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Preface

The objective of this contribution is to analyse the geochemistry, petrogenesis and
geodynamics of the Early Cretaceous volcanism in Argentina, mainly located in
Cordoba and Misiones provinces, during the break-up of Gondwana.

In Coérdoba (central Argentina), the analysed volcanic rocks are outcropping in
Sierra Chica and different groups of lithological types were recognized in various
localities. These are mainly alkaline basalts that reflect a lithospheric mantle source.

In Misiones (north-eastern Argentina), the volcanic rocks are tholeiitic basalts
and belong to Parana Magmatic Province (PMP) which is regionally extended in
South America and has a counterpart in Africa (in the localities of Etendeka and
Angola). This large igneous province (LIP) has been widely studied by several
authors, and different models have been considered to explain its origin. Dating
obtained through various methodologies (40Ar/39Ar, U-Pb, and Re—Os isochrons)
and published by different authors indicate an Early Cretaceous age between 131.6
+ 2.3 and 134.7 £ 1 Ma for PMP, though interbedded acid volcanic rocks yielded
even 137.3 + 1.8 Ma.

A new “°Ar/*°Ar age of 129.6 + 1 Ma from an alkaline rock of Sierra Chica of
Cérdoba (SCC) presented in this contribution, points out that this volcanism was
slightly younger than PMP.

It is suggested that the volcanism in Misiones and in the overall LIP could have
been linked to an ascending limb of a large-scale convective roll induced by the
subduction in the western margin of Gondwana. This ascending limb might have
mainly affected weak cortical areas (old sutures between cratons). On the other
hand, the volcanism of Sierra Chica might have been related to a small-scale
edge-driven convection triggered by the great contrast in thickness between the Rio
de la Plata craton and the Pampia terrane.
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Chapter 1
Introduction

Abstract During the Early Cretaceous, a reorganization of lithospheric plates led to
one of the major volcanic processes: the Parana Magmatic Province (PMP) that
covered an extensive region of Brazil, Paraguay, Uruguay and north-eastern
Argentina. It was a tholeiitic event constituting a large igneous province (LIP). By
contrast, an alkaline volcanism also occurred but it is volumetrically restricted, has a
peripheral location with respect to this LIP and took place either prior as well as
contemporary and posthumously to that large tholeiitic episode. Both volcanic events
are Early Cretaceous and must be linked to the break-up of Western Gondwana. In the
Province of Cérdoba (central Argentina), alkaline volcanic rocks outcrop in Sierra
Chica (SCC), and were generated under extensional conditions integrating a system of
rifts. They are located about 150 km west of PMP basalts that are lying in the sub-
surface of Chaco-Parana basin. Recent radiometric dating provided by other authors
revealed ages of 134.7 £ 1 and 131.6 + 2.3 Ma for PMP basalts, whereas interbedded
acid rocks show 137.3+ 1.8 and 134.3 £ 0.8 Ma, respectively. A new “’Ar/*? Ar dating
of 129 + 1 Ma is here presented for the volcanism of SCC, indicating that it is slightly
younger than that of the PMP. Both volcanic events must have had different origins in
the context of reorganization of geological plates during the Early Cretaceous.

Keywords Tholeiitic basalts - Alkaline basalts -« Cretaceous - Parana - Coérdoba -
Argentina

1.1 Introduction

During the Cretaceous, there was a reorganization of lithospheric plates that led to
one of the major volcanic processes in our planet. The volcanism of the Parana
basin in South America covered an extensive region of Brazil, Paraguay, Uruguay
and north-eastern Argentina. It was a major tholeiitic event, therefore constitutes a
large igneous province (LIP) called Parana—Etendeka (Bellieni et al. 1984; Erlank
et al. 1984), Parana-Etendeka—Angola (PEA, Marzoli et al. 1999) and Parana
Magmatic Province, only for South America (PMP, Marques et al. 1999).
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2 1 Introduction

By contrast, alkaline volcanism is volumetrically restricted, has a peripheral
location with respect to the volcanism of Paranéd basin and has developed prior,
contemporary as well as posthumously to the main tholeiitic event (Fig. 1.1a).

Both, the tholeiitic and the alkaline Early Cretaceous volcanic events are linked
to the break-up of Western Gondwana (South America and Africa), which finally
led to the opening of the South Atlantic Ocean (see Piccirillo and Melfi 1988,
among others).

In the Province of Cérdoba (central Argentina), alkaline volcanic rocks outcrop
in Sierra Chica, where a sedimentary—volcanic complex is exposed at about 150 km
west of the Chaco-Parana basin, which is the southern portion of the entire Parana
basin (Fig. 1.1a, b).

Consequently, the alkaline volcanism of Coérdoba was developed under exten-
sional conditions (Uliana et al. 1990), integrating the so-called Central System of
Rifts (Rossello and Mozetic 1999; Ramos 1999; Fig. 1.1b).

Other Lower Cretaceous basalts that belong to this Central System are buried in
the southern part of Cérdoba Province, within the General Levalle basin (Fig. 1.1b;
Webster et al. 2004; Chebli et al. 2005). These volcanic rocks were recognized
throughout a well that was drilled to explore the petroleum potential of that basin.
There are no geochemical studies on these rocks, but their petrographic charac-
teristics closely resemble those outcropping in Sierra Chica.

West of Cérdoba Province, in Sierra de las Quijadas and Cerrillada de las Cabras
(San Luis Province; Fig. 1.la), other Lower Cretaceous basaltic rocks are
outcropping. They appear as lava flows and dykes interbedded with a sedimentary
sequence within Las Salinas depocenter, belonging to the Western System of Rifts
(Fig. 1.1b), and are comparable to those outcropping in the Sierra Chica of Cordoba
(Gordillo 1972; Costa et al. 2001), also from their geochemical features (Martinez
et al. 2012).

Recent “°Ar/*?Ar dating reveals an age of 134.7 + 1 Ma for rocks of PMP and a
probably duration of the volcanic event involved in this LIP of 1.2 million years
(Thiede and Vasconcelos 2010). The dating is consistent with other previous ones,
mainly between 133 and 130 Ma (e.g. Renne et al. 1992, 1996; Ernesto et al. 1999),
after applying the method of recalculation proposed by Kuiper et al. (2008). On the
other hand, U-Pb dating obtained in the acid volcanic rocks interbedded with the
tholeiitic basalts varies between 137.3 £ 1.8 and 134.3 + 0.8 Ma (Wildner et al.
2006; Janasi et al. 2011), whereas a Re—Os isochron presented by Rocha-Junior
et al. (2012) indicates a younger age of 131.6 = 2.3 Ma.

Based on whole rock, K/Ar dating of the lavas of Sierra Chica points out that they
have been extruded mainly from 136 to 115 Ma (e.g. Gordillo and Lencinas 1967a,
b, 1969; Linares and Valencio 1974; Cejudo Ruiz et al. 2006). In this contribution, a
new “°Ar/*’Ar dating of 129.6 = 1 Ma is presented, obtained in sanidine phenocrysts
of a sample taken at the locality of Almafuerte, that exposes that the volcanism in
Cordoba Province is slightly younger than the great magmatic event of PMP.

Therefore, both eruptive processes occurred mainly during the Early Cretaceous,
relatively close in age, during the global extensional tectonics that caused the
fragmentation of Pangea, but possibly through different geodynamic mechanisms.
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4 1 Introduction

<« Fig. 1.1 a Location of Sierra Chica of Cérdoba and alkaline Cretaceous/Palacogene provinces or
localities peripheral to the tholeiitic lava flows of the Parana basin, modified from Lagorio (2008).
Cratons are shown with crosses on yellow background. Red area: volcanic outcrops of Parana
Magmatic Province; pink area: subsurface tholeiitic basalts of this igneous province in Argentina.
Age of various volcanic events is shown in parentheses. b Areas of crustal extension and igneous
activity during the Early Cretaceous in southernmost South America, taken from Uliana et al.
(1990), Rossello and Mozetic (1999) and Ramos (1999). Bsn: basin

The proximity of the Etendeka locality to the Walvis Ridge, whose western end
corresponds to the Tristan da Cunha seamount (composed of oceanic islands
basalts, OIB), together with the closeness of the Parand volcanism to the Rio
Grande Rise (Fig. 1.2a), led some authors to conceive PEA LIP as the result of the
upwelling of the so-called Tristan plume (e.g. Fodor 1987; O’Connor and Duncan
1990; Gibson et al. 2006). Other researchers explained the genesis of PEA LIP as a
consequence of melting of the subcontinental lithospheric mantle, attributing to
Tristan plume just a heat input (e.g. Piccirillo and Melfi 1988; Hawkesworth et al.
1992; Peate 1997; Marques et al. 1999). However, the Tristan plume has not been
presently observed in seismic tomography (e.g. Montelli et al. 2006). Besides,
Tacumin et al. (2003) considered that this volcanism was triggered by edge-driven
convection caused by a significant change in the lithosphere thickness (King and
Anderson 1995; King and Anderson 1998).

(b)
(a) South * Africa *
America G
A +CCs  +
N i
ol + ({% s e e (B .
AMERICA N R ngola
I V Brasilig B;,w +
et Ay
Parana ‘1'5\2:“ and 4
s
£
\Mid-AIIantic Ridge @ Seamounts Asismic ridges (SCC)
\ TC: Tristan da Cunha,
G: Gough ] 1500km
Bl serra Geral tholeiites Serra Geral tholeiites in Argentine subsurface [+ +] Cratons
@ MS: Misiones SCC: Sierra Chica of Cordoba A Early Cretaoeolus A Late Cretaceous/Paleogene
alkaline volcanic rocks alkaline volcanic rocks

Fig. 1.2 a Schematic location of the lava flows of Parana—Etendeka—Angola LIP. The mid-ocean
ridge and seamounts are also represented. TC: Tristan da Cunha and G: Gough, simplified from
O’Connor and Duncan (1990). b Illustration of the Parand—Etendeka—Angola LIP including
alkaline peripheral locations in the western sector of Gondwana, at approximately 130 Ma. Adapted
from Piccirillo and Melfi (1988), Gibson et al. (1996), Marzoli et al. (1999), Lagorio (2008) and
Lagorio and Vizan (2011). RPC: Rio de la Plata craton, SFC: San Francisco craton, AC: Amazonian
craton, CC: Congo craton, RAC: Rio Apa craton, R-SI: Rondonia-San Ignacio belt
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Conversely, on the basis of recent Os isotopic data, Rocha-Junior et al. (2012,
2013) proposed that only the sublithospheric mantle was involved in the generation
of the PMP. These authors claimed that volcanism of PMP was determined by the
combined effects of edge-driven convection and a large-scale mantle melting
caused by the aggregation of continents to form the supercontinent of Pangea
(Coltice et al. 2007) without requiring the involvement of a plume of any kind.

On the other hand, lower melting degrees of an OIB-like mantle and smaller lava
volumes in SCC compared with those of the Parand-Etendeka LIP have been
previously considered by Kay and Ramos (1996) as a consequence of the large
distance from the Tristan plume (Fig. 1.2a, b). Melting of subcontinental litho-
spheric mantle was afterwards invoked to explain SCC volcanism (Lucassen et al.
2002; Lagorio 2008).

In this contribution, it is analysed if both volcanic events, SCC and PMP, could
have had different origins in the context of reorganization of geological plates
during the Early Cretaceous. Considering a palacogeographic reconstruction of
Pangea for an age of 130 Ma, based on a new selection of palacomagnetic poles of
volcanic rocks from South America and Africa, different alternative models for the
genesis of PMP and SCC volcanism are suggested.
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Chapter 2
Early Cretaceous Volcanism in Central
Argentina

Abstract The main exposed site of Early Cretaceous volcanism in central Argentina
is located in Sierra Chica of Cérdoba Province (SCC), within the Central Rift System.
Also to the south, in Levalle basin, a thick Early Cretaceous volcanic pile lies buried in
the subsurface. Other localities where volcanism is exposed are Sierra de las Quijadas
and Cerrillada de las Cabras of San Luis Province. In SCC, as in the other mentioned
localities, a volcanic—sedimentary complex was developed under rifting tectonics.
Lava flows are frequently associated with scoria fall, pyroclastic and phreatomag-
matic breccias within a strombolian-type volcanism. A new “°Ar/*’Ar dating per-
formed on sanidine phenocrysts of a trachyte from Almafuerte locality indicated an
age of 129 = 1 Ma. Diverse groups of rocks, mainly of potassic character, were
distinguished: (1) alkali basalt—trachyte suite, (2) transitional basalt—Ilatibasalt
suite, (3) basanite—phonolite suite and (4) ankaratrites. Magma evolution must have
taken place at crustal level(s) from distinct parental melts, mainly through fractional
crystallization in an open-system magma chamber. Mantle source composition sup-
ports residual garnet and phlogopite, it does not exhibit features related to slab-derived
metasomatism despite its location over Pampean mobile belt, and bears a lithospheric
nature. SCC volcanism is of high Ti, display similarities with potassic Brazilian
localities around Parand basin as Alto Paranaiba and Goias, pointing out analogies in
their mantle sources.

Keywords Early Cretaceous - Sierra Chica - Coérdoba - Alkali basalts
Transitional basalts - Basanites - Ankaratrites - Lithospheric mantle

2.1 Early Cretaceous Volcanism in Cérdoba Province

2.1.1 Volcanism of the Sierra Chica of Cordoba Province

2.1.1.1 Geological Setting

Cordoba ranges are essentially integrated by three mountain belts called Sierra
Norte, Sierra Grande and Sierra Chica (Fig. 2.1), in the geological context of the
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eastern Sierras Pampeanas. Early Cretaceous alkaline volcanism is located in Sierra
Chica. By contrast, Late Cretaceous, very small volcanic outcrops appear in Sierra
Grande (Estancia Guasta and Ciénaga Grande) and to the south, in the locality of

Chajéan (Fig. 2.1).

Cérdoba ranges are mainly composed of igneous—metamorphic basement of
Precambrian—Early Carboniferous age, formed essentially by biotite gneisses,
schists, cordierite migmatites, granitic bodies, pegmatites and aplites, with minor
participation of amphibolites, ultramafic rocks and marbles (e.g. Gordillo and
Lencinas 1980; Martino et al. 1995; Kraemer et al. 1995; Geuna et al. 2008; Lira

and Sfragulla 2014).
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Fig. 2.1 Geological map of the provinces of Coérdoba and San Luis, adapted from Lucero Michaut
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Over the basement, the Early Cretaceous volcanic—sedimentary complex lies,
generated as a consequence of extensional conditions (Uliana et al. 1990), within
the Central Rift System (Rossello and Mozetic 1999; Ramos 1999; Fig. 2.2a). The
structural style was mainly controlled by the Punilla and La Calera faults, with a
dominant NNW direction (Fig. 2.2b). These structures were developed in zones of
crustal weakness (Schmidt et al. 1995; Martino et al. 2014), as the suture repre-
sented by the eastern ophiolite belt of Kraemer et al. (1995) between the
para-autochthonous Coérdoba terrane and the Rio de la Plata craton. Therefore, the
rift could have been developed in the hanging wall of the suture between amal-
gamated terranes (Kay and Ramos 1996, Ramos et al. 2000). Andean tectonics in
the area that belongs to the Nazca flat slab, provoked the lifting of Sierra Chica,
exposing the Cretaceous complex through reverse faults that were previously
normal faults (Sisto et al. 1993; Schmidt et al. 1995; Kay and Ramos 1996; Martino
et al. 2014).

Outcrops of the Lower Cretaceous volcanic rocks in Sierra Chica are represented
by remnants of a volcanic—sedimentary complex unconformably overlying its
basement. This complex is composed of continental red beds and alkaline basic lavas
(Gordillo and Lencinas 1980) that belong to syn-rift deposits of basins located from
the south of Sierra Chica to Sierras de Guasayan (in Santiago del Estero Province, to
the north of Cérdoba Province) in a transtensional context (Schmidt et al. 1995). The
kinematics of the associated strike-slip faults has been mentioned in different papers.
Several authors indicate sinistral lateral displacements (Sisto and Cortés 1992; Sisto
et al. 1993, 1995; Sanchez et al. 1995; Kay and Ramos 1996), whereas others
consider dextral movements (Schmidt et al. 1995; Martino et al. 2014). These latter
authors have pointed out that a dextral rifting would have determined the formation
of depocenters as isolated pull-apart basins during the Early Cretaceous. This is
consistent with the interpretation of the strike-slip faults in Parana and Colorado
basins pointed out by Uliana et al. (1990) and Tankard et al. (1995). The filling of the
Lower Cretaceous basins of Sierra Chica would have taken place in restricted
half-grabens. The sediments belong to alluvial fans, braided rivers and ephemeral
lake deposits (e.g. Poiré et al. 1989; Sanchez et al. 1990; Astini et al. 1993; Piovano
1996). The climate must have been of a semi-arid and oxidizing environment,
because there are no fossil records available. Four sedimentary depocenters were
identified, three of them with considerable thicknesses. They remained as remnants
after intense Tertiary erosion. The largest deponcenters are located in the following:
(1) Sierra de Masa, Sierra de Copacabana and Sierra del Pajarillo, (2) the Saldan
locality and (3) Sierra de los Céndores (southern portion of Sierra Chica), whereas
the smaller one is located in a zone known as El Pungo (4) (Fig. 2.2b, ¢). An updated
and detailed sedimentological and stratigraphical study of the deposits that filled
these depocenters has been recently presented by Astini and Oviedo (2014).

The sedimentary beds are interbedded with lava flows in the mountains of Sierra
de los Condores and El Pungo; in the Saldan locality, only conglomerates with clasts
of basalts and hydrothermal minerals have been recognized (Piovano 1996). Schmidt
et al. (1995) considered two megasequences of Cretaceous deposits in Sierra Chica
(Fig. 2.2¢). The lower one reaches the largest thickness in Sierra de Copacabana and
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Fig. 2.2 a Extensional tectonics during Early Cretaceous (taken from Uliana et al. 1990), showing
Sierra Chica of Cérdoba as part of the Central Rift System (Rossello and Mozetic 1999; Ramos
1999). b Geological map of the Sierra Chica, based on Gordillo and Lencinas (1980), Schmidt
et al. (1995) and Kay and Ramos (1996), as presented by Lagorio (2008). ¢ Synthetic scheme of
the main Cretaceous successions in the area of Sierra Chica, taken from Schmidt et al. (1995);
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Sierra del Pajarillo, and there are no lava flows interbedded with the sedimentary
deposits. The volcanic levels outcrop in El Pungo, Sierra de los Condores and around
the localities of Almafuerte and Despefiaderos localities (Fig. 2.2b); in the area of
Los Molinos dam, only several basaltic dykes that could belong to the Early
Cretaceous volcanic event are recorded intruding the crystalline basement.

2.1.1.2 Volcanism in different localities of Sierra Chica
Sierra de los Condores
This range belongs to the southern end of Sierra Chica (Fig. 2.2b). It is composed of

a volcanic—sedimentary complex that reaches over than 250 m unconformably
overlying crystalline basement rocks.
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The volcanic rocks of this range were previously described by Tannhauser
(1906), Bodenbender (1907) and Pastore (1930). Gordillo and Lencinas (1967a)
defined in the northern section of this range the Sierra de los Cdéndores Group,
composed of a basal sedimentary unit (Embalse Rio Tercero Formation) which is
followed by two volcanic cycles (Cerro Colorado and Rumipalla Volcanic rocks,
respectively) separated by a sedimentary unit (Cerro Libertad Conglomerate).

Gordillo and Lencinas (1967a) considered that a non-foidic trachybasalt rich in
sanidine was the dominant rock type of the area; other varieties (picritic basalts,
calc-alkaline and alkaline trachytes, rhombic porphyries) were subordinate and
restricted to local lava flows. The rocks form a series of moderate alkaline character,
relatively enriched in potassium.

Although radiometric dating coincides throughout the entire range (Table 2.1),
Poiré et al. (1989), Sanchez et al. (1990) and Ferreira Pittau et al. (2008) considered
that the volcanism must have begun in the southern area, whereas in the northern
sector, there was an intense sedimentation. In the southern sector, the volcanic
activity was characterized by a significant pyroclastic component, within a context

Table 2.1 Previous radiometric ages for volcanic rocks from Sierra Chica de Cérdoba (SCC)

Locality Rock type/mineral K/Ar Age Corrected K/Ar | Ref.
phase (Ma) Age (Ma)
Sierra de los Condores
Cerro Colorado Trachybasalt 120 120 1
Cerro Colorado Trachybasalt 117 117 1
Cerro Colorado Trachybasalt 120+ 5 123 £ 5 2
Cerro Colorado (mean age) | Trachybasalt 116 £5 119+£5 2
Cerro Colorado (mean age) | Trachybasalt 1185+ 6 1215+ 6 3
Cerro Libertad Trachyte 128 £5 128 £5 1
Cerro Quebracho Trachybasalt 116 £ 6 119+ 6 3
Gianna quarry (Berrotaran) | Sanidine 112+ 6 115+6 1
Berrotaran Sanidine 120 £ 2 123 £2 4
Berrotaran Sanidine 130+ 6 133+ 6 4
El Quebracho quarry Alkaline basalt 117 +5 120+ 5 6
Almafuerte
Middle section Trachybasalt 122 +3 125+3 4
Middle section Trachybasalt 129 £ 8 132 +£8 4
Upper section Andesite 119 £ 10 122 £ 10 5
Upper section Basalt 121 £5 124 £5 5
Dyke Trachyte 120 + 2 123 +£2 4
Close to Rio Tercero Basalt 123 + 4 126 + 4 7
Two km to the N of Trachybasalt 124 £5 127 £5 1
Almafuerte
Close to Almafuerte locality | Porphyry 114 £5 117 £5 5

(continued)
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Table 2.1 (continued)

Locality Rock type/mineral K/Ar Age Corrected K/Ar | Ref.
phase (Ma) Age (Ma)
Los Molinos dam
Dyke N° 8 (mean age) Trachybasalt 150 = 10 154 £ 10 8
Dyke N° 5 (mean age) Trachybasalt 140 + 10 143 £ 10 8
Dyke N° 10 (mean age) Trachybasalt 138 = 10 141 + 10 8
Dyke N° 9 (mean age) Trachybasalt 131 £ 10 134 £ 10 8
Dyke N° 12 (mean age) Trachybasalt 129 £ 10 132 £ 10 8
Dyke N° 4 (mean age) Trachybasalt 68 £ 5 70£5 8
Dyke N° 13 (mean age) Trachybasalt 65+5 67+5 8
Dyke N° 14 (mean age) Trachybasalt 63+5 65+5 8
Dyke N° 14 Trachybasalt 60.2 + 3 61.7+3 9
El Pungo
El Pungo-La Cumbre Basalt 119+£5 122+£5 4
El Pungo-La Cumbre Basalt 119 119 10
Despenaderos
Saldan Formation Basalt 1229+ 1.3 1229+ 1.3 11
Saldan Formation Basalt 136.3 £ 1.5 136.3 £ 1.5 11
Saldan Formation Basalt 130.7+ 1.4 130.7 £ 1.4 11
Saldan Formation Basalt 1304 + 1.4 1304 £ 14 11
Saldan Formation Basalt 1285+ 1.5 1285+ 1.5 11

Data source (1) Gordillo and Lencinas (1967a); (2) Stipanicic and Linares (1969); (3) Valencio
(1972); (4) Gonzalez and Kawashita (1972); (5) Linares and Gonzalez (1990); (6) Cortelezzi et al.
(1981); (7) Valencio and Vilas (1972); (8) Linares and Valencio (1974); (9) Gordillo and Lencinas
(1969); (10) Lencinas (1971); (11) Cejudo Ruiz et al. (2006). A correction coefficient of 1.025 was
applied to datings perfomed prior to 1978 (INGEIS 1977)

of strombolian-type volcanism, with scoriaceous and cinder cones together with the
eruption of lava flows (Ferreira et al. 1999).

