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Abstract In the Rio Grande Valley, NW Argentina,
several porphyritic panidiomorphic, ocelli-bearing dykes
and sills intrude the Neoproterozoic to lower Paleozoic
basement of the Eastern Cordillera. New petrographical
and geochemical data permit us to classify these rocks as
ocellar-analcime monchiquites, a feldspar-free variety of
alkaline lamprophyre composed of Ti-rich-diopside/augite,
Ti-rich biotite/phlogopite, forsteritic olivine, titanian-
pargasite and analcime, with abundant ocelli filled with
analcime/carbonate. In terms of geochemical compositions
they are characterized by LILE and LREE enrichment and
lack of Nb-Ta and Eu anomalies. The ®’Sr/*°Sr and
"SNd/'**Nd initial ratios range between 0.70377 to
0.70781 and 0.512506 and 0.512716 respectively, and
Tpm model ages vary between 0.25-0.64 Ga. A K-Ar age
of 163+9 Ma suggests that these rocks are related to the
pre-rifting stage of the Mesozoic-Cenozoic continental
Salta Rift in NW Argentina. Partial melting of a heteroge-
neous enriched metasomatized lithospheric mantle, magma
mixing and fractionation are envisaged to explain the
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petrographic, geochemical and isotope characteristics of
these magmas.

Introduction

During Mesozoic to Cenozoic times the whole of South
America was affected by generalized extensional tectonics,
related both to the subduction of the pacific oceanic plate
beneath South America (Viramonte et al. 1999; Ramos
2000; Lucassen et al. 2007) and to the opening of the
southern Atlantic Ocean (Sempere et al. 2002; Jacques
2003; Cristiani et al. 2005). In northwest Argentina the
most prominent expression of this extensional tectonics was
the Jurassic-Eocene continental Salta Rift that is typically
characterized by a continental sedimentary sequence asso-
ciated with bimodal magmatism (e.g. Viramonte et al. 1999;
Menegatti 2001; Cristiani et al. 2005). This bimodal
magmatism is represented by anatectic and mantle derived
melts during the pre rift stage (Cristiani et al. 2005)
whereas in the syn rift stage it is constituted by mantle
derived basanitic and trachytic melts (Viramonte et al.
1999). The Salta Rift occupies a region between the
Andean belt and the Brazilian cratonic area. The region
could represent the transition between the metasomatised
sub-arc mantle, generated during the various episode of
subduction that occurred in Paleozoic times (Lucassen et al.
2005, 2007) and the old subcontinental mantle from the
adjacent Brazilian shield.

In the Rio Grande Valley (Jujuy province), several
dykes and sills outcrop (Toselli and Acefiolaza 1984;
Chayle and Coira 1987; Manca et al. 1987; Coira et al.
1990) spatially associated with the Tres Cruces branch of
the Salta Rift (Fig. 1). These subvolcanic rocks intrude the
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Fig. 1 Map of the syn-rift phase
of the Jurassic-Cretaceous Salta
Rift, NW Argentina. The
location of pre-rift plutonic
rocks and the study area are
shown (modified from Salfity
and Marquillas (1981) and
Viramonte et al. (1999)
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Neoproterozoic-Paleozoic sedimentary basement showing no
apparent cross-cutting field relationships with the Cretaceous
sediments related to the Salta rift. They were previously
classified by several authors (Toselli and Acefiolaza 1984;
Manca et al. 1987; Chayle and Coira 1987; Coira et al. 1990;
Omarini et al. 1999), as ankaramites, pyroxenitic hornblen-
dites, picrites and basalts with alkaline affinities, suggesting,
on the basis of field evidence, a Neoproterozoic to Lower
Paleozoic age. Nevertheless, due to the lack of detailed field
and petrological data as well as of accurate geochronological
data, it was not possible, until now, to characterize their ages,
petrogenesis and the related tectonic settings.

This paper presents and discusses new field, petrographic,
mineral chemical, geochemical, isotopic and geochronological
data for subvolcanic rocks outcropping in the Rio Grande
Valley, Eastern Cordillera, NW Argentina. The data permitted
to constrain the tectonic setting of emplacement, the petrogen-
esis of these magmas and the composition of the mantle under
the Central Andes.

Geological and tectonic setting
Since the Early Mesozoic, the geodynamic evolution of the
Andean margin has been characterized by a complex

interaction between the Aluk-Phoenix, Farallon and Pacific
oceanic plates and the South American continental plate
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(Zonenshayn et al. 1984; Scheuber et al. 1994; Jaillard et al.
2000). During the Lower Jurassic (Sinemurian-Pleinsba-
chian times) the subduction of the Aluk-Phoenix plate led
to the development of a large magmatic arc along the
western margin of South America, represented by subalka-
line plutons and volcanic rocks (La Negra Formation) in
northern Chile (Mpodoziz and Ramos 1990; Romeuf et al.
1995; Jaillard et al. 2000).

At the same time in southeastern Bolivia and northwestern
Argentina, extensional tectonics began and continued until
Eocene times with the formation and evolution of the
continental Salta rift (Fig. 1), in a back-arc position relative
to the Jurassic-Cretaceous volcanic arc (Salfity and Marquillas
1981; Avila Salinas 1986; Galliski and Viramonte 1988;
Omarini et al. 1989). Important magmatic activity was
associated with the Salta rift, including abundant alkaline-
subalkaline plutonic and volcanic rocks (e.g. Galliski and
Viramonte 1988; Rubiolo 1992; Viramonte et al. 1999;
Menegatti 2001; Cristiani 2004; Comin-Chiaramonti et al.
2005; Cristiani et al. 2005). The extensional tectonics in NW
Argentina has been related (Galliski and Viramonte 1988) to
the subduction of the Aluk plate under South America and
interpreted as an aborted foreland rift. Alternatively, Cristiani
et al. (2005) associated the Upper Jurassic-Cretaceous
magmatism in NW Argentina with the generalized exten-
sional tectonics that affected South America during the
break-up of Gondwana.
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The Salta rift

The Salta rift represents an important lithospheric structure
extending N-S for about 1000 km in NW Argentina and
south Bolivia. It is constituted by interconnected grabens
meeting at a triple junction and a central horst named Salta-
Jujuy Horst (Fig. 1). The rift-related sedimentary sequence
is represented by the Salta Group in NW Argentina
(Moreno 1970; Reyes and Salfity 1973; Salfity and
Marquillas 1981; Salfity 1982; Gomez Omil et al. 1989)
and the Puca Group in Bolivia (Russo and Rodrigo 1965;
Reyes and Salfity 1973; Cherroni 1977). The Salta Group
comprises three main units: the Pirgua, the Balbuena and
the Santa Barbara subgroups.

During the evolution of the rift three major tectonic
phases and three magmatic events have been recognized
(Salfity and Marquillas 1981; Avila Salinas 1986; Galliski
and Viramonte 1988; Omarini et al. 1989).

The Jurassic pre-rift phase (Fig. 1) is dominated by
regional doming resulting from the rise of asthenospheric
mantle, with associated crustal thinning and an intricate
pattern of extensional faults (Salfity and Marquillas 1981;
Galliski and Viramonte 1988). The pre-rift phase is
characterized by anorogenic igneous complexes along the
major NNE-striking tectonic structures. The oldest known
magmatism that represents the first magmatic event, at ca.
150-100 Ma, (Viramonte et al. 1999) of the Salta Rift
includes the Tusaquillas Plutonic Complex (152-145 Ma,
Cristiani 2004), the Abra Laite-Aguilar intrusive complex
(153 Ma, Cristiani et al. 2008), the Rangel Stock (142—
127 Ma, Menegatti 2001), the Fundiciones pluton (Haschke
et al. 2005) and Mecoya plutonic complex. This magma-
tism comprises mantle-derived basic to acid magmas and
granitic anatectic melts that intruded the Late Precambrian/
Lower Paleozoic metasedimentary sequences in NW
Argentina (Lanfranco 1972; Rubiolo 1992; Menegatti
2001; Cristiani 2004).

The Cretaceous syn-rift phase (Fig. 1) is characterized by
thermal subsidence, intracontinental rifting with related red
bed infill, and marine ingressions recorded in the Pirgua
Subgroup and Balbuena Subgroup respectively (Salfity and
Marquillas 1981). The second magmatic event (80-75 Ma)
occurred during this phase and comprises alkaline volcanism
(basanites and mugearites) along the axis of the main
tectonic structures of the Salta Rift (Galliski and Viramonte
1988; Omarini et al. 1989; Viramonte et al. 1999).

The Paleogene post-rift stage is represented by the
fluvial-lacustrine sediments of the Santa Barbara Subgroup.
During this time, the third igneous event (65—60 Ma)
occurred. It comprises basaltic sills intruded in the Pirgua
Subgroup (Omarini et al. 1989) and basanites interbedded
in the Balbuena and Santa Barbara Subgroup in Argentina.
Basanites, phonotephrites (Vargas Gil 1965; Galliski and

Viramonte 1988) and basaltic lava flows (Castafio and
Rodrigo 1978) associated with equivalent sedimentary
successions are recorded in Bolivia.

The closure, uplift and erosion of the Cretaceous-
Paleocene rift basin occurred mainly in the late Eocene-
early Oligocene during the Incaic orogeny (Sempere et al.
2002) which represents one of the major tectonic phases in
the Central Andes.

Mafic and ultrabasic dykes in NW Argentina

In the north of Argentina and in southeastern Bolivia,
subvolcanic alkaline rocks of different ages outcrop. In the
Subandean belt, approximately 100 km east of the Rio
Grande Valley in Argentina, ultramafic alnoitic dykes have
been dated at 303+10 Ma (K-Ar ages: Mendez and Villar
1979; Barbieri et al. 1997). In north Argentina, close to the
Bolivian border, in the Santa Victoria Sierra, ultramafic
lamprophyre ailikitic dykes with 224+08 Ma (K-Ar) ages
were reported (Rubiolo et al. 1997).

Further to the south sannaites associated with the Upper
Cretaceous Hornillos alkaline complex, which intruded into
the Neoproterozoic-Lower Paleozoic basement rocks, are
recorded (Rubiolo et al. 1997). These rocks are interpreted
to represent igneous activity associated with extensional
processes during the formation of the intracontinental Salta
rift (Galliski and Viramonte 1988; Rubiolo 1992; Rubiolo
et al. 1994; Rubiolo et al. 1997). Two lamprophyre dykes in
this complex gave K-Ar ages of 7149 and 59+4 Ma
(Rubiolo et al. 2003).

