0.26
cl 0.22 0.23 0.24 0.26 0.25 bdl 0.23 0.23
Sum 97.48 97.62 97.18 96.95 96.18 95.07 95.51 95.5
Si 5.62 5.66 5.65 5.64 5.62 5.66 5.64 5.64
AV 2.35 234 2.35 2.36 2.38 2.34 2.36 2.36
Ti 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sum 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
AlV! 0.00 0.01 0.00 0.01 0.02 0.11 0.00 0.09
Ti 0.48 0.49 0.49 0.48 0.50 0.39 0.48 0.48
Fe?t 3.27 3.23 3.33 3.35 3.53 3.58 3.62 3.52
Mn 0.04 0.04 0.04 0.05 0.03 0.05 0.04 0.04
Mg 1.91 191 1.84 1.83 1.63 1.64 1.57 1.50
Cr 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Ca 0.01 0.01 0.02 0.01 0.01 0.00 0.01 0.01
Na 0.00 0.05 0.02 0.03 0.01 0.01 0.03 0.01
K 1.94 1.92 1.90 1.92 191 1.85 1.90 1.82
Sum 7.66 7.66 7.64 7.68 7.64 7.63 7.65 7.48
Mg/Mg + Fe + Mn 0.36 0.36 0.35 0.34 0.31 0.31 0.30 0.30
Sample AG18 AG18 AG18 AG18 AG13 AG13 AG13 AG13
Clc Cir C2c C2r Clc Cir C2c C2r
Si0; (Wt%) 34.66 3433 34.13 33.81 35.70 36.28 35.33 35.47
TiO, 3.58 3.54 3.08 3.18 427 443 439 4.02
Al,03 12.56 12.43 12.55 13.01 12.43 13.11 12.79 12.48
FeO 29.67 28.92 31.55 32.74 24.75 24.18 24.84 24.66
MnO 0.36 0.32 0.29 0.28 0.34 0.27 0.32 0.31
MgO 5.04 5.25 5.83 5.36 7.94 7.87 7.61 8.14
Ca0 0.13 0.11 0.12 0.11 0.11 0.05 0.02 0.03
Na,0 bdl bdl bdl 0.07 0.08 0.17 0.08 0.10
K0 8.82 8.19 8.39 7.35 8.98 9.41 9.41 9.38
Cry03 0.01 bdl 0.02 0.02 bdl 0.02 bdl bdl
F 0.89 1.39 0.57 0.44 0.47 0.49 0.57 0.34
cl 0.37 0.29 0.33 0.28 0.38 0.36 0.36 0.37
Sum 96.09 94.77 96.91 96.65 95.45 96.64 95.72 95.3
Si 5.63 5.65 5.52 5.45 5.67 5.67 5.62 5.65
AV 2.37 2.35 2.40 2.47 2.32 2.33 2.38 2.34
Ti 0.00 0.00 0.08 0.08 0.01 0.00 0.00 0.01
Sum 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
AV 0.04 0.06 0.00 0.00 0.00 0.08 0.01 0.00
Ti 0.44 0.44 0.37 0.39 0.51 0.52 0.52 0.47
Fe?+ 4.04 3.99 427 442 3.29 3.16 3.31 3.29
Mn 0.05 0.04 0.04 0.04 0.05 0.04 0.04 0.04
Mg 1.22 1.29 1.41 1.29 1.88 1.83 1.8 1.93
Cr 0.00 0.00 0.00 0.06 0.00 0.00 0.00 0.00
Ca 0.02 0.02 0.02 0.02 0.02 0.01 0.00 0.01
Na 0.00 0.00 0.00 0.02 0.02 0.05 0.02 0.03
K 1.83 1.72 1.73 1.51 1.82 1.88 1.91 1.91
Sum 7.64 7.56 7.76 7.67 7.58 7.57 7.61 7.68
Mg/Mg + Fe + Mn 0.22 0.27 0.24 0.22 0.36 0.36 0.34 2.72

