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PREFACE

The continental flood tholeiitic volcanism from the Paran&Angola-Namibia was one of the most important
events which has affected the Gondwanaland during the Mesozoic times. Associated with it in space, and
sometimes in time, the alkaline magmatism is another relevant feature of pre-, syn- and post-Gondwana break-up
in the region. Since the last century the alkaline magmatism from the ParanaAngola-Namibia system has being
the subject of many investigations which aim to enhance the knowledge of its different aspects, such as its
genesis and evolution. However, most of these studies consist of isolated efforts restricted to relatively small
portions of the area. The necessity of a better understanding of the relationships between the akaline and
alkaline-carbonatitic magmatism relative to the Gondwana evolution led Brazilian (C.B. Gomes and
collaborators) and Italian (P. Comin-Chiaramonti and collaborators) researchers to elaborate the volume
"Mesozoic to Cenozoic alkaline magmatism in the Brazilian Platform".

The main objective of this volume is to make available to the scientific community a survey of the published
and unpublished data on the post-Paleozoic akaline and alkaline-carbonatitic magmatism from the Brazilian
Platform and neighbouring regions in South America, subdivided according to a regional distribution, athough
some papers aso present a comparison with the African counterpart, i.e. Angola and Namibia. The several
contributions are the results of a twenty years investigation program of various areas in and around the Parana
Basin and they were concluded in the period between 2002 and 2004. The studies, which have began in 1986
with the issue of Paraguay magmatism, were developed by means of multidisciplinary approaches involving
geology, mineralogy, petrology, isotope geochemistry and paleomagnetism, in an effort to better define the
geodynamic relationships between the alkaline (and tholeiitic) magmatism, in time and space, and the
Gondwanaland break-up.

The program has been mainly carried out by researchers from Brazilian (Sdo Paulo, Brasilia, Curitiba,
Floriandpoalis, Porto Alegre), Italian (Trieste, Catania, Naples, Rome, Pisa, Padova), Australian (Brisbane),
American (Berkeley), Argentinian (Salta) and Swiss (Bern) Universities and CNR Italian centers (Consiglio
Nazionale delle Ricerche: Padova, Pisa and Rome), besides several graduate students who prepared their theses
mostly in S&o Paulo, Naples and Trieste.

A great many other people, particularly from Bolivia and Paraguay, both official and private citizens, gave
freely of their time, knowledge and hospitality during the field work.
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Finally, we would like to acknowledge our debts to our wives and sons (Paola, Caterina, Alessandro,
Lorenzo, Francesco and Maria Beatrice, P.C.C.; and Maria Conceicdo, Anna Stella, Anna Llcia and Anna
Leticia, C.B.G.), who patiently took care of everything else while we were involved with this task.

Piero Comin-Chiaramonti
and
Celso de Barros Gomes
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FOREWORD

In 1981 | was fortunate enough to receive funding to visit several countriesin South America, with aview to
gleaning as much information as possible on the alkaline rocks and carbonatites to be found there, which was to
facilitate the writing of a book on the occurrences of these rocks in the Americas. My first couple of weeks were
spent in S&o Paulo and Rio de Janeiro and aimed at compiling information on the alkaline rocks and carbonatites
of Brazil, this being the country which is the most richly endowed with these rocks. The only generally available
review at that time was that of Ulbrich & Gomes (1981) who listed and briefly described the occurrences of
southern Brazil, with some information on the north, particularly those of the Amazon Basin. There was aso a
useful compilation of the 21 known carbonatites by Rodrigues & Lima (1984).

Although | had put a lot of effort into my Brazilian compilation in advance, it had generated a lot of
frustration, principally because of the difficulty of obtaining copies of papers in relatively obscure Brazilian
journals. My quest was transformed at the University of Sdo Paulo where Professor Celso Gomes proved a
wonderful host, as well as being an expert on the akaline rocks of Brazil. Not only did he go through my lists
and correct many errors but he added considerably to my number of localities. He also, incredibly generously,
put at my disposal several boxes of papers and reprints which were just not generally available. These included
many abstracts, short papers and maps presented at geological meetings in Brazil which could not be accessed
outside the country. This information enriched considerably my own work and was the basis for my account
published in 1987. The ‘icing on the cake’ of my S&o Paulo stay were field trips, organized by Celso Gomes, to
Pocos de Caldas and the Jacupiranga carbonatite.

Ulbrich & Gomes in their 1981 review pointed out that although there had been numerous papers in the last
20 years on the akaline rocks of Brazil, which had added dozens of newly discovered occurrences, these were
mostly “dispersed in Brazilian publications and these are usually unavailable to foreign readers.”. The situation
since then has been transformed and this transformation in no small part is owed to the efforts of Gomes and his
many Brazilian colleagues, together with work by some of those “foreign readers’ notably in Italy and
particularly under the leadership of Professor Piero Comin-Chiaramonti. Apart from the 100s of widely
published papers by these two petrologists and their colleagues their first major, single volume compilation was
Alkaline magmatism in central-eastern Paraguay (Comin-Chiaramonti & Gomes, 1995) which included 15
papers and three extensive Appendices making available, for the first time, detailed information on the rich, but
sadly neglected at that time, alkaline rocks and carbonatites of Paraguay. A glance at a map indicates why the
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alkaline rocks of eastern Paraguay are integral to any study of the same rock types in southern Brazil. A further
perusal of that map might also indicate that any alkaline rocks occurring in northern Argentina, Uruguay and
Boliviamight also be part of the same story.

The present volume probably represents the summit of the efforts that have been expended over the last 25 or
so years on the alkaline rocks and carbonatites of Brazil, and again it comes under the driving editorships of
Celso Gomes and Piero Comin-Chiaramonti. And not only does it cover Brazil, for there are substantial
contributions on the alkaline rocks of Argentina, Uruguay, Bolivia and Paraguay, so that the whole province is
now covered in a single, comprehensive volume. | myself was particularly looking forward to the contribution
on the alkaline rocks of Uruguay, because | was totally unsuccessful in discovering anything significant
whatsoever about these rocks in the 1980s.

Thisvolumeis remarkable in several ways. Firstly, it is probably the fullest comprehensive account of any of
the world's major alkaline rock provinces. There are many partial accounts, descriptions of particular rock types,
and descriptive lists but perhaps only Le Bas' (1977) book Carbonatite-nephelinite volcanism on western Kenya
approaches it in comprehensiveness, although that is for a far smaler province. Secondly, it includes an
enormous amount of primary chemical and mineralogical data. Most of the chapters are devoted to separate parts
of the province but all of them contain many whole rock chemical analyses, including much isotope data, as well
as a plethora of mineral analyses particularly of the rock-forming minerals. It is a bonus that most of the
diagrams using these data are in colour. There are also chapters on tectonic controls, paleomagnetism and on the
mineral deposits associated with the alkaline and alkaline-carbonatite complexes, from which Brazil is a major
producer. Lastly, but certainly not least, are the numerous maps, all of them in colour. These range from maps of
individual centres, to regiona maps, to those that depict the whole province including adjacent countries.
Needless to say, the perspective is also widened to take in the similar rocks found in the western part of southern
Africawhich, of course, are part of the general story.

As one would expect, much is written here on petrogenesis and in any book containing alot of chemical, and
particularly isotope, data this would be expected. It must be the ultimate aim of igneous petrology to arrive at a
complete petrogenesis which will explain the full diversity of the igneous rocks we see, and the alkaline rocks
and carbonatites present a particularly tough petrogenetic challenge. It seems to be part of the makeup of
petrologists and geochemists that they must try to explain the origins of everything they see. We all do it, but |
have always assumed that most of us will prove in time to be essentially wrong, and that it is those long sections
at the end of very full papers in the Journa of Petrology and elsewhere which will date most rapidly and
sometimes, perhaps, look foolish in the distant, if not near, future. We must, of course, keep hammering away
producing ‘petrogenetic models' for others to get their teeth into and worry to death. However, eventually,
though | suspect long after my lifetime, somebody, or a combination of people, will arrive at a correct ‘model for
everything'.

In the meanwhile, here there is mention of mantle plumes, both for and against, sources in the lithosphere
and asthenosphere, crystal fractionation and liquid immiscibility, metasomatism in the mantle and at higher
levels, mixing of mantle components, and so on. Everyone will, | suspect, find opinions with which they agree
and others with which they find fault, but | would suggest that in some ways this does not matter; what countsis
that here a huge set of data are made available that you can pick over at your leisure and interpret as you please.
On the whole | side with the Editors in being sceptical about plumes and support the idea that most alkaline
rocks and carbonatites are generated in the lithosphere, but these are my prejudices. | have plenty of petrological
friends who disagree with me completely on such issues. The point is that in this excellent book there are data
for everyone, | am already picking over it for my own archives, and lots of ideas which are food for thought or
disagreement.
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| am grateful to all the authors for their efforts in researching for and writing this book. Needless to say, the
Editors must be congratulated for persisting in their efforts over so many years and bringing to fruition this work
so successfully.

Alan R. Woolley
Natural History Museum
London
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AN INTRODUCTION TO THE ALKALINE AND ALKALINE-
CARBONATITIC MAGMATISM IN AND AROUND THE
PARANA BASIN

C.B. Gomes and P. Comin-Chiaramonti

The paper reviews general aspects of the alkaline and alkaline-carbonatitic complexes present in the South
American Platform. This magmatic activity, which covers four different countries (Brazil, Paraguay, Bolivia and
Uruguay, i.e. in and around the Parand Basin), but particularly concentrated in the Brazilian and Paraguayan
territories, started in Permo-Triassic times and lasted until the Oligocene period. Such rocks represent a large
number of occurrences having dominantly Early Cretaceous age in Paraguay, Bolivia and Uruguay and Late
Cretaceous age in Brazil. The emplacement of the alkaline rocks is clearly controlled by regional extensional
tectonics and mainly on the basis of their geological setting they are grouped into various provinces showing
distinct geographic distribution, rock associations and ages. On the whole, the alkaline magmatism is
characterized by many occurrences essentially consisting of evolved rock-types and displaying wide variety of
igneous forms, being prevalent the intrusive ones, and magma types. Carbonatites, usually occurring in
association with several kinds of cumulate rocks, are very important economically in some Brazilian
occurrences as a major source of phosphate, niobium, REE and vermiculite.

GENERAL OUTLINES

The emplacement of alkaline and alkaline-
carbonatitic complexes in and around the Parana-
Angola-Etendeka igneous province (PAEP) occurred
mainly along tectonic lineaments active at least since
Early Mesozoic (Fig. 1; cf. Comin-Chiaramonti &
Gomes, 1996, and therein references), being
characterized by actual seismic activity (Berrocal &
Fernandez, 1996).

Most of the Angola alkaline-carbonatitic bodies
occur towards the apical part of the NE-trending
Mocamedes Arch, on an uplifted megastructure cor-

responding to the Ponta Grossa Arch of the southern

Brazil at pre-drift times (Trompette, 1994; Alberti et
al., 1999). In the Etendeka region (NW Namibia),
the Pan-African Damara fold belt was intruded by a
large number of subvolcanic alkaline and alkaline-
carbonatitic complexes (Trumbull er al., 2004, and
therein references). In the South American Platform,
the alkaline complexes are distributed mainly along
mobile belts (Brasiliano cycle) at the margins of the
intracratonic Parand Basin.

Several main pulses of alkaline magmatic activity
are apparent in Brazil (Early and Late Cretaceous
and Paleocene), Paraguay (Permo-Triassic to
Eocene), Bolivia (Early and Late Cretaceous) and

Uruguay (Early Cretaceous).
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Fig. 1. Distribution of the post-Paleozoic akaline magmatism (stars roughly proportional to the erupted volumes) in and
around the Parana Basin in the South American Platform. CAMP (Central Atlantic Magmatic Province), mobile belts and
cratonic areas, as defined by De Min et al. (2003) and by lacumin et al. (2003), and therein references. Inset: the main
tectonic lineaments and simplified distribution of the alkaline rocks around the Paranad Basin, (cf. Fig. 1 of Comin-
Chiaramonti et al., in this volume, Carbonatites).
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In the Brazilian territory, the alkaline
occurrences are dominantly spread over its eastern
flank, but they also form a large number of bodies
arranged accordingly to two very distinctive belts
extending for several hundred kilometers: the first
(also referred to as Serra do Mar) is clearly NE-
trending and parallels to the shoreline of the Sdo
Paulo and Rio de Janeiro states, and the second is
approximately E-W-oriented and links more
internal intrusions (e.g. Taitiva) with some found
near the coast (e.g. Cabo Frio). Occurrences close
to the Parand Basin limits are abundant in the
central and southern areas of the country, where
they can be grouped following three prominent and
mostly NW-trending alignments (Rio Verde-Ipor4,
Alto Paranaiba and Ponta Grossa). On the other
hand, the alkaline bodies are scarcely represented in
southern Brazil (Lages-Anitdpolis and Rio Grande
lineaments). A schematic structural map showing
the main areas of alkaline outcrops (inset of Fig. 1)
indicate that the Brazilian rocks are mainly
concentrated north of the Rio Piqueri Lineament, in
several groups related by emplacement ages and
common tectonic features.

The southernmost alkaline rocks, also present in
the eastern side of the Parand Basin, correspond to
the Uruguayan complex of Valle Chico, about 160
km SW of the Brazilian border.

In Paraguay, at the western side of the basin, the
alkaline magmatism is widespread particularly in
central-eastern region, where a considerable
number of bodies is closely associated with a
complex rifting structure, the Asuncién-Sapucai-
Villarrica graben (=Asuncién Rift, cf. DeGraff,
1985), or even found in its northern part at the
border with Brazil (Mato Grosso do Sul state),
whose occurrences mainly lie along a NS-trending
lineament at the both margins of the Paraguay river.
The alkaline rocks are also abundant in the
northeastern portion of the country (Amambay
tectonic depression) and are less frequent in the
southern one (Santa Rosa Lineament).

Additionally, alkaline bodies occur in southern
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Bolivia, whose different intrusions are mainly
aligned in a northeasterly direction, that is
considered an extension of the Tusaquillas rifting
system in NW Argentina (Cristiani et al., in this
volume). This alkaline magmatism either covers a
very extensive area at a great distance from the
borders of the Parand Basin, or its forms small
bodies tectonically associated with the EW-ESE-
trending Mercedes Rift, extending over 100 km.

As first suggested by Almeida (1971, 1972), the
distribution of the alkaline rocks in the South
American Platform is basically controlled by regio-
nal tectonics. In Eastern Paraguay, chiefly on the
basis of Landsat imagery and geophysical evidence
(aeromagnetic survey and Bouguer gravity map),
Comin-Chiaramonti et al. (1997, 1999) argued that
the tectonics in the area is clearly extensional and
that major structures, NW-trending zones of
tectonic subsidence, played an important role in the
setting of the alkaline rocks. It is assumed for the
whole magmatism that an old structural frame of
the basement (NE-, NS- and NWW-trending
lineaments and faulting zones), active since the
Precambrian times and subject to intense
reactivation in the Mesozoic (Wealdian reactivation
of Almeida, 1966), in addition to positive, parallel,
elongated deep fractures (arches), mainly NW-
trending, transversal to the major axis of the Parana
Basin and generally surrounding it, has been
important for the emplacement of such rocks.
Besides dealing specifically with the arches, they
have been also the sites of hundred of NW-trending
basic dykes related to the Early Cretaceous (133-
129 Ma; Renne et al., 1997) basalt tholeiitic flows
of the Serra Geral Formation (Piccirillo & Melfi,
1988), that occur associated with the alkaline rocks.
In particular Fig. 1 draws the attention to the close
relationships between the various alkaline centers
and some important structural features such as
arches (Rio Verde-Ipord, Alto Paranaiba, Ponta
Grossa and Rio Grande in Brazil), rifts (Serra do
Mar in Brazil; Asuncién-Sapucai-Villarrica and

Amambay in Paraguay; Mercedes in Bolivia) and
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lineaments (Lages-Anitapolis and Taitva-Cabo
Frio in Brazil; Alto Paraguay and Santa Rosa in
Paraguay; Velasco in Bolivia; Valle Chico in
Uruguay).

Taking into account both the tectonic setting and
the geological-geophysical evidences, Riccomini et
al. (in this volume) proposed a new assemblage for
the various occurrences spread over the four
countries (Brazil, Paraguay, Bolivia and Uruguay),
which allows to distinguish 15 different alkaline
provinces (cf. Fig. 1 of that paper): Alto Paraguay,
Ponta Grossa Arch, Valle Chico, Misiones, Central
Paraguay, Amambay and Rio Apa, all of them
located at the borders of the Parana Basin;
Rondondpolis Anteclise and Minas-Goids, lying
along the borders of the Bauru Basin; Serra do Mar
and Piratini adjoining to the borders of the Santos
and Pelotas basins, respectively; Asuncion,
associated with the Cenozoic evolution of a rift
system; the Cabo Frio Magmatic Lineament,
encompassing asynchronic magmatic events along
a major fracture zone; and the Velasco and
Candelaria, in Bolivia, within the Amazon Craton.
Data will be presented here and discussed mainly
on the basis of the outlined classification, which in
general terms does not differ significantly from that
suggested by Almeida (1983).

The available literature on the alkaline
magmatism lists a considerable number of
occurrences, but their knowledge is far from being
homogeneous. And for many of them only
preliminary geological and petrographic data are
available at present. This is partially due to the poor
field geology which does not provide too much
informations on such rocks as they are strongly
influenced by weathering processes. In some places
(e.g. the Brazilian Araxa carbonatite complex), the
altered rocks may reach depths of more than 200 m,
leading to the formation of a thick, residual mantle
of lateritic soil. Furthermore progress in their
knowledge has not been uniform in the last years,
althought attention has being paid preferentially to

occurrences that have economical interest and good

facilities for field work (a typical example is the
Jacupiranga carbonatite in Brazil).

The present monograph offers basically a
synthesis of the information regarding the alkaline
rocks from South America made available by a
Brazilian-Italian research group and co-workers on
the last years. However, it also contains non-
published data and important review papers by
others researchers focusing on their different
aspects such as tectonic setting, regional
distribution, formation ages, paleomagnetism,
geochemistry of minerals and rocks, mineral
resources etc. On the whole, the present released
material will improve the knowledge on the
alkaline magmatism that occurs in and around the
Parand Basin and will allow to throw some light on

the genesis and evolution of the alkaline rocks.

ALKALINE MAGMATISM IN THE SOUTH
AMERICAN PLATFORM

The alkaline magmatism in the South American
Platform started in Permo-Triassic times during the
third of the four main stages of the geological
evolution of the Parand Basin, which is represented
by general uplifts that promoted significant
erosional processes and the final development of
NW-trending arch structures (Almeida, 1971). The
first two episodes (Devonian to Lower
Carboniferous and Lower Carboniferous to Middle-
Upper Permian, respectively) deal specifically with
sediment deposition in a subsiding, synform basin,
the fourth stage (end of Jurassic to Lower
Cretaceous) being characterized by the outpouring
of a huge volume of predominantly tholeiitic
basalts and minor acid volcanics of the Serra Geral
Formation in addition to important alkaline
magmatic activity lasting up to Oligocene.

Individual occurrences are quite variable in size,
the largest one corresponding to the Brazilian Pogos
de Caldas, which is basically composed of a
nepheline syenite intrusion covering an area over

800 km’. Others prominent massifs, also in Brazil
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and consisting dominantly of syenitic rocks, are
Itatiaia (330 km®) and Passa Quatro (165 km?®), the
first one forming very impressive peaks up to 2787
m high. On the other hand, small bodies are
represented by minor dykes or even veins either
found penetrating the alkaline rock-types or the
country-rocks. Excluded a few occurrences, such as
Pocos de Caldas, Lages and Pao de Acucar, the
more conspicuous alkaline centers in Brazil are
found along the Serra do Mar. Over there they
constitute massifs many kilometers away from the
coastal line (e.g. Itatiaia, Passa Quatro, Tingud) or
form islands (e.g. Sdo Sebastido, Biizios, Vitéria).
Although their more common rock associations
consist of "syenites" of variable composition and
texture (dominantly medium to coarse-grained),
some of them are essentially made up of fine-
grained, aphanitic rocks (e.g. Tingud). In general,
the alkaline rocks in the South American Platform
are found intruding into the Precambrian crystalline
basement or the Parana Basin Paleozoic sediments;
more rarely they occur associated with the flood
tholeiites.

The mode of occurrence of the numerous bodies
is also quite variable, being recognized intrusive,
hypabyssal and extrusive types, sometimes all of
them found together in the same complex. Intrusive
formations are mainly represented by stocks of
various dimensions, approaching to those of real
batholiths in the case of the Brazilian Itatiaia and
Passa Quatro massifs. Hypabyssal rocks occur as
dykes (radial, concentric and more rarely as
swarms), domes and plugs, whereas the extrusive
ones comprise essentially lava flows. On the whole,
the alkaline magmatism is characterized by a large
number of occurrences displaying wide variety of
igneous forms - but clearly prevailing the intrusive
ones, except for a large number of occurrences
associated with the Asuncién-Sapucai-Villarrica
graben in Paraguay-, and magma types.

Also, on the whole, the Brazilian alkaline rocks
are characterized by a wide variation in

composition, ranging chemically from ultrabasic to
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acidic types; in a few cases extreme differences are
registered within the same complex, as indicated
for instance by the presence of silica-undersaturated
(syenitic) to silica-oversaturated (granitic) rock
associations (Brazil: Itatiaia massif, Brotzu et al.,
1997; Alto Paraguay Province at the border with
Paraguay, Gomes et al., 1996; Bolivia: Velasco,
Fletcher & Beddoe-Stephens, 1987). Potassic to
ultrapotassic, mafic-ultramafic, strongly silica-
undersaturated rock-types characterizing four
distinct groups (kamafugitic, madupitic, kimberlitic
and glimmeritic) are almost confined to two sets of
occurrences, those found in the NW-trending belts
related to the Alto Paranaiba Rift and Bom Jardim
de Goids Arch in Brazil and those (volcanics and
dykes) associated with the Asuncién-Sapucai-
Villarrica graben in Paraguay. The more abundant
silicate alkaline rocks are evolved nepheline
syenites (and syenites), forming large isolated,
simple or composite intrusions (e.g. Itatiaia and
Passa Quatro in Brazil) or multiple plutons (a
typical example is Velasco in Bolivia), and their
equivalent fine-grained types. On the other hand,
lithologies representative of the least evolved
magmas are scarce and exclusively found as small
dykes in a few complexes (e.g. Juquid, Lages,
Piratini in Brazil; Sapucai in Paraguay). Effusive
suites are only significant in bodies cropping out in
the area of Rio Verde-Ipord and Piratini in Brazil
and, again, of Sapucai in Paraguay.

The alkaline rocks also vary considerably in
mineralogy and have feldspars, feldspathoids and
clinopyroxenes as the most important phases.
Additional minerals include amphiboles, micas and
a large number of accessories, some of them very
common (opaques, titanite, apatite etc.) while
others occur more rarely (mainly Zr and REE-rich
phases). The mineralogy is typically agpaitic
(K,0+Na, 0/ AlLO.>1, molar ratio, cf. Sgrensen,
1974) in a very few complexes, such as Pocos de
Caldas and Lages in Brazil, where exotic minerals
(lavenite, rosenbuschite, astrophyllite etc.) were

described (e.g. Vlach er al., 1996), and also in some
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Cerro Bogianni and Cerro Siete Cabezas rocks (see

Carbonin et al., in this volume) in Alto Paraguay.

Carbonatites

Carbonatites are found in 22 occurrences in
Brazil mainly associated with several kinds of
cumulates, which vary from  ultramafic
(clinopyroxenites as the most frequent type) to
basic-intermediate rocks and include all the
members of the ijolite series; fenitic rocks are also
particularly common. All the carbonatite types (cf.
Woolley & Kempe, 1989) are recognized, although
Ca-carbonatites (sovites and alvikites) represent the
most  widespread  variety;  Mg-carbonatites
(berforsites) are important in the Juquid and Araxa
complexes. In Paraguay, such rocks are present in
three different areas, the most relevant occurrences
(Cerro Chiriguelo and Cerro Sarambi) being
tectonically associated with the Amambay graben.
They are calcitic in composition and also occur in
contact with cumulate silicate rocks. In the Sapucai
region, these rocks form a lava flow and have a
beforsitic composition. Silicified carbonatites of the
Cerro Manom¢ are found in the Bolivian territory
in association with syenitic rocks of the Velasco
Province. In general terms, the carbonatites occur
as massive cores (plugs and stocks) and
dykes/veins, the latter forming single bodies or
complex systems (e.g. multiple stockwork in the
Brazilian Barra do Itapirapua body, cf. Ruberti et
al., 2002). Rarely they are found as lava flow
(Brazil: Santo Antdnio da Barra, Gaspar & Danni,
1981; Paraguay: Sapucai, Comin-Chiaramonti et
al., 1992).

Age

The alkaline magmatism in Brazil covers a large
span of age (250-50 Ma), as confirmed by K/Ar,
Ar/Ar and Rb/Sr determinations, and the periodicity
of the numbers allows to place the rocks into
different chronogroups. The oldest assemblage is

Permo-Triassic (250-240 Ma) and comprises

mostly syenitic rocks lying along both margins of
the Paraguay river at the border of Brazil and
Paraguay, and included in the Alto Paraguay
Province (Gomes et al., 1996; Comin-Chiaramonti
et al., in this volume). Only in Paraguay it is
followed by rocks predating (c. 145 Ma) the Serra
Geral Formation (tholeiitic) volcanics and present
in two areas of the country, northern (Rio Apa
Province) and northeastern (Amambay Province).
The following group is Early Cretaceous (~130
Ma), consisting typically of alkaline-carbonatitic
districts in Brazil, being the Jacupiranga complex
the most representative occurrence. It is also
represented by numerous alkaline bodies in
association with the Asuncidén-Sapucai-Villarrica
graben in Paraguay and by the syenitic rocks from
Velasco and Valle Chico in Bolivia and in
Uruguay, respectively. More recent events are
suggested for the sodic rocks belonging to the
Misiones Province in Paraguay (120-116 Ma, cf.
Velazquez et al., 2003) and for the Brazilian
complexes of Banhaddo and Itapirapud (110-100
Ma). The most numerous assemblage, the Late
Cretaceous-Eocene (90-50 Ma), consists of a large
number of occurrences, with or without
carbonatites, distributed over the central and
southern parts of the Brazilian territory. Sodic rocks
containing spinel-peridotite mantle xenoliths and
cropping out in the Asuncidén neighborhood in
Paraguay represent the most recent alkaline
magmatic activity (61-39 Ma, Comin-Chiramonti et
al., 1991; 58-56 Ma, cf. Gomes et al., 2003) in the

South American Platform.

Economic geology

Alkaline-carbonatitic ~ associations are very
important as a major economical source of Nb,
phosphate, REE and vermiculite (for a general
review see Biondi, in this volume). Mineral
deposits were formed in places by supergene
processes that affected the alkaline rocks as well as

by the residual concentration of minerals during the
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long period of weathering. Five carbonatitic bodies
(Araxd, Catalao I and II, Jacupiranga and Tapira)
are being mined nowadays, principally by open pit,
for phosphate and niobium (only Araxa). Excepting
Jacupiranga, where the fresh rock is mined as ore,
mineral exploitation deals always with the
weathered mantle. Concerning the Paraguayan,
Bolivian and Uruguayan occurrences no application

is presently registered.

Basic references

In terms of literature, the most accessible
sources of data on the South American alkaline
magmatism are the works by Ulbrich & Gomes
(1981) and Morbidelli et al. (1995) regarding the
Brazilian occurrences, and by Comin-Chiaramonti
& Gomes (1996) on the Paraguayan rocks. On the
whole, they contain data on the geology, petrogra-
phy, mineral chemistry, geochemistry and geochro-
nology of the numerous occurrences. In the latter
paper a first attempt of comparison between the
rocks from Brazil and Paraguay can also be found.
An additional important source of information on
such rocks is the book by Woolley (1987) that
provides a general description of the alkaline bodies
from different South American countries. Dealing
specifically with the Brazilian carbonatites, it
should be mentioned the review papers by Berbert
(1984), Rodrigues & Lima (1984) and Gomes et al.
(1990). The Bolivian literature is basically centered
on the researches carried out by an English group in
the 1970’s, with much of the data made available in
the papers by Fletcher & Litherland (1981) and
Fletcher & Beddoe-Stephens (1987). Finally, the
Uruguayan occurrence of Valle Chico has as major
references the contributions presented by Kirstein
et al. (2000), Muzio et al. (2002) and Lustrino et al.
(2004).
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TECTONIC CONTROLS OF THE MESOZOIC AND CENOZOIC
ALKALINE MAGMATISM IN CENTRAL-SOUTHEASTERN
BRAZILIAN PLATFORM

C. Riccomini, V.F. Veldzquez and C.B. Gomes

An attempt is made in this paper in order to examine the tectonic relationships of the Mesozoic and Cenozoic
alkaline magmatism in the central-southeastern part of the Brazlian Platform. This region is punctuated by
more than one hundred occurrences of alkaline rocks, Permian-Triassic to Paleogene in age, including alkaline
centers, associated dyke swarms and small bodies. These occurrences may be grouped into 15 provinces: Alto
Paraguay, Ponta Grossa Arch, Valle Chico, Misiones, Central Paraguay, Amambay and Rio Apa, all of them
located on the borders of Parana Basin; Rondondpolis Anteclise and Minas-Goias, lying along the borders of
Bauru Basin; Serra do Mar and Piratini, adjoining to the borders of the Santos and Pelotas basins, respectively;
Asuncion, associated with the Cenozoic evolution of a rift system; the Cabo Frio Magmatic Lineament,
encompassing asynchronic magmatic events along a major fracture zone; and the Velasco and Candelaria, in
eastern Bolivia, within the Amazon Craton. The alkaline provinces are controlled by crustal discontinuities,
mainly extensional or wrenching fault zones along the present-day borders of sedimentary basins. Their
distribution along tectonic features does not show any age distribution pattern, and the isotopic data indicate a
clear lithospheric mantle source to the alkaline magmatism. Taking into account the age span (ca. 210 Ma) and
the large area of occurrence (ca. 2.10° knv), a long-lived process of mantle upwelling seems to explain the
source of heating for the Permian-Triassic to Cenozoic alkaline magmatismin the region. Changes in the stress-
fields and reactivations of regional structures (mainly inherited from Proterozoic crustal discontinuities), in
different pulses from Permian-Triassic to the Paleogene, have generated a wide range of structural
discontinuities along which alkaline magmas were emplaced or reached to the surface.

INTRODUCTION L ate Neoproterozoic to Early Cretaceous the central-
southeastern part of the Brazilian Platform has
The South American Plate is composed of four belonged to Gondwanaland. Tectonic reactivations

main geotectonic units. the Andean chain, to the along shear zones and other discontinuities in the

west, the Brazilian Platform and the Patagonian
block, in the central region, and the domain of
oceanic crust which constitutes its eastern part. The
Brazilian Platform (Almeida, 1967) is essentialy
composed of Archaean to Proterozoic cratonic areas
surrounded by Neoproterozoic orogenic belts and
covered by Phanerozoic sedimentary basins. From

basement rocks and cratonic boundaries have played
amajor role in the origin and in the stratigraphic and
structural development of Phanerozoic sedimentary
basins (Cordani et al., 1984; Milani, 1997), as well
as in the distribution of magmatic activity in space
and time.

More than one hundred major alkaline centers
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and associated bodies, Permian-Triassic to
Paleogene in age, are known in the central-
southeastern region, particularly close to the borders
of the Parand Basin. These occurrences, in some
cases known since the 19th century, were object of
an extensive K-Ar dating program (Amaral et al.,
1967a) and of regional reviews dealing mainly with
its petrographic and genetic aspects (e.g. Ulbrich &
Gomes, 1981; Morbidelli et al., 1995; Comin-
Chiaramonti & Gomes, 1996). Only during the last
30 years, however, took place an increasing interest
on the study of tectonic controls of the alkaline
magmatism of the region. The main studies are those
by Almeida (1971, 1972, 1983, 1986), Almeida &
Carneiro (1989) and Almeida et al. (1996). Almeida
(1983), in a comprehensive review of the subject,
recognized that alkaline rocks south of 15°S parallel
are concentrated in three main different geographical
contexts: near the borders of the Parana Basin; in a
belt, 100 km wide, along the onshore Atlantic
coastal region; and in the Bolivian territory, within
the domain of the Amazon Craton, far from the
borders of Parand Basin and more than 1500 km
away from the Atlantic Ocean. The author has
introduced the concept of alkaline province in order
to designate the regions of occurrence of clusters of
alkaline bodies, with specific petrographic
relationships and ages, and related to recognizable
tectonic features. Based on this concept, Almeida
(1983) defined the following provinces:
o Pocos de Caldas, Alto Paranaiba, Rio Verde-
Ipord, Ponta do Morro, FEastern Paraguay,
Mariscala, Piratini, Santa Catarina, Ponta Grossa
Arch and Ipanema, all along the borders of the
Parana Basin;
e Serra do Mar, on the onshore continental region
along the western border of the Santos Basin;
e Velasco and Candelaria, in eastern Bolivia, within
the Amazon Craton.

This paper examines the role of fracture zones as
the main tectonic control of the alkaline magmatism
in the region close to the geographic area of Paran,

Santos and Pelotas basins as well as in the eastern

Bolivia. It follows the general approach given by
Almeida (1983), but the interpretations herein
presented are based on new geological, structural
and geophysical data obtained during the last 20
years, including previously unpublished data, which
have greatly improved the geological knowledge of
the region. Special reference is given to the: 1)
recognition of new structural lineaments hosting
alkaline rocks; 2) identification of wrenching and
associated structures as a control for alkaline bodies;
3) individualization of the Bauru Basin, a Late
Cretaceous tectonic unit overlying Early Cretaceous
tholeiites of the Serra Geral Formation (Parana flood
volcanism), within the geographical area of the
Parana Basin, and with bodies of alkaline rocks
along its borders; 4) geochronological data
indicating different ages for alkaline rocks
previously included in a single province.

These new data have opened a new perspective to
the analysis of the Mesozoic and Cenozoic
magmatism in the region and, consequently, to a

review of the model proposed by Almeida (1983).

THE MAIN PULSES OF ALKALINE
MAGMATIC ACTIVITY DURING THE
MESOZOIC AND CENOZOIC IN THE
CENTRAL-SOUTHEASTERN BRAZILIAN
PLATFORM

Taking into account the available
geochronological data at the beginning of the 80's
(Amaral et al., 1967a; Ulbrich & Gomes, 1981),
Almeida (1983) verified that the Mesozoic and
Cenozoic alkaline magmatism in the region has
occurred in three main stages related to the opening
of the South Atlantic: 1) Late Jurassic to Early
Cretaceous, correlated with the rift stage in the
Atlantic marginal basins; 2) Aptian to Maastrichtian,
or even the beginning of the Paleogene,
corresponding to the ocean stage (Asmus &
Guazelli, 1981); and 3) Paleogene, coeval to the
installation of the continental taphrogenic basins of
southeastern Brazil (Almeida, 1976).

The more recently available geochronological
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data confirm the existence of such three stages.
Moreover, they point to an older stage, Permian-
Triassic in age (e.g. Veldzquez et al., 1996a, b;
Gomes et al., 1996a), and bring about the division of
the Early Cretaceous stage in three main pulses of
alkaline magmatic activity.

In the present paper, the alkaline magmatism of
central-southeastern region of Brazilian Platform is
grouped in 15 provinces (Fig. 1):

o the Permian-Triassic Alfo Paraguay and the Early
Cretaceous Ponta Grossa Arch, Valle Chico,
Misiones, Central Paraguay, Amambay and Rio Apa
provinces, distributed along the present-day borders
of Paran4 Basin;

o the Late Cretaceous Rondonopolis Anteclise and
Minas-Goids provinces, adjacent to the Bauru Basin;
o the Late Cretaceous Serra do Mar and Piratini
provinces, developed on the onshore continental
region at the western borders of Santos and Pelotas
marginal basins, respectively;

o the Asuncion province, related to the Cenozoic
evolution of the Asuncién Rift;

o the Cabo Frio Magmatic Lineament province,
with at least two phases of alkaline magmatism,
from Late Cretaceous to the Paleogene;

o the Early Cretaceous Velasco and Candelaria
provinces of eastern Bolivia, within the Amazon

Craton.

ALKALINE PROVINCES AROUND THE
PARANA BASIN

The boundaries of Parand Basin, an interior
cratonic sineclise, are delineated by syn- and post-
tectonic activity of archs and structural lineaments,
parallel or transverse to its borders. Their oldest
sedimentary  deposits, preserved in Eastern
Paraguay, are Ordovician in age (Fulfaro, 1996). Its
sedimentary fill records the different Phanerozoic
orogenic processes that occurred in the adjoining
regions of the Western Gondwana at the end of the
Ordovician and of the Devonian, and at the Permian-
Triassic (Zalan et al., 1990a, b; Tankard et al., 1995,
Milani, 1997). The present-day expression of the
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Parand Basin summarizes a long, polycyclic
evolution history, alternating periods of subsidence
and uplift, largely influenced by archs and
lineaments. The successive periods of erosion,
including those actives nowadays, have restricted the

original area of sedimentation.

The oldest alkaline rocks recognized around the
Parana Basin are of Permian-Triassic age (Amaral et
al., 1967a; Velazquez, 1996; Veldquez et al., 1996a,
b; Gomes et al., 1996a). At this time occurred the
convergence along the southern border of Western
Gondwana (Ramos, 1988; Cobbold er al., 1992;
Dalziel & Grunow, 1992) and the consequent Cabo-
La Ventana Orogeny (e.g. Tankard et al., 1995;
Milani, 1997). The propagation of stresses related to
this event into the inner parts of the continent has
caused syn-sedimentary tectonism and deformation
(Riccomini, 1995a; Rostirolla et al, 2000;
Veldzquez et al., 2001) and generated N-S and NE-
SW-trending zones of weakness in the central-
western and the eastern part of the basin,

respectively.

Early Cretaceous is marked by intense tectono-
magmatic activity in the region of the Parana Basin,
with the extrusion of tholeiitic basaltic lavas (Ama-
ral et al., 1967b; Melfi et al., 1988; Rocha-Campos
et al., 1988; Renne et al., 1992; Turner et al., 1994,
Stewart et al., 1996). The area covered by lava flows
was larger than 1.6 x 10° km’ (Renne et al., 1992),
with a volume of about 7.9 x 10°km’ (Eyles & Ey-
les, 1993). High precision Ar-Ar age data (Turner et
al., 1994; Stewart et al., 1996) show that the ex-
trusion of lava flows started at 137 Ma along NE-
trending geosutures, parallel to the present-day Para-
nd river, and has migrated to the southeast at 134-
132 Ma along the NW-striking lineaments that cons-
titute the Ponta Grossa Arch. Laterly, the magma-
tism occurred along the coastal regions of Santa Ca-
tarina, Parand, Sdao Paulo and Rio de Janeiro states,
following older, NE to NNE-trending structures
(nowadays represented by dykes, the feeders of lava
flows), before reaching the Etendeka (Namibia) and

the continental breakup occurred at 126 Ma.
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Fig. 1. Alkaline provinces of the centra-southeastern region of the Brazilian Platform and their relationships with major
structural features: 1) Late Ordovician to Early Cretaceous Parand Basin; 2) Early Cretaceous tholeiitic lava flows; 3) Late
Cretaceous Bauru Basin; 4) Offshore margina basins; 5) akaline provinces; 6) age of akaline rocks (diamonds, Permian-
Triassic; squares, Early Cretaceous; triangles, Late Cretaceous; circles, Paleogene); 7) Axes of main archs (AX, Alto Xingy;
SV, Sdo Vicente; BJ, Bom Jardim de Goids; PG, Ponta Grossa; RG, Rio Grande; PP, Ponta Pord); 8) Torres Syncline; 9)
Major fracture zones, in part deep lithospheric faults (Rifts: MR, Mercedes, RM, Rio das Mortes; MG, Moirdo; SR, Santa
Rosa; AR, Asuncién; Lineaments: TB, Transbrasiliano; AP, Alto Paranaiba; MJ, Moji-Guagu; CF, Cabo Frio; RT, Rio Tiet&;
SL, S&o Carlos-Leme; PR, Paranapanema; PI, Piedade; GP, Guapiara; JC, Sdo Jer6nimo-Curiliva; RA, Rio Alonzo; PQ, Rio
Piquiri; AM, Santa Lucia-AiguaMerin).
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The structure of the western border of Parana
Basin in Eastern Paraguay was first delineated in
regional studies (DeGraff, 1985; Druecker & Gay
Jr., 1987) and could be detailed thanks to the
aeromagnetometric and gravimetric data obtained,
respectively, by Aerial Geophysics Company (1991)
and Photo Gravity Corporation (1991), during a
survey under contract for the Anschutz Corporation.
On the basis of the reinterpretation and integration
of these data, Veldazquez et al. (1998) identified the
presence of NW-SE-striking structural lineaments in
the regions of Asuncién and San Juan Bautista (Fig.
1). Such structures correspond to deep-lithospheric
faults filled with dykes of ultra-alkaline rocks, active
either during the Early Cretaceous and the Paleogene
(Riccomini et al., 2001; Velazquez et al., 2002).
These lineaments are displayed similarly as those
observed in the eastern border of the Parana Basin,
1998). New

geochronological, structural and geophysical data

in Brazil (Velazquez et al,
obtained from the Paraguayan alkaline rocks
allowed the individualization of six provinces in the
region (Veldzquez et al., 1996b), which as a whole
were so far considered as corresponding to the
Eastern Paraguay Province and related solely to the
Asuncion Arch (Almeida, 1983).

Alto Paraguay

The Alto Paraguay Province encompasses the
alkaline centers located north of Porto Murtinho, at
the boundary zone between the Paraguay and the
state of Mato Grosso do Sul, Brazil (Fig. 1). These
rocks are related to the oldest recognized alkaline
magmatic event around the Parand Basin, of
Permian-Triassic age (250-240 Ma) (Amaral et al.,
1967b; Velazquez, 1996; Veldzquez et al., 1996a, b;
Gomes et al., 1996a). They consist mainly of
nepheline syenites and syenites occurring as ring-
like complexes and stocks, with fine-grained
equivalents, such as lavas and dykes.

Livieres & Quade (1987) related the magmatism
of the Alto Paraguay Province to the Rio Apa Arch,

whereas Velazquez et al. (1996a) to a cratonic
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margin. Because of the restricted area of occurrence,
with bodies aligned in a narrow belt along the
Paraguay river, and the presence of structural
lineaments, Veldzquez et al. (1998) pointed out the
possibility of a control by N-S-trending faults.
Taking into account that stresses related to the Cabo-
La Ventana orogeny (Tankard et al., 1995; Milani,
1997) have propagated to the inner parts of the
Brazilian Platform in the general N-S-trending, it is
here put forward the hypothesis of a genetical
relationship  between the convergence in
southwestern Gondwana and the Permian-Triassic

alkaline magmatism in the Alto Paraguay Province.

Ponta Grossa Arch

The Ponta Grossa Arch is composed of NW-SE-
striking structural lineaments along which huge
diabase dykes related to the tholeiite magmatism of
the Serra Geral Formation were intruded (Ferreira,
1982; Ussami et al., 1994). In this work the Ponta
Grossa Arch Province includes only the Early
Cretaceous alkaline rocks occurrences, with
chronological links with the tholeiitic effusives and
associated dykes and sills of the main magmatic
phase of the arch. Some of the alkaline intrusions are
situated on or close to the NW-SE-trending arch
lineaments. Together with the bodies lying in the
axial region of the arch, which originally integrated
this province (Almeida, 1983), it is here believed to
extend to northeast, in order to include the Ipanema
(Aragoiaba da Serra), Salto de Pirapora, Piedade and
Itanhaém alkaline bodies (Sdo Paulo state), because
of their distribution along a NW-SE-trending
structure, parallel to the Guapiara Lineament, and to
the south, to include the Anitdpolis intrusion (Santa
Catarina state). These new limits correspond to the
extent of Early Cretaceous uplift along the arch.

Alkaline rocks with a mafic to ultramafic
character predominate in this province, including
carbonatites in Anitapolis, Itapirapud, Jacupiranga,
Juquid and Ipanema (Gomes et al., 1990), whereas
in Tunas there are rocks with a felsic nature (Gomes

et al., 1987). The available geochronological
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determinations show that the Early Cretaceous
alkaline magmatism occurred in two phases: the
older, coeval to the tholeiitic event, as indicated by
Ar-Ar age data of 132-131 Ma for Anitdpolis (Renne
et al., 1993) and Jacupiranga (Renne et al., 1993;
Basu et al., 1993), besides the K-Ar ages within the
130 to 122 Ma interval for Juquid, Ipanema, Piedade
and Itanhaém (Amaral et al., 1967a; Sonoki &
Garda, 1988); and the more recent event, with K-Ar
age determinations of 101-105 Ma for Itapirapud
(Gomes & Cordani, 1965; Sonoki & Garda, 1988)
and 110 Ma for Tunas (Gomes et al., 1987; Sonoki
& Garda, 1988). Ar-Ar data of alkaline massifs in
northwestern Namibia, the African counterpart of
the Ponta Grossa Arch Province, indicate similar
ages, between 137 and 127 Ma (Milner et al., 1995;
Renne et al., 1996).

With the exception of Anitdpolis, without a clear
structural control, the other Early Cretaceous
occurrences of the Ponta Grossa Arch show a
striking control along the NW-SE direction, as
evidenced by the elongation of the Tunas and
Itapirapua massifs, the association of the
Jacupiranga, Juquid and Pariqiiera-Ac¢u massifs with
the Guapiara Lineament, and the alignment of the
Ipanema, Piedade and Itanhaém intrusions along this
direction.

During the tholeiitic magmatism, the structural
lineaments of the Ponta Grossa Arch acted as the
conduit for lavas. In particular, the Guapiara
Lineament (which integrates the Ponta Grossa Arch)
was a 600 km long and 20-60 km wide fissure-zone
along which a large volume of basaltic magma was
intruded as dykes. This crustal section was thinned
by 14%, with maximum mantle ascension of 5 km
and minimum extension of 18% (Ferreira et al.,
1989), suggestive of a quite pure shearing regime,
with the main extensive stress, 3, horizontal, NE-
SW-oriented (Riccomini, 1995a, b). Almost all of
the older Early Cretaceous alkaline intrusions in this
region probably were emplaced under this
extensional stress-field. Mafic dykes constitute three

swarms, with NW-SE-trending in the Ponta Grossa

Arch, ENE-WSW-trending along the coast of S&o
Paulo and Rio de Janeiro states, and a N-S-trending
swarm along the coast of Parand and Santa Catarina
states, the branches of a triple-junction installed in
the region (Herz, 1977; Riccomini, 1995a). The
formation of the South Atlantic sea floor was older
to the south and more recent to the north of Séo
Paulo-Walvis Chain (Chang & Kowsmann, 1991).
As a result, the stress-regime has changed to
wrenching, related to a WNW-ESE-trending right-
lateral binary. The principal extensive stress, G3,
remained in the NE-SW direction, but the principal
compressive stress, ol, has changed to NW-SE,
horizontal (Riccomini, 1995a). The occurrence of
diabase dykes showing syn-intrusive shortening
along the NW-SE-direction in the region of the
Guaratuba Bay, in the coast of the Parand state
(Soares, 1991) and of discontinuities developed
during the cooling phase of the Jacupiranga intrusion
(Hasui et al., 1992) corroborate this change in the
stress-field and allows to conclude that ol was
positioned along the NW-SE-direction, thus
indicating a clockwise block rotation in the region of

the Ponta Grossa Arch at that time.

Valle Chico

The Valle Chico Province, in southern Uruguay,
was formerly referred to as Mariscala Province by
Almeida (1983). It is an igneous complex with about
250 km® (Muzio & Artur, 1998; Muzio, 2000) and
includes syenites, trachytes and porphyry syenites of
the Valle Chico Formation (Pirelli, 1999). Rb-Sr
(Umpierre & Halpern, 1971), U-Pb and Sm-Nd data
(Muzio et al., 1999) have indicated an Early
Cretaceous age for this province. A syenite from this
region yielded an Ar-Ar age of 133 Ma (Stewart et
al., 1996). Dykes and veins within the complex are
preferentially NW-SE-trending oriented (Pirelli,
1999). The province was first related to the Early
Cretaceous evolution of the WNW-ESE-trending
Santa Lucia Graben (Bossi, 1996) and more recently
to the NE-SW-trending Santa Lucia-Aigud-Merin

Lineament, an extensional fault zone during the
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alkaline magmatism (Rosselo et al., 2000).

Misiones

The Misiones Province includes the sodic alkali-
ne rocks of the region of San Juan Bautista in the
southern part of Eastern Paraguay (Comin-Chiara-
monti et al., 1992a). It is related to a late Early Cre-
taceous magmatic event, with Ar-Ar age-data of ca.
118 Ma (Veldzquez et al., 2003), and consists of
small plugs and dykes of nephelinite, peralkaline

phonolite (Comin-Chiaramonti et al., 1992a) and
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tephrite (Veldzquez et al., 2003). Magnetometric and
gravimetric data indicate a conspicuous set of NW-
SE-striking structural lineaments, over 150 km long,
about 100 km south of the Asuncién Rift (Veldzquez
et al., 1998). This feature was considered as a result
of crustal fracturing, being named as Santa Rosa
Graben (DeGraff & Orué, 1984).

investigations confirmed that the alkaline bodies of

Recent

this province are distributed and oriented along NW-
SE structures, and were emplaced under a NE-

trending extension (Veldzquez et al., 2002).
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Fig. 2. Geologic map of the Asuncion Rift with location of Early Cretaceous (Central Paraguay Province) and Paleogene
(Asuncion Province) alkaline rock occurrences (after Velazquez et al., 1998, modified).

Central Paraguay

The Central Paraguay Province encompasses the
occurrences of alkaline rocks related to the evolution
of the central and eastern portions of the Asuncién
Rift (DeGraff, 1985),

Cretaceous. This tectonic depression (Fig. 2), a

installed in the Early

striking feature either in magnetometric or
gravimetric maps (Veldzquez et al., 1998; Comin-
Chiaramonti et al., 1999), is about 200 km long and
has a variable width between 25 and 40 km. It is
composed of three well-defined segments: the
NW-SE

Benjamin Aceval (north of Asuncién) and Paraguari,

western  segment, oriented, between

with a length of about 90 km; the central segment,
E-W oriented, from Paraguari to Villarrica, with
around 70 km in length; and the less well-defined
eastern segment, NW-SE oriented, from Villarrica to
the region of the Ybytyruzd mountains, with an
approximate length of 40 km. The study of dyke
swarms, faults and joints allowed Velazquez et al.
(1998) to conclude that the rift was generated under
a right-lateral wrenching tectonic regime, associated
with an E-W-trending oriented binary. The Ar-Ar
ages of alkaline rocks of the Central Paraguay
Province range between 126 and 128 Ma (Gomes et
al. 2003), characterizing an Early Cretaceous
magmatic tholeiitic

pulse, younger than the
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magmatism of Alto Parand Formation (Serra Geral
Formation in Brazil). The alkaline bodies occur as
stocks, plugs, lavas and specially dykes and dyke
swarms (Gomes et al., 1989; Comin-Chiaramonti et
al., 1992b, 1995) and also includes the great, ring-
like intrusion of Cerro Acahay (Comin-Chiaramonti
et al., 1990; Veldzquez et al. 1992). The province
consists of highly potassic rocks with a wide
petrographic diversity (Veldzquez, 1992; Comin-
Chiaramonti et al., 1997). These rocks are grouped
in two distinct sets, one with basanites to phonolites
and other with alkaline basalts to trachytes, both
including its corresponding intrusive terms (Comin-
Chiaramonti et al., 1993, 1996; Gomes et al.,
1996b). In addition, a small occurrence of
carbonatite rock has been identified in the
surroundings of the locality of Sapucai (Comin-

Chiaramonti et al., 1992c¢).

Amambay

In the Amambay Province, located in
northeastern Paraguay, along the boundary with
Brazil, the alkaline magmatic activity is represented
by the ring-like complexes of Cerro Chiriguelo and
Cerro Sarambi (both with occurrence of carbonatite
facies). Pyroxenites, shonkinites, fenites and dykes
of trachytes and phonolites also occur in the region.
The ages of this alkaline magmatism range between
140 and 135 Ma (Velazquez et al., 1996b),
indicating the presence of a prior event with respect
to the tholeiitic basaltic magmatism. The Amambay
Province is located within the domain of the NE-
SW-trending Ponta Pord Arch (Thomas &
Associates, 1976) and between two outstanding
depressions, one to NW and the other to SE of Pedro
Juan Caballero, as indicated by the Bouguer
anomaly map (Veldzquez et al., 1998; Vidotti et al.,
1998; Comin-Chiaramonti et al., 1999). These
depressions are probably sedimentary basins and the
uplifted block of the Ponta Pord Arch hosts the
alkaline intrusions of Cerro Chiriguelo and Cerro

Sarambi. The tectonic control of alkaline intrusions

of Amambay Province by the Ponta Pord Arch was
originally proposed by Livieres & Quade (1987).
The presence of magnetic anomalies with higher
intensity at the southwestern end of the arch seems

to support this hypothesis (Velazquez et al., 1998).
Rio Apa

The magmatism in the Rio Apa Province is not
expressive and consists only of small occurrences of
alkaline rocks near Puerto Valle-mi and San Lazaro,
at the margins of the Paraguay river, northern part of
Eastern Paraguay. It includes thin dykes of
carbonatitic basanite afilliation (Comin-Chiaramonti
et al, 1997) along NE-SW-trending faults
(Veldzquez et al., 1998). These faults were deep
enough to allow the migration of primitive magmatic
liquids from mantle to the surface across the entire
block of Neoproterozoic carbonatic  rocks
(Velazquez et al., 1998). As in the Amambay
Province, the ages between 140 and 135 Ma
(Velazquez et al. 1996b) show that this magmatic
event preceded the tholeiitic magmatism of the Alto
Parand Formation, indicating an older Late Jurassic
to Early Cretaceous magmatic pulse around the

Parana Basin.