Local geology

The study area is located in the Jujuy Province between 23°
35" 00.01" and 23° 09" 13.00” S of latitude and 65° 27"
27.00" and 65° 22" 00.01" W of longitude (Figs. 1 and 2).
The oldest unit outcropping in the area is the Puncoviscana
Formation (Turner 1960), made up of intensively folded
turbidites consisting of alternating centimetric to decimetric
beds of greywackes and pelites. During late Neoproterozoic
to early Cambrian times an important deformational event,
known as the Tilcaric Orogeny (Turner and Mendez 1975),
occurred in NW Argentina. As a result, the sedimentary
sequence of the Puncoviscana Formation was intensely
folded. This unit is unconformably overlain by pink
sandstones of the Middle to Upper Cambrian Meson Group
that is interpreted as a shallow-marine passive margin
system (Kumpa and Sanchez 1988). The greywackes and
pelites of the Ordovician Santa Victoria Group of the
Famatinian Cycle (Turner 1960; Bahlburg 1998 and refer-
ences therein) overlie the Meson Group with a transitional
contact. In Caradoc times the Ocloyic diastrophic phase
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Fig. 2 a Geological sketch map
on the of the Rio Grande area
(from http://www.google.com/
earth/index.html). Detailed
satellite images of Coraya
ocality, Yacoraite Valley and
Huichaira Valley with the out-
crops and position of studied
rocks: b from Coraya locality,
1-BCO 49, 2- BCO 51 and
3-BCO 52. ¢ from Yacoraite
Valley, 1-BYA 122, 2- BYA
123, 3-BYA 124a-b, 4- BYA
125, 5- BYA 126, 6- BYA 127,
7- P8 and d from Huichaira
Valley, 1-BHU 131. Symbols:
Punc. Fm.: Puncoviscana
Formation. Pl: Meson and
Santa Victoria Early Palacozoic
Groups. K-Eo: Salta Group.
Tc: Tertiary

(Mon 1993) generated important thrust tectonics in this
region (Seggiaro and Gallardo 2002).

The folded Neoproterozoic-Palacozoic sedimentary base-
ment is overlain by the Cretaceous-Tertiary sediments of the
Salta Group, the latter is constituted by the red-beds of the
Pirgua Subgroup and sandstones, limestones and evaporites of
the Balbuena Subgroup. South of the Yacoraite Valley, the
Jurassic Fundiciones granite (Haschke et al. 2005) which is
linked with the pre-rift magmatic phase intruded the Palacozoic
basement. After the deposition of the Salta Group, the Andean
thrust tectonics reactivated the ancient Salta rift faults
generating faults with detachments that involved large thick-
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ness of the Neoproterozoic-Palacozoic sedimentary basement.
In Fig. 3, a schematic stratigraphic column of the sequences
that outcrop in the Rio Grande Valley is shown.

Several dykes and sills, which are the object of this
study, outcrop in the Coraya (Toselli and Acefiolaza 1984),
Yacoraite (Chayle and Coira 1987; Manca et al. 1987;
Coira et al. 1990) and Huichaira secondary valleys (Hauser
et al. 2008) and intrude the sediments of Puncoviscana Fm.
(Figs. 2 and 3). Coira et al. (1990) also identified dykes and
sills intruding Mesén and Santa Victoria Groups in the
Yacoraite Valley. They are characterized by thickness
varying from a few centimeters up to 50-60 cm. They are
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generally folded, showing complex geometric relationships  rocks have been identified in this study on the basis of
with the sedimentary host rock varying from sill-like to  mineralogy and textures: (i) dykes and sills characterized by

dyke-like intrusions (Fig. 4). aphanitic to porphyritic textures with clinopyroxene phe-
nocrysts (Fig. 4a), and (ii) dykes characterized by highly
The Rio Grande dykes and sills and sampling porphyritic textures with mica and amphibole macrocrysts up

to 2 cm. This type contains abundant xenoliths (Fig. 4b, c)
The best exposures of these tabular intrusions are found in ~ concentrated along preferential zones, (e.g. sample P8),
the Yacoraite Valley, where approximately 15-20 sills and  probably indicating flow differentiation. Almost all dykes
dykes outcrop (Figs. 2 and 4). Two varieties of subvolcanic show well developed, 5-10 cm thick, fine-grained chilled
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Fig. 4 Field features of the Rio
Grande dykes and sills. a Typi-
cal aspect of sample BYA 123
tabular intrusion displaying well
developed chilled margins (Ch).
b Sample BYA 126 tabular
intrusion, intruding a pre-
existing fold in the Puncovis-
cana Formation and showing
locally cross-cutting relations
(inset), ¢ flow differentiation of
mica, amphibole and xenoliths
are shown by the this sample. d
Example of dyke-in-dyke intru-
sion for sample BYA 124 tabu-
lar intrusion. The dyke, intrudes
dyke, developing mm-size
chilled margins (Ch). Scalebar is
25 cm long. e) Aspect of sample
BCO 52 dyke intruding the
Puncoviscana Formation in the
Coraya locality

margins, and caused a local thermal metamorphism and
bleaching of the host pelites (Fig. 4a). This suggests that a
volatile rich melt was emplaced into a relatively cool
basement at upper- to medium- crustal levels (Delor and
Rock 1991).

The dyke of sample BYA 124a (Fig. 4d), has a thickness
of about 50 cm and is characterized by a fine-grained to
medium-grained porphyritic texture and aphanitic chilled
margins of ~1 cm at the contact with the sedimentary host.
This dyke is intruded in the central part by a younger dyke

@ Springer

(of sample BYA 124b), with the same texture and
mineralogical composition, that exhibits two thin (less than
0.5 cm) aphanitic chilled margins. These characteristics
indicate a multiple dyke-in-dyke injection, a typical feature
associated with extensional settings. A total of seven dyke-
like to sill-like intrusions and sills from Yacoraite Valley
(Fig. 2) were selected on the basis of field, lithological and
petrographic characteristics (Table 1). They are the best
preserved intrusive bodies and represent the two textural
varieties recognized in the valley.
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In the Coraya Valley, more than ten dykes and sills were
recognized. These tabular intrusions (Fig. 4e) have thick-
ness less than 30 cm, show fine-grained borders, and
contain small dark fragments of thermometamorphosed
host pelites. The dykes and sills are characterized by
porphyritic textures with euhedral olivine and pyroxene
phenocrysts, partially replaced by pseudomorphic calcite.
The three best preserved tabular intrusions of the Coraya
locality were selected for this study. They have different
types of relationships with the basement rocks (see Table 1).

In the Huichaira Valley, the sedimentary sequence is
strongly fractured, which makes it difficult to correlate
different outcrops and hinders the characterization of
individual dykes. Three main dykes were identified in this
valley but samples of only the best preserved body (Table 1)
were collected. They show fine-grained margins and
columnar jointing, and are characterized by porphyritic
texture with altered olivine phenocrysts.

Petrography

The Yacoraite and Huichaira Valleys lamprophyres have
porphyritic to seriate, panidiomorphic textures, globular
structures and xenoliths of both crustal and mantle origin.
On the basis of the main mineralogy, two groups of rocks
are recognized: an olivine-bearing amphibole-free group
and an olivine-free amphibole-bearing group.

The first group, represented by samples BYA 122, 123,
BYA 124, BYA 127 from the Yacoraite Valley and BHU 131
from Huichaira Valley (Table 1), is characterized by the
presence of Ti-rich zoned clinopyroxene and olivine phenoc-
rysts (Fig. 5a) and the lack of amphibole. Samples BYA 127
and BHU 131 show abundant olivine phenocrysts (Fig. 5b)
whereas samples BYA 122, BYA 123 and BYA 124 exhibit
predominantly clinopyroxene phenocrysts. In both cases the
phenocrysts represent 10-30% of the rock and are hosted in
an aphanitic groundmass constituted by prismatic microcrysts
of clinopyroxene, abundant mica and carbonate/analcime
(Fig. 5b). Globular structures of carbonate and analcime are
common (Fig. 5i, j). In this group, poikilitic phenocrysts of
clinopyroxene with olivine inclusions occur (Fig. 5g).

The second group is represented by samples P8 and
BYA 126 (Table 1), from the Yacoraite Valley. This group is
characterized by zoned amphibole, clinopyroxene and
phlogopite phenocrysts together with apatite micropheno-
crysts (Fig. 5c, d). The groundmass is made of carbonate
enclosing abundant microliths of biotite, amphibole and
apatite (Fig. 5d). In sample P8, two types of clinopyroxene
are present: the first named as green core clinopyroxene are
euhedral to subhedral crystals, with green cores, pale pink
rims, often surrounded by analcime; the second type is
colourless clinopyroxene that forms anhedral to subhedral

crystals. Similarly, two distinct varieties of amphibole
phenocrysts are recognized (Fig. 5d). One variety is named
brown core amphiboles and shows zoning from a brown core
to pale brown rims; the other variety is named green core
amphiboles and shows zoning from a green core to pale
brown rims. Phlogopite phenocrysts exhibit strong zoning
with dark brown core and pale brown rims. Clinopyroxene
macrocrysts with apatite inclusions (Fig. 5h) ranging from
0.5 to 1 mm are common (Table 2).

Cognate lithics (Fig. 5e) and crustal xenoliths are
common in this second group. The cognate lithics are
composed of hornblende, clinopyroxene and phlogopite
with petrographic features similar to the phenocrysts. The
crustal xenoliths are chiefly hornblendite and are rounded
to subangular and 2—60 mm in size. They consist mainly of
brown unzoned amphibole and minor brown biotite and
clinopyroxene showing crystalloblastic polygonal textures.
Rare clinopyroxene-bearing carbonatite-like xenoliths are
present (Fig. 5f). They are small (5 mm in diameter) and
dolomite-rich, with minor clinopyroxene and Fe-Ti oxide
crystals. Triple junctions between crystals of clinopyroxene
and carbonate are observed. Macrocrysts formed by brown
amphibole included poikilitically by olivine or diopside
crystals were recognized (not shown).

The Coraya Valley rocks have a porphyritic, panidiomor-
phic texture with phenocrysts of olivine and pyroxene with
pseudo-hexagonal and pseudo-octagonal outlines, which are
completely replaced by calcite and serpentine. The phenocrysts
make up approximately 25% of the rock. The aphanitic
groundmass is extensively altered to carbonate and is
characterized by the presence of abundant biotite and minor
Fe-Ti oxide crystals. These latter phases also occur as poikilitic
inclusions in the rims of olivine and pyroxene phenocrysts.