reported by Lucassen et al. (2005) and Comin-Chiaramonti et al.
(2009) for the Central Andes (Fig. 8). The negative initial £Nd
values indicate that some crustal contamination is, also, required to
generate the final granitoid rocks. As regards the trace elements
composition, the AG mafic rocks display a REE enrichment,
in respect to the Castro Tolay sample, which could be explained
with their higher differentiation degree. Although the isotopic

composition of AG mafic rocks and Castro Tolay sample T6 are close,
minor crustal contamination could have contributed to the REE
enrichment (Fig. 8). The Rio Grande lamprophyre, instead, shows a
remarkably higher La/Yb (74.5 for sample P8), that is indicative of a
very low degree of partial melting (Fig. 7C—D). In AG mafic rocks,
LREE are moderately fractionated with La/Sm ranging from 5.6 to
6.1 ppm, while La/Yb varies from 14.2 to 17.8 ppm due to the
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Fig. 6. A. TAS (total alkalis versus silica, in wt.%, cf. Le Maitre et al., 1989; modified by
Middlemost, 1994) for the Aguilar pluton rocks. Black line separates the alkaline and
subalkaline fields (after Irvine and Baragar, 1971). Full square = AG rocks, open
square = enclaves. Inset: Na,O vs. K;0 diagram showing the potassic vs. sodic char-
acter of the Aguilar rocks and microgranular enclaves. Data source: Cristiani et al.
(2005); representative analyses are reported in Table S1. B. Alumina Saturation Index
A/CNK (=molar Al;05/[Ca0 + Nay0 + K,0]) versus A/NK (=molar Al,03/[Na,0 + K,0])

variable HREE content with constant LREE. This suggests that HREE
were retained in a residual phase during partial melting of the
source, or that fractionation of a HREE-bearing phase occurred. On
the other hand, different degrees of partial melting of a same source
seem unlikely considering the constant ratios of some trace ele-
ments (i.e Nb/Yb values). Since the Sr and Nd isotopic ratios are
moderately different, a weak crustal contamination during the
mafic magma ascent and early differentiation stages could explain
the presence of hy-normative and ne-normative mafic rocks. In
particular, the hy-normative sample AG31 shows a significantly
higher 87Sr/%0Sr than the ne-normative gabbroid samples (AGS;
Fig. 8).

The nature of the mantle source can be discussed by means of
the model of Sm—Nd depleted mantle ages (Tpym; DePaolo, 1988).
The analyzed samples of the AG pluton display Tpy ages between
1.06 and 0.60 Ga, that are quite different in respect to those of the
Rio Grande lamprophyres, ranging from 0.64 to 0.25 Ga (Fig. 9).
These data suggest that the AG and Rio Grande igneous suites
belong to different magma lineages, linked to geochemically
distinct mantle reservoirs. Moreover, the initial 87Sr/0sr isotopic
ratios and the lower incompatible and REE elements contents of AG
rocks, compared with the Rio Grande rocks (see Hauser et al., 2010),
preclude the possibility that the AG magmas were generated from
the enriched metasomatized lithospheric mantle representing the
source of the Rio Grande lamprophyres magmas. Rather, our data
suggest that the AG magmas, as well as the Castro Tolay ones, could
be derived from a chemically and isotopically uniform mantle
resulted from the geodynamic evolution during the Proterozoic. We
propose the following geological and geochemical evolution. The
mantle source of the AG magmas experienced episodes of depletion
compatible with the extraction of tholeiite basalt magmas during
the break-up of the Rodinia supercontinent between 0.78 and
0.54 Ga (Omarini et al., 1999). The oldest Tpy 1.06 Ga age is
consistent with the aggregation, before the Rodinia fragmentation,
of the supercontinent’s autochthonous basement with ancient
protoliths and typical Grenville rocks. On the other hand, the Rio
Grande magmas, showing the prominent Tpy; ages interval from
0.64 to 0.42 Ga, could derive from an upper Precambrian litho-
spheric mantle source which was metasomatized by subduction
processes during Early Cambrian (Tilcarian Orogeny; 0.56—0.52 Ga)
and/or Early Ordovician (Famatinian Orogeny; 0.50—0.45 Ga)
(Lucassen et al., 2005, 2007; Hauser et al., 2011; Escayola et al.,
2011). The youngest Rio Grande Tpy age of 0.25 Ga could be
related to the magmatic events during the early stage of the
Mesozoic ensialic rifting (Sempere et al., 2002).