ALKALINE PROVINCES ADJOINING THE
BAURU BASIN

The Late Cretaceous Bauru Basin (Fernandes &
Coimbra, 1996) developed over the geographical
area of the Parand Basin. Its origin is related to sub-
sidence above the Early Cretaceous tholeiite lava
flows, with depocentre located over the thickest part
of the volcanic pile (Riccomini, 1995a, 1997). The
basin boundaries are essentially of tectonic nature
(Riccomini, 1997) and delineated by the Rondo-
népolis Anteclise (Coimbra, 1991) to the northwest;
by the Alto Paranaiba Uplift (Hasui et al., 1975) to
the northeast; by the Rio Moji-Guagu (Coimbra et
al., 1981), Sao Carlos-Leme and Ibitinga-Botucatu
lineaments (Riccomini, 1995a, 1997) to the east; by

the Paranapanema Lineament (Fulfaro, 1974) to the
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southwest, and by the Rio Piquiri Lineament
(Ferreira, 1982) to the south (Fig. 1). Some of these
archs and lineaments have also influenced the

contours of the borders of the Parana Basin.

Rondondpolis Anteclise

The Rondondpolis Anteclise (Coimbra, 1991) is a

NE-SW-trending positive tectonic feature. It
includes important structural elements such as the
Alto Xingu Arch, its northern boundary, the Sao
Vicente Arch at its central part, and the
Transbrasiliano Lineament (Schobbenhaus et al.,
1981), its southern boundary. The main phase of
tectonic activity of this structure occurred during the
Late Cretaceous, with uplift along discontinuities of
the Neoproterozoic Brasiliano Cycle. At that time
the anteclise acted as a barrier between the Parecis
and Bauru basins, both developed over a cratonic
substrate (Coimbra, 1991). The

reactivation of NE to ENE and NW-trending faults

transtensional

allowed the deposition of a thick continental
sedimentary succession in rhomb-shaped, pull-apart
basins, developed within the anteclise. A more
recent reactivation is recorded during the Paleogene.
Late Cretaceous alkaline manifestations occur within
this feature. The alkaline intrusion of Ponta do
Morro (Del'Arco et al., 1982; Souza, 1997) mainly
consists of syenites and granites. A Rb-Sr reference
isochron obtained for the syenites has given an age
of 97.1£1.1 Ma (Souza, 1997), in agreement with
the age of the main tectonic event. The Poxoréu
Igneous Province (Gibson et al, 1997) is placed
along the Rio das Mortes Rift, an extensional NE-
SW-trending tectonic feature following the general
Ar-Ar
determinations relative to one dyke (Gibson et al.,
1995) yielded an age of 83.4+2.4 Ma.

The magmatism in this area was related to intense

structural trend of the anteclise.

lithospheric extension above the western margin of
the supposed impact zone of the Trindade plume
(Gibson et al., 1997). Initial Sr- and Nd- isotopic
ratios (Sr/**Sr=0.704 and "Nd/"*Nd=
0.51274) of the Poxoréu basaltic lavas obtained by
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these authors indicate a clear lithospheric mantle
source to the alkaline magmatism of this region, and

do not point to a magma source from mantle plumes.
Minas-Goids

Alkaline rocks from the Alto Paranaiba and the
described by
Almeida, 1983) were recently grouped in the Minas—
Goids Alkaline Province (Sgarbi & Gaspar, 2002).

In the northwestern portion of the province there

Rio Verde-Ipord provinces (as

are the occurrences of the previously named Rio
Verde-Ipord Province (Almeida 1983). It includes
more than 20 alkaline complexes, many dykes and
local volcanic products occurring along a NW-SE
oriented belt with about 250 km in lenght and 70 km
in width, which parallels the faults that have served
as conduits for the alkaline magma (Almeida, 1983).
According to Danni (1974), the alkaline rocks are
either intrusives (Morro do Engenho, Agua
Emendada, Santa Fé, Montes Claros de Goias,
Morro Preto, Areiandpolis, Buriti, Cérrego dos Bois
and Morro do Macaco) or volcanics (Amorinépolis
and Santo Ant6nio da Barra); among the intrusive
types there are peridotites, pyroxenites, dunites,
essexites, theralites, gabbros, tinguaites, nepheline
syenites, nordmarkites, carbonatites and alaskite
dykes, and lamprophyre dykes and sills, whereas
among the volcanic rocks are found trachyandesites,
alkali basalts and clinopyroxenites. Kamafugites
occurring as lavas and pyroclastic rocks, with a
subvolcanic facies, were described by Sgarbi &
Gaspar (2002) in Santo Antdnio da Barra, Goids.
The available geochronological data indicate a Late
Cretaceous age (e.g. Cordani & Hasui, 1975),
ranging from 90 to 79 Ma (Gibson et al., 1995).

The southeastern portion of the Minas-Goids
Alkaline Province includes the occurrences of the
previously named Alto Paranaiba Province
(Almeida, 1983). Alkaline rocks occur along the
Alto Paranaiba Uplift (Hasui et al., 1975), a positive
tectonic feature developed from Jurassic to Early
Cretaceous as a barrier between the Parand and Sao

Francisco basins. During the Late Cretaceous, it
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corresponded to the northeast border of the Bauru
Basin (Riccomini, 1997). With a general NW-SE-
trending, the uplift develops upon the Brasilia Fold
Belt, near the southwestern border of the Sao Fran-
cisco Craton. This boundary region between the
craton and the mobile belt also includes NW-SE-
trending structural lineaments, as indicated in aero-
magnetic surveys and taken as fracture zones, more
than 400 km in length (Bosum, 1973). Seismic data
suggest a present-day lithosphere thicker than 130
km in the northeastern region of the geographical
area of the Parand Basin and a crustal thickness of
about 40 km southwest of the Alto Paranaiba Uplift
(James et al., 1993). This region comprises potassic
to ultrapotassic mafic to ultramafic rocks (Gibson et
al., 1995), occurring as plutonic complexes, hypa-
bissal intrusions, lavas and tuffs. The volcanic oc-
currences cover an area over 4500 km’ (Leonardos et
al., 1991) and belong to the Mata da Corda For-
mation (Costa & Sad, 1968). It includes amigdaloi-
dal lavas and pyroclastic rocks of kamafugitic affini-
ty (volcanic ash, lapilli and blocks) bearing abundant
dunite, melilitite and pyroxenite xenoliths, occasio-
nally cut by thin olivinic dykes (Gibson et al., 1995).

There are seven plutonic complexes ranging
between 2 and 6 km in diameter (Tapira, Araxa,
Salitre I and II, Serra Negra and Cataldo I and II).
All include carbonatites (Gomes et al., 1990) and
some of them glimmerites, pyroxenites, peridotites,
dunites and peralkaline syenites (Barbosa et al.,
1970; Danni et al., 1991; Mariano & Marchetto,
1991; Brod, 1993). Minor intrusive bodies occur as
pipes and dykes with major axes no larger than some
hundreds of meters (Svizero ef al., 1984). Generally,
they have been altered and consist of agglomerates,
tuffs and volcanic breccias with xenoliths of
ultramafic rocks (glimmerites, hazburgites, dunites,
spinel and garnet lherzolites). These bodies, in part
previously considered as kimberlites (Svizero et al.,
1984), were recently studied in detail by Bizzi
(1993) and Bizzi et al. (1994). Kamafugite (Serra do
Bueno) and massive porphyritic hypabissal facies

(Mata da Corda, Trés Ranchos) are recognized in

some bodies (Gibson et al., 1995). Available K-Ar
geochronological data (Amaral et al., 1967a; Hasui
& Cordani, 1968; Sonoki & Garda, 1988; Gomes et
al., 1990) indicated a Late Cretaceous age (97-79
Ma) for the plutonic carbonatite complexes of this
province. K-Ar determinations in phlogopite
furnished an age of 83.6t1.4 Ma for a lava flow of
the Mata da Corda Formation (Gibson et al., 1995),
whereas Ar-Ar analysis of olivine phenocrysts of the
Serra do Bueno kamafugite yielded 90+4 Ma
(Gibson et al., 1994), both within the age interval for
the plutonic carbonatite complexes.

The source of heat in this province was related
either to the Trindade (e.g. Herz, 1977; Gibson et
al., 1995) or Tristan da Cunha plumes (Bizzi, 1993;
Van Decar et al., 1995). In particular, Gibson et al.
(1995) considered that the mafic alkaline magma-
tism of Alto Paranaiba and Ipord regions would re-
present the impact of installation of the Trindade
plume within the subcontinental lithospheric mantle,
whereas Van Decar et al. (1995) suggested the exis-
tence of a fossil mantle plume beneath this province.
According to Gibson et al. (1995), the mafic potas-
sic magmatic rocks from the Alto Paranaiba show
initial Sr- and Nd-isotopic ratios varying between
0.7046-0.7058 and 0.5121-0.5123, respectively,
suggesting that the magmas were derived from the
remobilization of subcontinental lithospheric mantle.

The distribution of alkaline occurrences along
NW-SE-trending crustal discontinuities extending
over 800 km in length and the nature of the mag-
matism indicate that deep lithospheric faults played

a major role in the tectonic control of this province.

ALKALINE PROVINCES ADJOINING THE
SANTOS AND PELOTAS BASINS

Serra do Mar

Once defined the Cabo Frio Magmatic Lineament
(Almeida, 1991), the alkaline occurrences of the Ser-
ra do Mar Province (sensu Almeida, 1983) were res-
tricted to those of the islands close to the Atlantic

coast and the Ponte Nova massif, all of them in the



Mesozoic to Cenozoic Alkaline Magmatism in the Brazilian Platform

Sdo Paulo state. On account of the type of structural
control by the basement discontinuities, ages and the
relationship with the evolution of the Atlantic con-
tinental margin adjoining the Santos and Pelotas ba-
sins, in the present paper it has been grouped in the
Serra do Mar Province the Late Cretaceous alkaline
rocks of the region of the Ponta Grossa Arch, for-
merly included in the homonymous province, and of
Lages, previously related to the Santa Catarina Pro-
vince, by Almeida (1983). This province was divi-
ded into three sectors, north, central and south, cor-
responding to areas of major Cenozoic uplift along
the onshore coastal region of southeastern Brazil.

In the northern sector, one can find the alkaline
intrusions of the coastal islands of Sdo Sebastido, the
larger one, Montdo de Trigo, Buzios and Vitdria,
besides the Ponte Nova plutonic body in the Serra da
Mantiqueira highlands. The Ponte Nova massif is
composed of nepheline melagabbros with leucogab-
bros and syenite veins, and associated minor mela-
gabbro, phonolite and melanephelinite dykes
(Thompson et al., 1998). Three syenite and a proba-
ble alkaline gabbro stocks occur in Sdo Sebastido
Island (Freitas, 1947a); related mafic dykes are also
present in the onshore coastal region (e.g. Garda et
al., 1995). Two generations of mafic and felsic alka-
line dykes were recognized in the Buizios and Vitéria
islands, the older, radial, left-laterally dislocated by
the younger NE-SW-trending dykes (Motoki, 1986;
Alves, 1997). Available K-Ar and Rb-Sr geochrono-
logical data indicated ages of 90-80 Ma for the Vit6-
ria Island (Motoki, 1986), 86 Ma for the Ponte Nova
(Sonoki & Garda, 1988), 81 Ma for the Sido Se-
bastido Island, 80 Ma for the Montdo de Trigo Island
(Amaral et al., 1967b), and 81-79 Ma for the Bizios
Island (Alves, 1997). An Ar-Ar determination for a
mafic dyke of the Campos do Jorddo region
provided an age of 80 Ma (Regelous, 1993).

In the central sector, within the geographical area
of the Ponta Grossa Arch, there are many Late
Cretaceous alkaline bodies, such as Cananéia
(Freitas, 1947b; Spinelli et al., 2001), Barra do

Teixeira and Mato Preto (Vasconcellos, 1995;
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Comin-Chiaramonti et al., 2001a), consisting mainly
of felsic alkaline rocks. Available K-Ar data
indicated 82 Ma for Cananéia (Amaral et al.,
1967b), 73 Ma for Barra do Teixeira and 67 Ma for
Mato Preto (Sonoki & Garda, 1988).

In the southern sector of the province, there is the
Lages intrusion, a dome structure that uplifted the
Paleozoic sedimentary rocks and the basalts of the
Serra Geral Formation. In this occurrence nepheline
syenite predominates, with minor dykes and veins of
variable compositions, including carbonatites and
kimberlitic rocks (Scheibe, 1979; Traversa et al.,
1994, 1996; Comin-Chiaramonti et al., 2002). The
intrusion was dated as of 78-63 Ma by K-Ar method
(Scheibe, 1986). NE-SW-trending normal faults are
the main structures in the massif (Scheibe, 1986).

The alkaline magmatism of the Serra do Mar
Province has been frequently related to the evolution
of the adjoining passive continental margin (e.g.
Almeida, 1976, 1983, 1986; Ulbrich & Gomes,
1981; Morbidelli et al., 1995). In this extensional
context the reactivation of ancient zones of
weakness are favoured, particularly the Proterozoic
shear zones which parallels the present-day coast
line. Indications in this sense are given by the
alignment of the alkaline occurrences in the islands
of the coastal region in northeastern Sao Paulo state,
following a probable fault zone, as well as by the
NE-SW-trending mafic dyke swarm. NE-SW-
trending normal faults also occur in Lages.

The sedimentary record of the Santos Basin indi-
cates that the uplift of the Serra do Mar started at 90
Ma. Relying on fission-track data, Vignol-Lelarge et
al. (1994) obtained an age of 86 Ma for the uplift in
the region of the Ponta Grossa Arch. More recent
apatite fission-track data suggest that the region of
the Serra da Mantiqueira and adjoining areas would
have experienced an uplift of 2 to 6 km since the
Early Cretaceous (Gallagher et al., 1995), and the
main phases of cooling, which indicate the accentua-
tion of uplift rates, have occurred during the Creta-
ceous (120-100 and 85-70 Ma), the Paleocene (Tello
Saenz et al., 2003), and the Quaternary (Hackspa-
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cher et al., 1999). The erosional processes in the up-
lifting region and the load of the volcano-sedimen-
tary pile in the Santos Basin lead to the installation
of a self-supported stress-field, which gradually has
accentuated the elevation of the emerged area and
the subsidence in the basin, with an offset of about
15 km from the top of the Serra da Mantiqueira to
the base of the Santos Basin (Almeida et al., 2000).
Structural data (Riccomini, 1995b) as well as ani-
sotropy of magnetic susceptibility data (C.J. Archan-
jo, personal communication) point out that during its
emplacement the Cananéia alkaline body was under
the action of a NW-SE-oriented compressive stress-
field, 82 Ma ago, suggesting a new change in the

regional stress-field from the Campanian.
Piratini

Almeida (1983) included in the Piratini Province
all known alkaline rocks in the so-called Sul-rio-
grandense Shield. The occurrences, mainly phonoli-
tic bodies, are generally hectometric and only in one
case larger than 1 km in diameter. K-Ar age determi-
nations in these rocks span between 99 and 76 Ma
(Barbieri et al., 1987). The occurrences are located
in the inner part and along the borders of a NE-SW-
trending tectonic depression, the Moirdo Graben,
which nestles the remains of Triassic continental se-
diments of the Caneleiras Formation. The
distribution of the alkaline bodies is controlled by
NE-SW-trending faults, parallel to the graben, as
well as by NNW-SSE to NW-SE-trending fractures.

Due to its age, structural control and distribution
with respect to the Pelotas Basin, we put forward an
evolutive context to the alkaline magmatism of the
Piratini Province analogue to the Serra do Mar
Province, and related to the evolution of the Atlantic

continental margin basins.

ALKALINE PROVINCE RELATED TO THE

CENOZOIC EVOLUTION OF THE
ASUNCION RIFT
Asuncion

The Asuncién Province comprises the ultra-

alkaline rocks of the western segment of the
Asuncién Rift in Eastern Paraguay. It marks an
important tectono-magmatic activity during the
Paleogene, with Ar-Ar ages ranging between 68 and
52 Ma, but with a clear predominance in the 58-56
Ma (Eocene) interval (Gomes et al., 2003). Its rocks
present a markedly sodic composition, mainly
nephelinites and ankaratrites, bearing mantle
nodules which range from dunites to lherzolites
(Comin-Chiaramonti et al., 1991, 2001b). Isotopic
ratios (’Sr/*Sr=0.70362-0.70392 and
"Nd/"*Nd=0.51225-051242; Comin-Chiaramonti et
al., 1991, 1995, 1997) indicate a lithospheric mantle
provenance for the ultra-alkaline magmatism of this
region. The occurrences are related to NW-SE-
striking magnetic lineaments and to a gravimetric
low situated beneath the region of Asuncién. This
gravimetric low corresponds to a graben filled with
fanglomeratic sediments containing nephelinite
volcanic fragments and bombs (Riccomini et al.,
2002). Systematic studies of faults and fracture
patterns of the Nemby, Lambaré and Benjamin
Aceval ultra-alkaline bodies and available
petrological data allowed Riccomini et al. (2001) to
conclude that these rocks were emplaced along NW-
SE-striking deep lithospheric faults (more than 60
km deep), within an E-W-trending right-lateral
wrenching tectonic regime, identical to those active
during the rift installation, at the Early Cretaceous.
Cooling and fracturing of the nephelinitic and
ankaratritic bodies in relatively restricted areas
indicate that the activity of deep faults caused great
energy loss in the asthenosphere, leading to
subsequent melting of the lithospheric mantle by
decompression during a relatively short-time interval
(Riccomini et al., 2001).

ALKALINE PROVINCE WITH A
POLYPHASIC TECTONO-MAGMATIC
EVOLUTION

Cabo Frio Magmatic Lineament

The Cabo Frio Magmatic Lineament, as defined
by Almeida (1991), is a WNW-ESE-trending
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structural feature developed from Jaboticabal (Sao
Paulo state) eastwards, up to the border region
between the continental and oceanic crusts
(Almirante Saldanha Bank). It corresponds to a
curved belt, 60 km wide by 1150 km in length,
which follows a small circle centered on the 84-49
Ma plate rotation pole. This lineament includes 26
alkaline intrusive centers as stocks and larger
massifs, plugs, effusive centers and an expressive
number of alkaline dykes. Under this conception,
Almeida (1991) has included in the Cabo Frio
Magmatic Lineament the alkaline rocks of Pogos de
Caldas and Serra do Mar (the group of intrusions
between the Passa Quatro and Cabo Frio alkaline
massifs) provinces (Almeida, 1983).

The intrusive centers along the Cabo Frio
Magmatic Lineament consist essentially of
nepheline syenites and syenites and corresponding
fine-grained rock-types (e.g. Ulbrich, 1983; Ulbrich,
1984; Shea, 1992; Brotzu et al., 1989, 1992, 1997;
Morbidelli et al., 1995). Among these centers there
is the Pogos de Caldas massif, the largest alkaline
complex of Brazil with about 800 km’ Other
important intrusions are, from west to the east, the
Passa Quatro, Itatiaia, Morro Redondo, Tomazes,
Tingud, Mendanha, Tangud, Soarinho, Rio Bonito,
Morro de Sao Jodo and Cabo Frio. The westernmost
alkaline occurrences are located where the Cabo Frio
Magmatic Lineament intercepts the Rio Moji-Guacu
Lineament, including the intrusions of Jaboticabal, a
probable tinguaite sill (Gomes & Valarelli, 1970)
emplaced in sedimentary rocks of the Bauru Basin,
and the phonolite (tinguaite) of Guariba (Salles,
1999). The occurrences of Aparecida do Monte Alto,
Taitva and Piranji were found by drilling (Coutinho
et al., 1982), and probably are part of a large
analcimite sill. A variety of mafic alkaline rocks also
occur as dykes, sills and lava flows (Morbidelli et
al., 1995). There are references to kamafugite dykes
in Pocos de Caldas and to spinel lherzolite xenoliths
in a dyke found in the Itatiaia massif (Gibson et al.,
1995). Ankaramite lava flows occur interbedded

with the sediments of the Volta Redonda (Riccomini
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et al., 1983) and Itaborai (Klein & Valenca, 1984)
Cenozoic basins, which integrate the Serra do Mar
Rift System (Almeida, 1976) or Continental Rift of
Southeastern Brazil (Riccomini, 1989).

Marsh (1973) suggested that these alkaline rocks
delineate a small cycle consistent with the South
Atlantic rotation pole. He interpreted this lineament
as an extension of an oceanic fracture or transform
fault into the continent. In the same way, Herz
(1977), taking into account that the available ages
for the alkaline rocks of the coastal regions of Sao
Paulo and Rio de Janeiro states point to an age
decrease easthwards, has estimated the velocity of
plate displacement above a fixed reference point.
& Dias Neto (1981) attributed a

seismotectonic character to the lineament, taken as a

Sadowski

deflexion of the oceanic crust along the northern
border of the Santos Basin. Using tomographic
models, Van Decar et al. (1995) interpreted a low
velocity zone beneath the Parand Basin as a remnant
mantle plume tail and considered the Late
Cretaceous and Tertiary alkaline magmatism of this
region as an evidence of post-Early Cretaceous flood
basalt heating. Based on Ar-Ar results for the
alkaline bodies of Nova Iguagu, Soarinho and Cabo
Frio (all lying along the eastern segment of the
lineament) and a selection of previous data,
Thompson et al. (1998) revived the idea of an age
decrease to the east, relating the alkaline magmatism
of the Serra do Mar and Alto Paranaiba provinces
(sensu Almeida 1983) to the trajectory of the
Trindade plume. Thomaz Filho & Rodrigues (1999)
followed this general conception for the Pogos de
Caldas-Cabo Frio segment of the lineament. Also on
the basis of Ar-Ar determinations for some
intrusions along a line extending 300 km inland
from Cabo Frio, Smith et al. (1999) estimated that,
between 69 and 61 Ma, the alkaline magmatism has
migrated with a velocity of 3.4 cm/yr, in consonance
with the plate tectonic model velocity of 3.6 cm/yr.
An evaluation of the available K-Ar and Ar-Ar
data along the lineament, however, does not support

these assumptions (Fig. 3). For instance, the Jaboti-
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cabal and Taiudva intrusions, to the west, were dated
by the K-Ar method as of 54 Ma (Gomes & Valarel-
li, 1970) and 61 Ma (Coutinho et al., 1982), respec-
tively. From west to the east, Ar-Ar data shows 76
Ma for Pocos de Caldas (Shea, 1992) and 84 Ma
(Vlach et al., 2003) for carbonatitic veins associated
with this large massif, 82-54 Ma for dykes associa-
ted with the Mendanha massif (Deckart ef al., 1998;
Smith et al., 2001; Ferrari, 2001), 66 Ma for Itatna,
57 Ma for Monjolos, 65 Ma for Country Club and 52
Ma for Cabo Frio (Ferrari, 2001). The ankaramite la-
vas of Volta Redonda and Itaborai are more recent
manifestations of Eocene age (Riccomini ef al.,
1983, 1991; Riccomini & Rodrigues-Francisco,
1992). Therefore, an eastward age decrease does not
seem to occur. Available age data indicate different
phases of alkaline magmatism, from Late Cretaceous
to the Paleogene. Sr- and Nd-isotopic ratios
("St/“Sr=0.705-0.707 and  ""Nd/“Nd=0.5123-
0.5126) obtained for phonolites and nepheline syeni-
tes from the Pocos de Caldas alkaline massif (Ulbri-

ch et al., 2003) point to a lithospheric mantle source.

According to Almeida (1991), the Cabo Frio
Magmatic Lineament would indicate the existence
of subcrustal faults along which partial mantle mel-
ting and alkaline magma generation have occcurred.
During its rising and emplacement, the magma pro-
bably was shaped accordingly with the Precambrian
structural grain, resulting in various NE to NNE-
elongated bodies. Ferrari (2001), after detailed struc-
tural studies in the Rio de Janeiro state, concluded
that the emplacement of the Campanian and Paleo-
cene alkaline massifs and the NE-SW-trending dyke
swarms took place under a left-lateral transcurrent
shear regime, with the principal compressive ¢1 and
extensive o3 stresses oriented to the NE-SW and
NW-SE directions, respectively. The Eocene extrusi-
ve magmatism occurred under a NW-SE-oriented
extensional regime (Riccomini, 1989). These facts
reinforce the idea that the lineament corresponds to a
fracture zone under the action of a WNW-ESE-
oriented left-lateral wrenching during Late Creta-
ceous and the Paleocene (Fig. 4), and NW-SE-

oriented extension at the Eocene. The difference in
age of the alkaline magmatic activity could be
explained as a result of successive tectonic

reactivations along the lineament.

ALKALINE PROVINCES WITHIN THE
AMAZON CRATON

Candelaria

The Candelaria Alkaline Province is located in
eastern Bolivia, about 70 km from the international
boundary with Brazil. It includes nepheline syenites,
quartz syenites, nordmarkites, phonolites, foyaites,
pulaskites and trachyte dykes and lavas, with a K-Ar
age of 116 Ma (Litherland et al., 1986). The pro-
vince is controlled by E-W to WNW-ESE-trending
faults of the Early Tertiary Mercedes Rift, with more
than 100 km in length (Litherland et al., 1986).

Velasco

The Velasco Alkaline Province (Darbyshire &
Fletcher, 1979) is also located in eastern Bolivia. It
comprises a volcanic suite, a series of 14 interfering
ring plutons, dykes and a silicified carbonatite com-
plex (Cerro Manomd). Porphyritic trachyte is the
main unit within the volcanic suite whereas the plu-
tonic rocks include silica-undersaturated (pulaskite
and foyaite) and oversaturated (quartz syenite and
granite) rocks; dykes range in composition from mi-
crofoyaite to aplite (Fletcher & Beddoe-Stephens,
1987). Rb-Sr whole-rock isochron results of 143-140
Ma and K-Ar mineral determinations of 142-134 Ma
indicate a Late Jurassic to Early Cretaceous age for
these rocks (Darbyshire & Fletcher, 1979).

Alkaline bodies of this province are distributed
over a NE-trending elongated narrow belt of about
80 km in length (Fletcher & Beddoe-Stephens,
1987). A major NE-SW structure was active during
the em-placement of the plutons. Fletcher &
Litherland (1981) suggested that the alkaline
magmatism was generated along a deep crustal
fracture, related to a possible triple-junction initiated
during the Early Cretaceous rifting of the South

America-Africa plate.



Mesozoic to Cenozoic Alkaline Magmatism in the Brazilian Platform

data.

(" Probable alkaline bodies
@ Paleogene dkdine bodies
A LateCretaceous dkaline bodes

45

1 Approxi mate boundary between continental
= and oceanic crusts

Age of alkainerocks (Ma):

54 (Ar-Ar data); 43 (K-Ar data)

“©
Fig. 3. The Cabo Frio Magmatic Lineament (after Almeida 1991, modified), with indications of available K-Ar and Ar-Ar

Fig. 4. Distribution of the Mesozoic-Cenozoic akaline massifs, plugs, dyke swarms and minor lava flows along the Cabo
Frio Magmatic Lineament in central-eastern Rio de Janeiro state (after Ferrari, 2001, modified). The emplacement of dykes
and other alkaline bodies was controlled by a NE-SW compression related to a left-lateral WNW-ESE wrenching along the

Cabo Frio Lineament.

DISCUSSION

Many aspects concerning the genesis and tectonic
controls of the continental alkaline magmatism
remain poorly understood and controversial.
Intraplate deformation and alkaline magmatism
related to fracture zones have been first identified in
continental regions (e.g. Bailey, 1979) and more
recently in the oceanic crust (e.g. Fernandez et al.,
1997; Ferrari & Riccomini, 1999). However, the
common assumption of genetic relationships of
alkaline magmatism to mantle plumes, hot spot
tracks or rifting of continents, frequently hinge on
geochronology.  Moreover, the  continental
lithosphere is thicker and structurally more complex
than the oceanic lithosphere and, probably because
of this fact, plume-related magmatism in continental
intraplate regions usually does not exhibit age
tendencies as clearly evidenced as in oceanic island
chains (Fitton & Upton, 1987). In recent papers,

some authors have argued against the model of

mantle plume as a source of heat for large igneous
provinces (e.g. Sheth, 1999) and alternative models
have been proposed (e.g. Ernesto et al., 2002).

Although the source of magmas of the alkaline
provinces of the central-southeastern region of the
Brazilian Platform has been frequently associated
with mantle plumes, some characteristics of the
magmatism, such as the provenance, extent and age
distribution, do not support this hypothesis.

The available data on initial Sr- and Nd-isotopic
ratios (Gibson et al., 1995, 1997; Comin-Chiaramo-
nti et al., 1995, 1997, 1999; Thompson et al., 1998;
Ulbrich et al., 2003) indicate a clear lithospheric
mantle source for the alkaline magmatism of this
region. All data are concentrated next or below the
Bulk Earth line in the conventional Sr-Nd diagram
of Hart (1998), showing no contribution of
asthenospheric components in the alkaline magmas.

The alkaline magmatism in the region is
distributed over an area with about 2000 km in the
N-S and 1700 km in the E-W direction (more than
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2.10° km®). This extent is compatible with the large
(ca. 2000 km diameter) mushroom-shaped head of
the upwelling Tristan da Cunha mantle plume
suggested by White & McKenzie (1995) to explain
the lithospheric thinning prior to the breakup of
Africa and  South

considering the age span of the alkaline magmatism

America.  Nevertheless,
(Permian-Triassic to Cenozoic), the explanation for
the long-term source of heating (ca. 210 Ma) still
remains a matter of discussion.

From the Neoproterozoic to the Early Cretaceous
the central-southeastern part of the Brazilian
Platform was within a large plate (e.g. Ramos, 1988;
Soares, 1988). Large plates prevent the mantle
beneath them from being cooled by subduction
(Condie, 2001) and the greater the plates the more
effectively they act as insulators (e.g. Gillou &
Jaupart, 1995). Consequently, large mantle
upwellings develop beneath large plates (Condie,
2001). For layered-mantle convection, Lowman &
Jarvis (1999) estimated a period of time of more
than 600 Ma to generate stresses necessary to break
supercontinents. This time-interval has been
considered too large with respect to the duration of
supercontinent cycles. Nd model ages, however,
indicate that the incompatible elements enrichment
in the source mantle of the Early Cretaceous sodic
rocks of Misiones (Veldazquez et al., 2003), the Late
Cretaceous alkaline rocks of the Cabo Frio
Magmatic Lineament (Fetter et al., 2003), the Late
Cretaceous kamafugites of Alto Paranaiba and the
Paleogene sodic rocks from Asuncién (Comin-
Chiaramonti et al., 1997) are related to
Neoproterozoic events of magma migration to the
lithospheric mantle and hence in good agreement
with a long-lived source of heat beneath the region.
It would appear, therefore, that an alternative model
of mantle upwelling would better explain the source
of heating for the Permian-Triassic to Cenozoic
alkaline magmatism in the region.

The data presented in this paper show that the
Mesozoic and Cenozoic alkaline magmatism of the

central-southeastern part of the Brazilian Platform

has a clear tectonic control by crustal discontinuities
and an evolutionary link with the main sedimentary
basins. Regional structures were the main zones of
weakness along which alkaline magmas were
emplaced or reached to the surface. These extensio-
nal or wrench structures are mainly represented by
fault zones situated along the borders of sedimentary
basins. In some cases (e.g. Rondondpolis Anteclise,
Alto Paranaiba Uplift, Rio Moji-Guagu Lineament)
they acted as barriers to the sedimentation, whereas
in others (e.g. Ponta Grossa Arch, Santa Rosa
Graben, Asuncion Rift) as deformation zones in the
basins. In the Asuncién, Misiones and probably in
the Alto Paranaiba provinces the magmatism was
controlled by deep lithospheric faulting.

The available geochronological data indicate that
alkaline magmatism in the region took place in four
main stages, under different stress-fields. The first
one, Permian-Triassic in age, possibly linked to the
propagation of stress related to the Cape-La Ventana
Orogeny (Tankard et al., 1995; Milani, 1997) to the
inner parts of the continent. The second, Early
Cretaceous in age, with three pulses - older, coeval
and younger than the tholeiitic magmatism of the
Parana basin (Parand flood basalts) - is equivalent
to the rift stage in marginal Atlantic basins. The
third is Late Cretaceous and corresponds to the
oceanic stage of the Atlantic Margin. The more
recent, of Cenozoic (Paleogene) age, is associated
with the evolution of continental rift systems in
southeastern Brazil and [Eastern Paraguay.
Therefore, changes in the stress-fields and
consequent fault reactivations at the Permian-
Triassic, Early Cretaceous, Late Cretaceous and the
Paleogene explain the regional distribution of
alkaline magmatism in the central-southeastern

region of the Brazilian Platform.

CONCLUSIONS

The main conclusions of the present study can be
summarized as follows:
1) The -central-southeastern portion of the

Brazilian Platform contains more than one hundred
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occurrences of alkaline rocks. There are alkaline
centers, associated dyke swarms and small bodies
widespread in Brazilian, Bolivian, Paraguayan and
Uruguayan territories, in different tectonic settings.

2) The alkaline magmatism in the region took
place in four main stages: Permian-Triassic, possibly
linked to the propagation of stress related to the
Cape-La Ventana Orogeny; Early Cretaceous,
equivalent to the rift stage in marginal Atlantic
basins; Late Cretaceous, coeval to the oceanic stage
of the Atlantic Margin; and Cenozoic (Paleogene),
related to the evolution of continental rift systems in
southeastern Brazil and eastern Paraguay.

3) The alkaline bodies may be grouped in 15
provinces. The first assemblage is located on the
borders of Parand (Alto Paraguay, Ponta Grossa
Arch, Valle Chico, Misiones, Central Paraguay,
Amambay and Rio Apa), Bauru (Rondonépolis
Anteclise and Minas-Goids), Santos (Serra do Mar)
and Pelotas (Piratini) basins. The second assemblage
is associated with the Cenozoic evolution of the
Asuncién Rift. The third, Cabo Frio Magmatic
Lineament, with asynchronic magmatic alkaline
pulses along a fracture zone. The later one includes
the alkaline provinces of eastern Bolivia, within the
Amazon Craton.

4) Available Ar-Ar geochronological data and the
distribution of alkaline rocks along tectonic features
do not make evident any age distribution pattern.
Initial Sr- and Nd-isotopic ratios indicate a
lithospheric mantle source to the alkaline
magmatism of this region, and thus do not support
the hypothesis of the action of mantle plumes. An
alternative model comprising a long-lived process of
mantle upwelling seems to explain the source of
heating for the alkaline magmatism in the region.

5) The alkaline provinces show a clear tectonic
control of magmatism by crustal discontinuities,
mainly extensional or wrenching fault zones along
the present-day borders of sedimentary basins.
Inheritance of Proterozoic crustal discontinuities has
played a major role on the alkaline magmatism.

Changes in the stress-fields and reactivations of
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regional structures in different pulses from Permian-
Triassic to the Paleogene produced a great range of
structural weakness along which alkaline magmas
were emplaced or reached to the surface. These
tectonic controls explain the regional distribution of
alkaline magmatism in the central-southeastern

region of the Brazilian Platform.
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POST-PALEOZOIC MAGMATISM IN EASTERN PARAGUAY: :
Sr-Nd-Pb ISOTOPE COMPOSITIONS

P. Antonini, M. Gasparon, P. Comin-Chiaramonti and C.B. Gomes

Eastern Paraguay is the westernmost part of the Parana Basin and was the site of intense magmatic activity
since Mesozoic. During the Early Cretaceous, potassic alkaline magmatism pre- and postdates the Paranéa flood
tholeiites of the Serra Geral Formation. Sodic magmatism occurred in Eastern Paraguay during late Early
Cretaceous and Tertiary. Selected samples belonging to these distinct magmatic events have been investigated
for incompatible elements and for S-Nd-Pb isotopes. The results suggest that two main mantle components have
been involved in the genesis of the Cretaceous to Tertiary magmatism in Eastern Paraguay: an extreme and
heterogeneous EMI and a HIMU component. The EMI component dominated the Early Cretaceous potassic
alkaline magmatism, whereas the HIMU was important in the late Early Cretaceous and Tertiary sodic
magmatism. Different contributions of EMI and HIMU components could also explain the Sr-Nd-Pb isotopic
heterogeneity of the Early Cretaceous flood tholeiites in Eastern Paraguay.

INTRODUCTION

Eastern Paraguay represents the westernmost
fringe of Early Cretaceous Parana flood tholeiites
(Serra Geral Formation, SGF). In addition it has
been the site of alkaline magmatism since Early
Cretaceous: Early Cretaceous potassic igneous
rocks, late Early Cretaceous sodic lavas and
Tertiary sodic lavas.

These magmatic rocks, closely related in time
and space, offer the opportunity to investigate the
petrogenetic significance of the potassic and sodic
continental akaline magmatism and their
relationships with the SGF basalts. Due to the high
Sr and Nd concentrations of the alkaline rocks, it is
reasonable to assume that their ®’Sr/®Sr and
“Nd/““Nd  compositions have not been
significantly affected by crustal contamination

processes and, therefore, reflect the isotopic
signature of the mantle source. This paper aims to
discuss, through the review of the available data
and new Pb isotopic data, the most important
geochemical and isotopic features of the akaline
and tholeiitic magmatism of Eastern Paraguay in
order to constrain the spatial and temporad
evolution of the subcontinental mantle source(s).

GEOLOGICAL SETTING

Eastern Paraguay lies in an intercratonic region
which includes the westernmost side of the Parana
Basin of Brazil. It is bounded by an anticlina
structure established since Early Paleozoic, the
Asuncion Arch, separating the Parand Basin (East)
from the Gran Chaco Basin (West) (Fig. 1,
Almeida, 1983; Comin-Chiaramonti et al., 1997).
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Ponta PoraArch

Encarnacién
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Fig. 1. Geological sketch-map showing the distribution of Post-Palacozoic magmatism in Eastern Paraguay, modified after
Fulfaro (1996) and Veldzquez et al. (1998). 1) Quaternary sedimentary cover; 2) Tertiary sodic alkaline rocks; 3) Late Early
Cretaceous sodic alkaline rocks (San Juan Bautista, SJB); 4) Early Cretaceous potassic alkaline rocks (post-tholeiites); 5)
Early Cretaceous tholeiites of the Parand Basin; 6) Early Cretaceous potassic alkaline rocks (pre-tholeiites); 7) Cretaceous
sedimentary rocks (Misiones Formation); 8) Permo-Triassic alkaline rocks (Alto Paraguay Province); 9) Permian
sedimentary rocks (Independencia Group); 10) Permo-Carboniferous sedimentary rocks (Coronel Oviedo Group); 11)
Ordovician-Silurian sedimentary rocks (Caacupé and Itacurubi Groups); 12) Cambro-Ordovician platform carbonates
(Itacupumi Group); 13) Archean and Neoproterozoic crystalline basement: high- to low-grade metasedimentary rocks,
metarhyolites and granitic intrusions; 14) faults.
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The basement rocks are mainly Precambrian to Early
Paleozoic granitic intrusions and high to low-grade
metamorphic sediments, considered to be the
northernmost occurrence of the Rio de la Plata craton
and the southernmost tip of the Amazon craton
(Fulfaro, 1996), at the southern and northern region
of Eastern Paraguay, respectively.

Eastern Paraguay was subjected to NE-SW-
trending crustal extension during Late Mesozoic,
probably related to the western Gondwana breakup.
NW-SE fault trends, paraleling the dominant
orientation of Mesozoic alkaline and tholeiitic dykes,
reflect this type of structure (Comin-Chiaramonti et
al.,, 1992; Riccomini et al., 2001). The resulting
structural pattern controlled the development of the
grabens or semigrabens as a response to NE-SW-
directed extension and continued evolving into
Upper Tertiary times (Comin-Chiaramonti & Gomes,
1996; Comin-Chiaramonti et al., 1999).

From the beginning of Mesozoic times, six main
magmatic events have occurred in Eastern Paraguay
(Fig. 1):

1) Early Triassic sodic magmatism of the Alto
Paraguay Province (Gomes et al., 1996; Comin-
Chiaramonti et al., in this volume), widespread at the
southernmost side of the Amazon craton (Fulfaro,
1996).

2) Potassic akaline-carbonatitic complexes and
dykes from the Rio Apa (~145 Ma; Gibson et al.,
1995) and Amambay area (avg. 137 Ma; Eby &
Mariano, 1986), which predates the SGF basalts.

3) SGF flood tholeiites and dykes (133+1.1 Mag;
Renne et al., 1992), both represented by high-Ti and
low-Ti rock-types (cf. Piccirillo & Mélfi, 1998).

4) Potassic akaline complexes and dykes (128-
126 Ma; Velazquez et al., 1996) with subordinate
carbonatite flows and dykes, widespread mainly in
the Asuncién-Sapucai - Villarrica graben (Comin-
Chiaramonti et al., 1999).

5) Sodic akaline complexes, plugs and dykes
(112-106 Ma; De Graff, persona communication),
occurring mainly in the Misiones Province
(Veladzquez et al., 1996).
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6) Sodic akaline complexes, plugs and dykes (70-
32 Ma, Comin-Chiaramonti et al., 1991) cropping
out at the western side of the Asuncién-Sapucai-
Villarricagraben.

EARLY CRETACEOUS TO TERTIARY
MAGMATISM

Early Cretaceous akaline magmatism in Eastern
Paraguay is moderately to strongly potassic,
spanning from alkali basalt to trachyte (AB-suite)
and from basanite to phonolite (BP-suite) and their
intrusive analogues (Comin-Chiaramonti & Gomes,
1996; Comin-Chiaramonti et al., 1997).

Early Cretaceous SGF tholeiitic rocks are mainly
basalts and andesibasalts, both of the high-Ti and the
low-Ti suites (Piccirillo & Meéelfi, 1988; Comin-
Chiaramonti & Gomes, 1996).

The Late Cretaceous-Tertiary sodic rocks include
nephelinites, ankaratrites and phonolites.

Incompatible elements

Incompatible elements (1.E.) patterns of the pre-
and post-tholeiites potassic akaline rocks are quite
similar and are, in general, characterized by LILE
enrichment and HFSE depletion (Fig. 2A). The latter
geochemical features have been explained by
enrichment processes (e.g. subduction: Hergt et al.,
1991; Maury et al., 1992, or volatile-rich small-
volume melts derived from the asthenosphere:
McKenzie & O’'Nions, 1995) occurred on a
previously depleted mantle source. Comin-
Chiaramonti et al. (1997) emphasize the lack of any
geological evidence to support a subduction process
in the Paraguayan region during Proterozoic, and
suggest that the enrichment processes would be
related to small-volume melts in the mantle.

In respect to the potassic akaline magmatism, the
Late Cretaceous to Tertiary sodic event differs, in
general, by amarked K negative spike and Nb, P and
Y positive spikes (Fig. 2A). As proposed by Comin-
Chiaramonti et al. (1997), the relative K enrichment
in Eastern Paraguay potassic rocks suggests that a K -
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bearing phase (e.g. phlogopite) did not represent a
residual phase during the partial melting of the
mantle. Phlogopite, instead, was probably a residual
phase in the mantle source for the Tertiary sodic
alkaline rocks, according to the lower melting degree
inferred for the sodic magmatism in relation to the
potassic one (e.g. 4-6% and 6-11%, of a garnet
mantle melting, respectively).

Potassc megmeatism
Post-tholdiitic rocks A
Pre-tholeiitic rocks
100 -
10 -
Sodic magmatism
Tertiary rodks
Late Early Cretaceousrocks
Early Cretaceous tholeiites B
I High-Ti rocks
Low-Ti rodks
100 -
10 -
Th Nb Ce Nd Sm Zr Thb Yb

L
Ba U Ta La & P Hf Ti Y Lu

Fig. 2. Primordial mantle (Sun & McDonough, 1989)
normalized |1.E. of Early Cretaceous to Tertiary magmatic
rocks of Eastern Paraguay. A: pre- and post-tholeiitic
potassic rocks and Cretaceous and Tertiary sodic rocks; B:
low- and high-Ti Early Cretaceous tholeiites of Serra Geral
Formation. Data source: Comin-Chiaramonti et al. (1997,
1999).

LE. from the Cretaceous tholeiites differ for their
relatively low elemental abundances and low
LILE/HFSE ratios (Fig. 2B). In general, low- and
high-Ti tholeiites show LE. characterized by slight
LILE enrichment and by a marked Nb-negative

spike. In particular, the high-Ti tholeiites have LE.

abundances higher than the low-Ti analogues and Sr-
negative anomaly. These differences have been
ascribed to different melting degree of a large-scale
heterogeneous mantle source (i.e. 20% low-Ti and
5% high-Ti; Piccirillo et al., 1988).

Sr-Nd isotopes

The schematic petrography and the geographic
coordinates of the samples are given in Table 1.

In Table 2 are reported selected Sr and Nd
isotopic  compositions  representative  of  the
Cretaceous to Tertiary magmatic rocks and also of
the basement of Eastern Paraguay.

The investigated rocks cover a wide range of Sr-
Nd isotopic compositions (Fig. 3) defining on the
whole a trend similar to the low-Nd array of Hart et
al. (1986) (Paraguay array of Comin-Chiaramonti et
al., 1995). Initial ®Sr/®Sr (Sri) and *Nd/***Nd (Nd)
ratios range from the depleted quadrant to the
enriched one. The potassic alkaline rocks, both pre-
and post-tholeiites, have the highest initial Sr; and
the lowest Nd. Including the Cerro Chiriguelo
carbonatite, which occurs associated with the pre-
tholeiitic potassic rocks in northeast Paraguay, the Sr;
and Nd, range from 0.70721 to 0.70636 and from
0.51165 to 0.51194, respectively. These values are
quite distinct from those presented by the Early
Cretaceous sodic rocks (ca. 110 Ma; Sr;=0.70403,
Nd;=0.51243), which approach the Bulk Earth, and
also by the Tertiary sodic rocks (ca. 45 Ma), which
extends within the depleted quadrant (Sr;=0.70351,
Nd;=0.51273) towards the HIMU and DMM
compositional fields.

Due to the high Sr and Nd content of Eastern
Paraguay akaline rocks, it is reasonable to assume
that crustal contamination processes played a
secondary role. According to Comin-Chiaramonti et
al. (1997), the Sr; and Nd, of such rocks can be
considered crustally uncontaminated and, as a resullt,
representative of the isotopic composition of the
mantle source. The Sr-Nd isotopic variations (Fig. 3)
may be explained by: 1) distinct portions of a large-
and small-scale heterogeneous lithospheric mantle
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source, where the small-scae heterogeneity is
required for the variations in the Sr; and Nd; ratiosin
each magmatic event; or 2) in terms of mixing by
involving an enriched mantle component with
extreme EMI signature and depleted mantle
component(s) like DMM and/or HIMU. In any case,
on the basis of that diagram, it is possible to infer
that since Late Cretaceous up to Tertiary times
depleted mantle domain(s) played progressively a
major role in the genesis of akaline magmatism in
Eastern Paraguay (Comin-Chiaramonti et al., 1999).

Notably, Sr; and Nd, of the "uncontaminated"
tholeiites (both high- and low-Ti) are intermediate
between the potassic and sodic rocks.

Nd model ages

TP ages caculated for the Cretaceous-Tertiary
magmatic rocks of Eastern Paraguay (cf. Table 2)
suggest that the trace elements enrichment in the
Paraguayan rocks reflect metasomatic processes
which took place in the mantle source at different
times since Proterozoic (cf. Fig. 12 in Comin-
Chiaramonti et al., 1997).

The pre- and post-tholeiites potassic rocks yielded
T"™ ranging from 1800 to 1500 Ma, respectively,

similar to those of the associated carbonatites (ca.
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1600 Ma) and low-Ti tholeiites of central-eastern
Paraguay (ca. 1700 Ma). The low-Ti tholeiites of
northeast Paraguay yielded more recent T™ (1200-
1400 Ma), whereas the oldest ages are given by the
Paraguayan high-Ti tholeiites (1800-2000 Ma). The
youngest T are shown by the late Early Creta-
ceous sodic alkaline rocks (ca. 800 Ma) and by the
Tertiary sodic alkaline rocks (ca. 500 Ma). The mo-
del ages computed for the Eastern Paraguayan rocks
suggest that two distinct major mantle metasomatic
events occurred during Middle and Late Proterozoic
as precursor to the genesis of tholeiitic and K-
alkaline magmatism and Na-alkaline magmatism,

respectively (cf. Comin-Chiaramonti et al., 1999).

LEAD ISOTOPES

Pb isotopes are believed to discriminate between
DMM and HIMU components (see chapter “Mantle
components of Bell & Tilton”, 2001, for a summary).
For this purpose lead isotopic compositions have
been carried out on selected Cretaceous to Tertiary
rocks of Eastern Paraguay.

The measured and initial 2*°Pb/®Pb, *'Po/**Po
and  2®Po/™Po the U, Th and Pb
concentrations and the p and «k values are reported in
Table 3, and the results are shown in Fig. 4.
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Fig. 3. Initial “St/*Sr (Sr) vs. ""Nd/"“Nd (Nd) diagram for the Early Cretaceous to Tertiary magmatic rocks of Eastern
Paraguay. Data source: this work and Comin-Chiaramonti et al. (1991, 1997). DMM, HIMU and EMI fields after Hart &
Zindler (1989). Paraguay array: Nd.=-0.23255Sr+0.6763; r=-0.84; Comin-Chiaramonti et al. (1995).
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Table 1. Geographic location and schematic petrography of the investigated samples.

