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a b s t r a c t

The La Pe~na alkaline igneous complex (LPC) is located in the Precordillera (32�4103400 S - 68�5904800 W) of
Mendoza province, Argentina, above the southern boundary of the present-day flat-slab segment. It is a
19 km2 and 5 km diameter subcircular massif emplaced during the Miocene (19 Ma) in the Silurian-
Devonian Villavicencio Fm. The LPC is composed of several plutonic and subvolcanic intrusions repre-
sented by: a cumulate of clinopyroxenite intruded by mafic dikes and pegmatitic gabbroic dikes, isolated
bodies of malignite, a central intrusive syenite that develops a wide magmatic breccia in the contact with
clinopyroxenite, syenitic and trachytic porphyries, a system of radial and ring dikes of different com-
positions (trachyte, syenite, phonolite, alkaline lamprophyre, tephrite), and late mafic breccias. The main
minerals that form the LPC, ordered according to their abundance, are: pyroxene (diopside, hedenber-
gite), calcium amphibole (pargasite, ferro-pargasite, potassic-ferro-pargasite, potassic-hastingsite, mag-
nesio-hastingsite, hastingsite, potassic-ferro-ferri-sadanagaite), trioctahedral micas (annite-phlogopite
series), plagioclase (bytownite to oligoclase), K-feldspar (sanidine and orthoclase), nepheline, sodalite,
apatite group minerals (fluorapatite, hydroxylapatite), andradite, titanite, magnetite, spinel, ilmenite, and
several CueFe sulfides. Late hydrothermal minerals are represented by zeolites (scolecite, thomsonite-
Ca), epidote, calcite and chlorite.

The trace element patterns, coupled with published data on Sr-Nd-Pb isotopes, suggest that the pri-
mary magma of the LPC was generated in an initially depleted but later enriched lithospheric mantle
formed mainly by a metasomatized spinel lherzolite, and that this magmatism has a subduction-related
signature. The trace elements pattern of these alkaline rocks is similar to other Miocene calc-alkaline
occurrences from the magmatic arc of the Southern Central Andes.

Mineral and whole-rock chemical compositions support the interpretation that a first batch of a
tephritic magma produced a cumulate of clinopyroxenite (clinopyroxene þ magnetite þ apatite) and a
residual melt that crystallized as malignite at a shallow emplacement level (<5 km). Fractional crys-
tallization in a deep chamber, coupled with rock assimilation, produced successive magma pulses that
gave the composite central syenite, the syenitic and trachitic porphyries, and trachytic dikes. The latest
rocks (phonolites) reflect an extreme fractionation with Ca, Al and K removal by feldspars. Mingling
relationships between tephrites-basanites and trachytes-phonolites, plus compositional variations linked
to the reabsorption surface observed in the K-feldspar from the phonolitic dikes, suggest recharge events
with local mixing in the late-stages of the LPC evolution.
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The emplacement of the LPC melts at a shallow crustal level was favored by the aperture of extensional
NNW-SSE fractures genetically linked to a local brittle shear zone, active at 18e19 Ma during a strong
compressional event, that initiated the regime of flat-slab subduction in this part of the Andes.

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

Most of the magmatic activity related to the development of the
northern part of the southernmagmatic arc of the Andes during the
Upper Cenozoic belongs to the calc-alkaline series and has been
extensively studied because of its importance in the understanding
of the magmatic arc evolution of the Andes and its metallogenic
significance (e.g., Stern, 1989; Skewes and Stern, 1994; Kay et al.,
1999; Kay and Mpodozis, 2001, 2002; Reich et al., 2003; Stern
et al., 2010). Instead, the alkaline complexes in this tectonic
setting are very scarce and have less economic importance; how-
ever, they may have a significant importance for understanding the
different magmatic processes that happen in a convergent regime.
The importance here is that usually alkaline intrusive and sub-
volcanic complexes are bound to stable, anorogenic cratons,
whereas in our case the alkaline intrusive complex is bound to
orogenic processes at cratonic margins. The alkaline complexes are
usually small-sized and are complicated because of the wide vari-
ety of igneous rocks with a plethora of specific names that
contribute to confuse their most important features, such as origin
and evolution. The scientific importance of the alkaline igneous
complexes lies in their petrography, mineralogy and the petroge-
netic processes involved in the genesis of these magmas (Mitchell,
1996). The alkaline complexes are usually similar in morphology,
size, composition and tectonic setting. Crustal lineaments and
associated faults in rift environments normally control their
intrusion, even generating intrusive provinces, as it happens in East
Africa (Le Bas, 1977), south of Brazil (Morbidelli et al., 1995), or in
the Kola Peninsula, Russia (Kogarko et al., 1995). However, some
manifestations have been linked to subduction regimes. Examples
of these are the kamafugites of the magmatic Roman province
(Boari et al., 2009), the Zippa Mountain, Canada (Coulson et al.,
1999) and the leucitites of the Sunda Arc, Indonesia (Edwards
et al., 1994). In the context of the Andean orogeny, the La Pe~na
alkaline complex, located in the Mendoza province, Argentina,
represents an opportunity to explore petrogenetic processes
involved in its genesis, and its relation with the Andean tectonic
regime. In this paper we study the origin and magmatic evolution
of LPC through the petrography, chemical variations of minerals
and whole-rock compositions. We show for the first time the
compositional trends of petrogenetic minerals and the composition
of accessory and secondary phases from LPC. New whole-rock an-
alyses of major and trace elements are presented, and compared
with other magmatic centers from the region. Finally, taking into
account published and new data, we propose an alternative
evolutionary model for the LPC to the one proposed by Zappettini
et al. (2013).
2. Methodology

The cartography was made with ASTER GDEM images and a
satellite image obtained with the Stitch Maps software fromGoogle
Earth. Polished thin sections were petrographically described and
the modal compositions were obtained with a manual point
counter using not less than 1200 points per thin section. The
classification of the rocks was based in the IUGS diagram (LeMaitre,
2002) complemented for some syenites with the proposal of
Mitchell and Platt (1979). Selected thin sections were analyzedwith
a JEOL JXA-8230 electron microprobe (WDS mode), in LAMARX
(Universidad Nacional de C�ordoba, Argentina). Analytical condi-
tions were: 1e5 mm beam diameter (10 mm for zeolites), 15 kV ac-
celeration potential, 20 nA beam current (10 nA for zeolites and
apatite), and a counting time of 10 s on the peak and 5 s on each
background position. Standards were apatite (P and F), rhodonite,
wollastonite, anorthoclase or orthoclase (Si), ilmenite (Ti), ortho-
clase or anorthoclase (Al), chromite (Cr), nickeline (Ni), fayalite (Fe),
rhodonite (Mn), wollastonite (Ca), forsterite or MgO (Mg), anor-
thoclase (Na), orthoclase (K), sanbornite (Ba), celestite (Sr and S),
sodalite (Cl), samarskite (Y) and synthetic REEPO4 (La, Ce, Nd). Raw
data were processed using the ZAF correction as implemented by
the JEOL suite of programs. Amphiboles were classified using the
AMPH 2012 2.0 software (Oberti et al., 2012). Whole-rock chemical
analyses were performed by Activation Laboratories at Ancaster,
Ontario (Canada). Rock powders were fused using a mixture of Li
meta and tetraborate, dissolved in nitric acid and then analyzed by
ICP-OES (major elements, Sc, Be, V, Ba, Sr, Y, Zr), and ICP-MS (Cr, Co,
Ni, Cu, Zn, Ga, As, Rb, Nb, Mo, Ag, In, Sn, Sb, Cs, REE, Hf, Ta, W, Tl, Pb,
Bi, Th, U).
3. Geological background

The Puesto La Pe~na Igneous Complex (sensu Villar and
Zappettini, 2000), La Pe~na (Lucassen et al., 2007), or recently
called La Pe~na Complex (LPC) (Pagano et al., 2014) is located in the
eastern border of the Precordillera (32�4103400 S, 68�5904800 W) of
Mendoza province (Argentina) above the southern boundary of the
present-day flat-slab segment developed between 28� and 33� S
(Fig. 1A). The Upper Cenozoic arc magmatism, in this part of the
southern Central Andes was linked to interactions between the
Nazca and South American plates, which produced a large volume
of calc-alkaline volcanic rocks principally of basaltic-andesitic,
andesitic and dacitic compositions emplaced in Paleozoic to
Mesozoic (meta) sedimentary rocks of marine and continental
origin, as well as in volcanic and plutonic igneous rocks. Numerous
studies documented a spatial link between the geodynamic
changes such as slab flattening and geochemical changes in the
Cenozoic magmatism in this part of the Andes above the flat-slab
segment (Kay et al., 1987, 1991, 1999; Stern, 1989; Kay and
Mpodozis, 2001, 2002). These variations were controlled by both
the compositions and stress state of the lithosphere from which
these magmas originated. Beginning at approximately 22 Ma, the
Central Andes were affected by a compressional tectonic phase
linked with changes in the subduction geometry of the plates from
oblique to orthogonal pattern, which produced crustal shortening
and reduced magmatic activity. This led to a period of compres-
sional tectonic regime during the Miocene and tectonic inversion
along the flat-slab segment of the Andes (Kay andMpodozis, 2002).

The beginning of the deformation in the west is shown by the
change of low-K tholeiites of the Abanico Formation to calc-alkaline
dacites from the El Teniente Volcanic Complex (Kay et al., 2005,
2006), which happened between 21 and 19 Ma ago (Charrier
et al., 2002, 2005). The Farellones volcanic arc (Vergara et al.,



Fig. 1. A) Location of La Pe~na complex and other Miocene magmatic occurrences in the flat-slab segment, depth contours on the Wadati-Benioff zone from Cahill and Isacks (1992).
Figure modified from Kay and Mpodozis (2002). B) Simplified geological map of the southern part of the Precordillera representing the Villavicencio Formation, La Pe~na complex to
the east, and Paramillos de Uspallata westward from Villavicencio fault system. PU: Paramillos de Uspallata, CC: Cerros Colorados.

Fig. 2. Geological map of La Pe~na complex, modified from Pagano et al. (2014).
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Table 1
Summary of petrographic characteristics of rocks from the La Pe~na complex.

Rocks Mineral compositions Texture and structure

Clinopyroxenite
body

Clinopyroxenite Cpx > Mag > Ap > Bt ± Pl ± Amp ± Kfsa Medium to coarse grained rock, meso to orthocumular textured.
Mafic dikes Cpx > Pl > Kfs > Mag > Bt > Ap Microporphyritic texture and fluidal structure.
Mafic dikes Cpx > Mag > Ap Fine to very fine grained and fluidal structure.
Pegmatitic
gabbroic dikes

Pl > Amp > Cpx > Mag > Ap > Bt Large crystals of pargasite in a micropegmatitic groundmass.

Malignite bodies Malignite (internal
unit)b

Kfs > Nph > Grt > Cpx > Bt > Amp > Mag > Ttn > Ap > Zr Heterogeneous, poikilitic, medium to coarse grained texture. Kfs form a
poikilitic groundmass including Nph, Cpx, Amp, Bt, Grt, Ttn and Ap.

Malignite to
nepheline syenite
(external unit) c

Kfs > Nph > Grt > Sdl > Amp > Bt > Mag, Pl > Ttn Microporphyritic seriate texture and fluidal structure. d

Syenite body Syenite Kfs > Pl > Amp > Cpx > Mag > Ap > Ttn Microporphyritic seriate texture.
Foid syenite Kfs > Nph > Fd > Cpx > Mag > Ap > Ttn Microporphyritic seriate texture and fluidal structure.
Foid monzosyenite Kfs > Fd > Amp > Pl > Grt > Mag > Ttn > Cpx Microporphyritic seriate texture and fluidal structure.
Foid-bearing
syenite

Kfs > Pl > Cpx > Fd > Mag > Ttn > Ap Microporphyritic seriate texture and fluidal structure.