Towards the southern sector, the thickness of the volcanic rocks notably
increases (Bodenbender 1929; Pensa 1957; Ferreira et al. 1999), and there are
frequent volcanic dykes as feeders of lava flows with thickness that reach about
100 m (Sanchez and Bermudez 1997). Escayola et al. (1998) described the roots of
a volcanic neck that must have been an important centre of eruption lava and
pyroclastic material in the southern part of this mountain chain. Sanchez and
Bermudez (1997) presented a map of the whole range, also distinguishing the units
Cerro Colorado and Rumipalla Volcanic rocks. They noted three volcanic cycles,
the last two integrating the Rumipalla Volcanic rocks.

Geuna (1997, 1998), Lagorio et al. (1997) and Lagorio (2003) performed
sampling at different sections in order to complement previous studies of Gordillo
and Lencinas in Sierra de Los Cdondores, carrying out an integrated palacomagnetic
and petrological-geochemical study. Figures 2.3 and 2.4 show some of the typically
plateau-shaped hills, where several samplings have been performed. In these
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<« Fig. 2.3 Sierra de los Condores (northern sector). a Panoramic view of Cerro Rumipalla from El
Estrecho, as shown in Lagorio (2003) and Lagorio et al. (2014). b Stratigraphic sections around
the Tercero River dam, with a stratigraphic proposal according to the recorded magnetic polarities
(Geuna 1998), including the lithological types; volcanic rocks classified according to their
chemistry. The subdivision in units defined by Gordillo and Lencinas (1967) for Sierra de los
Coéndores Group is also indicated. ¢ Schematic geological map based on Sanchez et al. (1990)

profiles, the diverse lithological types were also identified (Figs. 2.3b and 2.4b, d),
according to the geochemical classification and the petrographic features, as will be
described in the following item.

The sampled levels of volcanic rocks are massive, black to dark brown, with
auburn lava flows that bear amygdales of granular zeolites and carbonate reflecting
a deuterism sometimes intense.

Sedimentary and volcanic strata are very frequently interbedded in the northern
sector, which indicates the simultaneity between both processes.

In some outcrops, the overlapping of lava flows produced marked thermal
effects. In other cases, however, peperitic breccias were generated; these are
characterized by fragments often with crenulated edges, invaded by the fine sandy
matrix. Although the term breccia is used here, subrounded fragments predominate,
which characterizes the globular, fluidal or pillowy peperites (Busby-Spera and
White 1987). The genesis of deposits with peperitic texture can be due to lava
flowing on wet unconsolidated sediments or due to the falling of pyroclasts in a
plastic state (e.g. glassy shards) on a material with those characteristics. This is
consistent with the presence of cord and pillow lavas on the southern shore of the
lake formed by the Tercero River dam, mentioned by Sanchez and Bermudez
(1997), who interpreted this as an evidence of a possible subaqueous eruption.
Furthermore, levels corresponding to gravitational flows, debris flow type, pro-
duced by remobilization of volcanic material are also observed. Outcrops corre-
sponding to scoria fall and pyroclastic breccia deposits are particularly abundant in
the southern sector of the range (Fig. 2.4d), which constitute typical products of
strombolian activity, characterized by moderate explosiveness.

Volcanic breccias are constituted by fragments of vesicular lava generally with
sharp edges, contained in a lapilli or tuffaceous matrix; sometimes, the fragments
are cemented by carbonate or analcime (Fig. 2.4f). Volcanic bombs are also
observed in these deposits, particularly in the southern area as pointed out by
Ferreira et al. (1999). It should be noted that also some phreatomagmatic episodes
must have also taken place locally. For example, a lapilli-bearing level mostly
composed of angular fragments from the basement along with subordinate juvenile
fragments has been observed in the northern sector (Cerro Colorado, Fig. 2.3b;
“hybrid volcanic rock” of Gordillo and Lencinas 1967a).

On the other hand, also in the northern zone (the Aguas Claras area) a level of a
calcrete, partially bearing a texture of a breccia, has been recognized, with similarities
to the lithology described by Piovano (1994) in the locality of Saldan zone. This latter
author attributes its genesis to thermal groundwater, inherent to the volcanic process,
in an arid context with high evaporation and low biological activity.
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<« Fig. 2.4 Sierra de los Céndores (southern section, south of the dam), as shown in Lagorio (2003)
and Lagorio et al. (2014). a View of Cerro Libertad from El Estrecho. b Stratigraphic section in this
hill, including different lithological types according to their chemistry; the subdivision of Sierra de
los Céndores Group defined by Gordillo and Lencinas (1967) is also indicated. ¢ View of the
outcrops in the southern sector of Sierra de los Condores. d Stratigraphic section including the
different lithological types depending on their chemistry. Note that from Cerro Libertad to the south,
all lavas were extruded in a normal magnetic polarity, different from what is recorded in the
northern sector (area of the Tercero River dam). Pensa (1957) suggested that Cerro Libertad was
the boundary between the northern and southern areas of Sierra de los Condores. e Detail of
peperitic breccia in Cerro Libertad. f Detail of pyroclastic breccia in southern Sierra de los Condores

Petrological-geochemical and palacomagnetic studies allowed establishing a
stratigraphic proposal for the northern sector of the range (Fig. 2.3b). For this area,
the lava flows are distributed throughout the whole sequence, diachronically and
with lateral variations between different localities. According to the recorded
magnetic polarities (Geuna 1998), the time span covering the volcanic event does
not exceed 3 million years (Geuna 1997; Lagorio 2003). In this context, the dis-
tinction between two different volcanic cycles which can be mapped seems to be
extremely difficult.

If the lava flows of the Libertad hill and those of the southern section are compared,
it appears that both sites complete their evolution in one chron of normal polarity
(Fig. 2.4) which is different to what happens in the northern sector (Geuna 1998).
From the Libertad hill to the south, all the lava flows were extruded during a normal
polarity chron. Previously, Pensa (1957) placed in this hill the boundary between the
southern and northern areas of this range. Anyway, it is not possible to determine in
which of the two normal polarity intervals recorded in the northern sector were
extruded the lavas in the southern area, and if they poured out synchronously.

The locality of Almafuerte

The volcanic—sedimentary complex is exposed to about 3 km from the town of this
name, near the Piedras Moras dam on the Tercero River, approximately 15 km to
the east of Sierra de los Condores (Figs. 2.2b and 2.5). This succession is composed
of lava flows interbedded with sandstones and breccias that are cut by dykes; it has
has a thickness of 160 m, tilts 25°-30° to the SSE (Schroder 1967; Mendia 1978)
and was entirely observed prior to the building of the dam. Presently, only the upper
part of the section is outcropping.

Gordillo and Lencinas (1980) considered that these outcrops belong to the Sierra
de los Condores Group, whereas Piovano (1996) includes this sequence, like others
located to the east of the La Calera fault, in the Saldan Formation.

Geuna (1997) and Lagorio (2003) described the sequence close to Route 36,
north of the bridge over the Tercero River (Fig. 2.5a, b). This is a sequence formed
by several lava flows, with maximum thickness of 4 m, interbedded with breccia
and sandstone levels of minor thickness, cut by basic dykes (Fig. 2.5c—e). Breccia
levels are of different types.
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A peperitic-type breccia is located in the lower part of the section, characterized
by large fragments of volcanic rocks with marked crenulations and interpenetrations
of a matrix composed of reddish fine sandstone (Fig. 2.5f). It is noteworthy that
Pensa (1957) pointed out a very frequent interaction between lava flows and sed-
iments in this area, assigning special importance to the type of wetting affecting the
sands, as a significant factor to determine the final texture of rocks. In fact, the
degree of saturation in water, the consolidation and permeability of the sediments
must have strongly conditioned the lithological features of the deposits. Other
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<« Fig. 2.5 Locality of Almafuerte, as shown in Lagorio (2003) and Lagorio et al. (2014). a Location
map of this area with the former track of Route 5 (now submerged). b Geological map of the area
for times prior to the dam construction (based on Schroder 1967 and Mendia 1978); the area of the
stratigraphic section is indicated (see track of Route 5 for reference). ¢ Schematic section showing
the magnetic polarity, as determined by Mendia (1978) and reinterpreted by Geuna (1997); note
that at most three alternate polarities are present at each structural block. d Stratigraphic section of
the currently outcropping levels close to the Piedras Moras dam, including the lithological types
according to their chemistry. The magnetic polarity of this section is reverse, while basaltic dyke
PM4 is of normal polarity. e Photograph of the lava flows (trachyandesite) intruded by a basaltic
dyke (sample PM4); this lava flow presents also sectors of trachytic composition (sample PM6). f)
Photograph of basal peperitic breccias. g Photograph of the trachyte (PM6) composed of
macrophenocrysts and abundant phenocrysts of feldspar; the study under the microscope allowed
the identification of anorthoclase with a thick rim of sanidine constituting the macrophenocrysts,
whereas phenocrysts are essentially of sanidine. The “Ar/*°Ar of 129.6 + 1 Ma dating was
obtained in these phenocrysts

breccia levels unconformable overlain lava flows, indicating a brief erosive pre-
depositional stage; they show subangular fragments without any interpenetration by
thin sandstone matrix. They are interpreted as the result of debris flows. Schroder
(1967) assigned this genesis to all of the breccia levels of this area.

A macroporphyritic trachyte-bearing sanidine crystals (Fig. 2.5g) was selected
for dating through *°Ar/*® Ar techniques, as it will be explained below. According to
palaeomagnetic data from the entire sequence, including levels studied by Mendia
(1978) before the water reservoir was filled, Geuna (1997) pointed out that most of
the lava flows would have extruded during three chrones of alternate polarity (R—
N-R, Fig. 2.5¢). Meanwhile, the dykes must have intruded the section during a
second period of normal polarity. Then, volcanic eruptions in the Almafuerte
locality and northern Sierra de los Céndores (area of the Tercero River dam) show a
similar pace and are probably coeval.

The locality of Despefiaderos

The Cretaceous volcanic—sedimentary complex outcrops in parts of the margins of
the Segundo River, near the Despenaderos locality (Fig. 2.2b). It constitutes iso-
lated outcrops in some canyons of the river, as they were observed by Bain
Larrahona (1940), Kull and Methol (1979), and Gordillo and Lencinas (1980) who
included them in the Sierra de Los Condores Group; on the other hand, Piovano
(1996) included these outcrops in the Saldan Formation.

Geuna (1997) and Lagorio (2003) described the outcrops located west of the
intersection with Route 36, about 300 m from the bridge over the Segundo River,
on its right margin. Outcrops consist of lava flows interbedded with breccia levels
making up a sequence of about 25 m, subhorizontal, originated during only one
chron of normal polarity (Fig. 2.6a, b).

Previously, Gordillo and Lencinas (1969) analysed the petrography and chem-
istry of a sample from the left margin of the Segundo River, here also included in
the classification diagrams.
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Fig. 2.6 a Partial view of the outcrops close to Despefiaderos locality, on the right margin of
Segundo River, and to the west of the intersection with Route 36. Note the alternation of lava flows
and breccia levels that form the sequence. b Stratigraphic section pointing out the lithological
types according to their chemistry. ¢ Stratigraphic section in El Pungo locality, note the lithological
types according to their chemistry. Modified from Lagorio et al. (2014)

The sampled basaltic levels have thicknesses of up to 5 m, reddish-brown colour
and are markedly amygdaloidal, denoting an intense deuterism under highly oxi-
dizing conditions. The breccia levels have thicknesses between 0.20 and 3 m
(Fig. 2.6b). Pyroclastic breccias, scoria fall deposits as well as dense gravitational
flows (debris flows) of laharic type are also recorded, suggesting an origin related to
a volcanic area with high and, therefore, unstable slopes.

An arid to semi-arid climate context with torrential rains and low vegetation must
have favoured the formation of debris flows, as described by Piovano and Astini
(1990) for basal conglomeratic facies of the Saldan Formation that integrate thick
alluvial fan deposits, approximately at 60 km to the north of the Despefiaderos locality.



2.1 Early Cretaceous Volcanism in Cérdoba Province 23
The locality of Los Molinos

In this area, basic dykes that intrude the crystalline basement are outcropping
(Figs. 2.2b). Gordillo and Lencinas (1969) described 35 dykes, with thicknesses
between 0.5 and 1.5 m, length of the order of a hundred metres, subvertical and
generally NNW trending.

They were discriminated by Gordillo and Lencinas (1969) as unaltered dykes
(olivine trachydiabases) and hydrothermalized (analcimites and potassium trachy-
diabases). These authors stated that despite having obtained a K-Ar age of
60.2 £ 3 Ma, the intrusive phases of Los Molinos must belong to the Early
Cretaceous magmatic event, considering the mineralogical and chemical similarity
to the lavas of Sierra de los Condores.

While later radiometric dating obtained by Linares and Valencio (1974) sug-
gested two groups of contrasting ages (150 + 10 Ma—129 + 10 Ma and 68 + 5 Ma—
63 £ 5 Ma), Geuna (1997) and Geuna and Vizan (1998) determined that their
palaecomagnetic directions are all reversed and similar to those of the lavas of Sierra
de los Céndores, which reinforces the hypothesis of a single intrusive event taking
place during the Early Cretaceous.

Lagorio (2003) collected samples from several dykes in the proximity of the dam
to characterize them from a petrological and geochemical point of view. While
Lagorio (2008) presented complete chemical data for samples of dykes 4 and 14
(olivine trachydiabases of Gordillo and Lencinas 1969), Lagorio (2003) also
reported chemical analyses of samples of dykes 8 and 9 (olivine analcimites of
Gordillo and Lencinas 1969), characterized by high loss on ignition values con-
ferred by the presence of analcime. For this contribution, the chemistry of the two
varieties was considered. Also, an analysis of the potassic trachydiabase of Gordillo
and Lencinas (1969) was even included in the classification diagrams presented
below.

El Pungo—La Cumbre localities

In the northern sector of Sierra Chica, close to the towns of La Cumbre and Capilla
del Monte (Fig. 2.2b), the outcrops of the Cretaceous volcanic—sedimentary com-
plex have been defined as El Pungo Group by Gordillo and Lencinas (1967b).
These authors described this group as formed by a thick basal conglomerate (El
Rosario Conglomerate) on which successively lay a nephelinic basalt (El Pungo
Volcanic) and sedimentary deposits (Valle del Sol Fanglomerate).

Later, Delpino et al. (1999), Sanchez et al. (1999, 2001) and Sanchez (2001a, b)
defined the formational units El Rosario, El Saucecito and Pefidon Blanco, as
members of the El Pungo Group, excluding the Valle del Sol Fanglomerate. El
Saucecito Formation is the volcanic unit that includes the lava flows described by
Gordillo and Lencinas (1967b) and also the volcaniclastic deposits. The latter are
more abundant than the volcanic rocks and related to hydroclastic and strombolian
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eruptions (Delpino et al. 1999; Sanchez et al. 2001, 2002). The volcanic flows were
studied also by Ancheta et al. (2002).

Geuna (1997) and Lagorio (2003) performed studies in three sites: (1) San
Jeronimo dam, (2) Tres Marias town and (3) Estancia El Rosario area. The volcanic
sequence has a thickness of less than 20 m. The lava flows are covering con-
glomerates (Fig. 2.6¢); usually they are massive, only in some sectors they have
carbonate amygdales, and seem to have been erupted through two chrones of
normal and reverse polarity. In the area of Tres Marias, the lava flows are between 3
and 5 m thick and are interbedded by thin breccia/lapillitic levels that usually do not
exceed 2 m in thickness (Fig. 2.6c). These levels have subangular and angular
fragments of basalt, of various sizes, that belong to both lapilli and blocks. They
were interpreted as fall deposits in a volcanic strombolian context, relatively close
to the centre of eruption. Close to this area, Delpino et al. (1999) studied thick
pyroclastic rocks that Sanchez et al. (2001) and Ancheta et al. (2002) characterized
as hydromagmatic types and considered that they were formed in the initial periods
of the volcanic activity in this region.

More recently, Oviedo and Astini (2014) presented a detailed study along Road
El Cuadrado, across the Sierra Chica, that allowed the identification and charac-
terization of a volcaniclastic unit that seems equivalent to that described by Delpino
et al. (1999) and Sanchez et al. (1999) in El Pungo region. Oviedo and Astini
(2014) better considered to preserve the original nomenclature of Gordillo and
Lencinas (1967b), though amending it, in order to include in El Pungo Formation
other materials. These comprise primary fall deposits, possible surge ones, gravity
flows as well as reworked deposits, along with basaltic flows. Those authors con-
sider that those deposits represent relicts of a syneruptive strombolian and
phreatomagmatic activity close to a basaltic monogenic system conforming the
synrift filling of the Cretaceous depocenters.

2.1.1.3 Age of this Volcanism

This volcanism has been intensively dated, mainly several decades ago, through the
K/Ar method with ages ranging from 154 + 10 Ma to 61.7 + 3 Ma (Table 2.1). The
latest K/Ar whole-rock dating on rocks from the Despefiaderos locality ranges from
136.3 to 122.9 Ma (Cejudo Ruiz et al. 2006).

The vast majority of dating was performed on whole-rock samples, so that
frequent partially crystallized glassy groundmass, subtle deuteric alteration and
weathering, as well as a possible insufficient outgassing during the volcanic event,
could have determined the large age variability. Nevertheless, a slight diachronism
considering the whole Sierra Chica de Cérdoba cannot be ruled out. It should be
noted, however, that no more than three periods of alternate magnetic polarity were
recorded in every section according to the Early Cretaceous reversal rate that would
mean a maximum time of 3 million years (My) in continuous records. Also, the
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presence of magnetic reversals reinforces the fact that the volcanic event in SCC
occurred mostly before 124 Ma (the onset of the Cretaceous Normal SuperChron).

We made a detailed microscopic analysis of several rock types from different
localities of SCC, previously to the selection of samples. “’Ar/**Ar dating was then
performed on a sample collected at the Almafuerte locality (32° 10'S; 64° 14'W), as
it bears numerous sanidine phenocrysts. This sample corresponds to a trachyte with
8.62 wt% K,O which was measured at Actlabs (Canada), through step-heating
analysis. It should be noted that biotite (though scarce) only appears in this sample
of SCC, while phlogopite was not even reported in any rock. The sample wrapped
in Al foil was loaded in evacuated and sealed quartz vial with K and Ca salts and
packets of LP-6 biotite used as a flux monitor. It was irradiated in the nuclear
reactor for 48 h. After the flux monitors were run, J values were then calculated for
the sample, using the measured flux gradient. LP-6 biotite has an assumed age of
128.1 Ma. The neutron gradient did not exceed 0.5 % on sample size. The Ar
isotope composition was measured in a Micromass 5400 static mass spectrometer.
1200 °C blank of *’Ar did not exceed n x 10™'* cc STP.

The sample yielded an age spectrum with six steps plateau characterized by
89 % of *Ar. Therefore, an age value of 129.6 + 1.0 Ma was obtained, as it is
shown in Fig. 2.7a.

On the Inverse Isochrone Plot Plateau points form a linear trend characterized by
age value of 128.4 4+ 1.5 Ma, with a mean square weighted deviation
(MSWD) = 1.6 and (*°Ar/*°Ar), = 348 + 27 (Fig. 2.7b). Inverse isochrone age (IIA)
is concordant with weighted mean plateau age (WMPA) in the frame of error. Thus,
WMPA, as more precise, should correspond to the age of formation or closing of
isotope system of the sanidine.

2.1.1.4 Classification and Petrography

The first detailed studies on the petrography, mineralogy and geochemistry of
Cretaceous volcanic rocks in Sierra Chica were made by Gordillo and Lencinas
(1967a, b, 1969). Subsequently several authors conducted studies in different areas
of Sierra Chica: Cortelezzi et al. (1981), Kay and Ramos (1996), Bermudez and
Séanchez (1997), Lagorio et al. (1997), Lagorio (1998), Escayola et al. (1998, 1999),
Lucassen et al. (2002) and Ancheta et al. (2002). Lagorio (2003, 2008) carried out a
petrological and geochemical study on these volcanic rocks throughout the Sierra
Chica, including mineralogical analyses using electron microprobe.

The results are summarized below, considering also samples analysed by other
authors. The classification was performed based on the chemistry of the major ele-
ments. The samples analysed in this study present a continuous variation from basalt
to trachyte in the diagram alkalis versus silica (TAS, Le Bas et al. 1986; Fig. 2.8a)
including trachybasalts, basaltic trachyandesites and trachyandesites. A few number
of samples were classified in the fields of basanite and basaltic andesite.

The diagram of classification R1-R2 (De la Roche et al. 1980; Bellieni et al.
1981; Fig. 2.8b) allows the recognition of two volcanic suites: (1) alkali basalt—
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trachybasalt—trachyandesite—trachyphonolite—trachyte (AkB-Tc), and (2) transi-
tional basalt-latibasalt (TrB-Lb), as well as two groups of rocks: basanites (Bsn)
and ankaratrites (Akr). The latter present samples with elevated loss on ignition
(>5 %), determined by abundant analcime that characterizes these rocks (anal-
cimites of Gordillo and Lencinas 1969). However, classification based on immobile
trace element ratios (e.g. Floyd and Winchester 1978) of the few samples with high
loss on ignition included here confirm classification through major elements. It
should be noted that, considering that the diagram R1-R2 allows a more complete
discrimination of these rocks, it was thus adopted for the nomenclature.

The basanites and part of the rocks of the alkaline suite are CIPW-normative
nepheline (Ne); meanwhile, the transitional suite is characterized, instead, for being
hypersthene normative (Hy). Furthermore, the nomenclature employed by Gordillo
and Lencinas (1967a) for some samples of Sierra de los Condores (e.g. calc-alkaline
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Fig. 2.8 Classification diagrams of volcanic rocks of Sierra Chica, adapted from Lagorio (2008)
and Lagorio et al. (2014). The following data are also included: potassic trachydiabase of Los
Molinos and alkali basalt of Despefiaderos according to analysis presented by Gordillo and
Lencinas (1969); basanite and phonotephrite from the southern sector of Sierra de Los Condores
provided by Cortelezzi et al. (1981) and Escayola et al. (1998). a Alkalis versus silica diagram
(TAS, Le Bas et al. 1986); B basalt, SI trachybasalt, S2 basaltic trachyandesite, S3 trachyandesite,
T trachyte, F foidite, U1 basanite/tephrite, U2 phonotephrite, U3 tephriphonolite, Ph phonolite, O/
basaltic andesite. b R1-R2 diagram (from De la Roche et al. 1980; Bellieni et al. 1981);
R1 =4Si — 11 (Na + K) — 2 (Fe + Ti), R2 = 6Ca + 2Mg + Al; Pc picrite, Akr ankaratrite, Bsn
basanite, AkB alkali basalt, TrB transitional basalt, ThB tholeiitic basalt, Np nephelinite, Tp
tephrite, Tch trachybasalt, Lb latibasalt, AnB andesi-basalt, Ptp phonotephrite, Tca trachyandesite,
Lt latite, P phonolite, Tph trachyphonolite, T trachyte, QTc quartz trachyte, Lan latiandesite, An
andesite, QLc quartz latite, D dacite, Rd rhyodacite, R rhyolite, AR alkaline rhyolite. ¢ Na,O versus
K,0O diagram with fields according to Comin-Chiaramonti et al. (1997)

trachytes, equivalents of latibasalts in the classification used here) let infer a tran-
sitional character that reinforces the distinction between two suites.