Sample Rock-type Lat. Long. Texture Mineral assemblage

K-alkaline rocks (Pre-tholeiites)

VM Basanite 22.13 57.24 Porphyritic Olivine, clinopyroxene, carbonate (15%)+plagioclase

3441 Carbonatite 22.37 55.57 Granular Carbonatetbarite, quartz, phlogopite, sanidine, opaques, aegirine, zircon

Low-Ti tholeitic rocks
3064 Tholeiitic basalt 27.44 56.73 Subaphyric hypocrystalline Plagioclase, clinopyroxene, opaques, olivinetpigeonite, glass

3002 Andesibasalt 25.46 56.25 Subophitic seriate Clinopyroxene, plagioclase, opagues, pigeonitetglass, quartz, alkali feldspar
3006 Tholeiitic basalt 25.43 55.12 Subophitic seriate Plagioclase, clinopyroxene, opaguestpigeonite, glass

PS-239  Andesibasalt 26.00 57.00 Subophitic seriate Clinopyroxene, plagioclase, opagues, pigeonitetglass, quartz, alkali feldspar
987 Tholeiitic basalt 22.40 55.63 Porphyritic seriate Clinopyroxene, opaques, plagioclase, pigeonite, olivinetquartz, alkali feldspar

983 Tholeiitic basalt 22.04 54.71 Subaphyric holocrystalline  Clinopyroxene, plagioclasetopaques, pigeonite, olivine
980 Tholeiitic basalt 21.59 54.42 Subaphyric holocrystalline  Plagioclase, olivine, clinopyroxene, opagquestpigeonite
High-Ti tholeiitic rocks

3010 Andesibasalt 25.58 54.31 Porphyritic holocrystalline  Plagioclase, clinopyroxene, opaques, olivinetglass, alkali feldspar
3403 Andesibasalt 24.75 56.25 Porphyritic holocrystalline  Plagioclase, clinopyroxene, opaques, olivinetglass, alkali feldspar
PS-306 Andesibasalt 25.55 56.56 Ophitic Plagioclase, clinopyroxene, opagues, biotite, apatite
K-alkaline rocks (Post-tholeiites)
PS-204  Phonadlite 25.35 56.21 Porphyritic Clinopyroxene, amphibole, biotiteropaques, apatite, alkali feldspar
PS-233  Phonotephrite 25.59 56.57 Porphyritic Olivine, clinopyroxenetplagioclase, opaques, alkali feldspar, calcite, apatite
PS-245 ljolite 25.48 56.47 Cumulitic Clinopyroxene, olivine, biotite, opagques
PS-264  Essexitic gabbro 25.35 56.27 Holocrystalline Clinopyroxene, alkali feldspar, nepheline, olivine, opaques, bictite, apatite, zircon
PS-309 Trachybasalt 25.55 56.56 Porphyritic Clinopyroxene, olivinetplagioclase, amphibole, opaques, apatite
PS-519 Tephrite 25.53 56.17 Porphyritic Clinopyroxene, analcime, olivine, opaquestapatite, biotite
Na-alkaline rocks
3284 Melanephdinite 25.24 57.32 Porphyritic Olivine, clinopyroxene, opaquestnepheline, apatite, bictite, calcite
3284-1  Harzburgite (Xen.) 25.24 57.32 Protogranular Olivine, orthopyroxene, spinel exsolution in orthopyroxene, relict clinopyroxene
PS-558B Dunite (Xen.) 25.57 57.10 Protogranular Olivinetorthopyroxene, spinel
PS-577 Médanephdinite 26.57 57.10 Porphyritic Olivine, clinopyroxene, opagquestnepheline, apatite
Basement rocks
RP-19B Metarhyolite 21.05 57.54 Porphyroblastic Alkali feldspar, plagioclasetquartz
AZ-2 Granite 21.80 57.60 Heterogranular Quartz, alkali feldspar, plagioclase, biotite
LIM Metalimestone 22.13 58.10 Porphyroblastic Carbonate
PS-608 Metarhyolite 25.90 56.90 Porphyroblastic Alkali feldspar, plagioclasetquartz
207 204
(P Po) Peragiay HIMU
15.85- basement &‘ée @
L é(\ '\(\e
15.75 d«\\(\ é\&\/
Yos?
15.65~
15.55
1545~ 206 _, ,204
(P’ Pp),
| | | | |
17 18 19 20 21

40.0

39.0

38.0

17 18 19 20 21

Fig. 4. Initial **Pb/"*Pb vs. *"Pb/*'Pb and **Pb/**'Pb diagrams for the Early Cretaceous to Tertiary magmatic rocks of Eastern
Paraguay. DMM, HIMU and EMI fields after Hart & Zindler (1989) and high-Ti and low-Ti tholeiites fields after Marques et
al. (1999). North Hemisphere Reference Line after Hart (1984) and Paraguay basement field this work. Symbols as in Fig. 3.
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64 Post-Paleozoic Magmatism in Eastern Paraguay: Sr-Nd-Pb Isotope Compositions

Table 3. Pb isotopic compositions of selected Cretaceous to Tertiary magmatic rocks and of the basement of Eastern
Paraguay (in brackets 2c error in the last digits). Initial isotopic composition computed at the notional age reported in Table

2. Data source: this work and Marques et al. (1999).

Sampl e U Th pb ZOBPb/204Pb 207Pb /204Pb
(ppm) (Ppm)  (ppm)

208Pb IZOAPb (ZOBPb/Z(MPb)i (207Pb /204Pb)i (208Pb /204F>b)i u K

K-alkaline rocks (Pre-tholeiites)

VM 540 1830 2358 20.3098(6) 15.6578(6)
3441 225 328 1052 17.3333(1) 15.5211(1)
Low-Ti tholeiitic rocks

3064 019 099 139 18379 (6) 15.613 (7)
3002 046 310 358 17.9573(1) 15.5590(1)
3006 020 100 186 18.442 (6) 15.625 (7)
PS-239 0.63 324 506 18.7663(1) 15.6415(1)
987 030 199 253 17.917 (6) 15.533 (7)
983 029 188 243 17.915 (N 15.531 (8)
980 024 174 233 17.918 (6) 15.547 (7
Hiah-Ti tholeitic rocks

3010 093 438 630 17.9460(1) 15.5552(1)
3403 063 3.03 356 17.9959(3) 15.5912(3)

PS-306 058 282 330 17.8093(1) 15.5132(1)
K-alkaline rocks (Post-tholeiites)

PS-204 190 240 1510 17.8569(1) 15.5181(1)
PS-233 240 910 1860 17.4529(9) 15.5027(9)
PS-245 170 6.60 873 17.8652(31) 15.6322(31)
PS-264 147 6.83 7.56 17.1239(4) 15.4442(1)
PS-309 110 720 570 17.2753(1) 15.4505(1)
PS-519 1.00 550 520 17.4353(7 15.4354(7)
Na-alkaline rocks

3284 201 1094 10.25 19.0526(1) 15.6821(1)
3284-| nd nd nd 189639(17) 15.6382(17)
PS-558B nd nd nd 19.0482(1) 15.6602(1)
PS-577 1.83 9.85 9.13 18.4301(5) 15.6930(5)
Basement rocks

RP-19B nd nd nd 19.0528(5) 15.8429(5)

AZ-2 nd. nd nd 18723 ()  15.9432(2)
LIM nd. nd nd 183447(5  155841(5)
PS-608 nd. nd nd 180598(1)  15.6521(1)

38.9676(6) 19.968 15.641 38.589 15.03 3.50
37.6087(1) 17.033 15.506 37.465 13.21 151
38.501 (24) 18.199 15.604 38.193 8.66 5.38
38.4667(1) 17.788 15.551 38.094 8.10 6.96
38.548 (24) 18.300 15.618 38.315 6.83 5.17
38.4798(1) 18.601 15.633 38.201 7.95 5.31
38.466 (24) 17.761 15.525 38.128 7.47 6.85
38.407 (25) 17.758 15.523 38.075 7.52 6.70
38.437 (24 17.782 15.540 38.115 6.50 7.49
38.4443(1) 17.752 15.546 38.145 9.31 4.87
38.5723(3) 17.762 15.580 38.205 11.20 4.97
38.2946(1) 17.580 15.502 37.929 11.02 5.02
37.9160(1) 17.702 15.511 37.852 7.86 1.31
37.8206(9) 17.295 15.495 37.624 8.00 3.92
38.2221(31) 17.624 15.620 37.915 12.24 4,01
37.6031(1) 16.888 15.433 37.244 11.96 4.80
37.6598(1) 17.040 15.439 37.156 11.91 6.76
37.7963(7) 17.200 15.424 37.373 1191 5.68
38.6424(1) 18.964 15.678 38.484 12.60 5.62
38.7041(17) n.d. n.d. n.d. nd nd.
38.5028(1) n.d. n.d. n.d. nd. nd.
38.3496(5) 18.211 15.682 37.963 12.73 5.56
39.4461(5)

38.0084(2)

37.9951(5)

38.4523(1)

Pre-tholeiitic potassic rocks

The initial Pb isotopic compositions of the Cerro
Chiriguelo carbonatite and Vale-mi basanite are
extremely different, in particular regarding the
206pp/2%ph and 2%8Pb/***Pb ratios. The first rock-type
has initial Pb compositions (17.033, 15.506, 37.465
for 206Pb /2O4Pb, 207Pb /204Pb and 208Pb /204Pb,
respectively) similar to those of the post-tholeiites
potassic akaline rocks (i.e. 16.888-17.702, 15.433-
15.620, 37.156-37.915, respectively), whereas the
second one is characterized by very high initia
200pp/2%*Ph ratio (19.968) and high ***Pb/**Pb and
207pp/2%Ph ratios (38.589 and 15.641, respectively).
Notably, the Valle-mi basanite appears outside of a
possible near-linear array formed by the investigated
rocksin theinitial Pb isotopic diagram (Fig. 4).

Tholelites

The initial 2°Pb/?™Pb, 2"Pb/**Pb and “2Pb/***Pb
compositions of the tholeiitic Paraguayan rocks

generdlly agree with the Brazilian analogues
reported by Marques et al. (1999), except for a low-
Ti andesibasalt from central Paraguay (La Rosada).

Also it should be noted that some low-Ti
tholeiites tend to plot in the field of the Paleozoic
crustal rocks of Eastern Paraguay and that their lead
isotopic compositions could be affected by
interaction with crustal material.

Post-tholeiitic potassic rocks

In the initial Pb isotopic diagram (Fig. 4), the
post-tholeiites potassic rocks form a general trend
paralel to the NHRL of Hart (1984), but shifted
towards higher 2®Pb/***Pb ratios. They also extend
towards *Pb/?*Pb and 2°®Pb/?®Pb ratios lower than
the EMI values.

Cretaceous and Tertiary sodic rocks

The sodic akaline rocks-types have different Pb
isotopic compositions and differ from the potassic
analogues. the Cretaceous sodic rocks show initial
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Pb compositions (**Pb/*Pb=18.211, *'Pb/*®Pb
=15.628, ®°Pb/*®Pb=237.963) approaching those of
the Cretaceous low-Ti tholeiites of southern Parana
(cf. Marques et al., 1999), whereas the Tertiary sodic
rocks (*®Pb/"¥Pb=18.964, *"Pb/**Pb=15.678,
208pp/2ph=38.484) appear shifted towards the
HIMU field (Fig. 4).

THE ROLE OF DIFFERENT MANTLE
COMPONENTS IN THE GENESIS OF THE
CRETACEOQOUS TO TERTIARY
PARAGUAY AN MAGMATISM

In order to constrain the role of possible distinct

65

to Tertiary magmatism, the correlation among Sr,
Nd and Pb isotopes has been investigated. The initial
**Pb/"Pb, *"Pb/"Pb and “*Pb/*Pb vs. YSt/*°Sr and
"“Nd/"“Nd ratios are illustrated in Fig. 5.

In general, excluding the pre-tholeiites Valle-mi
basanite, the potassic rocks are in the same trend
common to the Early Cretaceous SGF tholeiites and
to the sodic rocks (both Cretaceous and Tertiary). It
is interesting to observe that the isotopic compo-
sitions trend towards the HIMU field rather than the
DMM one, particularly in the *"Pb/*"Pb vs. *'Sr/*Sr

1430 /144

and “Nd/"'Nd diagrams (Fig. 5), suggesting that the

HIMU component played an important role in the

mantle components in the genesis of the Cretaceous whole Cretaceous to Tertiary
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Fig. 5. Initial 2°Pb/**Pb, 2"Pb/***Pb and ®Pb/*™Pb vs. Sr; and Nd; diagrams for the Early Cretaceous to Tertiary alkaline
rocks (green field) of Eastern Paraguay. DMM, HIMU and EMI fields after Hart & Zindler (1989). Symbols asin Fig. 3.
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magmatism of Eastern Paraguay. However, the Pb
isotopic compositions of some rocks (e.g. potassic
rocks with highest 2’Pb/*Pb) tend towards the field
of the basement rocks and, therefore, a partia
contribution of crustal components can not be totally
ruled out. The isotopic heterogeneity shown by the
potassic magmatism, which represents extreme EMI
compositions, could reflect old metasomatic events
caused by small-volume melts with different U, Th
and Pb ratios. Alternatively, the observed trends can
be modelled by mixing process between the K-ASU
magma (as defined by Comin-Chiaramonti et al.,

Post-Paleozoic Magmatism in Eastern Paraguay: Sr-Nd-Pb Isotope Compositions

1997) with the lowest initial **°Pb/***Pb ratios and a
HIMU magma. The calculated patterns (Fig. 6) show
that 1) 10-30% of the HIMU end-member is

with the isotopic heterogeneity
in the potassic magmatism; 2) the
the
generation of the sodic magmatism. Notably, the
proposed isotopic mixing model between K-ASU

consistent
observed
in

HIMU component appears dominant

and HIMU-like magmas appear to be consistent
aso for reproducing some critical |.E. ratios of
the sodic magmatism, e.g. Ba/Nb, La/Nb and
Ti/Zr (Fig. 7).
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Fig. 6. Isotopic mixing curves between HIMU and potassic magma from the Asuncion Sapucai graben (ASU), computed
using the following isotopic composition: HIMU (St. Helena; Chaffey et al., 1989); &Sr/%6sr=0.70282, “*Nd/***Nd=0.5130,

26pp2ph=20.73, X"Pb/®Ph=15.77 and

208pp/204ph = 40.80;

K-ASU: %sr/%gr=0.7071, **Nd/**Nd=0.5117,

206ph29ph=16.89, 2"Pb/**Pb=15.43, *®Pb/*™Pb=37.24. The two curves differ for the Sr, Nd and Pb elementa
concentrations (ppm) assumed in the end-members. A: HIMU; Sr=650, Nd=40, Pb=4; K-ASU; Sr=1300, Nd=60, Pb=2;
B: HIMU; Sr=678, Nd=41, Pb=2; K-ASU; Sr=1317, Nd=55, Pb=15. Cross. 10% step of mixing. DMM, HIMU and EMI

fields after Hart & Zindler (1989).
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Fig. 7. La/Nb vs. Ba/lNb and Ti/Zr mixing curves between
HIMU and potassic magma from the Asuncion-Sapucai
graben (ASU). Cross: 10% step of mixing. DMM, HIMU
and EMI fields after Hart & Zindler (1989).

The Pb isotopes of the Early Cretaceous Brazilian
tholeiites have been carefully studied by Marques et
al. (1999). These authors interpreted the Sr-Nd-Pb
isotopic relationships of the Brazilian tholeiites as
owing to a prevalent EMI mantle component and to
a possible EMII component, except for the low-Ti
tholeiites from southern Brazil for which a major
contribution of the EMII component is required.
However, the Sr-Nd-Pb isotopic compositions of the
investigated Paraguayan tholeiites suggest that
HIMU could represent an important mantle
component in the genesis of the Cretaceous
tholeiites. The isotopic compositions of the studied
Cretaceous tholeiites could be the result of mixing
between K-ASU (extreme EMI type) and HIMU

components. This indicates that a DMM component
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is not necessary to explain the isotopic compositions
of the SGF Cretaceous tholeiites, even if a partial

contribution of the DMM can not be rule out.

CONCLUSIONS

Disgtinct magmatic events took place in Eastern
Paraguay since Cretaceous time. During the Early
Cretaceous, the potassic akaline magmatism pre-
and postdates the emissions of the Parand Basin
tholeiites. Since late Early Cretaceous to Tertiary,
only sodic magmatism occurred in that area. The Sr-
Nd-Pb isotopic data indicate that the two main
mantle components could have been involved in the
genesis of the Cretaceous to Tertiary magmatism in
Eastern Paraguay: an extreme and heterogeneous
EMI component, which was prevaent in the
Cretaceous alkaline magmatism, and a HIMU
component, which become more important in the
Cretaceous and Tertiary sodic magmatism.
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ALKALINE COMPLEXES FROM THE ALTO PARAGUAY
PROVINCE AT THE BORDER OF BRAZIL (MATO GROSSO DO
SUL STATE) AND PARAGUAY

P. Comin-Chiaramonti, C.B. Gomes, P. Censi, M. Gasparon and V.F. Velazquez

The Alto Paraguay Province, at the northwesternmost side of the Parand Basin Ls., consists of a series of almost
seven circular and elliptical Na-alkaline intrusive-effusive complexes and scarce dykes. The alkaline rocks are
res-tricted to a narrow N-S trending belt that has been traced for nearly 40 km along the Paraguay river.
“Ar/”Ar biotite ages (241+1Ma) have shown that the complexes were emplaced during Early Triassic times and
repre-sent the oldest magmatic alkaline activity since Brasiliano cycle around the Parand Basin. The rock-types
are evoluted, prevailing silica-undersaturated agpaitic syenites, hypersolvus varieties, and phonolites.
Subordinate silica-undersaturated and silica-oversaturated syenites, trachyphonolites and rhyolites are charac-
terized by plagioclase and/or modal normative quartz. On the whole, the geochemical characteristics are quite
similar: in particular, Eu negative anomalies point to a parent magma (basanite/theralite) subjected to plagio-
clase fractionation. Sr-Nd isotope systematics highlight the possibility of contamination by almost 10% of upper
crust for some silica-oversaturated rock-types. In contrast, the undersaturated rocks show no evidence of crustal
influence, and isotope results cluster in a tendentiously depleted source with a model age 747+47 Ma old.

INTRODUCTION

The alkaline complexes from the Alto Paraguay
Province (APP, cf. Gomes et al., 1996a; Velazquez
et al., 1996a, b) form a narrow N-S belt along the
Paraguay river between 21°00' and 23°35' Iat S, and
57°10" and 58°00' long W, approximately. They are
cropping out in the Pleistocenic Pantanal Formation
(Oliveira & Leonardos, 1943) at the westernmost
side of the Parana Basin, and at the northwestern
side of the Eastern Paraguay (Fig. 1; cf. Comin-
Chiaramonti et al., 1997).

The belt may be traced for nearly 40 km between
the Mato Grosso do Sul state (Brazil) and north-

eastern Paraguayan Chaco in the Asuncién Arch (cf.

Piccirillo & Melfi, 1988; Comin-Chiaramonti et al.,
1997, and therein references). It represents a
structural lineament seismically active, as are the
other structural lineaments along which the Brazilian
alkaline complexes can be found (Berrocal &
Fernandes, 1996). The APP alkaline rocks extend
between the crystalline Amoguija Group (Alumiador
granite, Rb/Sr isochron: 1600+40 Ma; cf. Aratjo et
al., 1982) and the Rio Apa complex (granitic and
gneissic rocks, Rb/Sr data: 1654+50 Ma;
amphibolites, K/Ar data: 1302+62 Ma; cf. Aradjo et
al., 1982), at approximately 28 and 65 km west of
Porto Murtinho, respectively, and the Meso-
Proterozoic rhyolites of Fuerte Olimpo, about 60 km
north of Porto Murtinho (Rb/Sr isochron: 1341+53
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Ma, Velazquez et al., 1996a; Gomes et al., 2000).
The southern regions are mainly formed by the
Eocambrian sediments of Itapucumi Group (Wiens,
1986; inset B of Fig. 1). On the whole, the region

Paraguay

Cerro Pedrara

— 21°40'

Porto Murtinho

corresponds to the southernmost tip of the Amazon

Craton (Provincia Tapajds, Sub-Provincia Madeira
of Amaral, 1984; Teixeira et al., 1989; inset A of
Fig. 1).

Aliaine [_J<75Ma  [ll120-135Ma
megmatism [ 75.05Ma [l 241 Ma

Quaternary alwvial sdiments
I Eocambrian carbonate sediments
I Precambrian granitesand rhydlites
[0 Precambrian metamorphi c besement

Fig. 1. Sketch map showing the main alkaline occurrences from the Alto Paraguay Province (after Velazquez et al., 1996b,
modified). Inset A: Schematic structural map representing the alkaline areas in and around the Parana Basin (modified after
Almeida, 1983; Trompette, 1994; Gomes et al., 1996b); legend: 1) Alto Paranaiba; 2) Taitiva-Cabo Frio Lineament; 3)
Ribeira Belt; 4) Alto Paraguay; 5) Paraguay; 6) Ponta Grossa Arch; 7) Santa Catarina State; I, II: Piquirf and Uruguay
Lineaments, respectively. Inset B: Geological sketch map of the Alto Paraguay region; data source: Aradjo et al. (1982) and

Wiens (1986).

From a general point of view, the Alto Paraguay
complexes, having an age of 241 Ma (“Ar/”Ar
biotite preferred age; cf. Veldzquez et al., 1996a),
represent the oldest alkaline occurrences linked to
the Parana Basin Ls.

They are mostly characterized by the presence of
silica-oversaturated to silica-undersaturated,

miaskitic and agpaitic rock-types, both within

individual complexes as well as in the region as a
whole. There has been considerable discussion in the
literature dealing with the mechanism by which such
silica-undersaturated and silica-oversaturated rocks
may form from a common parental magma. This is
constrained by the presence of the "alkali feldspar
thermal divide" in the "Petrogeny's Residua System"
(Bowen, 1937; Fudali, 1963). Velazquez et al.
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(1998) cited the Alto Paraguay complexes as a
possible example of magmas crossing that barrier by
fractional crystallization processes. However, other
processes, like crustal melting or assimilation of
upper crustal material, and the effects of fluid
activity during both the magmatic and sub-solidus
stages, must also be considered. It is, of course,
conceivable that silica-oversaturated and silica-
undersaturated rocks are related by different
mechanisms in different complexes.

Relevant petrogenetical constraints are the
characteristics of the crystalline basement as a
possible source of contamination of the magma(s)
and the typology of the magmatic bodies.

The Alto Paraguay Province consists of at least
seven major circular complexes, as inferred from
field work and photointerpretation data (cf. Aradjo
et al., 1982), ie. Cerro Siete Cabezas, Cerro
Pedreira, Morro Distante, Morro Concei¢éo, Fecho
dos Morros, Pdo de Agucar and Cerro Boggiani,
some minor occurrences and a few dykes (Fig. 1).
Intrusive rock-types are dominant, except for the
Pao de Acticar complex which is largely formed by a
large volcanic field.

The major occurrences, as grouped below, will be
discussed on the basis of mineralogical, petrological,
geochemical and isotopical data:

1) Cerro Siete Cabezas and associated Stocks I and
II;

2) Cerro Pedreira, Morro Distante and Morro
Conceigdo;

3) Fecho dos Morros (Cerrito, Ilha Fecho dos
Morros, Morro de Sdo Pedro);

4) Pido de Actcar volcanic field;

5) Cerro Boggiani.

1. CERRO SIETE CABEZAS

Cerro Siete Cabezas constitutes the southermost
complex of the Alto Paraguay Province. It is circular
in shape, with a central depression evidencing
cauldron subsidence, and it is found associated with
two minor bodies (Stock I and Stock II of Fig. 1).

The circular intrusion covers an area of
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approximately 4 km’ (Fig. 2), rising up to 248 m
high above the sea level (158 m above the alluvial
plain of the Paraguay river), and it is characterized
by silica-undersaturated medium to coarse-grained
syenitic rocks. Stock I forms an elongated body
(1.0x0.2 km), 138 m high, with prevailing quartz-
bearing rocks. Stock II is a circular body of about
0.4 km’, 120 m high, and formed by coarse-grained

syenitic quartz- or nepheline-bearing rock-types.

Paraguay river

—z

Cerro Sete Cabezas 50
Sock | G—_ 2

0 2km

Fig. 2. Sketch map showing the Cerro Siete Cabezas
circular complex and the Stock I.

PETROGRAPHY

Representative modal analyses are given in Table
1. The common feature of mostly rocks is the
abundance of alkali feldspar, mainly as simple-
twinned mesoperthites. The exsolution texture varies
from moderately fine vein perthites to coarsely
exsolved patch perthites. Typically, nepheline occurs
as euhedral or subhedral crystals, sometimes altered
to cancrinite in rock-types from Cerro Siete Cabezas
and in a few samples from Stock II. Stock I is
characterized by prevailing quartz-bearing (modal
quartz of 2% up to 20%), and scarce nepheline-
bearing rock-types, respectively. Stock II is also
characterized by prevailing quartz-bearing rocks, but
in this case the mineral is present in constant amount
(about 1-3%); subordinate nepheline-bearing rocks
contain nepheline up to 20%. Plagioclase (An>5) is

virtually absent. The main mafic mineral is
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amphibole, which is found associated with a green
clinopyroxene and biotite in variable amounts and
sometimes forming clusters and/or complex
intergrowths. Opaques (magnetite and ilmenite) are
ubiquitous. Many rock-types have as accessories
apatite, titanite, zircon and fluorite. Eudialyte is a
common phase in the Cerro Siete Cabezas complex.
The rocks show variable degree of subsolidus
(hydrothermal) alteration, as indicated by clouding
of the K-feldspar component of the perthites,
occurrence of coarse patch perthites, albite rims,
interlocking crystal boundaries of feldspars, and
recrystallization of clinopyroxene into brown-green
amphibole. The latter often displays patchy blue-
green regions at the crystal margins, or is related to
tiny fractures within the grains.

On the whole, the petrography outlines an
alkaline-peralkaline association with prevailing

silica-undersaturated  rocks and subordinate

oversaturated variants.

Classification and nomenclature

The modal mineral content using the Stre-
ckeisen's QAPF diagram (in Le Maitre, 1989) allows
to classify the whole population from Cerro Siete
Cabezas and associated stocks as foid syenites (Cer-
ro Siete Cabezas, 40%; Stock II, 2%), foid-bearing
alkali feldspar syenites (Cerro Siete Cabezas, 15%;

Stock II, 4%), alkali feldspar syenites to quartz-
alkali feldspar syenites (Stock I, 19%; Stock II,
20%). Following the petrochemical nomenclature of
De La Roche et al. (1980; cf. R-R, inset A of Fig.
3), the analyzed rocks (Table 2) range from nephe-
line syenites to syenites, quartz syenites and alkali
granites, the two latter present only in Stock I.

Using the serial discriminant diagram (Le Maitre
1989; Comin-Chiaramonti & Gomes, 1996; cf. inset
Na,O vs. K,O inset B of Fig. 3), it is apparent that
most of the samples from the Cerro Siete Cabezas
complex fall into the sodic field, whereas the Stock I
rock-types are in the transitional field; the Stock II
rocks straddle the field of Cerro Siete Cabezas and
Stock I. Similarly, the Alkali Index [A.l.=molar
(Na,0+K,0)/AL,O,] vs. Q-ne normative diagram
(Fig. 3) defines a very well constrained under-
saturated, tendentiously peralkaline, suite for Cerro
Siete Cabezas: 85% of the samples have A.I. ranging
from 1.0 to 1.2, normative nepheline between 2.5
and 18%; 15% of the samples show A.lL in the range
0.93-0.99, normative nepheline 2.6-8.5%, normative
anorthite 0.5-3.3%, i.e. "miaskitic" tendency. The
two stocks tend towards the silica-oversaturation:
Stock I, A.I. 0.98-1.04, normative quartz 0-23.6%;
Stock II, A.I. 1.01-1.10, normative quartz 1-4% in
75% of the samples, normative nepheline 2-20% in
25% of the samples (cf. Table 2).

Table 1. Representative modal analyses of selected rocks from Cerro Siete Cabezas, Stock I and Stock II. Abbreviations: Q,
quartz; AF, alkali feldspar; Ne, nepheline; Cpx, clinopyroxene; Am, amphibole; Bi, biotite; Op, opaques (magnetite and
ilmenite); Ap, apatite. Accessory phases: titanite, eudialyte, zircon and fluorite.

CERRO SIETE CABEZAS STOCK I STOCK 11
Sample RP-62 RP-72 RP-74 RP-231 RP-232|RP-44 RP-45 RP-50| RP-52 RP-56 RP-58
vol%
Q 20 165 1.0 1.0 1.7
AF 726 69.0 710 656 60.0 872 763 886 86.1 91.3 90.2
Ne 6.5 10.1 9.2 9.0 177
Cpx 46 115 6.0 6.4 5.9 1.5 28 36/ 05 20 03
Am 10.6 1.7 3.0 8.2 8.7 5.8 1.1 1.8/ 95 7.1 50
Bi 3.1 38 8.0 4.5 34/ 1.1 09 1.6 1.2 0.2
Op 1.0 1.9 1.0 3.1 09 08 04 1.0| 05 1.2 1.0
Ap 0.5 1.0 05 1.5 1.9 05 0.1
Accessories 1.1 1.0 1.3 1.7 14 1.6 20 1.9, 21 02 1.6
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Table 2. Major element analyses, norms and classification (according to De La Roche et al., 1980) of selected rocks from
Cerro Siete Cabezas, Stock I and Stock II. A.L, agpaitic index: molar ratio (Na,0+K 0)/AL,O,;; D.L*, normative

Q+or+ab+ne+ac; Q-ne-ks: recalculated to 100% values (wt%) relative to normative Q+or+ab+ne.

CERRO SIETE CABEZAS
Sample RP-61 RP-62 RP-63 RP-64 RP-65 RP-66 RP-67 RP-68 RP-69 RP-70 RP-71 RP-72 RP-74 RP-75
wt%
SO, 60.85 61.06 60.79 5838 6235 6226 59.13 6040 6028 60.34 6165 5849 6222 60.10
TiO, 0.80 0.84 0.78 1.18 0.75 0.69 1.14 0.75 0.82 0.85 0.62 111 0.58 0.93
Al,05 1778 1780 1788 1737 1731 1760 1656 17.71 1769 17.09 1773 1752 17.65 17.29
Fe,03 113 1.59 1.49 243 1.60 1.23 2.46 1.83 2.20 2.50 1.37 2.16 141 248
FeO 3.05 2.63 2.50 3.07 2.02 1.77 3.08 2.18 2.03 2.32 2.29 3.07 247 2.75
MnO 0.19 0.19 0.18 0.22 0.16 0.13 0.25 0.18 0.19 0.22 0.19 0.20 0.22 0.24
MgO 0.76 0.77 0.71 1.70 0.78 0.66 1.28 0.76 0.80 1.09 0.51 131 0.57 1.08
CaO 1.95 1.86 1.81 2.40 131 1.04 2.37 197 1.95 1.62 1.16 3.09 1.04 2.09
Na,O 8.02 7.91 8.16 7.16 7.08 7.22 6.81 8.20 7.96 7.83 8.25 7.37 8.30 7.78
K0 4.76 4.86 4.80 4,99 5.49 531 457 5.04 4.89 4,97 5.08 3.85 528 4.18
P,0s 0.33 0.35 0.34 0.62 0.24 0.20 0.55 0.35 0.37 0.33 0.23 0.66 0.25 0.47
L.O.l. 0.24 0.22 0.41 0.34 0.48 0.81 1.05 0.47 0.67 0.71 0.58 1.01 0.10 0.10
Sum 99.86 100.08 99.85 99.86 9957 9892 99.25 99.84 99.85 99.87 99.66 99.84 100.09 99.79
or 2813 2872 2839 2949 3244 3138 2701 2979 2913 2966 30.02 2275 3120 26.47
ab 4890 50.26 46.60 4595 5340 5642 5283 4402 4742 46.60 5107 5259 49.89 5180
an 0.52 112 3.35
ne 8.70 7.71 1196 7.92 2.75 2.46 260 10.30 9.17 7.70 3.98 5.30 6.23 6.60
ac 2.56 214 3.33 127 0.11 4.63 3.15 4.86 3.96 4.97 1.62
ns 0.08 0.13 1.60 0.97
di 6.40 5.84 5.33 5.94 4.13 3.17 5.76 6.30 6.20 5.02 3.64 6.28 3.00 6.02
ol 2.30 154 1.80 249 1.96 1.06 1.88 1.36 1.90 3.63 2.22 1.58 2.90 1.54
mt 0.35 123 0.49 3.52 1.69 1.73 357 0.55 3.13 2.78
il 152 1.60 1.49 2.24 1.42 131 2.16 1.42 157 1.63 1.18 211 1.10 1.77
ap 0.78 0.83 0.95 147 0.55 0.46 127 0.81 0.87 0.78 0.53 153 0.59 111
Al 1.03 1.03 104 0.99 1.02 1.00 0.98 1.07 104 1.07 1.08 0.93 1.10 1.02
D.l.* 88.3 88.8 90.3 83.4 89.9 90.4 82.4 88.7 88.9 88.8 89.0 80.6 92.3 86.5
Ry -42 -12 -98 3 240 244 275 -193 -87 =72 -125 211 -157 30
R, 595 586 580 682 518 489 642 596 595 563 497 739 486 616
Rock-  Nephel- Nephel- Nephel- Nephel- Nephel- Nephe- Nephel- Nephel- Nephel- Nephel- Nephel- Nephel- Nephel- Nephel-
type syenite syenite syenite syenite syenite syenite syenite sSyenite syenite syenite syenite syenite syenite syenite
Q 40.3 40.9 374 40.5 43.4 43.4 435 39.3 40.0 40.7 42.7 421 41.6 414
ne 41.0 40.3 41.4 394 35.8 36.8 37.9 40.6 40.7 39.2 37.2 41.9 38.1 40.8
ks 18.7 18.8 212 20.1 20.8 19.8 18.6 20.1 19.3 20.1 20.1 16.0 20.3 17.8
Sample  RP-230 RP-231 RP-232 RP-235 RP-236 RP-237 RP-238 RP-240 RP-241 RP-242 RP-244 RP-246
wt%
SO, 58.75 58.21 54.15 60.77 57.12 57.48 57.85 58.88 57.29 58.86 55.68 63.66
TiO, 0.80 0.85 1.62 0.75 1.05 0.88 0.70 0.91 1.06 1.02 1.28 0.39
Al,O3 18.38 18.29 15.70 17.28 17.67 18.11 18.28 17.61 17.72 17.11 17.50 17.57
Fe,05 1.49 173 3.26 1.72 2.26 2.62 1.87 197 2.00 2.70 2.90 1.36
FeO 212 231 5.42 2.46 2.50 131 1.86 218 215 248 2.63 0.96
MnO 0.16 0.18 0.43 0.21 0.19 0.16 0.17 0.16 0.18 0.24 0.20 0.12
MgO 1.08 114 275 0.95 1.56 1.22 0.76 135 1.63 154 1.98 0.30
Ca0 1.74 1.96 3.96 1.49 248 2.25 193 181 2.34 1.16 3.29 0.62
Na,0 9.85 9.78 6.42 7.92 8.78 10.01 10.37 8.74 9.55 7.28 8.25 8.23
K0 4.36 4.22 4.35 5.30 4.48 4.20 4.54 4.68 4.10 5.87 413 5.48
P05 0.34 0.37 1.13 0.26 0.54 0.44 0.30 0.37 0.50 0.29 0.68 0.08
L.O.l. 0.48 0.60 0.38 0.81 0.57 0.75 0.70 0.45 0.68 0.94 0.95 0.38
Sum 99.55 99.64 99.57 99.92 99.20 99.43 99.83 99.11 99.20 99.49 99.47 99.15
or 25.77 24.94 2571 3132 26.48 24.81 26.83 27.66 24.23 34.69 24.41 32.39
ab 41.99 40.58 38.57 45.11 36.26 36.83 36.68 41.69 38.75 38.92 38.39 54.45
an 117
ne 15.32 16.26 8.54 7.73 16.08 17.85 17.37 12.37 16.02 8.89 1551 2.93
ac 431 5.00 4.98 6.54 7.58 541 5.70 5.79 553 2.46 3.93
ns 191 151 0.46 0.22 147 2.99 0.69 138 124
di 5.32 6.07 9.11 4.78 7.22 6.68 6.37 5.49 6.80 3.16 9.49 215
ol 215 221 5.68 2.70 2.60 0.77 0.95 257 2.39 3.62 129 0.75
mt 4.73 115 297
il 1.52 161 3.08 1.42 1.99 1.67 1.32 1.73 2.01 1.94 213 0.74
ap 0.79 0.86 2.62 0.60 1.25 1.02 0.69 0.86 1.16 0.67 1.57 0.19
Al 114 113 0.97 1.09 1.09 1.16 1.20 1.10 114 1.07 1.03 111
D.l.* 87.4 86.8 72.8 89.1 854 87.1 86.3 87.4 84.8 88.0 80.8 93.7
Ry -721 -711 36 -134 -513 -832 -1006 -409 -671 -199 -365 -34
R, 600 625 868 546 689 657 603 606 679 536 794 426
Rock- Nepheline Nepheline Nepheline Nephel- Nepheline Nepheline Nepheline Nepheline Nepheline  Nephel- Nepheline  Nephel-
type syenite syenite syenite  syenite syenite syenite  syenite syenite  syenite  syenite  syenite  syenite
Q 36.6 359 395 40.6 35.6 34.7 351 38.0 35.7 39.8 35.7 434
ne 45.8 46.8 40.4 38.2 45.3 47.6 399 42.8 46.8 36.3 46.1 36.1
ks 17.6 17.3 20.1 21.2 19.1 17.7 18.9 19.2 17.5 239 17.2 20.5
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Table 2 (continued).
STOCK |
Sample RP-44 RP-45 RP-46 RP-47 RP-48 RP-49 RP-50 RP-51
wit%
SO, 64.75 66.53 64.66 7233 6353 6683 6289 64.35
TiO, 0.64 0.22 056 0.14 0.76 0.21 0.86 0.61

Al,Oq 1723 1404 1749 1326 1675 1724 1701 1651
Fe,0, 1.05 4.60 114 18 217 082 143 1.60

FeO 2.10 2.69 1.94 157 1.53 1.34 2.82 2.78
MnO 011 024 012 008 0.13 0.06 0.18 0.21
MgO 042 0.03 0.38 0.02 0.65 0.05 1.03 0.41
Cao 063 039 059 003 0.90 0.07 1.23 0.88
Na,O 6.73  5.80 6.77 581 6.75 7.09 6.63 6.77
K0 562 457 5.64 3.80 515 5.68 5.40 5.55
P,0s5 013 0.02 022 001 0.27 0.06 0.33 0.14
L.O.l. 051 040 040 088 0.52 0.63 0.35 0.24
Sum 99.92 9953 9991 99.81 99.11 100.08 100.16 100.05
or 196 14.57 176 2361 2.96 351 1.30
ab 3321 2701 3335 2246 3043 3357 3192 32380
an 56.94 46.78 57.35 47.05 5712 57.07 56.09 54.02
ne 0.21 0.65 0.19 0.74
ac 2.03 1.86 2.36 2.87
ns 175 160 069 007 1.95 0.06 2.65 2.98
di 229 1.03 249 179 0.71 2.35 3.43 3.47
ol 0.50
mt 151 5.65 1.65 1.79 315 2.08 0.88
il 122 042 1.06 0.27 1.44 0.39 1.63 1.16
ap 031 005 052 002 0.63 0.14 0.78 0.33
Al 099 103 099 103 1.00 1.03 0.98 1.04
D.I.* 921 904 925 950 90.5 96.5 88.0 91.0
R, 508 1106 487 1770 506 542 436 451
R, 426 319 425 264 457 348 516 438
Rock-  Syenite Quartz- Syenite Alkali Syenite Syenite Syenite Syenite
type syenite granite
Q 460 589 459 589 46.7 46.9 44.9 44.4
ne 335 256 336 274 34.2 32.8 345 34.6
ks 20.5 155 20.5 13.7 19.1 20.3 20.6 21.0

STOCK I
Sample RP-52 RP-53 RP-54 RP-55 RP-56 RP-57 RP-58 RP-59 RP-60 RP-211 RP-212 RP-214
wt%
SO, 6535 6530 6396 6464 6529 638 6605 6460 6533 6410 6320 56.76
TiO, 0.44 0.43 0.45 0.63 0.33 0.33 0.30 0.50 0.51 0.24 0.36 0.94
Al,O3 17.09 1723 1691 1691 1611 16.06 1653 1662 17.14 1757 1818 18.93
Fe,03 1.18 1.28 1.85 1.60 174 1.96 129 1.68 1.58 1.40 154 194
FeO 1.98 215 1.84 2.00 2.82 2.45 1.44 1.80 1.29 1.47 131 2.16
MnO 0.14 0.13 0.12 0.16 0.25 0.22 0.10 0.17 0.15 0.16 0.06 0.18
MgO 0.32 0.17 0.24 0.47 0.12 0.51 0.21 0.40 0.33 0.19 0.24 157
Ca0 0.51 0.21 0.33 0.72 0.66 0.74 0.22 0.98 0.70 0.58 0.31 244
Na,0 6.91 6.84 6.70 6.89 7.49 7.20 6.99 6.82 6.74 8.40 8.85 9.45
K;0 571 5.77 5.64 5.43 4.83 4.85 5.73 5.38 5.83 4.55 497 4.15
P05 0.08 0.14 0.13 0.16 0.02 0.04 0.05 0.10 0.08 0.03 0.09 0.56
L.O.l. 028 033 140 030 019 144 055 038 016 0.85 0.77 0.68
Sum 99.99 99.98 9957 9991 99.85 99.65 99.46 9943 99.84 99.57 99.88 99.76
Q 1.66 220 2.39 1.99 2.34 1.27 391 1.96 2.62
or 3378 3411 3333 3208 2854 2866 3386 3179 3445 26.89 29.37 24.52
ab 56.12 5654 5558 56.76 5597 5561 5313 5554 5570 60.96 5540 36.56
ne 221 5.66 20.43
ac 2.08 1.18 0.98 1.35 5.03 4.69 3.73 2.66 1.16 4.05 4.46 5.02
ns 0.39 0.42 0.33 0.93
di 171 0.10 0.67 213 2.78 2.93 0.66 357 244 2.33 0.82 6.90
hy 270 312 1.86 2.09 3.93 3.85 251 1.35 0.45
ol 1.42 1.59 227
mt 0.66 1.26 219 164 0.49 11 171 0.30
il 083 081 085 120 063 063 057 095 097 0.46 0.68 1.79
ap 018 033 030 038 005 009 012 023 019 0.07 0.21 1.30
Al 1.03 1.02 1.01 1.02 1.09 106 107 103 102 1.07 1.10 1.06
D.l.* 93.7 94.0 923 922 919 90.2 90.9 92.0 93.9 94.1 94.9 86.5
Ry 468 468 453 477 429 436 497 511 506 142 -180 -678
R, 406 369 379 432 393 420 358 451 428 416 402 710
Rock-  Syenite Syenite Syenite Syenite Syenite Syenite Syenite Syenite Syenite Nephel- Nephel- Nepheline
type syenite syenite syenite
Q 45.8 46.1 46.3 46.1 46.4 457 47.2 46.1 46.4 439 421 335
ne 332 330 33.0 338 349 352 317 337 325 39.1 394 49.4

ks 210 209 207 201 187 191 211 202 211 17.0 185 171
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Fig. 3. Al [Alkali Index=(Na,0/K,0)/Al,O, molar ratio] vs. Q-ne (normative quartz or nepheline) diagram for Cerro Siete
Cabezas, Stock I and Stock II rocks. Inset A: R -R.: classificative diagram of De La Roche et al. (1980) [R,=4Si-11(Na+K)-
2(Fe+Ti), R,=6Ca+2Mg+Al; numbered fields: 9) nepheline syenite; 10) nephel-syenite; 11) syenite; 12) quartz syenite; 13)
alkali granite]. Inset B: Na,O-K,O: serial (potassic and sodic series) discriminative diagram for alkaline rocks, after Le Maitre
(1989), modified after Comin-Chiaramonti & Gomes (1996).
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Fig. 4. A: Q-Jd-Ae and Q-J (inset A) nomenclature diagram for clinopyroxenes (Morimoto, 1988) from Cerro Siete Cabezas,
Stock I and Stock II rocks. B: variation diagram in terms of Mg(Di)-Fe**+Mn(Hd)-Na+K(Ac). C: field representing the D.L.
(Differentiation Index=normative Q+or+ab+ne+ac) vs. acmite content (mol%).
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Fig. 5. Nomenclature diagram for amphiboles (Leake et al., 1998) from Cerro Siete Cabezas, Stock I and Stock II rocks. A:
elemental variations (atomic formula unity, a.fu., values) in terms of Mg-(Fe”+Mn)-(Na+K); also shown are the
compositional fields for the clinopyroxenes. B: variation of Si, Al, Ti, Ca, Mn, Na+K and F in representative amphiboles vs.

Mg/(Mg+Fe+Mn) atomic ratio. Symbols as in Fig. 4.

MINERALOGY
Clinopyroxene

Representative chemical analyses are given in
Table 3 and the nomenclature and variation trends
are presented in Fig. 4. The clinopyroxenes show a
wide compositional range and plot mainly in the
aegirine-augite field. Following to Morimoto (1988),
the core of some crystals is calcic, but the bulk
composition is sodic-calcic. Rarely some rims plot
in the sodic field (inset A of Fig. 4) and in this case
the mineral is mantled by amphibole. In the Mg(Di)—
Fe”+Mn(Hd)-Na+K(Ac) diagram (inset B of Fig.
4), mostly magnesian and presumably least evolved

compositions are found in the core of

clinopyroxenes from the Cerro Siete Cabezas and
Stock II specimens, whereas the more acmitic
compositions are represented by bulk compositions
of samples from the Stock I and Stock II. On the
whole, the clinopyroxene composition overlaps the
variation trends of many Cretaceous Brazilian
alkaline complexes (Gomes et al., 1987), and the
acmite content tends to increase with the

differentiation index of the rocks (inset C of Fig. 4).

Amphibole

Selected representative analyses are given in
Table 4 and the classificative diagrams are
illustrated in Fig. 5. The overall chemical

composition includes calcic to sodic-calcic varieties
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Table 3. Representative clinopyroxene analyses from Cerro Siete Cabezas, Stock I and Stock II rocks. Fe,O, and FeO
recalculated on the basis of 4 cations. C, core; R, rim. Quad:Ca+Mg+Fez*, J=2Na (according to Morimoto, 1988).

CERRO SIETE CABEZAS STOCK I STOCK I

Sample RP-61 RP-64 RP-66 RP-74C RP-74R RP-230C RP-230R| RP-44 RP-45 RP-48 RP-50|RP-52C RP-52R RP-53 RP-56 RP-58
wt%

SiO, 52.54 5277 51.48 5032 50.68 51.71 51.90| 53.13 51.05 51.67 51.28| 50.85 51.66 51.77 49.82 52.26
TiO, 0.60 0.72 0.84 035 0.50 0.50 0.72| 146 024 0.75 0.66| 0.16 1.00 1.68 038 0.92
Al,0; 1.04 1.04 1.00 1.31 1.09 1.32 1.03| 1.06 024 093 1.07| 0.52 1.07 0.98 0.50 0.99
Fe,04 22.60 19.62 16.82 12.53 16.88 2.48 20.10| 24.96 25.69 19.55 19.48| 17.03 20.25 2222 16.71 19.54
FeO 393 6.03 642 792 747 9.83 508/ 3.11 659 7.16 495 342  7.07 542 1290 5.01
MnO 1.28 148 1.55 1.43 1.05 1.06 1.43| 096 1.74 1.15 140/ 1.68 1.17 098 1.65 1.52
MgO 228 276 3.13 458 253 9.68 2.72) 1.02 024 206 251 674 1.00 1.02 045 3.23
CaO 6.43 842 933 1500 1026  21.88 8.06| 3.77 447 761 7.62| 20.33 6.46 3.85 1049 9.30
Na,O 987 872 793 502 752 1.30 8.84| 11.49 10.08 9.00 8.89| 1.26 9.55 10.85 6.67 8.42
K,O 0.01  0.02 0.01 0.03  0.01 0.01 0.01| 0.00 0.00 0.01 0.00] 0.01 0.02 0.00 0.03 0.01
Sum 100.58 101.58 98.53 98.49 97.99  98.71 99.89(101.02 100.34 99.89 97.86/101.94 98.49  98.77 99.31 101.10
Si 2.000 1.998 2.005 1.967 1.996  1.969  2.003| 2.009 1.992 1.993 2.007| 1.975 2.011 2.011 1.986 1.984
Al 0.002 0.033  0.004  0.031 0.008 0.007 0.024  0.000 0.000 0.014 0.016
Sum 2.000 2.000 2.005 2.000 2.000  2.000  2.000| 2.009 2.000 2.000 2.007| 1.999 2.011 2.011 2.000 2.000
AV 0.047 0.044 0.046 0.010 0.047 0.028 0.030| 0.047 0.003 0.035 0.049| 0.000 0.029 0.045 0.009 0.028
Ti 0.017 0.020 0.025 0.010 0.015 0.014 0.021 0.042 0.007 0.022 0.019| 0.005 0.029 0.050 0.011 0.026
Fe’* 0.648 0.559 0.493 0369 0.501  0.071  0.584| 0.710 0.754 0.568 0.574| 0.111 0.593 0.650 0.534 0.556
Fe** 0.125 0.191 0209 0259 0246 0313  0.164 0.098 0215 0.231 0.162 0498 0.230 0.176 0.405 0.159
Mn 0.041 0.047 0.051 0.057 0.035 0.034  0.047 0.031 0.057 0.038 0.046| 0.055 0.039 0.032 0.056 0.049
Mg 0.129 0.156 0.182 0267 0.149  0.550  0.156) 0.057 0.014 0.118 0.147| 0.390 0.058 0.059 0.027 0.183
Ca 0.262 0.342 0.389 0.628 0.433 0.893 0.333| 0.153 0.187 0.315 0.320| 0.846 0.269 0.160 0.448 0.379
Na 0.729 0.640 0.599 0381 0.574  0.096  0.662| 0.842 0.763 0.673 0.675| 0.095 0.721 0.817 0.516 0.620
K 0.000 0.001 0.000 0.002 0.000 0.001  0.000 0.000 0.000 0.000 0.000| 0.002 0.001 0.000 0.002 0.000
Sum 1.999 2.000 1.999 2.000 2.000  2.000  2.000| 1.991 2.000 2.000 1.999| 1.999 2.000 2.000 2.000 2.000
Mg/(Mg+Fe+Mn) 0.136 0.164 0.195 0.280 0.160 0.568  0.164| 0.064 0.015 0.124 0.158| 0.370 0.063 0.064 0.026 0.193
Quad 052 0.69 0.78 .15 0.83 1.76 0.65| 031 042 0.66 0.63] 1.35 0.56 040 0.88 0.72
J 146 128 1.20 0.76 1.15 0.19 1.32] 168 153 135 135 0.19 1.44 1.63 1.03 1.24

Table 4. Representative amphibole analyses from Cerro Siete Cabezas, Stock I and Stock II rocks. Fe,O, and FeO
recalculated according to Schumacher (1997). Structural formulae calculated on the basis of 23 (O).

CERRO SIETE CABEZAS STOCK 1 STOCK 1T

Sample RP-61 RP-64 RP-66 RP-74 RP-230 RP-44 RP-48 RP-50 RP-52 RP-53 RP-56 RP-58
wt%

SiO, 41.32 40.87 43.07 42.03 41.03| 45.59 46.26 43.39| 46.08 46.26 48.18 49.19
TiO, 333 335 295 3.01 251 098 1.14 1.31| 173 154 176 1.25
ALO; 9.69 956 927 8.06 9.54| 475 427 6.00f 3.41 358 163 132
Fe,05 0.16 0.74 047, 050 098 0.82] 0.01 096 195 4.38
FeO 19.62 20.65 19.48 21.55 19.71] 20.66 21.48 22.80| 28.34 26.34 29.69 24.75
MnO 1.20 1.16 122 137 131] 128 136 1.12] 1.84 1.67 227 1.78
MgO 7.65 697 682 6.18 7.18] 8.11 7.96 694 378 457 1.60 3.48
CaO 10.26 1027 9.65 9.383 10.21| 947 8.87 9.68) 7.04 7.40 420 442
Na,O 336 328 346 3.53 323 3.61 346 339 411 4.04 567 545
K,0 1.44 144 129 134 143] 1.09 1.16 1.22| 1.27 121 127 125
F 1.01 083 0.80 0.82 059 159 145 1.94
Cl 0.04 003 0.10 0.08 0.02 0.08 0.09 0.06
Sum 98.65 98.00 97.75 97.65 96.98| 96.04 96.84 96.67| 98.59 98.49 98.23 98.41
Si 6.380 6.379 6.650 6.604 6.441| 7.162 7.215 6.879| 7.358 7.331 7.693 7.761
AlY 1.620 1.621 1.350 1.396 1.559| 0.838 0.785 1.121| 0.642 0.669 0.307 0.239
Sum 8.000 8.000 8.000 8.000 8.000| 8.000 8.000 8.000| 8.000 8.000 8.000 8.000
Al 0.144 0.136 0.337 0.096 0.206| 0.041 0.000 0.000| 0.000 0.000 0.000 0.007
Ti 0.387 0.393 0.343 0.356 0.296] 0.116 0.134 0.156| 0.208 0.184 0.211 0.148
Fe'™* 0.018 0.087 0.056| 0.059 0.114 0.098| 0.001 0.115 0.235 0.520
Fe** 2.534 2.695 2.515 2.831 2.587|2.715 2.802 3.023| 3.785 3.491 3.965 3.268
Mn 0.157 0.153 0.160 0.182 0.174| 0.170 0.180 0.150| 0.249 0.224 0.307 0.238
Mg 1.761 1.622 1.570 1.448 1.681| 1.899 1.851 1.640| 0.900 1.080 0.381 0.819
Sum 5.000 5.000 4.925 5.000 5.000| 5.000 5.081 5.067| 5.143 5.094 5.099 5.000
Ca 1.697 1.717 1.596 1.579 1.717| 1.594 1.483 1.644| 1.204 1.257 0.719 0.748
Nag 0.303 0.283 0.404 0.421 0.283] 0.406 0.438 0.289| 0.653 0.650 1.182 1.252
Sum 2.000 2.000 2.000 2.000 2.000| 2.000 1.921 1.933| 1.857 1.907 1.901 2.000
Na, 0.703 0.710 0.632 0.654 0.700| 0.693 0.609 0.753| 0.619 0.592 0.573 0.416
K 0.284 0.287 0.254 0.269 0.286| 0.218 0.231 0.247| 0.259 0.245 0.259 0.252
Sumy, 0.987 0.997 0.886 0.923 0.986| 0.912 0.840 1.000| 0.878 0.836 0.832 0.668
F 0.493 0.434 0.390 0.400 0.293 0.794 0.722 0.969
Cl 0.010 0.008 0.025 0.020 0.005 0.021 0.024 0.011
Mg/(Mg+Fe™) 041 038 038 034 039 041 040 035 022 025 0.09 020
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Table 5. Representative biotite analyses from Cerro Siete Cabezas, Stock I and Stock II rocks. Structural formulae calculated

on the basis of 22 (O).
CERRO SIETE CABEZAS STOCK I STOCK II

Sample RP-61 RP-64 RP-74 RP-230|RP-44 RP-48 RP-50| RP-52 RP-53 RP-56
wt%

Sio, 34.43 34.86 35.04 35.07|35.93 35.56 35.01| 36.02 35.68 35.64
TiO, 343 337 342 292 431 453 447 413 460 437
AlLO; 11.69 1143 11.79 13.04 12.85 11.65 12.98] 11.01 12.29 11.82
FeO,; 29.34 29.12 29.16 28.61| 26.03 25.72 24.96| 29.86 30.21 29.79
MnO 178 179 179 1.12| 069 070 097| 0.87 083 1.07
MgO 545 566 551 638 633 688 670 561 522 545
CaO 0.05 004 003 002 002 001 004 001 001 003
Na,0 029 028 022 030 020 031 023 036 050 038
K,0 891 885 884 927 904 879 9.8 896 893 873
F 1.07 1.00 104 101 1.01 102 096/ 2.05 183 1.80
cl 0.02 0.01 000 001 019 0.5 0.0 012 0.0 0.10
Less O=F,Cl 046 042 044 043 047 046 043 089 079 0.78
H,0% e 316 321 321 328 325 320 326 275 291 290
Sum 99.16 99.20 99.61 100.60| 99.38 98.06 98.43|100.86 102.32 101.30
Si 5616 5.670 5.665 5.583|5.694 5.718 5.602| 5478 5.609 5.655
Al"Y 2248 2.191 2247 2417|2306 2.208 2.398| 2.071 2277 2210
Ti" 0.136 0.139 0.088 0.000 0.000 0.074 0.000| 0.451 0.114 0.135
Sum (Z) 8.000 8.000 8.000 8.000| 8.000 8.000 8.000| 8.000 8.000 8.000
A 0.000 0.000 0.000 0.030 0.094 0.000 0.050| 0.000 0.000 0.000
Ti"! 0.283 0.273 0.328 0.349| 0.514 0.474 0.538| 0.045 0.430 0.386
Fe™ 4.002 3.961 3.943 3.809| 3.449 3.459 3.340| 3.985 3.972 3.953
Mn 0.246 0.246 0.245 0.151] 0.093 0.095 0.131| 0.118 0.111 0.144
Mg 1325 1.372 1.328 1.514| 1.495 1.649 1.598| 1.334 1.223 1.289
Sum (Y) 5.856 5.852 5.844 5.853|5.645 5.677 5.657| 5.482 5.736 5.772
Ca 0.009 0.007 0.005 0.003| 0.003 0.002 0.007| 0.002 0.002 0.005
Na 0.092 0.088 0.069 0.093| 0.061 0.097 0.074| 0.111 0.152 0.117
K 1.854 1.836 1.823 1.883| 1.892 1.902 1.952| 1.825 1.791 1.767
Sum (X) 1.955 1.932 1.897 1.979] 1.892 1.902 1.952| 1.938 1.945 1.889
F 0.552 0.514 0.532 0.509| 0.506 0.519 0.486| 1.035 0.910 0.903
cl 0.006 0.003 0.000 0.003 0.051 0.041 0.027| 0.032 0.027 0.027
OH 3.442 3.483 3.468 3.488|3.443 3.440 3.487| 2.933 3.063 3.070
Sum 4.000 4.000 4.000 4.000 4.000 4.000 4.000| 4.000 4.000 4.000
Mg/(Mg+Fe+Mn)  0.238 0.246 0.241 0277, 0.297 0.316 0.315| 0.245 0.230 0.239

(nomenclature following Leake er al., 1998) and Biotite

plots in the gap between the core and rims, or
bulks, of the clinopyroxene crystals (inset A of Fig.
5). Amphiboles from Cerro Siete Cabezas range
from ferropargasite to ferro-edenite, whereas in the
Stock I they lie in the last field. On the other hand,
the Stock II analogues range from katophorite to
ferro-richterite.