6.1.2. Petrographic and mineralogical evidence for petrogenetic
processes

The presence of core-to-rim zoning in plagioclase (Fig. 5A) and
the compositional ranges of amphibole and biotite crystals from
gabbroid to granitoid rocks (see Fig. 5C, D and the variation of Mg/
Mg + Fe values in Tables 3 and 4), joined to the major and trace
elements trends are a compelling evidence for crystal fractionation
processes during the magmatic differentiation of the AG pluton
suite. Fractional crystallization involved firstly ferromagnesian
minerals and negligible plagioclase, as suggested by the behavior of
Al;03 and Sr and the lack of Eu anomaly in REE patterns (Fig. 7A,
Fig. S1). For a SiO, content of magmas >60 wt%, fractional

for AG granitoid rocks. C and D: geochemical classification of AG granitoid rocks
following Frost et al. (2001). The grey fields indicate 486 samples of anorogenic rocks
(Frost et al., 2001). The line in C divides the ferroan (above) from the magnesian
(below) rock-types; the lines in D divide the alkalic, alkali-calcic, calc-alkalic and calcic
rocks (Frost and Frost, 2011). Symbols as in Fig. 6A.
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Fig. 7. A. Initial Sr (R,) and Nd (‘Nd) isotopic ratios of AG rocks, calculated at 149 Ma (Cristiani et al., 2005). For comparison, the diagram shows fields for the mantle-derived rocks
representative of the old subcontinental mantle from Lucassen et al. (2002, 2005) (light grey), the Rio Grande alkaline lamprophyres (RG field and sample P8, from Hauser et al.,
2010), the Castro Tolay gabbro (T6, from Cristiani et al., 2005). MORB and OIB fields after Zindler and Hart (1986). B. Variation of initial 87Sr/®6Sr ratios (R,) against SiO, for AG rocks;
Castro Tolay gabbro T6 and Tusaquillas silicic rocks from Cristiani et al. (2005).
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crystallization involved mainly plagioclase, with biotite and alkali
feldspar, and included apatite and Fe—Ti oxides.

The mineral chemistry obtained on AG samples is characteristic
of alkaline plutons, as suggested by the high content of relatively
sodic plagioclase and by the high FeO compared to MgO and Al,03
of biotite (Abdel Rahman, 1994). Using the tectonic setting
discriminant diagram proposed by Abdel-Rahman (1994) the
analyzed biotite composition plots in the field of alkaline suites
(Fig. 10A).

Biotite and hornblende are the dominant ferromagnesian min-
erals in the granitoid rocks of the AG pluton. We have examined the
variation of Mg# [Mg/(Mg + Fe?") mol%] values for hornblende-
biotite pairs in the diagram proposed by Poli and Tommasini
(1991) (Fig. 10B). Considering samples with bulk rock SiO; con-
tent of 54—74 wt %, the Mg# values range from 0.45 to 0.25 in
hornblende and from 0.35 to 0.25 in biotite. The hornblende-biotite
pairs of samples AG18, AG45s and AG13 plot close to the 1:1 line
suggesting crystallization under equilibrium conditions (Fig. 10B).
In these samples the biotite and hornblende crystals have euhedral
shape, confirming the equilibrium with the silicate melt. In
contrast, the sample AG45ca lays outside of the 1:1 line, suggesting
disequilibrium in the mineral-forming process which could be
interpreted as a result of mixing between mafic (hornblende-
bearing) and evolved (biotite-bearing) magmas. In this sample, the
hornblende crystals have anhedral habitus and resorption textures,
suggesting that they had crystallized in equilibrium with a different
liquid. This is an evidence of mingling—mixing processes between
magmas with different degree of evolution during the AG pluton
emplacement and cooling.