According to the criteria of alkalinity of Comin-Chiaramonti et al. (1997), the
analysed rocks have essentially a potassic (1 < K;O/Na,O < 2) and transitional to
potassic (Na,O — 2 < K,0 and K,0/Na,O < 1) character; only few examples typify
as high potassic rocks (K,O/Na,O > 2) or as sodic lithological types
(Na,O — 2 2 K,0), as it is shown in Fig. 2.8c.
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Alkaline Suite (BA-T)

Alkali basalts outcrop in Sierra de los Condores (there, they are comparable to the
picritic basalts and partially to the brown andesinic trachybasalts of Gordillo and
Lencinas 1967a), Almafuerte and Los Molinos (olivine trachydiabases of Gordillo
and Lencinas 1969). They present a porphyritic texture, with phenocrysts and
microphenocrysts of olivine (Foggg3) and clinopyroxene (Wos3.46Ens6.35FS15.5);
the glassy groundmass consists of clinopyroxene (Wos;_49Eny3.4;Fsg), olivine
(Fog7.79), Ti-magnetite (ulvospinel = 63-48 %) =+ ilmenite (R,O3 = 7 %), alkali
feldspar (Orgy.12 Abgo.37AN,6.1) and plagioclase (Ansg.oe). Apatite and Ti-biotite
occur as accessory minerals. The most primitive rocks usually have small ultramafic
xenoliths (lherzolitic, dunitic, harzburgitic, Fig. 2.9a).

On the other hand, some samples of Los Molinos dykes exhibit quartz xeno-
crysts with rims of reaction formed by clinopyroxene; they also have granitic
basement xenoliths.

There are frequent ocellar-type textures, particularly in Sierra de los Céndores,
defining ellipsoidal patches that consist of sanidine and/or nepheline, egirinic
clinopyroxene + Ti-biotite + apatite (Fig. 2.9b).

In relation to dykes from Los Molinos locality, according to their chemical
composition, they classify as alkaline basalts and based on petrographic features
they were considered as lamprophyres by Gordillo and Lencinas (1969).
Particularly, they typify as hyalomonchiquites (IUGS nomenclature: Le Maitre
1989; Le Bas and Streckeisen 1991). However, the absence of biotite and/or
amphibole phenocrysts does not allow, in fact, considering them as classical lam-
prophyres. These phases appear only in the groundmass in small proportions and
could have even been formed by devitrification.

The sample collected by Gordillo and Lencinas (1969) near the Despenaderos
locality, also included in the classification diagrams, typifies as alkali basalt
(Fig. 2.8b), and the petrographic features described by those authors are similar to
those described here for this lithotype.

Trachybasalts outcrop in Sierra de los Condores (equivalent to black andesinic
trachybasalts of Gordillo and Lencinas 1967a) and the Almafuerte locality. Two
varieties, one porphyritic and other aphyric, are recognized. The first consists of
phenocrysts and/or microphenocrysts of clinopyroxene (WoygEnyg.45Fsg_¢), olivine
(Foge.72) £ plagioclase + Ti-magnetite immersed in a hypocrystalline basis formed
by alkali feldspar (Orsg39Abs7.34AN4.8), plagioclase (Angeg), clinopyroxene
(WoygEny;Fs;), olivine (Fo7,), Ti-magnetite (Ulv. = 59 %) = ilmenite
(R,03 =7 %), apatite and Ti-biotite. Occasionally, few xenocrysts of plagioclase
and quartz with reaction rims and schist xenoliths are observed. Ocellar-type tex-
tures are frequent, defining ellipsoidal patches composed of sanidine and/or
nepheline, aegirinic clinopyroxene + Ti-biotite = apatite. The aphyric trachybasalts
(Sierra de los Condores, Fig. 2.9c) consist of clinopyroxene crystals
(W049_46En46_41FS]O_6), olivine (FO77), alkali feldspar (Or67_42Ab49_30An9_3) and
plagioclase (Anys); feldspars are characterized by including small crystals of
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Fig. 2.9 Photomicrographs, taken from Lagorio (2003) and Lagorio et al. (2014). a Olivine
crystals (Olgg) showing straight contacts and interstitial spinel section (Spl) (picotite variety)
forming lherzolitic xenolith in alkali basalt (picritic variety of Gordillo and Lencinas 1967a) from
Aguas Claras (northern Sierra de los Céndores), crossed nicols, 3.5X. b Ocellar structure in alkali
basalt from the north of Sierra de los Cdndores) formed by egirinic clinopyroxene and alkali
feldspar; note the compositional contrast with the microphenocrysts located in the lower right
corner (chestnut colour), parallel nicols, 20X. ¢ Trachybasalt from the north of Sierra de los
Coéndores; crystals of olivine (Ol), clinopyroxene (Cpx), and opaque minerals are observed
encompassed by feldspar sections, crossed nicols, 10X. d Sieve texture in macrophenocrysts of
plagioclase (P1) of a trachyandesite from the northern sector of Sierra de los Céndores (rhombic
porphyry of Gordillo and Lencinas 1967a), crossed nicols, 10X. e Macrophenocryst of
anorthoclase (Anr) with large euhedral rim of sanidine (Sa) immersed in fine bostonitic
groundmass, belonging to the trachyte of Almafuerte locality, crossed nicols, 2.5X. f Crystals of
olivine (Ol) replaced by bowlingite, analcime (Anl), biotite (Bt), clinopyroxene and of opaque
minerals along with interstitial glass forming an analcimite (ankaratrite), corresponding to one of
the dykes of Los Molinos, parallel nicols, 10X
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clinopyroxene, altered olivine and Ti-magnetite (Ulv. = 50 %) + ilmenite
R205 =6 %).

Trachyandesites outcrop in Sierra de los Condores (alkali trachytes of Gordillo
and Lencinas 1967a) and the Almafuerte locality. Whereas in the first locality, they
are Hy-normative, in the second one, Ne- and quartz-normative varieties occur.
They show from microporphyritic to macroporphyritic textures characterized by
phenocrysts and/or microphenocrysts of clinopyroxene (Wosg44Ensg.40Fs14.6),
iddingsitized olivine + Ti-magnetite and feldspar (as long as 1 cm). In macropor-
phyritic rocks, there are plagioclase crystals (Ans;46) as well as anorthoclase
(Orpg.93Abyg.45AN59.57) ones, in both Hy-normative (e.g. rthombic porphyry of
Gordillo and Lencinas 1967a from Sierra de los Céndores) and Q-normative (the
rocks of the Almafuerte locality) varieties. In the latter, anorthoclase crystals are
covered by a coat of sanidine, and also biotite and kaersutite phenocrysts as well as
apatite microphenocrysts occur. In all of these varieties, crystals of feldspar and
clinopyroxene show disequilibrium textures (Fig. 2.9d) with frequent resorption,
strong corrosion and sieve texture. Groundmass is composed of alkali feldspar
(Ors9.55Abss 30AN575), plagioclase (Anso.31), clinopyroxene
(Woyg.43Enyg_4oFs0.g), iddingsitized olivine, titanomagnetite (Ulv. = 844 %) =+ il-
menite (R,03 = 87 %), with apatite and biotite as accessory phases.

Trachytes outcrops in Almafuerte are Q-normative and have macroporphyritic
texture (Fig. 2.5g). They are composed of crystals of 15 mm of anorthoclase
(Ory,AbgzAn;s) covered by a thick edge of sanidine (Ory;Abg;Ang) (Fig. 2.9e),
phenocrysts and microphenocrysts of sanidine (Ors3;.49Aby3Any), plagioclase
(Ansy_s3), biotite and clinopyroxene (Wosg.4gEnys_43Fsg.¢), with microphenocrysts
of Ti-magnetite and apatite. Groundmass is composed of sodic sanidine
(OrgpAbzgAn,), clinopyroxene (WoyugEny,Fsg), biotite, Ti-magnetite (Ulv. = 52 %),
apatite and + quartz in sparse fine veinlets and microamygdales.

Trachyphonolites also outcrop in the locality of Almafuerte. They are
Ne-normative and have macroporphyritic texture. They are characterized by having
plagioclase crystals (Ans, 45) up to 10 mm long, microphenocrysts and phenocrysts
of clinopyroxene (Woyug47En43.42Fs119) along with microphenocrysts of olivine
altered to iddingsite, Ti-magnetites and apatite, immersed in a fine-grained matrix.
The latter is made up of plagioclase, clinopyroxene, Ti-magnetite (Ulv. = 78 %),
iddingsitized olivine, biotite and apatite. Plagioclase and clinopyroxene crystals
show strong corrosion and sieve textures.

Some rocks of the suite bear vesicles filled by an intermediate term of the series
analcime-wairakite (Lagorio and Montenegro 1996) along with calcite and
smectites.

It should be noted that alkali basalts, trachybasalts, trachyphonolites and some
trachyandesites are Ne-normative (Ne up to 7.30 % in trachyphonolites). Most
trachyandesites are Hy-normative (Hy between 2.90 and 12.31 %) and a few
Q-normative (Q ~ 1 %); on the other hand, the latter feature is dominant in
trachytes (Q upto 7.88 %).
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Transitional Suite

Transitional basalts outcrop in Sierra de los Codndores (equivalent to the brown and
black andesinic trachybasalts of Gordillo and Lencinas 1967a) and in the locality of
Despenaderos. They have both porphyritic and aphyric textures. The first consists
of phenocrysts and microphenocrysts of olivine altered to iddingsite together with
clinopyroxene microphenocrysts (Wosg.4gEnss.41FS10.7). The glassy groundmass
contains clinopyroxene (WoyoEn,sFse), iddingsitized olivine, plagioclase (An,g o),
alkaline feldspar and Ti-magnetite (Ulv. = 81 %); accessory phases such as apatite
and biotite are common. The aphyric variety consists of olivine crystals altered to
iddingsite, plagioclase (Anys), alkali feldspar (Orze.16Abgo.s5AN 4.9) and clinopy-
roxene; feldspars enclose smaller crystals of clinopyroxene (Wog4sEng;Fsg),
iddingsitized olivine, Ti-magnetite and apatite.

Latibasalts are rocks from Sierra de los Condores (calc-alkaline trachytes of
Gordillo and Lencinas 1967a) and the locality of Almafuerte. They have porphyritic
texture defined by phenocrysts of iddingsitized olivine and clinopyroxene
(Wog49.41Ens;_4oFs1o.5), together with occasional plagioclase phenocrysts and
microphenocrysts of Ti-magnetite. The crystals of clinopyroxene and plagioclase
often show sieve texture. The mesostasis consists of clinopyroxene
(Wos0.42Ensg.43Fsg 7), olivine altered to iddingsite, Ti-magnetite (Ulv. = 70-59 %),
plagioclase (Angg.pg), alkali feldspar (Ory7.33Abes.50Any ), apatite and occasional
biotite. Some xenocrysts of quartz with reactions rims formed by small crystals of
clinopyroxene are sporadically observed.

Rocks of the transitional suite are Hy-normative (Hy up to 15.75 %).

Basanites

Basanites outcrop in El Pungo locality; they have porphyritic texture composed of
phenocrysts and microphenocrysts of olivine (Fog;) and clinopyroxene
(WosEngy 4oFsgs). The glassy groundmass is made up of clinopyroxene
(Wos,Eny4Fss), olivine (Fogy), Ti-magnetite (Ulv. = 86 %) and sodic anorthoclase
(Or;Ab;6An,3), together with apatite and Ti-biotite as accessory phases. Dunitic
xenoliths and glomeroporphyritic clusters of olivine sparsely occur. They possess
high content of Ne-normative (Ne between 8.20 and 14.48 %).

Studies performed by Cortelezzi et al. (1981) and Escayola et al. (1998) in the
southern section of Sierra de los Condores revealed the presence of a basanitic—
tephritic to tephriphonolitic lavas in Basalto and Quebracho quarries. In the first
site, Cortelezzi et al. (1981) recognized a monzodioritic diabase, whereas in the
second locality, a nephelinitic basanite. Subsequently, rocks of the latter type were
described by Escayola et al. (1998) also in Basalto quarry, as part of the exposed
roots of a volcanic neck bearing numerous mantle xenoliths that represents an
important centre of effusion of lavas in the southern part of the range. According to
the description presented by those authors, the rocks have porphyritic texture with
phenocrysts of olivine and clinopyroxene, immersed in a groundmass made up of
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nepheline and augite microlites, Ti-magnetite and scarce biotite, involving also
sanidine which is not associated with nepheline and shows an irregular arrange-
ment. Rocks bear numerous xenocrysts of olivines as well of xenoliths of garnet
and spinel lherzolites, dunites and alkali feldspar syenites. There are also abundant
pegmatoid segregations of alkali gabbroid composition. Xenoliths of garnet lher-
zolite are the first ones reported from all the alkaline Cretaceous lithological types
of the central-south-western area of South America (Escayola et al. 1998).
According to chemical data presented by the aforementioned authors, samples of
the Basalto and Quebracho quarries plot in the fields U1 (basanite/tephrite) and U2
(phonotephrite) in TAS diagram, whereas in the diagram R1-R2, they typify as
basanite and phonotephrite, respectively (Fig. 2.8a, b). Lucassen et al. (2002)
presented several samples classifying in those fields also from that zone. More
recently, Ferreira Pittau et al. (2008) defined an eruptive cycle of basanite—phonolite
composition in the southern sector of Sierra de los Condores.

The sample from Los Molinos locality characterized as a potassic trachydiabase
by Gordillo and Lencinas (1969) classify as tephrite in both TAS and R1-R2
diagrams (Fig. 2.8a, b). It was described by those authors as a porphyritic rock with
olivine phenocrysts altered to antigorite and/or calcite, phenocrysts of diopsidic
augite and Ti-biotite, set in a groundmass rich in sanidine including microlites of
plagioclase and Ti-magnetite, bearing calcite nodules and veins of analcime.

Ankaratrites

These rocks belong to the dykes that outcrop in the locality of Los Molinos locality
that were considered by Gordillo and Lencinas (1969) as olivinic analcimites.
Microscopic studies show that they are composed of clinopyroxene, analcime,
olivine altered to saponite, Ti-biotite, kaersutite, opaque minerals, carbonate, apa-
tite, interstitial glass replaced by clays of the group of smectites, little alkali feldspar
and small sections of euhedral sphene, which form a compact texture (Fig. 2.9f).
These rocks were considered as lamprophyres by Gordillo and Lencinas (1969) and
typified as analcimic monchiquites on the basis of the classification proposed by the
TIUGS. However, they have not the porphyritic texture characteristic of this type of
rocks.

2.1.1.5 Mineralogy

Lagorio (2003, 2008) presented microprobe analyses that were carried out by a
Cameca—Camebax operating at 15 kV and 15 nA at the Dipartimento di
Mineralogia e Petrologia of Padova University (Italy). The PAP-Cameca program
has been used to convert X-ray counts into weight percentage of the corresponding
oxides. Results are considered accurate within 2-3 % for major elements and 9 %
for minor elements. Selected analyses of mineral phases are given in different
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tables, expanded from those presented in Lagorio (2008), while the complete set of
data is reported in Lagorio (2003).

Clinopyroxene

Selected clinopyroxene compositions of SCC volcanic rocks are given in Table 2.2.
They plot as diopside and augite (Fig. 2.10a) in the Ca-Mg—Fe* (Fe** + Fe®* + Mn)
diagram of Morimoto et al. (1988).

Clinopyroxenes show high values of Mg, so that a clear trend towards Fe* is not
defined, as in other alkaline provinces (Fig. 2.10a).

Clinopyroxenes of basanites show the highest Ca content (up to 50.64 %),
whereas those from the transitional suite reach the lowest Ca values (Table 2.2;
Fig. 2.10b). It is also noteworthy the slight core to rim increase in Ca in some
phenocryst and/or microphenocrysts, and especially the slight but generalized Mg
increase from crystal rims towards groundmass microlites (Table 2.2; Fig. 2.10c).

TiO, is variable (0.14-4.71 wt%), usually lower than 3 % (mean 1.63 + 0.74 %)
so that SCC clinopyroxenes are not titaniferous according to Deer et al. (1992),
except some late-crystallized ones from Los Molinos (MO1) and Almafuerte (PM4)
AKB dykes. Ti/Al ratios of all the SCC clinopyroxenes range from 0.2 to 0.5, as
expected for moderately alkaline rocks, as it should be taken into account that Ti/Al
ratios > 0.5 are typical of strongly alkaline to peralkaline rocks (Cundari and
Ferguson 1982).

Early-crystallized clinopyroxenes display Al"" ranging from 0.018 to 0.091 a.f.u.
(mean 0.038 + 0.024 a.f.u.), pointing out, in general, low-pressure crystallization
(Nimis 1995; Nimis and Ulmer 1998). The highest crystallization pressures have
been found (Nimis and Ulmer 1998) for the Cpx phenocryst of the alkali basalt
PM4 (Table 2.2), i.e. core = 4.7 and rim = 5.7 kbar, given the relatively high Al""
content (0.091 and 0.098, respectively).

Olivine

Selected olivine compositions of SCC volcanic rocks are given in Table 2.3. The
forsterite (Fo) content of olivine pheno- and microphenocrysts of basanites and
alkali basalts ranges from 90-84 % (core) to 89-83 % (rim), and from 87 to 79 %
for groundmass olivine (microlites). Similarly, the olivine of trachybasalts spans
from Fo 8675 % (core) to 85-71 % (rim) and 72 % (microlites).

Comparison between mg# [Mg/(Mg + Fe*")] values of olivines and those [Mg/
Mg + Fez+); Fe,05/FeO = 0.18] of host rocks shows that some early-crystallized
olivines may have mg# values quite lower than those expected, suggesting crys-
tallization from Mg poorer melts.



ina

Central Argent

1Sm 1n

2 Early Cretaceous Volcan

34

(panunuod)

1Ly 1€°9% €9y 89'67 S1'8y 18°LY 81’67 8¢9Y w6y ¥9°0S oy €D
000'C 020°C 00T 6661 L00C (410K L00'C 00T ¥10'C 000C S00°C wng
§20°0 §20°0 8200 €00 6200 €000 S00°0 LT00 00 1€0°0 1€0°0 EN
6L8°0 $06°0 8680 $€6°0 9260 8060 968°0 968°0 €96°0 €760 w60 €D
LT0'0 00 €00 °L0’0 1500 ¥L0'0 Yer'o LEO'O 0500 €900 950°0 L
2000 S00°0 €000 €000 +00°0 €000 ¥00°0 9000 S00°0 0000 +00°0 UN
€680 0580 1L8°0 YSL'0 818°0 68L°0 8190 1L8°0 9180 09L°0 86L°0 SN
100 2000 ¥00°0 1100 00°0 6000 1000 800°0 €100 L10°0 800°0 D
€200 6¥0°0 2900 $80°0 0r0'0 S00°0 180°0 00 500 050°0 ¥80°0 4eod
9T1'0 1o ¥01°0 Y01°0 SET0 6v1°0 €CT0 LT10 €600 601°0 800 +2od
1100 0000 0000 2000 0000 0000 0000 0000 0000 L200 0000 aIn v
000C 066'T 000C 000C 9661 €66'1 9661 666’1 €66'1 000C 8661 ung
9L0°0 L0T°0 010 60T°0 811°0 8LT0 00€°0 680°0 wro 881°0 €LTO (AD TV
6’1 £88'T 868'T T6L'1 8L8'T SI8'T 969'T 016’1 1681 TI8'1 S8l IS
£8°0 LL'T we LO¢ Lv'1T 181 ¥8'C yI'l 68T ¥8'1 or'e «*0%d
6L'L6 167001 €766 68°00T L3TOT 007001 00°00T 00°00T 9T’ 101 65 10T 01°201 wng
LY'0 900 €10 8¢0 ¥1I'0 0€0 ¥0°0 8C0 0 090 LT0 01D
€0 Se0 6£°0 870 170 17’0 69°0 LEO 0€'0 7’0 o O%N
06'1C L6'TT LTt €LET ¥8'€C S8'CC s1ce 9L'TT 91T 61'¥C €V oed
86°ST 1S°6T €861 8L'ET 489! LTYT 86°01 6°ST [ Wyl (404! OSIN
L00 LT0 600 170 €10 600 €10 61°0 91’0 000 [AN0} OUN
LL'Y 879 9¢'S 1’9 8L'S €79 €96 ST LY 14 6¥'S "%004
86T 8¥'C veT 88F 9L'T L0y L9 0T I¢'e 106 L0y o\
S6°0 8Y'T ST'T 19°C 83T 99T Ly SET 18°1 60T 90T ol
€CIS €IS WIS 8L'8Y 6L'1S (x4 €6’ S6'1S 6L°0S 08'6% 05°0S RO
w3 1du oydw w3 w3 w3 1dux oydw ws Jydw oydw
SQI0pPUO)) SQIOpPUQ) SOUI[OJA] SO'T odund 14 Kypeoo|
QL DV eV usq adfy ooy
L4V SL-g¥V dL-g¥V usgq dnoi3/anng
EINA SINA 10N €D opdureg

(8007) ouoSe woiy papurdxa ‘eqopIoD) Ip LAY LIS jO

S$001 Pajd9[as wodj suonisodwod aqordoroiw suaxorkdour)) 7'z dqel



35

Cordoba Province

1sm 1n

Early Cretaceous Volcan

2.1

(panunuod)

0000 0000 00 9100 2000 1000 0200 0000 2000 0000 0000 be]
690°0 6500 6L0°0 8500 €900 600 100 8800 921°0 L90°0 0€1°0 +eod
weo S740] SoT°0 wro o 60C°0 ¥S1°0 0LT'0 SET0 070 9¢1°0 +2od
000 1¥0°0 §00°0 120°0 LS00 LT0°0 200 €000 +00°0 LEO0 $20°0 (A v
000C 000'C 000'C 000'C 000'C 000'C 000'C 000'C 000'C 000'C 000'C wng
[34N0] 1v1°0 or1°0 1€1°0 LT0 sT0 8600 S61°0 861°0 S80°0 ero (AD IV
LS8'T 6581 98l 698°1 878’1 8¥8°1 2061 S08°1 08T SI6'1 8L8'1 IS
Ly'T (44 16C €1'e 8CT (4% (A LT'E (a4 or'c €Ly xf0%d
96°001 18°001 PET10T 61°101 LY 101 61°101 €101 8¢S 101 8101 €001 S9'101 wng
000 000 9L°0 LSO 80°0 200 89°0 000 800 000 000 Hoie]
L0 S9°0 SS°0 50 L0 9L°0 860 0s0 6L°0 €80 71T O%N
19°0C 1°0C LS'1T 9¢°1C L0°0T 0 65°0C L6'TT 60'1C 6'1¢ S8'IT oed
9¢°el 8¢l 6191 8091 66°¢T €6'cl P91 9T'¢l LSV 9Tel STEr OSIN
LT°0 LT0 cro SO0 120 9T°0 LT0 LT°0 0zo (G40} 70 OUN
001 786 809 £€6'S 6 186 09 6¢'8 09'8 L9°8 LE6 %09
(44 61 Ve 9¢°¢ s Yy 18C LSV Ly 6L°C 6¢°¢ 0av
961 8¢'1 (4! PET 8L'1 ST 0'1 §ST 1T¢C L0 68°0 Ol
608 €08 LETS 961§ 66°61 °e0s 17'CS LT'6Y 09°6% EL'TS 1718 oS
17dw o/gdw y1dw o/1dwr yd oyd w3 1dux oydw d oyd
SQI0pUQD) SQI0PUQD) Aieoo
By, B[, ad£y ooy
dL- IV dL-IV dnoig/aimg
d010d Skl ordureg
S8'L 1°01 L8 1201 1€6 9°01 0691 68 8L°L S8 06'8 #9d
v or sSer 6’1 11°0% 1444 SS'Iv c6'ee 80°St gy (4404 8L'1Y SN
w3 1du oydw w3 w3 w3 1dux oydw ws Jydw oydw
SQI0pPUO)) SQIOpPUQ) SOUI[OJA] SO'T oSund 194 Kypeoo|
L e\ PV usg ad£) Yooy
LIV dL-9YV LIV usgq dnoi3/anng
EINA SINA IO €0 o[dueg