The Mg/(Mg+Fe+Mn) ratio varies from 0.24 to
0.40 in Cerro Siete Cabezas and Stock I and from
0.08 to 0.24 in Stock II. A trend of increasing Si,
Mn, Na+K, and F, and a concomitant decrease of
Al and Ca is apparent as the amphiboles become
more Fe enriched (as shown in inset B of Fig. 5).
This compositional variation is accompanied by the
substitution of Mg for Fe*'+Mn, while Ti tends to
increase in Cerro Siete Cabezas amphiboles, and to

be lower in Stock I equivalents.

Representative analyses are given in Table 5 and
the biotite compositions are plotted in Fig. 6. In
general, the data cluster close to the annite field and
show iron enrichment in the Cerro Siete Cabezas
and Stock II samples. Biotite has distinct Mg/(Mg+
Fe+Mn) ratios: 0.23-0.28 for the main complex and
Stock II, and 0.30-0.32 for the Stock I. Moreover,
the biotite from Stock I and Stock II contains higher
Ti and lower Mn than the Cerro Siete Cabezas
equivalents. Notably, the biotite from Stock II

presents the highest fluorine content.

Iron oxides

The opaque minerals are almost entirely Fe-Ti
oxides, confined to the magnetite-ulvospinel and

ilmenite-hematite solid solutions series, and coexist
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in all the analyzed samples (Table 6). In general,
the grains display a high degree of exsolution, but

discrete magnetite-ilmenite pairs are usually found.
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Fig. 6. Plot of biotites from Cerro Siete Cabezas, Stock I
and Stock II rocks in the system Al-Mg-Fe, and variation
of Si, Al, Ti, Mn, K+Na and F vs. Mg/(Mg+Fe+Mn)
atomic ratio. Fe = total iron as Fe™. Symbols as in Fig. 4.
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The high MnO content (9-14 wt%) of the ilmenite
is noteworthy and similar to that of other ilmenites
from peralkaline rocks (cf. e.g. Platt & Woolley,
1986). The cubic phases are represented by Ti-
magnetite with ulvospinel ranging from 14 to about
35 mol%, while the R,O, (mol%) of the ilmenite
ranges from 2 to 4%. The use of the Spencer &
Lindsley (1981) geothermometry yielded very low
equilibration  temperatures  (subsolidus)  of
equilibration, i.e. 515-665°C, and low oxygen
activity (range of log fO,=-20 to -26) between the
Magnetite-Wustite and Quartz-Fayalite-Magnetite
buffers, contrasting with the peralkaline tendency
of the suite (Fig. 7). As a matter of fact, the
coexistence of magnetite and titanite and the lack of
perovskite may indicate that fO, was originally
above the QFM buffer and below the HM buffer
throughout the crystallization history of the rock
(cf. Flohr & Ross, 1990).

log O, M

e ® Cerro SeteCabezas
kP O Stock |
+ Stock 1
MW TOC
| | |
600 800 1000

Fig. 7. Cerro Siete Cabezas complex: stability
relationships in T°C-fO, diagram for the magnetite-
ilmenite pairs (Spencer & Lindsley, 1981). MW, QFM,
NNO, HM: Magnetite-Wustite,  Quartz-Fayalite-
Magnetite, Nickel-Nickel Oxide and Hematite-Magnetite
buffers. 1) field of clinopyroxenes; 2) field of
amphiboles; 3) field of micas (see later significance of
the mineralogy).

Feldspars and nepheline

Alkali feldspars are the only feldspathic phase
(An content*10%) present in the rocks. The texture
is variable, ranging from cryptoperthite to coarse
braided and patch perthite. As far as possible,
compositions were obtained from analyses of clear
cryptoperthitic regions with a broad beam (10 pm)

and on the coarse exsolved areas (Table 7). The bulk
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compositions approach those of anorthoclase,
displaying Or content between 30 and 40 mol%
(mesoperthites from original hypersolvus rock-
types, subsolvus equilibration temperature below
500°C; cf. Brown & Parsons, 1989). In general, the
An content of these feldspars is very low and tends

to decrease with the increasing Or concentration.

Alkaline Complexes from the Alto Paraguay Province at the Border of Brazil (Mato Grosso do Sul State) and Paraguay

Notably, in the larger Na-exsolved patches, the An
content is up to 7.3 mol% (Fig. 8).

Parsons (1978) pointed out that the coarseness of
exsolution in felspars increases possibly in relation
to the progressive enrichment in volatiles. Matos
(2000) quoted plagioclase (An,, ) as a coexisting
phase with alkali feldspar in the Stock I rocks. If

Table 6. Representative magnetite and ilmenite analyses from Cerro Siete Cabezas, Stock I and Stock II rocks. Fe, O, and FeO
recalculated according to ulvospinel basis and to ilmenite basis, magnetite and ilmenite, respectively. Structural formulae on
the basis of 32 (O) and 3 (O), respectively. Equilibration temperatures (T°C) and fO, calculated according to the

geothermometer of Spencer & Lindsley (1981).

Magnetite CERRO SIETE CABEZAS STOCK I STOCK I
Sample RP-61 RP-64 RP-74 RP-230 | RP-44  RP-45 RP-48 RP-50 | RP-52  RP-56
wt%

SiO, 0.09 0.10 0.12 0.01 0.12 0.11 0.01 0.12 0.21 0.18
TiO, 7.45 7.55 8.47 7467 9.05 4.71 9.83 6.87 8.05 11.82
ALO, 0.14 0.21 0.17 0.35 0.27 0.01 0.12 0.34 0.12 0.04
Cr,0; 0.01 0.03 0.02 0.02 0.05 0.01 0.03 0.01 0.01 0.04
Fe,05 53.75 53.50 51.30 53.23 49.78 58.99 49.75 55.11 52.15 45.44
FeO 36.38 35.88 36.91 35.37 37.87 32.63 38.18 35.13 36.42 40.09
MnO 1.26 1.90 1.63 2.11 1.21 2.59 1.94 2.30 1.98 1.89
MgO 0.13 0.12 0.07 0.06 0.04 0.01 0.02 0.06 0.02 0.02
CaO 0.01 0.02 0.04 0.03 0.01 0.04 0.000 0.01 0.05 0.11
Sum 99.22 99.31 98.73 98.64 98.40 99.10 99.88 99.90 99.01 99.63
Si 0.028 0.031 0.037 0.003 0.037 0.033 0.003 0.037 0.065 0.055
Ti 1.724 1.744 1.967 1.735 2.107 1.095 2.257 1.565 1.866 2.714
Al 0.051 0.076 0.062 0.128 0.099 0.004 0.043 0.122 0.044 0.014
Cr 0.002 0.007 0.005 0.003 0.012 0.002 0.007 0.000 0.002 0.009
Fe'* 12.444 12368 11.923  12.391 |11.600 13.730 11.431 12.673 |12.094 10.439
Fe™* 9.360 9.218 9.535 9.150 9.807 8.440 9.478 8.978 9.387 10.235
Mn 0.328 0.494 0.426 0.553 0.317 0.678 0.502 0.595 0.517 0.489
Mg 0.060 0.055 0.032 0.028 0.018 0.005 0.009 0.027 0.009 0.009
Ca 0.003 0.007 0.013 0.009 0.003 0.013 0.000 0.000 0.016 0.036
Sum 24.000  24.000 24.000 24.000 |24.000 24.000 24.000 24.000 |24.000  24.000
Ulvosp. mol% 21.89 22.18 25.06 21.73 26.80 14.11 28.25 20.02 24.13 34.60
Ilmenite CERRO SIETE CABEZAS STOCK I STOCK I
Sample RP-61 RP-64  RP-74 RP-230 | RP-44 RP-45 RP-48 RP-50 RP-52  RP-56
wt%

SiO, 0.01 0.02 0.04 0.01 0.02 0.01 0.00 0.00 0.00 0.10
TiO, 50.02 50.30 50.21 49.98 49.32 50.10 50.06 50.92 51.34 50.12
AlLO; 0.01 0.08 0.02 0.01 0.01 0.01 0.02 0.01 0.10 0.05
Cr,05 0.02 0.03 0.03 0.02 0.02 0.03 0.03 0.00 0.00 0.02
Fe,04 3.49 2.03 291 3.24 3.90 2.73 1.96 2.38 1.73 3.76
FeO 33.75 34.17 34.84 31.88 30.26 33.39 33.77 36.19 34.66 33.81
MnO 10.98 10.79 9.91 12.74 13.87 11.40 11.07 9.36 11.36 11.12
MgO 0.06 0.08 0.01 0.09 0.03 0.05 0.01 0.06 0.00 0.04
CaO 0.01 0.01 0.03 0.01 0.01 0.03 0.02 0.01 0.00 0.04
Sum 98.35 97.51 98.00 97.98 97.44 97.75 96.93 98.93 99.02 99.06
Si 0.000 0.001 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.002
Ti 0.966 0.978 0.972 0.968 0.961 0.973 0.980 0.977 0.982 0.960
Al 0.000 0.002 0.001 0.000 0.000 0.000 0.001 0.000 0.003 0.002
Cr 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.000 0.000 0.001
Fe'* 0.067 0.040 0.056 0.063 0.076 0.053 0.038 0.046 0.033 0.072
Fe** 0.725 0.739 0.751 0.687 0.656 0.721 0.735 0.772 0.737 0.720
Mn 0.239 0.236 0.217 0.278 0.304 0.249 0.244 0.203 0.245 0.240
Mg 0.002 0.003 0.000 0.003 0.001 0.002 0.000 0.002 0.000 0.002
Ca 0.000 0.000 0.001 0.000 0.000 0.001 0.001 0.000 0.000 0.001
Sum 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
Fe’*/(Mn+Fe’") 0.75 0.76 0.78 0.71 0.68 0.74 0.75 0.79 0.75 0.75
R,03 mol% 3.74 2.14 2.72 3.25 3.80 2.70 1.98 243 1.81 3.88
T°C 665 536 566 587 614 558 525 551 515 628
loglofo2 -20.2 -24.8 -23.0 -21.7 -20.5 -23.3 -25.4 -22.7 -26.0 -20.1
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Table 7. Representative alkali feldspar analyses from Cerro Siete Cabezas, Stock I and Stock II rocks. B, bulk compositions;
ab and or, exsolved Na-rich and K-rich phases, respectively. Compositions are also expressed as end-member molecular

proportions (Or, Ab and An).

CERRO SIETE CABEZAS
Sample RP-61B RP-64B RP-66B RP-74B RP-74ab RP-74or RP-230B RP-230ab RP-230or

wt%
Si0, 66.94 66.75 66.96 67.03
Al O4 19.03 19.04 18.88 19.15

Fe,0; 0.10 0.08 0.44 0.21
BaO 0.00 0.03 0.08 0.00
Ca0 0.19 0.13 0.16 0.15
Na,0 7.4 7.12 7.51 8.00
K,0 6.31 6.54 5.98 527

Sum 99.81 99.70 100.01 100.52

67.92 63.31 67.43 66.22 64.53
19.45 18.02 19.58 20.01 18.46

0.23 0.24 0.10 0.10 0.17
0.08 0.14 0.21 0.03 0.23
0.05 0.01 0.18 0.50 0.03
11.74 0.50 7.59 10.19 1.91
0.10 15.98 6.08 2.05 14.19

99.57 98.20 101.13 99.03 99.52

Or 35.8 37.2 33.8 29.8 0.5 95.4 342 11.4 82.8

Ab 62.4 61.6 64.6 68.8 99.2 4.6 64.9 86.2 16.9

An 1.8 1.2 1.6 1.4 0.3 0.0 0.9 2.3 0.3
STOCK I

Sample RP-44B  RP-44ab RP-44or RP-45B

RP-48B  RP-48ab RP-48or RP-50B RP-50ab RP-50or

SiO, 67.10 67.89 64.32 66.67
ALO;  187.75 20.04 18.58 18.37

Fe,05 0.29 0.10 0.16 1.21
BaO 0.10 0.04 0.14 0.03
CaO 0.06 0.80 0.01 0.01
Na,O 6.91 11.29 0.79 7.18
K,0 6.79 0.33 15.51 6.62

Sum 100.00 100.49 99.51 100.09

67.30 69.31 64.73 65.95 67.65 64.50
19.09 19.07 17.41 18.73 19.55 18.37

0.22 0.06 0.73 0.19 0.10 0.11
0.05 0.01 0.00 0.11 0.06 0.13
0.04 0.01 0.01 0.10 0.59 0.01
7.69 11.58 0.90 7.16 11.56 1.05
5.87 0.16 14.59 6.61 0.19 14.37

100.26 100.20 98.37 98.85 99.70 98.54

Or 39.0 1.8 92.9 37.7 333 0.9 91.4 37.4 1.0 89.9

Ab 60.4 94.5 7.1 62.2 66.3 99.1 8.6 61.6 93.7 10.0

An 0.6 3.7 0.0 0.0 0.4 0.0 0.0 1.0 7.3 0.1
STOCK IT

Sample RP-52B  RP-52ab RP-52or RP-53B

RP-56B  RP-56ab RP-560or RP-58B RP-58ab RP-58or

Si0, 6638  70.10 6727  67.40
ALO, 1897 1952 1775  18.92
Fe,0; 0.10 0.74 0.47 0.12
BaO 0.10 0.00 0.04 0.10
Ca0 0.16 0.53 0.01 0.13
Na,0 6.68  10.19 1.17 747
K,0 7.10 042 1527 6.20

Sum 99.49 101.50 101.98 100.34

Or 40.5 2.6 89.6 349
Ab 58.0 94.7 10.4 63.9
An 1.5 2.7 0.0 1.2

66.57 70.44 64.81 68.38 67.96 65.31
19.06 19.07 18.04 18.33 19.28 17.75

0.49 0.58 0.48 0.52 0.17 0.74
0.01 0.00 0.00 0.00 0.00 0.02
0.19 0.00 0.01 0.01 0.15 0.01
7.56 11.36 1.08 7.09 11.24 1.70
5.79 0.74 15.37 6.89 0.31 14.47

99.67 102.19 99.79 101.20 99.11 100.00

329 4.1 90.3 39.0 1.8 84.8
65.3 95.1 9.7 61.0 97.5 15.1
1.8 0.0 0.0 0.0 0.7 0.1

this is the case, it is suggested that these crystals
represent an incomplete reabsorption of early-
crystallized plagioclase as the magma moves
towards crystallization of a single alkali feldspar
(cf. Rahman & MacKenzie, 1961).

Representative analyses of nepheline are in
Table 8. They are compositionally homogeneous.
The silica excess ranges from 2.0 to 6.3 mol% and
the kalsilite content is between 18.8 and 23.4
mol%. Compositions of nepheline partly lie near to
and partly fall within the Morozewicz-Buerger
convergence field of plutonic nephelines (Fig. 8; cf.
Tilley, 1954), implying temperatures of about 600-
500°C for re-equilibration (Hamilton, 1961;

Hamilton & McKenzie, 1965).

Accessory minerals

Representative analyses of eudialyte, titanite,
apatite and zircon (Cerro Siete Cabezas) are given
in Table 8, as well as that of an unknown phase
present in Stock II samples.

In some cases the eudialyte amounts up to 1%
modal content (e.g. RP-74, Cerro Siete Cabezas).
This mineral is typical of high Zr peralkaline
magmas, where the excess of alkalies over alumina
increases the solubility of Zr and results in the
formation of alkali-zircono-silicate complexes
(Collins et al., 1982; Mitchell, 1996).
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Table 8. Representative nepheline (RP-61 to RP-230, Cerro Siete Cabezas; RP-214, Stock I) and accessory mineral analyses
(eudialyte, titanite, apatite, zircon from Cerro Siete Cabezas, and an unknown (?) mineral from Stock II). Nepheline
compositions are also expressed in terms of molecular proportions of Q, Ne and Ks.

Nepheline Accessories
Eudialyte | Titanite | Apatite Zircon  (?)
Sample RP-61 RP-64 RP-74 RP-230 RP-214 RP-74 RP-67 RP-244 RP-75 RP-52
wt% wt%

Si0, 44.14 4474 42773 43.78 42.83| SiO, 51.80 30.35 Si0, 32.22 20.90
ALO;  32.67 33.49 34.14 33.81 33.40| TiO, 0.26 37.65 TiO, 0.14 36.09
Fe,0; 0.74 073 0.14 0.38 0.56| ZrO, 13.35 ZrO, 66.21 1.11
BaO 0.00 0.05 0.04 0.01 0.02| Al 04 0.46 ThO, 2.22
CaO 0.02 004 005 020 049 Ce0; 2.02 0.19 AlLO; 0.68 0.59

Na,0O 16.58 16.07 16.33 16.11 16.11| FeO 4.90 0.88 0.24 Cr,05 0.59
K,O 564 560 701 5.61 6.21| MnO 3.17 0.06 La,05 1.84
Sum 99.79 100.69 100.44 99.90 99.62| MgO 0.04 0.00 Ce,05 5.02
CaO 8.46 27.61 53.58 FeO 0.09 11.49
Q 4.8 6.3 2.0 5.1 2.7| Na,O 12.55 0.22 MnO 0.37
Ne 762 749 746 756 758 K,O 0.10 0.01 MgO 0.02 0.01
Ks 19.0 18.8 234 193  21.5| NbyOs 0.56 BaO 0.12
P,0s 40.54 CaO 0.06 0.84
F 0.05 0.60 3.71 Na,O 0.00
Cl 0.82 0.05 0.56 K,O 0.18
Sum 97.72 97.82 96.93 Nb,Os 0.00
P,0s 3.88
Sum  100.02 89.66

An
Ab or

(0] exsoved Bulk compositions %
< phesss phases
HOe 7 otwtept |
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Ne Ks

Fig. 8. Alkali feldspar from Cerro Siete Cabezas, Stock I and Stock II rocks plotted into the Or-Ab-An (mol%) diagram, and
nepheline compositions plotted into the Ks-Ne-Q (wt%) space (PH,O=1 kb; Hamilton & McKenzie, 1965); M and B are
Morozewicz's and Buerger's ideal nepheline composition, respectively. For comparison the whole-rock compositions are also
plotted; it should be noted that the Cerro Siete Cabezas rocks trend towards the phonolitic minimum, whereas the Stock I and
Stock II rocks tend to fit the trachytic minimum along the feldspar join.
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Table 9. Trace element analyses of selected Cerro Siete Cabezas, Stock I and Stock II rocks.

CERRO SIETE CABEZAS
RP-61 RP-62 RP-63 RP-64 RP-65 RP-66 RP-67 RP-68 RP-69 RP-70 RP-71 RP-72 RP-74 RP-75 RP-232 RP-235 RP-236 RP-241 RP-244 RP-246

ppm
Cr <1 2 <l 1 <1 <1 <l <l 1 1 1 1 1 < 5 2 5 2 9 10
Ni 8 9 6 6 8 5 8 6 9 7 6 8 7 7 12 2 2 3 5 4
Rb 100 110 105 92 8 75 8 117 104 83 110 69 137 74 93 8 78 90 56 111
Ba 831 877 894 1414 769 855 1379 911 876 1100 691 1656 679 867 859 1290 1522 2813 2285 182
Th 154 163 160 9.5 26 30 90 86 62 89 115 109 56
U 56 713 64 2.1 09 11 43 30 12 22 72 34 10
Ta 104 149 10.1 69 163 128 70 123 116 89 91 89 91 44
Nb 137 157 147 139 111 143 252 182 175 151 199 97 161 192 241 128 172 143 153 95
Sr 413 370 409 606 209 216 568 488 437 320 452 1062 266 393 384 280 647 909 1119 35
Hf 188 165 183 154 107 78 221 139 68 114 88 147 153
Zr 684 621 701 433 366 572 573 725 688 508 348 315 905 1194 835 359 610 444 692 908
Y 46 44 46 46 30 28 72 49 48 47 36 36 49 65 71 36 37 49 52 29
La 101.00 9691 90.01 81 4451 5470 141.00 91 94 86 9401 7599 8231 114 136.00 90.31 107.11 124.13 155.73 83.11
Ce  193.00 199.49 19498 160 111.10 126.01 291.00 177 182 169 201.98 151.03 15479 218 273.01 181.19 172.18 229.36 233.04 167.20
Pr 2291 2332 21.70 1340 1352 33.11 2220 17.80 17.72 2850 1848 1978 2327 2925 18.40
Nd  77.00 7668 68.00 58 4850 47.40109.03 61 61 65 68.00 63.01 5283 79 9921 69.22 7432 87.71 102.04 6551
Sm  16.10 16.00 14.91 1030  8.09 22.20 1500 13.10 940 16 1932 1191 1241 1459 1933 1101
Eu 265 263 245 1.68 240 3.93 336 356 221 240 256 299 279 362 219
Gd 1350 13.40 1241 841 775 19.01 1391 1221 9.70 184 1110 12.13 1428 18.88 10.73
Tb 170 168 154 104 099 296 210 187 139 271 169 182 239 312 175
Dy 989 1021 939 636 452 1572 1212 11.00  7.35 1719 938 968 1227 17.08 9.99
Ho 197 203 182 123 094 328 238 244 163 212 155 193 208 278 153
Er 507 522 473 307 253 814 623 7.2 476 642 510 541 680 922 498
Tm 079 082 0.70 040 036 1.14 078 094 0.75 110 070 083 098 110 0.6
Yb 442 459 4.09 224 200 643 411 508 372 580 3.57 450 557 648 285
Lu 050 051 048 023 029 093 044 071 057 080 055 074 096 103 041
STOCK T STOCK 11

RP-44 RP-45 RP-46 RP-47 RP-48 RP-49 RP-50 RP-51|RP-52 RP-53 RP-54 RP-57RP-211RP-212 RP-214
ppm
Cr 1 1 1 1 1 1 1 1 1 1 1 7 1 1 4
Ni 6 10 8 2 12 5 6 8 36 518 5 2 7
Rb 157 186 152 128 154 154 187 165 123 145 133 143 136 84 71
Ba 555 112 548 92 886 102 1229 381| 195 223 249 119 207 246 256
Th 9.7 3.1 155 51 79 10 74 86 66 41 64 46 63
U 3.0 49 48 41 49 135 39 50 22 35 14 15
Ta 151 38 154 61 138 149 185 362 137 171 117 131 120 45 55
Nb 157 424 141 684 144 128 167 188] 120 159 114 127 105 89 95
Sr 92 22 87 36 177 47 258 62| 36 49 42 27 32 33 7l
Hf 124 279 101 372 168 124 144 378 184 272 193 150 243 120 137
Zr 631 1534 405 1820 782 676 487 1203| 568 895 611 491 858 496 568
Y 30 77 52 66 50 36 53 59| 29 52 28 45 42 22 33
La 2720 114 4741 51 80 51.79 66.30 179.33| 62.21 89.11 47 220 76 5554 50.65
Ce 6560 28111219 169 182 123.04 171.50 398.94[105.12171.21 116 383 137 87.64 93.53
Pr 740 12.38 13.88 10.13 20.93| 12.83 18.84 1093 10.42
Nd 2690 75 4582 44 76 53.13 67.62 118.52| 46.40 62.11 38 107 55 4230 38.71
Sm 560 16 981 8 15 1059 1410 2470| 970 1390 72 23 11 880 8.10
Eu 144 1.33 144 138 129 248 1.62 166 146
Gd  5.10 8.62 975 114 2000 8.83 11.97 779 7.07
T 071 0.98 114 139 203 125 149 126 1.15
Dy 441 6.70 8.15 807 14.28) 7.62 10.03 837  6.10
Ho 090 1.35 163 160 298 156 2.05 165 120
Er 237 353 424 410 8.14| 416 5.62 435 333
Tm 043 0.43 053 063 105 069 091 0.58 046
Yb 243 1.96 190 269 481 404 482 335 252
Lu 035 0.41 040 043 079 045 047 042 032

Significance of the mineralogy

The clinopyroxenes, following an initial increase
in hedenbergite molecule with a corresponding
decrease in the Mg/Fe™ ratio, become progressively
enriched in Na (and Fe™) as the Alkali Index (and
D.1.*) increases. The trend towards the Na-Fe' (i.e.
aegirine) enrichment may be originated anywhere

from the hedenbergite-rich compositions (Fig. 4),

and the point of departure appears, at least, a
function of the peralkalinity of the magma(s), rather
than a merely control of oxygen fugacity. The
(1969) data

temperatures around 780-800°C for the more acmitic

Bailey's experimental suggest
compositions.

Using the free energy data of Nicholls & Carmi-
chael (1969), fO, estimates are around 10" bar.

From the Ti and AIY-Al" content of amphiboles
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(Helz, 1982), it can be inferred that the ferro-
edenite-ferropargasite from Cerro Ciete Cabezas and
Stock I have crystallization temperatures around
700-750°C, while the ferro-richterite-katophorite
from Stock II points to equilibration temperatures
around 600-700°C. The uniformly low Al" content
is consistent with the low pressure conditions of the
intrusions.

Using the equation of Wones (1981) and the
estimated activities of annite in biotite (0.65 as
average), of KAISi,O, in alkali feldspar (0.35) and of
Fe,O, in magnetite (0.76), temperatures of 575°C
and fO,=10" bar (average of the results for the
magnetite-ilmenite pairs) give about 900 bar for both
/H,O and water partial pressure (Burnham et al.,
1969). Finally, if the original magma is assumed to
have been H,O-saturated, a 3 km depth would be
indicated for the intrusions.

The fluorine content of biotite, X=0.06-0.07
(Cerro Siete Cabezas and Stock I) and X=0.12-0.14
(Stock II), suggests log (fH,O/fHF) ratios of about 4
and 3, respectively, for the hydrothermal fluids in

equilibrium with biotite in subsolidus environment.

Major and trace elements distribution

From the Fig. § it is apparent that the investigated
rocks tend to cluster between the trachytic and
phonolitic minima (Cerro Siete Cabezas complex)
and towards the trachytic minimum (Stock I and
Stock II bodies), whereas some Q-normative-rich
samples from Stock I approach to the rhyolitic
minimum. Variation diagrams using D.L*
(normative Q+or+ab+ne+ac) values as parameter
(Fig. 9) show a decrease of TiO,, FeO (total iron),
MgO, CaO and P,O,, corresponding to the conti-
nuous fractionation of mafic phases and of apatite.
The FeO scattering in the two stocks probably
reflects crystal sorting processes occurring either
during or after the intrusion.

AlO, tends to increase up to D.I.*=86, and then
to slightly decrease up to D.I.¥=90, mainly because
of the nepheline fractionation. K is an incompatible

element as D.1.¥=92 and then decreases together Na

and Al In conclusion, from the D.I.* diagrams the
following main crystallization sequence  is
apparent: clinopyroxene+apatite+accessories—
nepheline—alkali feldspar, according to the
petrographic observations.

D.I.* vs. incompatible trace elements (I.E.; Table
9) and some element-element variation diagrams are
illustrated in Fig. 10. The LE. show remarkable
dispersion, in particular Th and U which are
scattered between two, "high" and "low" trends. Rb
displays a broad positive correlation in the main
complex and appears negatively correlated to D.I.*
in the stocks.

Ba, Sr, Y and REE are negatively correlated,
although some high REE values are noticeable in the
two minor intrusions. In particular, the Rb vs. Sr
diagram points to two distinct groups, with negative
and positive correlations for the main intrusion and
for the two satellite bodies, respectively. On the
other hand, Ba-Sr and Nd-Sm appear well
correlated, with Ba/Sr and Sm/Nd ratios of 0.43 and
0.20, respectively. Ta, Nb, Hf and Zr show quite
constant (and scattered) behaviour with a tendency
towards higher contents at D.I.* between 90 and 95
in Stock I. The Rb enrichment in the Stocks I and II,
along their modal and normative quartz contents,
raises the question of a possible contamination from
the crystalline basement for the origin of these rocks.

The spidergrams relative to the primitive mantle-
normalized L.E. (Sun & McDonough, 1989) eviden-
ce overlapping fields for the main complex and as-
sociated stocks, with U, Nb-Ta, Zr-Hf and Yb po-
sitive spikes and K, Sr, P and Ti negative anomalies
(Fig. 11). Notably, the spidergrams parallel to the
upper continental crust (Taylor & McLennan, 1981)
and the Precambrian rhyolites from Fuerte Olimpo
(Gomes et al., 2000), except for Nb and Ta which, in
the latter, show negative anomalies.

The REE spidergrams (chondrite-normalized;
Boynton, 1984) have similar behaviours in the Cerro
Siete Cabezas and Stock II, with La/Sm and La/Yb
averaging 4.4 and 15.7-13.0, respectively, and with
similar Eu negative spikes (Eu/Eu*=0.64 and 0.57,



Mesozoic to Cenozoic Alkaline Magmatism in the Brazilian Platform 87

N
[l

TiO, 20~ ALO,
¢ +
® 0% @)
11 ™ ° 6 o . :#;
D+ o
(@]
#4’00 2 ‘
FeO,, Na,0 °
10
8|- [ ] + .#
@) LN +
° 8- ‘. 'é’
000 4o ° —+
[ ]
‘ "F o 6| o ©
|
3|- MgO K,O
6|- °
2|- LI igﬁo
L ° +
i . 4'3 . S A
[ 4~ S o o
0- O |
CaO PO,
4- 0
] 1]- ®
2~ ® ° L
or L L o o | |
80 0 D.I* a0 0 D.I*
@ Cerro Sete Cabezas
O stock |
=+ Stock 1

Fig. 9. D.I.* vs. major elements (wt%) for Cerro Siete Cabezas, Stock I and Stock II rocks.

oL Nb (e} 400+ Ce 0
400 - o * W%
' eragn; o ¢ .-’0‘0 o
So + +
! '. '+ ! © I I I I I
Nd
ool O e . -0 e P
+ 80 - e
500 |- »® L)
o 030‘ 0- S +Q.0 1O
1 1 1 1 I 1 1 1 | |
ol Hf ° o sm, o
"~ o 20- o °
. 0% v
I N R + $9%0
| | | | | ! ! | | |
o 8
sol & o |
e O
Y .*O 4+
500 |- % ot SEX ok
I I I I I
Y
0 0
° ® e o 5|
;.(; ® g0 .89‘_‘"_ 20/
- o o o | 1L
2 ‘Q"" 10 -
®D.I* ® @ & @ ®DI* O, | | |
20 40 60 80 100 120
1000 - QS’Q_'_.“ 1000 - S + e .- L
A ) L\ @ Cerro Sete Cabezas
100 - fed 100 00 O stock |
t e oR & o Ba + stock 11
| |
100 100 1000

Fig. 10. D.I* vs. trace elements (ppm) for Cerro Siete Cabezas, Stock I and Stock II rocks. Some element-element
correlations (Sr-Rb, Sr-Ba and Sm-Nd) are also shown.



88

Alkaline Complexes from the Alto Paraguay Province at the Border of Brazil (Mato Grosso do Sul State) and Paraguay

Cerro SeteCabezas

Ba U K Ta Ce Nd Sm Hf Tb Tm

1000 |

100

10 |-

o Upper Continental Crust

® Precambrian rhyolites
—~ from Fuerte Olimpo

Ba U K Ta Ce Nd Sm Hf Tb Tm

Ro Th NbLa & P Zr Ti Y Yb

Ro Th NbLa & P Zr Ti Y Yb

Stock 11
-_—
- /\/ﬂl
. -
L, Qe, Nd, Sm, Gd Dy &  Yb, G Nd Sn &, B, Yb,
La P Eu Tb Ho Tm Lu La P Eu Tb Ho Tm Lu

Fig. 11. Primitive mantle- (Sun & McDonough, 1989) and chondrite- (Boynton, 1984) normalized I.E. and REE distribution
diagrams, respectively, for Cerro Siete Cabezas, Stock I and Stock II rocks. Upper Crust and Fuerte Olimpo values are from
Taylor & McLennan (1981) and from Gomes et al. (2000), respectively.

respectively). Stock I is quite different having
(La/Sm).=3.6, (La/Yb).=17.8 and the most negative
Eu anomaly (Eu/Eu*=0.34). It should be noted that
these pronounced Eu anomalies are probably due to
an earlier crystallization of plagioclase in the
parental (basanitic/theralitic) magma, and not only to
the crystallization of phases such as titanite,

eudialyte and so on.

Sr-Nd isotopes

New results of selected isotopic analyses (whole
rocks) are in Tables I and II of the Appendix. On the

whole, the “Rb/*Sr vs. VSt/“Sr ratios fit well a

straigth  line, r'=0.997,  initial  *'Sr/*Sr
(R,)=0.703788, approaching the results of
Veldazquez et al. (1996a) that reported a

R,=0.70361. However, some important R (241 Ma)
differences are apparent for the rock-types from
Cerro Siete Cabezas and two satellite bodies: all the
samples from the main complex have quite constant
R, (0.70380+0.00006), whereas the Q-normative
rocks from the Stock I display the highest R, ratio
(e.g. RP-47: R =0.70988, Q=23.61%; RP-45:
R,=0.71602, Q=14.57%). The samples from the

Stock II show scattered R, values between 0.70374
and 0.70767. The data point to possible crustal
contamination processes or to different magma types
for the two minor intrusions. Mixing calculation
between basement compositions (Aratdjo et al., 1982
and this work) and the "less evolved" magmas from
the Cerro Siete Cabezas complex makes evident an
unrealistic contamination by a rhyolitic source (e.g.
sample RP-44) or that the basement contamination is
outside of the mixing curves as shown in Figs. 12A,
B. Probably there are complex relationships between
a miaskitic magma and a peralkaline one (line 4 of
Figs. 12A, B), the latter being subjected to fractional
crystallization processes (cf. line FC of Fig. 12, and
inset C).

Initial (241 Ma) "“Nd/"“Nd ratios have a slightly
depleted character, being between 0.51238 and
0.51239 in Cerro Siete Cabezas and Stock II, and
between 0.51235 and 0.51236 in Stock I. Mixing
between Sr-Nd isotopes of the less evolved rocks
from the main complex (as RP-214) and basement
rock-types (i.e. Fuerte Olimpo rhyolites and Porto
Murtinho AZ-2 granite, cf. Table 1 of the
Appendix), demonstrates that the contamination, in

any case, is restricted to less than 10% of crustal
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components (inset D of Fig. 12). 1 of Appendix II; Faure, 1986), show, on the whole,
Finally, it can be concluded that Nd-model ages, an average value of 910+73 Ma (Cerro Siete Ca-
calculated with respect to a depleted reservoir (Table bezas: 886+£80; Stock I: 930+91; Stock II: 953+28).
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Fig. 12. Mixing curves between alkaline and basement rocks (Aratjo et al., 1982; Table 1). FC: fractional crystallization line
between samples RP-214 to RP-66. A and B: fractional crystallization from RP-214 to RP-66 is consistent with fractionation
of ~34% of nepheline+clinopyroxene+opaques+apatite. C: the calculated/observed ratios relative to the concentration of the
trace elements are generally in the 20% gain or loss, Rb (calculated/observed ratio=1.3), Sr (2.0) and Zr (1.7) excepted
(mineral/liquid partition coefficients after Marzoli, 1991, and Caroff et al., 1993). D: Sr-Nd isotope mixing curves between
the RP-214 sample and Fuerte Olimpo rhyolites and Porto Murtinho granite.
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2. CERRO PEDREIRA, MORRO DISTANTE
AND MORRO CONCEICAO

Cerro Pedreira, Morro Distante and Morro
Conceicdo (PDC) are three semi-circular stocks
cropping out between Porto Murtinho town and the
locality of Fecho dos Morros (Fig. 1). They cover
areas of approximately 1, 2 and 4 km’, respectively,
and stand up to 20-30 m from the plain. Cerro
Pedreira is also characterized by the presence of NE-
SW-trending dykes, 1-2 m thick and porphyritic-

aphanitic in texture.

Petrography

The rocks are medium to coarse-grained, rarely
pegmatoid, with equigranular to seriate texture.
Representative modal analyses are given in Table
10. The

subordinate nephel-syenites, whereas the dykes are

main rock-types are syenites and
quartz trachytes and alkali rhyolites. The intrusive
rocks consist of perthitic alkali feldspar as the most
abundant phase in addition to allotriomorphic quartz
and plagioclase (oligoclase). The last mineral is
subhedral in shape and zoned with An content
ranging from 68 to 20. Nepheline-bearing varieties
practically occur only at Morro Concei¢do. The
main mafic minerals are amphibole, clinopyroxene
and biotite. Opaques (magnetite and ilmenite) are
ubiquitous, along with the accessory phases apatite,
titanite and zircon. Eudialyte is typically absent. On
the whole, the petrographic features outline an
alkaline-miaskitic association where silica-saturated

to slightly silica-oversaturated rock-types prevail on
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the silica-undersaturated variants.

The dykes exhibit phenocrysts and/or micro-
phenocrysts of anorthoclase, amphibole and opaques
set in a very fine groundmass consisting of alkali
feldspar laths arranged in a trachytic texture and
interstitial quartz. In the Cerro Pedreira stock, a
of
plagioclase (An,), opaques, biotite and apatite is
noticeable (X RP-5B, Table 11).

xenolith  consisting cumulatic amphibole,

Classification and nomenclature

Following the petrochemical nomenclature (R,-R,
inset of Fig. 13; De la Roche et al., 1980), the
analyzed intrusives consist mainly of syenites and
subordinate nephel-syenites, while the dykes plot
into the quartz trachytes and alkali rhyolites, strictly
corresponding to the petrographic (i.e. modal)
classification.

Using the serial discrimination diagram (cf. inset
Na,0O vs. K,O of Fig. 13), it is apparent that the
samples fall into the sodic-transitional and into the
transitional fields.

The Alkali Index (A.L) vs. Q-ne normative
13) defines

tendency: on one hand, the majority of the samples

diagram (Fig. two well-defined
from Morro Conceigdo display an undersaturated
character (A.IL ranging from 0.98 and 1.07), and, on
the other one, the samples from Cerro Pedreira and
Morro Distante have a silica-saturated to slightly
oversaturated character with A.I.<1.0. All the dykes
are oversaturated, varying from per-alkaline to

metaluminous (Fig. 13).

Table 10. Representative modal analyses (vol%) of rocks from Cerro Pedreira, Morro Distante and Morro Conceicdo stocks.
Accessory phases: titanite and zircon. For abbreviations see Table 1.

CERRO PEDREIRA MORRO DISTANTE MORRO CONCEICAO
Sample RP-1 RP-5A XRP-5B RP-7 RP-8| RP-264 RP-265 RP-78 RP-79
vol%
Q 15.0 1.0 1.1 5.1 4.2
AF 785 75.0 88.5 89.4| 1759 76.2 82.1 82.2
Pl 8.9 369 14 1.1 0.5 0.8 0.9
Ne
Cpx 1.4 4.2 0.1 23 1.4 1.0 1.0 2.1
Am 0.8 2.7 479 1.8 9.8 9.5 7.4 6.8
Bi 1.2 3.7 40 62 34 7.7 8.0 0.5 0.9
Op 2.1 3.8 65 08 15 2.1 2.2 22 3.0
Ap 0.1 1.0 32 1.0 20 1.0 1.0 0.5 0.5
Accessories 0.9 0.7 1.5 02 03 0.9 0.2 0.3 0.3
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Table 11. Major element analyses, norms and classification (according to De La Roche et al., 1980) of selected Cerro
Pedreira, Morro Distante and Morro Conceigdo rocks. D, dykes; X, xenolith. D.I. and A.I differentiation and alkali indexes,
respectively (cf. Table 2).

CERRO PEDREIRA

Sample RP-1 RP-2  RP-3 RP-4 RP5A RP-5B RP-6  RP-7 RP-8 RP-205 RP-206

D D X D D
wt%
Sio, 68.41 69.93 6624 5957 59.17 4170 6894 6021 6031 6526  68.93
TiO, 0.34 036 043 1.38 1.43 3.82 0.50 1.26 1.25 0.41 0.33
ALO; 1482 1423 1691 1629 16.42 16.81 14.71 16.46 165 17.63 15.39
Fe,0; 3.40 2.90 1.29 3.59 1.79 3.07 2.55 3.34 3.39 1.39 2.44
FeO 1.01 1.03 0.70 1.54 3.01 8.92 1.07 1.39 1.47 0.61 1.06
MnO 0.31 0.09 0.13 0.15 0.14 0.20 020  0.17 0.16 0.15 0.12
MgO 0.12 0.35 0.32 2.87 2.88 7.34 0.14 2.19 2.00 0.14 0.03
CaO 0.03 0.49 0.44 3.18 3.25 11.02 0.95 2.96 2.71 0.11 0.16
Na,O 7.66 6.07 7.08 5.96 591 3.07 4.97 6.31 6.41 9.12 6.25
K,0 2.94 3.89 5.36 4.23 4.26 1.02 4.71 4.10 4.19 4.71 4.26
P,05 0.08 0.03 0.08 0.81 0.90 1.69 0.04 0.66 0.67 0.05 0.04
LO.IL 0.40 0.38 0.35 0.30 0.66 1.05 1.00  0.81 0.73 0.33 0.50
Sum 99.52  99.75 9933 99.87 99.82  99.71 99.78 99.86  99.79 9991  99.51
Q 13.49 18.70 4.13 1.04 19.98 1.34 1.21 15.99
C 0.30
or 17.37 2298 31.67 2499 2517 6.02 27.83 2423 2476 27.83 25.17
ab 59.86  51.36 57.14 5043  50.00 1591  42.05 5339 5424 6349 5288
an 0.09 5.20 5.69 29.07 3.91 4.48 3.87
ne 5.44 0.52
ac 4.36 2.43 4.02
ns 1.89
di 1.66 1.33 4.10 3.62 11.74 0.41 4.58 4.03 0.18
hy 0.32 0.09 0.58 5.23 6.90 0.15 3.32 3.10 0.07
ol 0.33 14.81 0.27
mt 2.74 256 0.64 1.45 2.59 4.45 2.65 1.38 1.63 2.85
hm 1.12 2.58 0.72 2.38 2.26 0.47
il 0.64 0.68 0.81 2.62 2.71 7.25 0.94 2.39 2.37 0.77 0.62
ap 0.18 0.07 0.18 1.91 2.13 4.00 0.09 1.56 1.58 0.11 0.09
D.L* 95.1 93.1 95.4 76.5 75.2 27.4 93.8 79.0 80.2 95.9 94.0
AL 1.06 1.00 1.03 0.88 0.87 0.37 0.90  0.90 0.91 1.14 0.97
R, 1026 1481 582 694 681 1027 1618 656 603 -56 1275
R, 300 348 395 802 813 1873 397 748 713 365 321
Rock- Quartz  Quartz Syenite Syenite Syenite Basanite Alkali Syenite Syenite Nephel- Quartz
type trachyte trachyte rhyolite syenite trachyte
Q 53.4 56.1 473 45.7 45.0 36.1 57.1 459 45.8 44.8 54.3
Ne 35.7 29.9 333 35.7 36.0 51.4 25.3 36.6 36.6 38.0 30.5
Ks 10.9 14.0 19.4 18.6 19.0 12.5 17.6 17.5 17.6 17.2 15.2

MORRO DISTANTE MORRO CONCEICAO
Sample RP-264 RP-265 RP-266| RP-9 RP-76 RP-77 RP-78 RP-79 RP-259 RP-260 RP-261 RP-262
wt%
SiO, 6435 6515 6432 62.16 61.83 58.65 6433 6539 6152 6149 6121 6145
TiO, 0.72 0.69 0.69 1.05 0.84 1.13 0.74 0.66 0.78 0.77 0.79 0.74
ALO; 16.60 16.30  16.58| 17.43 17.55 17.78  16.69  16.85 17.48 17.54 17.34 1754
Fe,0; 2.00 1.91 1.93 1.28 1.93 1.96 2.12 1.71 2.40 2.34 243 2.33
FeO 0.99 0.95 0.97 2.04 0.98 2.73 1.09 0.84 1.30 1.27 1.30 1.26
MnO 0.11 0.10 0.10 0.16 0.13 0.20 0.12 0.09 0.17 0.16 0.16 0.15
MgO 1.29 1.26 1.09 1.12 0.99 1.44 0.95 0.44 1.05 1.06 1.05 0.98
CaO 1.80 1.64 1.85 1.22 1.04 2.74 1.44 0.66 1.86 1.73 1.98 1.90
Na,O 6.56 6.68 6.82 6.03 6.77 7.33 6.29 6.33 7.16 7.20 7.00 7.30
K,0 4.37 4.40 4.20 6.48 6.66 4.87 4.93 6.00 5.13 5.04 5.06 4.90
P05 0.26 0.25 0.25 0.33 0.25 0.76 0.29 0.27 0.31 0.30 0.35 0.30
LO.IL 0.65 0.50  0.65 0.40 0.55 0.23 0.62 0.62 0.65 0.81 0.93 0.77
Sum 99.70 99.83 9945/ 99.70  99.52 99.82  99.61 99.86 99.81 99.71 99.60  99.62
Q 5.34 5.84 4.83 5.72 4.69
or 2582 26.00 24.82| 3829 3935 2878 29.13 3545 3031 29.78 2990 28.95
ab 55.50 56.52  57.70| 50.48 44.45 46.61  53.22 5326 5420 55.05 5442 55.27
an 2.94 1.49 222 1.35 1.23 2.74 0.40 0.65 0.95 0.62
ne 0.29 4.73 8.34 3.45 3.17 2.60 3.51
ac 3.60 0.25
di 4.33 3.17 4.14 2.04 2.74 5.99 1.94 1.17 5.28 4.64 5.12 5.29
hy 1.66 1.33 0.79 1.46 0.55
ol 2.19 0.88 1.85 0.11 0.34 0.16
mt 1.46 1.38 1.45 1.85 0.99 2.84 1.75 1.08 2.48 2.38 242 2.40
hm 0.99 0.95 0.92 0.90 0.86 0.68 0.69 0.75 0.67
il 1.36 1.31 1.31 1.99 1.59 2.14 1.40 1.25 1.48 1.46 1.50 1.40
ap 0.61 0.59 0.59 0.78 0.59 1.80 0.68 0.63 0.73 0.71 0.82 0.71
D.IL* 86.7 88.4 87.4 89.1 92.1 87.7 88.1 93.7 88.0 88.0 86.9 87.7
Al 0.94 0.97 0.95 0.97 1.05 0.97 0.94 1.00 0.99 0.99 0.98 0.99
R, 838 846 786 368 60 11 796 621 239 246 291 243
R, 582 558 577 528 505 713 529 423 594 582 604 596
Rock-  Syenite Syenite Syenite| Syenite Nephel- Nephel- Syenite Syenite Nephel- Nephel- Nephel- Nephel-
type syenite  syenite syenite syenite syenite syenite
Q 484 48.6  48.1 44.6 422 40.4 48.5 47.5 43.1 433 435 43.1
Ne 34.7 34.7 35.8 31.0 325 40.1 32.7 30.9 37.3 37.5 36.9 38.1
Ks 16.9 16.7 16.1 24.4 253 19.5 18.8 21.6 19.6 19.2 19.6 10.8
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Fig. 13. A.I. vs. Q-ne diagram for Cerro Pedreira, Morro Distante and Morro Conceicéio rocks. For insets see Fig. 3; D,
dykes; X, xenolith. In pink, the fields for the Cerro Siete Cabezas rocks.

Table 12. Representative clinopyroxene analyses from Cerro Pedreira, Morro Distante and Morro Conceig¢@o rocks. For
additional information see Table 3.

CERRO PEDREIRA| MORRO DISTANTE |MORRO CONCEICAO
Sample RP-1 RP-5A | RP-264C RP-264R | RP-259
wt%
Sio, 5343 53.40 52.78 50.01 51.46
TiO, 0.48 0.54 0.34 1.01 0.77
ALO; 0.93 1.27 0.87 456 1.74
Cr,0, 0.03 0.01
Fe,05 2.30 2.42 7.59 433
FeO 644 733 6.51 2.90 6.73
MnO 080  0.77 1.12 0.98 0.85
MgO 13.94  14.10 13.97 7.74 10.81
CaO 2257 2234 22.03 24,51 21.57
Na,0 074  0.63 0.58 2.09 1.65
K,O 0.00- 0.02 0.01 0.64 0.01
Sum 101.76  100.40 100.63 98.16 99.92
Si 1.961  1.984 1.968 1.856 1.939
AlY 0.039  0.016 0.032 0.144 0.061
Sum 2.000  2.000 2.000 2.000 2.000
Al 0.001  0.040 0.006 0.056 0.016
Ti 0.013  0.015 0.010 0.028 0.022
Cr 0.001  0.000
Fe** 0.063  0.000 0.068 0.212 0.123
Fe?* 0.197  0.228 0.203 0.091 0.212
Mn 0.025  0.024 0.035 0.031 0.027
Mg 0.761  0.781 0.776 0.428 0.607
Ca 0.885  0.888 0.880 0.975 0.871
Na 0.053  0.023 0.021 0.150 0.121
K 0.001 0.01 0.030 0.001
Sum 2000  2.000 2.000 2.000 2.000
Mg/(Mg+Fe+Mn) 0.728  0.756 0.717 0.561 0.626
Quad 1.84 1.90 1.86 1.49 1.69
J 0.11 0.05 0.04 0.30 0.24




Mesozoic to Cenozoic Alkaline Magmatism in the Brazilian Platform

93

Table 13. Representative amphibole analyses from Cerro Pedreira, Morro Distante and Morro Conceigéo rocks. C, core; R,

rim. For additional information see Table 4.