Porphyry bodies Trachyte
porphyries

Kfs > Pl > Cpx > Mag > Ttn > Grt > Ap Porphyritic texture, and fluidal structure. The phenocrysts (Kfs ± Pl) are
contained in a trachytic groundmass.

Syenite porphyries Kfs > Pl > Cpx > Fd > Mag > Ttn > Ap Porphyritic texture, and fluidal structure. The phenocrysts (Pl) are
contained in a granular groundmass.

Systems of dikes Foid-bearing alkali
feldspar trachyte

Kfs > Fd > Amp > Cpx > Grt > Mag, Pl > Ttn Porphyritic texture, and fluidal structure. The phenocrysts (Kfs ± Pl) are
contained in a trachytic groundmass (Kfs ± Pl).

Trachyte Kfs > Pl > Amp > Mag > Ttn > Cpx Porphyritic texture, and fluidal structure. The phenocrysts (Pl) are
contained in a trachytic groundmass (Kfs ± Pl).

Syenite Kfs > Pl > Cpx > Mag > Ttn Fine grained seriate texture.
Ledmorite Kfs > Nph > Grt > Mag > Cpx > Amp, Bt > Ttn > Ap Fine grained seriate texture.
Phonolite Kfs > “Pseudo Lct” > Sdl > Grt > Amp > Pl > Bt > Mag,

Cpx >> Ap
Porphyritic texture, and fluidal structure. The phenocrysts are
contained in a trachytic groundmass (Kfs ± Pl).

Phonolite Kfs > Sdl > Amp > Grt > Pl > Ttn > Mag >> Ap Porphyritic texture, and fluidal structure. The phenocrysts are
contained in a trachytic groundmass (Kfs ± Pl).

Tephrite Cpx > Mag > Bt > Ap Porphyritic to microporphyritic texture, and fluidal structure. The
phenocrysts (Cpx, Mag, Bt, Ap) are contained in a very fine grained
groundmass (Kfs, Pl, Cpx, Bt, Mag).

References.
a Kfs is locally present as an intercumulus phase.
b Internal zone of the malignite bodies.
c Border zone of malignite bodies; Fd: undifferentiated foid replaced by zeolite; Pseudo Lct: pseudoleucite. Other mineral abbreviations are fromWhitney and Evans (2010).

More detailed petrographic descriptions in Pagano et al. (2014).
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1999), at the base of the Farellones Fm was dated in 22.5 Ma UePb
(Fock, 2005). To the east, in the back-arc, the Paramillos and Cerro
Colorado volcanic centers, with ages of 18.9 to 16.2 Ma (Kay et al.,
1991), represent the closest calc-alkaline equivalents (Fig. 1A and
B).
3.1. La Pe~na complex

The studied complex is emplaced in the metasedimentary tur-
biditic sequence of the Villavicencio Formation (Harrington, 1941)
(Fig. 1B), formed by mudstones, sandstones and minor conglom-
erates of Silurian-Devonian age (Cuerda et al., 1993). This sequence
was differentially deformed and slightly metamorphosed during
the Chanic diastrophic phase (dated at 385 Ma, Davis et al., 2000),
and shows a westward-increasing degree of deformation up to the
Villavicencio fault system (Giambiagi et al., 2011). The Villavicencio
Formation has to the east, a NeS striking strike-slip brittle shear
zone related with the emplacement of the LPC (Pagano et al., 2014)
(Fig. 1B).

The LPC is an approximately circular intrusive of 5 km of
diameter and 19 km2 of surface, slightly elongated to the NEeSW
direction. It has straight and high-angle contacts with the country
rock, concordant with the stratigraphy in the eastern border and
discordant to it in the rest of the complex. It is a plutonic, subsat-
urated, potassic complex, defined as belonging to the malignite-
borolanite series (Villar and Zappettini, 2000; Zappettini et al.,
2013). The most abundant rock types are clinopyroxenite, malig-
nite and syenite, along with dike swarms of diverse lithologies. An
AreAr age in amphibole of the malignite yielded 18.7 ± 0.5 Ma
(Zappettini et al., 2005), whereas K/Ar data from amphibole from
the clinopyroxenite gave 17.9 ± 0.5,18.5 ± 0.5, and 19.5 ± 0.6 Ma. An
age of 18.8 ± 0.5 Ma was obtained by Lucassen et al. (2007) on
biotite of the same rock, confirming that the LCP is an Early
Miocene magmatic occurrence. Zappettini et al. (2013) indicated
that LPC is formed by two plutonic facies (a pyroxenite core sur-
rounded by a malignite-borolanite association) and a system of
radial and annular dikes (trachyte, tephrite to phonolite, alkaline
lamprophyre and intermediate varieties, porphyritic micro-
ledmorite, benmoreite and alkaline trachyte). Outside of the study
area there are also dikes of ouachitite, as well as trachytic to pho-
nolitic volcanic necks. Recently Pagano et al. (2014) published a
detailed contribution about the petro-structural aspects of the LPC
at meso andmicroscopic scales; in that paper the authors remarked
that the LPC is built by several intrusions (dominantly plutonic;
subvolcanic in less proportion) that are grouped in: (1) a clino-
pyroxenite consisting in a cumulate body intruded by a mafic dike
system, and pegmatitic gabbroic dikes, (2) isolated bodies of
malignite, (3) a central syenite intrusive with facies of syenite, foid-
bearing syenite, foid syenite and monzosyenite producing an
intrusive breccia at the contact between clinopyroxenite and sye-
nite, (4) syenitic and trachytic porphyries, and (5) a swarm of radial
and ring dikes (Fig. 2) of several compositions that includes: foid-
bearing alkali feldspar trachytes, trachytes and, less frequently,
syenite, intruded by thin basanitic dikes (now reclassified as
tephritic dikes). A more recent geological survey and new petro-
graphic observations allowed to identify the occurrence of scarce



Table 2
Representative modal compositions of rocks from the La Pe~na complex.

Rocks n Cpx Amp Bt Pl Kfs Nph Sdl PLctc Fdd Ap Grt Ttn Mag SM

Clinopyroxenite body Clinopyroxenite 6 76.0 0.1 4.3a 2.5b e e e e e 7.4 e e 9.8i e

Mafic dikese 1 55.0 e 1.4 18.3 15.2 e e e e 0.1 e e 10.0 e

Mafic dikesf 2 71.2 e e e e e e e e 0.1 e e 28.7 e

Pegmatitic g. dikesg 3 20.8 23.7 0.9 45.7 e e e e e 3.5 e e 4.2 1.2
Malignite bodies Malignite (internal unit)h 4 12.2 9.5 11.6 e 34.0 15.0 e e e 0.3 14.0 0.4 1.7j 1.3

Malignite to nepheline syenite (external unit) 2 e 8.0 0.7 0.6 54.5 17.7 1.2 e e e 13.9 0.3 0.6 2.5
Syenite body Syenite 3 4.3 8.7 e 17.6 62.8 0.0 e e e 0.7 e 0.6 2.5 2.8

Foid syenite 2 0.5 6.2 e e 52.5 18.0 e e 11.9 e 7.8 0.2 0.9 2.0
Foid monzosyenite 1 0.2 13.4 e 8.5 55.6 e e e 15.0 e 2.4 0.2 0.7 4.1
Foid-bearing syenite 1 8.3 e e 16.5 67.5 e e e 4.6 0.1 e 0.5 2.5 e

Porphyry bodies Trachytic porphyries 2 3.2 e e 18.8 73.2 e e e e 0.2 0.5 0.6 2.0 1.5
Syenitic porphyries 2 4.1 e e 14.6 77.2 e e e 2.0 0.1 e 0.6 1.4 e

Systems of dikes Foid-bearing alkali feldspar trachyte 1 3.5 3.7 e 0.8 76.2 e e e 8.3 e 2.3 0.1 0.8 4.3
Trachyte 2 2.1 0.5 e 16.4 71.2 e e e e e e 0.7 1.4 7.7
Syenite 1 6.1 e e 31.7 59.2 e e e e e e 0.6 1.8 0.7
Ledmorite 1 5.0 2.0 2.0 e 54.3 17.0 e e e 0.2 15.7 0.5 1.8 1.5
Phonolite 1 0.4 3.4 0.5 0.8 67.6 e 7.4 15.4 e e 4.1 e 0.4 e

Phonolite 1 e 6.0 e 3.8 72.3 e 12.0 e e e 4.8 0.2 0.1 1.0
Tephrite 1 20.0 e 7.0 k k e e e e 3.0 e e 15.0 10.0

References: -: not detected; n: number of samples; SM: secondary minerals (zeolites > calcite > epidote, occasional chlorite and possibly cancrinite).
a Interstitial late biotite.
b Subordinated plagioclase, identified only in one sample of clinopyroxenite.
c “pseudoleucite” (pseudomorphs of leucite).
d Undifferentiated foid, replaced by zeolite.
e Microporphyritic mafic dikes.
f Fine grained mafic dikes.
g Pegmatitic gabbroic dikes.
h In the Internal unit of malignite, zircon was identified by manual separation.
i Abundant titanian magnetite, scarce pyrite, chalcopyrite and occasional covellite.
j Pyrrhotite þ magnetite.
k Kfs and Pl forming a very fine grained groundmass. Mineral abbreviations are from Whitney and Evans (2010). Malignite bodies are composed by a heterogeneous rock

that in the external unit (border zone) varies from malignite (mesocratic nepheline syenite) to nepheline syenite. Malignite is classified following to IUGS recommendations
(Le Maitre, 2002) and the Mitchell and Platt (1979) mineralogical classification.
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isolated bodies of late mafic breccias (Fig. 2), and in the systems of
dikes the presence of ledmorites, phonolites and alkaline lamp-
rophyric rocks. A summary of the petrographic characteristic of LPC
rocks is given in Table 1; the modal composition and mineralogy of
different kind of rocks are numerically and graphically shown in
Table 2 and Fig. 3.
4. Results

4.1. Chemical composition of the minerals

4.1.1. Pyroxene group minerals
Clinopyroxene is present in diverse proportions, morphology

and grain size in most rocks of the LPC. Modal proportion decreases
from about 80% in clinopyroxenite, to less than 1% in syenite. In the
clinopyroxenite it occurs as 2e30 mm subhedral crystals, whereas
in malignite it is much smaller (0.5e1.5 mm). In syenite and
trachyte it is frequently replaced by garnet and amphibole. Repre-
sentative chemical compositions are quoted in Table 3. They
correspond to members of the diopside-hedenbergite series in the
current IMA classification (Morimoto et al., 1988), although some
points show wollastonite (Wo) contents higher than 50% (Fig. 4A).
The chemical evolution suggests Fe enrichment by the Mge1Fe
substitution, from clinopyroxenite and tephrite to malignite and
syenite. In the (Fe2þþMn)eNaeMg diagram it can be seen that
clinopyroxene from LPC falls in the same field as that from the less
evolved rocks from the Magnet Cove alkaline complex, USA (Flohr
and Ross, 1990), Ilimaussaq South, Greenland (Larsen, 1976), Cold-
well, Canada (Mitchell and Platt, 1982) and Chinduzi, Chilwa,
Malawi (Woolley and Platt, 1986) (Fig. 4B).
4.1.2. Calcium amphibole subgroup minerals
The calcium amphibole subgroup minerals occur in most rocks

from the LPC in different quantities, from scarce in the clinopyr-
oxenite to 7% in the foid syenite and syenite and up to 12% in the
malignite. In the clinopyroxenite they form anhedral crystals up to
5 mm replacing diopside and biotite. In the pegmatitic gabbroic
dikes they occur as euhedral to subhedral crystals up to 8 cm long
that locally show branching textures. In syenite and malignite,
amphibole is usually interstitial or, when filling veinlets, fibrorra-
dial. In trachytic dikes it forms slightly reabsorbed ovoid crystals,
while in the phonolitic ones it occurs as up to 5 mm euhedral
crystals. Most crystals display a slight to marked concentrical
zoning, but all compositions belong to the calcic subgroup.
Following the IMA scheme (Hawthorne et al., 2012) they can be
classified as pargasite, ferro-pargasite, potassic-ferro-pargasite,
hastingsite, magnesio-hastingsite, potassic-hastingsite to potassic-
ferro-ferri-sadanagaite. Some representative compositions are lis-
ted in Table 4.