(panunuod) 7z dqeL



Central Argentina

1Sm 1n

2 Early Cretaceous Volcan

36

(panunuod)

LTE 68'¢ ay 99y ey 9¢'¢ €6°C 1T¢ €L'T wcT LY 6L'¢ 90 ¥6'¢ 60'% «*0%d
o1 SL 00T $8°001 8€'T01 1ot 69°001 69°001 Y101 1¥°001 €0°'T0T1 61101 0C°66 67°001 61°001 89'66 wng
600 €00 80°0 o 00 S0°0 000 000 000 ¥0°0 000 000 000 100 w00 0D
090 w90 190 L9°0 0Lo Lo 050 Lo €50 690 LY'0 w90 LLO w'c 98l O%N
LT €5°1C ¥8'1C S1ee L9TT ¥9°1C 96°CC 90°CC 9'TC 6€'1C 6L'€T §9°Ct $9'1C 6S°0¢C 88°0C oed
Wyl 06°¢l (ifad! 16°¢l 8TY1 99°¢l LL'ET 8C€l yel 6°¢l 8Y¢l 6811 €TEl SLTT 9S'TT OSIN
110 00 01’0 600 81°0 81°0 LT°0 10 S1°0 81°0 Y1°0 S0°0 LY'0 61°0 €C0 OUN
SLL LT'8 €LL 68'L LL €9'8 61'8 ws 8L $9'8 60°L 6L'L 856 LE'8 S8 9004
LL'Y ¥$'S (239 6L'S 9¢'¢ sey we 1454 99°¢ LS'E Y9t 80°L 60 ISY 1cs 04V
86'1 00T we L1'T 61'C €8'1 68’1 81T 90T SL'T 10°¢ 9Ty 71°0 £ o'l “OLL
SL'6¥ 9L"8% €L'8Y 6581 1681 £€9'61 £€°0S 8’61 €108 98°0S LS'8Y 967 9L'ES 908 1208 oS
ws 1du oydw xd oyd ws 1ydur oydw d oyd ws 1dw o/dw xd oyd
auenjewy auenjewy Quenjewy Aneoo
oL ®BOL oV ad£y Yooy
oL- Y oL- Y oL-V | dnoig/amg
9Nd TINd YINd opdwres
€691 SL9T 066 £€9'6 G8'C1 8¥'91 8601 06°€T (144! [4a4! €091 #9d
6£°6¢ 19°01 w09 009% wy 69°0% Y0'Ly LE8E 70Ty L8'8¢ LT8¢ SN
89°¢y Y9ty 80'vY Cl%qd €LTY £8Ch 8¢CY ELLY vLEY 0T9r (V%4 ®)
000C 000C 000C 000C 000C 000C 100C 100°C 6661 000'C 000C wng
1500 9%0°0 8¢0°0 8¢0°0 6¥0°0 500 1700 9€0'0 9500 0900 180°0 EN
S18°0 L6L0 LEB0 8¢8°0 L8LO €080 108°0 €060 128°0 0L8°0 G680 D
€700 700 9€0°0 9¢0'0 6¥0°0 €700 8200 0L0°0 0900 0200 ¥20°0 1L
S00°0 6000 ¥00°0 2000 L00'0 8000 S00°0 S00°0 9000 100 ¥10°0 UN
SELO 6SL°0 ¥L8°0 6980 €9L°0 €9L°0 688°0 9CL’0 68L°0 Lo 91L0 SN
1zdw o/gdun y1dw o/1dw yd oyd ws 1dw oydw d oyd
SQI0pPUQ)) SQIOpPUQD) Kypeoo|
®BOL B, ad£y ooy
SL- IV SL-V dnoi3/anng
q01N0d snd opdureg

(panunuod) 7z dqeL



37

Cordoba Province

1sm 1n

Early Cretaceous Volcan

2.1

(panunuod)

00°L 96'S 806 8L9 659 S6'¢ €59 iy 9¢’L 8€°L 900
LTy €5°¢ S0¢ Sty (A4 €8¢ €6C 10T 81°¢S LSy o7
90T LL'T €L0 €91 1671 Yol 16°1 0¢'1 SLO §9°0 “OLL
68'8Y 1L°0S SL0S L6'6Y 09°0S 66'1S 6C°0S 80°¢S 860 or'1s RO
ws 1ydur oydw yd oyd ws 1dux oydw yd oyd

SQI0pUO)) SQI0pPUQ)) Kypeoo|
q1 qiL ad£) Yooy
qT-9'L qT-9'L dnoig/amg
28! "1 ajdwes
6L°C1 LLET 18°C1 LOET 16°C1 8¥'v1 16°€T L9v1 P1I°el (44! LLTT 0S°€l 44 €esI 7961 +9d
88’11 18°0% 171y S0y L9y 66'6¢ 1L6¢ 90°6¢ SE'6L 9'0% 68'8¢ °s9¢e 1¥'8¢ o'LE 0L9¢ SN
vesy wsy 8L'SY 8¢9 wsy €SSy 8L9¥ 9T 9% 1S°Ly 167y veor L6'6Y LTSy 1TLY LY'LY o)
100°C 6661 866'T 100C 000C 100°C 6661 866'T 100°C 000C 020°C 000C 100 000 6661 wng
€700 70°0 Y700 LY00 6v0°0 1500 9¢0'0 1500 8¢0°0 6v0°0 €00 SY0°0 9500 1o Y10 EN
168°0 8780 868°0 998°0 8780 $S8°0 €680 L98°0 L68°0 €780 6£6'0 7160 198°0 £18°0 0€8°0 ®)
$S0°0 $S0°0 190°0 900 900 150°0 1500 900 LS00 8700 £80°0 8110 ¥00°0 9¢0°0 €00 1L
€000 9000 €000 €000 9000 9000 S00°0 L00'0 S00°0 900°0 S00°0 000 ST0°0 9000 L00°0 UN
98L°0 L0 9LL'O LSLO 8LL'O 16L°0 8SL°0 Lo €vL0 L0 orL’0 899°0 °eLo S¥9°0 6£9°0 SN
€000 1000 000 ¥00°0 9000 1000 0000 0000 0000 1000 0000 0000 0000 0000 1000 D
0600 801°0 Y10 8C1°0 811°0 6600 L00 680°0 8700 9500 690°0 LOT°0 L10°0 601°0 YIT°0 +e2d
LY1°0 €v10 €C1'0 €110 LIT0 L9T°0 €81°0 6LT°0 S61°0 010 0sT’0 8€T°0 18C°0 6¥1°0 1ST°0 +22d
€200 €00 L10°0 €200 8100 6100 ¥00°0 S10°0 810°0 §20°0 0000 800°0 S€0°0 8600 1600 an v
000'C 000'C 000C 000C 000C 000C 000'C 000C 000'C 000C 1661 | 000C 000C 000C 000'C wng
810 80C°0 €170 9TT0 €170 LT0 1v1°0 €LT°0 wro €10 w00 90€°0 ¥00°0 SET0 LETO (AD TV
8181 oL'T L8L'T YLL'T L8L'T €8T 6581 LT8'T 868'1 0L8'T 68L'T 691 9661 S98'1 €98°1 IS

w3 1ydw oydw yd oyd w3 1dux oydw 1d oyd ws 1du oydw yd oyd
oWy oWy Quenjew|y Kypeoo|
oL B oy ad£y ooy
dL-aAV SL-aV SL-gYV | dnoi3/aing
9Nd TN YINd opdureg

(ponunuod) 7'z AqeL



ina

Central Argent

1Sm 1n

2 Early Cretaceous Volcan

38

SUISAX0 9 PUE SUONED { JO SISEq AU} UO JB[AULIO) [BIMINNSG U + , O + .20 = +d {($L61) "¢ 12 oideq SuIp1oode paje[noed ,£0%.]
Wi £ 2100 2 ‘oot ws “)sKxoudydororu dus 9skroousyd d ‘so10puo)) SO[ Op BIIAIS S2.0puoy) ‘Jeseq [eUONISURT) . ‘A)ISopueAyoel) noJ eseqAyoen gi I[eseq Ie[e gyy ‘ouueseq usg

9911 vL6 8L°ST (440! SO'TT 959 9501 SO'L 01LTl 029l «2d
S22 crey LS'6€ 1€y S8 €0°St 8T 9 061'6€ 0TS '6€ SN
68'LY €Ly S9v LY v 0r'vh 178 S8'Ly 6v'LY 08'L¥ 98'Ly o)
000T 6661 100C 100°C 000'T 0000 0000 0000 0000 0000 wng
9€0°0 €00 $90°0 2900 0500 7200 €200 L10°0 S¥0°0 6£0°0 eN
806°0 $68°0 £78°0 €80 T80 S16°0 ¥26'0 916'0 0880 $68°0 €D
8500 6¥0°0 0Z0'0 SY0°0 w00 7£0°0 €500 S€0°0 1200 8100 1L
€000 €000 ¥10°0 2000 €000 €000 2000 100°0 8000 6000 U
L9L°0 6180 LYLO 6280 9€8°0 158°0 £08°0 LLSO LTLO 6€L°0 SN
2000 910°0 0000 LO00 $00°0 9€0°0 2000 €100 1000 100°0 D
6800 $90°0 £01°0 ¥T10 7900 €000 w00 8000 6£0°0 #50°0 o
6210 LITO 181°0 ¥80°0 w10 811°0 091°0 LT10 L81°0 €LT0 |
8000 €000 820°0 910°0 000 610°0 0000 9000 ¥60°0 €L0°0 an) v
000'T 000'C 000'T 000'C 000'T 000'C 7661 000'C 000'C 000'T umg
6LT°0 6¥1°0 901°0 SLTO 6€T°0 €01°0 8TI°0 0800 0€T°0 STro (AD IV
1281 1681 7681 ST8'1 1981 L68'T 998'1 0z6'T 0L8'1 SL8'T IS
61°¢ 9¢'C 99°¢ (4 e 600 ST 620 W S6'T «£0%]
LY'66 SO'TOT 9766 67001 68°66 0,001 6866 LY'TOT L8001 £8°001 umg
80°0 LSO 000 €20 ST°0 [ 80°0 70 700 700 £0%D
6¥°0 970 060 L8°0 L0 €0 €0 ¥T0 £9°0 S50 0O%N
LLTT 06CC 60°'TC 9T 1T S8°0T €T STET $9'€T e 9L'TT 0oed
(4531 90°ST erel €TST STST S9°61 [4% 4! 991 6T€l 0S°€l OSIN
600 600 [S40) L00 10 600 90°0 €00 vT0 LT0 OUN
w3 1ydu oydw yd oyd ws 1du oydw yd oyd
SaI0puo) SQIOpUOD) Aneoo
a1 qiL ad£) Yooy
qT-91L qT-91L dnoi3/anng
48! 1 o[dueg

(ponunuod) 7'z AqeL



2.1 Early Cretaceous Volcanism in Cérdoba Province 39

a Sierra Chica
@ of Cordoba Ca
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A A

phenac. b phence,
microph. | N |} 00 eeeees microph.] B | 00000 ... microph.

core nim gmass core fim grmass core rim gmass

Fig. 2.10 a Ca—Mg-Fe* (Fe’>* + Mn + Fe**) plot for clinopyroxene of rocks of Sierra Chica of
Coérdoba, according to the classification of Morimoto (1988), in comparison with those from other
alkaline provinces: eastern Paraguay (Cundari and Comin-Chiaramonti 1996) and Gough (le Roex
1985). b Ca—Mg—Fe* plots for clinopyroxenes of alkali basalt—trachyte suite (AkB-Tc) and
transitional basalt—latibasalt suite (TrB-Lb) and the group of basanites (Bsn) shown in Lagorio
(2008). E early clinopyroxenes (phenocrysts and microphenocryst cores), L late clinopyroxenes
(phenocryst and microphenocrys rims and microlites of the groundmass). ¢ Clinopyroxene
diagrams showing Mg (a.f.u.) variation from core to rim of phenocryst and/or microphenocryst and
the microlites of the groundmass (gmass)

Feldspar

Selected feldspar compositions of the SCC volcanic rocks are given in Table 2.4.
Feldspars span from calcic andesine to sanidine in the An—-Ab-Or diagram
(Fig. 2.11). Macro-, pheno- and microphenocrysts of feldspars are characteristic of
the salic rocks, while scarce or absent in the more basic ones. They correspond to
plagioclase (Ans4.40) = anorthoclase (An,7.15Abys.63012802) and =+ sanidine
(AnygAbysOrs;). Groundmass of the different lithological types is generally char-
acterized by the presence of plagioclase (Ans,,;) and alkali feldspar
(Org7.15Abgg30AN7.1); nevertheless, in basanites, it is only composed of sodic
anorthoclase (Or;;Ab;¢An,3) as shown in Fig. 2.11.

Fe-Ti Oxides

Selected samples of homogeneous Fe-Ti oxides of the SCC volcanic rocks are
presented in Table 2.5. They are common in the groundmass, scarce as
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46 2 Early Cretaceous Volcanism in Central Argentina

Fig. 2.11 Feldspar
compositions in relation to the
contents of Ab—An—Or,
according to the limits
proposed by Deer et al.
(1992). Pl plagioclase, E early
feldspar; L late feldspar.
Based on Lagorio (2008)

Bsn
AkB -Tc suite
TrB-Lb suite

(o]
P,Och,g o Sanidipe
50

microphenocrysts and compositionally correspond to Ti-magnetite (Mt) and ilme-
nite (Ilm). Ti-magnetite is the common oxide phase, while ilmenite coexists in few
rocks.

Ti-magnetite compositions are mainly rich in ulvéspinel component (Ulv. = 85—
48 %), with the exception of a few samples (Ulv. = 14—4 %). The R,03 component
of ilmenites ranges from 4 to 8 %.

Coexistence of Mt and Ilm yielded (Spencer and Lindsley 1981) temperatures
ranging between 1190 and 845 °C, and fO, values that straddle FQM buffer
(Fig. 2.12). Temperature decrease suggests different stages of post-eruptive
re-equilibration. This re-equilibration was accompanied by maghemitization and
haematite replacement, which both were interpreted as the cause for the acquisition
of a stable magnetic remanence in SCC volcanic rocks (Geuna et al. 2015).

2.1.1.6 Geochemistry

Previous chemical data of major elements have been presented by Gordillo and
Lencinas (1967a, b, 1969), as it was previously mentioned. Later, in the following
decades, several authors carried out geochemical studies in different areas of Sierra
Chica, as Cortelezzi et al. (1981), Kay and Ramos (1996), Sénchez and Bermtdez
(1997), Lagorio et al. (1997), Lagorio (1998, 2003, 2008), Escayola et al. (1998,
1999), Lucassen et al. (2002) and Ancheta et al. (2002), most of them including also
the study of trace elements. Major and trace element contents provided by Lagorio
(2003, 2008) were determined at the Dipartimento di Scienze della Terra,
University of Trieste, by using a PW-1404 XRF spectrometer and the procedures of
Philips (1994) for the correction of matrix effects. Major element abundance was
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2.1 Early Cretaceous Volcanism in Cérdoba Province 49

Fig. 2.12 Temperature (°C)
versus —log fO, (Spencer and
Lindsley 1981) for
homogeneous groundmass
magnetite—ilmenite pairs of
Sierra Chica. HM haematite—
magnetite; NNO nickel-nickel
oxide; FOM fayalite—quartz—
magnetite; MW magnetite—
wiistite. Based on Lagorio
(2008)

recalculated to 100 % on a volatile-free basis; FeO was obtained by titration and
loss on ignition (L.O.1.) corrected for FeO oxidation, gravimetrically. The analytical
uncertainties are estimated at less than 5 and 10 % for major and trace elements,
respectively. Rare earth elements (REE), Th, Ta, Hf, U and Ga of selected rocks
were measured by inductively coupled mass spectrometry (ICP-MS) at Activation
Laboratory (Canada).

Representative analyses are given in Table 2.6, whereas the complete set of data
is in Lagorio (2003) and available on request. CIPW-normative parameters and mg#
(at. Mg/(Mg + Fe")) values were calculated assuming Fe,03/FeO = 0.18.

As it has been previously pointed out, major element composition allowed the
distinction of the rocks in several groups: (1) alkali basalt—trachyte suite,
(2) transitional basalt—Ilatibasalt suite, (3) basanites and (4) ankaratrites (Fig. 2.8b).
In these graphics, the samples presented by other authors whose compositions are
complementary to those obtained by Lagorio (2003, 2008) have been included. It
should be noted that a suite consisting of basanite—phonolite is depicted, as was
defined by Ferreira Pittau et al. (2008) considering several samples from the
southern sector of Sierra de los Condores provided by other authors.

Major element variation diagrams of samples presented by Lagorio (2003, 2008)
show a strong overlap between alkaline and transitional suites, with slightly higher
values of SiO, and subtle lower of CaO and P,Os in the transitional suite
(Fig. 2.13). Regarding trace elements, this suite has the lowest values of Nb
(Fig. 2.14). Basanites display a slightly lower content of SiO, and TiO,, as well as
slightly higher FeO, and CaO tenors, for the same MgO values regarding both
alkaline and transitional suites. They are distinguished by having the lowest Zr
content of all studied rocks, low tenors of LREE and high Nb and Sr values
(Fig. 2.14). Ankaratrites are characterized by displaying the lowest percentages of
Si0, and Al,Os3, high contents of TiO, and the highest CaO, P,Os, Ba and LREE
values (Figs. 2.13 and 2.14).
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Fig. 2.13 Variation diagrams of the major elements in terms of MgO (wt%) for different groups of
rocks in Sierra Chica, adapted from Lagorio (2008) incluiding also ankaratrites. Diamonds:
basanites of El Pungo (Bsn); filled circles: alkali basalt—trachyte suite (AkB-Tc); small circles:
samples of the Sierra de los Condores and Los Molinos locality; large circles Almafuerte samples;
triangles transitional basalt—latibasalt suite (TrB-Lb) in Sierra de Los Condores, Almafuerte and
Despefiaderos localities; square ankaratrites from Los Molinos

Variation diagrams are consistent with fractionation of olivine, clinopyroxene and
magnetite in both suites, as discussed in detail in Lagorio (2003, 2008). Within the
alkaline suite, plagioclase and apatite removal is better supported from the late stages
of the Almafuerte magmas, based on Sr and P,Os5 lines of descent, respectively.
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Fig. 2.14 Variation diagrams of trace elements (ppm) related to MgO (wt%). Adapted from
Lagorio (2008) including also ankaratrites. Symbols as in Fig. 2.13

Relationship between incompatible elements (e.g. Zr vs. Th, Fig. 2.15a) both in
alkaline and transitional suites shows no clear linear trends, suggesting that com-
plete evolution must not be directly due only to simple crystal fractionation starting
from primary magmas. The strong variation in the content of some incompatible
elements (e.g. Zr) in the most primitive magmas is clearly visible in the
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bilogarithmic Zr—Ni diagram (Fig. 2.15b), and the various negatively sloped linear
trends that can be defined are compatible with evolution through various parental
magmas, consistent with a heterogeneous mantle source. It is worthy to note that
basanites show the lowest values of Zr (Fig. 2.15b), Hf, LREE and Sm, regarding
the four distinguished groups, as well as the lowest La/Ta and La/Nb ratios
(Fig. 2.16). On the other hand, alkaline and transitional basalts show variable
contents of incompatible elements, particularly high for Zr (Fig. 2.15b), Hf and
LREE in some transitional basalts; the latter are distinguished from the alkaline
ones by their higher La/Ta, Th/Ta and La/Nb ratios (Fig. 2.16). Ankaratrites record
the highest content of Zr (Fig. 2.15b), Ta, LREE, Sm, Hf, Ti and Tb, as well as high
La/Ta ratio and the highest of La/Nb (Fig. 2.16).

In chondrite-normalized (cn; Boynton 1984) diagrams, the rocks of the alkaline
suite have relationships (La/Yb)., between 20 and 39 (Table 2.6; Lagorio 2008),
showing patterns that diverge only for the trachyte of the Almafuerte locality (PM6;
Fig. 2.17). The latter shows a steep LREE trend that tends to flatten out for HREE
[(Gd/Yb)., = 1.88] as well as a slight negative Eu anomaly (Eu/Eu* = 0.74),
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Fig. 2.16 a La/Ta versus (a)

Th/Ta and b Th/Ta versus

La/Nb for the most primitive Th/Ta
rocks of Sierra Chica (mg # 26

0.68-0.75) from the different (mg# 0.68-0.75)

groups of lithologies of Sierra
Chica, adapted from Lagorio
(2008) also including
ankaratrites. PM primordial
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as in Fig. 2.13 !
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supporting fractionation of plagioclase. The transitional suite display (La/Yb).,
ratios between 25 and 41 (Table 2.6; Lagorio 2008), showing broadly similar
patterns to those of the rocks of the alkaline suite, particularly rocks from Sierra de
los Céndores and Embalse Los Molinos (Fig. 2.17a). Basanites present a mean
(La/Yb),, of 28 (Table 2.6; Lagorio 2008) and also show patterns with no signif-
icant differences with respect to the latter ones (Fig. 2.17d). Ankaratrites display the
highest (La/Yb)., (average of 53, Table 2.6), with higher values for REE in
comparison with the basanites, and the highest contents for LREE taken to account
also the alkaline basalts (Fig. 2.17d).
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<« Fig. 2.17 Chondrite-normalized (Boynton 1984) REE diagrams for rocks of Sierra Chica, adapted
from Lagorio (2008) also including ankaratrites. a Alkaline suite from Sierra de los Céndores and
Los Molinos locality. b Alkaline suite from Almafuerte. ¢ Transitional suite from Sierra de los
Condores. d Basanites from El Pungo and ankaratrites from Los Molinos, compared with alkali
basalts. Coloured fields all samples analysed in each group

In multi-element diagrams normalized to the primordial mantle (Sun and
McDonough 1989), rocks of the alkaline suite show negative anomalies in Rb and
K for the less evolved samples, showing a gradual increase in the contents of Rb,
Th, K, Zr and Hf towards the Hy- and Q-normative trachyandesites and trachytes
(Fig. 2.18a, b). Q-varieties are also characterized by negative Sr, P and Ti
anomalies, more pronounced in trachytes (Fig. 2.18b). It should be noted that
alkaline basalts of dykes from Los Molinos are distinguished by presenting a
positive anomaly for Sr, in contrast to the clearly negative anomaly that charac-
terizes all samples from Sierra de los Céndores. Transitional suite shows similar
patterns regarding the less evolved samples of the alkaline suite from Sierra de los
Condores (Fig. 2.18c). However, a slightly negative spike of Ta is shown, partic-
ularly conferred by the most evolved latibasalt (Fig. 2.18c). Basanites patterns are
similar to those of the most primitive rocks of both suites, though they clearly
present the lowest contents of Zr and Hf as well as low tenors of REE (Fig. 2.18d).
Ankaratrites record the highest values of Ta, LREE, P, Sm, Zr, Hf, Ti and Tb; they
also display a clear negative anomaly for Sr, in contrast to what happens in relation
to the other rocks (alkaline basalts) of the same locality (Los Molinos) (Fig. 2.18d).

2.1.1.7 Petrogenesis
Differentiation Processes

In order to test fractional crystallization quantitatively, mass balance calculations
based on major elements (Stormer and Nicholls 1978) were carried out. Rayleigh’s
trace element contents were calculated using mass balance results and the partition
coefficients employed by Lagorio (2003, 2008) and shown in Tables 2.7 and 2.8.