CERRO PEDREIRA MORRO DISTANTE|MORRO CONCEICAO
Sample RP-4 RP-5AC RP-S5AR RP-5B RP-205C RP-205R RP-205R| RP-264C RP-264R | RP-259C  RP-259R
wt%
Sio, 4632 4634 4584 4534 49.13 4872 43.03 | 5001  47.13 46.53 45.10
TiO, 098 108 191 454 304 200 505 1.01 1.00 1.08 1.73
ALO, 375 390 281 722 445 352 256 4.56 2.74 6.39 5.93
Fe,0, 195 034 126 6.68 21.46 8.94 3.91 4.62 0.29
FeO 2445 2479 2921 11.83 1040 11.12  12.88 1.68 2573 11.68 22.03
MnO 147 157 195 022 051 070  1.00 0.98 1.67 1.05 1.29
MgO 559 628 202 1350 1549 1128 3.6 | 17.62 3.61 13.31 9.07
CaO 772 828 617 878 817 514 115 | 1076 6.09 10.05 9.51
Na,0 401 402 418 415 490 587  17.16 2.09 4.45 244 2.37
K,0 118 104 097 196 131 183 1.65 0.64 0.95 0.93 0.97
F nd.  nd n.d. nd. 173 123 0.8 n.d. n.d. 1.60 1.37
cl nd.  nd n.d. nd. 00l 00l 001 n.d. n.d. 0.06 0.11
Sum 97.42 97.64 9632 97.64 9841 9757 9921 | 9829  97.28 99.06 99.17
Si 7303 7278 7461 6727 7.186 7356 679 | 7.115  7.487 6.886 6.927
AlY 0.697 0722 0539 1260 0767 0.626 0476 | 0764 0513 1.114 1.073
Fe** 0.018 0730 | 0.121
Ti" 0.013  0.047
Sum 8.000 8.000 8.000 8.000 8.000 8.000 8.000 | 8.000  8.000 8.000 8.000
Al 0.000 0.000 0.000 0.00 0.000 0.000 0.000 | 0.000  0.000 0.000 0.000
Ti 0.116 0.128 0234 0492 0287 0227 0600 | 0.108  0.119 0.120 0.200
Fe** 0.231 0.040 0.154 0.000 0000 0456 1.092 | 0.696  0.468 0.515 0.034
Fe** 3224 3256 3976 1465 1272 1.688 2430 | 0341 3418 1.445 2.829
Mn 0.196 0209 0269 0.028 0063 009 0134 | 0118  0.225 0.132 0.168
Mg 1314 1470 0490 2979 3378 2539 0744 | 3.737  0.855 2.969 2.077
Sum 5081 5.104 5123 4964 5000 5.000 5.000 | 5000  5.085 5.148 5.307
Ca 1304 1393 1076 1.393 0993 0831 0195 | 1.640 1.037 1.593 1.565
Nag 0.615 0503 0802 0607 1007 1.169 1.805 | 0.360  0.878 0.258 0.128
Sum 1919 1.896 1.878 2.000 2.000 2.000 2.000 | 2.000 1.915 1.851 1.693
Na, 0611 0721 0518 0584 0383 0550 0387 | 0217  0.492 0.442 0.578
K 0237 0208 0201 0370 0244 0352 0332 | 0.116  0.193 0.176 0.190
Sum, 0.848 0929 0719 0954 0.627 0902 0719 | 0333  0.685 0.617 0.768
F 0.800 0.587  0.090 0.740 0.650
cl 0.002 0.003 0.015 0.028
Mg/(Mg+Fe+Mn) 0.265 0.295 0.100 0.666 0716 0532 0169 | 0.764  0.172 0.587 0.407
Mineralogy to 0.78, in the central parts of the grains, and up to
0.14 in the rims (cf. Table 13). The Fe (Na)
Representative  chemical ~ compositions  of enrichment follows two main trends: one similar to

minerals from selected samples are given in Tables
12 to 16.

Clinopyroxene and amphibole

Mg/(Mg+Fe+Mn) ratio varies from 0.56 to 0.73
in clinopyroxene (Table 12). The classificative
diagrams (Fig. 14) show that the clinopyroxenes
have a narrow compositional range fitting the salite
field, with Mg values higher than that of pyroxene
cores from the Cerro Siete Cabezas analogues.

The amphiboles belong to the sodic-calcic series
(Cerro  Pedreira: katophorite and magnesio-
katophorite) and to the calcic series (Morro Distante
and Morro Conceicdo: edenite and hornblende); the

Mg/(Mg+Fe+ Mn) ratio is quite variable, from 0.58

that of amphiboles from the Cerro Siete Cabezas
complex, and the other towards more Na-rich
compositions (Fig. 14). Notably, the amphibole from
the xenolith falls in the same compositional range of

the amphibole cores from Cerro Pedreira.

Biotite

In general, the biotites cluster in a group of
phlogopite-rich composition (Mg=3.5-3.7 a.fu;
Table 14 and Fig. 15), except for the Cerro Pedreira
mineral, which is Fe enriched (Mg=2.8 a.f.u.). The
RP-5B xenolith shows the most Mg-rich and Ti-poor
Mg=4.8, Ti=0.047

respectively). The Mg-rich compositions correspond

composition a.f.u.,

also to the Mn-poor compositions with respect to the
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Cerro Siete Cabezas analogues.

Iron oxides

The opaque minerals are magnetite (Cerro
Pedreira and Morro Distante: ulvospinel 0.6-12.0
mol%), Ti-magnetite (Morro Concei¢ao: ulvospinel
32-54 mol%), and Mn-rich (MnO 4.4-7.5 wt%)

ilmenite (Table 15) generally found as discrete pairs

in the rocks.

The geothermometry of Spencer & Lindsley
(1981) yielded temperatures between 612 and 797°C
and log fO, from -13 to -16 between the Nickel-
Nickel Oxide and Hematite-Magnetite buffers (Fig.
16), suggesting for these minerals more oxidizing
conditions than those calculated for the Cerro Siete

Cabezas analogues.
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Fig. 14. Classificative and variation diagrams for clinopyroxenes and amphiboles from Cerro Pedreira, Morro Distante and
Morro Conceigdo rocks; X: xenolith from Cerro Pedreira. For additional information see Fig. 4. In pink, the fields for the
Cerro Siete Cabezas minerals.
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Table 14. Representative biotite analyses from Cerro Pedreira, Morro Distante and Morro Conceigdo rocks. For additional

information see Table 5.

CERRO PEDREIRA MORRO DISTANTE | MORRO CONCEICAO
Sample RP-4 RP-5A RP-5A RP-5B RP-205| RP-264 RP-264 RP-259
wt%
SiO, 37.39 38.69 38.06 40.97 38.34 37.57 38.86 36.82
TiO, 535 498 551 043 1.88 4.02 4.01 5.03
ALO; 12.64 12.79 1293 13.48 11.18 13.56 13.61 13.56
Cr,04 0.08 nd. 0.04 0.01 n.d. 0.01 0.02 n.d.
FeO, 12.64 12.73 12.19 791 21.87 13.23 11.99 13.45
MnO 028 035 031 014 052 0.42 0.39 0.53
MgO 1654 17.01 1623 2220 1222  16.93 17.07 16.25
CaO nd. 0.03 nd. 0.03 0.01 0.02 0.02 0.01
Na,O 0.30 035 040 020 0.24 0.40 0.33 0.57
K,0 917 929 924 985 947 9.46 9.60 9.17
F n.d. n.d. nd. n.d 0.99 2.54 2.56 2.23
Cl n.d. n.d. nd. nd 0.01 0.16 0.17 0.16
Less O=F, Cl 0.57 1.10 1.09 0.97
HO' 399 409 404 416 345 291 295 3.02
Sum 98.38 100.31 98.95 99.38 99.61 100.13 100.49 99.83
Si 5.601 5.672 5.648 5.900 5.854 5.422 5.541 5.358
AlY 2.232 2210 2.262 2.100 2.012 2.307 2.287 2.326
iV 0.167 0.118 0.090 0.134 0.251 0.172 0.316
Sum (Z) 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000
AV 0.188
iV 0.436 0.431 0.525 0.047 0.082 0.185 0.258 0.235
Cr 0.010 0.005 0.001 0.001 0.002
Fe** 1.584 1.561 1.513 0.953 2.793 1.597 1.430 1.637
Mn 0.036 0.043 0.039 0.017 0.067 0.051 0.047 0.065
Mg 3.693 3.717 3.590 4.766 2.782 3.643 3.628 3.525
Sum (Y) 5.759 5.752 5.672 5972 5.724 5.477 5.365 5.462
Ca 0.005 0.005 0.002 0.003 0.003 0.002
Na 0.087 0.099 0.115 0.056 0.071 0.112 0.091 0.161
K 1.752 1737 1.749 1.809 1.845 1.742 1.746 1.702
Sum (X) 1.839 1.841 1.864 1.870 1.918 1.857 1.840 1.865
F n.d. n.d. nd. nd 0478 1.159 1.154 1.026
Cl n.d. n.d. nd. nd.  0.003 0.039 0.041 0.039
OH 4.000 4.000 4.000 4.000 3.519 2.802 2.805 2.935
Sum 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000
Mg/(Mg+Fe+Mn) 0.695 0.740 0.698 0.831 0.493 0.688 0.711 0.674

Feldspars, nepheline, accessory minerals and

mineralogical inferences

Plagioclase crystals (Ang,) coexist with late

68-21

crystallized perthitic anorthoclase (Ab,, ) and/or

56-37

oligoclase (An,,,,) phases. They typically follow K-

201
Na enrichment and Ca-depletion trends from the
core to the rim of the grains, and sometimes the
grains are mantled by albite (An,, (Fig. 17).
Apparent closure temperatures of 1230-1100° were
obtained at 1 kb H,O pressure (Kudo & Weill,
1970). Notably, the late phases (rims of plagioclase
and alkali feldspars crystals) yielded temperatures
below 700°C (Powell & Powell, 1977), indicating
possible subsolidus exchanges.

In the scarce undersaturated rocks nepheline is

usually altered into cancrinite. A representative

analysis was taken from sample RP-259 (Table 16):
the amount of silica excess is 11.3 mol% with
kalsilite content of 16.9 mol%. The data plot close to
the upper Q-Ks limit of nephelines from Cerro Siete
Cabezas rocks (Fig. 17).

The accessory minerals are commonly apatite,
zircon and titanite. No significant chemical
differences between the titanites from the xenolith
and Cerro Pedreira host rock (RP-5A and RP-5B,
respectively) were detected (Table 16). The lack of
"peralkaline accessories”, such as eudialyte, is
characteristic.

The mineralogy of the Cerro Pedreira, Morro
Distante and Morro Conceicdo rock-types, showing,
on the whole, both miaskitic (undersaturated) and
oversaturated tendencies, is taken as indicative that

they are formed from different source(s) with respect
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to the Cerro Siete Cabezas complex and also at
comparatively higher equilibration temperatures.
Moreover, the general occurrence of two feldspars
gives a substantially subsolvus character for those
rock-types. Using the same approach for the Cerro

Siete Cabezas complex, the total pressure of the

intrusions is believed to be in the range of 1-2 kb.
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Fig. 16. Stability relationships in T°C- fO, diagram for the
magnetite-ilmenite pairs from Cerro Pedreira, Morro
Distante and Morro Conceigdo rocks (Spencer & Lindsley,
1981). The field of the Cierro Siete Cabezas minerals in
pink is shown for comparison. For abbreviations see Fig.
7.

Major and trace elements distribution

In the nepheline-kalsilite-silica diagram the
intrusive specimens cluster in the trachytic minimum
(Table 11 and Fig. 17), whereas the dykes trend
towards the rhyolitic minimum. D.L* vs. major
element diagrams (Fig. 18) show, on the whole,
similar characteristics to those of the Cerro Siete
Cabezas complex. However, for the same D.L*
values, the Cerro Pedreira and Morro Distante rocks
display higher silica and lower total iron and soda
contents. Alumina is positively correlated with
D.I.*, except for the dykes which have the lowest
Al O, contents.

Moreover Na, 0O and KO

"incompatible" behaviour indicative of a continuous

display  an

alkali enrichment, dykes excluded.

Modelling seems to suggest that quartz syenites
and rhyolites were formed by simultaneous assimi-
lation and fractional crystallization processes from a
slightly silica-undersaturated magma (e.g. with assi-
milated/crystallized material ~0.2, and 10% of gra-
nitic composition). On the other hand, the nepheline
syenites evolved from such a magma without
accompanying contamination (paths of Fig. 17).

Representative trace element data are given in
Table 17. Rb, Sr and REE vs. D.I.* plot with
considerable scatter (Fig. 19; RP-5B xenolith,
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D.1.*=27.4, not shown), whereas the other L.E. have REE) trachytic-rhyolitic dykes. The average Sm/Nd
a quite constant tendency, excluded the strongly ratio is 0.16 (vs. 0.20 of Cerro Siete Cabezas
enriched (particularly in Th, U, Nb, Zr, Y and light complex) with a Nd-Sm correlation >0.96.

Table 15. Representative magnetite and ilmenites analyses from Cerro Pedreira, Morro Distante and Morro Conceigdo rocks.
C, core; R, rim. For additional information see Table 6.

CERRO PEDREIRA MORRO DISTANTE [MORRO CONCEICAO
Magnetite
Sample RP-4 RP-5A RP-5B RP-205 RP-264 RP-259 RP-259
C R
wt%
Si0, 0.21 0.02 0.04 0.11
TiO, 022 2.04 0.52 4.82 0.72 18.67 11.05
AL O3 005 072 244 0.08 0.45 0.35 0.56
Cr,04 0.03 0.02 0.01
Fe, 04 68.61 63.02 64.71 59.42 66.63 31.62 45.76
FeO 31.32 31.17 31.57 3453 31.35 46.64 39.57
MnO 1.35  0.02 1.10 0.06 1.78 1.18
MgO 0.10 0.15 0.08 0.12
CaO 0.05 0.06 0.02
Sum 100.23  98.30 99.36 100.38 99.38 98.80 98.38
Si 0.064 0.006 0.012 0.034
Ti 0.048 0.480 0.120 1.105 0.167 4.290 2.564
Al 0.016 0.264 0.880 0.029 0.164 0.126 0.203
Cr 0.008 0.005 0.002
Fe™* 15.872 14.776 14.880 13.628 15.489 7.270 10.620
Fe?* 8.056 8.120 8.072 8.801 8.099 11.841 10.205
Mn 0.360 0.002 0.284 0.016 0.461 0.310
Mg 0.046  0.068 0.037 0.056
Ca 0.016 0.020 0.008
Sum 24.000 24.000 24.000 24.000 24.000 24.000 24.000
Ulvosp. mol% 0.64 591 149 12.05 2.16 53.77 32.44
CERRO PEDREIRA MORRO DISTANTE [MORRO CONCEICAO
IImenite
Sample RP-4 RP-5A RP-205 RP-264 RP-259
wt%
Sio, 0.15 0.05 0.05
TiO, 4477 45.15 47.48 46.32 48.33
AlL,O3 0.18 1.90 0.95 0.02
Cry,04 0.03 0.01
Fe,0; 14.81 13.56 6.20 8.69 5.33
FeO 34.83 35.60 34.97 35.34 39.03
MnO 517 477 7.47 6.12 4.40
MgO 0.07 0.10 0.07 0.09 0.01
CaO 0.06 0.03 0.01 0.01
Sum 99.89 99.21 98.27 97.58 97.18
Si 0.004 0.001 0.001
Ti 0.856 0.869 0.909 0.901 0.946
Al 0.005 0.057 0.029 0.001
Cr 0.001
Fe™* 0.283 0.261 0.119 0.169 0.104
Fe?* 0.740 0.762 0.746 0.763 0.850
Mn 0.111 0.103 0.161 0.134 0.097
Mg 0.003 0.004 0.003 0.003 0.001
Ca 0.002 0.001
Sum 2.000 2.000 2.000 2.000
Fe2+/(Mn+Fe2+) 0.87 0.88 0.82 0.85 0.90
R,0; mol% 25.17 23.16 8.78 15.80 9.95
T°C 612 732 685 646 797
logio.fO, -142  -126 -16.0 -14.7 -13.7
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Table 16. Representative alkali feldspar, nepheline and titanite analyses from Cerro Pedreira, Morro Distante and Morro

Conceigdo rocks. For additional information see Tables 7 and 8.

Alkaline Complexes from the Alto Paraguay Province at the Border of Brazil (Mato Grosso do Sul State) and Paraguay

Feldspar CERRO PEDREIRA
Sample  RP-4A RP-4A RP-5A RP-5A RP-5A RP-5A RP-5B RP-205 RP-205 RP-205
wt%
SiO, 5891 66.10 5422 57.73 65.61 65.79 5431 6536 66.68 65.04
AlLO; 24.67 1856 27.95 24.89 20.87 18.60 2833 18.37 19.33 18.33
Fe,0; 0.39 049 034 040 034 033 043 030 0.06 0.30
BaO 0.15 0.10 0.05 0.08 0.01 021 0.05 0.16 030 0.16
CaO 6.76  0.11 1057 7.25 208 0.09 1091 0.01 0.31 0.05
Na,0 732 554 529 7.00 951 417 514 444 1017 2.04
K,0 045 877 020 037 152 1076 026 1029 173 13.84
Sum 98.65 99.67 98.62 97.72 99.94 99.95 99.43 98.77 98.58 99.76
Or 2.0 503 0.8 1.6 7.8 619 1.0 60.0 9.7 80.8
Ab 483 483 309 458 742 365 295 39.3 86.4 18.1
An 49.7 14 683 526 179 1.6 69.5 0.7 3.9 1.1
Feldspar MORRO DISTANTE MORRO CONCEICAO
Sample RP-264 RP-264 RP-264|RP-259 RP-259 RP-259 RP-259
wt%
SiO, 58.67 66.37 66.65 |62.73 66.18 65.68 67.17
ALO; 25.28 19.25 20.28 |22.11 19.17 18.62 19.70
Fe,0; 0.37 0.65 0.44 0.16 0.25 0.24 0.08
BaO 0.13 0.39 0.01 1.00 0.16 0.22 0.08
CaO 7.32 0.59 1.41 333 045 0.09  0.60
Na,O 7.04 8.08 10.41 8.23 6.63 422 10.78
K,O 0.51 4.65 0.80 1.81 6.92 10.33 0.81
Sum 99.32  99.98 100.00 [99.37 99.76 99.40 99.22
Or 2.1 25.6 4.2 9.0 38.8 60.7 4.4
Ab 44.9 67.6 83.3 62.2 56.4 37.6 89.8
An 53.0 6.8 12.5 28.8 4.8 1.7 5.8
Nepheline MORRO CONCEICAO Titanite CERRO PEDREIRA
Sample RP-259 RP-5A X-RP-5B
wt% wt%
SiO, 46.51 Si0, 30.42 30.47
ALO; 31.31 TiO,  33.65 3591
Fe,0; 0.42 Cr,04 0.03 0.13
BaO 0.02 Al,O5 1.38 2.73
CaO 0.41 Ce,0;  0.04
Na,O 15.16 FeO 1.95 1.65
K,O 5.43 MnO 0.14
Sum 99.26 MgO 0.08 0.19
CaO 27.91 28.81
Q 113 Na,O  0.16
Ne 71.8 Nb,Os  0.33
Ks 16.9 F 0.82
Cl 0.07
Sum 96.78  99.99

The best results of mass balance calculations,
relative to the RP-5B xenolith, demonstrate that this
rock may be taken as an amphibole-plagioclase-
biotite-magnetite-apatite cumulate derived from
about 27% of crystallizing phases of syenitic
magmas (RP-7 vs. RP-3: Table 18). The LE.
calculated/observed ratios are around the unity
(1.0+0.1), both for the liquid fractions and for the
crystallizing phases, except for the Sr of RP-5B
sample where the calculated/observed ratio is 0.27.

Probably this disagreement is due to the presence of

some accessory cryptic phases not identified in the
rock.

The LE. (primitive mantle-normalized) spider-
grams show overlapping fields for both Cerro
Pedreira and Morro Concei¢cdo with the Cerro Siete
Cabezas main body (Fig. 20). Cerro Pedreira rocks
display strong positive U, Nb-Ta and Zr-Hf spikes,
whereas Morro Distante and Morro Conceicdo have
parallel patterns with a progressive decreasing of
LE. from La to Yb, and less pronounced positive Zr-
Hf spikes.
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Fig. 17. Alkali feldspar from Cerro Pedreira, Morro Distante and Morro Conceigdo rocks plotted into the Or-Ab-An (mol%)
diagram, and nepheline (RP-259) plotted into the Ks-Ne-Q (wt%) space (cf. Fig. 8). For comparison the whole-rock
compositions are also plotted: it should be noted that the samples fit the trachytic minimum, whereas the dykes from Cerro
Pedreira tend towards the rhyolitic minimum. The lines show liquid evolution paths for coupled assimilation and fractional
crystallization (AFC) and fractional crystallization (FC) of an initial, crytically undersaturated, liquid. In pink, the fields for
the Cerro Siete Cabezas minerals.

Table 18. Mass balance calculations (Stormer & Nicholls, 1978) showing the composition of the RP-5B mafic cumulate, and
the observed and calculated concentrations and ratios of the trace elements relative to the liquid fraction (F) and to the RP-5B
cumulate, using the compositons of RP-7 vs. RP-3 syenites and RP-5B phases (Rayleigh's fractionation model, mineral/liquid
partition coefficients after Marzoli, 1991, and Caroff et al., 1993).

Xenolith Syenite — Syenite Cumulate
Sample RP-5B RP-5B RP-7 RP-3 RP-3 RP-3 RP-5B RP-5B RP-5B
modal mass balance observed observed | calculated calc/obs observed calculated calc/obs

Ba 1021 1348 1188 0.88 600 622 1.04
Rb 106 120 137 1.14 29 20 0.97
U 2.7 35 3.6 1.03 0.4 0.3 0.78
Th 10.1 11.9 12.6 1.06 4 3.8 0.94

Pl 36.9 39.01 Nb 105 112 125.2 1.07 72 76 1.06

Am 47.9 48.94 Ta 13.6 16.0 154 0.96 10.1 9.5 0.94

Bi 4.0 2.80 La 63.1 69 80.8 1.17 20 18.1 0.90

Op 6.5 5.49 Ce 134 147 171 1.16 47 40 0.85

Ap 3.2 3.75 Sr 648 600 645 1.08 2454 655 0.27

Accessory 1.5 Nd. 516 60 65.8 1.10 17 15.5 0.91
Sm 9.2 10.7 114 1.06 32 3.7 1.17
Zr 300 395 376 0.96 120 108 0.90
Hf 7.1 9.0 8.9 0.99 2.8 2.6 0.91
Y 26 28 28.6 0.93 18 20.1 0.90

F 0.7278

SR? 0.26
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Fig. 18. D.I. vs. major elements (wt%) for Cerro Pedreira, Morro Distante and Morro Conceigéo rocks. The compositional
fields for the Cerro Siete Cabezas rocks in pink are shown for comparison.

The REE (chondrite-normalized)

display similar strongly enriched patterns in the

spidergrams

Cerro Pedreira and Morro Conceig¢do rock-types and,
also, more depleted compositions compared to the
Morro Distante samples (Fig. 20).

Notably, the intrusive rocks and dykes from
Cerro Pedreira give average (La/Sm). and (La/Yb),
ratios of 5.0 and 8.2, and 28.3 and 34.7, respectively.
Ratios of 4.8-5.2 and of 20.6-19.7 are here
presented by samples from Morro Distante and
Morro Conceigdo, respectively. These values are
1.1-2.5 times the calculated ratios for the rocks from
the Cerro Siete Cabezas complex, indicating the
more pronounced fractionation of LREE vs. MREE
and of LREE vs. HREE. Eu/Eu* has mean values of
0.82 and 0.92 in Cerro Pedreira intrusives and in
trachytic-rhyolitic dykes, respectively; in Morro
Distante and Cerro Conceicdo rock-types the ratio is
0.67 and 0.72, respectively. The Eu/Eu* ratios

obtained for Cerro Pedreira intrusives are
considerably higher than those found for the Cerro
(Eu/Eu*=0.64),

samples having discrete modal

Siete Cabezas equivalents and
correspond to

plagioclase.
Sr-Nd isotopes

The rock-types from the three intrusions are
poorly documented. Only one sample of each and
one from a Cerro Pedreira dyke (RP-6) have been
measured (Table I of the Appendix). The intrusive
rocks point to R, (241 Ma) values between 0.70425
and 0.70480 and to initial "“Nd/"“Nd ratios between
0.51230 and 0.51241. The dyke has quite different
isotopic ratios, 0.70571 and 0.5126 for Sr and Nd,
respectively, probably due to contamination by a
crustal (granitic?) component. The Nd-model ages
Morro Distante, Morro

for Cerro Pedreira,

Conceicao and the dyke are 934, 834, 719 and 868
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Ma, respectively, roughly in the same range of the Cerro Siete Cabezas complex.
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Fig. 19. D.I.* vs. trace elements (ppm) for Cerro Pedreira, Morro Distante and Morro Conceicéo rocks. The compositional
fields for the Cerro Siete Cabezas rocks in pink are shown for comparison (cf. Fig. 10).
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Fig. 20. Primitive mantle- (Sun & McDonough, 1984) and chondrite- (Boynton, 1984) normalized I.E. and REE distribution
diagrams, respectively, for Cerro Pedreira, Morro Distante and Morro Concei¢do rocks. The Cerro Siete Cabezas field in pink
is shown for comparison.
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Table 19. Representative modal analyses relative to selected rocks from the Fecho dos Morros complex. So, sodalite; for

other abbreviations see Table 1.

CERRITO ILHA FECHO DOS MORROS | MORRO DE SAO PEDRO
Sample RP-83 RP-85 RP-88 RP-91 RP-95 RP-201A| RP-202 RP-256 RP-257
vol%
AF 95.0 64.6 71.5 59.3 62.8 50.5 61.8 69.4 79.6
Ne 0.3 16.9 13.1 20.5 19.4 27.2 17.2 15.9 11.5
So 1.2 1.4 6.2 2.9 6.4 6.7 3.7
Cpx 2.0 10.2 32 0.5 44 5.0 5.5 1.6 1.2
Am 0.3 1.1 7.7 9.0 3.8 4.3 6.8 7.8 5.9
Bi 0.5 4.0 1.5 2.0 3.4 2.8 0.7 0.2 0.5
Op 0.8 0.6 0.4 1.0 0.9 1.0 0.5 0.5 0.6
Ap 0.1 0.5 0.2 0.7 1.5 1.3 0.1 0.2
Accessories 1.0 0.9 1.0 0.8 1.1 1.5 0.7 0.9 0.5

3. FECHO DOS MORROS

Cerrito, Ilha Fecho dos Morros and Morro de Sao
Pedro are three intrusive bodies between the western
and eastern sides of the Paraguay river. They have
an overall circular structure and are partially covered
in eastern areas by the lava flows and ignimbrites of
the Pao de Aciticar volcano (Fig. 1). The rocks vary
from medium- to coarse-grained syenites (normal
facies) to a pegmatitic facies and are crossed by N-S
phonolitic dykes (reaching up to 100 cm thick and
with subvertical dip). In particular, the pegmatitic
rocks present in the Cerrito body are prevailing in
the Ilha Fecho dos Morros, at the core of the
complex.

In a few places, mainly found in the Cerrito body,
at the western side of this intrusive complex and also
corresponding to the western flanks of the
pegmatitic facies, igneous layering is exceptionally
well developed (Matos, 2000). The individual layers
can be traced for more than 100-200 m, with N-S
attitude (the same of the Paraguay river) and vertical
dips. The layering is decimeter-rhytmic and consists
of concentrations of mafic minerals (pyroxene,
magnetite, amphibole, zircon and apatite) alternated
with alkali feldspar and nepheline-rich layers. The
layers terminate by tapering into "normal" rock-type
by a gradual decrease in the amount of mafic
minerals. In some areas earlier layered rocks are
intruded by mafic-rich syenites which in turn contain

fragments of yet another layered syenite. All the

above features suggest the existence of strong
currents in the magmatic chamber.

On the whole, the intrusive rocks extend for
about 14 km’, with a top 156 m high (about 75 m

over the river) in the island Ilha Fecho dos Morros.
Petrography

Modal data (Table 19) indicate that the samples
range from alkali feldspar syenites to foid-bearing
and foid-syenites with a tendentiously peralkaline
character. In particular, sodalite may be an important
phase in this complex. The intrusive rocks are
sometimes

allotriomorphic, intergranular and

porphyritic in texture. The phenocrysts are

commonly clinopyroxene, nepheline and alkali
feldspar, being the latter mineral represented by
mesoperthitic Carlsbad twins. Clinopyroxene usually
shows salitic cores and aegirinic rims. The pyroxene
is sometimes replaced by amphibole which also
occurs as euhedral prisms and forming patches with
biotite, opaques, titanite and apatite. Biotite occurs
as discrete crystals or substituting earlier generated
amphibole and opaque phases. Interstitial sodalite is
occasionally present in some samples from Cerrito
and Morro de Sdo Pedro, and it is particularly
abundant, up to 10%, in the pegmatitic facies.
Accessory minerals are opaques, apatite, titanite,
zircon and fluorite. Secondary phases are mostly
cancrinite and carbonates in sodalite-rich samples,
replacing nepheline or at the contact between
sodalite.

nepheline and The pegmatitic facies
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(particularly in the Ilha Fecho dos Morros) consists
mainly of mesoperthitic alkali feldspar, nepheline
and sodalite up to 5 cm across. Locally zircon, up to
1 vol%, is a common phase.

The dykes exhibit porphyritic-microporphyritic
fluidal texture, with pheno- and/or microphenocrysts
of nepheline, alkali feldspar, sodalite, clinopyroxene,
amphibole, biotite, opaques, apatite, titanite and
zircon set in a groundmass made mainly of alkali

feldspar and nepheline.

Classification and nomenclature

The analyzed intrusives (R-R, diagram, De La
Roche et al., 1980; cf. Table 20 and inset of Fig. 21)
range from nepheline syenites to syenites, while the
dykes plot into the phonolite field. Applying the

serial discriminant diagram (cf. inset Na,O vs. K,O

of Fig. 21), it is apparent that the main population is
represented by sodic rocks, with a few samples
falling in the transitional field. The latter belong to
the alkali feldspar-rich layers. The Alkali Index
(A.L) vs. Q-ne-normative diagram (Fig. 21) defines
an undersaturated, prevailing miaskitic association
for the Cerrito "normal” intrusive facies. On the
other hand, an undersaturated peralkaline suite is
indicated for the pegmatoid facies (both from Cerrito
and Ilha Fecho dos Morros), for the "normal" facies
from Morro de Sao Pedro and for the phonolitic

dykes.

Mineralogy

The chemical variations have been determined in

a representative selection of samples and are given
in Tables 21 to 25.

Q
@ Cerrito
DI~ O llhaFecho dos Morros
+ Morro de Sdo Pedro
P Pegmatites
D Dykes
10 f—

ne

0.9 10 11

Fig. 21. A.L. vs. Q-ne diagram for rocks from the Fecho dos Morros complex (Cerrito, Ilha Fecho dos Morros and Morro de
Sao Pedro). The fields of rock-types from the Siete Cabezas complex in pink are shown for comparison. For insets see Fig. 3.
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Table 20. Major element analyses, norms and classification (according to De La Roche et al., 1980) of selected rocks from
the Fecho dos Morros complex (Cerrito, Ilha Fecho dos Morros and Morro de Sao Pedro bodies). D, dykes; P, pegmatitic
facies. See Table 2 for abbreviations.

CERRITO

Sample RP-80 RP-81 RP-82A RP-82B RP-83 RP-84 RP-85 RP-86 RP-87 RP-88  RP-202

D P D P
wt%
SiO, 53.83 57.33 58.19 57.78 64.21 60.49 54.34 53.68 59.72 57.10 55.42
TiO, 2.01 0.36 0.35 1.00 0.50 0.71 1.06 2.02 1.02 0.49 1.05
Al,O4 17.72 18.73 18.85 19.10 18.24 19.96 18.18 17.51 17.75 17.40 20.26
Fe,05 2.75 2.62 2.60 2.44 0.77 0.47 243 2.46 1.13 2.19 1.35
FeO 3.65 0.80 0.86 0.82 0.80 1.37 2.46 4.06 2.51 3.22 1.98
MnO 0.18 0.28 0.28 0.08 0.04 0.05 0.22 0.18 0.15 0.35 0.09
MgO 2.64 0.11 0.09 1.01 0.22 0.41 1.16 2.54 0.99 0.72 1.26
CaO 4.43 0.57 0.57 3.58 1.36 2.77 1.88 4.54 2.16 1.25 3.29
Na,O 7.24 10.74 10.79 7.26 6.43 7.86 9.48 7.05 7.80 9.86 10.36
K,O 4.34 5.62 5.37 3.88 6.62 4.93 5.47 423 5.30 5.14 3.26
P,0s 1.29 0.07 0.04 0.56 0.12 0.26 0.56 1.34 0.46 0.18 0.60
L.O.L 0.19 2.42 1.60 2.01 0.50 0.43 2.48 0.14 0.81 1.68 0.80
Sum 100.27 99.65 99.59 99.52 99.81 99.71 99.72 99.75 99.80 99.58 99.72
or 25.64 33.21 31.73 22.92 39.12 29.13 3232 24.99 31.32 30.37 19.26
ab 35.27 30.17 33.41 49.44 53.37 47.33 23.61 36.04 42.66 32.61 37.77
an 3.03 8.07 1.35 4.62 3.64
ne 14.08 18.89 18.22 6.49 0.56 10.38 21.37 12.78 10.36 15.31 26.15
ac 7.58 7.52 7.03 3.26 6.33 1.40
ns 4.00 3.65 2.13 0.11 3.57
di 8.35 2.04 2.23 4.69 1.32 4.16 4.69 8.14 6.42 4.20 9.30
WO 1.21 0.99 0.35
ol 2.88 0.44 0.43 0.23 2.74 3.47 1.80 4.01
mt 3.98 1.11 0.68 3.56 1.25
hm 243
il 3.81 0.68 0.66 1.89 0.94 1.34 2.01 3.83 1.93 0.93 1.25
ap 3.05 0.16 0.09 1.32 0.28 0.61 1.32 3.17 1.08 0.42 1.42
D.L* 75.0 89.8 90.9 78.8 93.0 86.8 84.3 73.8 87.6 84.6 84.6
AL 0.94 1.27 1.25 0.85 0.97 0.92 1.18 0.92 1.05 1.25 1.02
R, -221 -1406 -1309 254 391 17 -1182 -142 -155 -1056 -865
R, 953 434 435 808 514 708 615 955 628 511 812
Rock-  Nepheline Phonolite Nepheline — Syenite Syenite  Nephel- Phonolite Nepheline  Nephel- Nepheline Nepheline
type syenite syenite syenite syenite syenite syenite syenite
Q 36.3 342 34.8 413 44.4 39.5 32.0 37.0 39.2 35.8 30.8
Ne 443 42.8 43.6 42.2 317 41.5 44.2 43.8 39.7 42.1 56.0
Ks 19.4 23.0 21.6 16.5 23.9 19.0 23.8 19.2 21.1 22.1 13.2

ILHA FECHO DOS MORROS
Sample RP-89 RP-90 RP-91 RP-92 RP-93 RP-94 RP-95 RP-96 RP-97 RP-201A

D D D

wt%

SiO, 57.68 56.27 55.40 58.73 55.93 58.70 56.02 58.02 54.16 53.60
TiO, 0.68 0.64 1.06 0.44 1.02 0.45 0.88 0.54 1.12 0.80
ALO; 18.91 18.49 18.40 19.28 18.41 19.12 18.45 19.50 18.81 19.26
Fe,05 0.88 1.13 0.84 2.50 2.02 2.69 1.27 2.59 2.61 1.93
FeO 2.49 2.82 4.08 0.70 2.70 0.51 2.94 0.92 3.02 2.25
MnO 0.17 0.19 0.29 0.23 0.23 0.24 0.21 0.22 0.25 0.22
MgO 0.74 0.98 1.24 0.09 1.29 0.11 1.43 0.43 1.68 1.42
CaO 1.24 0.94 1.74 0.53 1.76 0.61 1.72 0.87 2.23 1.60
Na,O 9.88 11.15 9.08 11.06 9.48 11.03 9.61 10.40 9.52 12.88
K,O 5.74 5.84 5.11 5.83 5.32 5.80 5.54 5.78 4.92 443
P,0s 0.62 0.43 0.91 0.04 0.96 0.07 0.87 0.19 1.03 0.66
L.O.I 0.72 0.81 1.48 0.34 0.62 0.44 0.83 0.32 0.31 0.55
Sum 99.75 99.69 99.63 99.77 99.74 99.77 99.77 99.78 99.66 99.60
or 33.92 34.51 30.19 34.45 31.43 34.27 32.74 34.15 29.07 26.18
ab 33.97 26.86 33.34 30.91 30.63 30.96 30.00 29.44 25.31 22.88
ne 16.98 19.35 17.79 19.39 18.66 19.00 18.45 20.95 23.86 27.91
ac 2.55 3.26 243 7.23 5.84 7.78 3.67 7.49 7.55 5.58
ns 3.59 6.52 1.83 4.34 1.97 4.29 3.04 2.64 0.6 6.57
di 1.78 1.55 2.27 2.03 2.03 1.78 2.37 2.54 3.58 2.98
wo 0.19

ol 3.52 4.56 6.14 0.10 4.34 4.96 0.74 4.82 3.87
il 1.29 1.21 2.01 0.83 1.93 0.85 1.67 1.02 2.12 1.51
ap 1.44 1.01 2.15 0.09 2.27 0.16 2.06 0.45 2.43 1.56
D.IL* 87.4 84.0 83.7 92.0 86.6 92.0 84.7 92.0 85.8 825
Al 1.19 1.33 1.11 1.27 1.16 1.28 1.18 1.20 1.12 1.35
R, -1117 -1699 -890 -1471 -1036 -1456 -1112 -1284 -1101 -2170
R, 540 512 609 439 613 446 617 497 691 619
Rock-  Nepheline Nepheline Nepheline Phonolite Nepheline Phonolite Nepheline Phonolite Nepheline Nepheline
type syenite syenite syenite syenite syenite syenite syenite
Q 35.6 33.7 34.8 343 342 344 344 334 30.9 28.3
Ne 41.7 42.0 44.1 42.6 43.7 425 42.7 437 48.0 524

Ks 22.7 24.3 21.1 23.1 22.1 23.1 22.9 22.9 21.1 19.3
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Table 20 (continued).

MORRO DE SAO PEDRO

Sample RP-252 RP-253 RP-254 RP-256 RP-257 RP-258
wt%

Sio, 50.86 6420 6432  61.69  61.70  60.48
TiO, 0.60 0.55 0.50 0.49 0.63 0.96
ALO;  18.18 17.27 17.44 18.19 18.47 17.94
Fe,0; 1.77 1.56 1.57 1.68 1.67 2.30
FeO 1.17 0.78 0.63 0.84 0.84 1.17
MnO 0.14 0.12 0.11 0.12 0.11 0.15
MgO 0.63 0.50 0.50 0.38 0.68 1.18

CaO 1.61 0.75 0.74 1.16 1.27 1.66
Na,O 10.66 7.57 7.87 8.95 7.72 7.03
K,0 4.40 5.62 5.44 5.66 5.99 6.02
P,05 0.21 0.12 0.12 0.12 0.17 0.28

LO.L 0.30 0.51 0.47 0.49 0.50 0.38
Sum 99.53 99.55 99.71 99.717 99.75 99.55

or 26.00 33.21 32.14 33.44 35.39 35.57
ab 43.29 55.64 56.42 44.22 45.21 45.14
ne 13.93 1.02 1.62 9.65 8.9 7.37
ac 5.12 4.51 4.54 4.86 3.23 0.63
ns 3.57 0.32 0.46 1.89

di 5.44 2.37 2.31 3.82 4.08 4.98
wo 0.13

ol 0.20 0.59 0.37

mt 0.80 1.47
hm 1.06
il 1.13 1.04 0.94 0.93 1.19 1.82
ap 0.49 0.28 0.28 0.28 0.40 0.66
D.I* 88.3 94.4 94.7 922 92.7 88.7
AL 1.13 1.07 1.08 1.15 1.04 1.01
R, -919 199 148 -470 -113 10
R, 560 444 446 500 532 589
Rock-  Nepheline Nephel- Nephel- Nepheline Nephel- Nephel-
type syenite  syenite  syenite  syenite  syenite  syenite
Q 37.3 443 44.1 39.7 40.2 40.9
Ne 44.9 34.7 357 385 373 36.1
Ks 17.8 21.0 20.2 21.8 22.5 23.0

Table 21. Representative clinopyroxene analyses from Fecho dos Morros rocks. C, core; R, rim. For additional information
see Table 3.

CERRITO | ILHA FECHO DOS MORROS MORRO DE SAO PEDRO

Sample RP-202 RP-91R RP-201C RP-201R RP-255C RP-256C RP-257C
wt%

SiO, 51.56 51.04 50.07| 5242 5098 51.08 50.99| 5243 50.89| 51.68
TiO, 1.03 0.11 0.97 0.70 2.69 1.13 1.00 0.69 0.42 0.44
Al,O4 2.62 026  0.19 1.21 091 2.50 2.34 1.10 1.57 1.33
Fe,05 2.98 21.96 25.52 3.68 25.96 3.29 4.50 3.16 6.39 4.37
FeO 5.12 524 543 5.38 1.79 6.51 6.76 5.66 8.65 8.36
MnO 0.47 1.17 075 0.54 0.57 0.64 0.75 0.74 1.27 1.13
MgO 13.26 289 0.78 13.35 1.05 11.37 10.74 12.68 8.41 9.65
CaO 22.29 7.16  2.87| 21.23 1.28 22.09 22.08 21.77  20.10| 20.81
Na,O 1.07 8.70  10.66 1.39 12.35 1.37 1.48 1.38 2.27 1.91
K,O 0.02 0.01 0.01 0.00 0.09 0.01 0.01 0.00 0.01 0.00
Sum 100.42 98.54 97.25| 99.96  97.67| 99.99 100.65| 99.61 98.41 99.68
Si 1.908 1.998  1.996 1.952 1.988 1.916 1.911 1.962 1.945 1.965
AlY 0.092 0.002 0.004| 0.048 0.012| 0.084 0.089| 0.038 0.055| 0.035
Sum 2.000 2.000 2.000f 2.000 2.000{ 2.000 2.000| 2.000 2.000| 2.000
Al 0.022 0.010 0.005| 0.005 0.030| 0.027 0.014| 0.011 0.016| 0.025
Ti 0.029 0.003 0.029| 0.020 0.079| 0.032 0.028 0.019 0.012| 0.013
Fe'* 0.083 0.647 0.766| 0.103  0.762| 0.093  0.127| 0.089  0.184| 0.125
Fe** 0.158 0.171  0.181 0.168  0.058, 0.204 0.212| 0.178 0.277| 0.266
Mn 0.015 0.039 0.025| 0.017  0.019| 0.020 0.024| 0.023  0.041 0.036
Mg 0.731 0.169 0.046| 0.740  0.061 0.636  0.600| 0.707  0.478| 0.546
Ca 0.884 0.300 0.123| 0.847  0.053| 0.888 0.887| 0.873  0.823| 0.848
Na 0.077 0.660 0.824| 0.100  0.934| 0.099 0.107| 0.100 0.168| 0.141
K 0.001 0.001  0.001 0.000  0.004| 0.001 0.001 0.000  0.001 0.000
Sum 2.000 2.000 2.000f 2.000 2.000{ 2.000 2.000/ 2.000 2.000| 2.000
Mg/(Mg+Fe+Mn)  0.741 0.165 0.045| 0.720  0.068| 0.667  0.623| 0.709  0.488| 0.561
Quad 1.773 0.640  0.350 1.755  0.172 1.728 1.699 1.758 1.578 1.660
J 0.154 1.320 1.648| 0.200 1.868| 0.198  0.214] 0.200  0.336| 0.282




Mesozoic to Cenozoic Alkaline Magmatism in the Brazilian Platform

10

05

05

20

19

0.2

01

0.08

0.05
0.02

0.8
05
0.2

0.04
0.02

10

0.5

Ca
® Cerrito
@ O llhaFecho dos Morros
+ Morro de Sdo Pedro
diopside slite hedenbergite
Early \
N\
aO 7Y
(Fetvin)
J
> a%
o Mg _ (F"+Mn)
dinopyroxene Amphibole
_ 4""";@ 1 9®® 0
- S [ ) i + 4
6 |-
| | | L L
- Al 2t Al
+@ @ * -
- + =
Ot ®e ©
| | 1 1
rO-. oatTi +
LT 0
2 o ®
Q +F L +
r | + +| d ] ]
+
" Ca +.'j+@ ]_5_Ca i + *
__ /O 101 ° (0]
S5 I I l. !
Mn Mn
- 02
/O + + ‘ -' + O
Qe o1l  + +
I I I | |
@Ne&K 2L @ @ NatK o
O
- . | R S
+ +¢;Eﬁ 1 1
02 04 0.6 04 05
Mg/(Mg+Fe+Mn) Mg/(Mg+Fe+Mn)

107

Fig. 22. Synoptical picture showing 1) Q-J and 2) Mg-(Fe+Mn)-Ca diagrams for clinopyroxenes (tie linens join core, early,
and rim, late, compositions) from the Fecho dos Morros complex; for additional information see Fig. 4; 3) clinopyroxenes
and amphiboles plotted into the Mg-(Fe+Mn)-(Na+K) diagrams; 4) and 5) elemental variations vs. Mg/(Mg+Fe+Mn)
(Fe=total iron) atomic ratio for clinopyroxenes and amphiboles, respectively. Also shown in pink are the fields for the Cerro

Siete Cabezas minerals.
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Table 22. Representative amphibole analyses from Fecho dos Morros rocks. C, core; R, rim. For additional information see

Table 4.
CERRITO ILHA FECHO MORRO DE SAO PEDRO
DOS MORROS
Sample RP-88  RP-102 RP-201 RP-255C RP-255R RP-256 RP-257
wt%
SiO, 47.75 47.76 47.56 41.12 40.81 42.05 41.82
TiO, 1.61 1.51 2.38 3.20 3.16 1.31 1.70
Al,O3 4.30 5.26 4.74 10.60 10.22 9.24 8.36
Fe,0; 3.81 2.19 3.30 0.82 1.47 4.59 3.17
FeO 16.36 17.39 13.81 16.19 18.21 14.28 16.28
MnO 1.60 1.45 1.17 0.84 9.84 1.26 1.64
MgO 8.88 7.97 11.44 9.66 8.30 9.66 8.49
CaO 5.35 4.65 6.68 10.86 10.61 9.89 9.46
Na,O 6.02 6.35 5.42 3.06 3.13 3.57 3.73
K0 1.60 1.51 1.42 1.45 1.49 1.50 1.37
F 1.99 1.37 1.33 0.64 0.48 1.36 1.21
Cl 0.01 0.02 0.11 0.02 0.02 0.13 0.10
Sum 98.14 96.85 98.78 98.19 98.53 98.24 96.80
Si 7.288  7.357 7.116 6268 6267 6447  6.550
AlY 0.712 0.643 0.836 1.732 1.733 1.553 1.450
Fe* 0.048
Sum 8.000 8.000 8.000 8.000 8.000 8.000 8.000
AV 0.062 0.312 0.172 0.117 0.117 0.094
Ti 0.185 0.175 0.268 0.367 0365  0.151 0.200
Fe** 0.438 0.253 0.324 0.094 0.170 0.530 0.373
Fe* 2.088  2.240 1.728 2064 2338 1.831 2.132
Mn 0.207 0.189 0.148 0.108 0.109 0.164 0.218
Mg 2.021 1.830 2.551 2.195 1.900 2.208 1.982
Sum 5.000 5.000 5.019 5.000 5.000 5.000 5.000
§
Ca 0.875  0.767 1.071 1.773 1.746 1.625 1.588
Nag 1.125 1.233 0.910 0227 0254 0375 0412
Sum 2.000  2.000 1.981 2.000 2.000  2.000  2.000
Na, 0.656  0.664 0.663 0.678  0.678  0.686  0.720
K 0312 0.297 0.271 0282 0292 0293 0274
Sumy, 0.968  0.961 0.934 0960 0970 0979  0.994
F 0.960  0.670 0.629 0309 0233  0.659  0.599
Cl 0.002  0.005 0.028 0.005  0.005  0.033  0.024
Mg/(Mg+Fe+Mn)  0.425  0.406 0.537 0.492 0421 0.466  0.421

Clinopyroxene and amphibole

Clinopyroxenes (Table 21) display a very large
compositional range, both in the whole population
and in single specimens from calcic to sodic
variants, i.e. salitic cores with Mg/(Mg+Fe+Mn)
ratio (mg#) from 0.49 to 0.74 (similar to the mg#
values of the clinopyroxenes from Cerro Pedreira,
Morro Distante and Morro Conceicdo bodies (PDC),
and higher than those from the Cerro Siete Cabezas
complex), and rims with mg# ranging from 0.17 to
0.05. An important compositional gap between
calcic and sodic pyroxenes is apparent (Fig. 22,
insets 1-4). In the Mg-(Na+K)-(Fe+Mn) diagram,
the calcic (early) clinopyroxenes demonstrate a well-
defined trend of alkalies and iron enrichment. On the

contrary, in terms of elemental correlation (a.f.u.

values) vs. mg#, there are scattered variations, above
all for Si and Al confirming thus a general
disequilibrium, that is, fast cooling, sub-solidus
reactions and reactions with volatile-rich residua.
Amphiboles (Table 22) are sodic-calcic in the
Cerrito and Ilha Fecho dos Morros bodies (katopho-
ritet and  magnesiokatophorite,  respectively;
mg#=0.40-0.53), and tendentiously calcic in the
Morro de Sdo Pedro rock-types (ferropargasite to
mg#=0.42-0.49). In the Mg-(Na+K)-

(Fe™+Mn) diagram (Fig. 22, inset 3), amphiboles

edenite;

appear in the same trend of the coexisting

the

amphiboles of the Cerro Siete Cabezas complex.

clinopyroxenes, and quite distinct from
However, as for the pyroxenes, the same elemental
scatters are observed (Fig. 22, inset 5). Specially in

the Cerrito body, where the pyroxenes show the
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Ca

respectively, the cognate amphiboles have the lowest

highest and lowest and Na+K values,

and highest Ca and Na+K, respectively.

Biotite

The biotites (Table 23; Fig. 23, where the results
are compared with the compositions from the
previous investigated occurrences), in terms of
Mg/(Mg+Fe+Mn) ratio, span between the ranges of
mineral analogues from Cerro Siete Cabezas and
PDC. In the Mg-Al-Fe diagram, the samples show a
trend of iron enrichment, where the highest iron

contents are observed for biotites from the Ilha
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Fecho dos Morros (annite up to 62%). Specimens
from Cerrito and Morro de Sao Pedro bodies have
phlogopite-rich (annite about 31%) and intermediate
compositions (annite about 49%), respectively. Al"
and Ti are correlated with increasing annite solid
solution, whereas Mn tends to increase as FeO in-
creases. K content is quite constant, between 1.8 and
1.9 a.f.u., but some biotites, having the highest F
contents, display important depletions, up to 1.67
a.f.u., probably due to subsolidus reactions under the
influence of F-rich magmatic fluids (cf. Finch et al.,
1995). Some Li-rich compositions are noticeable at
the rims of the F-rich

more compositions

(taeniolite?).

Table 23. Representative biotite analyses from Fecho dos Morros rocks. For additional information see Table 5.

CERRITO ILHA FECHO | MORRO DE SAO PEDRO
DOS MORROS

Sample RP-88  RP-202 RP-201 RP-255 RP-256 RP-257
wt%
Si0, 37.40 37.20 36.94 38.86 37.94 36.56
TiO, 6.90 7.62 3.17 4.03 2.19 2.51
ALO; 13.68 14.09 10.56 13.21 12.71 12.49
Cr,04 0.03 n.d. n.d. n.d. n.d. n.d.
FeOyq, 11.54 13.47 25.76 20.08 18.51 20.15
MnO 0.21 0.25 0.70 0.64 1.19 1.82
MgO 15.65 13.89 8.80 12.15 12.50 11.10
CaO 0.00 0.01 0.01 0.09 0.09 0.05
Na,O 0.33 0.44 0.17 0.57 0.44 0.31
K,O 9.71 9.56 9.42 9.05 9.47 8.40
F 0.82 n.d. 0.68 0.76 1.63 0.92
Cl 0.05 n.d. 0.15 0.00 0.02 0.12
Less O=F,Cl 0.36 0.32 0.32 0.69 0.41
H,O"calc 3.66 4.07 3.45 3.62 3.20 3.38
Sum 99.63 100.60 99.49 100.74 99.20 97.39
Si 5.520 5.475 5.807 5.546 5.720 5.696
AlY 2.380 2.444 1.956 2.343 2.259 2.294
Ti'v 0.100 0.081 0.237 0.111 0.021 0.010
Sum (Z) 8.000 8.000 8.000 8.000 8.000 8.000
AlVI
TiV! 0.666 0.762 0.138 0.345 0.227 0.284
Cr 0.003
Fe?* 1.424 1.658 3.387 2.527 2.334 2.626
Mn 0.026 0.031 0.093 0.082 0.152 0.240
Mg 3.442 3.047 2.062 2.725 2.809 2.579
Sum (Y) 5.561 5.498 5.680 5.679 5.522 5.729
Ca 0.002 0.002 0.015 0.015 0.008
Na 0.094 0.126 0.052 0.166 0.129 0.094
K 1.828 1.795 1.889 1.737 1.821 1.670
Sum (X) 1.922 1.923 1.943 1.918 1.965 1.772
F 0.382 0.338 0.362 0.777 0.454
Cl 0.013 0.040 0.005 0.032
OH 3.605 4.000 3.622 3.638 3.218 3.514
Sum 4.000 4.000 4.000 4.000 4.000 4.000
Mg/(Mg+Fe+Mn) 0.704 0.643 0.372 0.511 0.531 0.474
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Fig. 23. Plot of biotites from the Fecho dos Morros complex in the system Al-Mg-(Fe+Mn), Fe=total iron as Fe™, and
variations of Si, Al, Ti, Mn, K+Na and F vs. Mg/(Mg+Fe+Mn) atomic ratio. Fields for the Cerro Siete Cabezas and Cerro
Pedreira (CP)+Morro Distante (MD)+M orro Concei¢do (MC) minerals are shown in pink and blue, respectively.