Mingling—mixing processes are also indicated by the presence
of magmatic microgranular enclaves (Fig. 3). We interpret these
enclaves as the result of the arrival of new magma batches, with
similar mantle source and moderately different evolutive history, in
the already differentiated reservoir (e.g.; Poli and Tommasini, 1991;
Bateman, 1995; Gagnevin et al., 2004; Harper et al., 2004; Pons
et al., 2006; Riishuus et al., 2008; Barnes et al., 2009). Field obser-
vations of the rounded shapes of the enclaves and petrographic
evidence of transfer of host-rock crystals to the enclaves and vice-
versa imply mixing between the resident magma and a new influx
of magma in the reservoir, with only partial hybridization (Fig. 3A—
E). In some cases, the fine-grained groundmass of the mafic
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Fig. 10. A. Composition of biotite from Aguilar pluton reported in the tectonic setting
discrimination diagram after Abdel-Rahman (1994). A: alkaline, C: calcalkaline, and P:
peraluminous granite fields. B. Mg# [Mg/(Mg + Fe?*) mol%] for hornblende-biotite
pairs of the Aguilar pluton (after Poli and Tommasini, 1991). Samples: AG13 mon-
zogranite (SiO, = 69.41 wt.%), AG18 monzogranite (SiO, = 74.04 wt.%), AG45ca quartz-
syenite (SiO, = 60.75 wt.%), AG45s monzodiorite enclave (SiO, = 53.54 wt.%).

enclaves and their sharp contact with the biotite-hornblende
monzogranite suggest a large temperature contrast between the
two magmas (Fig. 3 C—D).

6.1.3. Temperature and pressure conditions of petrogenetic
processes

In order to have inferences on the crystallization path of the AG
rocks, the samples have been plotted in the residual granitic system
Ks—Ne—Silica diagram (Fig. 11; Hamilton and Mackenzie, 1965). The
data as a whole show a linear trend extending from the Ab-Or join
(m2) towards the granite minimum (m1). The mafic samples mainly
plot in the field between m2 and m3 minima. We have included in
the diagram the peridotite xenoliths of Lucassen et al. (2005) and
the most primitive rocks associated with the Jurassic-Early Creta-
ceous magmatism of NW Argentina, i.e. the Castro Tolay gabbro and
the Rio Grande lamprophyric dykes.

Most AG rocks define a differentiation trend in the over-
saturated part of the diagram. The trend originates from mafic
magma composition close to the Ab-Or join. This differentiation
interval covers a large SiO; range, 47—76 wt%, and is in agreement
with the trends observed in the major and trace elements variation
diagrams, showing an initial crystallization dominated by
clinopyroxene and minor plagioclase, followed by clinopyroxene,
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Fig. 11. Composition of AG samples reported into the Petrogeny’s Residua Systems (Ks-
Ne-Q wt.%) after Hamilton and McKenzie (1965), showing the liquid evolution path
dominated by fractional crystallization. (I) primitive mantle source (Lucassen et al.,
2002, 2005), (II) mafic alkaline magmas (data sources: Cristiani, 2003; Cristiani
et al., 2005; Hauser et al., 2010). Granite minimum melt (m1), syenite minimum
melt on the feldspar join (m2), and phonolite minimum melt (m3). The pressure-
dependent field boundaries are compiled after Anderson and Culler (1978) and
Anderson and Bender (1989).

plagioclase, biotite and hornblende. The most silica-rich samples
(Si02 = 74—76 wt%) of biotite monzogranite and biotite-hornblende
monzogranite can be considered representative of residual melts
according to their chemical composition (Fig. S1 in Supplementary
Files) and textural characteristic. These rocks plot close to the
600 MPa curve, suggesting that final crystallization of the magma
occurred at about 18—20 km of depth. The pressure could be
overestimated if the granite has cumulatic character, but this is not
the case of AG pluton. Indeed, considering the mineral assemblage
of the contact metamorphic aureole of the pluton (Fig. 2), the
presence of andalusite-cordierite-biotite-feldspar-quartz hornfels
indicates a depth of emplacement and cooling of the pluton at 12—
15 km.