Some transitions appear compatible (sum of the squares of major element
residua, Zres® < 1.0) with simple fractional crystallization (Table 2.8), e.g. from
EM3 (trachybasalt) to RU7 (trachyandesite), from PM1 (trachyandesite) to PM7
(trachyphonolite) and from Lil (transitional basalt) to Li4 (latibasalt). The
calculated/observed trace element ratios also are in general satisfactory (0.90-1.35;
Table 2.8), except for Cr and Ni (0.28-2.10), and for Rb and Ba (0.57-1.77). Ni and
Cr discrepancies may be partly due to uncertainties on partition coefficients, while
those for Rb and Ba may probably reflect alteration. On the contrary, other tran-
sitions, e.g. from EM4 (alkali basalt) to EM3 (trachybasalt), similarly compatible
with fractional crystallization in terms of major element results (though a higher
Sres? is obtained, Table 2.8), reveal many trace element ratios quite different from
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<« Fig. 2.18 Primordial mantle (Sun and McDonough 1989) normalized multi-elemental plots for
rocks of the Sierra Chica, adapted from Lagorio (2008) also including ankaratrites. a Alkaline suite
in Sierra de los Condores and Los Molinos. b Alkaline suite from Almafuerte. ¢ Transitional suite
in Sierra de los Condores. d Basanites of El Pungo and ankaratrites of Los Molinos dam, compared
with alkali basalts. Coloured fields all samples analysed in each group

1.0 (up to 1.96). It should be also noted that the transitional basalt to latibasalt
transition is only supported starting from basalts with low normative hypersthene
(<2 %, e.g. Lil, CN14).

Quantitative evidence therefore also indicates that simple fractional crystalliza-
tion does not completely account for the SCC magmatic differentiation, suggesting
therefore distinct parental magmas and/or evolution in an open-system magma
chamber.

Actually, this is congruent with trace element variation diagrams. The remark-
able variation in some IE contents (e.g. Zr) of the most primitive rocks is clearly
seen in a Zr-Ni log-log diagram (Fig. 2.15b), and the diverse linear trends with
negative slope (that can be defined) are more compatible with an evolution through
different parental magmas.

Although there is some petrographic evidence of upper crustal contamination in
some rocks (particularly in dykes from Los Molinos and in a few lavas of Sierra de los
Condores, as previously stated by Gordillo and Lencinas 1967a, 1969), the lack of a
significant Ta—Nb negative depletion in the multi-elemental diagrams may indicate
that crustal contamination was not a relevant a process (Fig. 2.18, only latibasalt CN1
displays a slight anomaly). In a (La/Nb)py; versus K,O plot (Fig. 2.19a), this sample
also appears close to the lower crust ratio of Rudnick and Gao (2003); considering

Table 2.7 Mineral/liquid partition coefficients used for fractional crystallization modelling

Ol Cpx PI Mt Ap

P E P E P E P E P E
Cr 2.78 278 |5.69 5.69 [0.03 0.03 [4.21 7.70 |0.01 0.01
Ni 15.5 15.5 2 2 0.03 0.03 2.39 6.54 |0.01 0.01

Ba 0.09 0.09 0.07 0.01 0.63 390 |0.14 |0.14 095 0.95
Rb 0.08 0.08 0.1 0.01 0.03 020 [0.08 0.08 0.01 0.01
Sr 0.01 0.01 0.33 0.1 2.5 4.41 0.16 |0.16 1.67 1.67
La 0.01 0.01 022 0.1 0.12 |0.46 0.53 0.53 5.16 5.16
Ce 0.01 0.01 034 (020 |0.14 036 0.56 | 0.56 6.34 6.34
Nd 0.01 0.01 0.68 0.35 0.07 0.31 0.55 0.55 6.6 6.6

Zr 0.05 0.01 024 (024 |0.01 0.01 0.35 0.35 0.01 0.01
Y 0.01 0.01 0.77 0.77 0.05 024 |0.55 0.55 5.08 5.08
Nb 0.17 0.01 0.12 |0.12 0.01 0.01 3.86 3.86 0.01 0.01
Th 0.04 0.04 |[0.13 0.13 0.02 |0.16 0.18 0.11 0.95 0.95

Ol olivine, Cpx clinopyroxene, P! plagioclase, Mt magnetite, Ap apatite. Data from Caroff et al.
(1993), De Min (1993) and Comin-Chiaramonti et al. (1997). P and E primitive and evolved
magmas, respectively
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Fig. 2.19 a (La/Nb)py ratios versus K,O (wt%). b (Ba/Nb)py ratio versus MgO (wt%) for the
volcanic rocks of SCC, based on Lagorio (2008). PM primordial mantle normalization (Sun and
McDonough 1989); Bsm. Cba Cérdoba basement (Rapela et al. 1988); UC and LC upper and
lower crust, respectively, from Rudnick and Gao (2003)

other ratios such as (Ba/Nb)py, (all samples display ratios < 2; Fig. 2.19b), and La/Ta
(mean value = 19), crustal interaction does not appear as remarkable.

It should also be noted that no significant discrepancies in calculated/observed
Th contents (typical upper crustal immobile element) appear in the Rayleigh crystal
fractionation model (Table 2.8), despite some controversy in the partition coeffi-
cients. Anyway, AFC modelling (assimilation and fractional crystallization; De
Paolo 1981) was also performed for the EM4-EM3 transition, considering the mean
composition of the Coérdoba crystalline basement (Rapela et al. 1998) as the con-
taminant. Calculations show in this case that this model does not give a satisfactory
quantitative solution either (Table 2.8).

From six Sr—Nd isotopic data from Sierra de los Céndores provided by Lucassen
etal. (2002), five have €Sr (125 Ma) from 15.1 to 24.1 and ENd (125 Ma) between —3.5
and —6.1; only one sample indicates significant crustal contamination (€Sr = 50.8 and
ENd = —5.1). Nevertheless, Pb isotopes also obtained by the latter authors point out
<10 % contamination with lower crust, not detectable through Sr-Nd isotopes.

Textural evidence of solid-liquid disequilibrium from some plagioclase and
clinopyroxene macro- and phenocrysts, consistent with frequent slight core to rim
Ca and Mg increments, and particularly with the common Mg increase from
clinopyroxene micro- and phenocryst rims towards groundmass cpx-microlites,
suggests interaction with less evolved magma batches (e.g. Shimizu and Le Roex
1986; O’Brien et al. 1988), as in the RTF model of O’Hara and Mathews (1981).
Therefore, the ocellar textures of some alkali basalts and trachybasalts reflecting
local liquid immiscibility (e.g. Philpotts 1976; Shelley 1993) are also in accordance
with mechanical interaction between magmas. This type of process is also reflected
by the pegmatoid alkaline gabbroid segregations that occur in some basanitic rocks
of southern Sierra de los Condores, as described by Escayola et al. (1998), bearing
analogies with those reported in younger volcanic rocks of the Chajan locality by
Galliski et al. (1996, 2004).
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In summary, the available data suggest that the SCC magma evolution must have
taken place at crustal level(s) from distinct parental melts, mainly through fractional
crystallization in an open-system magma chamber, particularly involving local
magma mixing with more primitive batches, besides some amount of crustal
contamination.

Mantle Source

Some of the more magnesium-rich rocks of SCC can be considered primary
magmas due to their high mg# values (>0.68) and Ni contents (>200 ppm), as it is
shown in Table 2.6. Representative samples are the basanite G3 (mg# 0.74,
Ni = 443 ppm), the alkali basalts such as EM4, MO1 and PM4 (mg# 0.75, 0.74 and
0.69; Ni = 464, 249 and 311 ppm, respectively) and the transitional basalts such as
Lil and CN14 (mg# 0.74 and 0.73, Ni = 366 and 314 ppm, respectively), as
described by Lagorio (2003, 2008). The latter reveal primary magmas, in equilib-
rium with olivine from the mantle (Fogg_gg), also consistent with the presence of
dunitic and/or spinel lherzolite xenoliths. (La/Yb)., values are high (24-41),
strongly supporting garnet in the peridotite residua, as stated by Kay and Ramos
(1996) for magmas from Los Molinos and Almafuerte localities. These latter
authors pointed out that some IE ratios (e.g. La/Ta, La/Ba) of rocks from those
localities were characteristic of OIB magmas, also supported by the isotopic data.
Therefore, they characterized a garnet-bearing OIB-like mantle source for magmas
from Sierra Chica de Cordoba. Such a mantle source was after also outlined for
magmas of Sierra de los Condores by Sanchez and Bermudez (1997). Garnet in the
mantle source was confirmed by the presence of garnet-bearing xenoliths in
basanites from southern Sierra de los Coéndores pointed out by Escayola et al.
(1998).

Lagorio (2003, 2008), considering geochemical data from the entire Sierra
Chica, pointed out that low Al,O3 content (<15 %) together with high olivine (20—
26 %) and variable nepheline (3—15 %) or low orthopyroxene (<1) CIPW values
suggest high depths of melting (Green 1970), notionally towards the garnet—spinel
transition (about 26 kbar, near 100 km depth; Takahashi and Kushiro 1983).

On the other hand, thermobarometric studies in the garnet-bearing lherzolite
xenoliths hosted in basanitic lavas from southern Sierra de los Condores allowed
Escayola et al. (1998, 1999) to estimate depths of up to 160 km in the mantle for the
generation of such magmas.

Furthermore, negative anomalies for K and Rb in multi-element diagrams
(Fig. 2.18) are consistent with the presence of residual phlogopite in the source.

The melting degrees for the primary magma genesis were calculated by mass
balance (Stormer and Nicholls 1978) using the major element compositions of an
enriched peridotite. Calculations were carried out for both dry and hydrous (phl-
ogopite) garnet peridotites (P1 and P2, respectively, Table 2.9).

Results indicate that similar degrees of melting are necessary to match the
magma compositions of the basanite, the alkali and transitional basalts. Melting
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Table 2.9 Anhydrous and hydrous peridotite mineral assemblages calculated (Stormer and
Nicholls 1978) from chemical compositions of Ringwood (1966; P1 and P2) and calculated
mineral assemblages of mantle residua after extraction of G3, EM4, MO1, PM4, Lil, and CN14
primary magmas

P1 G3 EM4 MO1 PM4 Lil CN14
Initial Resid. Resid. Resid. Resid. Resid. Resid.
OL?* (Wt%) 54.88 58.40 59.52 60.51 59.54 61.25 62.04

OPX° 18.83 20.64 19.78 19.14 19.03 18.82 17.59
CPX* 11.14 8.64 8.66 8.63 9.38 8.51 9.25
GT° 15.14 12.32 12.05 11.72 12.05 11.42 11.12
Y res? 0.53 0.41 0.38 0.35 0.38 0.36 0.34
F (%) 6.38 7.19 7.39 5.84 8.20 791

P2 G3 EM4 MOl PM4 Lil CN14

Initial Resid. Resid. Resid. Resid. Resid. Resid.
OL?* (Wt%) 54.49 57.51 58.66 59.00 58.48 59.63 60.26

oPX® 18.12 19.71 19.00 18.59 18.37 18.28 17.36
CPX® 11.37 9.23 9.13 9.34 9.84 9.23 9.80
GT® 13.16 10.92 10.50 11.13 10.80 10.68 10.60
PHL! 2.86 2.64 2.70 1.94 2.50 2.19 1.97
Y res® 0.40 0.31 0.28 0.30 0.30 0.30 0.29
F (%) 5.48 6.47 5.84 4.99 6.61 6.35

Mantle mineral compositions: OL olivine, OPX orthopyroxene, CPX clinopyroxene, GT garnet,
PHL phlogopite, according to: *De Min (1993), bMacGregor (1974), “Bristow (1984), “Wilkinson
and Le Maitre (1987). Y res? sum of squares of major element residuals; F melting degree; resid.
residua

degrees are between 6-8 % and 5-7 % for dry and hydrous sources, respectively
(Table 2.9). It is clear that if the modelling is performed from a peridotite less
enriched in incompatible elements, percentages of melting do not exceed 2 %. In
fact, it should be noted that, previously, Kay and Ramos (1996) obtained degrees of
melting <2 % from the magmas represented by the analcimites of Los Molinos.

Incompatible trace elements (IE) in the peridotitic sources were calculated,
assuming batch melting (Hanson 1978) from pyrolite composition, considering the
partition coefficients used by Comin-Chiaramonti et al. (1997) and the calculated
melting degrees and solid residua (Table 2.9). As K- and Rb-negative spikes of the
primary magmas IE- patterns support phlogopite as a residual phase in the mantle
(Fig. 2.20), a hydrous source was therefore preferred.

The IE contents in the initial sources were calculated from the primary basanite,
alkali and transitional basalts and plotted in multi-elemental diagrams (Fig. 2.20).
Their enrichment relative to the primitive mantle of Sun and McDonough (1989)
may be up to 10-20 times (e.g. for Ba and K).

In summary, our calculations indicate that the slight compositional features and
differences concerning basanite, alkaline and transitional suite primary melts mainly
reflect heterogeneous lithospheric mantle sources.
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Fig. 2.20 Multi-elemental plots of calculated (batch melting; Hanson 1978) mantle sources,
normalized to primordial mantle (PM) of Sun and McDonough (1989) for distinct primary
magmas of Sierra Chica de Cordoba, starting from an enriched peridotite (pyrolite; Ringwood
1966), as shown in Lagorio (2008). a Garnet phlogopite mantle sources of primary alkali basalts
and b garnet phlogopite mantle sources of primary transitional basalts and basanite. Each figure
also includes multi-element plots for the respective primary magmas

2.1.1.8 Comparison with Alkaline Volcanism Around Parana Basin

Distinction in high- and low-Ti types of Parana (Bellieni et al. 1984) and Gondwana
(Cox 1988) basalts was also adopted by Gibson et al. (1996) to discriminate the
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Fig. 2.21 Location of Sierra Chica of Cérdoba (SCC) relative to other high-Ti and low-Ti mafic
potassic rocks and continental flood basalts across western and central Gondwana, modified from
Piccirillo and Melfi (1988), Gibson et al. (1996), Marzoli et al. (1999) and Lagorio (2008). AC
Amazonian craton, SFC San Francisco craton, CC Congo craton, RAC Rio Apa craton, RPC Rio
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fold belt, / eastern Paraguay, 2 Amambay, 3 Anitapolis, 4 Lages, 5 Ponta Grossa, 6 Serra do Mar,
7 Alto Paranaiba Igneous Province, 8 Goias Alkaline Province, 9 Poxoréu, /0 Sierra Chica of
Coérdoba, /1 Chajan

mafic potassic rocks related to Parané basin (Figs. 2.21). Low-Ti potassic alkaline
rocks outcrop along the western (e.g. eastern Paraguay, Amambay) and eastern (e.g.
Lages, Anitapolis, Ponta Grossa) borders of the central sector of the Parana basin
(Fig. 2.21). Instead, the high-Ti types are located in the northern and eastern
margins of the northern part of the basin (e.g. Alto Paranaiba, Goids, Serra do Mar;
Fig. 2.21). The potassic rocks of Sierra Chica of Cérdoba (SCC) are of high Ti and
are located in the south-western edge of the Parana basin (in fact, the Chaco-Parana
basin; Figs. 1.1a, b and 2.21), as pointed out by Lagorio (2008). Similarly, Late
Cretaceous rocks from the locality of Chajan (southern Cérdoba) are also potassic
as well as high Ti and have a peripheral location with respect to the tholeiitic
volcanic flows of Parand, though they are slightly more distant, about 150 km
south-west of the Sierra Chica (Figs. 1.1a and 2.21).


http://dx.doi.org/10.1007/978-3-319-29593-0_1
http://dx.doi.org/10.1007/978-3-319-29593-0_1

72 2 Early Cretaceous Volcanism in Central Argentina

As it is well-known from the literature, low- and high-Ti potassic rocks around
the Parand basin greatly differ in terms of K, Nb, Ta and La relationships, as pointed
out by several authors. The low-Ti rocks have IE patterns with negative spikes (e.g.
eastern Paraguay; La/Nbpy; higher than 1.6, e.g. Comin-Chiaramonti et al. 1997,
2013), whereas the high-Ti ones do not reveal any distinct Nb-Ta anomaly, or may
even show a slight positive spike (e.g. Alto Paranaiba; Gibson et al. 1995).

Comparison of the most primitive magmas of Sierra Chica of Coérdoba
(SCC) shows similar patterns to those from the Alto Paranaiba igneous province
(APIP) and Goias alkaline province (GAP), as well as the ones from the locality of
Chajan (Fig. 2.22a). However, rocks from APIP have higher contents of LIL and
LRE elements, and also La/YDb ratios (normalized relations up to 155), according to
the ultrapotassic nature that characterizes that province (Gibson et al. 1995, Carlson
et al. 1996, 2007). By contrast, low-Ti rocks (e.g. eastern Paraguay, Anitapolis)
have patterns distinctively characterized by a negative anomaly for Nb-Ta
(Fig. 2.22b). According to Comin-Chiaramonti et al. (1997, 2013), these compo-
sitional differences might reflect different IE enrichments, therefore metasomatic
events, that have occurred in Early-Middle Proterozoic (low Ti: 2.0 to 1.5 Ga) and
Late Proterozoic (high-Ti: 1.0 to 0.5 Ga), respectively, from Nd model ages pre-
sented by diverse authors. Gibson et al. (1996) also pointed out that the low-Ti
magmas are associated with the cratonic regions, while the high-Ti ones are located
in Proterozoic mobile belts.

On the other hand, the initial isotopic ratios of Sr and Nd samples from the Sierra
Chica of Cordoba presented by Kay and Ramos (1996) and Lucassen et al. (2002)
are plotted next to the composition of enriched mantle I (EMI), as well as the
high-Ti alkaline localities APIP and GAP (Fig. 2.23). The same is observed for the
Chajan rocks, as shown in the figure, from data presented by Lucassen et al. (2002).
These authors, on the basis of Pb isotopes characterized an enriched mantle, similar
to the ancient mantle located beneath the Brazilian shield, but with distinguishing
characteristics between Sierra de los Coéndores (southern Sierra Chica) and Chajan,
as the high 2°*Pb/?**Pb ratios of rocks from the former are clearly more similar to
those of the alkaline provinces of Parana. Lucassen et al. (2002) also pointed out the
significant isotopic difference between the source of the magmas of Cérdoba and
that of the Salta Group (northern Argentina; Fig. 2.22a). The latter volcanism is
mainly sodic and of Late Cretaceous age; its source is clearly depleted, as it has
been previously reported by Kay and Ramos (1996) from Sr and Nd isotopic
data. Morover, Lucassen et al. (2007) reinforced this evidence, also for most of the
Cretaceous alkaline mafic intra-plate rocks along the back arc of the Central Andes,
as they were derived from a depleted lithospheric mantle according to a complete
isotopic study.

The new “°Ar/*’Ar dating of SCC of 129.6 + 1.0 Ma is in agreement with
geochronological data obtained so far (see Table 2.1), indicating that this volcanism
is Early Cretaceous in age and slightly posthumous to the large tholeiitic event of
PMP.

In relation to the age of other potassic localities around the Parana basin, as
central-eastern Paraguay and Anitapolis (Brazil), a comparison must be performed
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Fig. 2.22 Primordial mantle (Sun and McDonough 1989) normalized multi-element plots for the
most primitive rocks (mg# 0.68-0.75) of Sierra Chica of Cordoba in comparison with: a high-Ti
mafic potassic rocks of Alto Paranaiba and Goias Provinces from Brazil (Gibson et al. 1995, 2006;
Carlson et al. 1996, 2007) and Chajan locality (Cordoba, Argentina; Viramonte et al. 1994;
Galliski et al. 1996; Quenardelle and Montenegro 1998) and b low-Ti less evolved potassic rocks

of eastern Paraguay (Comin-Chiaramonti et al. 1997, 2007, 2013) and

Anitapolis (Brazil;

Comin-Chiaramonti et al. 1999). Modified from Lagorio (2008) and Lagorio et al. (2014)
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Fig. 2.23 Tnitial ®’Sr/*6Sr versus '**Nd/'**Nd of the alkaline volcanic rocks of Sierra Chica of
Coérdoba (SCC; data: Kay and Ramos 1996; Lucassen et al. 2002) compared to other alkaline
potassic localities, as Chajan (CHJ; data: Lucassen et al. 2002) and others peripheral to the Parana
Magmatic Province (PMP), as the Alto Paranaiba Igneous Province (APIP; Gibson et al. 1995;
Carlson et al. 1996, 2007), Goias Alkaline Province (GAP; Carlson et al. 1996, 2007) and eastern
Paraguay (K ASU; Comin-Chiaramonti et al. 1997, 2007), together with those of high-Ti and
low-Ti tholeiites from Parana Magmatic Province (PMP; data: Piccirillo and Melfi 1988; Peate and
Hawkesworth 1996; Peate 1997), Tristan da Cunha (TC; data: le Roex et al. 1990), MORB, EMI
and EMII of Zindler and Hart (1986). Based on Lagorio et al. (2014)

taking into account the latest data given by diverse authors. For eastern Paraguay,
weighted mean, “°Ar/*°Ar dating on phlogopite is 127.56 = 0.45 Ma, from samples
that gave the best spectra according to Gibson et al. (2000); using the new age
standard of Kuiper et al. (2008) the date is 128.39 Ma. Otherwise, “’Ar/**Ar dating
performed by other authors span from 129.0 £ 2 Ma to 123.6 + 0.5 Ma
(Comin-Chiaramonti et al. 2007), and after applying the above-mentioned standard,
they range between 129.8 and 124.4 Ma. On the other hand, Anitapolis yielded an
age between 135 and 132 Ma, according to Gibson et al. (2006) with Kuiper’s
recalculation of (2008). Therefore, SCC volcanic event is partially coeval with
respect to eastern Paraguay one and younger than that of Anitapolis, beyond that all
of them are Early Cretaceous in age.

By contrast, SCC volcanism is older than high-Ti potassic localities in Brazil
(e.g. Alto Paranaiba, Goids and Serra do Mar), as the latter are of Late
Cretaceous/Palacogene age according to diverse authors (e.g. Gibson et al. 1995,
Carlson et al. 2007). Likewise, rocks from Chajan and Estancia Guasta (Figs. 1.1a
and 2.21, Cérdoba Province, Argentina) were formed contemporaneously with
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those of the Brazilian localities, taken into account ages provided by other authors
(e.g. Valencio et al. 1980; Gordillo et al. 1983), and all of them are clearly
posthumous with respect to the Parand Magmatic Province.

SCC volcanism, as other alkaline localities from SE Brazil, is located over a
mobile belt; in this case, the Pampean belt, coeval with Brazilian orogens (e.g.
Paraguay and Araguaia fold belts), considered as Late Proterozoic—Early Cambrian
(e.g. Escayola et al. 2007) or Early—-Mid-Cambrian in age (e.g. Rapela et al. 2007,
2011, Thover et al. 2010; Casquet et al. 2012), whereas the APIP and GAP vol-
canism are placed on the Brasilia mobile belt. It should be noted that
subduction-related granitoids outcrop north of the Sierra Chica (in Sierra Norte of
Cordoba; Lira et al. 2014), with ages of 537 = 4 Ma and 530 + 4 Ma (lannizzotto
et al. 2013); they are associated with Cambrian to Ordovician volcanic and sub-
volcanic bodies of calc-alkaline nature (O’Leary et al. 2014). Nevertheless, the
volcanic rocks of SCC do not reveal chemical parameters that can be easily related
to slab-derived mantle metasomatism, as the lack of a negative Nb-Ta anomaly, low
La/Nb (0.6—1.2) and Ba/Nb (9-13) ratios, La/Ta < 25 and Ba/La < 20, as in rocks
from high-Ti localities of Brazil. Therefore, this ancient subduction must have not
contaminated the source of the magmas of SCC; precisely Nd model ages obtained
by Lucassen et al. (2002) vary between 1.22 and 0.96 Ga, suggesting a reactivation
of lithospheric mantle modified during Mesoproterozoic times. While the age of
metasomatism in the lithospheric mantle of APIP and GAP is not exactly defined,
isotopic data allowed to infer that it must have taken place during the configuration
of the Brasilia mobile belt in the Middle to Late Proterozoic (Carlson et al. 2007).
Therefore, the metasomatic events affecting the mantle sources of SCC, GAP and
APIP seem to have been at least partially coeval.