Iron oxides

The opaque minerals are often represented by
oxydized phases (hematite). Magnetite-ilmenite
pairs were identified in a few specimens (Table 24).
The geothermometry of Spencer & Lindsley (1981)
yielded subsolidus temperatures between 496°C
and 690°C, and log fO, between -15 and -23
(spanning from above the Magnetite-Hematite and
under the Quartz-Fayalite-Magnetite buffers, Fig.
24A). As previously observed, the ilmenites contain
high Mn contents, generally in the range of the
PDC compositions; however, the coexisting
magnetites show higher Mn contents than those of
the Cerro Siete Cabezas complex and PDC

occurrences (Fig. 24B).

Feldspars, nepheline and sodalite

As noted for the Cerro Siete Cabezas

occurrences, only alkali feldspar is present in the
Fecho dos Morros complex (Table 25), with a
variety of perthitic textures developed with cooling
and subsequent subsolvus unmixing. Typically the
bulk compositions have Or contents between 34
and 48 mol% (Fig. 25); some An-rich compositions
are found in the groundmass or at the rims of alkali
An,, ).

Nepheline is in a few cases partially replaced by

feldspar grains (i.e. Or,, ,,, Ab,,
cancrinite a typical late-stage alteration phase. Re-
presentative analyses of nepheline are in Table 25
and plotted in the system Ks-Ne-Q (Fig. 25). The
silica-excess, as quartz molecules, ranges from 7.4
to 8.8% (Cerrito and Ilha Fecho dos Morros) and is
up to 12% in Morro de Sao Pedro, with kalsilite
between 14.2 and 19.9%, and 15.2%, respectively
(Table 25), from which crystallization temperatures
between 740 and 980°C are obtained (cf. Hamilton
& MacKenzie, 1965; Woolley & Platt, 1986).
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Sodalite, that is found as a primary mineral
phase together with nepheline and alkali felspar,
especially in the pegmatitic facies, presents Cl
contents between 4.5 and 7.6 wt% (Table 25). As a
matter of fact, the necessary Cl activity required for
the formation of sodalite in undersaturated liquids
takes advantage of the Cl "ability" to concentrate in
such liquids rather than partitioning into the vapour
phase (Hards, 1976), according to the experimental
studies performed by Barker (1976) which demons-
trated the stabilility of liquidus sodalite-nepheline-

alkali feldspar in undersaturated compositions.
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Fig. 24. Fecho dos Morros complex. A: stability
relationships in T°C-fO, diagram for magnetite-ilmenite
pairs (cf. Fig. 7). B: relationships between Mn content
(wt%) and Fe/(Fe+Mn) (atomic ratio) for magnetite-
ilmenite pairs (Mt, magnetite; Il, ilmenite). The fields
representing the compositional variations of opaques
from the Cerro Siete Cabezas complex and Cerro
Pedreira+Morro Distante+Morro Conceicdo bodies are
shown in pink and blue, respectively.

Major and trace elements distribution

In the Ks-Ne-Q diagram (Fig. 25) all the
samples fit the range between the trachytic and
phonolitic minima, but the pegmatitic varieties
from the Ilha Fecho dos Morros tend to place

around the phonolitic minimum, whereas the Morro
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de Sdo Pedro specimens are concentrated near to
the trachytic minimum.

The normal facies of the Fecho dos Morros
complex (Cerrito and Morro de Sdo Pedro) displays
a D.I.* range similar to that shown by the Cerro
Siete Cabezas complex (CSC), that is, between 74
and 95.

However, important differences are apparent
(Fig. 26): the normal facies from Cerrito and Morro
de Séo Pedro, fitting the same CSC field, have the
highest alumina content with a maximum at 84.5
D.I* (petrographically corresponding to the
beginning of the nepheline+sodalite fractionation),
and comparatively higher and lower calcium and
iron contents, respectively. The Ilha Fecho dos
Morros facies clusters in a narrow D.I.* range (82-
88), with lower silica, alumina and calcium con-
centrations. Some scattering values relative to the
soda and phosphorous contents (Na,O up to 13%
and P,O, up to 1 wt%, at D.I.*=84) are noticeable.
Pegmatitic facies and phonolitic dykes appear on
the same trend of the Fecho dos Morros rocks.

Although not satisfactory because of the high
YR’>3, probably due to the presence of accessory
(i.e. exotic) "cryptic" phases, and then only of
qualitative significance, mass balance calculations
demonstrate  the  possibility of  fractional
crystallization of prevailing mafic phases, e.g.
about 19% (clinopyroxene 46%, biotite 36%,
opaques 11%, apatite 6% and titanite 1%), from
D.1.#=73.8 to D.I.¥=84.6, and prevailing nepheline
and sodalite from D.I.¥=84.6 to D.I.*=93.1 (e.g.
about 30% of a fractionated mineral assemblage
containing 40% nepheline+60% sodalite).

As observed in the other occurrences, the trace
elements appear strongly scattered vs. D.L*, or
follow broadly depletion-trends, in particular Y and
REE (Table 26, Fig. 27), probably due to the
fractionation of accessory minerals such as titanite
or other cryptic phases. Syenitic rocks from Cerrito
have high Sr contents in comparison with the other
bodies, and some dykes and pegmatitic facies are

strongly enriched in U (up to 111 ppm), Zr-Hf (up
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to 5939 and 161 ppm, respectively), Nb-Ta (up to
2236 and 246 ppm, respectively) and Y (up to 200
ppm; cf. Table 26). The Sm/Nd ratio is 0.17

(r>0.99), similar to that of the Cerro Pedreira
occurrence (Sm/Nd=0.16), but lower in relation to
the Cerro Siete Cabezas complex (Sm/Nd=0.20).

An
Ab n o o
_b f C’ ++ ! 1
10 0 50 70 0
@ Cerrito 4

O llhaFecho dos Morros
+ Morro de Séo Pedro

Ne

Ks

Fig. 25. Alkali feldspar and nepheline compositions from the Fecho dos Morros complex plotted into the Or-Ab-An (mol%)
and Ks-Ne-Q (wt%) diagrams, respectively (see Fig. 8). For comparison the whole-rock compositions are also plotted.
Compositional fields for the Cerro Siete Cabezas complex are shown in pink.

The LE. (primitive mantle-normalized) spider-
grams (Fig. 28) show in general similar behaviours,
spikes and overlapping fields, with exception of Sr
that in Cerrito exhibits a positive spike in compa-
rison to a negative one for the other occurrences.
The REE of the pegmatitic facies (RP-81 Cerrito
dyke) tend to be strongly enriched. Notably, U from
Morro de Sdo Pedro is depleted with respect to Rb
and Th, while in the other occurrences U seems to be
strongly enriched in relation to Th.

Also the REE (chondrite-normalized) spider-
grams display in general similar enriched
behaviours, but the pegmatitic facies (and RP-81
dyke) is largely enriched. Some relatively depleted

samples are noticeable in Morro de Sdo Pedro (Fig.

28). The REE have similar fractionation patterns in
the normal facies, that is, La/Sm=5.6-7.1,
Sm/Yb=3.2-5.1, La/Yb=18.4-32.7 (cf. inset A of
Fig. 28). In the RP-81 dyke, and also in the
pegmatitic facies, the ratios are 4.8 to 5.9, 1.2 to 1.1
and 5.7 to 6.6, respectively and HREE are clearly
enriched in comparison to the MREE (amphibole
fractionation?). Eu/Eu* anomalies are pronounced in
all the occurrences, with the more negative spikes
corresponding to the RP-92 dyke, RP-82A
pegmatitic facies and to the Morro de Sdo Pedro

samples (cf. inset B of Fig. 28).
Sr-Nd isotopes

The data relative to *'Rb/*Sr vs. *'Sr/**Sr isoto-pes
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of specimens from Ilha Fecho dos Morros and
Morro de Sao Pedro occurrences (Table I of Appen-
dix) fit a straigth line, r=0.99, initial *'St/*Sr (R,)=
0.703864, defining an errorchron of 38 Ma younger
than that obtained for CSC (i.e. 217 Ma; cf. Velaz-
quez et al., 1996a). The two samples from Cerrito
show scattered values bridging the above correlation
line. ""Nd/"“Nd initial ratio ranges from 0.51222 to
0.51244. The differences are not easily modelled
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through AFC or RTF processes: probably, the isoto-
pic systems are strongly perturbed by the action of
convective movements in the magmatic chamber
and also by the volatile pressure, as judged from pe-
trographical and mineralogical evidence. The Nd
model ages spread from 682 (Cerrito) up to 1038 Ma
(Ilha Fecho dos Morros; cf. Table I of the Appendix)
with an average of 834+165 Ma; Cerro Siete Cabe-
zas and PDC present a mean value of 890+85 Ma.

Table 24. Representative magnetite and ilmenite analyses from Fecho dos Morros rocks. For additional information see Table

6.
Magnetite CERRITO |ILHA FECHO DOS MORROS MORRO DE SAO PEDRO
Sample RP-88 RP-202 RP-91 RP-201 RP-255 RP-256
wt%
Sio, 0.06 0.02 0.02 0.05 0.03 0.05
TiO, 10.78  8.87 18.01 14.86 16.64 5.93
ALO, 023 0.5 0.16 0.48 0.64 0.58
Cr,0, nd.  nd 0.02 0.01 0.05 0.04
Fe,0; 45.92  50.90 32.55 39.29 35.36 55.57
FeO 37.06 35.78 44.13 39.62 43.48 33.36
MnO 337 283 2.99 5.13 2.81 2.58
MgO 0.02 0.10 0.06 0.26 0.02 0.04
Ca0 0.00 0.0l 0.05 0.01 0.04 0.13
Sum 97.44  98.66 97.99 99.71 99.07 98.28
Si 0.019  0.006 0.006 0.015 0.009 0.015
Ti 2548 2.074 4.177 3.384 3.815 1.384
Al 0.085 0.055 0.058 0.170 0.230 0.212
Cr 0.004 0.002 0.012 0.010
Fe** 10.780 11.771 7.554 8.960 8.111 12.979
Fe** 9.669 9.305 11.382 10.040 11.084 8.660
Mn 0.890 0.745 0.781 1.309 0.725 0.679
Mg 0.009 0.046 0.028 0.117 0.009 0.018
Ca 0.003 0.010 0.003 0.005 0.043
Sum 24.000 24.000 24.000 24.000 24.000 24.000
Ulv. mol% 31.93  26.03 52.35 42.63 48.52 17.49
Tlmenite CERRITO ILHA FECHO DOS MORROS MORRO DE SAO PEDRO
Sample RP-202 RP-201 RP-255
wt%
Si0, 0.01 0.04
TiO, 50.62 50.56 50.59
ALO;, 0.02 0.02 0.10
Cr,0, 0.02
Fe,0; 6.44 1.71 2.68
FeO 37.54 37.59 38.83
MnO 4.82 7.75 6.30
MgO 0.11 0.02 0.16
Ca0 0.01 0.03
Sum 99.57 97.74 98.66
Si 0.001 0.001
Ti 0.959 0.982 0.973
Al 0.001 0.000 0.003
Cr 0.000
Fe™* 0.122 0.033 0.052
Fe** 0.791 0.812 0.830
Mn 0.103 0.170 0.136
Mg 0.004 0.001 0.006
Ca 0.001 0.001
Sum
Fe’*/(Mn+Fe™)  0.885 0.826 0.859
R,0; mol% 6.01 1.71 2.72
T°C 690 496 582
logio O 173 -15.0 226
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Table 25. Representative alkali feldspar, nepheline and titanite analyses of rocks from the Fecho dos Morros complex, and
representative analyses of sodalite (for the latter formulae on the basis of 3A1,0,%6Si0O, structural frame). For additional
information see Tables 7 and 8.

Feldspars CERRITO ILHA FECHO DOS MORROS MORRO DE SAO PEDRO

Sample RP-88B RP-88or RP-88ab RP-202B RP-2020r RP-202ab| RP-91B RP-201or RP-201ab/RP-255C RP-255R RP-256B RP-2560r RP-256ab
wt%

SiO, 66.52 65.38 6729 66.07 65.59 68.04 67.51 65.56 68.58 6583 6591 6643  65.18 67.87
Al,O; 19.14 18.50 19.20 1991 18.95 19.68 18.71 18.44 19.36 19.25  20.08 19.00  18.41 19.58
Fe,04 0.12  0.08 0.10 0.16 0.07 0.02 0.70 0.25 0.15 0.18 0.17 0.18 0.09 0.01
BaO 0.08  0.07 0.17 0.53 0.86 0.28 0.04 0.11 0.00 0.17 0.36 0.25 0.00 0.13
CaO 0.04 0.02 020 1.19 0.05 0.24 0.04 0.01 0.05 0.56 1.14 0.18 0.03 0.28
Na,O 6.62 2.65 1048 6.65 1.14 10.71 7.23 1.37 11.62 5.79 8.33 5.76 1.70  10.52
K,O 7.29 13.03 1.53 6.38 15.20 0.12 6.62 15.02 0.23 8.06 3.86 8.45 14.43 1.56
Sum 99.81 99.73 98.97 100.89 101.86 99.09 |101.11  100.76 99.99 99.84  99.85 100.25  99.84  99.95
Or 41.7  76.0 8.5 339 86.6 0.7 374 87.4 1.3 45.0 20.7 47.8 84.6 8.6
Ab 57.6 235 89.0 53.7 9.9 95.9 62.1 12.1 98.2 49.1 67.9 49.6 15.1 88.3
An 0.7 0.5 2.5 12.4 3.5 3.4 0.5 0.5 0.5 5.9 114 2.6 0.3 3.1
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Nepheline CERRITO ILHA FECHO | MORRO DE |Sodalite CERRITO, ILHA FECHO MORRO DE
DOS MORROS | SAO PEDRO DOS MORROS SAO PEDRO
Sample RP-88 RP-202 RP-201 RP-255 RP-288 RP-201 RP-255  RP-256
wt%
Si0, 4569 4471 45.38 46.44 Si0, 37.03 36.79 38.12 37.99
AL, 3173 32.84 32.18 31.28 ALO;, 29.50 28.40 3271 30.23
Fe,0, 030  0.37 0.21 0.41 Fe,0;, 0.70 0.66 0.18 0.32
BaO 0.01 0.01 0.08 CaO 0.04 0.04 0.08 0.15
CaO 0.04 1.44 0.80 Na,O 22.57 245 24.24 2531
Na,O 16.69  15.68 15.36 15.12 K,0 0.01 0.09 0.02 0.05
K,0 469 431 6.51 4.81 Cl 6.91 7.04 4.53 7.58
Sum 99.15  99.06 99.64 98.94 -0=Cl 1.56 1.58 1.02 1.71
Sum 95.20 95.94 98.86 99.92
Q 8.8 7.4 8.7 12.0
Ne 770 784 71.4 727 Si 6.160 6.241 5.971 6.163
Ks 14.2 14.2 19.9 15.2 Al 5.786 5.679 6.725 5.781
Fe* 0.088 0.084 0.021 0.039
Sum 12.034|  12.004 12.267 11.983
Ca 0.007 0.007 0;013 0.026
Na 7.280 8.058 7.362 7.962
K 0.002 0.020 0.004 0.010
Sum 7.289 8.085 7.379 7.998
Cl 1.818 1.889 1.219 2.085

Table 26. Trace element analyses of selected rocks from the Fecho dos Morros complex. D, dykes; P, pegmatitic facies.

CERRITO ILHA FECHO
DOS MORROS
Sample RP-80 RP-81 RP-82A RP-82B  RP-83 RP-84 RP-85 RP-86 RP-87 RP-88 RP-202|RP-89 RP-90 RP-91 RP-92 RP-93
D P D P D

ppm

Cr 21 1 1 1 1 1 5 1 1 6 1 1 4 1 1
Ni 11 8 4 7 3 5 9 8 6 13 8 10 7 8 4 1
Rb 89 235 216 67 120 133 160 87 123 232 60| 138 165 156 207 142
Ba 1380 43 25 2329 1369 2467 1059 1378 1013 164 1525 1030 217 901 9 9082
Th 34 95 22 62 80 368 3.0 53 7.0

U 60 22 67 23 26 111 34 94 111

Ta 132 460 45 131 175 246 18.1 29.6 289

Nb 124 429 405 136 78 86 261 184 190 2230 78| 172 205 276 285 210
Sr 1481 24 53 2514 1259 2360 1028 1565 816 213 1671| 700 271 741 12 883
Hf 84 67 64 106 164 163 8.7 39.1 444

Zr 320 2406 2322 409 281 188 1201 494 649 5939  320| 505 722 1436 1712 851
Y 36 67 62 20 17 15 48 47 38 200 17 28 26 54 44 47
La 86 161 167  39.0 3 48 116 94 84 3103 90| 75 70 1035 87 107
Ce 181 308 313 820 59 73 194 194 151 5450 188 152 148 1959 170 221
Pr 38 8.6 16 546 194 15

Nd s6 131 128 306 25 24 82 82 54 1583 80| 56 49 942 47 T8
Sm 92 2118 2270 550 790 280 9.20 117 770

Eu 388 276 101 178 512 1.10 120 092

Gd 243 1954  6.60 10.60  29.62 5.59 11.81  9.00

Tb 351 250 0.60 096 454 0.57 118 0.89

Dy 2394 1550 320 510 3051 2.05 448 342

Ho 507 400 052 083 777 0.33 073 0.56

Er 19.06 1278 150 239 24.96 1.30 270 2.06

Tm 335 225 020 038  4.69 0.20 039 0.30

Yb 19.00 1435 140 223 348 1.00 235 1.80

Lu 281 218  0.19 030  5.13 0.14 030 0.23

Table 26 (continued).
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ILHA FECHO MORRO DE

DOS MORROS SAO PEDRO
Sample RP-94 RP-95 RP-96 RP-97 RP-201A|RP-252 RP-253 RP-254 RP-256 RP-257 RP-258

D D

ppm
Cr 1 1 2 1 2 1 2 8 8 3 <1
Ni 6 5 6 10 7 6 5 5 1 4 6
Rb 206 162 179 130 104 132 145 140 147 54 58
Ba 15 845 256 761 896| 771 599 412 460 110 106
Th 3.9 123 8.5 5.4
U 5.8 2.1 1.5 0.8
Ta 15.2 103 10.1 4.5
Nb 280 262 258 205 156 130 98 96 100 43 65
Sr 19 720 188 758 658/ 305 237 163 182 254 244
Hf 20.6 176 17.9
Zr 1630 768 1442 986 868 710 740 752 643 179 190
Y 4 43 37 45 35 31 27 27 26 15 24
La 119 95 90 111 105.2 80.07 55.11 12.00 12
Ce 219 186 158 214 200.1 144.69 99.58 20.05 19
Pr 19.5 14.53  10.00 1.97
Nd 61 66 50 83  63.61 54.60 37.58 6.88 7
Sm 10.50 890  6.09 1.11
Eu 1.35 143 098 0.18
Gd 12.27 1034 7.11 1.31
Tb 1.28 1.07  0.70 0.20
Dy 4.97 419 288 0.42
Ho 0.81 0.96  0.66 0.09
Er 3.15 266 1.83 0.27
Tm 0.48 0.57 033 0.08
Yb 2.94 293 2.02 0.30
Lu 0.35 047 032 0.05

4. PAO DE ACUCAR

By far, the most voluminous surface
manifestation of the alkaline magmatism in the Alto
Paraguay Province are the lavas and tuffs of the Pao
de Actcar complex. Almost three well preserved co-
nes, more than 300 m high, are present in the area
(Fig. 29), but the field conditions (very closed vege-
tation) actually do not permit an accurate survey and
sampling of the eastern outcrops. At any way, topo-
graphic maps and photointerpretation allow to the
characterization of a volcanic field extending over
30 km’, with almost three main emission centers, a
central depression, a relevant cone at the west
(Morro Pdo the Acicar, see later) and a crest at the
eastern limits of the volcanic field (inset of Fig. 29).
The Ilatter may be interpreted as the caldera
remnants, and on the whole the complex suggests a
cauldron subsidence.

Morro Pao de Acicar was the only outcrop
extensively sampled. It is a cone 545 m high (460 m

above the Paraguay river) spreading over a surface

of approximately 7 km’. The lower parts are formed

by intrusive syenitic rocks covered by

trachyphonolitic lavas which, at their turn, are
topped by thicker beds of ignimbrites dipping
outward at angles of 20-27°.

Morro de
So Pedro

Fig. 29. Sketch map showing the Pdo de Acticar volcanic
field. Inset: probable emission centers and caldera
remnants, as inferred from the photointerpretation.

Petrography

The basal intrusive rock-types are fine-grained
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syenites and nepheline syenites similar to those of
the Fecho dos Morros complex. Trachyphonolites
are porphyritic to glomeroporphyritic and contain
pheno and microphenocrysts of alkali feldspar,
nepheline, sodalite, clinopyroxene, biotite and
amphibole set in a glassy to microcrystalline
groundmass with apparent fluidal texture. Accessory
are opaques, zircon, titanite and apatite. The
ignimbrites consist of the same mineralogical
assemblage of the associated lavas and have crystals
and rock fragments set in matrix of glassy shares
which are usually welded together. The nepheline
content is more abundant than that in the associated
lavas, i.e. the ignimbrites tend to have a phonolitic
composition. Sometimes baddeleyte coexist with

zircon among the accessory minerals.

Classification and nomenclature

The intrusive rocks, as taken from modal results,
are syenites (e.g. sample RP-114: alkali feldspar
82%, nepheline 5%, clinopyroxene 5%, bio-tite 3%,
amphibole 2%, opaques and accessory mi-nerals
3%), and nepheline syenites (e.g. sample RP-207:
alkali feldspar 70%, nepheline 15%, sodalite 4%,
clinopyroxene 2%, biotite 1%, amphibole 4%,

Alkaline Complexes from the Alto Paraguay Province at the Border of Brazil (Mato Grosso do Sul State) and Paraguay

opaques and accessory minerals 3%).

A.L vs. Q-ne normative diagram (Fig. 30) shows
two main groups: the first containing A.1.<1.09 and
the second one represented by prevailing ignimbri-
tic rocks, with A.I>1.14. In general, the majority of
the samples (over 70%) has a peralkaline character.

In the R-R, inset of Fig. 30, the effusive rocks
(Table 27) cluster the trachyphonolite (10) and
phonolite (9) fields, respectively. Notably, the
observed clusters correspond also to the sodic-
transitional and sodic serial character of the analyzed
samples (cf. Na,O vs. K, O inset of Fig. 30).

Mineralogy
Clinopyroxene and amphibole

Representative pheno-, micropheno and ground-
mass chemical analyses of clinopyroxenes are given
in Table 28. They display the same compositional
range shown by the intrusive analogues of the Fecho
dos Morros complex, that is, cores with mg# up to
0.73 and rims with mg# up to 0.15. The variations
appear to be continuous from calcic (salitic) vs.

acmite-rich compositions in Q-J, Ca-Mg-(Fe+Mg)

ne

0.8 1c 11

132 14 1t

Fig. 30. A.L vs. Q-ne for rocks from the Pdo de Actcar complex. The Cerro Siete Cabezas fields in pink are shown as
reference. Full circles, lavas and ignimbrites; full circles with bar, intrusive rock-types. For insets see Fig. 3.
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Table 27. Major element analyses, norms and classification (according to De La Roche et al., 1980) from the Pdo de Agticar
complex. See Table 2 for abbreviations.

Sample  RP-98 RP-99 RP-100 RP-101 RP-102 RP-103 RP-104 RP-105 RP-106 RP-107 RP-108 RP-109 RP-110

wt%

SiO, 60.80 61.70 60.89 60.66 62.32 61.34 60.74 60.87 58.77 58.46 58.60 61.25 59.78
TiO, 0.72 0.65 0.75 0.73 0.72 0.68 0.71 0.78 0.35 0.37 0.45 0.64 0.35
AL O5 18.33 18.07 17.84 18.06 18.87 18.13 18.20 18.19 17.88 17.59 17.77 18.03 18.39
Fe,0; 0.71 1.64 2.18 1.71 2.21 1.88 1.84 2.22 2.77 3.68 3.01 0.75 2.78
FeO 2.81 1.65 1.68 1.93 1.85 1.74 1.74 1.48 1.85 1.09 1.88 2.54 1.66
MnO 0.21 0.19 0.22 0.21 0.14 0.23 0.20 0.19 0.36 0.38 0.36 0.21 0.33
MgO 0.57 0.52 0.64 0.66 0.56 0.63 0.60 0.65 0.16 0.19 0.31 0.44 0.62
CaO 1.40 1.07 1.36 1.36 0.16 1.51 1.32 1.42 0.68 0.68 0.89 1.35 0.77
Na,O 7.35 7.62 7.44 7.56 7.15 7.63 7.27 7.10 10.83 11.53 9.89 8.07 9.44
K,0 5.52 5.78 5.61 5.20 4.98 5.03 5.68 5.86 5.18 5.28 5.36 5.59 5.30
P,0s 0.24 0.19 0.23 0.22 0.17 0.22 0.21 0.25 0.08 0.07 0.13 0.20 0.06
LO.L 1.18 0.65 1.03 1.50 0.61 0.83 1.36 0.81 0.88 0.46 1.14 0.77 0.33
Sum 99.84 99.73 99.87 99.80 99.74 99.85 99.87 99.82 99.79 99.78 99.79 99.84 99.81
Q 0.67

C 1.83

or 32.62 34.15 33.15 30.73 29.43 29.72 33.56 34.63 30.61 31.20 31.67 33.03 31.32
ab 48.69 47.60 48.04 51.45 60.50 53.69 49.21 48.96 35.45 31.32 34.67 46.12 38.12
an 0.72 0.36 0.25 0.45

ne 7.31 7.13 6.76 6.76 5.88 6.66 6.02 14.99 16.11 14.56 8.39 14.60
ac 3.26 2.13 0.02 8.01 10.64 8.7 2.16 8.04
ns 4.51 5.67 2.84 0.97 1.31
di 3.96 3.39 4.27 4.34 4.61 3.98 3.48 2.49 2.51 3.07 3.64 2.90
wo 0.19

hy 2.03

ol 237 1.08 0.40 0.59 0.18 0.29 1.96 0.95 1.93 2.03 2.35
mt 1.02 0.74 2.09 2.46 3.20 2.72 2.66 3.12

hm 0.06

il 1.36 1.23 1.42 1.38 1.36 1.29 1.34 1.48 0.66 0.70 0.85 1.21 0.66
ap 0.56 0.45 0.54 0.52 0.40 0.52 0.49 0.59 0.18 0.16 0.30 0.47 0.14
D.L* 88.6 92.1 90.1 89.0 90.6 89.3 89.4 89.6 89.1 89.3 89.6 89.7 92.1
AL 0.99 1.04 1.03 1.00 0.91 0.99 1.00 0.99 1.31 1.40 1.24 1.07 1.16
R, 35 -48 -18 25 322 87 24 46 -1272 -1567 -1001 -199 =734
R, 538 495 527 533 415 538 528 541 431 427 459 520 474
Rock- Trachy- Trachy- Trachy- Trachy- Trachy- Trachy- Trachy- Trachy-  Phonolite Phonolite  Trachy- Trachy-  Phonolite
type phonolite  phonolite  phonolite  phonolite  phonolite  phonolite  phonolite  phonolite phonolite  phonolite

Q 41.1 41.1 41.3 41.4 45.4 41.9 41.4 41.7 36.3 35.4 36.5 40.5 36.9
ne 38.0 37.1 37.3 39.0 36.2 39.2 373 36.3 422 42.1 41.2 38.1 41.9
ks 20.9 21.8 214 19.6 18.4 18.9 21.3 22.0 21.5 225 223 214 21.2
Sample RP-111  RP-112A  RP-112B RP-113A  RP-113B RP-114 RP-207 RP-208 RP-247 RP-248 RP-249 RP-250

wt%

SiO, 59.37 61.56 64.01 61.30 62.82 59.32 59.05 58.65 61.18 60.07 61.32 60.26

TiO, 1.20 0.59 0.63 0.62 0.64 1.05 0.54 0.53 0.60 0.43 0.57 0.78

AL Oy 18.07 18.12 16.61 18.11 17.55 18.16 19.36 19.34 18.18 17.59 17.59 17.16

Fe,0; 2.72 1.65 2.09 2.30 2.31 2.68 1.70 1.68 1.84 1.64 2.04 2.33

FeO 1.51 1.77 1.48 1.15 1.28 1.49 1.14 1.11 0.93 0.91 1.37 1.38

MnO 0.17 0.20 0.20 0.21 0.21 0.16 0.17 0.17 0.13 0.12 0.17 0.19

MgO 1.30 0.45 0.41 0.41 0.44 1.20 0.45 0.43 0.29 0.30 0.42 0.50

CaO 2.46 0.99 0.85 1.12 0.90 2.54 1.02 1.06 0.55 0.44 0.52 0.82

Na,O 6.76 791 6.76 8.04 8.13 6.76 10.94 11.31 10.29 11.18 9.55 9.53

K,0 5.01 5.80 5.93 5.49 4.38 5.08 4.68 4.63 5.44 5.32 5.57 5.51

P,0s 0.50 0.15 0.15 0.19 0.15 0.51 0.14 0.15 0.05 0.06 0.06 0.16

LO.L 0.71 0.58 0.76 0.80 1.01 0.94 0.41 0.53 1.10 0.61 0.61 1.25

Sum 99.78 99.77 99.88 99.74 99.82 99.89 99.60 99.59 99.75 99.79 99.79 99.87

Q 1.08

C

or 29.60 34.27 35.04 32.44 25.88 30.02 27.65 27.36 32.14 31.43 3291 32.56

ab 49.69 45.03 52.42 46.98 61.21 48.91 39.63 38.36 43.31 41.39 44.02 41.43

an 4.16 4.20

ne 4.06 8.60 8.45 2.53 4.48 18.36 19.14 10.78 10.54 8.36 8.75

ac 4.77 4.2 4.79 2.55 491 4.86 5.32 4.74 5.90 6.74

ns 0.13 3.13 3.83 4.14 6.59 3.40 3.58

di 3.71 3.33 2.70 3.55 2.81 3.93 3.45 3.57 2.00 1.49 1.84 2.51

wo

hy 1.17

ol 1.06 1.53 0.14 0.16 0.81 0.66 0.55 0.49 0.86 1.48 1.16

mt 1.94 0.92 0.93 2.06 2.28

hm 1.37 1.10

il 2.27 1.12 1.19 1.17 1.21 1.99 1.02 1.00 1.13 0.81 1.08 1.48

ap 1.18 0.35 0.35 0.45 0.35 1.20 0.33 0.35 0.11 0.14 0.14 0.37

D.IL* 833 92.7 92.7 92.7 92.2 834 90.5 89.7 91.5 88.1 91.2 89.5

Al 0.92 1.06 1.06 1.06 1.03 0.92 1.19 1.22 1.28 1.33 1.24 1.26

R, 242 -170 367 -161 163 228 -1134 -1278 -939 -713 -713 =775

Ry 682 484 437 495 462 688 511 514 419 422 422 449

Rock- Trachy- Trachy- Trachy- Trachy- Trachy- Syenite  Nepheline Phonolite  Phonolite  Phonolite  Phonolite ~ Phonolite

type phonolite  phonolite  phonolite  phonolite  phonolite syenite

Q 42.7 40.3 45.4 40.4 43.8 424 35.2 34.6 39.1 39.0 40.3 39.9

ne 37.1 37.5 32.1 38.6 39.8 37.1 46.5 47.0 39.7 39.5 37.8 37.7

ks 20.2 22.2 22.5 21.0 16.4 20.5 18.3 18.3 21.2 21.5 21.9 224
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Table 28. Representative analyses of clinopyroxenes from Pdo de Agticar rocks. C, core; I, intermediate areas between core
and rim; R, rim; gm, groundmass. For additional information see Table 3.

Sample RP-99C RP-99R RP-99gm|RP-100C RP-100R| RP-107 | RP-108 |RP-109C RP-1091 RP-109R|RP-207C RP-2071 RP-207R
wt%

Si0, 51.80 51.05 51.58 5212 5191 51.26 52.62 | 52.68 5146 5176 | 5222 5221 52.05
TiO, 054 027 0.39 0.64 0.36 0.67 0.29 0.58 0.57 0.43 0.76 0.74 0.29
Al O3 0.97 0.98 0.33 1.42 0.70 1.28 0.79 1.28 1.10 0.82 1.89 0.95 0.54
Fe,04 4.55 18.67  23.89 293 18.67 7.80 9.95 2.53 4.33 13.86 1.94 19.15 23.35
FeO 9.86 4.22 3.28 7.76 5.57 8.82 7.45 7.11 9.48 6.90 6.67 6.13 4.35
MnO 0.48 0.99 0.85 1.20 1.01 1.49 0.44 1.13 1.74 1.23 0.84 0.57 0.72
MgO 9.00 517 2.64 12.00 3.72 7.48 7.41 13.10 8.97 5.47 13.89 2.90 1.96
CaO 21.40 12.10 7.01 21.21 9.00 18.38 16.46 | 21.84  20.11 12.80 | 21.37 8.76 5.18
Na,O 1.85  6.76 9.53 1.14 8.11 3.12 4.59 0.84 1.84 6.02 0.74 8.61 10.19
K,O 0.01  0.02 0.01 0.02 0.01 0.07 0.01 0.01 0.04 0.02 0.01 0.02 0.01
Sum 100.46 100.23  99.51 |100.44  99.06 |100.37 |100.01 |101.10  99.94  99.31 |100.33 100.04  98.64
Si 1.966 1.952 1.991 1.951 2.006 1.957 1.996 1.951 1.966 1.993 1.937 2.001 2.021
AlY 0.044 0.048  0.009 0.049 0.043 0.004 0.049 0.034 0.007 0.063

Sum 2.000 2.000 2;000 | 2.000 2.006 | 2.000 | 2.000 | 2.000 2.000  2.000 | 2.000  2.001 2.021
AV 0.000 0.000 0.006 | 0.014  0.032 | 0.015 0.031 0.007 0.016  0.030 | 0.016  0.043 0.025
Ti 0.015 0.007 0.011 0.018  0.011 0.019 | 0.008 | 0.016 0.016 0.013 | 0.021 0.021 0.009
Fe** 0.130 0.536  0.694 | 0.083  0.543 0.224 | 0.284 | 0.071 0.125 0.402 | 0.054 0552  0.683
Fe?t 0.313  0.135 0.106 0.243 0.180 0.282 0.236 0.220 0.303 0.222 0.207 0.197 0.141
Mn 0.027 0.032 0.028 0.038 0.033 0.048 0.014 0.035 0.056 0.040 0.026 0.019 0.024
Mg 0.509 0.295 0.152 0.669 0.214 0.426 0.419 0.723 0.511 0.314 0.768 0.166 0.113
Ca 0.870 0.496  0.290 0.851 0.373 0.752 0.670 0.867 0.835 0.528 0.850 0.360 0.216
Na 0.136  0.500 0.713 | 0.083  0.608 | 0.231 0338 | 0.060 0.136  0.450 | 0.053  0.640  0.768
K 0.000 0.002 0.000 | 0.001 0.003 0.000 | 0.001 0.002  0.001 0.001

Sum 2.000 2.000 2.000 | 2.000 1.994 | 2.000 | 2.000 | 2.000  2.000  2.000 | 2.000 1.999 1.979
Mg/(Mg+Fe+Mn) | 0.519 0.296  0.155 0.648 0.221 0.435 0.440 0.689 0.514 0.321 0.728 0.178 0.118
Quad 1.705 0.958 0.576 1.763 0.767 1.460 1.339 1.810 1.649 1.064 1.825 0.723 0.470
J 0.274 1.002  1.426 | 0.166 1.216 | 0462 | 0.676 | 0.120  0.272  0.900 | 0.106 1.280 1.536

and in Mg-(Na+K)-(Fe”+Mn) diagrams, without
large differences between the high and low A.L
populations (>1.14 and <1.09, respectively). In
particular the mg# vs. elemental variation graphs
show continuous trends of Si and Na+K enrichment
and corresponding depletion of Al (Ti) and Ca (Fig.
31, insets 1 to 4).

The amphiboles vary (nomenclature after Leake
et al., 1997) from calcic (ferro-edenite), sodic-calcic
(katophorite and magnesiokatoforite) up to sodic
(magnesioarfvedsonite) compositions (cf. Table 29).
In the Mg-(Na+K)-(Fe”+Mn) diagram (Fig. 31,
inset 3), the amphiboles overlap the clinopyroxenes
trend between their early and the late compositions
and cluster the compositions of the analogues from
the Fecho dos Morros complex. Similarly to the coe-
xisting clinopyroxenes, the amphiboles from Pao de
Actcar display a large mg# range, between 0.70 and
0.39, differing from the Fecho dos Morros amphi-
boles that exhibit a narrow mg# range (0.54-0.41). In
the mg# vs. elemental graphs, scatters are generally

observed, except for Mn which tends to be enriched

in the later phases (Fig. 31, inset 5). The F content,
as an average, is about twice the F of Fecho dos
Morros analogues (0.76+0.11 wt% vs. 0.45+0.05
wt%, respectively), testifying a higher F activity, si-
milar to that of Stock II from the Cerro Siete
Cabezas complex, where the F of amphiboles is
0.83+0.13 wt%.

Biotite

The biotites (Table 30, Fig. 32) have Mg/
(Mg+Fe+Mn) ratios between 0.51 and 0.35. The
compositions cluster bout 52 and 63 annite mol%,
the most iron-rich types being found at the rims of
crystals from the high A.L. rocks. In the variation
diagrams, there are very scattered values Vs.
Mg/(Mg+Fe+Mn) ratios, but the more iron-rich
biotites display systematically higher Si, Mn and
Na+K and correspondly lower Ti, Al and F contents
than the Mg-rich variants. In general, the latter
display higher Ti, Al and F and lower Si compared

to the biotites from the Fecho dos Morros complex.
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Table 29. Representative analyses of amphiboles from Pdo de Agtcar rocks. C, core; R, rim. For additional information see
Table 4.

Sample RP-100 RP-109C RP-109R RP-207C-1 RP-207R-A RP-207R-B RP-207C-2
wt%

SiO, 45.91 43.57 45.87 49.77 52.31 48.82 43.17
TiO, 2.28 2.41 1.84 2.70 0.18 2.49 2.40
Al O3 5.50 7.67 4.77 4.05 1.14 4.12 7.69
Fe,04 2.85 1.70 322 8.04 1.75 1.97
FeO 15.98 17.84 19.15 11.13 14.30 14.92 17.65
MnO 1.60 1.66 1.89 0.67 2.07 1.49 1.74
MgO 9.50 8.70 6.91 14.62 8.59 10.72 8.52
CaO 7.39 9.77 6.11 7.77 1.03 5.41 9.62
Na,O 4.89 3.55 5.38 4.94 8.68 6.32 3.58
K,0 1.40 1.46 1.53 1.40 1.20 1.41 1.48
F 1.55 1.76 1.69 1.58 1.70 1.14 1.72
Cl 0.01 0.02 0.02 0.01
Sum 98.22 99.36 97.66 97.96 98.52 98.11 98.83
Si 7.010 6.664 7.166 7.332 7.875 7.330 6.644
AlY 0.990 1.336 0.834 0.668 0.125 0.670 1.356
Sum 8.000 8.000 8.000 8.000 8.000 8.000 8.000
AV 0.046 0.044 0.035 0.077 0.059 0.039
Ti 0.262 0.277 0.216 0.299 0.020 0.281 0.278
Fe* 0.328 0.196 0.378 0911 0.198 0.229
Fe* 2.041 2.282 2.502 1.371 1.800 1.873 2.272
Mn 0.207 0.215 0.250 0.084 0.264 0.189 0.227
Mg 2.162 1.984 1.609 3.211 1.928 2.399 1.955
Sum 5.000 5.000 5.000 5.000 5.000 5.000 5.000
Ca 1.209 1.601 1.023 1.226 0.166 0.870 1.586
Nag 0.791 0.399 0.977 0.774 1.834 1.130 0.414
Sum 2.000 2.000 2.000 2.000 2.000 2.000 2.000
Nay 0.657 0.654 0.652 0.638 0.700 0.710 0.655
K 0.273 0.285 0.305 0.263 0.230 0.270 0.291
Sumpy 0.929 0.939 0.957 0.901 0.930 0.980 0.945
F 0.738 0.851 0.835 0.736 0.815 0.542 0.837
Cl 0.003 0.005 0.005 0.003
Mg/(Mg+Fe+Mn) 0.456 0.424 0.339 0.688 0.393 0.515 0.417

Table 30. Representative analyses of biotites from Pdo de Agucar rocks. C, core; I, intermediate areas between core and rim;
R, rim. For additional information see Table 5.

Sample RP-100C_RP-100R RP-109C RP-109R RP-207C RP-207I RP-207R RP-208R
wt%

SiO, 36.67 36.60 35.82 38.23 36.38 36.24 37.56 37.32
TiO, 7.01 5.88 5.68 4.21 6.63 6.04 3.30 3.00
ALO; 13.11 13.22 13.47 11.99 13.36 13.43 10.51 10.58
Cr,04 0.04 0.01 n.d. 0.02
FeOyy 19.65 20.01 21.14 19.51 19.59 20.00 25.08 26.07
MnO 1.16 1.22 1.22 1.19 1.13 1.21 1.41 1.25
MgO 10.11 10.35 9.38 11.85 10.25 9.98 8.13 8.10
CaO 0.01 0.01 0.01 0.03 0.05 0.04 0.02 0.06
Na,O 0.73 0.73 0.70 0.54 0.70 0.68 0.29 0.22
K,O 8.97 8.99 8.61 9.34 8.92 8.69 9.55 9.34
F 1.66 1.81 n.d. n.d. 1.79 2.28 0.99 0.82
Cl 0.01 0.04 n.d. n.d. 0.02 0.01 0.03 0.03
Less O=F, Cl 0.70 0.76 0.76 0.96 0.42 0.35
H,0" e 3.26 3.16 3.89 3.96 3.18 2.93 3.36 3.43
Sum 101.65  101.26 99.93 10253  101.28  100.58 99.81 99.89
Si 5.428 5.442 5.515 5.781 5.397 5.394 5.863 5.849
AlY 2.287 2.317 2.445 2.137 2.336 2.356 1.934 1.954
iV 0.285 0.241 0.040 0.082 0.267 0.250 0.203 0.197
Sum (Z) 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000
Ti! 0.495 0.417 0.619 0.397 0.473 0.426 0.184 0.157
Cr 0.005 0.001 0.003
Fe** 2.433 2.488 2.722 2.467 2.431 2.490 3.274 3.417
Mn 0.145 0.154 0.159 0.152 0.142 0.153 0.186 0.166
Mg 2.231 2.294 2.153 2.671 2.267 2214 1.892 1.892
Sum (Y) 5.304 5.353 5.653 5.687 5.318 5.284 5.536 6.635
Ca 0.002 0.002 0.002 0.005 0.008 0.006 0.003 0.010
Na 0.210 0.211 0.209 0.158 0.201 0.196 0.088 0.067
K 1.694 1.705 1.691 1.802 1.688 1.650 1.902 1.867
Sum (X) 1.906 1.918 1.902 1.965 1.897 1.852 1.993 1.994
F 0.777 0.851 0.840 1.073 0.489 0.407
Cl 0.002 0.010 0.005 0.003 0.008 0.008
OH 3.221 3.139 4.000 4.000 3.155 2.924 3.503 3.585
Sum 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000

Mg/(Mg+Fe+Mn) 0.464 0.465 0.428 0.505 0.509 0.456 0.354 0.346
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22(0)] with the Mg/(Mg+Fe+Mn) atomic ratio. In yellow,
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Opaques and other accessory minerals

The accessory phases are not easily detectable by
means of microprobe analyses, because they are pre-
sent as microphenocrysts and/or in the groundmass,
with size not exceeding a few dozens of microns. In

Table 31 are reported some representative analyses.
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Opaques consist of Ti-magnetites, generally
coexisting with ilmenite, and of alteration products
(hematite). Magnetite from RP-100 sample has a Mn
content similar to that shown by magnetites from the
Fecho dos Morros complex, while ilmenite presents
a very high Mn content (up to 16 wt%), that is, 2%
higher than that of ilmenites from the Cerro Siete
Cabezas complex. The Spencer & Lindsley's
geothermometer yielded a temperature of 836°C and
log fO,=-13.5 on the Nickel-Nickel Oxide buffer.
Titanite and apatite have composition similar to
those of the other occurrences. In particular, the
phosphate is a fluorapatite (F=1.770 a.f.u.) showing
a generally high F activity, just also indicated for the
other complexes, and consistent with the relatively
high F content of amphiboles and biotites, and with
the presence of accessory fluorite in the intrusive
facies. Finally, the coexistence of zircon and
baddeleyte in the high A.L. samples, along with the
presence of nepheline and Ab-rich feldspars, point to
temperatures around 820°C, near to that determined
for the magnetite-ilmenite pair, and to a silica
activity (log aSiO,) of -0.66 (intersection of log
silica activity in liquidus temperature versus
temperature for the reactions zircon-baddeleyte and
albite-nepheline; cf. Ghiorso & Carmichael, 1987).
The calculated temperatures may be considered not
far from liquidus temperatures for the lavas, also

because powdered samples heated at 900°C for four

hours turned to be completely melted.

Feldspars, nepheline and sodalite

Pheno and microphenocrysts are tendentiously
anorthoclase or sodic sanidine (Or 30-43 mol%),
whereas at the rims and also in the groundmass
coexist albitic-rich compositions (Ab up to 85%) and
) falling below the 900°C solvus-
solid isotherm (cf. Seck, 1971). The compositions fit

sanidine (Or,,,,

those of the intrusive rocks from the Fecho dos
Morros complex, as well as the composition of

coexisting nepheline pheno and microphenocrysts

(Table 32 and Fig. 33). The latter differ substantially
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from the corresponding Fecho dos Morros intrusives
having higher FeO,, ie., 1.00£0.12% wt% vs.
0.32+0.09 wt%, respectively. Silica excess is in the
11.8-4.8 wt% range. Isotherms, showing the limits
of nepheline solid solutions (cf. Hamilton, 1961),
indicate temperatures between 1068°C (RP-100
trachyphonolite) and 710°C (RP-107 phonolite).

Sodalite pheno and microphenocrysts, relatively
abundant in phonolitic lavas with A.I.>1.14, also
have compositions similar to those of the intrusive
equivalents with high CI contents (1.75+0.09 a.f.u.;
cf. Table 32).

Significance of the mineralogy

A strictly compositional affinity between mineral
assemblages from the Pao de Aciicar trachyphonoli-
tic-phonolitic lavas/ignimbrites and intrusive rocks
of the Fecho dos Morros complex is apparent, also
in terms of temperatures and fluid activities. Proba-

bly, the Fecho dos Morros complex represents the
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highest structural levels of the magmatic chamber of
the Pdo de Actcar volcanic field, actually exposed
by the erosional activity done by the Paraguay river.
In this interpretation, the pegmatoid facies of the
Ilha Fecho dos Morros should correspond to the
western nucleous with fluid overpressures and the
layering of Cerrito could represent the evidence of
convective movements at the flanks of the magmatic
chamber. The progressive empting of the magmatic
chamber may justify the cauldron subsidence of the
western area of the Pao de Agucar volcanic field,
and the general subvolcanic character of the

complexes from the Alto Paraguay region.

Major and trace elements distribution
In the quartz-nepheline-kalsilite diagram (Fig.

33), the samples on the whole plot in the same field

of the rocks from the Fecho dos Morros complex

Ne

Ks

Fig. 33. Alkali feldspar from the Pao de Acticar complex (rocks with A.1.<1.09 and >1.14, respectively) plotted into the Or-
Ab-An (mol%) diagram, and nepheline compositions plotted into the Ks-Ne-Q (wt%) space (cf. Fig. 8). For comparison the
compositional field of the Fecho dos Morros complex is also illustrated in yellow.
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Table 31. Representative analyses of magnetite, ilmenite and accessory minerals from Pdo de Acticar rocks [titanite: 4 (Si)
basis; apatite: 26 (O, F, Cl) basis; zircon: 16 (O) basis]. For additional information see Table 6.

Magnetite| Ilmenite Titanite Apatite Zircon

Sample RP-100 RP-100 RP-113A RP-114 RP-114
wt%
Si0, 0.07 SiO, 30.03 |SiO, 0.38 [SiO, 32.52
TiO, 15.10 49.81 |TiO, 3820 |LayOs 023 |TiO,  0.06
AlLO; 0.30 0.02 |ALO; 0.30 [Cey04 0.26 |ZrO, 65.75
Cr,0, 0.04 Fe,0; 1.25 |Nd,0; 0.14 |ALO; 0.24
Fe,0, 37.81 3.06 |FeO 041 |FeO 025 |Cr,0;  0.20
FeO 40.32 27.73 |MnO 0.04 |CaO 5296 |La,0O;  0.09
MnO 4.00 16.80 |MgO 0.03 |SrO 2.49 |CaO 0.13
MgO 0.10 0.01 |CaO 27.83 |Na,O 0.12 [Sum  98.96
CaO 0.01 0.02 |Na,O 0.28 [K,O 0.01
Sum 97.15 97.45 |K,O 0.01 |P,0s 40.56 |(Si 4.000

F 0.85 |F 3.25 |Ti 0.005
Si 0.022 cl 0.08 |cI 0.49 |Zr 3.944
Ti 03.515 0.970 |Less O=F,Cl 0.37 |LessO=F,Cl 148 |Al 0.052
Al 0.109 0.001 |Sum 98.81 [Sum 99.66 |Cr 0.019
Cr 0.010 La 0.004
Ee** 8.808 0.060 |Si 4.000 |[Si 0.065 |Ca 0.017
Fe* 10.438 0.600 |Al 0.047 |La 0.010 [Sum  4.041
Mn 1.049 0.368 |Ti 3.827 |Ce 0.011
Mg 0.046 Fe* 0.125 |Nd 0.006
Ca 0.003 0.001 |Sum 3.999 |Fe 0.036
Sum 24.000 2.000 |pe** 0.046 |Ca 9.775

Mn 0.005 |Sr 0.249

Mg 0.006 |Na 0.040
Ulv. mol% 4421 Ca 3972 |K 0.002
R,O; 8.52 |Na 0.072  |Sum 10.194

K 0.001 |P 5917
T°C 836 |Sum 4.101 |F 1.770
log10fO, 1350 |F 0.358 |Cl 0.143

Cl 0.018 |Sum 1.913
Fe™/(Fe**+Mn 0.908 0.620 |Sum 0.376

Table 32. Representative analyses of alkali feldspar (P and mP: pheno and microphenocrysts; gm: groundmass phases),
nepheline and sodalite from Pao de Agucar rocks. For additional information see Tables 7, 8 and 25.

Alkali feldspar

Sample RP-100P RP-107P RP-108P RP-109mPRP-109mP RP-109P RP-109¢gmRP-109gm RP-207 RP-207 RP-207
wt%

SiO, 66.45 67.17 66.24 65.80 66.71 66.78 66.26 67.91 66.49 66.26 66.31
ALO; 1879  18.90  18.66 18.60 18.88 18.67 18.72 19.21 19.00 1877 2091
Fe,03 0.34 0.72 0.80 0.26 0.22 0.55 0.31 0.07 0.31 0.17 0.19
BaO 0.11 0.26 0.20 0.17 0.01 0.15 0.03 0.03 0.11 0.10 0.67
CaO 0.10 0.21 0.29 0.07 0.12 0.05 0.14 0.04 0.12 0.08 0.63
Na,O 6.39 7.71 7.80 4.85 6.79 7.54 2.67 9.68 6.38 5.18 9.40

K,0 7.57 5.66 5.25 9.74 7.04 5.92 13.17 3.00 7.59 9.37 1.99
Sum 99.75  100.63 99.24 99.49 99.77 99.66 101.30 99.93 99.99 99.93 99.91
Mol%
Or 43.2 32.1 30.1 56.2 40.1 33.7 75.3 16.9 43.2 53.7 11.2
Ab 55.4 66.4 68.1 42.5 58.7 65.3 232 82.7 55.2 45.1 80.5
An 1.4 1.5 1.8 1.3 1.2 1.0 1.5 0.4 1.6 1.2 8.3
Nepheline Sodalite
Sample RP-100 RP-107 RP-108 RP-109 RP-207 RP-207 RP-107 RP-108 RP-207
wt%
SiO, 47.69 44.15 45.29 46.11 4532 44.87 |SiO, 37.70 36.60 36.41
ALO; 3044 31.70 31.63 32.09 31.49 32,55  |ALO; 31.99 31.85 31.67
Fe,05 0.90 1.19 0.90 1.06 1.05 0.89  |Fe,04 0.48 0.80 0.55
BaO 0.05 0.10 0.07 |BaO 0.01
CaO 0.05 0.13 0.06 0.02 0.05 0.10 |CaO 0.09 0.05
Na,O 15.09 16.45 16.80 16.70 15.91 16.80 |Na,O 23.45 22.61 22.09
K,0 5.64 5.66 4.12 4.83 5.39 485 |K,0 0.05 0.10 0.01
Sum 99.81 99.28 98.80  100.86 99.31 100.13  |Cl 7.24 6.61 6.92
-0=Cl 1.63 1.17 1.56
Mol% Sum 99.28 97.49 95.75
Q 13.2 5.7 8.8 8.9 9.1 6.1
Ne 69.7 76.9 78.5 76.5 74.3 715 |Si 5.999 5.935 5.936
Ks 17.1 17.4 12.7 14.6 16.6 16.4  |Al 6.000 6.087 6.086
Fe** 0.057 0.098 0.087
Sum 12.056  12.120 12.109
Ba 0.001
Ca 0.016 0.009
Na 7.236 7.109 6.982
K 0.010 0.020 0.208
Sum 7.247 7.145 7.200
Cl 1.641 1.817 1.784
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Table 33. Trace element analyses of selected rocks from the Pdo de Agticar complex.