Some crystals in phonolitic dikes show homogeneous ovoid
cores (ferro-pargasite) wrapped by an outer idiomorphic zone of
potassic-ferro-pargasite composition; this compositional contrast
between both zones is also marked by K, Al and Ti increase coupled
with a decrease in Na and Si.
4.1.3. Mica group minerals
Ferromagnesianmicas (“biotite” and phlogopite) are common in

the LPC, with modal proportions up to 20% in the clinopyroxenite
and 7% in the late tephritic dikes; they are very scarce in the sye-
nites. In clinopyroxenite, biotite is interstitial and represents a late
intercumulus phase. Table 5 shows some representative composi-
tions. The FeT/(FeT þ Mg) ratio is variable (between 0.23 and 0.55),



Fig. 3. Diagrams of classification used for LPC rocks based on the recommendations of the IUGS. A) For clinopyroxenite. B) For the gabbroic rocks. C) For the syenitic rocks. It is also
shown the mineralogical classification of Mitchell and Platt (1979) for malignites. D) For the volcanic rocks, applied to dikes and porphyries.
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and in most cases it is below 0.55 (i.e. they are phlogopite) except
locally where annite prevails. These compositions are equivalent to
those of micas from the Jacupiranga alkaline complex (Fig. 5A)
analyzed by Brod et al. (2001).
4.1.4. K-feldspar
Potassium feldspar is common in LPC rocks, reaching up to 70%

in volume in syenite and foid syenite. It occurs as an optically
continuous groundmass in the internal unit of the malignite and in
the foid syenite, and as intercumulus in the clinopyroxenite. The
external unit of the malignite bodies, some foid syenites and sye-
nites have euhedral to subhedral microphenocrysts up to 5 mm in
size, whereas in the trachyte and the trachytic phorphyry they can
reach up to 5 cm. The chemical compositions (Table 6) are in the
range Or54.9 Ab42.5 An2.6 to Or88.6 Ab11.4 An0.033 (Fig. 5B) and the
structural state corresponds to sanidine and orthoclase. The con-
tents of minor elements, such as Sr and Ba, show large variations
within zoned crystals and among different individuals as well.
Some crystals are markedly enriched in Ba (up to 3.86 wt.% BaO) or
Sr (up to 3.55 wt.% SrO). In phonolitic dikes crystals show periodic
oscillatory zoning, with a sharp increase of Ca, Ba and occasionally
Sr after resorption surfaces. These crystals show irregular resorp-
tion surfaces but marked idiomorphism in outer zones.

4.1.5. Plagioclase
Plagioclase is relatively abundant as pheno and micro-

phenocryst in syenite, monzosyenite, porphyries, trachytic and
phonolitic dikes, and as oriented microlites in the groundmass of
trachyte and tephrite. Chemical compositions (Table 6) are variable,
ranging between An82 (bytownite) and An21 (oligoclase) (Fig. 5B),
and show good correlation with the magmatic differentiation de-
gree of the LPC rocks.

4.1.6. Nepheline
This is the most abundant foid found in malignite and foid sy-

enite, but it is subordinated to sodalite in phonolitic dikes. It usually
occurs as euhedral to subhedral crystals that show the {0001} and
{10e10} crystallographic forms. Its chemical composition is quoted
in Table 7; the Ne, Ks, Qz and An %molwere calculated according to
Kononova et al. (1967). In general the compositions are rich in An,
with CaO contents varying from 1.34 to 2.48 wt. %, similar to the
ones from nepheline monzonite, nepheline diorite and theralite



Table 3
Representative compositions of clinopyroxene from the La Pe~na complex.

Samples LP 12 Cpx 1 LP 12 Cpx 1 LP B1 Cpx 1 LP 3c Cpx 3 LP 3c Cpx 3 LP 62 Cpx 2 LP D25 Cpx 1 LP 32D Cpx 2 LP 32D Cpx 1

Rocks Clinopyroxenite Mafic dikes Malignite Syenite Phonolitic dikes Tephritic dikes

Analysis 5 r 18 c 38 c 66 a 67 a 3 a 31 c 6 c 1 c

SiO2 wt. % 46.71 50.75 46.63 47.20 46.09 43.37 43.81 50.78 51.01
TiO2 1.55 0.72 1.65 1.32 1.67 1.54 1.47 0.73 0.77
Al2O3 6.62 3.27 7.39 4.84 7.01 7.83 8.16 2.89 3.16
Cr2O3 0.05 b.d.l. 0.01 b.d.l. 0.04 0.02 0.04 b.d.l. b.d.l.
Fe2O3 5.31 2.75 5.05 3.99 5.02 7.13 8.46 2.73 2.39
FeO 4.55 3.87 4.90 12.75 5.52 10.46 8.83 3.82 4.75
MnO 0.21 0.13 0.26 0.71 0.21 1.02 0.78 0.09 0.10
MgO 11.30 14.19 10.74 6.29 10.48 5.57 6.05 14.71 14.19
CaO 23.08 23.67 23.61 21.89 23.76 20.80 22.08 23.78 24.05
Na2O 0.60 0.37 0.58 1.06 0.38 1.12 1.08 0.17 0.15
Total 99.97 99.73 100.83 100.03 100.18 98.84 100.75 99.70 100.59

apfu
Si 1.756 1.883 1.741 1.832 1.739 1.709 1.689 1.884 1.882
Al(4) 0.244 0.117 0.259 0.168 0.261 0.291 0.311 0.116 0.118
ST 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000

Al(6) 0.049 0.026 0.066 0.054 0.050 0.073 0.060 0.011 0.020
Ti 0.044 0.020 0.046 0.039 0.047 0.046 0.042 0.020 0.021
Cr 0.001 0.000 0.000 0.000 0.001 0.001 0.001 0.000 0.000
Fe3þ 0.150 0.077 0.142 0.116 0.142 0.211 0.246 0.076 0.066
Fe2þ 0.139 0.116 0.152 0.414 0.173 0.343 0.285 0.114 0.141
Mg 0.616 0.760 0.593 0.364 0.585 0.326 0.358 0.779 0.751
Mn 0.000 0.000 0.000 0.013 0.000 0.000 0.018 0.000 0.000
SM1 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

Fe2þ 0.004 0.004 0.001 0.000 0.001 0.001 0.000 0.005 0.006
Mn 0.007 0.004 0.008 0.010 0.007 0.034 0.008 0.003 0.003
Mg 0.017 0.024 0.004 0.000 0.004 0.001 0.000 0.035 0.029
Ca 0.929 0.941 0.944 0.911 0.961 0.878 0.912 0.945 0.951
Na 0.044 0.027 0.042 0.080 0.028 0.085 0.081 0.012 0.011
SM2 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

Wo 50.07 48.94 51.40 50.44 51.45 49.85 50.96 48.38 48.89
En 34.12 40.81 32.54 20.16 31.58 18.59 19.42 41.65 40.15
Fs 15.81 10.25 16.06 29.39 16.97 31.56 29.62 9.97 10.96
Mg# 68.33 79.93 66.96 40.69 65.05 37.06 40.28 80.68 78.55

References: c: core; r: rim; a: aleatory. n.d.: not detected. Formulae based on 6 atoms of oxygen and 4 cations.
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from the Messum alkaline complex, Namibia (Blancher et al., 2010).
The contents of Qz increase frommalignite to foid syenites. In some
syenite and phonolites, nepheline accompanied by Kfs (plus anal-
cime and fine-grained muscovite), are pseudomorphically replac-
ing leucite, producing pseudoleucite.

4.1.7. Apatite
Minerals of this group are present in all LPC rocks. Their modal

content varies from 8% in clinopyroxenite to 0.1% in trachytes.
Chemical compositions (Table 8) range from fluorapatite in most
rocks to hydroxylapatite in the tephritic dikes (Fig. 6). The contents
of SO3 are significant, ranging from 0.29 to 1.08 wt.%. This corre-
sponds to medium to high S apatites following the definition of
Broderick (2008).

4.1.8. Andradite
Andradite with variable Ti content (3e6 wt.% TiO2) is a common

accessory phase in intermediate and evolved rocks, appearing as
euhedral crystals up to 2 mm. Crystals from the internal unit of
malignite show anisotropic rims in contact with zeolites. Chemical
compositions are quoted in Table 9.

4.1.9. Titanite
This mineral is a frequent accessory phase in leucocratic rocks,

occurring as subhedral crystals up to1 mm long. In malignite it is
resorbed by garnet. Chemical analyses of titanite from syenite
(average of 4 spots) gave (wt.%): SiO2: 30.0; Ti2O: 33.7; CaO: 27.9;
Al2O3: 1.6; Fe2O3: 2.0.

4.1.10. Sodalite
Sodalite is frequent in phonolitic dikes as microphenocryst. Its

average (n ¼ 4) chemical composition is (wt.%): SiO2: 37.5; Al2O3:
31.9; FeO: 0.02; Na2O: 24.51; CaO: 0.18; K2O: 0.02; Cl: 7.21 and SO3:
0.09.

4.1.11. Magnetite
In addition to cumulate layers of restricted extent formed only

by magnetite (Zappettini et al., 2008, 2009), this oxide is present in
variable proportions, from 13% in themain clinopyroxenite down to
3% in syenite and trachyte. The composition of this phase from
tephritic dikes is in average (n ¼ 7; wt.%): TiO2: 7.94; Fe2O3: 47.33,
FeO: 37.07, Al2O3: 4.50, Cr2O3: 0.06, MnO; 0.21, MgO: 0.91 and SiO2:
0.09 (Fe2þ/Fe3þ ratio calculated after Droop, 1987), corresponding
to titanianmagnetite. Its composition is similar to that of magnetite
from clinopyroxenite analyzed by Zappettini et al. (2009). It shows
exsolutions of ilmenite and spinel, and hematite replacement along
{111} octahedric planes.