Geochemical features reflect small-scale heterogeneity of SCC lithospheric
mantle source (Lagorio 2008). This might be more related to metasomatic events
involving volatile-rich small-volume melts from the asthenosphere, as indicated by
the occurrence of trapped primary CO, inclusions and bleb-like glass in olivines
from spinel peridotite nodules sampled by SCC alkali basalts (Lagorio and
Montenegro 2004). Also, the study of garnet-bearing mantle xenoliths from
southern Sierra de los Condores let Escayola et al. (1998, 1999) describe metaso-
matic processes in the lithospheric mantle, which is in agreement with most of the
reports from the peripheral localities around Parand basin (e.g. Gibson et al. 1995,
2006; Comin-Chiaramonti et al. 1997, 2007, 2013).

2.1.2 Early Cretaceous in the Levalle Basin of Cordoba
Province

In southern Cérdoba Province, there are other Lower Cretaceous rift deposits that
belong to the Levalle basin (Fig. 2.2a), though they are presently buried. This basin



76 2 Early Cretaceous Volcanism in Central Argentina

is probably composed of three megasequences according to geophysical informa-
tion and a well that was drilled to test its petroleum potential (Webster et al. 2004;
Chebli et al. 2005). In its lower sequence, no lavas are interbedded with sedi-
mentary deposits, and it is covered by a series of basalt flows and sills over 800 m
thick with some thin beds of reddish-brown sandstone and claystone interbedded
that constitute the intermediate sequence. The basalts have the typical character-
istics of alkali—olivine basalts, commonly found in rift basins. Cuttings were dated
by the K—Ar method and yielded 110 + 6 Ma, indicating that the basalts were
emplaced during Aptian times. Their composition closely resembles the rift-related
basalts of Sierra Chica rather than those of the Parana Magmatic Province (Webster
et al. 2004; Chebli et al. 2005). In the sedimentary, lower section at least ten sills
were drilled. These black intrusive rocks are mostly of basaltic nature, and their
absolute K—Ar dating is widely divergent (Denison 1996 in Chebli et al. 2005) with
an average of 103.3 Ma. Nevertheless, a dating obtained in a microdioritic sill was
147 + 7 Ma (Oxfordian/Kimmeridgian times). It should be noted that this is sig-
nificantly older than the K/Ar age of 110 Ma of the basalts overlying this lower
sequence, and it is also difficult to reconcile with reliable biostratigraphic data
recovered from this part of the column (Calegari et al. 2014). The most logical
explanation is that an excess of radiogenic argon must have caused such an old age.
It is worthy to note that perhaps the Levalle basin is buried because it is further
south-east to Nazca flat slab (see Fig. 1 of Giménez et al. 2011) and, therefore, it
was not seriously affected by Tertiary tectonics. As a consequence, rocks of the
diverse sequences were not eroded. Despite having only one well that was drilled, it
was possible to evaluate the huge thickness of about 800 m of volcanic rocks that
form the intermediate sequence filling this basin.

2.2 Early Cretaceous in San Luis Province

To the west, in Sierra de las Quijadas and Cerrillada de las Cabras (Figs. 2.1 and
2.2a), Province of San Luis, Cretaceous basaltic rocks are recognized as lava flows
and dykes interbedded with a sedimentary sequence that belong to the Las Salinas
depocenter of the Western System Rift (Fig. 2.2a), and are comparable to those
outcropping in Sierra Chica de Coérdoba (Gordillo 1972; Costa et al. 2001).
Available K—Ar dating indicates that ages range between 165 =3 Ma and 101 + Ma
(Gonzalez 1971; Yrigoyen 1975; INGEIS 1977; Linares and Gonzalez 1990). Their
geochemical features are similar to those of the basalts of Cordoba, particularly to
those of El Pungo locality (Martinez et al. 2012). Anyway, comparison between
samples of Sierra Chica and those presented by Martinez et al. (2012) reveals lower
contents in all the REE for the latter, particularly in the rock from Sierra de las
Quijadas (Fig. 2.24a). In the same way, the multi-elemental diagram shows lower
contents of Th, Nb, Ta and P, also specially in that sample (Fig. 2.24b), that lets
infer differences in their respective mantle sources.
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Fig. 2.24 a Chondrite-normalized (Boynton 1984) REE diagram for rocks of Sierra Chica of
Cordoba (Lagorio 2008) in comparison with samples of Sierra de las Quijadas and Cerrillada de
las Cabras from San Luis Province (Martinez et al. 2012). b Primordial mantle (Sun and

McDonouth 1989) normalized multi-elemental plots for both groups of rocks, according those
authors respectively
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2.3 Probable Early Cretaceous Rocks in La Pampa
and Buenos Aires Provinces

Further south, between the basins of Macachin—Quehué (Fig. 2.2a) and Colorado
(La Pampa and Buenos Aires provinces; Fig. 2.2a), few and small outcrops of
basalts were recognized by Silva Nieto et al. (2014). Their petrographic features
seem to be more consistent with a subalkaline nature, instead of the alkaline one
that characterizes volcanism in rifts of both Central and Western Systems.
Nevertheless, geochemical data and radiometric ages are necessary for a better
understanding of these volcanic rocks.

In the same way, basaltic levels have been reported (e.g. Raggio et al. 2012) in
the subsurface of the aulacogenic Salado basin (Fig. 1.1b). Both geochemical and
geochronological data are needed to characterize these rocks in the context of
Gondwana break-up and the opening of the South Atlantic Ocean.
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Chapter 3
Early Cretaceous Volcanism in Eastern
Argentina

Abstract Volcanic rocks of Parand Magmatic Province (PMP) are mostly located
within the area of the intracratonic Parana basin and covered an extensive region of
Brazil, Paraguay, Uruguay and north-eastern Argentina. In the latter, the main
outcrops are located in Misiones and Corrientes provinces, while a thick volcanic
pile remains buried under the surface of Entre Rios Province and in Chaco—Parana
basin (southern Parand). The geochemical data presented here complement those
published by other authors. In Misiones Province, rocks are tholeiitic lavas of high-
and low-Ti varieties, whereas to the south, in Corrientes Province, lavas of low-Ti
types prevail. Cu contents are high, comparable to those reported from lavas of
Brazil. Evolution of HTi and LTi magmas must have occurred from two different
parental magmas through fractional crystallization at low pressures, involving
crustal contamination only for the Gramado variety, in agreement with the general
trend recognized in the PMP. Geochemical features point out that different ancient
subduction processes could have affected the source of the PMP basalts from
Misiones Province, as those that occurred during Late Proterozoic—Early Cambrian
associated to Paraguay belt, as well as even older ones related to the Nico Pérez
terrane.

Keywords Tholeiitic basalts - Misiones - Corrientes + Parana - High-Ti basalts -
Low-Ti basalts

As has been mentioned previously, the volcanism of the Parana Magmatic Province
(PMP) covered an extensive region of Brazil, Argentina, Paraguay and Uruguay. In
Argentina, lava flows poured out over the Mesopotamia region composed of the
provinces of Misiones, Corrientes and Entre Rios, as well as in the Chaco—Parana
basin (Fig. 3.1a). Its outcrops are presently restricted to Misiones and part of
Corrientes provinces, as in the remaining areas lavas lay in the subsurface.
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3.1 Early Cretaceous in Misiones Province

3.1.1 Geological Setting

Volcanic rocks of the Parana Magmatic Province are mostly located within the area
of the Eopaleozoic intracratonic Parand basin. Valuable information on different
aspects of these continental flood basalts may be found in the works of several
authors (Piccirillo and Melfi 1988; Hawkesworth et al. 1992; Peate 1997; Marques
et al. 1999; Ernesto et al. 1999; Gibson et al. 2006; Thiede and Vasconcelos 2010;
Rocha-Junior et al. 2012, 2013, among others). This large igneous province covered
an extensive region of Brazil, Paraguay, Uruguay and north-eastern Argentina
(Figs. 1.1, 1.2 and 3.1a).

In Brazil, this volcanism is assigned to the Serra Geral Formation, whereas in
Argentina to the Posadas Formation (Gentili and Rimoldi 1980), although the name
Serra Geral is used as well. More recently, lavas from Brazil were considered as a
Group, composed by several formations (Wildner et al. 2007). On the other hand, in
Uruguay it is known as the Arapey Group, that also consists of various formations
including interbedded sedimentary levels (see, e.g. Bossi and Schipilov 2007).
Considering the whole magmatic province, it is represented by tholeiitic basalts and
basaltic andesites (90 %), along with subordinate andesites (7 %) and rhyodacites—
rhyolites (3 %), according to Piccirillo and Melfi (1988). From a petrology point of
view, these authors divided the PMP into three main sections (Fig. 3.l1a):
(1) northern section, located north of the Piquiri River Lineament, (2) central
section, between the latter and the Uruguay River Lineament and (3) the southern
section.

3.1.1.1 Lava Flows of Misiones Province in the Context of the Parana
Magmatic Province

In Misiones Province, the basalt outcrops of the Serra Geral Formation mostly
belong to the central section and to a lesser extent to the southern one of PMP
(Fig. 3.1a). Lava flows are mainly subhorizontal (Fig. 3.2a) and show thickness
ranging from a few metres to several hundreds of metres. It should be noted that
more than 1200 m have been reported from a borehole at Obera locality (Ardolino
and Miranda 2008). Lava poured out over aeolian sands of the Solari Formation,
whose contact is only exposed in the San Ignacio area (Fig. 3.1b; e.g. Marengo
et al. 2005). Some breccias interbedded between the flood basalts are also observed
(Fig. 3.2b, c). They were considered as peperitic levels, of pillowy type of
Busby-Spera and White (1987), indicating an interaction between lavas and wet
unconsolidated sediments (Lagorio and Leal 2005). Nevertheless, many of them,
particularly those located over lava flows, must be hydraulic breccias similar to
those described in Brazil by Hartmann et al. (2010), as a consequence of the
significant hydrothermal event of regional scale associated to this great volcanism.
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Fig. 3.2 a Subhorizontal volcanic flows exposed at a road cut of Route 12. b Basaltic flow over a
breccia level. ¢ Detail of a peperitic breccia, also under the microscope; note the crenulations of the
basaltic fragments as well as the remaining lamination of the matrix, both features characterizing
pillowy peperites, as shown in Lagorio and Vizan (2011). d amethyst geode mineralization in
Wanda locality

It should be noted that in a study performed in Brazil by Wildner et al. (2007)
Serra Geral lavas were considered as a Group, and so they were assigned to dif-
ferent formations, essentially taking into account the geochemical lithotypes
defined by Peate et al. (1992) as will be described below. This criterion has also
been used in the mapping of some regions of Misiones by Remesal et al. (2011).

Although lava flows clearly dominate in the PMP, several sets of dykes (lava
feeders) are well known in Brazil (e.g. Santos-Rio de Janeiro, Ponta Grossa,
Florianopolis) and Paraguay (Fig. 3.1a). In Misiones Province, dykes only have
been reported at San Ignacio (Marengo and Palma 2005, Fig. 3.1b).

Samples presented here were collected in southern and northern sectors of the
Misiones Province. The former includes rocks from the areas near the cities of
Posadas, San Ignacio and Corpus, whereas the latter comprises samples from near
the road between Bernardo de Irigoyen and Eldorado towns as well as a sample
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from Wanda locality (Figs. 3.1b and 3.2d). Sampling was guided by the field
information provided by Ardolino and Mendia (1989), and results were given in
Mena et al. (2006) and Lagorio and Vizan (2011). These data were analysed
together with those obtained from Misiones in studies of the whole Parana
Magmatic Province, like those provided by Bellieni et al. (1986) and Piccirillo and
Melfi (1988).

It should be noted that the paleomagnetic study of samples obtained from near
the road between Bernardo de Irigoyen and Eldorado points out that the sequence
has registered at least three polarity chrons (Mena et al. 2006). This is in agreement
with results from the whole PMP (e.g. Ernesto and Pacca 1988), revealing that
several polarity intervals are registered in the lava sequences. It is important to note
that at the time of Parana volcanism changes in polarity were highly frequent (e.g.
Mena et al. 2006), which is in accordance with results obtained from Early
Cretaceous alkaline lavas of Sierra Chica of Cérdoba, as shown in Chap. 2.

3.1.2 Age of the Parana Magmatic Province (PMP)

OArPAr dating performed by Thiede and Vasconcelos (2010) points out that
volcanism of the PMP began at 134.7 + 1 Ma and it lasted less than 1.2 My. This
value coincides with numerous previous data that yielded ages between 133 and
130 Ma (e.g. Renne et al. 1992, 1996a, 1996b; Marzoli et al. 1999; Ernesto et al.
1999), if recalculations according to Kuiper et al. (2008) are applied and therefore
the former published ages become a bit older. This contrasts with the time span for
the whole magmatic event, of about 11 million years, determined by other authors
(Turner et al. 1994; Stewart et al. 1996; Turner et al. 1999a, b) on the basis of other
“OAr/*Ar dating. Recently, U-Pb ages obtained in interbedded acidic rocks range
from 137.3 + 1.8 to 134.3 £ 0.8 Ma (Wildner et al. 2006; Janasi et al. 2011), and a
Re-Os isochron presented by Rocha-Junior et al. (2012) yielded an age of
131.6 + 2.3 Ma. Then, the age of the PMP is still a matter of debate, while there is a
consensus that the volcanic event occurred during the Early Cretaceous.

As previously commented, in relation to the volcanism of the PMP, there are
several alkaline localities marginally situated (Fig. 3.1c ). According to radiometric
dating provided by Gibson et al. (2006) and Comin-Chiaramonti et al. (2007), the
Early Cretaceous potassic volcanism peripheral to the PMP is older (e.g. Amambay in
north-eastern Paraguay), as well as contemporary (e.g. Jacupiranga, Ponta Grossa and
Anitapolis from south-eastern Brazil; Mariscala in Uruguay) and also posthumous
(Sapucai-Villarrica zone from eastern Paraguay) in relation to the large tholeiitic
event. In addition, volcanism of Sierra Chica of Coérdoba (Argentina) is slightly
younger than PMP, according to the new age obtained (129.6 + 1Ma, Chap. 2).
Subsequently, ultrapotassic volcanism occurred in Late Cretaceous/Palacogene times
in northern Parana basin (Gibson et al. 1995; Carlson et al. 1996, 2007).
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3.1.3 Classification and Petrography

It is worth mentioning that a detailed petrographic and mineralogical study was
presented sereral decades ago by Teruggi (1955).

The sampled rocks here presented are classified as basaltic andesites (mostly)
and basalts, according to TAS diagram (Le Bas et al. 1986; Fig. 3.3a), as well as
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Fig. 3.3 Classification diagrams of volcanic rocks of Misiones Province, modified from Lagorio
and Vizan (2011). a Alkali versus silica diagram (TAS, Le Bas et al. 1986); B basalt,
S1 trachybasalt, S2 basaltic trachyandesite, S3 trachyandesite, T trachyte, F foidite,
U1 basanite/tephrite, U2 phonotephrite, U3 tephriphonolite, Ph phonolite, OI basaltic andesite.
b R1-R2 diagram (from De la Roche et al. 1980; Bellieni et al. 1981); R1 =4Si— 11 (Na+ K) — 2
(Fe + Ti), R2 = 6Ca + 2 Mg + Al; Pc picrite, Akr ankaratrite, Bsn basanite, AkB alkali basalt,
TrB transitional basalt, ThB tholeiitic basalt, Np nephelinite, Tp tephrite, Tcb trachybasalt,
Lb latibasalt, AnB andesi-basalt, Ptp phonotephrite, Tca trachyandesite, Lt latite, P phonolite,
Tph trachyphonolite, 7 trachyte, QTc quartz-trachyte, Lan latiandesite, An andesite,
QLc quartz-latite, D dacite, Rd rhyodacite, R rhyolite, AR alkaline rhyolite. Lithotypes of high-
and low-Ti according to Peate et al. (1992)
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andesi-basalts and tholeiitic basalts in R1-R2 (De la Roche et al. 1980; Bellieni
et al. 1981; Fig. 3.3b). They present normative hypersthene and quartz, in accor-
dance with their subalkaline tholeiitic chemistry.

The samples show textures ranging from aphyric (Fig. 3.4a) to microporphyritic
(Fig. 3.4b) and porphyritic. The latter ones generally show a low proportion of
phenocrysts and/or microphenocrysts (up to 5-8 %). Aphyric varieties are inter-
granular to intersertal, like the groundmass of microporphyritic and porphyritic
rocks (Figs. 3.4a, b). The phenocrysts and/or microphenocrysts are labradoritic
plagioclase (Ansg.¢s), augite, opaque minerals (titanomagnetite and ilmenite),
pigeonite, augite and olivine (frequently altered to iddingsite and/or bowlingite).
This mineral assemblage also characterizes aphyric types (Fig. 3.4a, c). Pigeonite
crystals are typical of tholeiitic lavas (Fig. 3.4c, d) in coexistence with augite.
Titanomagnetite microphenocrysts often display ophitic texture (Fig. 3.4e), con-
sistent with its late crystallization from subalkaline magmas.

The mesostasis consists of the aforementioned minerals, in addition to interstitial
alkali feldspar and quartz sometimes forming micrographic intergrowths (Fig. 3.4f).
Apatite is a common accessory phase. The glass frequently appears in variable
proportions, fresh as well as replaced by mafic phyllosilicates as smectite—chlorite
and/or celadonite. Clinopyroxenes, particularly pigeonite, may present a variable
degree of uralitization. Celadonite is also common forming amygdales in lava flows
(Fig. 3.4b), frequently along with quartz, silica-rich zeolites and carbonate.
A peculiar assemblage composed of apophyllite, chabazite, chalcedony, quartz,
stilbite, heulandite, celadonite and gypsum also forming amygdales has been
described in the Freyer quarry, near Eldorado locality, by Latorre and Vattuone
(1985). On the other hand, amethyst geode mineralization is conspicuously
developed in the famous Wanda locality (Fig. 3.2d; Avila et al. 2008). This type of
mineralization is well known in various localities of Brazil and Uruguay, and has an
epigenetic origin within the significant hydrothermal event associated to Parana
volcanism, as pointed out by diverse authors (e.g. Duarte et al. 2009, 2014;
Hartmann et al. 2010).

3.1.3.1 Comparison with Other Studies from Corrientes Province

Analyses carried out on volcanic rocks of Corrientes Province by Herrmann et al.
(2011) indicate that samples correspond to basaltic andesites, basalts and andesites,
according to TAS classification. Petrographic features are similar to those described
for the Misiones Province and the whole PMP. It should be noticed that native
copper was reported and studied in lavas from this province, as well as in other areas
of the PMP. In Misiones Province copper was also described although no detailed
study has been performed yet. Copper is related to primary silicates as well as to the
alteration assemblage composed of smectitic and celadonitic phases, typical of these
tholeiitic lavas. Also electrum occur in these rocks; besides, pyrite, chalcopyrite,
digenite, cuprite and limonites have been reported (Herrmann et al. 2013).
Furthermore, clinoptilolite and heulandite conforming microamygdales have been
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Fig. 3.4 Photomicrographs. a Aphyric texture composed of crystals of plagioclase, augite,
pigeonite and opaque minerals in basaltic andesite of Paranapanema variety, surroundings of
Posadas city. Crossed nicols, 4X. b Microporphyritic texture with plagioclase (P/) microphe-
nocrysts in an intergranular groundmass composed of microlites of plagioclase, augite, pigeonite
and opaque minerals from a sample also bearing microamygdales filled with celadonite (Cel;
towards the left) in a lava of Paranapanema variety from Profundidad area, near Posadas city,
crossed nicols, 4X. ¢ Crystals of plagioclase (PI), augite (Aug), pigeonite (Pgf) and olivine (OI)
altered to bowlingite and iddingsite along with magnetite (Mag) in an aphyric pattern; basaltic
andesite of Paranapanema variety from near Posadas city, parallel nicols, 20X. d Pigeonite (Pgr)
crystal conforming the intergranular groundmass of a basaltic andesite of Paranapanema variety,
surroundings of Posadas city, crossed nicols, 10X. e Magnetite (Mag) crystals enclosing microlites
of plagioclase and clinopyroxenes in an ophitic pattern; basaltic andesite of Paranapanema variety
from the surroundings of Posadas city, crossed nicols, 4X. f Micrographic intergrowths
interstitially located in an aphyric basaltic andesite of Paranapanema variety from near Posadas
city, crossed nicols, 20X
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also described by the latter authors. Both primary and epigenetic copper mineral-
izations were therefore defined by Herrmann et al. (2011, 2013). Hydrothermal
fluids must have removed copper carried by the tholeiitic lavas. The epigenetic
genesis is in accordance with the characterization performed by Pinto et al. (2011)
and Pinto and Hartmann (2014) in lavas of the PMP from Brazil. A significant
hydrothermal event of regional scale must have taken place according to those
Brazilian researchers, as above mentioned (e.g. Hartmann et al. 2010). Duarte et al.
(2009, 2014) related the presence of alteration minerals as smectites, celadonite and
zeolites along with amethyst geode mineralization and hydrothermal breccia for-
mation, to fluids related to the Guarani aquifer, at temperatures below 200 °C.

3.1.4 Geochemistry of Lavas from Misiones Province
and Comparison with Magmas from the Whole
Parana Magmatic Province

Forty-five major and trace element chemical analyses are presented in Table 2.1.
They were measured by RX fluorescence in the Department of Earth Sciences of the
University of Trieste (Italy); nine of which were supplemented with rare earth
measurements carried out by ICP-MS in Actlabs laboratory (Canada).

TiO, content has been proposed to discriminate the rocks from Parana (Bellieni
et al. 1984b), so the rocks can be of low Ti (<2 %, LTi) or high Ti >2 %, HT1),
afterwards generalized for all Mesozoic large continental basaltic flow provinces of
Gondwana, as is well known.

Picirillo and Melfi (1988) pointed out from their own large database that low-Ti
basalts predominate in the southern section of the Parana region, low-Ti and high-Ti
ones coexist in the central zone where intermediate lithotypes (2-3 % TiO,) are
common, while high-Ti basalts prevail in the northern area.

The samples analysed for the present study include both low- and high-Ti
varieties, which is consistent since the Misiones Province belongs to the central and
southern sections of the PMP.

Variation diagrams according to decreasing mg# show an increasing trend for
SiO,, FeOt, TiO,, K,O, Na,O, P,Os, Zr, Nb, La, Ce, Nd, Rb and Ba and a
diminishing tendency for CaO, Cr, Ni and Sr (Figs. 3.5 and 3.6). High-Ti rocks
have higher contents of K,O, P,Os, Zr, Nb, La, Ce, Nd, Sr and Ba, and lower Cr
and Ni tenors than low-Ti rocks, for the same mg# (Figs. 3.5 and 3.6; Table 3.1).

Moreover, Peate et al. (1992) discriminated six varieties of basalts in PMP based
on the Ti/Y ratio along with TiO, content, as well as Ti/Zr and Zr/Y ratios and Sr
content. These varieties are called as follows: Urubici, Pitanga, Paranapanema,
Ribeira, Gramado and Esmeralda. The first three varieties are considered of high Ti
(TiO, values starting from 1.7 %), and the other three varieties are considered of
low Ti (TiO, values can reach up to 2.3 %).


http://dx.doi.org/10.1007/978-3-319-29593-0_2
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Fig. 3.6 Variation of trace elements (ppm) with respect to magnesium number (mg#). Symbols as
in Fig. 3.5. Based on Lagorio and Vizan (2011)
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The samples of Misiones Province that were herein analysed were classified as
Paranapanema (most of them), Ribeira, Gramado, Pitanga and Urubici (the last two
varieties are very scarce, see Table 3.1).