An estimate of the temperature of magma crystallization of the
AG pluton can be quantitatively derived by using the Al-in-

Upper crust

Lower crust

Mantle

- Hornfelds
L

I

hornblende geo-thermobarometer (Blundy and Holland, 1990).
The application of this thermobarometer requires the presence of
the assemblage quartz + plagioclase + K-feldspar + hornblende
+ biotite + titanite + Fe—Ti oxide phases (Vyhnal et al., 1991).
Fortunately, the felsic rocks (AG13, AG18, and AG45ca) contain the
full mineral assemblage and the total aluminum variation in the
hornblende crystals is low. The calculated temperatures indicate an
average of 722 °C for the core and 713 °C for the rim of crystals. The
values obtained using hornblende-plagioclase thermometer
(Blundy and Holland, 1990) gave an average of 778 °C and 765 °C,
respectively. In the biotite monzogranite and biotite-hornblende
monzogranite, zirconium concentration regularly decreases, sug-
gesting zircon saturation. The temperature estimated applying the
zircon saturation thermometer is in the range 800—860 °C (Watson
and Harrison, 1983). However, the temperatures estimated using
the apatite saturation thermometer of Harrison and Watson (1984)
on the same samples are higher than 850 °C. This discrepancy may
be due to zircon or apatite cumulates in the rock (Frost et al., 1999).
In summary, all these data indicate a crystallization temperature of
the most evolved rocks of the AG pluton between 750 and 800 °C.

6.1.4. Pluton emplacement

The field and petrographic evidence of magma mingling and
mixing events, the geochemical evidence of the presence of both
silica-undersaturated and saturated mafic rocks in the pluton
suggest that the AG pluton formed for the ascent, storage and
crystallization of different magma batches. As a consequence, a
small pluton formed in the upper crust, at shallow depth, with size
on the order of few hundreds of cubic kilometers. The emplacement
of a pluton of this size should have taken place in a relatively nar-
row span of time (De Saint Blanquat et al., 2011). The AG pluton can
thus be envisaged as the cooling of a compositionally stratified
magma chamber (Fig. 12A and B). The mafic bodies cropping out in
the central-eastern zone of the AG pluton (El Quemado, valle de la
Oriental and cerro Espejo, Fig. 2) could be interpreted as the
injection-pipe zone of the mafic magmas into an already differen-
tiated, but only partially crystallized, reservoir. The disrupted sill-
like intrusions of intermediate composition have, probably,
flowed laterally from the central zone, being denser than the resi-
dent magma. The swarms of diorite, monzodiorite and minor
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Fig. 12. Tentative reconstruction of the AG pluton emplacement as inferred from the field and petrologic data. See text for explanations.
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gabbro enclaves (see Fig. 3) could be the result of more than one
mafic inputs that disrupted into the silicic magma chamber. The
thermal input derived from the recurrent injection of mafic
magmas into the magmatic chamber could induce a local convec-
tive stirring favoring the development of the igneous banding (Pons
et al., 2006). The close association of magmatic layering with the
presence of enclaves of different size, shape, texture and compo-
sition in the biotite-hornblende monzogranite provides the evi-
dence that these were formed when both, the resident silicic body
and the mafic magma blobs, still had a plastic behavior, due to their
incomplete solidification (Perugini et al., 2003; Gagnevin et al,,
2004; Barbarin, 2005; Harper et al., 2004; Riishuus et al., 2008;
Barnes et al.,, 2009). In contrast, the biotite monzogranite does
not contain enclaves neither mafic bodies. We interpret the biotite
monzogranite as the outer and upper portion of the magma
chamber, characterized, at the time of magma mingling, by lower
temperatures and thus higher solidification degree than the inner
main part of the pluton, still hot and mostly molten.