Sample RP-98 RP-99 RP-100 RP-101 RP-102 RP-103 RP-104 RP-105 RP-106 RP-107 RP-108 RP-109 RP-110
ppm

Cr <1 3 1 <1 2 1 <1 <1 1 <1 <1 1 4
Ni 5 5 4 7 7 5 8 7 6 8 7 4 5
Rb 106 101 107 103 152 114 107 108 187 191 183 109 178
Ba 868 566 709 817 572 659 803 920 90 121 255 925 202
Th 13.7 8.2 5.1 7.0 4.8
U 2.9 43 3,0 3.4 2.7
Ta 14.3 15.0 30,5 18.3 28.8
Nb 166 144 145 159 151 157 169 132 330 343 325 176 314
Sr 358 255 303 352 308 308 355 439 37 51 112 399 87
Hf 15.3 20.0 31,0 16.9 29.1
Zr 669 491 573 613 620 730 553 555 1389 1432 1377 663 1364
Y 47 37 48 47 48 46 44 44 85 91 87 51 79
La 123 101 115.90 122 130 128.20 115 116 216 218 207  129.80 188
Ce 228 196  228.01 230 275 237.79 224 231 433 418 411 241.20 372
Pr 24.38 24.02 44 23.11 39
Nd 81 68 87.10 80 89 90.77 77 84 127 123 120 85.88 109
Sm 13.40 13.59 20,9 15.22 19,00
Eu 2.62 2.58 3,13 2.28 2,84
Gd 14.42 11.52 19,4 14.13 17,75
Tb 1.96 1.27 2,49 1.41 2,23
Dy 8.79 5.60 9,67 6.75 8,89
Ho 1.55 1.16 2,20 1.15 2,02
Er 5.25 3.66 6,55 4.57 6,01
Tm 0.80 0.55 1,03 0.76 0,89
Yb 4.06 3.11 5,56 3.81 5,21
Lu 0.65 0.43 0,78 0.50 0,72
Sample RP-111 RP-112A RP-112B RP-113A RP-113B RP-114 RP-207 RP-208 RP-247 RP-248 RP-249 RP-250

ppm

Cr 4 3 <1 <1 <1 <1 <1 5 3 5 3 5

Ni 5 5 2 9 7 2 6 6 1 4 3 4

Rb 76 115 119 114 86 68 90 929 98 97 83 111

Ba 2023 752 156 800 508 2115 701 790 28 30 16 57

Th 52 8.9 9.2 52 8.5

U 34 22 2.3 1.5 2.2

Ta 17.3 9.5 8.3 6.5 6.1

Nb 121 136 165 133 102 102 138 163 75 60 103 110

Sr 728 319 62 301 173 1307 283 320 7 7 12 15

Hf 16.6 10.9 10.2 5.8 6.0

Zr 360 605 730 527 417 273 471 501 226 197 305 327

Y 39 50 56 43 34 35 30 35 23 19 23 42

La 105 118 118 119 113 85 94.04  105.98 5895 114.72 50.52 70.51

Ce 204 237 226 230 221 167 169.28  184.62  122.88 208.17 11590 151.76

Pr 16.28 17.83 12.48 19.53 11.89 14.67

Nd 86 78 78 84 77 68 60.34 65.88 46.84 73.81 45.22 57.50

Sm 9.67 9.47 7.84 10.5 7.42 8.85

Eu 1.70 1.90 0.85 2.37 0.72 1.40

Gd 9.10 8.91 7.38 9.84 6.98 8.29

Tb 0.54 0.89 0.58 0.98 0.70 0.79

Dy 5.44 6.39 4.27 6.87 4.17 5.03

Ho 0.97 1.15 0.76 1.13 0.71 0.78

Er 3.74 4.33 2.97 4.56 2.87 3.36

Tm 0.53 0.65 0.42 0.69 0.42 0.50

Yb 3.12 3.61 2.31 3.80 2.16 2.63

Lu 0.47 0.62 0.35 0.65 0.34 0.42

and cluster in two groups, rocks with A.L.<1.09
(trachyphonolites) and >1.14 (phonolites); the first
group places near to the trachytic minimum and the
latter trends towards the phonolitic minimum.

D.I.* displays “evolved” numbers clustering
between 88 and 93 (at the highest values shown by
rock-types from both Fecho dos Morros and Cerro
Siete Cabezas complexes), with the exception of two
saples which have D.I. around 83. In the elemental

variation diagrams, the data fit the fields of the

above quoted complexes; notably the high A.L
variants have higher Na,O and tend to present lower
silica, titanium, magnesium, calcium and
phosphorous than the low A.IL. equivalents (Fig. 34).

In general, the concentrations of trace elements
(Table 33), for the same D.L.*, fit the field of the
Fecho dos Morros complex, but the phonolites tend
to display lower Ba and Sr contents (Fig. 35).
Moreover, the phonolites appear to be clustered in

two main groups, distinct in having high and low
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Fig. 34. D.I.* vs. major elements (wt%) for rocks from the Pdo de Agticar complex, compared with the variation fields of two
Cerro Siete Cabezas and Fecho dos Morros complexes in pink and yellow, respectively. The samples are subdivided into two
groups, A.I<1.09 and >1.14; circles with bar correspond to basal intrusive rocks.
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contents of Rb, Nb, Zr, Y and REE, respectively
(high-Zr and low-Zr variants). In spite of the
observed differences, the Sm/Nd ratio of the
analyzed samples is quite constant (0.17+0.01), that
is the same value of rocks from the Fecho dos

Morros complex.
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Fig. 36. Primitive mantle- (Sun & McDonough, 1989) and
chondrite- (Boynton, 1984) normalized LE. and REE
diagrams, respectively, for rocks from the Pdo de Acticar
complex. The field of the Fecho dos Morros complex is
shown in yellow for comparison.

As illustrated in the L.E. spidergrams (primitive
mantle-normalized, Fig. 36), the various rock-types,
i.e. trachyphonolites, phonolites, lavas and ignim-
brites, have subparallel trends, except for Sr showing
a pronounced negative spike in trachyphonolites
(AL<1.09). The REE diagram (chondrite-
normalized) displays quite similar fractionation
patterns, that is, La/Sm 4.3-7.0, Sm/Yb=2.8-4.7 and
La/Yb=17.2-27.8. The Eu/Eu* negative anomaly
spreads between 0.30 and 0.61, with the more
negative values found in the low-Zr phonolites. In
general, REE are more enriched with respect to the
Fecho dos Morros rock-types, and are characterized

by the following progressive enrichment: phonolites

(A.L>1.14) «trachyphonolites
phonolites (A.1.>1.14).

(A1<1.09)high-Zr

Sr-Nd isotopes

There are only three isotopic Sr-Nd results for the
Pao de Actcar complex (Table I; Appendix), all of
them taken from trachyphonolites with A.I.<1.09.
They define an initial *Sr/*Sr ratio of 0.70351 (r’=
0.999). This R, value is not far from that relative to
the Fecho dos Morros complex, excluding the two
results given by the Cerrito rocks: in this case the
best fitting of four results indicates a R =0.70363
(*=0.999). On the contrary, the Sm-Nd system is
similar to that found for the Cerrito body, showing a
depleted character with an initial (241 Ma)
"“*Nd/"Nd ratio of 0.51245+0.00001 (¢Nd 2.1-2.6).

Nd model ages give an average of 671+16 Ma,
approaching those of the Cerrito body (69518 Ma).

5. CERRO BOGGIANI AND COMPARISON
WITH THE OTHER ALTO PARAGUAY
COMPLEXES

Lying at 15 km NW of the Morro Pao de Actcar,
on the western side of the Paraguay river, Cerro
Boggiani (or Cerros Boggiani, according to Putzer &
Van den Boom, 1962) forms an expressive hill on
the Chaco Boreal swamps. The complex is formed
by three isolated monadnocks cropping out above
the alluvial sediments of the Paraguay river.

The eastern and southeastern bodies extend for
some hundreds of square meters, about 5 to 10 m
above the plain, and are constituted by intrusive and
extrusive rock-types. The western body covers about
1 km’, is 65 m high and consists of intrusive rocks
topped by lava flows; it is also cut by scarce dykes.
On the whole, the three bodies define a circular
structure extending over 4 km® (see Fig. 1). The
intrusive varieties are usually coarse-grained in
texture with alkali feldspar, nepheline and sodalite
crystals sizing up to 1-2 cm in length. Sometimes the
extrusive varieties contain scarce angular coarse to

fine-grained xenoliths.
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Petrography

The intrusive rocks are characterized by large
euhedral-subhedral crystals of mesoperthite, nephe-
line and sodalite. Green clinopyroxenes represent the
most abundant mafic phase. They form stubby
prisms and are partially replaced by amphiboles at
the rims. Notably, the textural relationships of the
Cerro Boggiani amphiboles are consistent with sub-
solidus fluid-rock reactions. Biotite is a subordinate
phase being found as xenomorphic aggregates
associated with aenigmatite and opaques. The latter
are ilmenite, pyrite and sphalerite. Typically
magnetite is lacking. Common accessories include
titanite and very rare apatite. Secondary minerals are
cancrinite, carbonates, zeolites and a Li-rich mica.

The effusive rocks are porphyritic in texture and
consist of pheno and microphenocrysts of sanidine-
anorthoclase, sodalite, nepheline, clinopyroxene,
amphibole, titanite and zircon set in a glassy to mi-
crocrystalline groundmass, sometimes exhibiting tra-
chytic texture. In particular eudialyte, rosembuschite
and lavenite microphenocrysts also occur.

The dykes have petrographic characteristics very
similar to those of the effusive rock-types, being
porphyritic in texture with the main phenocrysts of
alkali feldspar, nepheline, sodalite and clino-
pyroxene set in a very fine trachytic matrix. The
xenoliths are represented by angular inclusions of
intrusive rocks in the lava flows (e.g. RP-31-B) or
by volcanic breccias containing abundant lithic
fragments of gneiss and granite set in a glassy to

cryptocrystalline matrix (e.g. RP-32).

Classification and nomenclature

The intrusive rocks, as indicated by modal
results, are foid syenites (modal nepheline+sodalite
28-42%; cf. Table 34), and nepheline syenites,
following to De La Roche's classification (Table 35
and R -R, inset of Fig. 37). Extrusive rocks cluster
the phonolite field, while the two xenoliths (sampled
in the RP-31A phonolite) are made of nepheline
syenite (RP-31B) and trachyphonolite (RP-32),
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respectively (cf. Table 35). A.L. vs. Q-ne normative
diagram and insets (Fig. 37) make evident that the
Cerro Boggiani intrusive and extrusive rocks have
the same strong peralkaline, sodic-undersaturated
character (A.L. up to 1.51 and normative nepheline
up to about 25%). On the whole, they define a field
well distinct from that related to the Cerro Siete
Cabezas complex, and partly overlap the Ilha dos

Fecho dos Morros and Pao de Agucar agpaitic fields.

Table 34. Modal analyses of intrusive rock-types from
Cerro Boggiani. Op, opaques (ilmenite, pyrite, sphalerite).
Accessory phases: titanite, eudialyte, rosembuschite,
lavenite and zircon; *: containing cancrinite about 0.5-
1.0%. For other abbreviations see Table 3.

Sample RP-27 RP-29 RP-30 RP-35RP-38B RP-39
vol%

AF 522 613 566 560 51.7 60.0
Ne 282 205 155 178 21.0 179
So 13.9 8.1 17.1 152 8.0 13.5
Cpx 4.2 8.2 6.9 8.1 155 6.6
Am 02 04 09 06 04 02
Bi 0.5 0.3 0.3 02 02

Op 0.3 02 02

Ap

Accessories 0.5 1.0 2.5% 2.0% 2.1% 3.2%

Mineralogy

Representative  chemical  compositions  of
minerals from selected samples are given in Tables

36 to 39.

Clinopyroxene and amphibole

The Cerro Boggiani clinopyroxenes syste-
matically have very low Mg/(Mg+Fe_+Mn) ratios,
i.e. 0.18 to 0.14, at the core of the largest crystals
and in phenocrysts from intrusive and effusive rock-
types, respectively, and up to 0.03 at the rims and in
groundmass (Table 36). The crystals from effusive
lavas differ only for a few higher Ti content. In
general, they represent the extreme side of the
evolutionary trend expressed by the Pao de Agucar
and Fecho dos Morros minerals (Fig. 38).

The amphiboles vary between ferrorichteritic and
arfvedsonitic compositions (Table 37 and Fig. 38)
with Mg/(Mg+Fe _+Mn) ratios between 0.42 and
0.31, and overlap the compositions of late
amphiboles from the Fecho dos Morros and Pao de

Acucar complexes (Fig. 38).
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Table 35. Major element analyses, norms and classification of selected rocks from Cerro Boggiani (according to De La
Roche, 1980). LF, lava flows; D, dykes; X, xenoliths. The other samples are intrusive rocks. See Table 2 for abbreviations.

Sample RP-27  RP-28 RP-29  RP-30 RP-31A RP-31B  RP-32 RP-33  RP-34

D LF X X D LF
wt%
SiO, 56.60 57.83 57.65 58.52 57.46 58.25 62.88 57.34 58.44
TiO, 0.22 0.35 0.37 0.22 0.51 0.43 0.49 0.41 0.32

AL O4 19.97 19.42 19.40 19.57 18.86 19.34 16.35 19.07 19.08
Fe,05 1.34 1.74 1.08 0.83 2.40 1.17 3.76 1.23 2.15
FeO 0.78 0.76 1.99 1.51 0.98 2.17 0.67 2.27 0.47
MnO 0.13 0.14 0.24 0.16 0.22 0.23 0.14 0.22 0.18
MgO 0.04 0.10 0.26 0.06 0.26 0.21 0.09 0.17 0.13

CaO 0.29 0.96 1.29 0.66 1.33 1.01 0.61 1.20 0.65
Na,O 13.17 11.98 11.91 12.44 11.41 12.02 10.39 12.58 11.20
K,O 5.44 5.83 5.68 5.81 5.46 4.88 2.65 5.23 5.50
P,05 0.02 0.02 0.02 0.02 0.14 0.18 0.23 0.12 0.06

LO.IL 1.22 0.75 0.31 0.36 0.72 0.28 1.12 0.54 1.10
Sum 99.22 0.75 100.21  100.16 99.75  100.17 99.15  100.38 99.28

or 32.15 34.45 33.57 34.33 32.26 28.88 15.66 30.90 32.50
ab 27.18 27.45 26.87 30.06 28.22 35.06 64.93 28.68 33.31
ne 24.51 21.66 22.37 20.72 20.80 20.17 2.39 21.82 18.53
ac 3.88 5.04 3.12 2.40 6.94 3.38 10.88 3.55 6.22
ns 8.05 6.57 6.77 7.96 5.13 5.94 1.45 7.78 4.70
di 1.15 2.56 5.45 2.77 3.96 3.34 1.31 4.52 1.96
wo 0.70 0.42 0.22
ol 0.62 0.99 1.06 1.88 0.18 1.48

il 0.42 0.66 0.70 0.41 0.97 0.81 0.93 0.77 0.61
ap 0.05 0.05 0.05 0.05 0.33 0.42 0.53 0.28 0.14

D.I.* 87.7 88.6 85.9 87.5 88.2 87.5 93.9 84.5 90.6

AL 1.38 1.34 1.33 1.37 1.31 1.30 1.22 1.38 1.28

R -2239 -1838 -1809 -1946 -1601 -1630 -247 -1975 -1445

R, 424 489 532 458 525 498 391 511 453

Rock-  Nepheline Phonolite NephelineNepheline Phonolite Nepheline Trachy- Phonolite Phonalite

type syenite syenite  syenite syenite phonolite

Q 325 32.9 324 33.6 33.0 33.9 453 325 34.7

ne 45.0 43.7 44.6 435 44.4 46.6 45.3 459 43.4

ks 22.5 23.4 23.0 22.9 22.6 19.5 9.4 21.6 21.9

Sample RP-35 RP-36 RP-37 RP-33A RP-38B  RP-39 RP-40 RP-41 RP42 RP-43
LF LF LF LF LF LF LF

wt%

SiO, 59.07 59.35 58.06 59.70 57.57 58.80 55.72 57.01 57.55 59.11

TiO, 0.20 0.34 0.20 0.19 0.18 0.17 0.53 0.23 0.19 0.63

AlLO; 19.96 19.43 18.68 20.73 19.07 19.89 17.10 18.90 18.93 17.71
Fe,05 0.70 0.98 3.57 0.92 233 1.00 3.81 2.93 3.55 2.64
FeO 1.26 1.78 1.39 1.67 251 0.97 1.70 2.04 1.06 1. 60
MnO 0.13 0.19 0.20 0.18 0.21 0.10 0.52 0.25 0.19 0.28
MgO 0.02 0.12 0.13 0.12 0.05 <0.01 0.07 0.07 0.05 0.78

CaO 0.55 0.67 1.19 0.86 1.18 0.39 1.16 1.06 0.92 1.30
Na,O 11.56 11.20 10.24 9.65 10.15 12.00 12.81 10.82 10.93 10.44
K,0 6.38 5.72 5.54 5.80 5.59 5.47 4.36 5.55 5.50 4.33
P,05 0.01 0.07 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.20

L.O.L* 0.30 0.55 0.55 0.49 0.75 1.05 1.65 1.14 0.90 0.75
Sum 100.17  100.40 99.76  100.32 99.60 99.85 99.44  100.01 99.78 99.77

or 37.70 33.80 32.73 34.27 33.03 32.39 25.76 32.80 32.50 25.59
ab 29.62 34.85 28.04 35.85 28.47 34.63 27.01 25.63 26.85 41.39
ne 20.32 18.00 20.15 20.84 20.86 20.17 19.88 22.04 21.61 13.86
ac 2.02 2.83 10.33 2.66 6.74 2.89 11.02 8.48 10.27 7.64
ns 6.60 5.45 2.25 0.99 2.62 6.15 7.49 3.63 3.28 2.95
di 2.35 2.50 5.11 3.68 5.14 1.66 5.03 4.65 3.98 4.29
ol 0.78 1.55 0.19 1.09 1.62 0.32 0.58 1.19 1.64
il 0.37 0.64 0.38 0.36 0.34 0.32 0.99 0.44 0.36 1.19
ap 0.02 0.16 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.47

D.IL* 89.7 89.5 91.2 93.6 89.1 90.1 72.6 88.9 81.0 80.8

Al 1.30 1.27 1.22 1.07 1.19 1.29 1.51 1.26 1.26 1.23
R, -1719 -1444 -1197 -881 -1209 -1680 -2012 -1478 -1456 -909
R, 451 459 500 505 503 432 463 488 472 525
Rock-  Nepheline Phonolite Phonalite Phonolite NephelineNepheline Phonalite Phonolite Phonolite Phonalite
type syenite syenite  syenite

Q 34.1 333 333 343 332 342 324 322 32.5 37.1
ne 41.5 43.7 43.7 443 44.0 44.7 474 44.6 447 449

ks 24.4 23.0 23.0 21.4 22.8 21.1 20.2 23.2 22.8 18.0
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Fig. 37. A.L. vs. Q-ne for rocks from the Cerro Boggiani complex. For comparison the fields relative to the Pdo de Acticar
(light and dark green) and Cerro Siete Cabezas (pink) complexes and to the Ilha Fecho dos Morros (yellow) body are shown.
For insets see Fig. 3.

Table 36. Representative clinopyroxene analyses from Cerro Boggiani rocks. C, core; R, rim; Ph, mPh and gm, phenocryst,
microphenocryst and groundmass phases, respectively. For additional information see Table 3.

Sample RP-29C RP-30C RP-30R RP-31AC RP-31AR RP-33mPH RP-37mPH RP-40gm RP-41gm RP-42mPH RP-43mPH
wt%

SiO, 51.62 5225 5295 51.42 51.90 52.40 51.47 52.02 51.38 51.74 51.14
TiO, 0.63 0.38 0.42 0.83 0.91 0.65 0.87 1.34 0.90 0.96 0.76
AlO4 1.02 0.98 1.06 0.97 0.99 1.13 0.99 1.33 0.89 1.05 1.35
Cr,0; 0.08 0.01 0.01 0.01 0.04 0.03
Fe,04 17.97 2048  33.00 18.05 23.66 26.30 22.07 25.88 23.57 24.87 17.91
FeO 6.14 5.27 0.09 5.90 2.79 222 577 1.95 4.58 4.03 7.38
MnO 1.58 1.67 0.14 1.40 1.23 1.04 0.68 0.80 1.01 1.07 0.99
MgO 3.02 2.63 0.52 3.13 1.88 1.78 0.94 0.46 0.93 0.98 2.16
CaO 9.95 9.94 0.79 9.34 5.16 5.43 7.96 2.47 5.53 5.08 8.47
Na,O 7.82 828 12.84 8.05 10.52 10.74 9.48 11.91 10.33 10.61 8.33
K,0 0.01 0.01 0.01 0.01 0.03 0.01 0.01 0.05 0.03
Sum 99.66 101.89 101.82 99.18 99.08 101.71 100.25 98.20 99.12 100.05 98.55
Si 1.991 1.980  1.993 1.992 2.002 1.976 1.987 2.016 1.998 1.991 2.000
AlY 0.009  0.020 0.007 0.008 0.024 0.013 0.002 0.009

Sum 2.000  2.000 2.000 2.000 2.002 2.000 2.000 2.016 2.000 2.000 2.000
AV 0.037  0.024  0.040 0.036 0.045 0.026 0.032 0.061 0.039 0.039 0.062
Ti 0.018 0.011  0.019 0.024 0.026 0.018 0.025 0.039 0.026 0.028 0.022
Cr 0.003 0.001 0.001
Fe** 0.522  0.584 0.935 0.526 0.687 0.747 0.641 0.755 0.690 0.709 0.528
Fe** 0.198  0.167  0.003 0.191 0.090 0.070 0.186 0.063 0.149 0.130 0.241
Mn 0.052  0.053  0.004 0.046 0.040 0.033 0.022 0.026 0.033 0.035 0.033
Mg 0.174  0.149  0.029 0.181 0.108 0.100 0.054 0.027 0.054 0.056 0.126
Ca 0.412  0.407  0.032 0.388 0.213 0.219 0.329 0.103 0.230 0.210 0.355
Na 0.586  0.608  0.937 0.605 0.787 0.785 0.710 0.895 0.779 0.792 0.632
K 0.001  0.001  0.001 0.001 0.002 0.001 0.001 0.002 0.001
Sum 2.000  2.000 2.000 2.000 1.998 2.000 2.000 1.970 2.000 2.000 2.000
Mg/(Mg+2Fe+Mn) 0.183  0.156  0.030 0.136 0.117 0.105 0.060 0.031 0.058 0.060 0.136
Quad 0.784  0.719  0.064 0.760 0411 0.389 0.569 0.193 0.433 0.396 0.722

J 1.172 1.216  1.874 1.210 1.574 1.570 1.420 1.790 1.558 1.584 1.264
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Table 37. Representative analyses of amphiboles mantling clinopyroxene crystals from Cerro Boggiani rocks. For additional

information see Table 4.

RP-30 RP-31A RP-32 RP-37 RP-40 RP-43

Sample

wt%

SiO, 52.12
TiO, 1.08
AlLO; 1.73
Cr,05

Fe,0; 4.15
FeO 14.55
MnO 3.51
MgO 9.05
CaO 2.36
Na,O 8.05
K,0 1.40
F 1.45
Cl 0.01
Sum 98.80
Si 7.809
AlY 0.191
Sum 8.000
AV 0.115
Ti 0.122
Cr

Fe** 0.468
Fe** 1.829
Mn 0.445
Mg 2.021
Sum 5.000
Ca 0.379
Nag 1.621
Sum 2.000
Nay 0.718
K 0.268
Sumy 0.985
F 0.668
Cl 0.003
Mg/(Mg+XFe+Mn) 0.425
Na+K 37.8
Mg 29.3
Fe’*+Mn 329

51.11
1.04
6.54
0.02

16.86
2.00
1.51
4.81
5.03
7.30
2.15
1.11
0.10

99.09

7.603
0.397

8.000
0.673

0.108
0.002
1.761

0.232

0.177
0.995
3.948
0.748
1.252
2.000
0.713
0.381
1.094
0.487
0.023

0.314

62.6
26.5
10.9

47.32
1.49
5.17
0.03
4.40
16.06
2.20
7.54
3.26
7.44
1.44
1.12
0.01
97.01

48.00 48.02
1.66 1.74
381 3.75
0.04
3.83
16.24
2.55
7.89
3.31
7.45
1.33
1.21
0.08
96.91

49.35
1.07
3.06
0.02
4.47
15.42
2.06
8.78
2.86
7.76
1.42
1.26
0.08
97.06

6.64
14.33
2.32
8.36
3.69
6.86
1.41
1.36
0.01
97.87

7.289
0.711

8.000
0.226

0.173
0.003
0.555

2.024

0.287
1.731
5.000
0.538
1.462
2.000
0.760
0.283
1.043
0.546
0.003

7.329
0.671

8.000
0.014

0.191

7.417
0.583

8.000
0.099

0.202
0.005
0.486

2.058

0.334
1.817
5.000
0.548
1.452
2.000
0.779
0.262
1.041
0.591
0.021

7.560
0.440

8.000
0.112

0.123
0.002
0.559

1.932

0.267
2.005
5.000
0.469
1.531
2.000
0.774
0.278
1.052
0.611
0.021

0.763
1.829

0.300
1.903
5.000
0.604
1.396
2.000
0.634
0.275
0.909
0.657
0.003
0.377 0.397

0.383 0.421

353
24.4
40.3

325
26.8
40.7

34.7
25.3
40.0

38.1
29.5
32.4

Biotite, ilmenite and accessory minerals

The biotites (Table 38) have Mg/(Mg+Fe+Mn)
ratios ranging from 0.44 to extreme iron-rich
varieties, corresponding to annite 58 to 91 mol%,
respectively, with F contents depleted and Mn
enriched with the decreasing of the above ratio,
respectively (Fig. 39). Probably, considering the
close relationships among aenigmatite, ilmenite and
annite-rich biotite, the latter are due to subsolidus
reactions developing at the intersection of Ac-Ilm-
Aen-Nds buffer, Na-amphibole and annite stability
fields (cf. Nicholls & Carmichael, 1969),
temperatures around 500-570°C.

at

The compositional variations shown by biotite in

the whole Alto Paraguay Province are fairly
representative. Similar trends have been also noticed
from silica-undersaturated nepheline syenites from
the Cilwa Province (Woolley & Platt, 1986) and
from peralkaline syenites and granites from Mulanje,
Malawi (Platt & Woolley, 1986), suggesting no
silica activity control on the compositional evolution
of biotite in felsic alkaline rocks.

Ilmenite is extremely Mn enriched, up to 15wt%
for a Fe/(Fe+Mn) ratio of 0.68 (Table 38), and plots
at the end of the trend defined by the ilmenites from
other Alto Paraguay complexes (cf. Fig. 24).

Titanite is relatively abundant. The low analytical
totals of the microprobe analyses (cf. Table 38)

suggest that significant amounts of other elements
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(e.g. Nb and REE) may be present. Zircono-silicates, lower Si, Zr and Na. The presence of rosembuschite
like eudialyte, rosembuschite and lavenite (Table indicates high F activity (F up to 843 wt%).
38), are typical minerals in Cerro Boggiani rocks, Aenigmatite appears as an exclusive phase of Cerro
along with aenigmatite (see also Carbonin et al., in Boggiani and shows a composition similar to other
this volume). The Cerro Boggiani eudialyte differs Ti-bearing varieties from peralkaline rocks (cf.
from the Cerro Siete Cabezas ana-logues (cf. Table Woolley & Platt, 1986), stable to a fO, between
8) above for the higher F, Nb and CaO contents vs. NNO and QFM solid buffers (cf. Lindsley, 1971).
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Fig. 38. Clinopyroxenes and amphiboles from Cerro Boggiani representative rock-types. 1) Q-J classification for
clinopyroxenes (tie lines join core, early, and rim, late, compositions; 2) Mg-(Fe’"+Mn)-(Na+K) diagrams for clinopyroxenes
and amphiboles (for comparison the compositions and fields from the Pdo de Agticar+Fecho dos Morros complexes in orange
and light blue, respectively, are plotted); 3) classificative diagram for amphiboles (cf. Platt & Woolley, 1986); 4) and 5)
elemental variations vs. Mg/(Mg+Fe+Mn) ratio (Fe=total iron).
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Table 38. Representative biotite, ilmenite and accessory minerals analyses from Cerro Boggiani rocks; mPhC and mPhR,
microphenocryst, core and rim, respectively.

Biotite Ilmenite Eudialyte Rosembuschite
Sample RP-41 RP-42 RP-42 RP-32 RP-33 RP-31A RP-33
mPhC mPhR

wt%
SiO, 3498 38.32 35.24|Si0O, SiO, 48.81 31.56 31.46
TiO, 452 234 256|TiO, 51.94|TiO, 0.46 7.79 8.10
AlLO; 9.80 10.81 8.55|AL0; 0.01|ZrO, 12.88 16.47 12.68
Cr,0, 0.06 0.01 Cr0; 0.08|ALO; 0.16
FeOy 3246 21.40 35.31|Fe,0; 0.12|Cey0, 0.40
MnO 2.82 206 2.90|FeO0 31.74|FeOy, 4.90 0.78 0.70
MgO 2.68 1049 1.48/MnO 15.02/MnO 3.36 3.48 2.32
CaO 0.01 MgO  0.02|MgO 0.07 0.12 0.07
Na,O 0.19 0.29 0.15/CaO 0.02|CaO 10.54 22.46 26.39
K,O 855 9.24 8.84/Sum 98.95|Na,0 10.46 9.57 9.33
F 028 1.59 0.33 K,O 0.26
Cl 0.03 0.04 0.02{Si Nb,Os 1.32 1.37 1.59
Less O=F, Cl 0.12 0.69 0.15|Ti 0.995F 0.69 7.55 8.43
H,0" e 338 3.4 336|Al cl 0.94
Sum 99.63 99.05 98.59|Cr 0.001|Less O=F, Cl1 0.49 3.18 3.55

Fe**  0.002 97.97 97.52
Si 5.772 5.885 6.001|ge**  0.677|Sum 94.76
AlY 1.906 1.957 1.716/Mn 0.323
TiV 0.322 0.158 0.283 Mg  0.001 Lévenite Aenigmatite Titanite
Sum (Z) 8.000 8.000 8.000|Ca 0.001 RP-40 RP-42 RP-31A  RP-33
iV’ 0.239 0.112 0.045[Sum 2.000
Cr 0.008 0.001 Sio, 32.58 41.50 30.26  30.02
Fe*t 4.480 2.749 5.029|mol% TiO, 3.75 8.99 35.64  35.14
Mn 0.394 0.268 0.418|R,0O;  0.19|ZrO, 29.90 1.05 0.93
Mg 0.659 2.401 0.334 AL O; 0.35 1.05 0.93
Sum (Y) 5.780 5.531 5.826 Ce, 03 0.03 0.02
Ca 0.002 FeOyy 2.97 39.80 1.62 1.78
Na 0.061 0.086 0.050 MnO 5.99 1.94 0.07 0.15
K 1.800 1.810 1.921 MgO 0.10 0.01 0.01 0.01
Sum (X) 1.861 1.898 1.971 CaO 12.43 0.19 28.02  27.05
F 0.151 0.772 0.177 Na,O 6.80 7.10 0.08 0.20
Cl 0.008 0.010 0.006 K,O 0.01 0.03 0.01
OH 3.841 3.218 3.817 Nb,Os 1.40
Sum 4.000 4.000 4.000 F 5.33

Cl
Mg/(Mg+XFe+Mn) 0.119 0.443 0.058 Less O=F, Cl 2.25
Sum 99.01 99.89 96.81 95.30

Feldspars, nepheline and sodalite

Feldspars consist of mesoperthites in the nephe-

The nepheline has an average Fe,O, content of
0.71£0.15 with silica excess between 10 and 5%

(corresponding to temperatures between about 1000°

line syenites, while the phenocrysts in the phonolites
are sodic sanidine. Exsolutions tend towards albite
pure compositions and to Or 94 (Table 39 and Fig.
40). In general, the compositions plot in the fields of
the other Alto Paraguay Province complexes.
Sanidinic and albitic compositions may coexist in
groundmass, and sometimes sanidine pheno- and
microphenocrysts are mantled by albitic rims. Some
X-ray precession determinations demonstrated that

the sodic sanidine phenocrysts are cryptopertitic.

and 700°C, according to Hamilton, 1961).

Sodalite, ranging from about 8 to 20 vol%,

displays a quite constant composition with Cl=
1.82+0.09 a.f.u. (Table 39).

Concluding, the mineralogical assemblages on
the whole seem to indicate temperatures of emplace-
ment around or less than 1000°C and a very low to-
tal pressure for intrusive rock-types, as shown by the

compositional overlapping of intrusive and effusive

minerals (i.e.e1 kb), with high activity of F and CI.
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Fig. 39. Plot of biotites from Cerro Boggiani repre-
sentative rocks in the Al-Mg-(Fe+Mn) diagram (Fe=total
iron as Fe™), and variation of Mn and F [atoms per 22(0)]
with Mg/(Mg+Fe+Mn) atomic ratio. The fields in orange
represent the compositional variations of micas from the
Pao de Acgtcar+Fecho dos Morros complexes and the line
with arrow corresponds to the trend of minerals from the
Chilwa Province, Malawi (Wooley & Platt, 1986).

Major and trace elements distribution

The analyzed intrusive and effusive rocks lie in
the whole field of the Alto Paraguay complexes,
clustering the phonolitic minimum, with the
exception of the RP-32 xenolith that plots on the Ab
side of the Ab-Or tie line (Fig. 40). The latter, as
above evidenced, also chemically reflects the mixing
with basement components.

D.I.* ranges between 72 and 94, that is the same
interval given for the Fecho dos Morros and Pao de
Aciucar rocks. However, in the elemental variation
diagrams, the Cerro Boggiani complex can be
low and constant
behaviour of Ti, Mg, Ca and P and for the high Na
contents (Fig. 41).

distinguished by the very

The trace elements are also distinct with respect
to the Fecho dos Morros and Pdo de Acucar rock-ty-
pes for the very high Rb contents and low Ba and Sr
concentrations, respectively (Table 40 and Fig. 42).

Nepheline syenites and phonolites have broadly
similar L.LE. and REE patterns (Fig. 43A), and are
systematically enriched in Rb-U-Th, Nb-Ta and Zr-
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Hf with respect to the Pdo de Acgucar rocks. The
spidergrams parallel to some extent those relative to
the Late Cretaceous-Tertiary melanephelinites (mg#
68-48) from central and southern Paraguay (Comin-
Chiaramonti et al., 1991, 1997, 1999).

The average Sm/Nd ratio is 0.156, compared to
0.17 given by both Fecho dos Morros and Pao the
Actcar rock-types. REE display slightly concave
patterns  with HREE (Er/Lu.=
0.69+0.04). The LREE show steep slopes from La to
Sm (La/Sm,.=14.0+£3.5) and Eu negative anomalies
(Eu/Eu*=0.68+0.05). In the Yb. vs. La/Yb, dia-

gram, the Cerro Boggiani rocks plot between the

enrichment

main facies and pegmatitic facies of the Fecho dos
Morros complex (the latter defining a field compri-
sing the melanephelinites from central and south-
western Paraguay), and fit the field of the Cerro Sie-
te Cabezas complex at the lower La/Yb (Fig. 43C).
Notably, the Eu negative anomaly is a peculiar
feature in all the alkaline complexes from the Alto
Paraguay Province (Fig. 43B). As a gabbroic-
basaltic precursor has not been found yet in the Alto
Paraguay petrographic associations, that anomaly
may be attributed to a basanite-like parent magma
subjected to plagioclase fractionation. For example,
Beccaluva et al. (1992) and Morbidelli et al. (1995)
demonstrated that in the Juquid complex (Ponta
Grossa Arch)

represented by the following sequence: basanitic

the liquid line of descent is

magmasessexitesmafic nepheline syenitee
nephelinesyenitesevolved nepheline syenite (D.I.* up
to 90).

On the other hand, it is remarkable that
melanephelinites from central Paraguay, which are
believed to be primary magmas (e.g. sample 3399 of
Table 1, mg#=0.68, in Comin-Chiaramonti et al.,
1997), have Eu/Eu*=0.80. Thus, there is also the
possibility that a melanephelinitic magma may have
been the precursor of Cerro Boggiani rock-types. As
a matter of fact, mass balance calculations (e.g.
nephelinitic parent magma n. 3, Table 3 of Comin-
Chiaramonti et al., 1997, vs. sample RP-43) give a

F=8.62% (r’=0.44) and a fractionated assemblage
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consisting of 18.87% olivine, 49.44% clinopyroxe-
ne, 8.31% Ti-magnetite, 20.29% nepheline and
3.08% apatite (mineral analyses from sample 3097
in Comin-Chiaramonti & Gomes, 1996). However,
the modelling of trace elements is largely unsatisfac-
tory (as also in the case of a basanitic parent mag-
ma), probably as a result of the fractionation of ac-
cessory phases (as eudialyte) and their K, values.
Moreover, the preferential retention of F and Cl in
agpaitic melts is crucial for a such approach, parti-
cularly for the concentrations of Nb, Th, U, Zr, REE.

Comparing the REE patterns of the Cerro
Boggiani rocks with those of analogues from other
Alto Paraguay complexes, apart for the systematic
negative Eu anomalies, some different types of REE
patterns can be distinguished among the various
occurrences,

differentiation indexes (Fig. 43B):

independently from the alkali or

1) straight log-linear patterns with a steady

decrease from La to Sm, and a reduced linear

Ab

An
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decrease from Gd to Lu (Cerro Siete Cabezas, Cerro
Pedreira, Morro Distante and Morro Concei¢@o), si-
milar to REE patterns of ASU-SJB melanephelinites
(cf. Comin-Chiaramonti et al., 1997);

2) LREE patterns similar to the former type, but
nearly constant HREE (Cerrito and Cerrito dykes);

3) patterns characterized by HREE plateau,
strong increase in enrichment from Dy to Gd,
followed by a steady increase from Sm to La (Ilha
Fecho dos Morros, Morro de Sao Pedro and Pao de
Actcar rock-types);

4) concave patterns with HREE decreasing from
Lu to Tb, and additionally LREE increasing from Gd
to La (pegmatitic facies from the Ilha Fechos dos
Morros body);

5) concave patterns with HREE decreasing from
Lu to Tb, a reduced increase from Tb to Sm, and a
steep increase from Sm to La, typical of the Cerro

Boggiani rocks.

@ Intrusive rocks
O Effudverocks
/\ Dyke

X Xenolith

Ne

Ks

Fig. 40. Alkali feldspar from Cerro Boggiani representative rocks plotted into the Or-Ab-An (mol%) diagram, and nepheline
compositions plotted into the Ks-Ne-Q (wt%) space (cf. Fig. 8). For comparison the representative fields of compositions of
all the occurrences from Alto Paraguay Province are also shown in sand along the compositional variation of the whole-

rocks.
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Fig. 41. D.I* vs. major elements (wt%) for Cerro Boggiani rocks, compared with the variation field in orange for the Fecho

dos Morros+Pao de Agticar complexes.
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Fig. 42. D.I.* vs. trace elements (pppm) for Cerro Boggiani rocks, compared with the variation field in orange for the Fecho

dos Morros+Péo de Agticar complexes.
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Table 39. Representative analyses of alkali feldspar, nepheline and sodalite (for the latter: crystal chemistry on the basis of
the 3AL0,*6Si0, structural frame) from Cerro Boggiani rocks. For additional information see Tables 7, 8 and 25.

Alkali feldspar

Sample RP-20C RP-290r RP-29ab RP-30C RP-30gm RP-30gm RP-31APh RP-31APhR RP-31Agm RP-31Agm RP-32gm  RP-32gm
wt%
Si0, 6699 6587 6895 66.69 6480  67.86  66.46 67.32 67.94 64.73 68.33 64.23
ALO; 18.88 1850 1934 1881 1827  19.05 1873 19.19 19.03 18.18 18.90 18.39
Fe,0; 020 025 029 013 010 031 020 0.29 0.36 0.37 0.72 0.30
BaO 015 0.8 0.02 0.11 0.04 0.06 0.15 0.06 0.05
Ca0 001 0.03 0.04  0.02 0.26 0.02 0.04 0.01 0.02
Na,0 581  3.01 1175 623 038 1156 536 8.82 10.92 1.46 11.61 0.70
K,0 8.64  12.62 015 793 1635 015 918 4.02 1.14 14.64 0.19 15.70
Sum  100.67 10033  100.51  99.82  99.90  98.97 100.06 99.94 99.47 99.57 99.10 99.39
Or 493 733 08 455  96.6 08 528 22.8 86.4 6.4 93.5 11
Ab 504 266 975 543 3.4 9.0 469 75.9 13.0 93.4 6.3 98.8
An 0.3 0.1 1.7 0.2 0.2 0.3 1.3 0.6 0.2 0.2 0.1
Alkali feldspar
Sample RP-37Ph RP-37gm RP-37PhR RP-40Ph RP-41gmRP-42mPh RP-42gm RP-42gm  RP-42Ph  RP-42PhR RP-42gm
wt%
Si0, 6597 6515 6848 66.54 63.86  66.87  63.92 68.37 66.36 66.05 67.50
ALO; 1857 1832 1931 1855 1790 1870  17.92 19.22 18.69 18.59 18.94
Fe,0; 021 022 023 035 034 043 028 0.20 0.15 035 0.29
BaO 002 0.2 0.14 0.08 012  0.06 0.02 0.01 0.19 0.03
CaO 003  0.02 0.02 0.02 0.01 0.01 0.02 0.04 0.02
Na,0O 496 196  11.63 533  L15 696  0.65 11.66 6.10 2.09 11.48
K,0 9.67  14.02 017 924 1491 6.86 1570 0.14 8.05 14.02 0.17
Sum 9943 9971 99.98 10001 9826  99.95 9825 99.62 99.38 101.33 98.43
Or 561 824 1.0 533 893 392 940 0.8 46.4 81.1 1.0
Ab 437 175 987 467 105 60.5 59 99.1 53.5 18.4 98.9
An 0.2 0.1 0.3 0.2 0.3 0.1 0.1 0.1 0.5 0.1
Nepheline Sodalite
Sample  RP-29 RP-30 RP-31A RP-37 RP-40 RP-41 RP-42 RP-43 |RP-31A RP-31A RP-41 RP-42 RP-43
wt%
Si0, 4553 43.83  45.80 44.87 4500 4526 4475 45.05 [SiO,  37.72 37.85 37.64 37.87
ALO; 31.90 33.10 31.29 3279 3227 32.97 3278 3295 |ALO; 3153 31.82 33.14 33.69
Fe,0; 0.66 040 087 070 066 081 084 072 [Fe,0; 048 040 058 039
BaO 0.12 0.03 007 0.06 |BaO 006 001 006 0.0l
Ca0 0.03 0.03 |CaO 0.03 005 006 0.02
Na,0 1587 1642 1541 16.60 16.08 1653 1658 16.53 |Na,0O  24.85 2540 23.61 23.95
K0 574 586 592 548 575 573 558 567 KO 0.02 003 003 0.02
Sum 99.70 99.61  99.49 100.44 99.79 101.40 100.53 101.00 |CI 677 702 689 6.8
-0=Cl 116 147 145 138
Mol% Sum  100.03 101.11 100.56 101.15
Q 89 54 101 68 77 68 66 67
Ne 736 766 718 766 747 759 765 76.1 |Si 6.038 6.023 5904 5.878
Ks 175 180 181 166 17.6 173 169 172 |Al 5949 5969 6.127 6.163
Fe*  0.058 0048 0.068 0.046
Sum  [2.045 12.040 12.099 12.087
Ba 0.004 0.001 0.004 0.001
Ca 0.005 0.009 0.101 0.003
Na 7.697 7.837 7.181 7.207
K 0.001 0.006 0.006 0.004
Sum 7707 7.853 7.292 7.215
cl 1.837 1.894 1.833 1732
Sr-Nd-Pb isotopes Stock I and Stock II excluded (see section relative to
the Cerro Siete Cabezas complex). The correlation
The Cerro Boggiani rock-types show a (r'=0.998) defines a R, ratio of 0.70397 and a slope

tendentiously depleted character, having initial (241
Ma) ¥Sr/*Sr (R,) and "Nd/"**Nd (Nd,) ratios of
0.70368-0.70463 and 0.51242-0.51235, respectively
(cf. Table I of the Appendix). From a general point
of view, the measured “Rb/*Sr vs. ¥'Sr/*Sr ratios are

on the same straight line of the other complexes,

of 0.003483, corresponding to a whole rock age of
244.8 Ma. Notably, this value represents a younger
age than that provided by Veldzquez et al. (1996a),
that is 251-255 Ma, but approaches the “Ar/”Ar
biotite ages

obtained for the Alto Paraguay

complexes, that is, 241-242 Ma (Velazquez et al.,
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1996a and unpublished data). On the contrary, the
isotopic results from Stock I and Stock II, that are
also dealing with Q-normative (up to about 24%)
samples, define a R of 0.70439 and an artificial age
of 259.6 Ma (mixing with the
basement?), “Ar/’Ar
(sample RP-44) give 241 Ma.

In the silica vs. measured *'Sr/*’Sr ratios diagram

crystalline

whereas the biotite age

(Fig. 44A) two main trends are apparent: the first
has relatively low isotopic ratio and points towards

the Fuerte Olimpo rhyolites (Gomes et al., 2000);
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the second one, represented mainly by Cerro
Boggiani rocks and by some silica-rich varieties
from Cerro Pedreira and Stock II, show high isotopic
ratio and point towards the isotopic compositions of
(cf. Table I of the

Appendix). These behaviours draw the attention to

the Alumiador granites

the general question of a possible contamination of
the Alto Paraguay alkaline complexes by basement
rocks. The modelling relative to the initial isotopic
Sr-Nd ratios, using as end-members the "less

evolved" rocks and some basement compositions,

Table 40. Trace element analyses of selected rocks from Cerro Boggiani. Abbreviations as in Table 35.

Sample RP-27 RP-28

RP-29 RP-30 RP-31A RP-31B RP-32 RP-33 RP-34 RP-35

D LF X X D IF
ppm
Cr <l 1 2 1 4 1 2 1 2 1
Ni 4 9 9 6 8 4 2 1 3 8
Rb 258 247 258 310 243 254 121 307 256 305
Ba 36 100 175 76 437 189 150 246 T4 66
Th 39 107 10.1 27.1 49 10.1
U 12.1 48 189 26.7 17.4 3.3
Ta 194 169 146 21.1 28.4 17.3
Nb 203 149 270 215 237 276 123 207 211 124
Sr 76 133 206 137 319 190 106 161 93 107
Hf 331 446 339 29.0 33.9 272
Zr 717 1696 2027 1829 1499 1283 848 1567 1775 1297
Y 15 34 380 355 55 395 9 515 33 40
La 60 1304 719 108.1 137 80.5 56 160.8 113 484
Ce 83 2043 1325 1758 225 1610 99 2405 171 102.1
Pr 144 87 112 11.6 17.8 73
Nd 17 458 201 310 59 356 25 595 39 219
Sm 25 5.8l 30 40 4.1 76 35
Eu 143 080  1.07 1.03 1.88 0.82
Gd 643 380 520 4.0 8.55 3.68
Tb 097 050  0.62 0.74 1.29 0.50
Dy 572 359 452 3.96 7.60 3.02
Er 442 321 380 2.93 5.90 2.37
Tm 085 063 075 0.70 118 0.43
Yb 576 466 614 5.30 8.16 2.87
Lu 073 071 091 0.58 1.03 0.37
Sample RP-36 RP-37 RP-38A RP-38B RP-39 RP-40 RP-41 RP-42 RP-43

LF LF LF LF LF LF IF
ppm
Cr 1 1 1 <1 <1 1 1 <1 2
Ni 6 9 8 8 4 0w 5 5 5
Rb 271 328 273 305 285 340 354 331 223
Ba 66 12 73 17 4 135 13 19 428
Th 161 112 101 287 56 5.1
U 143 99 38 788 18 16
Ta 173 81 121 521 170 62
Nb 240 116 179 98 98 653 186 71 230
Sr 93 48 135 74 74180 72 59 298
Hf 358 348 3238 1494 703 3938
Zr 1679 1754 1577 1670 791 7847 2239 1394 1182
Y 39 39 227 33 14 85 233 23 22
La 82.1 1103 366 9% 28 216 540 520 81
Ce 1169 1642 708 143 38 309 719 68.1 119
Pr 110 43 237 46 42
Nd 240 388 139 33 14 599 113 184 38
Sm 38 6.15 2.0 90 15 25
Eu 087 139 046 219 036 0.58
Gd 410 610 245 125 22 3.10
Tb 046 067 033 162 03 039
Dy 297 444 188 997 21 288
Er 176 263 165 857 23 285
Tm 037 051 033 157 05 058
Yb 202 292 241 1249 43 498
Lu 034 049 041 178 075 0.82
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Fig. 43. A: Primitive mantle- (Sun & McDonough, 1989) and chondrite- (Boynton, 1984) normalized L.LE. and REE
distribution, respectively, for the Cerro Boggiani rocks. The variation fields of the Pdo de Actcar rock-types in light green
are shown for comparison. B: Main type of REE spidergrams in the Alto Paraguay Province. For circled numbers see text. C:
Yb, vs. (La/Yb), of Cerro Boggiani rocks compared with the other occurrences from the Alto Paraguay Province and with
sodic magmatic rock-types from central and soutwestern Paraguay (cf. Comin-Chiaramonti et al., 1997).

highlights the possibility of contamination by about
10% of upper crust for the most analyzed samples,
and an eventual contribution of lower crust up to
20% (Fig. 44B).

In the time integrated &'Sr-g'Nd system (Fig 44C),
the Cerro Boggiani samples plot together to the
other rock-types of the Alto Paraguay complexes
and fit the depleted field corresponding to the Na-
alkaline rocks from southern and central Paraguay
(Late Cretaceous and Tertiary melanephelinites from
Bautista and Asuncion

San  Juan regions,

respectively; cf. Comin-Chiaramonti et al., 1997).

Only two samples from Stock I and Stock II bodies
(RP-47 and RP-212, respectively) and one dyke
from Cerro Pedreira (RP-9) exhibit enriched features
with high &'Sr, i.e. 77 and 18, respectively. Notably,
the sodic, tholeiitic and potassic rocks from
Paraguay delineate a well-defined array from
depleted (Na-alkaline magmatism) to enriched rock-
types (K-alkaline magmatism; Comin-Chiaramonti
etal., 1999).

The Nd-model ages indicate 747+42 Ma. The

histogram regarding the distribution of the model

ages (Fig. 44D) shows a bimodal behaviour driven
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mainly by the Pdo de Acucar and Cerro Boggiani
bodies, and by the Cerro Siete Cabezas complex,
with model ages <800 Ma and around 950 Ma,
respectively.

A few data on Pb isotopes relative to all the
complexes (Table II of the Appendix) indicate that
the ““Pb/Pb and **Pb/*”'Pb vs. *’Pb/*" measured
ratios are on the same array defined by the other
rock-types from eastern Paraguay (Fig. 45). This
array, a sample of Cerro Boggiani excluded, is
between EMI and EMII components and parallels to
the Northern Hemisphere Reference Line (cf. Hart,
1984). Moreover, the lead isotope ratios appear
strongly negatively and positively correlated with Sr
and Nd isotopic data, respectively (Fig. 45), with the
Alto Paraguay rock-types representing an extension
of the field defined by the younger sodic rocks from

eastern Paraguay.