Rocks from the Eldorado—Bernardo de Irigoyen section (northern part of the
Misiones Province, Fig. 3.1b) are typified as Paranapanema and Ribeira, and those
around Posadas (southern area) are characterized as Paranapanema, Gramado,
Urubici and Pitanga (Table 3.1). A sample from the Wanda locality (north of
Eldorado, Fig. 3.1b) belonging to a lava flow bearing amethyst geodes has also
been included, despite its high loss of ignition. The last feature seems to charac-
terize volcanic levels displaying such cavity fillings (Hartmann pers. comm. 2010),
and according to TiO, content, Ti/Y, Ti/Zr and Zr/Y ratios the sample can be
classified as of the Urubici type. Although the Esmeralda lithotype has not been
recognized in the present sampling, it has been found in few areas of the central part
of Misiones, where Paranapanema type prevails (Remesal et al. 2011).

Peate et al. (1992) pointed out that low-Ti Gramado and Esmeralda as well as
high-Ti Urubici rocks are characteristic of southern Parand, whereas high-Ti
Pitanga and Paranapanema as well as low-Ti Ribeira rocks are typical of northern
Parana region, while all varieties coexist in the central sector.

In multi-element diagrams normalized to primordial mantle (Sun and
McDonough 1989), negative anomalies for Nb-Ta, Sr, P and Ti, typical of conti-
nental basalts, can be seen (Fig. 3.7a, b). High-Ti rocks are characterized by higher
trace element contents than low-Ti ones (Fig. 3.7a, b), particularly the Urubici
sample (Fig. 3.7b, c). Gramado samples display pronounced negative anomalies for
Nb, Ta, Sr, P and Ti (Fig. 3.7b, d) as pointed out in the literature. Although this
lithotype is characterized by the great LILE enrichment over HFSE and LREE, the
sample plotted here shows very high Rb, Th, U and K tenors (Fig. 3.7b, d). The latter
clearly becomes evident when comparing with low-Ti samples from southern Parana
that display 87S1/%°Sr values <0.7060 (Fig. 3.7d) presented by Ernesto et al. (2002).

REE diagrams normalized to chondrite (e.g. Boynton 1984) display flat patterns
for the samples (Fig. 3.8), revealing low LREE/HREE fractionation (La/Ybcn
between 3.79 and 9.58, Table 3.1). However, the latter tend to be higher for high-Ti
rocks, particularly for Urubici variety (Fig. 3.8; Table 3.1). It should be noted that
this is essentially a consequence of the higher content of La rather than a variation
in Yb tenors.

3.1.4.1 Comparison with Other Geochemical Studies from Corrientes
Province

Analyses carried out on these lavas in Corrientes Province by Herrmann et al.
(2011) indicate that samples mainly belong to the Gramado and Esmeralda vari-
eties, the former being the prevailing lithotype; anyway, also a few samples of
Paranapanema and Pitanga occur. The observed varieties are in accordance with
those reported by other authors from the whole Parané basin, as low-Ti magmas
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Fig. 3.7 Primordial mantle (Sun and McDonough 1989) normalized multi-element plots for
volcanic rocks of Misiones Province (MS), as shown in Lagorio and Vizan (2011).
a Discrimination according to Ti content, b diagram considering the lithotypes defined by Peate
et al. (1992), ¢ and d high- and low-Ti varieties from samples of MS in comparison with average
compositions of high-Ti and low-Ti rocks with ¥St/*®Sr < 0.706 from northern and southern
regions of Parana Magmatic Province (PMP) presented by Ernesto et al. (2002). e Comparison of
samples of MS with those of Tristan da Cunha (le Roex et al. 1990) and N-MORB compositions,
similarly as it was presented by Ernesto et al. (2002) for the whole PMP

prevail in southern PMP (Piccirillo and Melfi 1988; Peate et al. 1992), already
mentioned above.

Herrmann et al. (2011) pointed out the high levels of Cu carried by the studied
basalts in Corrientes Province, with an average of 170 ppm, ranging from 85 to
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Fig. 3.8 Chondrite-normalized (Boynton 1984) REE patterns of selected volcanic rocks of MS,
adapted from Lagorio and Vizan (2011)

385 ppm. It should be taken into account that contents of 100-200 ppm of Cu are
considered to be enriched in that element by Cox (1986).

In a similar way, Cu tenors in basalts from the Misiones Province display an
average of 192 ppm, varying from 111 to 258 ppm (presented in this study,
Table 3.1). Cu contents of lavas of both Misiones and Corrientes Provinces display
maximum values higher than 250 ppm, as in southern Brazil, western and central
Uruguay, according to comparison with data presented by other authors (e.g. Peate
et al. 1999; Turner et al. 1999a, b) as indicated by Herrmann et al. (2011).

3.1.5 Petrogenetic Aspects of Lavas of Misiones Province
in the Context of Parana Magmatic Province

3.1.5.1 Differentiation Processes

Samples from the province of Misiones (Table 3.1) have relatively low MgO content
(7.43-2.82 %) and mg# values (0.54-0.29) along with low-Ni tenors (75-24 ppm),
in accordance with PMP data from the literature (e.g. Piccirilo and Melfi 1988; Peate
1997), which clearly demonstrate that these lavas do not represent primary magmas.

Major and trace element variation diagrams depict evolutionary trends in
agreement with fractional crystallization processes, for both high-Ti and low-Ti
basalts (Figs. 3.5 and 3.6). Modelling was performed with MELTS software
(Ghiorso and Sack 1995) considering low pressure (1 kbar) and almost anhydrous
(0.5 % H,0), as selected by lacumin et al. (2003). The latter seem to be suitable as
the prevailing phenocrystal assemblage is characterized by plagioclase and scarce
olivine. As is well known, high H,O must have inhibited plagioclase fractionation
(e.g. Barberi et al. 1971). Low H,O content also determines low oxygen fugacity that
promotes the delay in magnetite crystallization, consistent with FeO and TiO,
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Fig. 3.9 MgO versus SiO, trends obtained with MELTS software (Ghiorso and Sack 1995) for
selected samples of LTi and HTi (a, b, respectively) of the province of Misiones, applying the
conditions selected by Iacumin et al. (2003), shown in Lagorio and Vizan (2011). Open circles LTi
rocks (<2 % TiO,, Ribeira and some samples of Paranapanema varieties), open triangles LTi
Gramado-type rocks, filled circles HTi samples

increasing trends in variation diagrams (Fig. 3.5), so that QFM buffer was consid-
ered. Liquid lines of descent were obtained from compositions of LTi basalts (M69
and M83, Ribeira variety; M31, Gramado type) and HTi basalts (M6 and M10,
Paranapanema variety), illustrated for MgO versus SiO, in Fig. 3.9. MELTS frac-
tional crystallization trends are consistent with the general evolution of magmas of
low and high titanium, respectively (Fig. 3.9a, b). Mineral fractionation sequence is
composed of clinopyroxene, plagioclase and magnetite, in accordance with
the petrography and the geochemical trends. In Fig. 3.9a, it is also remarkable that
samples corresponding to Gramado type are distinguished because of the high SiO,
contents, but it should be noted that they also support fractional crystallization by the
trend obtained with MELTS. Nevertheless, high tenors of Rb, U, Th (Table 3.1;
Fig. 3.7b, d) seem to point out crustal participation, consistent with the high *’Sr/*°Sr
typical of this variety.

3.1.5.2 Mantle Source

As it has been previously mentioned, a considerable difference in trace element
contents (e.g. Ti, P, Sr, La, Ce, Nd, Zr, Nb, Ba) distinguishes high- and low-Ti
basalts mainly reflecting distinct features in the mantle sources, as differentiation
processes cannot account for such differences. Also Sr-Nd isotopic data from lit-
erature (Fig. 3.10) and Pb isotopes (e.g. Marques et al. 1999) point out that the
source region of both types of tholeiites seems to have been different. Surprisingly,
eleven isotopic data of Sr obtained by Rocha-Junior et al. (2012) do not show any
difference between high- and low-Ti basalts.
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Fig. 3.10 Initial ¥St/*°Sr versus '**Nd/'**Nd of high- and low-Ti tholeiites from the Parana
Magmatic Province (PMP; data: Piccirillo and Melfi 1988; Peate and Hawkesworth 1996; Peate
1997). Also data from potassic localities around Parana basin are included (Goidas Alkaline
Province Carlson et al. 1996, 2007; Alto Paranaiba Igneous Province Gibson et al. 1995, Carlson
et al. 1996, 2007; Eastern Paraguay Comin-Chiaramonti et al. 1997, 2007; Sierra Chica of
Cordoba Kay and Ramos 1996, Lucassen et al. 2002), as well as from Tristan da Cunha (le Roex
et al. 1990). Data of MORB, EMI and EMII are taken from Zindler and Hart (1986) for comparison

Chondrite-normalized (cn) Yb concentrations in the studied rocks of MS are
higher than 10 (10-20, Fig. 3.8, Table 3.1), and (La/Yb),, varies between 3 and 10. It
should be noted that high-Ti rocks tend to display higher (La/Yb),, ratios (3.79-9.51)
than low-Ti ones (3.93-5), as shown in Table 3.1. Ratios are more influenced by
variations in La rather than in Yb content, consistent with diverse enrichments in the
mantle source as well as variations in melting degrees.

For the characterization of simple melting process, mantle source of HTi was
modelled, particularly for the most enriched type (Urubici lithotype). The compo-
sition of “primary” magmas of this variety was calculated from sample M22
(Table 3.2), and melting degree was obtained through XLFRAC starting from an
enriched peridotitic major element composition (e.g. pyrolite of Ringwood). The
obtained melting degree is 10.45 %, considering an anhydrous residual
garnet-bearing peridotite (Table 3.2). As is well known, from a less enriched mantle
compositions, melting degrees become lower but =5 %, in agreement with the
tholeiitic nature of the lavas (e.g. Frey et al. 1978; Jaques and Green 1980;
Takahashi and Kushiro 1983).

Trace element contents in the mantle source were calculated (Table 3.2),
assuming batch melting (Hanson 1978). In a multi-element diagram (Fig. 3.11), it
can be seen that the source of HTiB is enriched with respect to the primordial
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Table 3.2 Calculated major and trace element content of primary magma (PM) from high-Ti
Urubici-type (M22)

PM M22 PM M22 P1 PM M22 res. Source M22
SiO, 51.47 Ba 38337 | OL! |56.23 58.40 Ba 40.98
TiO, 2.18 Rb 31.93 | OPX? | 15.61 1242 | Rb 3.39
ALO; 8.37 K |10,127.12 | CPX? |16.35 10.77 K |1064.18
FeOt 10.91 Nb 2158 | GT' |11.81 797 | Nb 271
MnO 0.09 La 3195 |[Tres? | 0.62 0.34 La 3.57
MgO 16.61 Ce 59.31 | F (%) 10.45 Ce 6.93
CaO 7.17 Sr 335.64 Sr 37.90
Na,O 175 Nd 37.35 P2 PM4 res. Nd 4.66
K,O 1.13 Sm 8.03 OL |54.49 5848 | Sm 1.20
P,0s 032 Zr 215.07 | OPX |18.12 18.37 Zr 28.98
Sum | 100.00 Ti |14,091.17 | CPX |11.37 9.84 Ti |1806.63
Y 24.06 GT |13.16 10.80 Y 6.85
mg# 0.73 Yb 234 | PHL | 2.86 250 | Yb 0.86
Tres® | 0.40 0.30
F (%) 4.99

Compositions were calculated to match at 100¥Mg/(Mg + Fe**) of 0.73, as performed by Iacumin
et al. (2001). Primary magma of M22 = M22 + 30 % OL(89) + 20 % CPX. Weight percent of
mineral assemblage (Stormer and Nicholls 1978) from peridotite composition of Ringwood (1966;
P1) and mineral assemblage of residua after extraction of PM M22 (primary magma of M22).
Incompatible element content (batch melting; Hanson 1978) of mantle source of PM M22 is also
calculated. A primary-type magma of high-Ti alkaline volcanism of SCC (see Table 2.9) is also
included for comparison

"McGregor (1974), *Ringwood (1966). OL olivine; OPX orthopyroxene; CPX clinopyroxene; GT
garnet; PHL phlogopite; F melting degree; res. residua

“Figures in bold correspond to F (melting degree). Bold type was used to mark the difference
between the values required to obtain tholeiitic and alkaline magmas,starting from similar mantle
sources

mantle of Sun and McDonough (1989) and that enrichment can be up to 4-7 times
respect to that mantle (e.g. for Ba, Rb, K, Nb, La, Ce and Nd).

It should be taken into account that HTi basalts of PMP present similar isotopic
composition respect to the high-Ti alkaline rocks from peripheral localities to
Parana basin (Fig. 3.10), revealing analogies between both mantle sources. The
comparison performed between sources of Urubici type of Misiones and alkaline
basalts of SCC, presented here and previously attempted by Lagorio (2008), shows
a more enriched character of the source of the alkaline basalt of SCC respect to
LILE, Nb and Zr (Fig. 3.11a, b); in this case, the enrichment related to the primitive
mantle of Sun and McDonough (1989) may be up to 10-20 times for Ba and K.


http://dx.doi.org/10.1007/978-3-319-29593-0_2

112 3 Early Cretaceous Volcanism in Eastern Argentina

® - Source of PM M22 - -~ - Source of PM4
o W22 (Unsbici; HTI) —=— PM4 AKB 5CC

-"‘x.,.--'.\\\

Fig. 3.11 a Multi-element plot of calculated (batch melting; Hanson 1978) mantle source,
normalized to primitive mantle (PM, Sun and McDonough 1989), for the calculated primary
magma of a HTi Urubici-type sample (M22), starting from an enriched peridotite (pyrolite;
Ringwood 1966) with residual garnet in the source. The calculated primary magma is included.
b Multi-elemental plot of calculated mantle source, normalized to primitive mantle (Sun and
McDonough 1989), for a primary magma of a high-Ti alkali basalt (PM4) from SCC, starting from
an enriched peridotite (pyrolite; Ringwood 1966) with residual garnet and phlogopite in the source,
shown in Fig. 2.20 for comparison

3.1.6 Petrogenetic Aspects of Tholeiites of Misiones
Province (North-eastern Argentina) in the Context
of PMP. Relationship with the Source of the Alkaline
Volcanism of Cordoba Province (Central Argentina)

Samples from the Misiones Province presented in this study are of high- and low-Ti
varieties, in accordance with the geographic location of this locality that belongs to
the central and southern Parana Magmatic Province. Paranapanema constitutes the
most abundant lithotype in the studied samples. Urubici variety, here recognized,
represents the westernmost outcrops of this type in the region.

Rocks from the province of Misiones indicate that evolution of HTi and LTi
magmas must have occurred from two different parental magmas through fractional
crystallization at low pressures, with a low water content and low oxygen fugacity,
involving crustal contamination only for the Gramado variety in agreement with the
general trend recognized in the PMP.

Chondrite-normalized (cn) Yb concentrations in the studied rocks of Misiones are
higher than 10, showing quite flat patterns in chondrite-normalized diagrams
(Fig. 3.8; Table 3.1). Although these features seem to indicate that garnet was absent
as a residual phase in the source, (La/Yb)., higher than 5 presented by most of HTi
basalts from Misiones must be more consistent with garnet retention in the mantle,
according to what was determined by Iacumin et al. (2003) for the whole PMP.

It is also significant that La/Nb ratios normalized to primordial mantle
(PM) are >1 (1-2, Table 3.1) determining the negative anomaly for Nb, also present
for Ta, typical feature of the source of Parand magmas. It should be noted that
considering the whole Parana samples, only a low proportion do not show Nb
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negative anomaly, corresponding to samples of LTi bearing (La/Nb)py; < 1 and low
(1-2) (La/Yb)., with very flat REE patterns, that seem to be compatible with a
garnet-free peridotite or a residual spinel-bearing source, as indicated by Iacumin
et al. (2003). This type does not appear in samples from Misiones, since LTi basalts
bear (La/Yb)., <5 (3-5), but they display (La/Nb = 1); on the other hand, most HTi
basalts show high (La/Yb)., and all have (La/Nb)py ratios = 1, so garnet as residual
phase in the mantle source is supported.

Characterization of mantle source of the PMP from a tectonic point of view has
been a matter of debate among the diverse research groups through the last decades.
The so-called Tristan plume was strongly invoked as the cause of PEA LIP (e.g.
White and McKenzie 1989; Courtillot et al. 2003). To test for this hypothesis, the
chemical composition of the present-day Tristan da Cunha lavas (Ile Roex et al.
1990) was compared with that of the Parana lavas by Ernesto et al. (2002). In the
same way, in this contribution, data from Misiones Province belonging to the
diverse varieties of Peate et al. (1992) were plotted in a normalized multi-element
diagram (Fig. 3.7¢). The essential difference with Tristan da Cunha pattern lies in
the Nb-Ta anomaly, as pointed out by Ernesto et al. (2002); whereas for the rocks
of Misiones Province and the majority of the samples from the Serra Geral
Formation of the PMP that anomaly is negative, for Tristan it is clearly positive. It
is noteworthy that Os isotopic data presented by Rocha-Junior et al. (2012) also
indicate no relation between Parana basalts and present-day Tristan da Cunha lavas.

The comparison between Misiones data and N-MORB composition shows
significant differences particularly from Rb to P (Fig. 3.7e), as was also pointed out
by Ernesto et al. (2002) for the PMP. However, the Esmeralda variety (a repre-
sentative sample taken from Peate 1997 was included) is characterized by a
remarkable depletion in incompatible trace elements and therefore could represent
mixing with an N-type MORB component, as has been suggested by Peate and
Hawkesworth (1996) considering also the isotopic ratios of that variety.

It should be noted that geochemical characterization based on Ti and its distri-
bution in a regional context (prevalence of high-Ti basalts in the north and low-Ti in
the south of PMP) reveal differences in the mantle source, consistent with
large-scale heterogeneities, typical of the subcontinental lithospheric mantle
(SCLM), as strongly claimed by several researchers (e.g. Piccirillo and Melfi 1988;
Peate 1997). Surprisingly, the recent Os isotopic data indicate that there is no
evidence of ancient SCLM as a major source component in the genesis of the
Parané basalts, although the possibility cannot entirely be ruled out (Rocha-Junior
et al. 2012). They proposed, instead, that essentially the sublithospheric mantle has
been involved in the genesis of PMP.

The distinctive Nb-Ta negative anomaly of PMP basalts is a typical feature of
subduction-related magmas, as well as the high La/Nb and Ba/Nb ratios, as is well
known. As PMP basalts were extruded in an extensional setting during Early
Cretaceous times, related to the onset of Gondwana break-up, the subduction
geochemical signature can only be interpreted as inherited from older subduction
processes, whose related fluids must have metasomatized the mantle source in the
geological past, as indicated by diverse authors. Furthermore, retention of Nb, Ta
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and HREE by the structure of rutile, ilmenite and garnet of eclogites from ancient
slabs hosted in the mantle of PMP basalts can account for the Nb-Ta negative
anomaly and high La/Nb and Ba/Nb ratios, as pointed out by lacumin et al. (2003).
According to these authors, also (La/Yb),, ratios could be increased by garnet from
eclogitic—granulitic subducted material, particularly in the HTi Parana basalts. It
should be also taken into account that, in the same way, La and Ba contents must
have been enlarged by the presence of recycled sediments associated to a slab,
which determined source enrichment, along with other LIL and LRE elements.

Besides, it is worth mentioning that isotopic data also allowed other research
groups to identify mixing processes in the source of Parand basalts related to
ancient subduction processes (e.g. Transamazonian and Brasiliano events, lacumin
et al. 2003 or just the Brazilian event, Rocha-Junior et al. 2012, 2013).

Precambrian subduction processes in the mantle source of MS and the whole
PMP are also supported by Nd model ages which point out that metasomatism in
the source of low-Ti basalts must have taken place between 2.4 and 0.7 Ga, whereas
during 1.7-0.9 Ga in the source of high-Ti magmas (Comin-Chiaramonti and
Gomes 2005; Gastal et al. 2005; Comin-Chiaramonti et al. 2007).

The subsurface of Misiones Province is in a zone between the Rio de la Plata
craton and the Paranapanema or Parand block, with the Paraguay belt located
between them (e.g. Bossi and Gaucher 2004; Rapela et al. 2011; Gaucher et al.
2011; Casquet et al. 2012) (Fig. 3.12b). Therefore, ancient subduction processes
must have taken place, mainly during Late Proterozoic—Early Cambrian times.
Juvenile Cambrian arc rocks (540-510 Ma) from the boundary of Paraguay and
Brasilia belts are exposed in Brazil (Ferreira et al. 2008). It should be taken into
account that also subduction from ancient terranes could also have affected the
source of PMP basalts. For example, concerning the Misiones Province area, the
Nico Pérez terrane (Archaean to Mesoproterozoic unit reworked during the
Neoproterozoic) could extend up to northern Paraguay (Bossi and Gaucher 2004;
Gaucher et al. 2011; Fig. 3.12b) and presents geological evidence of subduction
from 3.1 Ga to at least 1.25 Ga (Gaucher pers. comm. 2013). On the other hand,
other researchers consider, instead, the Rio Apa block (e.g. Rapela et al. 2007,
2011; Casquet et al. 2012) as a unit that evolved during Mesoproterozoic times, and
it is located in Paraguay, to the NW of Misiones (Fig. 3.12a). Regardless of those
proposed models, it can be inferred that even the most ancient subduction processes
could have affected the mantle source of PMP basalts.

As stated before, also lithospheric mantle source is interpreted for the alkaline
volcanic rocks of SCC, a feature which also characterizes the other potassic
localities around the Parana basin.

As also mentioned, volcanism of the SCC is overlying the Pampean mobile belt,
which is coeval with other Brasiliano orogens in Brazil (e.g. Paraguay and Araguaia
fold belts) active in Neoproterozoic—Early Cambrian (e.g. Escayola et al. 2007), or
during Early-Middle Cambrian times (e.g. Thover et al. 2010; Rapela et al. 2011;
Gaucher et al. 2011), whereas APIP and Goias alkaline localities are overlying the
Brasilia belt. Subduction-related granitoids outcrop north of the Sierra Chica (in
Sierra Norte of Cérdoba), with ages of 537 + 4 Ma and 530 + 4 Ma (Iannizzotto
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Fig. 3.12 a Location of the PMP including the alkaline peripheral localities, with discrimination
according to Ti content, in the south-western part of Gondwana at about 130 Ma. Adapted from
Piccirillo and Melfi (1988), Gibson et al. (1996), Marzoli et al. (1999), Lagorio (2008) and Lagorio
and Vizan (2011). MS Misiones, SCC Sierra Chica of Cordoba, RPC Rio de la Plata craton, SFC
San Francisco craton, AC Amazonian craton, CC Congo craton, RAC Rio Apa craton. / eastern
Paraguay, 2 Amambay, 3 Anitapolis, 4 Lages, 5 Ponta Grossa, 6 Serra do Mar, 7 Alto Paranaiba, 8
Goias, 9 Poxoreu. b Major tectonostratigraphic units of SE-South America, adapted from Bossi
and Gaucher (2004) and Gaucher et al. (2011)

et al. 2013), associated with Cambrian to Ordovician volcanic and subvolcanic
bodies of calc-alkaline nature (O’Leary et al. 2014). Nevertheless, the volcanic
rocks of SCC do not reveal chemical parameters that could be easily related to
slab-derived mantle metasomatism, as neither do many ones from Brazil. Therefore,
the ancient subduction must have not contaminated the source of the magmas of
SCC; precisely, Nd model ages obtained by Lucassen et al. (2002) range from 1.22
to 0.96 Ga, suggesting a reactivation of the lithospheric mantle modified during
Mesoproterozoic times, as pointed out previously (Lagorio 2008).