Globular structures

A characteristic feature of the Rio Grande subvolcanic
rocks is the presence of ocelli and segregation textures,
extensively described in the literature as a common feature
in alkaline lamprophyres (Fareeduddin et al. 2001; Azbej et
al. 2006; Nedli and Téth 2007). The ocelli show globular
shapes, display rounded to elongated forms and are
approximately 1.0 mm in diameter. Segregations (Rock
1979, 1991), i.e. leucocratic structures with no clear limits
and gradation into their hosts, are observed.

On the basis of their mineral compositions, three types of
ocelli have been recognized: (i) Type-I ocelli, the least
abundant type, have globular to elongated carbonate cores
surrounded by radial clinopyroxene and some acicular
apatite crystals. The contact with their host is generally
sharp (for example, in sample BHU 131, Fig. 51). (ii) Type-II
ocelli (Fig. 5j) are more abundant and are characterized by
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Constraints on metasomatized mantle under Central South America 161

Fig. 5 Photomicrographs of typi-
cal features exhibited by the Rio
Grande subvolcanic rocks: Olivine-
bearing amphibole-free group: a
porphyritic texture with euhedral,
zoned clinopyroxene (Cpx) and
minor euhedral altered olivine (Ol)
phenocrysts. Note the high crystals/
groundmass proportions and b
euhedral olivine phenocrysts in the
groundmass. These commonly
show instable features as embay-
ment. The groundmass is com-
posed by abundant clinopyroxene
and biotite crystals. In this photo-
micrograph is observed also the
Type-1II ocelli, completely formed
by carbonate. Amphibole -bearing
olivine -free group: ¢ typical por-
phyritic texture of sample P8 with
abundant zoned amphibole (Amph)
and zoned phlogopite (Phlo) phe-
nocrysts, and apatite (Ap) micro-
phenocryst (extinct position) and d
two amphibole types, the brown-
core and the green-core varieties
(sample P8). Note the high car-
bonate and mica concentrations in
the groundmass. The green core
amphibole has a rim of Ba- and Sr-
rich carbonate. e Cognate lithic in
sample P8, composed by amphib-
oles, clinopyroxenes and phlogo-
pites. f Clinopyroxene bearing
carbonatite-like xenolith from sam-
ple P8, constituted by Ba- and Sr-
rich carbonate (Cb), and minor Cr-
rich augite (Cr-Cpx). g Phenocryst
of poykilitic diopside (Cpx) with
inclusion of olivine crystals (Ol)
from sample BYA 123 of the
Olivine-bearing amphibole-free
group. h Phenocryst of poikilitic

p:

ks 8 L
augite enclosing abundant apatite 0l | %ﬁ;‘ i*@ » %
o

(Ap) crystals (extinct position) in
the Amphibole -bearing olivine -
free group. i Characteristics of
Type-I ocelli: concentric zones of
carbonate surrounded by radial
diopside crystals. j The Type-II
ocelli and segregations. This ocelli
type is marked by analcime form-
ing the central pool surrounded by
carbonate. The segregations are
characterized by high concentra-
tions of biotite microphenocrysts
(Seg-Bio) or by high concentra-
tions of carbonate (Seg-Cb)

G

analcime surrounded by carbonate crystals. Occasionally  Type-IIl ocelli (Fig. 5b) are very common and composed of
biotite crystals occur at the rim or inside the ocelli. The  carbonate, occasionally surrounded by biotite or Ti-Fe oxide.
contact between this type of ocelli and the host groundmass is Two compositional end members of segregations are
marked by carbonate-rich and biotite-poor segregations. The  identified according to the proportion of carbonate or Ti-rich

@ Springer
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Table 2 Representative modal abundances (%) of alkaline lamprophyres
from Rio Grande Valley

P8 BYA 123 BYA 124 BYA 127 BYA 131

Phenocrysts
Olivine 0 4 10 21 20
Clinopyroxene 7 39 41 4 9
Amphibole 22 0 0 0
Bio/Phlogopite 12 0 0 0
Apatite 2 0 0 0
Lithics 12 <1 1 0 0

Groundmass
Analcime 7 4 3 12 14
Carbonate 13 4 3 7 6
Clinopyroxene 0 13 14 23 20
Amphibole 7 0 0 0 0
Bio/Phlogopite 11~ 30 22 27 25
Apatite 1 0 0 0 0
Opaques 6 4 6 6 6
TOTAL 100 100 100 100 100

biotite: a Ti-biotite rich and carbonate poor type (Seg-Bio in
Fig. 5j), and a carbonate rich and Ti-biotite-poor type (Seg-
Cb in Fig. 5j). The second type is commonly in contact
with the Type-II ocelli.

Petrographic characteristics such as the presence of (i)
porphyritic panidiomorphic textures, (ii) leucocratic carbonate-
analcime rich ocelli and (iii) abundance of hydrated minerals
such as amphibole and phlogopite, permitted us to classify the
Rio Grande subvolcanic rocks as alkaline lamprophyres.

Mineral chemistry

The composition of minerals was obtained using a
CAMECABAX SX 50 electron microprobe at the Electron
Microprobe Laboratory of the University of Brasilia
(Brazil). Wavelength-Dispersive (WDS) analyses were
performed at an accelerating voltage of 15 kV and a beam
current of 25 nA with a spot size of 1 pm. Acquisition time
was 100 s. Each element was standardized using either
synthetic or natural minerals. Mineral chemistry studies
were carried out for olivine, clinopyroxene, amphibole,
mica, analcime, apatite and carbonates from the better
preserved dykes of the Yacoraite and Huichaira Valleys.

Olivine
Representative compositions of olivine of samples BYA
124a and BYA 127 from the Yacoraite Valley are shown in

Table 3. Compositions of olivine phenocrysts as well as
xenoliths range from Fo, to Fogs. Phenocrysts in sample

@ Springer

BYA 127 show a slight decrease in forsterite content from
cores (Foge) to rims (Fogs) but in general, all phenocrysts,
microphenocrysts and xenolith crystals have rather homo-
geneous compositions (limited intra-grain variation).

Clinopyroxene

The compositions of clinopyroxene are shown in Tables 4 and
5; they represent phenocrysts/microphenocrysts, groundmass
microliths, as well as crystals in hornblendite and
clinopyroxene-bearing carbonatite-like xenoliths. According
to the nomenclature proposed by Morimoto et al. (1988), all
the analyzed crystals belong to the calcic series.

Most of the clinopyroxenes fall in the Fe-diopside field,
with some macrocrysts and crystals from clinopyroxene-
bearing carbonatite-like xenoliths falling in the Mg-augite
field. In all samples an evolution trend toward salite
composition is observed (Fig. 6).

In sample P8 the green core clinopyroxenes have cores
with high Na,O content (~2.5 wt. %) and Mg# of ~67, and
shows reverse zoning, with rims having lower Na,O (<1 wt.
% of Na,O) and higher Mg# ~74, whereas the colourless
clinopyroxenes have cores with less Na,O (~1.3 wt. %),
higher Mg# of ~78 (Table 5), and normal zoning with rims
showing Na,O <0.9 wt. % and lower Mg# of ~74. In the
clinopyroxene-bearing carbonatite-like xenoliths from the
same sample, augite crystals are classified as chromian-
sodian augite with high Cr,O; content (up 1.1 wt. %) and
Mg# of ~90 (Table 5).

Clinopyroxenes from samples BYA 123, 124a, 127 and
BHU 131 have increasing Ti content from core to rim, with
some crystal rims being titanian-diopside (> 0.10 Ti apfu). In
the ALO3/Mg# vs. TiO, diagram (Fig. 7) two groups with
different compositions are observed. The first group composed
of clinopyroxene crystals from samples BYA 127 and BHU
131 displays a positive trend with higher TiO, contents. The
second group represented by clinopyroxenes from sample P8
shows a similar trend but with lower TiO, contents.
Clinopyroxenes of samples BYA 123 and BYA 124 are
intermediate in composition between the two groups. Three
clinopyroxenes from Type-I ocelli in sample BYA 127 show
distinctive compositions with low Al,O3;/Mg# and TiO,
contents. The clinopyroxenes from cognate lithics (sample
P8) show the lowest Al,O3/Mg# and TiO, contents whereas
the clinopyroxenes from the carbonatite-like xenoliths (sam-
ple P8) are characterized by low TiO, and intermediate
Al,Os/Mg# values.

Amphibole
Amphibole, present in samples P8 and BYA 126, has been

analyzed only in sample P8 that shows the best preserved
minerals. The analyses on sample P8 were carried out on
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Fig. 6 Representative clinopyr-
oxene compositions for five se-
lected samples from Rio Grande
subvolcanic rocks. Wollastonite

A colourless crystals
A green cores
A rims of green cores

(Wo)-Enstatite (En)-Ferrosilite
(Fs) classification diagram (after
Morimoto et al. 1988). Micro-
photographs of the two types of
clinopyroxenes of sample P8 are
shown: a colourless clinopyrox-
enes and b green-core
clinopyroxenes

Diopside
45

Ch-rich xenoliths

Mg-augite

/ Salite Salite
50 50
45 / o 45 0 %
/ BYA 123 BYA 124a
En —Fs
Wo Wo
Salite Salite
50 ﬁ;} 50 m
45 s 45
/ BYA 127 BHU 131
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two different varieties of phenocrysts (brown core amphiboles
and green core amphiboles) and on crystals from cognate
lithics. Representative analyses are presented in Table 6. The
amphiboles belong to the calcic group (Fig. 8a) with (Ca+
Na)z>1.00 and Nag <0.50 (Leake et al. 1997). All crystals

7
PN colourless crystals &
| & P8| green cores
A rims of green cores fs
s|_|oByais
¢ BYA 124a Oun
$BYA 127 0%0 ¢
-~ I~ |©BHU 131
& o
cY o m}
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& O
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o
¢
g_ Cherich xenoliths
L 11 1 [ N AN A
0.1 |
ALOMg#

Fig. 7 Al,O3/Mg# vs. TiO, diagram showing two compositional
trends for clinopyroxenes on the basis of increasing TiO, contents
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have pargasitic compositions (Al'Y>Fe"?) and due to their Ti
apfu content (0.25<Ti<0.49) they classify as titanian
pargasite. The cognate lithics are richer in Si with two
crystals plotting in the edenitic field (Si in formula > 6.5).