In agreement, the presence of feldspar megacrysts with sieve-
textured cores and anti-rapakivi-rims in the AG pluton can be
related to thermal and chemical disequilibrium conditions in the
magma chamber, originated by the mixing of magmas with con-
trasting compositions and volatile contents (Wark and Stimac,
1992; Castro, 2001; Pietranik and Waight, 2008; Alves et al., 2009).

In Fig. 12B we show a schematic interpretation of the
emplacement structure of the AG pluton, taking into account the
spatial distribution of its rock types. This structure could be the
result of the following successive phases of intrusion in the final
storage level in the shallow upper crust: a) emplacement of an
initial batch of granitoid magma, undergoing cooling and solidifi-
cation at the contact with the country rocks, where it formed the
biotite monzogranite facies; b) mafic to intermediate magma
infilling led to the expansion of the magmatic chamber and to
mixing with the resident magma, producing sill-like intrusions and

several microgranular enclaves generations; thermal perturbation
favored convection in the internal zone of the AG pluton and
disruption of the sills, as well as plagioclase resorption; c) crystal-
lization was, locally, controlled by different thermal conditions,
causing the very different mingling textures observed in the pluton.

The new magma batches have a variable composition, from
gabbro and diorite to monzodiorite, to syenite. This compositional
range can only partially be due to hybridization during the mixing
process. Instead, it suggests the existence of a deeper storage level,
possibly at the base of the lower crust, where the mantle-derived
melts reside and differentiate (Fig. 12A). This could explain the
arrival of both silica-undersaturated and saturated magmas, as well
as the fact that part of the mafic samples has already undergone
substantial olivine fractionation, given their MgO and Ni contents.

In summary, on the base of all presented data, we propose that
the AG pluton emplacement developed in two stages: (I) The
parental magmas (mantle-derived basalt), generated in corre-
spondence to ascending asthenospheric mantle, underwent some
differentiation in correspondence of a first storage level, possibly at
the base of the lower crust. (II) The differentiated magmas migrated
through the crust with minor contamination and stopped in the
attenuated crust at about 12—15 km of depth, probably at the
boundary between the brittle upper crust and ductile middle-lower
crust where tectonic traps can form (Fig. 12A). In this place, dif-
ferentiation by fractional crystallization joined to crustal contami-
nation, with a moderate decrease of the Nd isotope composition
and a slight increase of the Sr isotope ratios, occurred (Fig. 8). New
arrivals of mafic to intermediate magma batches from depth caused
mixing and mingling processes.

6.2. The regional rift—related frame

The Late Jurassic-Early Cretaceous extensional phase occurred in
NW Argentina in an intraplate position was marked by the
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Fig. 13. Conceptual evolutionary model of the Late Jurassic-Early Cretaceous magmatism of NW Argentina. Black to blue colours indicate magma differentiation. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)



R.H. Omarini et al. / Journal of South American Earth Sciences 47 (2013) 55—71 69

emplacement in the crust of magmatic reservoirs with different
petrological characteristics. These, presently, crop out as plutonic
bodies, while the coeval volcanic products were mostly eroded
(Fig. 13). The plutons are distributed across the Eastern Cordillera
and Puna morphostructural provinces, extending for approxi-
mately 50 km from east to west (Fig. 1).

Overall, the intrusive rocks range in composition from slightly
silica-undersaturated gabbros, (e.g.; Castro Tolay), to diorite to sy-
enite and peralkaline syenite, metaluminous biotite-granite and
biotite-hornblende granite, to peraluminous biotite-muscovite
granite (e.g.; Tusaquillas) (Fig. 13). The small Aguilar pluton
covers, alone, much of this compositional range.

On the basis of the available ages and compositional data of the
intrusive suite, we envisage a three-stages tectono-magmatic
evolution for this Jurassic extensional phase (see references in
Fig. 13):

A. Lithospheric thinning promoted the genesis and emplacement
of alkaline basaltic magma in an attenuated crust at the Moho
level. The Rio Grande lamprophyric dykes, corresponding to
very low degrees of partial melting, can be related to this initial
stage (Hauser et al., 2010). This alkaline magmatism constrains
the onset of the extensional phase in Late Jurassic time. Note-
worthy, a NE-SW-elongate, strong residual positive gravimetric
anomaly (Gotze et al., 1994; Omarini et al., 1999) is coaxial with
the dyke swarms generated during the initial stage of the rift
formation.