Subtle chemical heterogeneities were considered to be compatible with a
lithospheric mantle source by Lagorio (2008). Metasomatic processes might have
been produced, therefore, by small volumes of volatile-rich melts ascending from
the asthenosphere, as reported in many of the alkaline localities around PMP (e.g.
Gibson et al. 1995, 2006; Comin-Chiaramonti et al. 1997, 2007, 2013).

According to Os isotopic data, Rocha-Junior et al. (2013) proposed that the
sources of HTi alkaline basalts of northern Brazil, physically close to Parané lavas,
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might have been spatially continuous, and therefore, both affected by metasomatism
related to Neoproterozoic subduction processes. On the other hand, to the south-west
of PMP, high-Ti SCC alkaline basalts are close to the inferred LTi basalts from the
PMP that are lying under the surface (Fig. 3.12a). Therefore, relationship between
both sources seems difficult to be defined with the present available information.
However, geochronological and geochemical data obtained from drill-core material
in the western edge of the Rio de la Plata craton show Paleoproterozoic igneous
rocks related to an arc system that correspond to the Transamazonian orogenic cycle
(Rapela et al. 2007). Therefore, we can assume that subduction related to the latter
event may account for the chemistry of those LTi basalts.
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Chapter 4

Palaeoreconstruction of Pangea During
the Early Cretaceous, and Location

of Volcanism in Cordoba and Misiones
Provinces with Respect to Seismic
Structures in the Lower Mantle

Abstract To analyse the possible geodynamical processes that caused the vol-
canism in Misiones Province (north-eastern Argentina) involved in the context of
Parana Magmatic Province and the Early Cretaceous basalts of Cérdoba Province
(central Argentina), an absolute reconstruction of Pangea was performed on the
basis of 7 high-quality palaecomagnetic poles of South America and Africa that
belong to the localities with aged volcanic rocks about 130 Ma. The rest of the
continents that formed Pangea were reconstructed on the basis of reliable param-
eters that have been published by other authors. It was considered that Africa had
not significant longitudinal movements from at least the Early Cretaceous since
there was not any margin of subduction during the history of this continent which
slabs could have determined a large convective cell causing a longitudinal drift of
this plate. The palaeogeographic reconstruction was analysed in the framework of a
well-known model of seismic anomalies in the lowermost mantle. Cratons and other
continental domains older than the Late Palacozoic were also considered, taking
into account that the Early Cretaceous volcanism in South America and Africa
could have been also conditioned by the old lithospheric architecture of these
continental plates.

Keywords Early cretaceous - Absolute palaeoreconstruction - Pangea
Volcanism - Lowermost mantle - Cérdoba - Misiones - Argentina

To analyse the possible geodynamical processes that caused the PMP or Parana—
Etendeka—Angola large igneous province volcanism and the Early Cretaceous
basalts of Cordoba, Vizan and Lagorio (2011) considered the geographical distri-
bution of Precambrian and Early Palaeozoic units in South American plate, taking
into account that the location of the volcanic rocks of the LIPs can be conditioned
by the old lithospheric architecture (Favela and Anderson 2000). These units were
located in South America according to lacumin et al. (2003) and Rapela et al.
(2007). An absolute reconstruction of Gondwana was performed for about 130 Ma
based on palaeomagnetic data and considering that Africa did not experience
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Fig. 4.1 Absolute Palaeoreconstruction of Pangea for the 130 Ma. Crustal units older than Late
Palaeozoic, in the geographic coordinates that would have had at 130 Ma, are also represented (AM
Amazonia, RP Rio de La Plata, SF San Francisco, P Parana, PA Pampia, C Cuyania, A Arequipa,
RA Rio Apa, CN Congo, K Kalahari, FAC East African craton). The solid dot within a circle shows
the centre of eruption of the large igneous province Parana—Etendeka—Angola. The square
indicates the relative location of the volcanism in Misiones Province and the triangle the volcanism
of the Sierra Chica of Coérdoba. In a range from orange to blue colours a model of S seismic wave
velocities (Masters et al. 1996) for the lower mantle is shown. Based on Vizan and Lagorio (2011)

significant longitudinal movement (Burke and Torsvik 2004; Torsvik et al. 2008,
2012) (Fig. 4.1).

To prepare this palacoreconstruction, Vizan and Lagorio (2011) previously
performed a proper selection of PPs. The 7 PPs selected by these authors are listed
in Table 4.1 (note that these PPs are not precisely the same selected by Torsvik
et al. 2008, 2012). All PPs selected have quality factors higher than 3 (see Van der
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Table 4.1 Selected palacomagnetic poles for the reconstruction at about 130 Ma (Fig. 3.11)

Geological unit or locality PP latitude | PP longitude | Ags (°) | Authors

(°S) (°E)
Sierra Chica (Cérdoba, Arg.) | 86 75.9 3.3 Geuna and Vizan (1998)
Posadas Fm (Misones, Arg.) | 87.6 150.8 3.5 Mena et al. (2006)
Northern Parana (Brazil) 83 714 2.4 Ernesto et al. (1990)
Central Parana (Brazil) 84.1 64.4 2.3 Ernesto et al. (1990)
Southern Parana (Brazil) 84 106.2 1.5 Ernesto et al. (1990)
Alkaline Province (Paraguay) | 85.4 62.3 3.1 Ernesto et al. (1996)
Kaoko Lavas (Africa) 48.3 86.6 3.2 Gidskehaug et al. (1975)

PP palacomagnetic pole, Ags 95 % confidence level of each PP. Mean Western Gondwana PP (in
geographic coordinates of South Africa), N = 7, Lat. = 50.5° S, Long. = 83.74° E, Ags = 2.1°,
K = 796.1. The South American poles were reconstructed using the parameters listed in Torsvik
et al. (2008). The confidence interval Ays and the precision parameter Kappa (K) belong to the
statistics of Fisher (1953)

Voo 1993) and belong to the localities with volcanic rocks; therefore, they are not
biased by the inclination flattening that could affect the palacomagnetic data of
sedimentary rocks (e.g. Tauxe and Kent 2004). The PP of the Serra Geral
Formation in Misiones (Mena et al. 2006) was obtained using only those directions
that pass a reversal test. South American poles were transferred to African coor-
dinates by using the reconstruction parameters listed in Torsvik et al. (2008), and
after that, a mean PP (N = 7) was obtained that allowed to estimate an Euler pole to
perform an absolute reconstruction of Africa—South America for 130 Ma (Lat. = 0°,
Long. = 173.7° E, rotation angle = 39.5°).

The calculated Euler pole is similar to that of Torsvik et al. (2008) for the same
age, indicating that the results are not strongly dependent on the selection of PPs.
We did not use PPs from other continents of Gondwana, North America, Europe or
Asia, but instead performed a reconstruction of these continents to Africa using the
Euler poles of Torsvik et al. (2008) for the reconstruction of Pangea shown in
Fig. 4.1. This figure shows an absolute reconstruction of Pangea (latitudinal and
longitudinal) together with a model of the seismic structure of the mantle at a depth
of 2750 km (Masters et al. 1996). South American terranes or cratons older than the
Late Palacozoic are also shown in Fig. 4.1. The African cratons bordering the
Atlantic margin were drawn according to GMAP program and database (Torsvik
and Smethurst 1999).
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Chapter 5

Geodynamical Setting for the Tholeiites
of Misiones Province (North-eastern
Argentina) in the Context of the PMP
and the Alkaline Volcanism of Cordoba
Province (Central Argentina)

Abstract Different processes could have triggered magmatism during the Early
Cretaceous in central and north-eastern Argentina. Distinct thermal processes could
have possibly acted together in Paranad Magmatic Province (PMP): (1) the track of
upwelling (strong upward heat flow) of a wide circuit of convection induced by a
subduction in the western margin that cause the rifting of Western Gondwana and
(2) a large amount of heat energy insulated by Pangea causing swelling and frag-
mentation of weak lithospheric zones, with high percentages of melting typical of
the tholeiitic magmas. This volcanism must have emerged through lithospheric
fracturing mainly in suture areas between old cratons, while South America plate
was beginning to be dragged westward by a large convective roll. By contrast, the
low volume of alkaline volcanic rocks in Sierra Chica of Cordoba (SCC) is in
agreement with low melting degrees, in a geodynamic framework supporting
edge-driven convection: (1) the presence of a large thickness contrast between the
Rio de La Plata craton and the Pampia terrain, (2) an environment of pull-apart
basins and (3) a low rate of latitudinal and longitudinal velocity of South America.

Keywords Mantle convection - Magmatism - Alkaline basalts - Tholeiitic
basalts - Edge-driven convection

The reconstructed position for South America at about 130 Ma (Fig. 4.1) shows that
Pangea was geographically above the present zone of low seismic wave velocities
in the lower mantle, as already pointed out by Vizan and Lagorio (2011). This is
consistent with the proposal of thermal blanketing caused by this supercontinent
(Anderson 1982; Gurnis 1988; Coltice et al. 2007); at 130 Ma years, there should
have been a very high thermal energy beneath the continental lithosphere assembled
into a single supercontinent.

It should be noted that in this figure, the centre of the Parand-Etendeka-Angola
Large Igneous Province (PEA LIP) is almost at a site of rifting of Western
Gondwana (between South America and Africa plates), in a sector of stretched crust
(Fig. 4.1) as pointed out by White and McKenzie (1989) in his classic work.
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This location indicates that PEA LIP was one of the centres of dispersion of
Gondwana continents (see Dietz and Holden 1970).

Rocha-Junior et al. (2012) considered that the magmatism of the Parana
Magmatic Province (PMP) was due to the combined effects of edge-driven con-
vection (King and Anderson 1995; King and Anderson 1998) and a large-scale
mantle melting caused by the aggregation of continents to form Pangea (Anderson
1982; Coltice et al. 2007). However, according to King (2004) in areas where
Pangea could have caused an overwhelmingly thermal insulation, any edge-driven
convection would disappear. On the other hand, the South Atlantic Basin opened at
ca. 130 Ma (e.g. Husson et al. 2012) probably due to a drag of South American
plate to the west that could be determined by a large cylindrical convection
(Froidevaux and Nataf 1981; Husson et al. 2012, among others).

This fact could involve an upwelling of sublithospheric melted material which
would be coherent with new Os isotopic data in the PMP.

Towards the final stage of the PMP, the outpouring of the Esmeralda variety,
characterized by a significant depletion in incompatible trace elements (as shown in
Fig. 3.7e), let us infer a mix with N-MORB, as invoked by Peate and Hawkesworth
(1996), which would be consistent with the beginning of the break-up of Western
Gondwana and the future opening of the South Atlantic Ocean.

According to this evidence, and following Vizan and Lagorio (2011), we pro-
pose a large cylindrical convection to explain the PMP magmatism, whose origin
would be linked to the subduction of a slab in the western margin of Gondwana
(e.g. Rabinowicz et al. 1980; Nataf et al. 1981; Froidevaux and Nataf 1981; Husson
et al. 2012). The model of Husson et al. (2012), proposed to analyse the westward
movement of South America to support the growing of the Andean belt, could be
also applied to explain the conditions that existed in the mantle at 130 Ma. The
upwelling branch of the large convective cell in the mantle could have been driven
by the heat energy insulated by Pangea (perhaps higher under the African cratons
during the Cretaceous times), and the downwelling branch could have been fed by a
down-going Pacific slab.

One possible reason why the African plate has not drifted longitudinally is
because it has never had a subducted slab in its margins, and therefore, a large-scale
convective roll was never generated under this plate.

In Fig. 5.1, different thermal processes are considered to have possibly acted
together at approximately 130 Ma, which would overlap in the Parand—Etendeka—
Angola LIP: (1) the track of upwelling (strong upward heat flow) of the wide circuit
of convection induced by the subduction in the western margin that cause the rifting
of Western Gondwana and (2) the heat energy insulated by Pangea (Fig. 4.1). This
process could have uplifted the sublithospheric material as suggested by the Os
isotopic data together with a swelling and fragmentation of weak zones of the
lithosphere due to the thermal energy insulated by Pangea (see Anderson 1994). In
those areas, the thermal energy was high, determining the high percentages of
melting, typical of the tholeiitic magmas that conform the large igneous provinces.
Its volcanism must have emerged through lithospheric fracturing mainly in suture
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Fig. 5.1 Approximately east—west section of Western Gondwana (South America and Africa) at
about 130 Ma with the location of crustal units covered by Phanerozoic deposits. Thickness of Rio
de la Plata craton is based on Favetto et al. (2008) and that of Congo—San Francisco craton on
Schimmel et al. (2003). On the western margin of Gondwana, a subducted slab causing a lateral
cooling of the asthenosphere; this, together with the thermal energy trapped by Pangea, would
induce a large amplitude convective cell: (1) the upwelling branch of this cell would be in the
centre of dispersion of Parana—Etendeka—Angola large igneous province (PEALIP). The volcanism
of this LIP is indicated by black triangles. In the Sierra Chica de Cordoba, the volcanism is only
linked to edge-driven convection (2) due to the different thicknesses of Rio de la Plata craton and
Pampia terrane. Based on Vizan and Lagorio (2011)

areas between old thick cratons, because the South American plate was beginning
to be dragged westward by a large convective roll (Fig. 5.1).

The volume of volcanic rocks in the SCC is much lower than that in the PMP; its
alkaline nature indicates lower melting degrees than tholeiites from the LIP. This is
consistent with the distance of SCC to the centre of higher thermal energy (Fig. 5.1)
and its proximity to the western margin of Gondwana where a sinking subducted
slab caused the cooling of the asthenosphere. This means that the magmatism of the
SCC must have been caused by a different process from that of the PEA LIP.

To analyse the geodynamic processes involved in the genesis of the Lower
Cretaceous basalts of the Cordoba province, it was considered that Favetto et al.
(2008) using geological information and magneto-telluric data, interpret a sudden
change in the observed resistivity in the SCC area, which would mark the boundary
between the Rio de la Plata craton and the Pampia terrane. The Rio de la Plata
craton is a resistive lithospheric block that would extend till 150 km in depth, while
the Pampia terrane would be a heterogeneous structure with a high resistivity layer
till 6 km and an underneath conductive layer till about 70 km. According to Vizan
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and Lagorio (2011), this strong contrast between the thicknesses of the mentioned
blocks indicates that in the volcanic process of SCC an essentially edge-driven
convection could have operated, in conditions of much lesser amount of heat than
that characterizing the PMP volcanism (Fig. 5.1). However, other conditions are
necessary for the development of this type of convection.

Edge-driven convection was considered by King and Anderson (1995) to
explain volcanic processes that generated flood basalts in large areas or in relatively
restricted depocenters, and this model has also been considered to explain volcanic
events involving alkaline basalts (Missenard and Cadoux 2011). In addition to a
contrast between lithospheric thicknesses for the development of this convection, at
least two other conditions should exist: (1) the process should occur in a pull-apart
tectonic setting (King and Anderson 1995) and (2) the movement of the plate where
this convection is developed should be very slow (King and Anderson 1998).
Edge-driven convection is induced by the temperature contrast at the vertical wall
separating the cold craton from the warmer asthenosphere (King and Anderson
1998), and so it is a relatively weak instability and a fast relative motion between
the lithosphere (craton and thin lithosphere) and the underlying asthenospheric
mantle may produce a shear coupling that completely overwhelms this convection
(King and Anderson 1998).

In the case of alkali basalts of Cordoba, its outpouring possibly occurred in
pull-apart basins, according to Martino et al. (2014). Respect to the rate of speed of
South America plate for the Early Cretaceous, it can be calculated, albeit with
uncertainties, using an apparent polar wander path (APWP) in a frame of absolute
drift (latitudinal and longitudinal movements of a plate).

To calculate the rate of speed of South America plate, it was considered the track
extending from 200 to 60 Ma of the global APWP of Torsvik et al. (2012). Its PP’s
were referred to Africa since, as it was mentioned above, this continent has prac-
tically a negligible longitudinal drift. South America was reconstructed to present
Africa geographical coordinates, using the parameters of the list of Torsvik et al.
(2012), and the orientations and latitudinal locations of both continents were
determined with the PP’s of the APWP.

It is noteworthy that the used APWP was constructed averaging poles within 10
million years windows. Taken into account that according to Van der Voo (1993)
using palacomagnetism, it is possible to determine the drift of a plate with a
reasonable resolution of approximately 20 million years, periods of this range were
considered to analyse the absolute movements of South America (Fig. 5.2). Every
versions of South American APWP show a change in motion between 140 and
120 Ma (e.g. Torsvik et al. 2012) defining a “hairpin” or “hook”. This interval in the
APWP was selected as one of the periods to analyse. To calculate the drift rate, the
dam of Rio Tercero (present geographic coordinates at Lat. = 32.2 °S and
Lon. = 64.47 °W) was taken as a reference. Notice that the calculated rate is
reduced practically to zero between 140 and 120 Ma (Fig. 5.2).

Thus, the outpouring of alkali basalts of Cordoba would have occurred in a
geodynamic framework in which different conditions support a process of
edge-driven convection during the Early Cretaceous: (1) the presence of a large
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thickness contrast between the Rio de La Plata craton and the Pampia terrane, (2) an
environment of pull-apart basins and (3) a low rate of latitudinal and longitudinal
velocity of South America.

Therefore, we propose two distinct processes that triggered magmatism during
the Early Cretaceous in different localities of Argentina. Both are consistent with
Anderson (2001) idea that the convection in the asthenospheric mantle is organized
by the above lithospheric plates. In other words, the patterns of convection in the
sublithospheric mantle should be considered as the result and not the cause of plate
tectonics.
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Chapter 6
Conclusions

The volcanic events here described represent the main exposed sites of Early
Cretaceous volcanism in central and eastern Argentina; one of them, in Sierra Chica
of Cérdoba (SCC), is of alkaline type, whereas the other is located in Misiones
Province (MS) and forms part of the Parand Magmatic Province (PMP), of tholeiitic
nature.

Volcanism of Sierra Chica of Cérdoba occurs within the Central Rift System.
Also to the south, in Levalle basin, a thick Early Cretaceous volcanic pile lies
buried in the subsurface. Other localities where Early Cretaceous is exposed are
Sierra de las Quijadas and Cerrillada de las Cabras, in San Luis Province, within the
Western Rift System. In all the cases, lavas are interbedded with sedimentary
deposits, under rift tectonics. In SCC lava flows are frequently associated with
scoria fall, pyroclastic and phreatomagmatic breccias as well as volcaniclastic
deposits, within a strombolian-type volcanism.

The low volume and discontinuous spatial distribution of the lavas along the rift,
as well as the geochemical features without peralkaline oversaturated products,
characterize Sierra Chica as a low-volcanicity rift.

Volcanic rocks of Sierra Chica of Coérdoba belong to various groups of rocks
according to the composition of major elements: (1) alkali basalt—trachyte suite,
(2) transitional basalt—Ilatibasalt suite, (3) basanite—phonolite suite and
(4) ankaratrites.

The primary magmas of the different groups have different contents of Zr, Hf
and LREE and distinct ratios (e.g. Th/La, La/Ta and La/Nb). In each suite, the
evolution must have taken place at crustal level(s) from different parental magmas,
mainly through fractional crystallization in an open system magma chamber. The
latter involves local mixing with less evolved magmas, as in RTF model, along with
some amount of crustal contamination.

Melting degree is around 5—7 % to obtain primary magmas of the major groups,
from a hydrous enriched mantle source peridotite, supporting garnet and phlogopite
as residual phases. The slight differences between the various primary magmas of
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the different groups essentially reflect a heterogeneous mantle source, therefore, of
lithospheric nature.

A new “°Ar/*’Ar dating was performed on sanidine phenocrysts of a trachyte
collected at the Almafuerte locality of Sierra Chica of Cérdoba. The obtained
radiometric age of 129.6 + 1.0 Ma indicates that SCC alkaline volcanism slightly
postdates the tholeiitic lava flows of the Parand Magmatic Province. This new
dating seems to enlarge the number of posthumous alkaline localities peripheral to
the PMP, which seem to prevail in the whole region.

The potassic rocks of Sierra Chica are of high Ti, as ultrapotassic ones from
northern Brazil (Alto Paranaiba and Goias localities), despite the fact that the latter
are Late Cretaceous/Palacogene in age. On the other side, SCC volcanic rocks
diverge from those potassic rocks from eastern Paraguay as these are of low Ti and
therefore have distinct multi-element patterns as well as isotopic features, though
both of them are Early Cretaceous and partially coeval.

Even though the volcanism of Sierra Chica is related to the Pampean mobile belt,
its geochemistry does not support a metasomatism due to fluids or melts derived
from an ancient subduction. Small-scale heterogeneity in the rocks of the Sierra
Chica would be related to metasomatic events that could involve volatile-rich
small-volume melts from the asthenosphere. Consequently, the subduction inherent
to the Pampean Orogeny must not have affected the source of the alkaline magmas
of Sierra Chica de Cordoba.

Early Cretaceous volcanism in eastern Argentina is exposed in Misiones and
Corrientes Provinces, whereas it lies under the surface of Entre Rios Province and
Chaco—Parana basin (southern Parand), corresponding to the central and souther
regions of PMP. In the subsurface, floods reach about 150 km east of the Sierra
Chica of Cordoba, so that no field relations between tholeiitic and alkaline lavas are
exposed.

The samples from Misiones presented in this study are of high- and low-Ti
varieties, which coincide with the geographic location of this locality that belongs
to the central and southern Parand Magmatic Province. In Corrientes Province,
instead, low-Ti lavas prevail. To the south, in Corrientes Province, low-Ti lavas
prevail instead. The studied rocks from MS indicate that evolution of HTi and LTi
magmas must have occurred from two different parental magmas through fractional
crystallization at low pressures, with low water content and low oxygen fugacity,
involving crustal contamination only for the Gramado variety, in the same way as
was pointed out for the whole PMP by other authors. (La/Yb)., and (La/Nb)py
ratios are compatible with garnet in the source, taking into account that part of it
must come from ancient remnant slabs in the mantle.

Misiones Province is in a zone between the Rio de la Plata craton and the
Paranapanema or Parand block with the Paraguay belt located between them;
therefore, ancient subduction processes must have taken place, mainly during Late
Proterozoic—Early Cambrian. Furthermore, even older subduction processes relative
to the Nico Pérez terrane could have also affected the source of the PMP basalts
from Misiones. The presence of various cratonic blocks and ancient terranes
characterizes the central and southern regions of Parand, showing a remarkable
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contrast respect to the northern region. Undoubtedly, this may have conditioned the
geochemical differences in the source of the PMP basalts from both regions.

In the context of the break-up of Pangea, we suggest different genesis for the
volcanic events in the PMP and SCC during the Early Cretaceous. Several con-
comitant processes caused the volcanism of the PMP; on one side, we consider that
Pangea insulated a great amount of thermal energy of radiogenic origin that melted
the sublithospheric mantle, and on the other hand, we assumed the existence of a
large-scale cylindrical convection whose origin requires a subducting slab in the
western margin of Gondwana. This large cell would have dragged the future South
American plate causing the outpouring of melts from the sublithospheric mantle in
areas of crustal weakness (ancient sutures) where the source must have been
affected by the material of Precambrian—Early Cambrian slabs. During the final
stages of the magmatic process, the action of the upwelling limb of this possible
large-scale cylindrical convection must have determined the outpouring of a
depleted asthenospheric component, which seems to be recorded in southern PMP
and finally in the N-MORB.

By contrast, the genesis of magmas of SCC, close to the Pacific margin of
Gondwana, is considered to be related to edge-driven convection, probably deter-
mined by the abrupt change in the lithospheric thickness between the Rio de la Plata
craton and the Pampia terrane.
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