The green-core amphibole group shows important
compositional zoning characterized by an increase in TiO,
and decrease in Na,O (Fig. 8b) from cores to rims. They
have high Na,0 (3.98-4.30 wt. %), low TiO, (1.24 to 1.70
wt. %), high ALO;3 (13.0 wt. %) and Mg# varying between
0.65 and 0.71. The brown-core amphibole group exhibits
minor compositional zoning with high TiO, (4 wt. %), Mg#
between 0.63-0.70 and low Al,O3 (12.5 wt. %). The rims
of the two types have approximately the same composition
with TiO, (~3.5 wt. %), low Na,O (2.5-3.13 wt. %) and
Mg# between 0.65 and 0.71.

Mica

The representative compositions of mica listed in Table 7
include phenocryst, microphenocryst/mesophenocryst
analyses. Micas from cognate lithics (sample P8) and
globular structures (sample BHU 131) have also been
analyzed. In the diagram Si apfu vs. Mg/Mg+Fe*? (Fig. 9;
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Table 6 Representative electron microprobe analyses of amphibole minerals of the Rio Grande subvolcanic rocks

Sample P8

Brown-core Amphibole

Green-core Amphibole

Cognate lithics

1 2 3 4 5 6
Rim Inter Rim Core Rim Core Rim Inter Core
SiO, 41.22 40.75 40.30 40.99 40.13 41.01 41.49 41.30 42.77 43.53 44.24
TiO, 2.84 3.99 3.90 4.15 3.96 1.24 3.46 1.22 1.40 2.97 2.33
Al,O3 12.07 12.62 13.16 12.45 12.97 14.45 11.28 14.12 13.38 11.57 10.11
Fe,03 1.33 0.47 0.06 0.82 0.56 3.07 0.31 3.12 2.52 0.19 2.04
FeO 3.84 11.74 10.38 12.61 10.09 10.70 13.37 8.92 9.46 8.47 10.45
Cr,0; 0.00 0.07 0.03 0.00 0.01 0.00 0.07 0.01 0.00 0.47 0.21
MnO 0.17 0.13 0.14 0.17 0.14 0.25 0.24 0.23 0.30 0.10 0.20
MgO 14.57 12.19 13.41 11.67 13.69 11.13 11.48 12.54 12.80 15.27 13.79
CaO 11.90 10.64 11.99 10.58 11.94 9.63 11.24 10.14 9.76 11.39 10.10
Na,O 2.74 2.80 2.29 2.70 2.50 4.02 3.13 3.74 3.98 3.29 4.20
K,0 1.42 2.11 1.99 2.00 1.90 1.06 1.86 1.29 1.33 1.25 1.15
Total 97.08 97.50 97.65 98.15 97.89 96.55 97.94 96.60 97.69 98.51 98.82
Structural formula based on 23 oxygens
Si 6.11 6.09 5.98 6.10 5.95 6.14 6.22 6.15 6.28 6.30 6.46
AllV 1.89 1.91 2.02 1.90 2.05 1.86 1.78 1.85 1.72 1.70 1.54
Site T 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
AlVI 0.22 0.31 0.28 0.29 0.21 0.69 0.22 0.62 0.60 0.28 0.20
Fe** 0.15 0.05 0.01 0.09 0.06 0.35 0.04 0.35 0.28 0.02 0.22
Ti 0.32 0.45 0.44 0.46 0.44 0.14 0.39 0.14 0.15 0.32 0.26
Cr 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.05 0.02
Mg 3.22 2.72 2.97 2.59 3.03 2.49 2.57 2.78 2.80 3.29 3.00
Fe** 1.09 1.47 1.29 1.57 1.25 1.33 1.68 1.11 1.16 1.03 1.28
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mn 0.00 0.00 0.02 0.00 0.01 0.00 0.03 0.00 0.00 0.01 0.02
Site C 5.00 5.00 5.00 5.00 5.00 5.00 4.93 5.00 5.00 5.00 5.00
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe** 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mn 0.02 0.01 0.00 0.02 0.01 0.03 0.00 0.03 0.04 0.01 0.01
Ca 1.89 1.70 1.91 1.69 1.90 1.54 1.81 1.62 1.54 1.77 1.58
Na 0.09 0.28 0.09 0.29 0.09 0.42 0.19 0.36 0.43 0.23 0.41
Site B 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Na 0.70 0.53 0.57 0.49 0.63 0.75 0.72 0.72 0.71 0.70 0.78
K 0.27 0.40 0.38 0.38 0.36 0.20 0.36 0.24 0.25 0.23 0.21
Site A 0.97 0.93 0.95 0.87 0.99 0.95 1.07 0.97 0.96 0.93 0.99
(Ca+Na)B 1.98 1.99 2.00 1.97 1.99 1.96 2.00 1.97 1.96 1.99 1.99
NaB 0.09 0.28 0.09 0.29 0.09 0.42 0.19 0.36 0.43 0.23 0.41
CaB 1.89 1.70 1.91 1.69 1.90 1.54 1.81 1.62 1.54 1.77 1.58
(Na+K)A 0.97 0.93 0.95 0.87 0.99 0.95 1.07 0.97 0.96 0.93 0.99
Si 6.11 6.09 5.98 6.10 5.95 6.14 6.22 6.15 6.28 6.30 6.46
Mg/(Mg+Fe2+) 0.75 0.65 0.70 0.62 0.71 0.65 0.60 0.71 0.71 0.76 0.70
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Fig. 8 a Classification diagram for amphiboles from sample P8 (after
Leake et al. 1997). All crystals are plotted in the calcic amphiboles
field and are classified as Titanian-Pargasite. b Al,Oz/Mg# vs. TiO,
diagram showing the compositional variation for green-core and
brown-core amphiboles and xenoliths crystals. Arrows show the core
to rim evolution. Microphotographs of A) Cognate lithic and B)
Green-core amphibole are shown

Rieder et al. 1998) two groups of mica can be defined. One
group, which plots close to the biotite-phlogopite boundary
with Mg/Mg+Fe™ ratios between 0.61 and 0.66, is
represented by cores of phenocrysts in sample P8, micro-
crysts of samples BYA 124 and BYA 127 and micro-
phenocrysts inside and around the globular structures of
sample BHU 131. A second group, with Mg/Mg+Fe"
ratios between 0.67 and 0.96, is represented by rims of
phenocrysts, microphenocrysts and mica in cognate lithics
of sample P8. Mica from sample BYA 127 shows a wide
variation of Mg# probably due to different degrees of
oxidation. A phlogopite included in an olivine phenocryst
core, in sample BYA 127 show the highest Mg# of 0.96.
In sample P8 the phenocrysts are characterized by a
decrease in TiO, and Al,O3 contents and increase in Mg/
Mg+Fe'? and BaO contents from cores to rims. Biotites

@ Springer

related to ocelli and segregations are characterized by lower
Mg and higher TiO, (from 5.59 to 7.88 wt. %), Al,O3
(from 14.5 to 16.0 wt. %) and BaO (from 0.43 to 2.08 wt.
%) contents.

Apatite

Apatite was only found in sample P8. The apatite
compositions in Table 8 represent one phenocryst apatite
and apatite inclusions in a poikilitic macrocryst of clino-
pyroxene. The phenocryst has higher SrO contents (1.08
wt. %), compared to the apatite inclusions (0.30 to 0.43 wt.
% SrO).

Analcime

Analcime is a subordinate phase in the groundmass, but an
important mineral in ocelli and segregations. Its composi-
tion is homogeneous with 57 wt. % SiO,, 24 wt. % Al,O3
and 13 wt. % Na,O and very low CaO and K,O contents
(Table 9).

Carbonate

Carbonates have been analyzed (Table 10) in groundmass,
clinopyroxene-bearing carbonatite-like xenoliths and globu-
lar structures (ocelli and segregations). Most of the analyzed
carbonates are dolomite in composition. Breunnerite compo-
sitions only occur in segregations. The carbonate from the
carbonatite-like xenolith is rich in Sr (2.5-3.0 wt. % SrCOs)
and moderately rich in Ba (0.2 wt. % BaCO3).

Analytical procedures

Samples for geochemical analyses were washed and
weathered and veined surfaces were cut off. The rocks
were crushed and milled in a videa mill to a very fine
powder. Major elements and Ni and Sc (ppm) were
analyzed by ICP-OES and trace element analyses were
carried out by ICP-MS at ACME Laboratories in Canada.
Sm-Nd and Rb-Sr isotopic analyses followed the method
described by Gioia and Pimentel (2000) and were carried
out at the Geochronology Laboratory of the University of
Brasilia, Brazil. Whole-rock powders (~100 mg) were
mixed with '**Sm-">’Nd spike solution and dissolved in
savillex capsules. Sr, Sm and Nd extraction of whole rock
samples followed conventional cation exchange techniques,
with Teflon columns containing LN-Spec resin (HDEHP-
diethylhexil phosphoric acid supported on PTFE powder).
Sr, Sm and Nd samples were loaded on Re evaporation
filaments of double filament assemblies, and the isotopic
measurements were carried out on a multicollector
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Fig. 9 Classification diagram
for mica compositions (after
Rieder et al. 1998)

Mg/(Mg+Fe" )

1.0

0.8 —

0.6 —

04 —

02—

0.0

&
PAVYIASVAN 3
A Phlogopite
A Phlogop
.-""M
WAYAY &
Biotite
<& A micro- and phenocrysts
P8 rims
< Fay core of phenocrysts
A Cognate lithics
O BYA123
< & BYA 127 (microphenocrysts)
O BHU 131 (ocelli)

Table 8 Representative electron microprobe analyses of apatite
minerals of the Rio Grande subvolcanic rocks

Sample P8
Phenocryst Inclusions in Cpx phenocrysts
1 2 3
SiO, 0.00 0.13 0.12
AL O3 0.00 0.00 0.01
MgO 0.14 0.38 0.34
Fe,0; 0.34 0.34 0.32
CaO 53.31 53.83 54.50
Na,O 0.35 0.06 0.12
K,0 0.00 0.01 0.03
P,05 41.67 40.14 40.51
Cl 0.24 0.13 0.11
SrO 1.08 0.43 0.31
BaO 0.01 0.00 0.00
H,03 1.70 1.69 1.72
Total 98.83 97.14 98.07
Cations per formula unit
Na 0.12 0.02 0.04
Si 0.00 0.02 0.02
Al 0.00 0.00 0.00
Mg 0.04 0.10 0.09
K 0.00 0.00 0.01
P 6.02 5.90 5.90
Ca 9.74 10.02 10.04
Cl -0.05 -0.03 -0.02
Sr 0.11 0.04 0.03
Fe 0.05 0.05 0.05
Ba 0.00 0.00 0.00
H 0.56 0.57 0.57
Cations 16.57 16.69 16.71
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Finnigan MAT 262 mass spectrometer in static mode.
Uncertainties on *’Sr/*°Sr ratios were better than +£0.01%
(20) and of SmyNd and 'Nd/'**Nd ratios were better than
+0.2% (20) and +0.005% (20), respectively, according to
repeated analyses of international rock standards BHVO-1
and BCR-1. '"¥Nd/'**Nd ratios were normalized to
1N d/'*Nd of 0.7219, and the decay constant used was
6.54x10 12 yfl. The Tpy values were calculated using
DePaolo’s model (1981).