4.1.12. Zeolite group minerals
Locally, minerals of this group are filling veinlets and interstitial



Fig. 4. A) Ternary diagram Ferrosilite (Fs) - Wollastonite (Wo) e Enstatite (En), showing the compositions of the clinopyroxene from LPC following the IMA classification (Morimoto
et al., 1988). B) Ternary diagram (Fe2þ þ Mn) e Na e Mg showing the LPC clinopyroxene compositions compared to the ones from other alkaline complexes: Coldwell (Mitchell and
Platt, 1982), Ilimaussaq (Larsen, 1976), Qôroq, Greenland (Stephenson, 1972), Magnet Cove (Flohr and Ross, 1990), Chinduzi, Chilwa, Malawi alkaline province (Woolley and Platt,
1986).
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spaces in clinopyroxenite, malignite and syenite. They are also
present in pegmatitic differentiates of malignite, as well as
replacing nepheline and sodalite. They are high-Ca zeolites, mainly
scolecite and thompsonite-Ca. The average chemical composition
for scolecite is (n ¼ 12; wt. %): SiO2: 45.89, Al2O3: 25.33, FeO: 0.03,
CaO: 12.41, Na2O: 0.79, K2O: 0.03, Cl: 0.01, with 13.54% H2Ocalc. The
thomsonite-Ca composition (wt.%) is: SiO2: 38.22, Al2O3: 30.84,
FeO: 0.04, CaO: 12.48, Na2O: 3.63, K2O: 0.11, with 13.30H2Ocalc.

4.1.13. Other minerals
Zircon is present in small quantities in malignite. Epidote and

chlorite group minerals, calcite, and possible some cancrinite
locally replace plagioclase, amphibole and nepheline. The first
three minerals may also be found filling amygdules and veinlets in
trachyte and phonolite dikes. Pyrrhotite, pyrite, chalcopyrite,
marcasite and secondary covellite and goethite were observed as
sporadic minerals.

4.1.14. Evolution of mineral compositions
Clinopyroxene, biotite, amphibole, feldspars and nepheline

chemical compositions show evolutionary trends which are
consistent with magmatic differentiation from clinopyroxenite-
tephrite-malignite to syenite (trachyte), similar to trends shown
in Harker diagrams by whole rock compositions, see below.
Clinopyroxene, biotite and amphibole evolved through substitution
of Mg by Fe. The Mg# [Mg/(Mg þ Fe) atom.] in clinopyroxene de-
creases from 80.06 in diopside from tephritic dikes and clinopyr-
oxenite to 37.06 in hedenbergite from foid syenite. This evolution
occurs simultaneously with an increase in Al, Ti and Na (Fig. 7A and
B). The decreasing Mg# is coupled with an increase of Al and Ti in
single zoned or in different crystals, indicating simple magmatic
differentiation operating from tephritic-clinopyroxenite up to
malignite.

The enrichment of Na in clinopyroxene from foid syenites and
phonolites, and partially in malignite, strongly suggests increasing
melt alkalinity with differentiation (Fig. 7B).

Biotite also shows decreasing Mg# with differentiation, from
values of 76.57e75.25 in phlogopite from clinopyroxenite and
tephritic dikes, to 44.61 in biotite from malignite. This behavior is
expected if melt evolution was dominated by fractional crystalli-
zation, comparable to the chemical evolution of micas in the
Jacupiranga alkaline complex (Brod et al., 2001). The FeOT/Al2O3 vs
FeOT/MgO diagram shows Fe enrichment with respect to Al and Mg
with differentiation, and a small compositional gap between micas
from less evolved rocks compared with the others (Fig. 7C). The Ti
content of biotite increases at the beginning with increasing FeT/
(FeT þ Mg) in the less differentiated rocks, peaking in mafic dikes
and then decreasing towards malignite (Fig. 7D). This initial



Table 4
Representative compositions of amphiboles from the La Pe~na complex.

Samples LP LP LP LP LP LP LP LP LP

12 28 8 62 71 D1 D1 D1 D25

Anf 1 Anf 1 Anf 1 Anf 1 Anf 3 Anf 2 Anf 3 Anf 1 Anf 1

Rocks Clinopyroxenite Pgd Malignite Foid syenite Syenite Trachytic dikes Phonolitic dikes

Analysis 1a 3c 21 a 4 c 5a 5 r 6 c 2 c 34 c
SiO2 wt.

%
39.32 38.03 36.73 36.87 40.07 39.63 38.28 39.17 37.72

TiO2 1.91 2.65 1.76 1.93 0.09 2.33 2.76 3.12 1.68
Al2O3 15.15 14.95 13.90 14.10 11.89 13.05 13.77 13.66 13.39
Cr2O3 b.d.l. 0.05 b.d.l. 0.03 0.03 0.03 0.05 b.d.l. 0.01
Fe2O3 2.06 2.71 3.35 3.97 4.18 1.49 1.20 0.94 3.15
FeO 9.71 10.26 16.92 17.70 14.85 16.53 15.50 15.76 18.64
MnO 0.20 0.22 0.95 1.12 1.81 0.65 0.48 0.42 1.49
MgO 12.75 11.93 6.73 5.97 8.46 8.99 9.06 9.32 5.68
CaO 12.38 12.09 11.32 10.90 11.03 10.95 10.88 11.12 10.83
ZnO b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.15
Na2O 2.19 2.36 1.58 1.96 2.10 2.13 2.24 2.47 2.11
K2O 1.91 1.64 2.87 2.68 1.99 2.10 1.95 1.62 2.20
F b.d.l. b.d.l. 0.76 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
Cl b.d.l. 0.03 0.06 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.04
H2O calc 2.02 2.00 1.54 1.92 1.96 1.96 1.97 1.98 1.91
Total 99.6 98.91 98.14 99.15 98.46 99.84 98.14 99.58 98.99

apfu
Si 5.853 5.738 5.829 5.807 6.238 6.058 5.932 5.966 5.955
Al(4) 2.147 2.262 2.171 2.193 1.762 1.942 2.068 2.034 2.045
S T 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000

Al(6) 0.510 0.397 0.429 0.425 0.420 0.409 0.447 0.418 0.446
Ti 0.214 0.301 0.210 0.229 0.011 0.268 0.322 0.357 0.200
Cr 0.000 0.006 0.000 0.004 0.004 0.004 0.006 0.000 0.001
Fe3þ 0.230 0.307 0.398 0.469 0.490 0.171 0.140 0.107 0.374
Mg 2.829 2.683 1.592 1.402 1.963 2.049 2.093 2.116 1.337
Zn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.017
Fe2þ 1.209 1.296 2.247 2.333 1.933 2.100 1.992 2.002 2.461
Mn2þ 0.008 0.010 0.124 0.138 0.179 0.000 0.000 0.000 0.164
S C 5.000 5.000 5.000 5.000 5.000 5.001 5.000 5.000 5.000

Mn2þ 0.018 0.018 0.004 0.011 0.060 0.084 0.063 0.054 0.036
Ca 1.974 1.955 1.925 1.840 1.840 1.793 1.807 1.815 1.832
Na 0.008 0.028 0.072 0.149 0.100 0.109 0.114 0.125 0.132
S B 2.000 2.001 2.001 2.000 2.000 2.000 2.001 2.001 2.000

Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Na 0.624 0.663 0.415 0.450 0.534 0.522 0.559 0.605 0.513
K 0.363 0.316 0.581 0.539 0.395 0.410 0.386 0.315 0.443
S A 0.987 0.979 0.996 0.989 0.929 0.932 0.945 0.920 0.956

F 0.000 0.000 0.381 0.000 0.000 0.000 0.000 0.000 0.000
Cl 0.000 0.008 0.016 0.000 0.000 0.000 0.000 0.000 0.011
OH 2.000 1.992 1.602 2.000 2.000 2.000 2.000 2.000 1.989

S cation 15.987 15.98 15.997 15.989 15.929 15.933 15.946 15.921 15.956
#Mg 66.28 62.60 37.57 33.37 44.76 47.28 49.34 50.01 32.05
P (Mpa) 550 ± 138 700 ± 77 642 ± 71
Species pargasite Ti-rich

pargasite
potassic-ferro-
pargasite

potassic-
hastingsite

magnesio-
hastingsite

ferro-
pargasite

Ti-rich
pargasite

Ti-rich
pargasite

ferro-
pargasite

References: Pgd: pegmatitic gabbroic dike; c: core; r: rim; a: aleatory; b.d.l.: below detection limit. Pressure calculations according to the Ridolfi et al. (2010) model. Formulae
based on 23 atoms of oxygen equivalent, following the method of Hawthorne et al. (2012).
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increase in Ti is analogous to the one observed by Brod et al. (2001)
in micas from the Tapira complex and could be related to the
combined effects of: (1) increasing oxygen fugacity and (2) Ti
availability in the melt before the crystallization of titanian
magnetite. The textural relationships between these phases in cli-
nopyroxenite and mafic dikes show that biotite crystallizes earlier
than interstitial titanian magnetite, thus the inflexion point in the
curve of Fig. 7D could indicate an increasing consume rate of Ti in
the melt due to oxide fractional crystallization and its
impoverishment in more evolved rocks. The same Harker whole
rock diagrams could be explained by the cumulate origin of some
rocks.

The evolution of amphibole compositions is similar to themicas,
with theMg# decreasing from clinopyroxenite (66.28) tomalignite,
foid syenite and phonolite (33.37e32.05).

In phonolite dikes, some amphibole crystals show ovoid cores
and finely zoned rims showing a marked compositional disconti-
nuity, which suggests disequilibrium with compositional changes



Table 5
Representative compositions of trioctahedral micas from the La Pe~na complex.

Samples LP D Bt 1 LP 12 Bt1 LP D Bt 2 LP B1 Bt 1 LP B1 Bt 2 LP 5c Bt 1 LP 5c Bt 2 LP 32D Bt 1 LP 32D Bt 2

Rock Clinopyroxenite Mafic dikes Malignite Tephritic dikes

Analysis 86 a 16 r 91 a 1 a 3 c 7 r 9a 7 r 10 c

SiO2 wt% 35.74 37.05 35.06 35.34 36.33 34.75 34.65 36.81 37.46
TiO2 4.11 2.54 4.77 5.75 5.37 2.38 2.69 3.79 2.63
Al2O3 16.37 16.58 16.09 15.4 15.85 14.13 14.59 16.53 16.2
Cr2O3 b.d.l. b.d.l. 0.05 b.d.l. 0.01 0.04 b.d.l. 0.01 0.02
FeO 13.19 10.18 15.21 16.77 14.3 23.59 22.4 11.99 10.88
MnO 0.18 0.28 0.15 0.37 0.35 0.73 0.76 0.1 0.12
MgO 15.53 18.65 13.78 11.99 14.22 10.66 10.49 16.9 18.57
CaO b.d.l. b.d.l. b.d.l. 0.03 b.d.l. b.d.l. b.d.l. 0.07 0.39
BaO 0.29 0.15 1.59 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
Na2O 0.23 0.15 0.28 0.3 0.24 0.31 0.31 0.38 0.39
K2O 9.26 9.75 7.34 9.31 9.2 9.58 9.87 9.55 8.39
Cl 0.02 0.01 0.02 0.06 0.08 0.04 b.d.l. 0.02 0.02
F b.d.l. b.d.l. b.d.l. 0.05 0.08 b.d.l. b.d.l. 0.27 0.19
H2O calc. 4.00 4.09 3.94 3.91 3.98 3.82 3.83 3.96 4.01
Total 98.92 99.43 98.27 99.25 99.96 100.02 99.59 100.26 99.18

apfu
Si 5.342 5.426 5.328 5.360 5.388 5.432 5.416 5.384 5.474
Al(4) 2.658 2.574 2.672 2.640 2.612 2.568 2.584 2.616 2.526
ST 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000