B. With the increase of the extensional regime, moderately alka-
line and transitional basaltic magmas were generated by
slightly higher degrees of partial melting. Silica-
undersaturated and saturated mafic magmas could have been
generated at this stage (Castro Tolay and AG gabbroids). The
primitive magmas differentiated by fractional crystallization
and interaction with the crust, leading to the emplacement of
alkaline to metaluminous granitoids.

C. At the Jurassic-Cretaceous boundary, silicic magmas, with mi-
nor volumes of mafic ones, were emplaced as plutonic bodies
and dykes. The presence of peraluminous magmas with crustal
isotopic signature suggests partial melting of the continental
crust (Tusaquillas granite). Crustal melting could have been
induced by the thermal perturbation due to asthenosphere
upraise.

The compositional range of the plutonic suite, spanning from
peralkaline to peraluminous rocks, is in agreement with an intra-
plate setting. Indeed, the geological position east of the Tarapaca
backarc basin and the igneous rocks affinity exclude a subduction-
related magma genesis. Instead, the above reconstruction envisages
a rift-related frame for the Jurassic magmatism in NW Argentina.
The Jurassic extensional phase can represent the early phase for the
Cretaceous Salta rift. The large compositional heterogeneity of the
AG pluton, emplaced in the above described frame, well fits in the
proposed reconstruction.

7. Conclusions

The discussion of the geological, petrographic-mineralogical,
geochemical and isotopic results on the Aguilar pluton rocks
leads to the following conclusions:

1. Aguilar is a small intrusion composed of monzogranite rocks
for over 80% of the outcropping pluton and of minor interme-
diate and mafic rocks. The granite has ferroan, alkalic to alkali-
calcic composition, ranging from quartz-monzonite and

quartz-syenite to monzogranite. The mafic rocks are moder-
ately alkaline, rarely slightly silica-undersaturated.

2. The plutonic complex is an example of a multistage mafic to
felsic intrusion strongly affected by magma mingling and
mixing events. We propose a model in which sill-like “magma
sheets” of mafic to intermediate composition repeatedly
intruded and disrupted into the cooling silicic magma chamber,
forming the observed mixing and mingling features (gabbroid
bodies and mafic enclaves in the hornblende-biotite granitoid,
compositional and textural disequilibria in the mineral phases).
The magma chamber was already partially crystallized at the
boundary with the host rock. The outermost layer of silicic
magma, largely solidified, was not reached by the mingling/
mixing events and formed the present biotite-bearing mon-
zogranite facies.

3. The rock suite was originated by differentiation of mantle-
derived magmas by fractional crystallization and moderate
crustal assimilation. The final emplacement in the upper crust,
probably at the boundary with the middle crust, occurred at
approximately 12—15 km of depth. A hornfels metamorphic
aureole and calc-silicate skarns are associated to the pluton.

4. The age of AG pluton (150—149 Ma) is well within the age range
of the other intrusive complexes emplaced in NW Argentina,
east of the active continental margin, in an intraplate position,
during the Late Jurassic-Early Cretaceous extensional phase.
The geological position east of the Tarapaca backarc basin and
the igneous rocks affinity exclude a subduction-related magma
genesis. The available age and compositional data on the entire
plutonic suite allow proposing a reconstruction coherent with
the early stages of rift evolution. The compositional heteroge-
neity characterizing the magmas that formed the AG pluton
well fits in the proposed reconstruction.

5. The geochemical data indicate that AG primitive magmas were
derived from partial melting of a pristine Proterozoic mantle
reservoir that was different from the Rio Grande alkaline
reservoir, which represented the mantle source in the incipient
stage of rift formation.
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