The K-Ar age was obtained at the CPGeo (Center for
Geochronological Research) of the University of Sdo Paulo.
Gases were extracted from samples and purified using a
high-vacuum extraction line. 40Ar* concentration was
determined using an “off-line” gas source Reynolds-type
mass spectrometer and K concentration was obtained using a
conventional flame photometry technique, in a Micronal
B462 photometer. A detailed description of this methodology
is reported in Amaral et al. (1966).

Geochemical characteristics
Alteration

Most of the selected rocks are fresh to moderately altered
(Table 1) and characterized by a groundmass with variable
amounts of carbonate and analcime. In all bulk chemical
analyses, loss on ignition (LOI) values are high, varying
from 5.9 to 22.8%., as a common feature of lamprophyre
rocks (Rock 1991; Nedli and Téth 2007). High water
content in Rio Grande lamprophyres are attested by the
abundance of Titanian pargasite and biotite/phlogopite
phenocrysts in the amphibole-bearing olivine-free group,
and the abundance of biotite/phlogopite microphenocrysts
in the olivine-bearing amphibole-free group. Such high
water contents characterized not only the magma source but
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Table 9 Representative electron microprobe analyses of analcime minerals of the Rio Grande subvolcanic rocks
BYA 123 BHU 131 P8
in Ocelli in Ocelli in Bt-rich segregation in Ocelli in Groundmass
1 2 3 4 5 6 7 8 9 10 11
SiO, 54.66 59.20 61.92 58.02 57.23 53.20 55.76 52.18 62.77 50.61 52.08
AlLO4 25.46 24.85 22.71 2491 24.63 23.73 21.17 24.92 22.47 22.72 23.19
FeO 0.51 0.13 0.18 0.16 0.01 0.07 0.09 0.63 0.26 0.04 1.23
CaO 0.69 0.05 0.01 0.13 0.00 0.30 0.11 0.63 0.08 0.29 0.32
Na,O 10.46 13.58 12.18 12.24 13.26 12.93 13.96 10.92 10.91 11.46 11.85
K,O0 0.20 0.08 0.08 0.05 0.04 0.25 0.12 0.34 0.09 0.27 0.55
Total 91.99 97.90 97.08 95.50 95.28 90.49 91.30 89.62 96.69 85.42 89.23
Cations calculated on the basis of 7 oxygens
Si 2.29 2.48 2.59 243 2.39 223 2.33 2.18 2.63 2.12 2.18
Al 1.26 1.22 1.12 1.23 1.21 1.17 1.04 1.23 1.11 1.12 1.14
Sum T 3.54 3.70 3.71 3.65 3.61 3.39 3.38 3.41 3.73 3.24 3.32
Fe’" 0.02 0.00 0.01 0.01 0.00 0.00 0.00 0.02 0.01 0.00 0.04
Ca 0.03 0.00 0.00 0.01 0.00 0.01 0.01 0.03 0.00 0.01 0.01
Na 0.85 1.10 0.99 0.99 1.08 1.05 1.13 0.89 0.88 0.93 0.96
K 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.02 0.00 0.01 0.03
Sum A 0.91 1.11 1.00 1.01 1.08 1.08 1.15 0.95 0.90 0.96 1.05
Cations 4.45 4.81 4.71 4.66 4.69 4.47 4.52 437 4.64 4.20 4.37

also the late stage of evolution when groundmass analcime
and carbonate crystallized. At this stage, the H,O content
could have been enough to allow separation of a fluid phase
from the melt.

The high volatile contents observed in the fresh and altered
samples from Rio Grande lamprophyres may also be
interpreted in part as CO, derived from primary or secondary
carbonate. The mineral chemistry analyses revealed that the
dolomite of some xenoliths and ocelli show high SrO and
BaO contents (Table 10) that is common in magmatic
carbonate. On the other hand the host sedimentary rocks do
not have hydrothermal or metamorphic alteration that could
explain the presence of secondary carbonate. Taking into
account this evidence we considered that the carbonate of the
studied lamprophyre rocks might be the result of late
magmatic autometasomatic processes such as circulation
of H,O- and CO,-rich volatiles, occurring extensively in
lamprophyres (Rock 1991; Vichi et al. 2005).

Whole-rock chemistry

Major and trace element analyses were carried out on
eleven selected samples (Table 11). The analyzed samples
show high TiO, (up to 4.83%) and MgO (~ 10%) but
variable concentrations of Na,O (0.09-3.65) and K,O
(0.87-1.9 wt. %). For classification purposes we used the
Nb/Y vs. Zr/TiO, diagram (Winchester and Floyd 1977)

normally used in the literature for lamprophyre classifica-
tion (e.g. Nedli and Toth 2007). The diagram (Fig. 10)
shows that the Rio Grande lamprophyres have transitional
compositions between alkali basalts and basanites/nephe-
linites, similar to the composition of alkaline lamprophyre
monchiquites (Rock 1991).

High contents of compatible trace elements (164—
253 ppm Cr, 152-423 ppm Ni, 17-24 ppm Sc, 44—
95 ppm Co and 202—400 ppmV) indicate small degrees of
fractionation (Table 11). The wide range in some incom-
patible trace elements (229-1666 ppm Ba, 356-2590 ppm
Sr, 22-75 ppm Rb and 57-251 ppm Nb) may reflect
alteration, although similarly high concentrations and wide
variations of LILE have been described for several
lamprophyres (e.g. Rock 1991; Azambre et al. 1992; Szabd
et al. 1993; Dostal and Owen 1998; Ngounouno et al. 2005;
Nedli and Téth 2007). Sample P8 displays the highest
contents of Ba, Sr, Nb and LREE.

The trace element compositions normalized to chondrites
(Thompson 1982) show enrichment in LILE and LREE
with values from 50 to approximately 800 times the
chondritic values (Fig. 11a). The HREE and HFSE contents
range from 6 to approximately 200 times the chondritic
values. Evident negative K and Sr anomalies together with
a small negative Ti anomaly are observed. A monchiquite
(Rock 1991) and ocean island basalt (Sun and McDonough
1989) are shown for comparison.
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Table 11 Representative major and trace elements analyses from the Rio Grande subvolcanic rocks

Groups Amphibole free, olivine bearing group Amphibole bearing,
olivine free group

Locality sample Coraya Yacoraite Huichaira Yacoraite

BCO 49 BCOS51 BCOS52 BYA 122 BYA 123 BYA 124a BYA 125 BYA 127 BHU 131 P8 BYA 126

Major oxides (Wt%)

Si0, 33.55 52.71 33.50 38.54 38.05 38.03 28.53 35.24 37.45 26.48 28.80
TiO, 2.72 3.54 4.83 2.56 2.71 2.73 3.68 3.35 3.93 2.52 422
AlLO; 8.72 9.43 14.05 14.20 9.71 9.24 10.63 9.27 10.32 7.11 9.72
Fe,05 (¢ 14.12 14.81 25.81 11.73 13.15 11.40 8.22 13.44 12.85 12.09 17.94
MnO 0.20 0.29 0.08 0.20 0.17 0.15 0.43 0.21 0.16 0.34 0.35
MgO 12.67 1.77 6.91 7.26 12.19 9.97 8.48 11.43 9.96 10.99 9.46
CaO 9.48 6.06 3.26 7.05 11.60 9.43 14.18 13.15 10.96 16.76 10.01
Na,O 0.17 0.06 2.32 3.65 1.50 1.42 0.09 2.12 2.90 2.89 0.11
K,0 0.54 1.90 0.71 1.63 1.78 1.56 1.21 1.71 0.87 0.89 1.07
P,0s5 1.14 0.98 2.28 1.33 1.04 0.58 1.42 1.32 0.97 1.99 1.68
L.O.I 16.40 8.20 5.90 11.50 7.60 15.20 22.80 8.30 9.30 17.50 16.30
Total 99.71 99.75 99.65 99.65 99.50 99.71 99.67 99.54 99.67 99.56 99.66
Trace elements (ppm)

Be 3 4 4 4 2 3 2 3 3 4 4

Sc 24 17 24 19 20 23 22 19 18 16 19

Ti 16306 21222 28956 15347 16246 16366 22062 20083 23560 15120 25299

v 202 242 400 234 219 218 218 256 263 190 269

Cr 250 226 253 75 164 226 178 171 164 109 113

Co 84 47 69 44 63 68 73 69 59 73 95

Ni 423 244 350 95 177 324 257 193 152 141 240

Cu 31 165 47 108 85 89 86 71 77 56 66

Zn 157 70 156 122 73 89 127 105 56 104 400

Ga 14 10 25 26 17 16 20 19 21 14 27

As 8 28 14 9 6 10 12 4 17 12 4

Se b.d.l 1 1 1 1 b.d.1 1 b.d.1 1 b.d.l b.d.l

Rb 22 75 26 63 62 52 57 71 35 27 56

Sr 356 275 413 754 1041 712 828 1657 812 2589 437

Y 29 31 56 45 29 21 47 38 31 67 56

Zr 223 283 416 303 254 180 404 311 316 259 507
Nb 80 89 171 115 100 58 129 138 91 251 193