Al(6) 0.226 0.288 0.210 0.114 0.160 0.034 0.104 0.234 0.262
Ti 0.462 0.280 0.546 0.656 0.600 0.280 0.316 0.418 0.290
Cr 0.000 0.000 0.006 0.000 0.002 0.004 0.000 0.002 0.002
Fe 1.648 1.246 1.934 2.128 1.774 3.084 2.928 1.466 1.330
Mn 0.022 0.034 0.020 0.048 0.044 0.096 0.100 0.012 0.014
Mg 3.460 4.072 3.122 2.712 3.144 2.484 2.444 3.686 4.044
SO 5.820 5.922 5.836 5.656 5.722 5.982 5.892 5.818 5.944

Ca 0.000 0.000 0.000 0.004 0.000 0.000 0.000 0.010 0.062
Na 0.066 0.042 0.082 0.088 0.070 0.094 0.094 0.108 0.110
K 1.766 1.822 1.424 1.802 1.740 1.910 1.968 1.782 1.564
Ba 0.016 0.008 0.094 0.000 0.000 0.000 0.000 0.000 0.000
S 1.850 1.872 1.600 1.894 1.810 2.004 2.062 1.900 1.736

Cl 0.006 0.002 0.006 0.016 0.020 0.010 0.000 0.004 0.004
OH calc 3.994 3.998 3.994 3.960 3.942 3.990 4.000 3.870 3.908
F 0.000 0.000 0.000 0.024 0.038 0.000 0.000 0.124 0.088

S cation 15.670 15.794 15.436 15.552 15.532 15.988 15.954 15.718 15.678
Fe/(Fe þ Mg) 0.32 0.23 0.38 0.44 0.36 0.55 0.55 0.28 0.25
Mg# 67.74 76.57 61.75 56.03 63.93 44.61 45.50 71.55 75.25

References: c: core; r: rim; a: aleatory. Formulae based on 24 atoms of oxygen equivalent. H2O calculated as (2-F-Cl) (apfu).
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in the melt (e.g.: high-pressure crystallization and low-pressure
resorption or remixing with other melts).

In K-feldspars four different groups are observed (Fig. 8A and B).
In groups 1, 2, and 3, Ba and Sr contents decrease with increasing K
(Or). The slopes of trend lines decrease from malignite (1) towards
foid syenite (2), reach a minimum in syenites and trachytic por-
phyries (4) and increase to phonolitic dikes (3). This behavior is
ascribed to the depletion of Ba and Sr in the melt by fractional
crystallization of plagioclase and K-feldspar. In foid syenites the K-
feldspar shows similar Or values but lower Sr and Ba contents than
microphenocrysts of the external unit of the malignite bodie
(Fig. 8A and B). Both groups of K-feldspars define two different
trends, suggesting that they belong to different batches of melt,
which is in agreement with field observations. From the foid sye-
nite to syenite and trachytic porphyries the contents of Sr in Kfs
decrease suggesting extensive fractional crystallization of plagio-
clase prior to Kfs. In Kfs from the phonolite compositional varia-
tions linked to resorption episodes suggest periodic distabilization,
possibly by different recharge events. These features plus the ex-
istence of mafic enclaves and the mingling relationships between
tephrites and trachytes-phonolite strongly suggest that the LPCwas
an open magmatic system.

In nepheline, compositional variations show silica enrichment
from malignite to foid syenite (Fig. 8C), in agreement with the
evolution of nepheline from alkaline mafic magmas analyzed by
Henderson and Gibb (1983), of tingüaites from Square Top studied
by Wilkinson and Hensel (1994) and the ones from the Messum
alkaline complex (Blancher et al., 2010). In all of these cases
changes were interpreted as due to the differentiation of melts.

4.2. Whole rock geochemistry

The LPC has a wide compositional range (Table 10) with SiO2

varying from 36.01 wt. % in clinopyroxenites to 58.84 wt. % in a
syenite dike. Based on SiO2 contents, rocks form three segments
centered around 37, 45 and 55wt.% that correspond to: 1) cumulate
rocks (clinopyroxenite), 2) tephrite and malignite, 3) syenite, foid
syenite, trachyte and phonolite. Between groups 1 and 2 there is a
compositional gap due to the cumulate origin of clinopyroxenite.
One particular feature of LPC rocks are the low MgO contents that



Fig. 5. A) Composition of the micas from the LPC in the Al-FeT-Mg triangular diagram in atoms per formula unit (apfu). The red line shows the evolution trend from clinopyroxenite
to malignite; the fields 1, 2 and 3 correspond to micas from the Salitre I, Tapira and Jacupiranga complexes respectively. Note that the LPC micas are similar to the ones of the
Jacupiranga alkaline complex. Diagram modified from Barbosa et al. (2012). B) Classification ternary diagram for feldspars from LPC.

Table 6
Representative compositions of feldspar from the La Pe~na complex.

Samples LP 8 a Kfs LP B1Pl LP 62Kfs LP 71 pl LP 71 Kfs LP 20 pl LP 20 Kfs LP D1 pl LP D25 pl LPD D25 Kfs

Rocks Malignite Mafic dikes Foid syenite Syenite Trachytic porphyries Trachytic dikes Phonolitic dikes

Analysis 2 c 4 c 1 c 9 a 18 r 1 c 13 c 6 4 24 r

SiO2 wt. % 59.08 46.81 63.56 58.22 65.07 54.09 64.35 54.89 56.46 62.49
P2O5 b.d.l. 0.02 b.d.l. b.d.l. 0.03 b.d.l. b.d.l. b.d.l. 0.01 b.d.l.
Al2O3 19.97 34.22 19.25 26.56 19.35 29.01 19.51 28.11 27.05 19.35
Fe2O3 0.09 0.59 0.09 0.13 0.17 0.24 0.21 0.36 0.26 0.02
MgO b.d.l. b.d.l. b.d.l. 0.01 b.d.l. b.d.l. b.d.l. b.d.l. 0.03 b.d.l.
CaO 0.21 16.26 0.22 7.41 0.51 10.72 0.50 9.82 7.85 0.01
SrO 2.23 0.74 0.51 0.03 0.08 0.53 0.31 0.24 1.39 0.46
BaO 3.86 0.03 0.43 b.d.l. 0.15 0.02 0.39 0.09 0.10 1.98
Na2O 2.08 1.88 2.45 6.87 4.08 5.04 3.63 5.26 5.58 1.14
K2O 10.73 0.06 12.21 0.22 9.88 0.24 10.81 0.56 1.20 13.49
Total 98.25 100.59 98.72 99.46 99.33 99.88 99.72 99.33 99.92 98.93

apfu
Si 2.857 2.146 2.954 2.612 2.966 2.451 2.947 2.495 2.559 2.941
P 0.000 0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000
Al 1.138 1.849 1.055 1.404 1.040 1.549 1.053 1.506 1.445 1.073
Fe3þ 0.003 0.018 0.003 0.004 0.005 0.008 0.007 0.011 0.008 0.001
Mg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.000
Ca 0.011 0.799 0.011 0.356 0.025 0.520 0.024 0.478 0.381 0.000
Sr 0.063 0.020 0.014 0.001 0.002 0.014 0.008 0.006 0.037 0.013
Ba 0.073 0.000 0.008 0.000 0.003 0.000 0.007 0.002 0.002 0.036
Na 0.195 0.167 0.220 0.597 0.361 0.443 0.322 0.464 0.491 0.104
K 0.662 0.004 0.724 0.013 0.574 0.014 0.632 0.032 0.069 0.810
Scation 5.001 5.004 4.989 4.988 4.977 4.999 5.000 4.994 4.994 4.979

end member %
Ab 22.47 17.21 23.07 61.81 37.60 45.32 32.95 47.60 52.14 11.38
An 1.23 82.41 1.14 36.89 2.57 53.26 2.50 49.07 40.50 0.03
Or 76.30 0.38 75.79 1.30 59.83 1.52 64.55 3.33 7.36 88.59

References: c: core; r: rim; a: aleatory. Formulae based on 8 atoms of oxygen.
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Table 7
Representative compositions of nepheline from the La Pe~na complex.

Samples LP 8a Ne 1 LP 8a Ne 1 LP 62 Ne1 LP 62 Ne1

Rocks Malignite Foid syenite

Analysis 26 c 27 c 1 c 2 r

SiO2 wt. % 43.29 42.95 43.23 43.14
Al2O3 33.27 33.36 34.45 34.14
Fe2O3 0.46 0.44 0.34 0.38
CaO 1.34 1.34 2.36 2.48
Na2O 15.89 15.87 14.71 14.61
K2O 5.27 5.25 4.68 4.49
Total 99.51 99.20 99.77 99.24
Si 8.339 8.303 8.258 8.278
Al 7.554 7.600 7.756 7.723
Fe3þ 0.067 0.064 0.049 0.055
ST 15.960 15.967 16.063 16.056
Ca 0.276 0.277 0.483 0.509
Na 5.934 5.948 5.447 5.434
K 1.295 1.293 1.141 1.099
S (A þ B) 7.505 7.519 7.071 7.043
Scation 23.465 23.486 23.134 23.099

end member %
Ne 74.99 75.04 71.11 71.02
Ks 18.20 18.14 16.56 15.97
An 6.81 6.82 12.33 13.01
Ne 77.98 78.27 77.68 78.05
Ks 18.92 18.92 18.09 17.55
Qtz 3.10 2.82 4.24 4.40

References: c: core; r: rim. Formulae based on 32 atoms of oxygen.

Fig. 6. Ternary diagram for monovalent anions in apatite from LPC. Two groups are
distinguished: hydroxylapatite in the tephrites and fluorapatite in the other rocks.

Table 8
Representative compositions of apatite from the La Pe~na complex.

Samples LP 12 Ap 1 LP B1 Ap 2 LP 5 Ap1 LP 32D Ap 3

Rocks Clinopyroxenite Mafic dikes Malignite Tephritic dikes

Analysis 114 c 4 r 39 n 9 a
P2O5 40.06 40.7 39.46 40.12
SiO2 0.76 0.65 1.00 1.42
FeO 0.17 0.23 0.00 0.17
MnO 0.01 0.06 0.00 0.02
CaO 53.73 53.95 54.00 54.36
SrO 0.05 0.32 0.80 0.15
Na2O 0.01 0.02 0.00 0.05
La2O3 e 0.15 0.20 b.d.l.
Ce2O3 e 0.44 0.53 0.19
Nd2O3 e 0.51 0.30 b.d.l.
SO3 0.91 0.50 0.44 1.08
F 2.35 2.39 3.27 1.43
Cl 0.41 0.26 0.00 0.18
H2O calc 0.52 0.56 0.243 1.04
Totala 97.90 99.67 99.77 99.57

apfu
P 2.929 2.937 2.885 2.884
Si 0.066 0.055 0.086 0.121
Fe2þ 0.012 0.016 0.000 0.012
Mn 0.001 0.004 0.000 0.001
Ca 4.972 4.927 4.997 4.946
Sr 0.003 0.016 0.040 0.007
Na 0.002 0.003 0.000 0.008
La 0.005 0.006 0.000
Ce 0.014 0.017 0.006
Nd 0.016 0.009 0.000
S 0.059 0.032 0.028 0.069
F 0.642 0.644 0.893 0.384
Cl 0.060 0.038 0.000 0.026
OH calc 0.298 0.318 0.185 0.590
S cation 4.989 5.000 5.069 4.981
P þ Si þ S 3.053 3.024 3.000 3.074

a Includes correction for F^O and Cl^O. References: c: core; r: rim; a: aleatory. -:
not measured b.d.l.: below detection limit. Yttrium sought but not detected. H2O
calculated as (1-F-Cl) (apfu).

Table 9
Representative compositions of garnet from the La Pe~na complex.

Samples LP 5c Grt 1 LP 8a Grt 1 LP D25 Grt 1 LP D25 Grt 1

Rocks Malignite Phonolitic dikes

Analysis 16a 68 c 1 r 2 r

SiO2 wt. % 36.84 33.72 35.01 35.17
TiO2 3.10 6.22 3.51 3.26
ZrO2 0.08 e 0.20 0.24
Al2O3 4.74 5.87 6.95 7.14
V2O3 0.28 e 0.18 0.30
Cr2O3 0.02 0.03 b.d.l. b.d.l.
Fe2O3 18.23 18.51 18.45 18.40
FeO 4.70 1.70 2.61 2.75
MnO 0.68 1.11 1.31 1.29
MgO 0.25 0.45 0.33 0.21
CaO 31.70 32.90 31.69 32.02
P2O5 0.02 e 0.08 0.17
Na2O 0.10 0.03 0.04 b.d.l.
Total 100.74 100.55 100.35 100.94

apfu
Si 3.013 2.763 2.862 2.859
Ti 0.190 0.383 0.216 0.199
Zr 0.003 0.008 0.009
Al 0.456 0.567 0.670 0.684
V 0.018 0.012 0.019
Cr 0.002 0.002 0.000 0.000
Fe3þ 1.122 1.142 1.135 1.126
Fe2þ 0.321 0.117 0.179 0.187
Mn 0.047 0.077 0.090 0.089
Mg 0.031 0.055 0.040 0.026
Ca 2.778 2.889 2.776 2.790
P 0.002 0.006 0.012
Y 0.000 0.000 0.000 0.000
Na 0.016 0.004 0.006 0.000

end member %
Py 0.97 1.76 1.31 0.83
Alm 10.06 3.71 5.78 6.04
Sp 1.47 2.46 2.93 2.88
And 62.62 61.47 59.49 58.98
Gro 24.38 30.46 30.30 31.28

References: c: core; r: rim; a: aleatory. . -: not measured b.d.l.: below detection limit.
Yttrium sought but not detected. Formulae based on 12 atoms of oxygen and 8
cations, following Droop (1987).
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Fig. 7. A) and B) Variation diagrams showing the compositions of the clinopyroxene from LPC. C) and D) Variation diagrams showing the mica compositions of the LPC. The
evolution trends are highlighted by the dashed red line. In D) is indicated the possible starting point of Ti-oxide fractionation.
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range from 4.45% in tephritic dikes to 0.51% in foid syenite. In
contrast, the content in cumulate rocks is higher, from 8.73 to
9.30 wt.%, but they do not represent melt compositions. Excluding
cumulate rocks, Mg# varies from 39 to 36 in rocks of group 2, and
from 30 to 21 in rocks of group 3. In the TAS classification (Le Bas
et al., 1986) the LPC rocks plot in the field of the alkaline series,
mostly in the subfield of mid alkalinity (Fig. 9). The alkalis
(K2O þ Na2O, in wt.%) vary from 0.90 to 1.09 in rocks from group 1,
from 6.01 to 8.30% in group 2, and from 9.61 to 12.13% in group 3.
The K2O/Na2O ratios vary from 1.15 to 1.95, thus classifying the
rocks as belonging to the potassic series, except for syenite and
trachyte that are slightly sodic. Using the criteria of Foley et al.
(1987) none of the analyzed rocks in this paper is ultrapotassic
(K2O > 3%; K2O/Na2O > 2 for MgO > 3%).

As shown by Harker diagrams of the LPC rocks (Fig. 10), the
increase of SiO2 from group 1 to 3 is associated to decreasing MgO,
CaO, Fe2O3, TiO2 and P2O5 and increasing Al2O3, K2O and Na2O.
Trends are consistent with the observed petrographic features and
the variation of mineral chemical composition with differentiation
of melts. Cr (<20 ppm) and Ni (<30 ppm) have low contents. The
trace elements pattern normalized to OIB values show a relatively
flat design, with LILE and Pb enrichment and HFSE (plus P and Ti for
the rocks of group 3) depletion (Fig. 11A).
The enrichment in incompatible elements is also seen in MORB-
normalized patterns (Fig. 11B), coupled with negative anomalies in
Nb and Ta with respect to Th and Ce. Covariant La/Nb vs La/Ba di-
agrams (Fig. 11C) show that the LPC rocks plot close to arc basalts,
whereas in the Th/Yb vs Ta/Yb diagram (Fig. 11D) they plot in the
field of basalts from Central Andes. The REE patterns (Fig. 12A)
show no Eu anomaly and a smooth negative slope, with La/YbN in
the range of 11e14.4, Dy/LuN between 1.05 and 1.9, and high LuN
contents (9.6e16.6).
5. Discussion

5.1. The source of the LPC magmas

Based on the flat trace element content normalized to OIB, Villar
and Zappettini (2000) interpreted that the primary magma was
derived from the mantle and had a composition close to malignite.
Based on this and the Pb isotopic data, Lucassen et al. (2007) sug-
gested that LPC melts derived from a depleted lithospheric mantle
contaminated with small quantities of a different crustal material.
Zappettini et al. (2013), based on new geochemical and isotopic
data (Sr, Nd, Pb), suggested an asthenospheric source and the
mixing between this depleted source with an enriched lithospheric



Fig. 8. A) and B) Variation diagram of minor and trace elements in K-feldspar from LPC, with indication of trends 1, 2, and 3. C) Ternary diagram Ks (Kalsilite) - Qz (Quartz) - Ne
(Nepheline) showing the composition of nepheline from the LPC compared with other alkaline complex, and with nepheline compositions in equilibrium with alkali feldspar at
700� and 100 MPa of PH2O (Hamilton, 1961). Arrows show the different evolution trends.
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component derived from delaminated lower crust. They proposed a
model via partial melting of a metasomatized garnet-rich mantle
with phlogopite, carbonates and variable quantities of a spinel
mantle.

The chemical analyses performed in this work show that these
rocks have a pattern of trace elements similar to arc basalts and
other arc manifestations of Miocene age (Fig. 11A and B). Moreover,
in terms of typical trace element ratio diagrams (Fig. 11C and D) the
LPC rocks plot in the field of Pleistocene-Holocene arc basalts and in
the Central Andes basalts. Additionally, extended trace element
diagrams (e.g., Fig. 11B) clearly shows enrichment in incompatible
elements (Sr, K, Rb, Ba, Th) and negative anomalies in Nb and Ta
respect to Th and Ce generally interpreted as typical of subduction
related volcanic arc rocks (Pearce, 1982, 1996; Baier et al., 2008).
Most of the analyzed rocks of LPC have La/Ta ratios similar to An-
dean volcanic rocks (Hickey et al., 1986). The Pb enrichment
compared to Ce (Fig. 11A) also suggests a possible Pb input from
subduction-derived fluids. In contrast, Zappettini et al. (2013),
based on the Th/U enrichment, consider that there is a lack of
subduction-related components in the LPC. However, we consider
that the same result could be obtained by contamination with a
granulitic lower crust, whose composition always shows increased
Th/U ratios (Rudnick and Fountain, 1995). The evidences suggest a
strong subduction signal in the magmas of LPC.

The mildly high (La/Yb)N ratios, the smooth slope in heavy REE
pattern (Fig. 12A) and the low LuN contents of the LPC also suggest
that garnet did not participate in melting reactions in the source, at
least in significant amounts.

Miller et al. (1999), in their study of the ultrapotassic lavas of SW
Tibet, suggested that the high K/Nb (1241e2278) and low U/Pb
(0.2e0.5) ratios associated with high Rb/Sr relationships could be
possible if phlogopite participates in the melting reactions. The
same interpretation is applicable to LPC that shows high K/Nb
(2213e3822) and low U/Pb (0.03e0.35) values.

Taking these data into account, the primary magma of LPC most
probably originated in a lithospheric depleted mantle (as stated
also by Lucassen et al., 2007), formed mainly by spinel lehrzolites
(with some possible participation of minor garnet), in presence of
phlogopite generated by metasomatism linked to subduction
derived fluids.

Zappettini et al. (2013) indicated that a local asthenospheric
mantle upwelling could have initiated the heat advection that
triggered the potassic magmatism, whose location and ascent
would have been related to a local lithospheric thinning originating



Table 10
Whole rock compositions of rocks representative from the LPC.

Samples LP
12a

LP
12c

LP
12d

LP
6

LP
D32

LP
62

LP
71

LP
D17

LP
D1

LP
97

LP
D25

Rocks Clinopyroxenite Malignite Tephritea Foid syenite Syenite Trachyteb Phonolitec

Group 1 2 3

SiO2 (wt. %) 37.33 36.01 38.20 45.98 43.03 52.48 56.92 58.84 57.44 54.90 50.41
TiO2 2.19 2.45 2.15 1.50 1.63 0.46 0.86 0.57 0.60 0.61 0.64
Al2O3 5.84 6.05 6.07 14.75 12.95 21.34 18.44 19.37 17.97 17.71 20.38
Fe2O3 21.57 24.39 20.54 11.66 13.64 3.79 5.99 3.79 5.18 5.28 4.80
MnO 0.27 0.33 0.26 0.24 0.24 0.15 0.18 0.17 0.11 0.17 0.24
MgO 9.22 8.73 9.30 3.32 4.45 0.51 1.29 0.55 0.77 0.90 0.83
CaO 19.81 19.64 21.07 10.88 12.15 5.69 5.56 4.64 4.01 5.68 6.54
Na2O 0.40 0.29 0.36 2.82 2.05 3.92 5.08 5.12 5.23 4.71 5.65
K2O 0.69 0.63 0.54 5.48 3.96 7.65 4.53 4.97 5.04 6.12 6.48
P2O5 1.96 1.76 2.11 0.83 1.34 0.11 0.26 0.10 0.19 0.17 0.12
LOI 0.23 0.32 0.25 0.94 3.96 3.27 0.53 0.75 1.34 1.87 4.69
Total 99.3 100.3 100.6 97.5 95.4 96.1 99.1 98.1 96.5 96.3 96.1
Sc (ppm) 88.0 88.0 86.0 26.0 35.0 3.0 6.0 2.0 5.0 5.0 2.0
Be 1.0 <1 <1 4.0 3.0 4.0 3.0 3.0 5.0 5.0 8.0
Ba 230.0 62.0 199.0 952.0 692.0 1304.0 983.0 1553.0 1383.0 876.0 903.0
Rb 21.0 28.0 19.0 100.0 80.0 155.0 108.0 102.0 101.0 182.0 133.0
Sr 510.0 506.0 551.0 1536.0 1590.0 3622.0 1379.0 1867.0 1167.0 1399.0 3038.0
Zr 107.0 90.0 120.0 208.0 127.0 133.0 275.0 166.0 311.0 258.0 279.0
Nb 2.5 1.7 1.8 11.9 8.7 12.6 14.2 18.4 15.1 19.1 24.3
Ni <20 <20 30.0 <20 <20 <20 <20 <20 <20 <20 <20
Co 68.0 72.0 74.0 28.0 39.0 6.0 7.0 4.0 5.0 8.0 5.0
Zn 140.0 200.0 140.0 120.0 150.0 60.0 120.0 70.0 60.0 310.0 90.0
Cr <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20
Y 26.4 20.6 25.8 28.8 25.1 19.1 30.5 29.0 25.7 23.8 40.1
Cs 1.1 2.1 1.0 1.9 0.7 2.8 3.9 2.4 1.3 7.9 3.8
Ta 0.2 0.1 0.1 0.6 0.6 0.6 0.7 1.0 0.6 0.9 1.0
Hf 3.8 3.4 4.1 5.0 3.4 2.9 6.4 3.9 6.7 5.3 5.8
Th 1.9 1.2 1.4 4.0 4.4 5.0 5.9 4.1 7.6 12.1 11.5
U 0.5 0.4 0.4 1.5 1.5 1.9 2.2 1.3 2.8 4.0 5.3
V 643.0 782.0 625.0 368.0 459.0 114.0 108.0 57.0 101.0 114.0 126.0
Cu 1170.0 450.0 1320.0 210.0 460.0 70.0 10.0 20.0 <10 40.0 50.0
Ga 17.0 19.0 17.0 22.0 20.0 19.0 22.0 19.0 22.0 23.0 25.0
Ge 2.8 2.8 2.8 2.1 2.5 1.5 1.9 2.0 1.9 1.9 2.2
Pb 9.0 <5 6.0 14.0 39.0 14.0 18.0 13.0 17.0 62.0 15.0
La 28.5 21.4 27.3 33.2 32.5 35.6 47.2 42.6 47.9 58.6 76.4
Ce 70.3 53.5 66.8 79.8 73.4 74.5 96.6 95.4 91.1 113.0 149.0
Pr 9.9 7.7 9.4 10.9 9.4 9.0 11.5 12.1 10.3 12.4 17.1
Nd 48.7 38.1 47.1 48.6 41.8 35.5 47.6 50.9 39.3 45.0 67.4
Sm 11.0 9.3 11.1 10.9 9.1 6.5 9.3 9.5 7.4 7.6 13.3
Eu 3.3 2.8 3.5 3.3 2.7 2.0 2.7 3.1 2.1 1.9 4.0
Gd 9.8 8.1 9.8 9.2 7.9 5.3 7.7 7.9 6.1 5.9 10.9
Tb 1.3 1.0 1.2 1.3 1.0 0.7 1.1 1.1 0.8 0.8 1.5
Dy 5.7 4.6 5.6 6.2 5.0 3.5 5.6 5.4 4.2 3.9 7.6
Ho 1.0 0.7 0.9 1.1 0.9 0.7 1.1 1.0 0.8 0.8 1.4
Er 2.4 1.9 2.3 2.7 2.3 1.8 3.1 2.8 2.4 2.3 4.0
Tm 0.3 0.2 0.3 0.3 0.3 0.3 0.5 0.4 0.4 0.3 0.6
Yb 1.8 1.4 1.7 2.0 2.0 1.7 3.1 2.4 2.5 2.2 3.6
Lu 0.3 0.2 0.3 0.3 0.3 0.2 0.5 0.4 0.4 0.4 0.5