Mo 1 1 1 3 4 2 0 0 2 16 1

Ag b.d.1 b.d.l b.d.1 0 b.d.1 0 0 b.d.1 b.d.1 b.d.l b.d.1

Cd 0 0 b.d.1 0 0 0 0 0 0

Sn 1 2 3 2 1 2 2 2 2 2

Sb 1 2 0 0 0 0 b.d.l 0

Cs 4 6 5 12 8 41 36 87 39 27

Ba 318 315 283 394 1008 466 229 1016 881 1666 324

Hf 6 7 9 7 6 5 9 7 7 5 12

Ta 4 6 9 6 6 4 8 8 6 8 13

w 16 35 20 39 40 38 47 58 49 55 10

Au* 7 17 11 14 b.d.1 31 14 51 b.d.1 9 10

Hg b.d.1 b.d.1 b.d.1 b.d.1 0 0 0 b.d.1 0 0 0

Tl 0 0 0 0 0 0 0 0 0 0 0

Pb 33 74 38 11 7 65 26 5 3 22 20
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Table 11 (continued)

Groups Amphibole free, olivine bearing group

Amphibole bearing,
olivine free group

Locality sample Coraya Yacoraite Huichaira Yacoraite
BCO 49 BCOS51 BCOS52 BYA 122 BYA 123 BYA 124a BYA 125 BYA 127 BHU 131 P8 BYA 126
Bi b.d.l 1 0 0 b.d.l b.d.l 0 b.d.l b.d.l 0 b.d.l
Th 10 10 27 21 13 7 17 15 11 57 19
U 3 13 7 5 3 6 4 2 11 7
Rare earth elements (ppm)
La 88 83 182 117 97 56 134 132 81 298 139
Ce 180 175 371 244 198 112 288 262 170 570 284
Pr 18 17 35 24 19 11 28 25 18 57 27
Nd 66 66 134 89 70 44 106 93 68 190 103
Sm 12 12 23 15 12 8 18 16 12 28 18
Eu 4 4 7 4 3 2 6 5 4 7 6
Gd 9 10 19 12 9 6 15 12 10 19 15
Tb 1 1 3 2 1 1 2 2 1 3 2
Dy 6 7 13 9 6 4 9 8 7 13 11
Ho 1 1 2 2 1 1 2 1 1 2 2
Er 3 3 5 4 3 2 4 3 3 5 5
Tm 0 0 1 1 0 0 1 0 0 1 1
Yb 2 2 4 3 2 1 3 3 2 4 4
Lu 0 0 0 1 0 0 0 0 0 1 0
La/Yb, 29 25 32 23 37 28 33 35 27 53 25
La/Sm, 5 4 5 5 5 4 5 5 4 11 5
Gd/Yb, 4 4 4 3 4 4 4 5 3

(*) concentrations of Au element in ppb

5
: Q Rio Grande alkaline lamprophyres
¥ Monchiquite (AL). Rock 1991
1E Phonolite
" B Rhyolite
e L
= -
e 01 3 RhyodacitefDaER;_-"“‘“ Trachyte
E Andesite
0.01 = Alk-Bas
é Andesite/Basalt Ben/Nph
C Subalkaline Basalt
0001 1 1 IIIII[I 1 1 II]IIII 1 L1 L1111
0.01 0.1 1 10

Nb/Y

Fig. 10 Rock classification diagram using Zr, Ti, Nb and Y immobile
elements (Winchester and Floyd 1977) for the Rio Grande subvolcanic
rocks
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Total REE concentrations range from 376 to 798 ppm
(Table 11). Chondrite-normalized trace element patterns
(Sun and McDonough 1989) are characterized by strong
LREE enrichment and REE fractionation with (La/YD),
ratio varying from 23.1 to 36.8 for all samples except for
sample P8. The (La/Sm), and (Gd/YDb), values from 4.15
to 5.06 and from 2.79 to 4.36 respectively, indicate that
garnet was not an important phase in the source (Fig. 11b).
Sample P8 has a higher (La/Yb), ratio of 53.08, with (La/
Sm), and (Gd/Yb), values, 10.65 and 5.01 respectively,
indicating a stronger enrichment in LREE with respect to
the other samples. This enrichment may be due to the
presence in the groundmass of magmatic carbonatitic
material (see Fig. 5). The lack of a Eu anomaly suggests
that plagioclase fractionation (either by crystal fraction-
ation or upper crustal contamination) was not important
during the origin and differentiation of the original
magma.
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Fig. 11 a Chondrite normalized abundance spidergrams (Thompson
1982) and b REE normalized diagram (Sun and McDonough 1989)
for the Rio Grande rocks. For comparison monchiquite-alkaline
lamprophyres (Rock 1991) and average ocean island basalt (OIB;
Sun and McDonough 1989) are shown

Geochronology and isotopic data
K-Ar data

Biotite macrocrysts and microcrysts (up to 2 cm) were
separated from two samples (BYA 126 and P8) for K-Ar
geochronology. The analyses (Table 12) resulted in K-Ar
ages of 190£11 Ma (sample BYA 126) and 163+9 Ma
(sample P8). These two K-Ar ages even considering
the analytical uncertainties, are not overlapping. The
discrepancy between the two ages may be due the alteration
of sample BYA 126. For this reason we consider the 163+
9 Ma age of sample P8 as the representative age of this
group of lamprophyres.

Table 12 K-Ar biotite age data for the Rio Grande subvolcanic rocks

Sr and Nd isotopic data

Nine samples for whole rock Nd isotopic analyses and six
samples for whole rock Sr isotope analyses were selected.
Sm and Nd concentration were determined by isotopic
dilution, whereas ICP-MS was used for determination of
Rb and Sr contents (Table 13). Initial Sr and Nd isotopic
ratios have been re-calculated at /63 Ma (Fig. 15).

The Rio Grande rocks display a notable variation in
initial ®’Sr/*°Sr isotopic ratios. Samples BCO 49, BYA
124a, BYA 125 and BHU 131 have moderately high initial
87Sr/%°Sr isotopic ratios ranging from 0.70724 to 0.70781,
whereas samples P8 and BYA 127, present lower Sr initial
ratios of 0.70377 and 0.70455, respectively. The ¢éNd (t)
values are positive, ranging between + 1.5 (sample BHU
131) and + 5.6 (sample BYA 124a). Tpy model ages vary
between 250 and 640 Ma (Table 13).

Discussion

Lamprophyres are melanocratic hypabyssal igneous rocks
rich in H,O and/or CO, (e.g. Rock 1991) characterized
by porphyritic textures and mafic phenocrysts. Their
petrogenesis is complex and they are considered to
represent mantle-derived magmas, some of which were
generated at considerable depths (100—150 km) (e.g. Rock
1991; Bernard-Griffiths et al. 1991; Bédard 1994; Nedli
and Toth 2007).

Three main types of lamprophyres are described in the
literature: calc-alkaline lamprophyres (CAL), alkaline
lamprophyres (AL) and ultramafic lamprophyres (UML)
(Rock 1987, 1991). They are all considerably enriched in
volatile elements (H,O, CO,, F, Cl), and in LILE. The
group of calc-alkaline lamprophyres consists mainly of the
rock-types minette, vogesite, kersantite, spessartite, appinite
and kentallenite, which correspond roughly to basaltic-
andesite composition but are considerably enriched in some
elements (K, Rb, Ba, Mg, Cr, Ni, etc) and more closely
approximated geochemically by some shoshonites and
absarokites (Rock 1987, 1991). The group of alkaline
lamprophyres consists mainly of the rock-types camptonite,
monchiquite and sannaite (Rock 1991) which correspond

Sample Rock type Mineral Age (Ma) Max. Error Ar* rad ccSTP/g Ar* atm (%) % K K error (%)
(2 sigma) (*107°)

BYA 126 alkaline-lamprophyre bt 190.3 10.6 44.60 15.01 5.7341 3.9326

P8 alkaline-lamprophyre bt 163.1 83 33.05 17.16 4.9917 3.1034
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0.51
0.46
0.54
0.42
0.25
0.45
0.46
0.46
0.64

3.77
4.00
2.06
4.17
5.62
3.95
3.87
3.79
1.52

2.21
2.25
—-0.05

0.512621
0.512633
0.512533
0.512642
0.512716
0.512630
0.512626
0.512622
0.512506

0.512752 (+06)
0.512753 (+06)
0.512635 (£05)
0.512752 (£06)
0.512716 (x11)

0.12

66.10

13.38
25.38
25.07
12.73

0.70715

0.70756 (+02)

356.00  0.01

22.00

BCO 49
BCO 52

P8

Coraya

0.11

136.21

0.10
0.10

159.24

*0.70373 (+02) 0.70377

2589.00  *0.105

27.00

Yacoraite

223
1.53
2.13
2.05
1.89
-0.03

74.40
41.21

BYA 123

0.12

7.94
18.24
18.23
15.78
13.21

0.70781

0.70829 (+02)
0.70783 (201)

712.30  0.361

52.10

BYA 124a

0.512747 (£16)

0.11

100.84

0.70737

57.10 828.40  0.541

BYA 125

0.512743 (£15)

0.11

0.11

100.73

BYA 126

0.512735 (£07)
0.512625 (£06)

90.19

0.70455

0.70484 (+01)
0.70753 (£03)

1657.40  0.308
0.13

71.20
35.20

BYA 127

0.11

71.68

0.70724

812.40

BHU 131

Huichaira

Obs:

Uncertainties on measured isotope ratios are given in parenthesis (2s)

0.512638. Tpy values were calculated using De Paolo’ model (1981).

eng (T) calculated relative to CHUR with present-day value of '** Nd/'**Nd

8751/% St and ' Nd/"* Nd and ey calculate with an age of 163 Ma.

(*) Data from Omarini et al. (2005).

(**) Elemental abundances of Rb and Sr are taken from ICP-MS analyses

broadly to alkali basalts, basanites and nephelinites. Finally
the group of ultramafic lamprophyres is formed mainly by
rock-types such as aillikite, alndite, damtjernite, ouachitite
and polzenite (Rock 1991), which correspond broadly to
melililites and melilite-nephelinites. These different types
can occur together in the same region and fortuitous
juxtapositions of lamprophyres of different ages and
compositions are common (Rock 1987, 1991).

Three processes can be involved in the origin of
lamprophyres: 1) partial melting of metasomatic sub-
continental lithospheric mantle in subduction-related or
rift-related tectonic settings; 2) contamination of mantle-
derived mafic magmas with continental crust; and 3)
mixing of basaltic magmas with varying amounts of
ultrapotassic lithospheric mantle derived melts during
heating and/or thinning processes of sub-continental
lithospheric mantle (Rock 1979, 1991; Xu et al. 2007 and
references therein).