#Mg 36 39 21 30 22 23 25 26
K2O/Na2O 1.94 1.93 1.95 0.89 0.97 0.96 1.30 1.15

a Tephritic dikes
b Trachytic dike (LPD1) and trachytic porphyry (LP97)
c Phonolitic dike. LPD32, LP6, LP12c, LP12a samples were used in the mass-balance fractionation model.
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by extension in this back-arc position. However, the arc signature of
LPC rocks suggest slab fluids were involved in the generation of
these magmas. Possibly, subduction-derived fluids interacted with
the asthenosphere reaching the lithospheric mantle; a local adia-
batic decompression of modified asthenosphere (through meta-
somatism caused by fluids liberated from the subducted plate)
caused melting of the astenosphere wedge, which acted only as a
heat source for the melting of the overlying lithospheric mantle
(also modified). These conditions could be linked to the combina-
tion of subduction, and a transtensional regime in the back-arc area
(see Pagano et al., 2014).
5.2. The nature of the initial magma and its evolution

Villar and Zappettini (2000) and Zappettini et al. (2013) sug-
gested that the initial magma of the LPC had composition close to
the malignite. In the latter paper they showed the isotopic link
between malignite and clinopyroxenite and considered the first as
the initial magma in equilibrium with the second. This interpreta-
tion considers the malignite as the parental magma that originated
the clinopyroxenite by sedimentation and the syenite and related
rocks as produced by fractional crystallization. Alternatively,
Pagano et al. (2014) considered that the parental magma had a



Fig. 9. TAS classification diagram (Le Bas et al., 1986) for volcanic rocks. The dashed
black lines divide the sub- and alkaline fields after Irvine and Baragar (1971). The
dashed red lines correspond to the isoplets sigma after Rittmann (1957) which define
the subalkaline, medium alkaline and alkaline magmatic lineage.
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composition close to basanite, represented by the late basanitic
dikes, now reclassified as tephritic dikes (with <10% of normative
olivine). The supporting evidences are: (1) tephritic dikes are
higher in MgO and poorer in SiO2 and alkalis than the malignite, (2)
clinopyroxene and biotite from tephrites are less evolved than the
ones from malignite, and (3) a good correlation exists between the
chemical composition of the clinopyroxene from clinopyroxenite
and tephrites; the same situation is observed for phlogopite (Fig. 7).
As clinopyroxene from tephritic dikes shows equilibrium with the
melt, it is interpreted that clinopyroxene of the cumulate clino-
pyroxenite had been in equilibrium with a compositionally similar
melt; i.e. similar to tephritic dikes. Mass balance calculations of
fractional crystallization of basanitic parental magmas (Morbidelli
et al., 1995) show that the extensive fractional crystallization of
mafic minerals (olivine and pyroxene) should drive the residual
low-temperature melts toward syenitic (trachytic) or phonolitic
compositions. In the LPC the evolution from basanites-tephrites to
syenitic melts is reasonable, as suggested by results of mass balance
calculations (Table 11). This result shows that fractional crystalli-
zation of 19% of an assemblage composed of 70% clinopyroxene,
23% magnetite and 7% apatite (modally similar to clinopyroxenite),
and considering the malignite as a residual evolved melt, a theo-
retical parental magma of tephritic composition is obtained. Thus
we considered that the parental tephritic magma fractionated the
clinopyroxenite, leaving as remnant a relatively evolved syenitic
melt that crystallized as malignite. Additional support is found in
the similar Sr isotope content that suggests equilibrium between
the two rocks (data from Lucassen et al., 2007; Zappettini et al.,
2013) hereafter considered as cumulate and residual evolved melt
respectively. It should be noted that tephritic dikes are considered
compositionally equivalent to the parental magma, but emplaced at
a late stage. Mafic dikes that intruded the cumulate clinopyrox-
enite, are interpreted as slightly more evolved intercumulus melts,
based on the in situ occurrence and structural arrangement and on
the comparatively more evolved chemical composition of clino-
pyroxene and biotite (Fig. 7).

The variation diagrams of LPC rocks show an evolution trend
from rocks of group 2 (tephrite-malignite) to group 3 (syenite-
trachyte-phonolite) defined by decreasing contents of Fe, Ti, P, Ca
and Mg (and K to a lesser degree), and increasing contents of Si, Al
and Na. In the same way, nepheline composition shows a differ-
entiation trend from malignite to syenite. However, the field re-
lationships clearly show that rocks of group 3 are emplaced as late
batches, suggesting deeper fractionation of these melts. Pagano
et al. (2014), based on detailed structural analyses and field re-
lationships, suggested that LPC formed by juxtaposition of different
batches of melts fractionated in a deep reservoir and emplaced at
shallow levels. The geobarometer approach, applying the model of
Ridolfi et al. (2010) to amphibole phenocrysts hosted in a trachyte
dike, gives equilibrium pressures between 550 ± 138 MPa
(~20.7 km) and 700 ± 77 MPa (~26.5 km) (Table 4), which to our
view could approximately indicate the depth of this magmatic
reservoir. Zappettini et al. (2013), based on the Ridolfi and Renzulli
(2012) amphibole geobarometer applied to malignite, considered
that all rocks from LPC are derived from a common parental magma
localized in a reservoir at approximately 30 km depth.

The geodynamic setting in the region at 19 Ma, characterized by
a strong compressive stage (Kay and Mpodozis, 2002), would be
appropriate for precluding the fast ascent of magma trough the
crust, allowing its residence in intracrustal magmatic chambers as
suggested by some authors (e.g., Richards et al., 2001; Maydag�an
et al., 2011). The opening of extensional NNW-SSE fractures
linked to a local strike-slip brittle shear zone would have allowed
the ascent of successive batches of melt up to the present
emplacement of the LPC at shallow levels (Pagano et al., 2014).
Based on geological criteria we estimate this depth in less than
5 km; the evidences are: 1) straight and sharp contacts between
different units, 2) presence of an extensive breccia zone and
abundant dikes, suggesting a very fragile behavior of the rocks, 3)
subhorizontal dikes indicating low pressure of confinement, 4) host
rocks (Villavicencio Fm) with very low regional metamorphic de-
gree, 5) presence of a contact aureole with cordierite (Zappettini
et al., 2013) and 6) porphyritic and microporphyritic textures,
which suggest a strong thermal contrast with the country rock.

The low Mg# and Cr and Ni contents of all the LPC rocks show
that they derive from magmas that are: a) not directly mantle-
derived, and b) have undergone significant high-pressure differ-
entiation before. The most plausible explanation is that early
crystallization of olivine, Cr-rich pyroxene and Cr-rich spinel in a
deep magma chamber system depleted a primary mantle-derived
basanitic melt of these components leaving a slightly more
evolved tephritic magma. The results also show that Mg and Ca in
the LPC rocks are concentrated in the cumulate (clinopyroxenite)
and progressively decrease towards evolved terms controlled by
the fractionation of calcic clinopyroxene (diopside-hedenbergite).
In the same way, the positive correlation of MgO vs CaO/Al2O3 and
MgO vs Sc/Y (Fig. 12B) suggest the continuous and decreasing
fractionation of clinopyroxene (Mattsson and Oskarsson, 2005).
The decrease of Ti and Fe with SiO2 increment (Fig. 10) evidences
the abundant crystallization of FeeTi oxides in rocks of group 1, and
this trend decreases towards the most differentiated rocks.
Decreasing P contents are controlled by continuous fractionation of
apatite. Al, K and Na are controlled by feldspar fractionation in
evolved rocks (Fig. 10). In this case, the transition from syenite
(trachyte) to phonolite can be explained by the plagioclase effect
(Bowen, 1945) assisted by the orthoclase effect (Bailey and Schairer,



Fig. 10. Harker variation diagrams showing the compositions of the LPC rocks. Dashed red lines show the evolution trends. The empty gray circles correspond to data from Lucassen
et al. (2007) and Zappettini et al. (2013).
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1964). The uptake of Ca and Al by plagioclase led to a Na- and K-
enriched melt; precipitation of K-feldspar led to further Na in-
crease, stabilizing sodalite in the final stages of crystallization of the
phonolitic dikes. The compositional variations linked to resorption
surface observed in Kfs from phonolitic dikes, in addition to the
existence of mafic enclaves and themingling relationships between
tephrite-basanite and trachyte-phonolite, suggest recharge events
with local mixing at least at the last stages of LPC evolution. The



Fig. 11. A) Spider trace element diagram normalized to ocean island basalts (OIB) (Sun and McDonough, 1989) showing the different rocks of the LPC compared with the arc basalt
compositions after Tormey et al. (1991) and the arc Miocene rocks of the Altar region after Maydag�an et al. (2011). Note the strong Pb positive anomaly and the negative ones for Nb
and Ti. B) Trace elements diagram of rocks from LPC compared with rocks from Paramillos de Uspallata (PU), normalized to MORB (Pearce, 1983). Note the similarity of the patterns;
the most striking difference is in the higher P content of the LPC rocks (group 1 and 2). Note the LILE (Sr, K, Rb, Ba) and Th enrichment and the negative anomalies for Nb, Ta, and Ti.
C) Covariation diagram of La/Nb vs. La/Ba for LPC rocks; OIB field after Fitton et al. (1991); Pleistocene-Holocene arc basalts field after Tormey et al. (1991); CVPM field is for the
basalts and trachybasalts from Payún Matrú (Hernando et al., 2014). D) Covariation diagram of Th/Yb vs. Ta/Yb (Pearce, 1983). The LPC rocks plot in the field of the Central Andean
basalts. Data plotted in figures C and D correspond only to fine grained rocks and exclude the cumulate clinopyroxenite.