Petrography and mineral chemistry

Based on their mineral composition, these lamprophyres
are classified as monchiquites, a feldspar-free alkaline
lamprophyre composed of diopside, Ti-rich biotite/
phlogopite, Ti-pargasite, and forsteritic olivine phenocrysts
in a groundmass made of the same minerals except olivine,
with analcime, carbonate and abundant globular structures
(ocelli and segregations). Since analcime is an important
phase in the ocelli, the rocks are identified here as ocellar
analcime monchiquites.

According to the petrographic and mineral chemistry
data two groups of monchiquites are recognized in the Rio
Grande Valley: an amphibole-bearing olivine-free group,
represented by samples P8 and BYA 126 and an olivine-
bearing amphibole-free group represented by samples BYA
122, 123, 124a-b, 127 and BHU 131.

The amphibole-bearing olivine-free group

This group is characterized by the presence of phlogopite,
apatite, primary analcime and abundant carbonate phase in
the groundmass. The P8 sample exhibits two clinopyroxene
types: the clinopyroxenes with green cores showing
increase in Mg# and decrease in Na,O contents from core
to rims, and the colourless phenocrysts clinopyroxenes
showing increase in TiO, and decrease in Mg# from core to
rims. In the normal evolution of diopside the substitution
scheme is the replacement of Ca by Na in the M, site,
followed by Mg by Fe total substitution. This scheme is
followed by colourless phenocrysts suggesting that frac-
tional crystallization operated together with equilibration at
low pressure and temperature (Wass 1979). On the contrary,
the green cores clinopyroxenes do not follow this scheme,
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being considered here as xenocrysts from a more alkaline
magma (Rock 1991) suggesting that mixing processes
operated during the evolution of magma that formed the
Rio Grande lamprophyres. The colourless rims of the green
cores represent the re-equilibration of these xenocrysts to
the new magma conditions. In the diagram MgO/FeO; vs.
Si0,/TiO, (Fig. 12a) clinopyroxenes of sample P8 fall in
the AL, CAL and along the AL-UML boundary fields.
Clinopyroxenes from cognate lithic and carbonatite-like
xenoliths from this sample plotted in the CAL field and
near the CAL-LL boundary respectively. The colourless
clinopyroxenes fall in the AL field and along the AL-UML
field boundary. The green-core clinopyroxenes are plotted
in the AL field, whereas their rims fall near the AL-UML
boundary, indicating an evolution trend that may be
explained by a mixing between an alkaline magma
(represented by green cores) and magma with an ultramafic
signature, represented by the colourless clinopyroxenes.

1000 g -
E Chb-rich xenoliths
- CLINOPYROXKENES
- A 4
L A PS8 colourless crystals A CAL %
A | green cores A@
B PB| °.
A | rims
100 = |OBYAI123
CN E O BYA 124a
= - & BYA12T
QN o O BHU 131
= -
10 -
1 1 Ll
0.1
MgO/FeOtotal
20
10 = Calcic amphiboles CAL | Hastingsites IE’
= UML + AL
n 7 K agrsutites ﬁ A
Qg I‘D
5l E  Sodic-calcic amphiboles
e F |
f_) | AMPHIBOLES from sample P8
A rims of green-cores amph
0.1 A green cores
- 0O rims of brown cores amph
L o ) B brown cores
= Alkali amphiboles & coenate lithics
0.01 vl vl v vl L 11
0.02 0.1 1 10 100

AlLO,/TiO,

Fig. 12 a MgO/FeO, vs. SiO,/TiO, discrimination diagram for
pyroxenes composition in lamprophyres (Rock 1987). b Al,O3/TiO,
vs. CaO/Na,O discrimination diagram for amphibole compositions in
lamprophyres (Rock 1987). Symbols: CAL: calc-alkaline lampro-
phyres, AL: alkaline lamprophyres, UML: ultramafic lamprophyres
and LL: lamproites. See text for discussion

Amphibole also exhibits complex compositional varia-
tions. The core to rim increase in TiO, with no systematic
Mgf# variation in green-core amphiboles and the decrease in
TiO, with an increase in Mg# in brown core amphiboles are
incompatible with a fractional crystallization processes. The
similar composition of the rims of both groups suggests that
amphiboles were re-equilibrated at similar conditions. In the
Al,03/TiO, vs. CaO/Na,O diagram for amphibole crystals
(Fig. 12b) the green-core and brown-core amphiboles show
different behavior. The green-core amphiboles show the
strongest compositional variation from cores to rims: the
cores fall outside the fields for the typical lamprophyres and
the rims plot between the UML-AL and CAL fields. The
brown-core amphiboles show minor variation with cores
plotting in the UML-AL field near the CAL boundary and
the rims falling in the CAL fields. The presence of two
different types of amphiboles may be explained by mixing
processes. The rims of two amphibole types having similar
composition suggest that they crystallized under equilibrated
conditions in hybrid magma. The crystals from the cognate
lithics have variable compositions with some grains plotted
along the UML-AL/CAL boundary.

The phlogopite crystals are characterized by an increase
in Mg# and Ba and decrease in TiO, and Al,O; contents
from core to rims indicating that mixing processes occurred
during magma differentiation. The rims of phlogopite
phenocrysts have the same composition as the groundmass
phlogopite suggesting that they were comfortable with the
new conditions of the hybrid magma.

The complex and contrasting compositional variations
shown by the main mineral phases suggest that mixing
represents the most important process during the differen-
tiation of magma. Our mineral chemistry data suggest that a
volatile-rich high TiO, alkaline magma (AL) mixed, before
emplacement, with a low TiO,-high Mg# ultramafic liquid
(UML).

The presence of carbonatite-like xenoliths and the
abundant Sr-and Ba-rich carbonate in the groundmass
could indicate the suggestive intervention of a carbonatitic
liquid with CAL signature during magma evolution.

The olivine-bearing amphibole-free group

This group is characterized by a groundmass with abundant
ocelli and an analcime/carbonate ratio higher than that of
the amphibole-bearing group. The biotite/phlogopite is
restricted to the groundmass and often associated with
ocelli and segregation structures. The clinopyroxenes show
an increase in TiO, content and a decrease in Mg# from
core to rims. In the diagram MgO/FeO, vs. SiO,/TiO,
(Fig. 12a), the clinopyroxenes of sample BYA 123 are
plotted along the AL-UML boundary field, except one core
that falls in the CAL field. In the sample BYA 124a the
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clinopyroxene cores generally plotted in the CAL field
whereas the rims fall along the AL-UML boundary,
suggesting a change in the magma conditions from calc-
alkaline to alkaline conditions during their crystallization.
The clinopyroxene compositions of sample BHU 131 fall
along the AL-UML boundary with increasing TiO, contents
from cores to rims. The biotite/phlogopite is characterized
by high TiO, content and relatively low Mg#, similar in
composition to the cores of phlogopite crystals in sample
P8. In sample BYA 127 a phlogopite, included in the core
of an olivine phenocryst, shows the highest Mg# (~96) and
the lowest TiO, content, suggesting that it crystallized in
magma with a UML signature.

The mineral phases of this group show a normal
evolution trend with increase in Ti contents and decrease
in Mg#. This behavior is compatible with both fractional
crystallization and mixing process between magmas with
UML and AL signature. Our data suggest the presence of a
volatile-rich, low TiO,, high Mg# (UML) magma during
the very early stage of differentiation, followed by mixing
with a high TiO, more alkaline magma (AL) as shown by
the salitic trend in clinopyroxenes.

Globular structures

Ocelli and segregations have been described in a variety of
rock types including basalt (Upton and Wadsworth 1971),
spilite (Smith 1967), picrite (Drever 1960) and tholeiitic
dolerite (Nakamura and Coombs 1973), but they are most
commonly found in lamprophyres (e.g. Phillips 1968;
Ferguson and Currie 1971; Philpotts 1972, 1976; Strong
and Harris 1974; Cooper 1979; Foley 1984; Rock 1991).
Their origin is debated (Rock 1991). They are believed to
represent either: (i) magmatic crystallization involving
liquid immiscibility (Philpotts 1976; Eby 1980) that
produces structures characterized by distinctive chemistry
and different rim compositions between the minerals of
globules and groundmass (Foley 1984) or (ii) segregations
of late stage liquids or amygdales (Cooper 1979; Azbej et
al. 2006) that are characterized by low TiO, contents
relative to the bulk (Philpotts 1976) and are zoned, with an
inner analcime-carbonate zone and an outer ground-mass
mineral zone (Foley 1984).

The large number of ocelli in the studied rocks suggests
a high volatile content for the original magma. In the three
types of ocelli identified, the predominance of carbonate
minerals over biotite or amphibole in some samples,
suggests that CO, dominated over H,O in the gas phase
(Nedli and Toth 2007). The #ype I-ocelli is the least
abundant type and it is characterized by the presence of
low Ti clinopyroxenes (Fig. 7), which are compositionally
different from the other clinopyroxene of the groundmass.
According to Foley (1984) they may represent a
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carbonatite-like melt. The #ypes II and III ocelli lack early
differentiates, such as olivine and clinopyroxene, and may
be explained by late stage segregation processes.

Tectonic and petrogenetic implications

The oldest rocks known to date in the pre-rift phase of the
Salta Rift, are the ~150 Ma old (Cristiani 2004; Cristiani et
al. 2008; Haschke et al 2005) anorogenic plutonic com-
plexes (Tusaquillas Plutonic Complex, Abra-Laite-Aguilar
and Fundiciones complexes) along the Cobres-Salinas
Grandes and Tres Cruces branches. Concurring with the
K-Ar age of c. 163 Ma of this study, the Rio Grande
monchiquites preceded the formation of the Salta Rift. They
were emplaced along the N-S axis of the main future rift
structures and are spatially associated with the magmatism
of the pre-rift stage, represented by the Tusaquillas Plutonic
Complex OIB-type basic rocks (Fig. 13).