D.S. Pagano et al. / Journal of South American Earth Sciences 67 (2016) 158e179 175
idiomorphic rims in K-feldspar and some amphibole crystals sug-
gest equilibrium crystallization within phonolitic melts. The
textural and compositional changes in these minerals indicate that
they crystallized in a dynamic environment, reaching equilibrium
in the magmatic reservoir before the emplacement of phonolitic
dikes.
5.3. Crustal contamination

The isotopic data of Lucassen et al. (2007) and Zappettini et al.
(2013) show higher 87Sr/86Sr with increasing SiO2 contents, from
clinopyroxenite (0.70363e0.70396) and malignite
(0.70379e0.70391) to syenites (0.704458e0.704577) and trachyte
(0.705471). This change, plus Nd and Pb isotopic ratios, led
Lucassen et al. (2007) to interpret mixing of melts from a depleted
lithospheric mantle with small quantities of a different isotopic
material. This contaminant must have non-radiogenic Nd and
radiogenic Sr to produce the isotopic ratios shown by syenites. A
reasonable candidate is the lower continental crust with a
composition similar to that of the xenoliths hosted in a near vol-
canic neck in Precordillera studied by Kay et al. (1996).

We suggest, therefore, that the LPC is the result of fractional
crystallization of an already evolved tephritic magma, that pro-
duced a clinopyroxenite cumulate plus malignite derivatives. The
syenite is the result of further evolution but from magma that had
become contaminated (AFC process), raising substantially the



Fig. 12. A) REE diagram from LPC rocks normalized to chondrite after Boynton (1984). B) Covariation diagrams for MgO vs. CaO/Al2O3 and MgO vs. Sc/Y for LPC rocks. The positive
correlation is controlled by clinopyroxene fractionation. Note the high MgO, CaO and Sc/Y values for cumulate rocks. 1, 2 and 3: rock group number; pm: parental magma (tephritic).

Table 11
Theoretical parental magmas calculated with mass-balance fractionation model, compared with tephritic dikes.

FC ¼ 19% MgO SiO2 TiO2 Al2O3 Fe2O3t MnO CaO Na2O K2O P2O5 Total S(r2)

Tephritic dike LPD32 4.66 45.09 1.71 13.57 14.29 0.25 12.73 2.15 4.15 1.40 100.0
Theoretical parental (1) 4.66 45.03 1.70 12.95 14.32 0.23 12.89 2.40 4.58 1.24 100.0 0.68
Theoretical parental (2) 4.57 45.06 1.67 13.20 14.10 0.25 13.06 2.39 4.57 1.12 100.0 0.61
Theoretical parental (3) 4.53 45.36 1.67 13.38 13.82 0.25 12.83 2.42 4.69 1.06 100.0 0.84
Theoretical parental (4) 4.42 45.04 1.71 13.41 14.31 0.26 12.76 2.40 4.67 1.02 100.0 0.57

The theoretical parental magmas were calculated assuming a 19% of fractional crystallization (FC). In the model, malignite was considered as differentiated residual magma
and the clinopyroxenite as solid waste (cumulate).
(1): Theoretical parental magma, calculated with a theoretical cumulate, formed by 70% of clinopyroxene (diopside), 23% of titanian magnetite and 7% of fluorapatite, giving a
modal composition equivalent to the clinopyroxenite of the LPC. The chemical compositions of minerals used in this calculation correspond to LP12Cpx1 (Table 2), LP12Ap1
(Table 7) samples, and for magnetite, we used the analyses from tephritic dikes (see average compositions in the text).
(2), (3) and (4): Theoretical parental magmas, calculated with the real chemical compositions of different samples of clinopyroxenite. For (2) LP PX was used (Zappettini et al.,
2013, Table 3). For (3) and (4) the LP12a and LP12c samples were used respectively (Table 9). For the calculations, chemical compositions (minerals and rocks) were recal-
culated to 100%. Note that the theoretical parental magmas have similar compositions to the tephritic dikes (sample LPD32 Table 9).
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87Sr/86Sr isotopic ratio. It is currently not possible to ascertain
whether the same magma batch that produced the clinopyroxenite
and malignite also gave origin to syenite and related rocks or not.
We consider it more likely that they represent different batches,
and that what is currently seen as a continuous evolution in Harker
and related diagrams are in fact parallel (overlapping) liquid lines of
descent of magmas, that started as basanitic and interacted in
different degree with crustal materials.

5.4. The miocene magmatism in the region

The LPC is the easternmost occurrence of a group disposed along
a NNW-SSE strike (Fig. 1B). The calc-alkaline andesites and mon-
zodiorites of the Cerro Colorado and Paramillos de Uspallata vol-
canic centers, dated at 18.9e16.2 Ma (Kay et al., 1991), are located at
approximately 15 km. Geochemical data from Carrasquero (2005)
and Carrasquero et al. (2011) for Paramillos de Uspallata rocks
show high SiO2 contents (59.95e66.53 wt.%), very low MgO
(0.11e0.96 wt.%) and medium to high alkali contents
(9.15e10.03 wt.%). Based in the low Yand Yb values and the high Sr/
Y and La/Yb ratios (>50 and > 20 respectively), these authors
interpret that these magmas have a clear adakitic signature and
would have formed by partial melting of a thicker mafic crust in
equilibrium with garnet and amphibole. Besides, they show that
these rocks have a trace element pattern typical of convergent
plates and show incompatible elements enrichment (LILE and
LREE) and strong negative anomalies of Nb, P and Ti. Based on Sr
and Nd isotopes they suggest a depleted mantle source.

The Paramillos de Uspallata rocks with calc-alkaline affinity are
distinctly different from those of the LPC. However, they share a
similar pattern in the trace element patterns (Fig. 11B). The potassic
silica subsaturated filiation, as well as the low La/Yb ratio, high Y
contents and the absence of an adakitic signature in the LPC, sug-
gest compositional differences in the source compared to Para-
millos de Uspallata, possibly different depth of origin and different
degrees of crustal contamination or alternatively different degrees
of partial melting. Giambiagi et al. (2011) divided the Precordillera
in two different structural domains (East and West), starting in a
disruption zone called Villavicencio system faults. Based on the
contrasting structural attitude of both domains, Giambiagi et al.
(2014) inferred that this system is a suture between the Chilenia
and Cuyania terranes. Differences in the crust composition must



Fig. 13. A) Schematic representation of the geodynamic and magmatic conditions in the region (transect to 32� 410S) for the Early Miocene age (20e16 Ma). B) Simplified magmatic
evolution of the LPC.
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have some influence, as it is considered that the mantle of the
entire region was regenerated in the Cretaceous (Lucassen et al.,
2007), although this is impossible to know without more data.
Isotopic signatures observed in a sample of the Paramillos de
Uspallata (data from Carrasquero et al., 2011), indicate a higher
degree of crustal contamination compared to the LPC rocks.

The schematic representation of the geodynamic and magmatic
conditions in the region, and the simplified magmatic evolutions of
LPC are shown in Fig. 13.

5.5. The LPC compared to the alkaline magmatism from the Alto
Paranaiba Igneus Province

The most voluminous alkaline magmatic occurrences of South
America occur in the centralesoutheastern Brazil, known as the
Alto Paranaiba Igneus Province (APIP) (Almeida, 1983; Gibson et al.,
1995). The Late-Cretaceous APIP comprises ultrapotassic magma-
tism interpreted as the result of the initial impact of the Trindade
mantle plume under the lithosphere of central Brazil, which acted
as a heat source for the melting of the overlying subcontinental
lithospheric mantle (Gibson et al., 1995). The APIP is composed of
kamafugites and subordinated amounts of kimberlites, and rare
lamproites (e.g., Araújo et al., 2001; Gibson et al., 1995). A number
of large ultramafic cumulates, syenitic carbonatite- and phoscorite-
bearing alkaline complexes occur in the APIP, comprising Catal~ao I
and II, Serra Negra, Salitre I, II, and III, Arax�a, and Tapira (Gomes
et al., 1990; Morbidelli et al., 1997; Traversa et al., 2001; Brod
et al., 2004). The APIP rocks with ultrapotassic affinity are
strongly different from those of the LPC; however, some petro-
graphic similarities are recognized, principally in the ultramafic
silicate rocks. Clinopyroxenite from La Pe~na complex are mineral-
ogically and petrographically similar to the more evolved clino-
pyroxenite (bebedorites) from APIP complexes (see Brod et al.,
2005; Barbosa et al., 2012) but the geochemical data of these
bebedorites, for example for Salitre I complex (Barbosa et al., 2012)
show a trace element pattern typical of within plate geodynamic
setting and strong LREE enrichment compared to those from LPC.

The LPC rocks compared to APIP magmatism, show: 1) potassic
and not ultrapotassic affiliation, 2) absence of rocks with carbo-
natitic, phoscoritic, lamproitic and kamafugitic affinity, and 3) trace
elements behavior typical of magmas related to subduction. The
LPC and the APIP are examples of alkaline magmatism of the
potassic series developed in contrasting tectonic setting, which is
clearly reflected in the trace element pattern.

6. Conclusions

The LPC is a potassic, silica-subsaturated magmatic complex
emplaced during the Miocene in the Precordillera, that was origi-
nated by a parental tephritic melts that have possibly already un-
dergone olivine, clinopyroxene and spinel segregation from the
primary or primitive mantle-derived magma originated from
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partial melting in an initially depleted and later enriched litho-
spheric mantle source.

Our model proposes that the parental melts with an arc signa-
ture were emplaced in the upper crust (<5 km). The first magma
batch differentiated in situ in a clinopyroxenite cumulate leaving a
residual magma that crystallized as malignite. Additional fractional
crystallization in the deep magma chamber, possibly combined
with rock assimilation (AFC), originated more evolved melts that
were emplaced in successive batches that formed the syenitic-
trachytic units and more alkaline dikes. Trends of mineral and
whole rock compositions attest for this evolution. Recharge events
with local mingling and mixing between tephrites and trachytes-
phonolite magmas had occurred at the end of the LPC evolution.
The textural and compositional changes in K-feldspar and amphi-
bole from phonolite, suggest a dynamic environment of crystalli-
zation, meanwhile the idiomorphic outer zone of these phases
suggest lateestage equilibrium crystallization within phonolitic
melt in a deeper magmatic reservoir before the emplacement of
phonolitic dikes.

The intrusive process was facilitated by the opening of exten-
sional NNW-SSE fractures genetically linked to a local brittle shear
zone, active at 18e19 Ma during a strong compressional event that
initiated the regime of flat-slab subduction in this part of the Andes.

The LPC rocks show similar trace element patterns to other
Miocene magmatic manifestations related to subduction. However,
the LPC rocks have a clearly different composition that suggests the
involvement of different sources, different degrees of crustal
contamination, different degrees of partial melting or alternatively
different depths of melt generation for the Miocene magmatism in
the region.
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