The studied lamprophyres are compared with the
igneous rocks from the pre-rift (Tusaquillas Plutonic
Complex) and the syn-rift (basanites) stages of the Salta
Rift (Fig. 13). The Rio Grande lamprophyres are charac-
terized by the highest LILE, HFSE and LREE contents and
by pronounced K and Sr negative anomalies. Taking into
account that Rio Grande lamprophyres are plagioclase-free,
the observed Sr negative anomaly could reflect the
characteristics of the mantle source. The slightly positive Ta
and Nb anomaly in the lamprophyres also suggests that during
their petrogenesis a subduction-related component was absent
or not important. The geochemical characteristics of
lamprophyric magmas could represent the partial melting of

10000
(O Rio Grande monchiquites pre-Tift stape
#* Tusaquillas plutonic complexes (=160-150 Ma)
I Basanites from the syn-nift stage (—100-80 Ma)
()
1000 i
I!.
o .
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= .
o100 ¥
o
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=
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BaRbTh KNb Ta LaCe Sr Nd P Sm Zr Hf Ti Tb Y Tm Yb

Fig. 13 Comparison of trace elements pattern between the Rio
Grande lamprophyres and the pre-rift and syn rift igneous rocks of
Salta Rift. The pré-rift stage (~150 Ma) is represented by the
Tusaquillas Plutonic Complex (Cristiani 2004) and the syn-rift stage
(100 Ma) is represented by the Las Conchas, Finca El Rodeo and
Matancillas basanites and El Cadillal phonotephrite rocks (Lucassen et
al. 2007). The Rio Grande lamprophyres are characterized by the
highest LILE and HFSE contents and by a pronounced K and Sr
negative anomalies. Normalizing values are from Thompson (1982)
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an enriched continental lithospheric mantle, present in this
sector of the Central Andes in Mesozoic times, as suggested
by several authors (Lucassen et al. 2005, 2007).

The OIB magma of the Tusaquillas Complex, is less
enriched in LILE and HFSE, representing the partial melt of
the asthenospheric mantle (Cristiani et al. 2005). This
suggests that magma alkalinity decreased with time during
the development of the pre-rift stage. Alkaline basanitic
volcanism that occurred in the syn-rift stage (Fig. 13) is
characterized by lower LILE, HFSE and LREE contents
compared with Rio Grande monchiquites, but it is enriched
in these elements when compared to the Tusaquillas
Plutonic Complex. The geochemical characteristics of the
syn-rift rocks can be explained by the fusion of a depleted
lithospheric mantle source (Lucassen et al. 2007).

Therefore the evolution of Salta Rift does not follow the
typical magmatic rift evolution (from more alkaline to less
alkaline) controlled by progressive lithospheric extension,
as occurred in the East African Rift system (Gass 1970) and
in the Bohemian Ohre/Eger Rift (Ulrych et al. 2008).

Isotopic composition of the lithospheric mantle

The Rio Grande lamprophyres, plotted in the ®’St/*°Sr vs
eNd (t) diagram (Fig. 14), are compared with other mafic
volcanic rocks from the Central Andes and the composition
of several types of mantle xenoliths hosted in the Salta Rift
basanites. The composition of OIB magma from Tusaquillas
Plutonic Complex is also reported. The studied samples fall
close to the high-Sr basanite (Lucassen et al. 2005) and within
the high ¥’Sr/*°Sr peridotite field. On the basis of field,
petrographic and geochemical characteristics, we suggest
that the variable initial *’Sr/*Sr isotopic ratios shown by our

samples reflect the primary characteristics of magmas. If we
suppose that alteration processes could have modified the
isotopic composition leading to higher *’Sr/*®Sr ratios, it
would be difficult to explain the lowest *’Sr/**Sr exhibited
by the sample P8 characterized by a carbonate-rich ground-
mass. According to geochemical and isotopic data we
suggest that the pristine magmas of the Rio Grande lamp-
rophyres originated from an enriched metasomatized litho-
spheric mantle. The variation in the initial ratios for Nd and
Sr also suggests that the mantle source was heterogeneous,
with one end-member formed by high *’St/*®Sr ratios and
other showing low values for this ratio.

The lithospheric mantle under the Central Andes since
the Paleozoic was periodically modified by tectonic and/
or subduction processes (Lucassen et al. 2005). Previous
research (Lucassen et al. 2007) has identified three
chemically and isotopically distinct sub-continental
lithospheric mantle (SCLM) reservoirs under the Central
Andes: (i) a Proterozoic mantle, belonging to the Brazilian
shield, which is thought to be progressively underthrust
beneath the present Central Andes during Miocene
shortening (e.g., McQuarrie et al. 2005) (ii), an early
Paleozoic mantle, which formed, or was modified, during
the late Cambrian early Ordovician Famatinian orogeny
and (iii) lithospheric mantle modified by magmatic
activity during Mesozoic extension (e.g., Viramonte et
al. 1999; Sempere et al. 2002).

Several other strands of evidence indicate the presence
of metasomatised mantle beneath the Central Andes.
Basanitic lavas of the syn-rift stage of the Salta Rift,
outcropping 100 km south of the study area, carried mantle
xenoliths with metasomatic veins composed of phlogopite,
amphibole and apatite (Viramonte et al. 1999). The
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Cretaceous (~100 Ma) Ayopaya alkaline province of
Central Bolivia (Schultz et al. 2004), associated with the
Mesozoic extensional tectonics of South America, also
gives information about the composition of the mantle
under the Central Andes region. We have compared the
Ayopaya alkaline province with the recent alkaline
magmatism of Tanzania (Schultz et al. 2004) and
suggest the presence of a metasomatised mantle under
this sector of South America. Schultz et al. (2004) also
reported a kimberlitic dyke with characteristics similar to
sample P8.

Petrogenetic model

In order to understand the petrogenesis of the lamprophyres
of Rio Grande Valley, we modeled partial melting processes
that occurred in the lithospheric mantle beneath the Salta
Rift in Jurassic time.

Modal batch-melting calculations have been carried out
for a metasomatized mantle, shown in Fig. 15. Due to the
lack of information about the Central Andes lithospheric
mantle composition during Jurassic time, we choose an
amphibole lherzolite (BD3848A) from Pello Hill in Tanzania
(Dawson and Smith 1988) as a good proxy to the original
mantle composition. The mantle xenoliths from the Salta rift
(Lucassen et al. 2002, 2005) are hosted in Cretaceous
basanites (Fig. 15) and represent the composition of a mantle
that probably had already undergone partial melting and
metasomatic processes during the early stages of the Salta
rift. For this reason we prefer to use for our modeling a
mantle composition typical of a region, such as Tanzania,
characterized by a pre-rift or early syn-rift stage, comparable

with Ayopaya alkaline province region of Bolivia (Schultz et
al. 2004).

The modeled lherzolite is characterized by 6.0 ppm of Ce
and 0.16 ppm of Yb. For the clinopyroxene and phlogopite we
used the partition coefficients for alkaline lamprophyres
(Foley et al. 1996), whereas for the remaining minerals we
used the partition coefficients for basaltic liquids (Rollinson
1993).

Partial melting trajectories suggest that the Rio Grande
lamprophyres could be generated by less than 3 % partial
melting of an amphibole-bearing lherzolitic mantle source
(Fig. 15). The different lamprophyre samples could have
been formed by nearly the same degree of melting of the
same source. The BYA 123 and BYA 124a compositions
may be explained by partial melting of an amphibole
lherzolite with Ol (79.6%), Cpx (12.8%), Amp (2.6%) and
Phlo (5%), whereas samples BYA 127 and BYA 122 could
be explained only by approximately 0.5% partial melting of
an amphibole lherzolite with Ol (85%), Cpx (5.7%) and
Phlo (9.3%). However this last melting degree is too low
for the melt to be extracted efficiently from the mantle. The
composition of the remaining samples may be modeled
using a source with mineral compositions which are
intermediate between those two described above. The
presence, in the sublithospheric mantle, of metasomatic
veins constituted by apatite, phlogopite and other accessory
phases (as suggested by the xenolith reported by Viramonte
et al. 1999), would modify notably the behavior of trace
elements during partial melting processes. For this reason a
realistic alternative is that the studied lamprophyres with
different geochemical characteristics may be derived by partial
melting of a heterogeneous metasomatic lithospheric mantle.

Basanites
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Type of mantle metasomatism

Around the world, several types of metasomatic processes
have been identified on the basis of chemical, isotopic, and
mineralogical compositions of mantle xenoliths. Proposed
metasomatic agents include alkali-rich silicate and CO,=+
H,O-rich fluids or carbonatite melts (e.g. Frey and Green
1974; Roden et al. 1984; Coltorti et al. 1999). The REE
patterns of the studied rocks show strong enrichment in
LREE, with noticeable depletion in the HREE. The
assumed introduction of a CO,-rich fluid in the depleted
mantle source might have increased LREE with respect to
HREE (Barbieri et al. 1997). The anomalous SrCO; content
of carbonate (e.g. ocelli, cpx-bearing carbonate xenoliths
and groundmass in sample P8), may also suggest the
involvement of carbonatitic liquids during the evolution of
the Rio Grande monchiquites. The presence of apatite in
some xenoliths and as microphenocrysts in sample P8 may
also be suggestive of metasomatism by carbonatite melts or
CO, -rich fluids. This hypothesis is supported by the
occurrence of carbonatitic rocks associated with the Salta
rift in NW Argentina and Bolivia such as the Santa Julia
Complex (Zappettini 1998) and the Ayopaya carbonatite
complex (Schultz et al. 2004; Lucassen et al. 2007).

Conclusions

The new data permitted us to classify the Rio Grande dikes
and sills, define the geological setting of their formation
and their petrogenesis, and, finally, constrain the mantle
composition beneath the NW Argentina in Jurassic time.

The new petrographic and mineral chemistry data obtained
permitted us to classify these rocks as lamprophyres,
specifically ocellar alkaline monchiquites.

The clinopyroxene, amphibole and phlogopite composi-
tions suggests the presence of three different magma
components (CAL-, AL-, UML- types) that mixed during
the petrogenesis of lamprophyres, reflecting heterogeneous
lithospheric mantle sources.

The mineral chemistry, geochemical and isotopic
characteristics of the Rio Grande lamprophyres indicate
that they could represent primary magmas derived by
partial melting process from a heterogeneous enriched
metasomatised lithospheric mantle. These lamprophyric
magmas differentiated by magma mixing and fractionation
processes during their ascent. The petrographic and
geochemical characteristics of Rio Grande lamprophyres
(e.g. diopside-rich carbonatitic xenoliths, the abundant
macrocrysts of biotite/phlogopite and microphenocrysts
of apatite in sample P8, the carbonatitic-rich groundmass
that characterize all samples) suggest the intervention of
a carbonatitic magma component.

The new K/Ar geochronological data (c. 160 Ma)
suggest that they are related to the pre-rift stage of the
Salta continental rift of NW Argentina. This age permits us
to reject the hypothesis proposed by several authors that
these subvolcanic rocks were related to the evolution to the
Neoproterozoic to lower Paleozoic basement.
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