PETROGENETIC CONSIDERATIONS

The formation of cogenetic saturated and
undersaturated rocks within the constraints imposed
by relationships in the Petrogeny's Residua System
of Bowen (1937) (PRS) may be resumed into two
categories (Foland er al, 1993): 1) "special
fractionation schemes or effects that otherwise
obviate the thermal divide in the PRS, as effects of
volatiles, mineral absorption, changing water
pressures, incongruent melting of aegirine"; 2)
"open-system processes that involve some type of
magma interactions with silica-rich crustal materials
via various mechanisms: hydrothermal modification,
crustal contamination combined with fractional
crystallization, or production of anatectic crustal
melts that either directly produce oversaturated
rocks or mix with undersaturated magmas to form
oversaturated ones".

Foland er al. (1993) stated that a silica-under-
saturated magma, lying close to the join of the alkali
feldspars (at temperatures above the "m," mini-
mum), can migrate to silica-oversaturated composi-
tions with a ratio of assimilated/crystallizated mate-

rials *0.2 and less than 10% of "granitic" contami-

nation. If the magma is significantly undersaturated,
contamination may reduce the degree of under-
saturation, but the crystallization may proceed on
before crossing the alkali feldspar join.

Not excluding the first category above, all the
PRS diagrams (cf. Figs. 8, 17, 25, 33 and 40)
support the second category, evolving at very low
total pressures and starting from temperatures above
the feldspar minimum (~865°C). In particular the
Stock I and Stock II rock-types (Fig. 8) and the
Cerro Pedreira dykes (Fig. 17) constitute an
excellent example regarding the Foland et al. (1993)
hypothesis. In support to the above arguments, the
isotopic data for Stock I and II indicate a possible
contamination of less than 20% of crustal
components (Figs. 12 and 44B). Thus, the quartz
modal syenites, Q-normative phonolites and alkali
rhyolitic dyke (e.g. RP-6) from the Alto Paraguay
Province are thought to have been formed by
simultaneous assimilation and fractional
crystallization of a slightly undersaturated magma,
whereas the undersaturated rock-types evolved from

such a magma without appreciable contamination.

CONCLUSIONS

The alkaline complexes from the Paraguay river,
at the border of the Mato Grosso do Sul state
(Brazil) and Chaco Boreal (Paraguay), represent the
oldest magmatic occurrence around the Parand Basin
since the Brasiliano cycle. A common age, that is,
Early Triassic (241 Ma), is inferred by radiometric
“’Ar/”Ar data on biotite specimens.

The alkaline magmatism is assumed to extend for
over 40 km within a relatively well-defined, rift-
related continental structure along the Rio Paraguay
Arch, a tectonic N-S lineament sysmically active up
to present day.

The alkaline complexes have subvolcanic-
volcanic  characteristics, as shown by field
relationships and by mineralogical associations. The
outcrops display ring structures, sometimes cauldron
subsidence and interfingering features. Such

complexes contain evolved intrusive rocks, but not
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direct evidence for the presence of mafic rocks.
Associated dykes and remnants of related volcanic
sequences are also commonly observed.

The  rocks  consist  predominantly  of
undersaturated  agpaitic  syenites  (hypersolvus
varieties) and phonolites.

Subordinate undersaturated and oversaturated
syenites, trachyphonolites and rhyolites are
characterized by plagioclase and/or modal or
normative quartz.

The geochemistry shows, on the whole, quite
similar behaviours. Although a nephelinitic magma
may be considered as a source of the alkaline
complexes from the Alto Paraguay Province, the
strong Eu negative anomalies and the presence of
An-rich plagioclase in some rocks from the central
region (Cerro Pedreira, Morro Distante, Morro
Conceicdo) seem to suggest a basanitic liquid as a
possible parental magma.

The isotope results cluster in a tendentiously
depleted source. However, some Q-normative rocks
appear to have been subjected to crustal
contamination.

All the available data confirm the unique charac-

ter of this magmatic province in the southern Brazil.
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APPENDIX

Analytical methods and Sr-Nd-Pb isotope ratios

Major and trace whole rock elements were
determined by XRF fluorescence techniques using
an automatic PW1400 spectrometer and pressed-
powder pellets. FeO was determined chemically
using the ammonium metavanadate. The analytical
procedures are described in Bellieni et al. (1984).

Trace elements were also determined in selected
samples by ICP mass procedures (cf. Alaimo &
Censi, 1992). The mineral compositions have been
determined in a representative selection of samples
at Padova, Italy (CNR laboratory), and at Sao Paulo,
Brazil (Laboratério de Microssonda Eletrénica do
Instituto de Geociéncias) Universities. At Padova
laboratory, an energy dispersive spectrometer EDS
EG 1G connected to a SEM AUTOSCAN electron
microprobe operating at 15 kV was employed; a
MAGIC program in the ORTEC MAGIC IV M

version was used to convert counting rates into wt%
oxides.

At S@o Paulo laboratory, mineral compositions
were obtained by means of an automated JEOL-
JXA-8600S operating at 15 kV accelerating voltage
and 20-30 nA specimen current.

The standards were oxides or simple silicate
compositions and several samples were systemati-
cally analyzed in the two different microprobe
equipaments, aiming at minimizing the interlabora-
tories bias. The reported analyses are averages of at
least five point-determinations and the results are
considered accurate to within 2-3% error for major
elements and to about 10% for minor ones. Most
amphibole analyses were rejected by usual crystal-
lochemical computational programs, because of the
insatisfactory stoichiometry, reflecting a systematic
disequilibrium for this mineral, and in this paper
only the best stoichiometric results are reported.

Sr, Nd and Pb isotope analyses were performed at
Department of Earth Sciences, University of
Queensland, Australia [NBS987: ¥'Sr/*Sr=0.710231
(25:0.000008), “'Nd/"*Nd=0.511971 (2c:
0.000015), n=21; NBS981: **Pb/*Pb=19.9333
(UQ isoprobe 6:  0.0033), *"Pb/*'Pb=15.4869
(0:0.0025), “*Pb/*Pb=36.6919 (c:0.0073),
*"Pb/*Pb=0.9146 (5:0.0001), **Pb/*Pb=2.1669
(6:0.0002), n=16]. Additional data are from
Veldzquez et al. (1996a). Sr and Nd initial ratios
calculated at 241 Ma; T values: calculation of
model dates relative to a depleted reservoir,
“Nd/""Nd=0.513114  and  "'Sm/"'Nd=0.222,
according to Faure, 1986). It should be noted that at
241 Ma the initial isotopic ratios for the Fuerte
Olimpo rhyolites and for the AZ-2 Porto Murtinho
granite are Sr=0.74827 and 0.76578, and

Nd,=0.51132 and 0.51157, respectively.
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Table I. Rb, Sr, Sm and Nd contents (ppm) and Sr, Nd measured and initial isotopic ratios for Precambrian rock-types and for
alkaline rocks from the Alto Paraguay complexes. (V): Veldzquez et al. (1996a).

Rb  Sr| UstSr,  VstMSr| Sm Nd | 'Nd/Nd, 'UNd/MN | oeg exa T
BASEMENT
FUERTE OLIMPO
RP-19B rhyolite (1341 Ma) 154 179 | 0.756843 (8) 0.70876| 9.2 56.0 | 0.511475(7) 0.51060 80 -6.0|2130
PORTO MURTINHO;
Alumiador AZ-2 granite (1600 Ma) 197 185 | 0.776415 (5) 0.70514| 52 28.0 | 0.511743 (7) 0.51056 33 -0.1/2008
ALTO PARAGUAY COMPLEXES
CERRO SIETE CABEZAS
RP-61 100 413 | 0.706146 (6) 0.70374| 16.10 77.0 | 0.512591 ( 8) 0.51239 | -9.6 1.3| 924
RP-63 105 409 |0.706299 (9) 0.70375| 1491 68.0 | 0.512601 (9) 0.51239 | -9.5 1.3] 972
RP-66 75 216 | 0.707247 (9)  0.70380| 8.09 47.7 | 0.512553 (9) 0.51239 | -8.8 1.2| 789
RP-70 (V) 83 335 /0.70606 (6) 0.70360
RP-70 (V, alkali feldspar) 62 406 1 0.70542 (7) 0.70390
RP-74 137 266 [0.709005 (11)  0.70390| 9.40 52.8 [0.512559 (12) 0.51239 | -7.4 1.2| 812
RP-75 74 393 1 0.705653 (5) 0.70379| 16.41 79.0 | 0.512581 (7) 0.51238 | -9.0 1.1] 932
Stock I
RP-44 137 92 | 0.718966 (6) 0.70418| 5.6 26.9 | 0.512545(7) 0.51235 | -3.4 04| 994
RP-45 (V) 187 23 10.79755 (7) 0.71602
RP-47 128 36 | 0.745277 (9) 0.70988| 8.0 44.0 | 0.512533 (9) 0.51236 77 0.6| 865
Stock IT
RP-54 (V) 133 43 ]0.73800 (12) 0.70730
RP-55 (V) 154 97 [0.72099 (6) 0.70516
RP-56 (V) 170 21 [0.79646 (9) 0.71385
RP-212 246 33 |0.782149 (18) 0.70767| 8.8 42.4 | 0.512573 (9) 0.51238 46 0.9] 972
RP-214 256 711 [0.707305 (9) 0.70374 8.1 38.7 | 0.512586 ( 6) 0.51239 | -9.7 1.2] 933
CERRO PEDREIRA
RP-6 Dyke 189 30 |0.768571 (11)  0.70571| 10.4 103.0 |0.512253 (11) 0.51216 | 18.4 -3.3| 868
RP-7 106 648 | 0.705875 (9) 0.70425 9.2 51.6 |0.512471 (11) 0.51230 | -2.4 -0.5| 934
MORRO DISTANTE
RP-264 113 409 |0.707265 (15) 0.70452] 4.94 29.5 |0.512509 (12) 0.51235 1.5 0.4 834
MORRO CONCEICAO
RP-9 76 35 ]0.726692 (6) 0.70480| 7.6 50.0 | 0.512553 (6) 0.51241 | 5.4 1.6 719
FECHO DOS MORROS
Cerrito
RP-80 89 1481 | 0.705192 (9) 0.70460| 9.2 56.0 [0.512597 (10) 0.51244 | 2.5 2.2| 707
RP-87 123 816 | 0.704678 (6) 0.70318 7.9 53.8 | 0.512570 (9) 0.51243 | -17.5 2.0 682
Ilha Fecho dos Morros
RP-89 98 1126 |0.704862 (11)  0.70400 9.2 56.0 |0.512557 (10) 0.51240 | -6.0 1.4] 758
RP-91 156 741 [0.705620 (10) 0.70353| 11.7 64.2 | 0.512411 (9) 0.51224 | -12.6 -1.8/1038
RP-95 155 642 |0.705840 (10)  0.70345 -13.8
Morro de Sao Pedro
RP-253 145 237 [0.709411 (8) 0.70334| 8.9 54.6 [0.512375 (11) 0.51222 | -15.3 -2.1| 983
PAO DE ACUCAR
RP-100 107 303 |0.707046 (12) 0.70354| 13.4 87 10.512588 (12) 0.51244 | -12.4 2.2| 683
RP-103 114 308 | 0.707265 (8) 0.70359| 13.6 91 0.512601 (12) 0.51246 | -11.7 2.6| 653
RP-114 68 1307 10.704066 (12) 0.70355| 10.1 68 10.512579 (12) 0.51244 | -12.4 2.1| 676
CERRO BOGGIANI
RP-27 258 76 | 0.737916 (8) 0.70415 2.5 17.0 |0.512487 (8) 0.51235 | -3.9 0.4] 780
RP-29 278 195 [ 0.718782 (5) 0.70463 3.0 20.1[0.512489 (7) 0.51235 2.9 0.4 785
RP-30 310 137 | 0.726447 (8) 0.70396| 4.1 31.0 [0.512496 (9) 0.51237 | -6.5 0.8| 720
RP-40 340 180 |0.722446 (10) 0.70368 9.0 59.9 |0.512561 (8) 0.51242 | -104 1.8] 703
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Table II. U and Th contents (ppm) and measured Pb isotopic ratios for Precambrian rock-types and alkaline rocks from the
Alto Paraguay Province.

U Th 2()6pb/21)4pb 2l)7Pb/2(l4Pb Z(IXPb/Z(MPb

BASEMENT
FUERTE OLIMPO

RP-19B rhyolite (1341 Ma) 19.0528(5) 15.8429(5) 39.4461(5)
PORTO MURTINHO

Alumiador AZ-2 granite (1600 Ma) 18.7230(2) 15.9432(2) 38.0084(2)

ALTO PARAGUAY COMPLEXES
CERRO SIETE CABEZAS

RP-75 27 7.9 | 18.6761(3) 15.6614(3) 38.3646(3)
Stock I

RP-44 3.0 9.7 | 18.7887(1) 15.6866(2) 38.6213(2)
MORRO CONCEICAO

RP-9 18.3339(1)  15.6447(1) 38.2633(1)
FECHO DOS MORROS

Cerrito

RP-87 3.4 3.0 18.9676(1) 15.6973(1) 39.1110(1)
PAO DE ACUCAR

RP-114 43 82| 19.63502) 15.7260(2) 39.5113(2)
CERRO BOGGIANI

RP-29 4.8 10.7 | 21.2584(5) 15.7798(5) 38.9307(6)

Mesozoic to Cenozoic Alkaline Magmatism in the
Brazilian Platform

Comin-Chiaramonti, P. & Gomes, C.B. (eds.)
Edusp/Fapesp, Sao Paulo, pp. 71-148, 2005



MINERAL CHEMISTRY OF ACCESSORY MINERALSIN
ALKALINE COMPLEXES FROM THE ALTO PARAGUAY
PROVINCE

S. Carbonin, F. Liziero and C. Fuso

Electron microprobe analyses were performed by wavelength dispersion method on some accessory silicate
minerals of syenitic rocks from the Alto Paraguay Province. The identified rosenbuschite and lavenite mineral
phases are quite rich in MnO. The structural formula of eudialyte was satisfactorily calculated on the basis of
the number of cations, rather than of anions, and indicated intermediate characteristics between eudialytes s.s.
and those REE-rich. The P-rich and REE-rich titanosilicate phases form small polycrystalline aggregates and
are extremely heterogeneous in composition. Non-stoichiometry analyses are mainly interpreted as due to the

partially amorphous state of these compounds.

INTRODUCTION

The study of akaine rocks from the Alto
Paraguay Province has revedled the presence in
syenitic rocks of some accessory silicate minerals,
generally rare, but commonly found in these rock-
types. The main characteristic of these minerals is
the abundance of strategic elements such as Ti, Nb,
Zr, Th and Rare Earth Elements (REE). This paper
presents the results of extensive microprobe analyses
carried out in some of them.

ROCK SAMPLES AND
CLASSIFICATION

MINERAL

The fundamental mineralogy, petrochemistry and
geochemistry of the rocks in which the investigated
minerals are present have already been the subject of

comprehensive studies (Comin-Chiaramonti ef al.

and therein references, in this volume) to which
readers are referred. Localities and rock-names are
as follows:

1) Cerro Boggiani: RP-31A (peralkaline nephel-
syenite), RP-33 and RP 40 (peralkaline phonolites);

2) Cerro Siete Cabezas: RP-52 (peralkaline
syenite).

According to Gaines et al. (1997) classification,
the accessory minerals are structurally sorosilicates,
with additional O, OH, F and H,0O (rosenbuschite,
lavenite, chevkinite), and cyclosilicates (eudialyte).
On the other hand, Deer et al. (1997) classify rosen-
buschite and lavenite as disilicates of the seidozerite
and cuspidine groups, respectively, and eudialyte as
a ring silicate. However, all these minerals are still
subject of extensive investigation by crystallogra-
phers all over the world (see references). The order

of presentation here is on the basis of locality.
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CHEMICAL ANALYSES

Compositions were obtained on a Cameca/
Camebax electron microprobe at the Istituto di
Geoscienze e Georisorse (IGG), CNR Padova.
Analyses have been made by wavelength dispersion
method at different accelerating voltages and beam
currents, ranging between 15-20 kV and 10-20 nA,
respectively, on the basis of the mineral phase. X-
ray counts were converted into oxide mass
percentage by a PAP correction program provided
by Cameca. Minerals and synthetic oxides were used
as standards. Particular care was taken in the
analysis of Na (e.g. rosenbuschite, lavenite,
eudialyte): where it was abundant, the element has
been always analysed first with a defocalized
electron beam; unfortunately, the loss of Na is still
apparent in some analysed points. Particularly in
rosenbuschite samples, quantitative analyses were
difficult mainly as a result of the small size and
needle-like shape of the mineral. Moreover, for
REE-rich minerals, it was necessary to tackle the
interference problems due to the extremely complex
L spectra of these elements. A suitable strategy was
adopted here to achieve satisfactory results: 1)
interferences were minimized by employing La
peaks for La and Ce; 2) resolution was increased by
using LIF as analysing crystal; 3) synthetic REE-

phosphates were selected as appropriate standards.
Disilicates

These minerals are all characterized by (Si,0,)
pairs of tetrahedra and by octahedral cations,
varying from the small-radius high-charge Ti", Zr"
and Nb™, to Mn™* and Fe™, and the larger-radius low-

charge Na" and Ca™ (Bellezza et al., 2003).

Rosenbuschite

Rosenbuschite grains from Cerro Boggiani sam-
ples RP-31A and RP-33 are needle-like to fibrous in
shape and exhibit high relief and weak pleochroism
(white to yellowish-white). The average analyses of
samples RP-31A and RP-33 (Table 1) are quite

comparable, having a MnO content (~3 wt%)
significantly higher than that given by the mineral
from Langesundfjord nepheline syenites (Norway)
and similar to that found in Zaangar’ya rocks
(Russia) (Deer et al., 1997).

Lavenite

The lavenite crystals from Cerro Boggiani sample
RP-40 are xenomorphic, showing medium to high
relief and a pale yellow colour; pleochroism is weak
(whitish to pinkish-yellow). Electron microprobe
analyses (Table 2) contain quite variable ZrO,
content (23-30 wt%); an inverse relationship
between ZrO, and TiO, is also indicated in the
analyses. Point analysis 30 in grain s6 yielded the
following crystal chemical formula calculated on the
basis of 9 (O, F):

(Na,,.Ca, ), (Mn, Fe, Mg, Ti, , Ca, ,).q
(Zr,,,Ti, Nb ) (Si,,,0,,000,F 1

0.10” 1.00

which is particularly close to the comprehensive
crystal chemical formula suggested by Mellini
(1981): W,XY(Si,0,)0(0,0H,F), where, W=Na,
Ca; X=Mn, Fe, Mg, Ti and some Ca; Y=Zr, Ti, Nb,
Ta.

Also in lavenite, as in rosenbuschite, the high
MnO concentration is noteworthy (~6 wt%) and
similar to that shown by the same mineral
crystallizing from the Junguni magmas and late
fluids in Malawi (Woolley & Platt, 1988).

Ring Silicates

The identified mineral phase is a Na-rich
zirconosilicate characterized by both three- and

nine-membered rings of (SiO,) tetrahedra.
Eudialyte

Eudialyte from Cerro Boggiani sample RP-33 is
roundish oval in shape and has high relief and colour
ranging from pale yellow to pale pink. This Na-rich
zirconosilicate is particularly common in agpaitic
syenitic rocks and associated pegmatites. According

to more recent detailed crystal chemical studies
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Table 1 (continued).

Mineral Chemistry of Acessory Minerals in Alkaline Complexes from the Alto Paraguay Province

RP-33 A A A A A s5 5 s5 6 8 Av. S
31 32 33 34 35 36 37 38 40 4 Dev.
SO, 3146 31.09 3092 32.61 31.33 3230 31.63 31.43 3044 30.46 31.37 0.70
TiO, 810 7.00 774 876 764 997 854 870 683 811 814 0.92
ZrO, 12.68 17.25 1451 15.06 16.62 9.84 11.12 9.26 14.38 1353 1342 2.70
Nb,Os 159 106 127 133 102 183 249 240 185 155 164 051
FeO 070 080 064 068 068 045 064 055 063 073 065 0.10
MnO 232 187 248 274 223 482 379 381 191 352 295 098
MgO 007 018 009 012 010 012 011 003 009 013 0.10 0.04
Ca0 26.39 24.02 2443 2557 2452 2641 26.73 27.64 2455 2358 2539 1.35
Na,O 933 966 922 838 959 827 889 863 950 993 914 057
F 843 832 808 839 805 873 860 864 884 884 849 0.29
Total 101.07 101.25 99.39 103.64 101.77 102.75 102.54 101.07 99.01 100.38 101.29 1.46
O=F 355 350 340 353 339 367 362 364 372 372 358 012
Total  97.52 97.75 95.99 100.11 98.38 99.07 98.92 97.44 9529 96.65 97.71 1.47
S 1986 1.977 1.991 2.004 1.980 1.991 1.970 1.977 1.970 1.948 1.980 0.015
Ti 0.385 0.3350.375 0.405 0.363 0.462 0.400 0.412 0.333 0.390 0.386 0.038
Zr 0.390 0.535 0.456 0.451 0.512 0.296 0.338 0.284 0.454 0.422 0.414 0.086
Nb 0.045 0.031 0.037 0.037 0.029 0.051 0.070 0.068 0.054 0.045 0.047 0.014
Fe* 0.037 0.042 0.035 0.035 0.036 0.023 0.033 0.029 0.034 0.039 0.034 0.005
Mn 0.124 0.101 0.135 0.142 0.119 0.252 0.200 0.203 0.105 0.191 0.157 0.051
Mg 0.006 0.017 0.009 0.011 0.009 0.011 0.010 0.003 0.009 0.012 0.010 0.004
Ca 1785 1.637 1.686 1.684 1.660 1.744 1.783 1.863 1.703 1.616 1.716 0.077
Na 1142 1.191 1.152 0.998 1.175 0.988 1.074 1.053 1.193 1.232 1.120 0.086
Sum 5901 5.866 5.876 5.767 5.884 5.818 5.878 5.892 5854 5.895 5.863 0.041
F 1682 1.674 1.645 1.632 1.608 1.701 1.694 1.720 1.809 1.788 1.695 0.064
S1 0.988 1.060 1.046 1.081 1.069 1.095 1.051 0.999 0.988 1.099 1.048 0.042
S2 2.927 2.828 2.838 2.682 2.835 2.732 2.857 2916 2.895 2.848 2.836 0.077

(Johnsen & Grice, 1999), the “formula calculation is
generally problematic because of the wide variety of
chemical substitutions, site vacancies, variations in
the total number of anions”. Moreover, “an accurate
formula for eudialyte can only be constructed from
data based on structural information”. However,
according also to those authors, a reasonable
formula can be derived from microprobe analyses on
the basis of the number of cations, rather than
anions: i.e. those accommodated in the silicate rings,
in M(3) site, and the Zr octahedra ideally adding up
to 29: (Si+Al+Zr+Ti+Hf+Nb+W+Ta). A general
empirical formula may be written as follows:

Na, [M(D)],IM(2)],Zr,[M(3)](Si,0,,) (O,0H,H,0),
X,, where Na sites may also contain REE, Sr, Ca, K,
Mn, H,0; M(1)=Ca, Mn; M(2)=Fe, Mn; Zr sites
may also contain Ti; M(3)=Nb, Ti, W, Mn, Si;
X=CLF.

The calculated eudialyte analyses are listed in
Table 3 and allow the mineral to be placed between
eudialyte s.s. and an REE-rich type (Gula, 2002).

Point analysis 16 in grain s2 gave the following

crystal chemical formula:

(Na Ca K SrU.]OLaO.IBCCO,US)IB.OS (Ca Mn

10.85 1.70770.19 4.90

(FCZ.OZMHO.QOMgﬂ.oz)lﬂﬂzrfm()ﬂ
(Nb0.39TiO.ZOZr0vOQSi0,33)l.OISi24Y96A1 O Cl

0.04~74.23

].10)6.00

1.13

which shows a cation deficiency in the Na sites, a
phenomenon already reported in the literature. As
mentioned above, structural analyses are in need to
confirm the chemical characteristics of the mineral,
but, from an analytical viewpoint, the data obtained

may be considered as satisfactory.

Titanosilicates

In Cerro Siete Cabezas sample RP-52 at least two

types
occurring often interstitially amongst the coarse-

of accessory minerals were identified,

grained feldspar. They are all characterized by high
relief, strong colours from brownish-yellow to
reddish-orange, and rather small size, which ranges
from ca. 200 to 50 p from grain to grain. In general,
the grains tend to form polycrystalline aggregates,
indicating mineral

intergrowths among various

phases, even smaller in size, and quite

heterogeneous compositions on electron microprobe

analysis. Problems of non-stoichiometry were also
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found in the calculation of the formulas, the main
reason being the partially metamictic state of the
compounds (Liziero et al., 2003), probably owing to
the constant presence of ThO, (ca. 2 wt%) in the
composition. On the basis of microprobe results
alone, they were tentatively classified as P-rich and

REE-rich titanosilicates.

Table 2. Microprobe analyses of 1&venite from sample RP-
40 (s3-6 are different grains in thin section; 25-30 are
different point analyses). Numbers of ions on the basis of

9(0, F.

s3 s3 A 6 Av. St

25 26 29 30 Dev.
SO, 3258 3144 3030 2949 30.95 135
TiO, 375 303 430 640 437 145
Zr0O, 29.90 2999 2847 2268 27.76 3.46
Nb,Os 140 18 177 336 210 0.86
FeO 297 239 193 399 282 089
MnO 599 533 625 680 6.09 061
MgO 010 009 015 012 011 0.02
CaO 12.43 1353 13.01 1183 1270 0.73
Na,O 680 6.34 1062 1035 853 227
F 533 631 6.09 531 57 052
Total 101.25 100.32 102.90 100.32 101.20 1.22
O=F 224 266 257 224 243 022
Total 99.01 97.66 100.33 98.08 98.77 1.18

Si 2131 2079 1978 1968 2.039 0.079
Ti 0.185 0.151 0.211 0.321 0.217 0.074
Zr 0.954 0967 0906 0.738 0.891 0.105

Nb 0.041 0.056 0.052 0.101 0.063 0.026
Fe** 0.163 0.132 0106 0.222 0.156 0.050
Mn 0.332 0.298 0.346 0.384 0.340 0.036
Mg 0.009 0.009 0.014 0.012 0.011 0.002
Ca 0.871 0.959 0.910 0.845 0.896 0.050
Na 0.862 0.814 1.345 1.338 1.090 0.291
Sum 5548 5465 5868 5.929 5.703 0.230
F 1103 1.321 1.259 1.120 1.201 0.106

P-rich titanosilicates

Electron microprobe analyses are listed in Table
4. Considering the high P,O, content, the paragenesis
and also the preliminary transmission electron
microscopy results (E. Belluso, pers. comm.), the
mineral is believed to be structurally similar to
bornemanite, with both SiO, and PO, groups and
modular structure (Ferraris et al., 2001). However,
confirming its real structure will be only possible by
means of structural analysis, presently in progress,
although the extremely small size of the grains
makes such study particularly difficult. Trans-
mission electron microscopy data indicates that this
P-titanosilicate is not homogeneous in composition,

even on a submicrometric scale. Thus, it is admitted
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that the electron microprobe analyses are “contami-
nated” as a result of the presence of more than one
mineral, smaller in size than the electron microprobe
beam, and that the chemical data alone are not

sufficient to provide a reliable structural formula.

REE-rich titanosilicates

REE-rich titanosilicates are chemically heteroge-
neous in composition: on reflected light microscopy,
the minerals exhibit complex zoning with patches of
more and less metallic areas. Preliminary single-
crystal CCD diffractometric results show that they
are partially amorphous, with the crystalline portion
allowing to determine the cell parameters of the
chevkinite group minerals. They are Rare Earth tita-
nosilicates with complex composition and general
formula: ABC,D,O, (5i,0,),, where A=Ce Earth
Elements, Ca, Th, Sr, Ba (coordination 8+3); B=Fe,
Mn, Mg; C=Ti, Fe, Nb, Mg, Al; D=Ti, and rare Fe,
Nb, Mg (B, C, D octahedral sites). However, the col-
lapse of the interlayer ¢ dimension in these samples
points to a phenomenon already known among the
Kola Peninsula titanosilicates as “decationization of
interlayer population” (Ferraris, 1997): ions with
greater radius (e.g. REE) lying between the layers
tend to leave first the chevkinite framework.

Electron microprobe analyses (Tables 5a-d and
Table 5e) draw the attention to the quite variable
composition of these minerals and highlight the
above phenomenon. Compositions relative to areas
with low-, medium- and high-REE contents and
those with particularly high Ti concentrations have
been grouped in Tables S5a-c and Table 3d,
respectively. From the data listed in Table 5c (high-
REE)

tentatively calculated on the basis of 22 atoms of

alone, a chevkinite-like formula was
oxygen. It resulted to be strongly non-stoichiome-
tric, on average of the A,BC,D,Si.0,, type, i.e. with
both deficiency in interlayer population and overes-
timate of Si atoms with respect to the ideal chev-
kinite structure. Finally, the data are also indicating
the more Fe enriched composition of sample 10

(Table 5e) in comparison to sample 6 (Tables 5a-d).
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Table 4. Microprobe analyses of P-rich titanosilicate from
sample RP-52 (1-4 are different point analyses).

1 2 3 4 Av
S0, 652 623 886 819 7.45
AlLO; 772 782 7.99 842 7.99
TiO, 31.88 3242 2593 26.29 20.13
Zr0, 151 143 122 156 143
Nb,Os 7.44 753 648 547 6.73
FeO 1520 1503 1211 13.1 13.86
MnO 029 024 021 018 023
MgO 007 009 007 009 008
Ca0 148 155 179 173 164
K,0 019 028 019 029 0.24
BaO 021 041 062 035 040
La0; 163 176 319 25 227
CeO; 442 358 597 550 4.89
ThO, 298 296 246 253 273
P,Os 1265 12.49 12.61 1341 12.79
Total  94.19 93.82 89.70 89.70 91.85

Table 5a. Microprobe analyses of low-REE area in
titanosilicate 6 from sample RP-52 (36-80 are different
point analyses).

36 38 63 64 72 78 80 Av.
SO, 2805 27.60 2456 27.00 26.87 28.65 28.42 27.31
AlL,O; 074 076 078 083 0.77 084 085 0.80
TiO, 25.65 28.76 27.43 24.81 24.97 2455 26.19 26.05
ZrO, 112 126 121 151 130 121 124 127
Nb,Os 725 730 763 743 746 740 7.70 7.45
FeO 819 878 922 870 7.82 820 837 847
MnO 022 028 031 027 029 032 025 028
MgO 0.06 003 005 004 004 005 004 004
CaO 143 149 142 143 160 139 130 144
K0 017 020 019 017 016 012 020 0.17
BaO 042 011 008 023 000 007 000 013
LaO; 345 319 368 342 397 364 291 346
Ce0; 882 744 7.79 812 840 861 741 8.08
ThO, 187 197 168 18 173 187 207 186
Total  87.45 89.16 86.03 85.82 85.37 86.89 86.96 86.81

Table 5b. Microprobe analyses of medium-REE area in
titanosilicate 6 from sample RP-52 (37-71 are different
point analyses).

37 4 51 5 69 70 71 A
SO, 27.72 2750 29.64 27.91 26.78 27.23 26.32 27.59
Al,O; 079 082 079 082 076 082 077 0.80
TiO, 2532 2696 21.33 21.24 24.38 24.77 26.42 24.35
Zro, 114 128 120 111 125 130 138 124
Nb,Os 676 701 648 676 7.22 705 7.26 6.93
FEO 801 805 735 7.32 770 829 830 7.6
MnO 017 030 034 023 023 029 024 0.26
MgO 003 006 006 004 009 008 005 0.06
CaO 154 161 165 175 168 161 156 1.63
K, O 018 015 020 013 013 015 011 0.5
BaO 000 026 000 008 018 022 053 0.8
La,O; 446 448 483 489 539 418 406 461
Ce0; 929 944 1111 11.04 908 941 933 09.82
ThO, 169 188 176 181 189 187 175 181
Total 87.08 89.81 86.74 85.13 86.77 87.27 88.08 87.27
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CONCLUDING REMARKS

Electron microprobe analyses of some accessory
minerals in syenitic rocks from the Alto Paraguay
Province confirmed the presence of Zr and Ti
disilicates, such as rosenbuschite, in Cerro Boggiani
samples RP-31A and RP-33 and also of lavenite in
sample RP-40. Moreover, in sample RP-33, the Na,
Zr-rich ring silicate eudialyte was determined. The
mineral chemistry of these phases pointed to the
significantly high concentration of MnO in both
rosenbuschite and lavenite, and the intermediate
nature of eudialyte, which displays characteristics
between eudialyte s.s. and an REE-rich type.

RP-52,

microprobe analyses of REE-rich titanosilicates

In Cerro Siete Cabezas sample
were not conclusive for mineral classification,
mainly as a result of the non-stoichiometric
structural formulae of the minerals. Probably,
intergrowth textures among different REE-rich
phases, both structurally complex and partially
amorphous, and also smaller in size than the beam
diameter, are thought to be responsible for the strong
chemical variations shown by the different analysed
points. Additional work from a structural viewpoint

will be necessary for a better understanding of these

complex phenomena.
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Table 5d. Microprobe analyses of high-Ti area in titanosilicate 6 from sample RP-52 (33-67 are different point analyses).

33 34 35 39 40 65 66 67 Av.
SO, 2116 2090 21.18 2559 20.50 21.01 23.56 21.68 21.95
Al,O; 068 059 069 069 064 064 073 0.70 0.67
TiO, 3555 36.09 35.78 3225 36.42 32.46 30.91 33.19 34.08
ZrO, 122 111 103 103 116 123 121 114 114
Nb,Os 818 888 871 851 851 799 832 913 853
FeO 11.69 11.49 11.37 10.01 11.73 11.09 10.36 11.03 11.10
MnO 031 037 036 028 034 037 026 033 033
MgO 003 001 001 0.05 002 006 005 0.04 0.03
CaO 100 084 091 118 082 099 100 086 0.9
K,0 017 018 019 016 014 019 011 019 0.17
BaO 035 012 050 007 013 016 016 018 0.21
La0; 169 184 216 252 245 264 253 208 224
Ce0O; 567 502 577 738 505 531 6.02 488 564
ThO, 222 222 204 229 228 19 229 188 215
Total 89.92 89.66 90.70 92.01 90.19 86.10 87.51 87.31 89.18

Table 5e. Microprobe analyses of titanosilicate 10 from sample RP-52 (20-30 are different point analyses).

20 21 22 23 24 25 26 27 28 29 30 Aw.
SO, 2538 2599 26.21 29.70 29.24 26.33 25.68 26.49 31.14 27.95 2497 27.19
AlLO; 087 088 092 102 095 092 100 093 113 1.03 0.79 0.9
TiO, 15.01 14.48 13.54 13.24 12.65 13.98 15.64 1448 11.81 12.40 15.11 13.85
ZrO, 090 108 09 084 084 104 120 101 076 067 101 0.93
Nb,Os 618 6.11 6.39 612 559 641 6.76 653 6.80 7.37 6.46 6.43
FeO 18.49 17.67 16.81 16.20 17.15 19.88 16.87 17.08 18.38 20.86 13.83 17.57
MnO 021 018 030 015 017 017 022 031 022 020 018 021
MgO 003 002 006 008 002 004 003 004 002 005 0.03 0.04
CaO 166 166 18 155 162 146 193 177 114 130 172 160
K,O 014 006 021 011 008 005 020 004 005 0.08 0.04 0.10
BaO 022 019 000 000 008 000 000 000 029 0.00 0.00 O0.07
LaO; 422 472 464 436 433 413 514 402 38 379 532 441
Ce0O; 1022 997 1018 921 9.08 843 1005 912 747 735 11.25 930
ThO, 139 148 148 223 246 136 138 145 128 122 125 154
Total 8491 8449 8348 84.80 84.26 84.20 86.09 83.27 84.36 84.25 81.96 84.19
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ALKALINE COMPLEXES FROM SOUTHEASTERN BOLIVIA

P. Comin-Chiaramonti, C.B. Gomes, V.F. Veldzquez, P. Censi, P. Antonini, F. Comin-Chiaramonti
and R. Punturo

Similarly to other peripheral areas of the Parand Basin, southeastern Bolivia is characterized by the presence of
Early Cretaceous potassic alkaline-carbonatitic rocks and Late Cretaceous potassic alkaline rocks in the
regions of Velasco and Candelaria, respectively. These regions correspond to well-defined tectonic areas, i.e.
Guaporé craton and Sunsas belt, respectively. The Velasco alkaline magmatism is represented by a group of
interfingering plutons mainly lying along a narrow NE-trending belt, by an associated dyke swarm and by
scarce volcanic remnants. Intrusive rocks consist of nepheline syenites, nephel-syenites, syenites, quartz syenites
and granites; effusive types range from trachyphonolites to trachytes, whereas the dykes show both silica-
oversaturated and silica-undersaturated varieties. Hypersolvus rocks seem to prevail, and agpaitic,
metaluminous and peraluminous types occur even in a single pluton. Some carbonate-rich xenoliths or isolated
blocks in the Velasco complex are indicative of an associated carbonatitic activity. Mineralogical results point
up, in general, to a shallow depth and subvolcanic character for the intrusions and an apparent important
activity of volatile phases such as F, Cl, SO, and H,0. Petrochemical data are not indicative of simple genetic
links among all the rock-types, e.g. derivation by crystal fractionation from a common source, and suggest
several different trends or distinct rates of emplacement. In particular, quartz-normative magmas appear to have
assimilated upper crust material, whereas nepheline-normative rocks usually seem to have been not appreciably
affected by open-system crustal magma chamber processes. Sr isotope systematics display a common age of
about 140 Ma for both undersaturated and oversaturated rocks, but with different initial isotopic ratios, i.e.
Y81/*°Sr=0.70445 (nepheline-bearing rock-types), 0.70619 (quartz syenites) and 0.70666-0.70745 (granites and
aplogranites, respectively), indicating a possible role of progressive crustal contamination for the oversaturated
types, probably due to the slow rate of emplacement. Sr-Nd data confirm the role played by crustal
contamination processes due to mixing or mingling with the basement rocks. Nd model ages for the
undersaturated types fit an age of 600+31 Ma, whereas the oversaturated ones span from 1031 to 1302 Ma (av.
1163143 Ma), suggesting for the latter some mixing with the model ages of the basement rocks. Cerro
Manomdo, about 20 km NE of the northernmost fringe of the Velasco complex, forms a hill characterized by Fe-
and Si-rich bands to which some authors have proposed a genesis linked to an important carbonatitic
magmatism in the region. As a matter of fact, U-Th and REE concentrations along apatitite lens and sideritic-
ankeritic blocks seem to support the above hypothesis. However, Cerro Manomo shows general characteristics
which are very similar to those found in some worldwide banded iron formations. Candelaria rocks are
represented by a few rock pavements and knolls, i.e. microsyenites, nephel-syenites and trachytes, roughly
similar in composition to some Velasco rock-types and to Ponta do Morro alkaline rocks (Late Cretaceous:
Mato Grosso state, Brazil, Poxoréu region). Rb/Sr errorchron provided an age around 80 Ma and initial
¥81/*Sr=0.70470. Sr-Nd isotopes show values similar to those obtained for the Poxoréu igneous province, but
with a Nd model age of 928+19 Ma. The coexistence of Early and Late Cretaceous alkaline magmatism in
southeastern Bolivia, in analogy to other border areas of the Parand Basin Ls., e.g. Eastern Paraguay and
Namibia, puts severe constraints to any geodynamic interpretation based on mantle plume models.
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INTRODUCTION

Southeastern Bolivia is part of the Rondo6nia
block and of the Sunsas-Aguapei belts, at the
southwestern fringe of the Amazonian craton
(Teixeira et al., 1989; Leite & Saes, 2000; Tohver et
al., 2002), where about 30 km of crustal rocks
overlap a thick continental lithospheric mantle
(Jaillard et al., 2002).

The Rondénia block (Paragud craton or San
Ignatio block, of Litherland et al., 1986, 1989) is
characterized by high to medium grade metamorphic
rocks and granitic complexes in the Paragua region,
mainly 2.0-1.3 Ga in age (Bolivian Chiquitania
Gneissic Complex, Lomas Maneches Granulite
Complex, San Ignatio Schist Supergroup and
Pensamiento Granite Complex: cf. Litherland &
Bloomfield, 1981; Litherland et al., 1989; Sousa,
1991).

The Rondbnia block is bordered by the Rio
Negro-Jurema Province (crystalline basement: 1.7-
1.5 Ga) on the eastern side, through the Marechal
Rondon Shear Zone (Teixeira & Tassinari, 1984).

The NW-SE-trending Sunsas belt (inset of Fig.
1), at the southern rim of the Paragua (Ronddnia)
block, is bordered at the western side by the NNW-
trending Aguapei belt and represents the reactivated
basement (1.3-0.9 Ga; cf. Litherland et al., 1989;
Sadowski & Bettencourt, 1996; Geraldes et al.,
2000, 2001; Tohver et al., 2002).

The region was the site of two main alkaline
magmatic episodes in Early and Late Cretaceous
times (Almeida, 1983), i.e. Velasco and Candelaria
igneous provinces (inset of Fig. 1), in the Rondonia
block and in the Sunsas belt, respectively
(Darbyshire & Fletcher, 1979; Litherland et al.,
1986, 1989; Sadowski & Bettencourt, 1996).

The Velasco Province (Fletcher, 1979; Fletcher &
Beddoe-Stephens, 1987), as shown in Fig. 1,
consists of almost 14 overlapping ring and elliptical
plutons (granite to nepheline syenite in composi-
tion), a western satellite body (Las Copas granite;

Litherland et al., 1986) and a northeastern complex
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(Cerro Manom6: "silicified ferrocarbonatitic comp-
lex", according to Fletcher et al., 1981), all empla-
ced in Precambrian gneisses, migmatites and grani-
tes of the San Ignatio-Rio Guaporé belt (1366 Ma;
Darbyshire & Fletcher, 1979; Almeida et al., 2000).
K/Ar determinations give an average value of 136+7
Ma, and Rb/Sr isochron ages are 141+5 Ma and
144+4 Ma for the Cabeza de Toro and Cerro Bamba
plutons, respectively (Darbyshire & Fletcher, 1979;
Litherland et al., 1986).

The Candelaria Province (Pitfield, 1979) is
poorly documented, with its alkaline magmatic rocks
only represented by a few knolls, mostly buried
under a thick alluvium of the Pantanal basin, which
are overlying a Middle-Proterozoic sedimentary
basin (Fortuna Formation of Alvarenga & Saes,
1992). According to Litherland et al. (1986), the
main rock-types are micronordmarkites, quartz
syenites and nordmarkites, displaying K/Ar ages of
76+2, 90+3 and 116+17 Ma, respectively.

The petrography, petrochemistry, mineral che-
mistry, geochemistry and Sr-Nd isotopic systematics
of the alkaline rocks from southeastern Bolivia will
be described mainly on the basis of a new extensive
sampling chiefly performed (1999 and 2002) by the
first three authors. Analytical procedures are discus-

sed in Comin-Chiaramonti et al. (in this volume).

VELASCO ALKALINE COMPLEXES

The alkaline plutons, with diameters of 1 to 8 km,
crop out over an area of 500 km® and intrude the
Precambrian metamorphic rocks, mainly along a
NE-trending fault system. The main plutonic bodies
are: Todos Santos, Taperas, Tirari, Retiro, San
Miguelito, Cabeza de Toro, Bamba, San Francisco,
Mercedes, Zuialito, Uructd, Tanomonia and Prado
(Fig. 1). Volcanic rocks (agglomerates, tuffs and
porphyritic trachytes) have been found only along
the Paragud river (cf. San Miguelito complexes of
Fig. 1). Alkaline dykes (aphyric, porphyritic and
fine-grained types, 1-3 m thick, with subvertical dip
and mainly presenting NE and E-W attitudes) are

widespread and penetrate both the plutons and the
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surrounding crystalline basement up to 30 km from

the nearest complexes.

Petrography, classification and nomenclature

In the R-R, diagram (Fig. 2A; cf. De La Roche et
al., 1980) the intrusive samples that have been
analysed are dominantly syenites, quartz syenites
and granites (44, 8 and 20%, respectively), with
subordinate nephel-syenites and nepheline syenites

(18 and 10%, respectively; cf. Table 1). According

[ ] Laerite

I Carbonatite

I Granite and quartz syenite
Il Syenite

I Nephd -syenite and nephdline syenite
B Volcanics

[ Gneiss, migmatite and granite
— Fault
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to the IUGS classification (cf. Le Maitre, 1989), the
alkali

subordinate granites, quartz-alkali feldspar syenites

rock-types are feldspar granites and

and quartz syenites, alkali feldspar syenites, foid-
alkali
syenites and foid syenites (Fig. 2B). The nepheline

bearing feldspar syenites, foid-bearing
is the principal feldspathoid in the undersaturated
rocks, and haliyne and/or sodalite megacrysts are
present in the strongly undersaturated nepheline

syenites (e.g. PV-22 and PV-27 samples).

Cerro Manomo

I Cretaceous igneousrock

Phanerozoic cover

[ Cryddline basement (1.5-0.9 Ga)
~= Magor faults

VC Velasco Complexes

CM Cerro Manomo

LC LasCopas

Fig. 1. Geological sketch-map of the Velasco alkaline province, modified after Litherland ez al. (1986) and Fletcher &
Beddoe-Stephens (1987). A, agpaitic rock-types (see Fig. 3). Inset: generalized geology of the Rondonia block and Sunsas
belt, showing the location of the Candelaria alkaline province (modified after Litherland er al., 1989; Sadowski &

Bettencourt, 1996; Geraldes et al., 2000, 2001).

Table 1. Major, trace element analyses and CIPW norms of representative rock-types from the Velasco complexes.
AL =(Na,0+K,0)/ALO, (molar ratio); R1-R2, as defined by De La Roche et al. (1980) (cf. Fig. 2). For analytical methods

see Comin-Chiaramonti et al. (in this volume).
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TODOS SANTOS TIRARI TAPERAS RETIRO
Sample 20 21 22 23 28 29 30 31 31A 32 33 34
Dyke
wt%
Sio, 58.57  58.60 56.42 55.34| 73.06 71.84] 6242 66.71 63.58  63.25 4345 63.88
TiO, 0.91 0.79 1.02 1.34| 014 018 0.60 0.15  0.20, 0.44 036 045
AlLO, 17.14  19.05 18.07 18.10/ 13.20 13.13| 16,51 1696 1653 16.99 10.64 17.16
Fe,04 2.42 2.40 2.99 3.17)  1.00  1.39 247 099 347 113 0.51 1.14
FeO 2.37 2.24 3.10 3.64|  1.02 1.41 1.96 072 0.93 0.87 094
MnO 0.17 015 020  0.16] 009 006/ 019 012 016  0.10 0.64  0.10
MgO 1.42 0.95 1.72 2,07/ 0.01 0.01 051 009 024 0.45 025 045
Ca0 338 3.03 387 476/ 072 093] 161 049 112 282 19.79  2.85
Na,O 5.56 6.10 5.73 5.29 4.24 4.41 6.47 6.57 7.12 6.01 3.72 6.07
K,0 523 5.12 4.66 422/ 530 525 6.03 653 547 6.15 448 621
P,05 0.49 0.36 0.55 0.64| 0.05  0.05 0.18 0.09 0.05 0.20 246 020
LoI 1.39 1.43 1.45 1.15| 082 095 0.82 040 1.91 1.41 12.82  0.50
Sum 99.05 100.22 99.78  99.88| 99.64 99.60| 99.77 99.81 99.85 99.88 99.99  99.95
ppm
Cr 21.22 521 2.47 1.63
Ba 681.71 1493.88 1517.20 1705.33| 171.29 231.72| 1219.80 428.52 1433.84 514.60 1458
Rb 375.12 21845 20640 157.11| 380.21 387.64| 150.38 218.12 200.81 147.93 204
Sr 1346.83 1086.45 1015.63 1417.74| 79.34 99.69| 339.62 737.58 672.48  1484.02 680
Pb 26.32 2460 17.97| 19.72 22.54| 14.96 49.38
Nb 738.78 308.84 371.69 187.03| 158.77 163.78| 177.46  80.20 130.29 65.57 133
Ta 2241 2979 13.48| 1541 1232 10.53 12.78
Hf 17.86 20.57  38.85| 13.04 15.02| 13.54 4.35
U 2634 2371 41.09  11.99| 12.38 10.88 6.61 638 4.74 6.89 5
Th 86.34  51.70 46.83  23.44| 5692 47.17| 64.12 28.19 13.68 55.92 14
Zr 802.20 87575  961.17 2084.89| 375.53 504.92| 655.71 175.17 137.22 125.07 140
Y 8585  38.46 5534 4159 90.90 93.74| 57.93 218.46 33.25 237.47
Ga 22.50 2349  21.66| 2632 27.13] 28.21 24.20 26
Ge 1.45 1.42 155 208 226 1.92 1.62
La 31390 15342 198.93 145.46| 140.71 188.57| 238.80 788.93 90.26 469.97 105
Ce 592.68 271.66 371.87 265.72| 277.30 255.24| 487.77 869.80 187.84 946.01 218
Pr 5244 2735 39.28 2833 30.02 38.46| 51.01 116.78 21.29 95.32
Nd 186.59  85.73  123.82  90.65| 103.57 125.76| 161.45 453.69 73.07 523.42 85
Sm 25.85 11.62 17.51 12.79] 19.25 21.52| 23.05 57.05 11.58 61.43
Eu 6.10 3.74 3.94 392 0.64 093 4.07 839 2.55 19.84
Gd 19.02 7.76 11.52 8.86| 1495 16.74| 1549 38.59 7.42 89.53
Tb 3.17 1.34 1.93 1.41 257 271 230 537 1.20 12.67
Dy 14.39 7.23 10.06 741 1513 15.93| 12.05 33.89 6.34 86.78
Ho 3.17 1.37 1.96 1.39|  3.07 3.14 206 537 1.13 15.98
Er 8.29 4.13 5.61 416/ 9.06  9.16 6.11 16.11 3.33 24.52
Tm 1.71 0.69 0.86 0.65 1.53 1.47 0.94  3.02 0.51 523
Yb 9.27 4.80 5.93 4.54/  9.63  9.08 595  14.09 3.22 25.34
Lu 1.46 0.76 0.94 0.73 1.39 1.28 087 235 0.47 3.58
Q 26.54 2434 0.03 0.97 0.98
or 3090  30.25 2753 2493 31.32 31.02| 35.63 3859 3277 3634 36.70
ab 46.61  46.00 42.85 41.84| 35.87 37.31] 5024 50.88 5533 50.85 51.36
an 6.36 9.47 9.82  13.18) 133 052 1.21 1.22
ne 0.23 3.03 3.05 1.57 0.59
ac 299 286 283
ns 0.33 0.59
di 5.75 2.57 4.69 5.03 1.63 283 5.69 1.59  4.62 2.85 2.88
wo 3.28 3.31
hy 0.06  0.28 0.68 235
ol 1.39 1.60 2.83 3.51 0.13
mt 3.50 3.47 4.33 4.59 1.44 2.01 2.08 1.63 1.65
il 1.72 1.50 1.93 254/ 026 034 .13 028 038 0.83 0.84
ap 1.16 0.85 1.30 1.51 0.11 0.11 0.42 0.21 0.12 0.47 0.48
Q 44.6 43.1 42.9 438/ 603  59.2 444 470 450 45.3 45.4
Ne 32.8 352 358 355 19.0  19.0 322 295 339 30.5 312
Ks 22.6 21.7 21.3 20.7 20.7 21.8 234 23.5 21.1 24.2 23.4
AL 0.86 0.82 0.80 0.73 0.96 0.99 1.04 1.05 1.07 0.97 1.03 0.97
K,0/Na,0 0.94 0.84 0.81 0.80| 1.25 1.19 093 099 077 1.02 120 1.02
R1 554 397 446 606/ 2063 1912 318 535 335 575 580
R2 768 745 854 967 340 362 521 890 456 657 664
Rock-type ~ Syenite Nephel- Trachy- Nephel- | Granite Granite| Syenite Syenite Syenite | Syenite Carbonate- Syenite
syenite phonolite syenite rich
xenolith

Table 1 (continued).
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SAN MIGUELITO

Sample 17 PV-57 2 3 4 5 10 11 12 13 14 15 16 18

Dyke
wt%
Sio, 66.26 60.40 63.08 63.87 6404 6584 59.11 64.01 6213 6501 6657 6393 6493 60.67
TiO, 0.31 0.68 0.70 043 0.63 0.42 .12 069  0.65 043 056 065  0.62 0.97
AlLO; 16.90 16.07 17.86 1745 17.10 1722 1858 17.14 18.17 17.65 16.73 16.63 16.30 16.57
Fe,0; 1.37 2.29 1.66 1.60 1.72 1.55 2.45 1.79 1.95 1.52 .10 2.17 1.98 2.86
FeO 1.09 2.28 1.27 1.18 1.43 1.30 2.35 1.51 1.60 .19 097 213 1.85 3.10
MnO 0.11 0.15 013 0.19 012 0.11 018 017 020 0.09 009 014 015 0.17
MgO 0.20 123 051 0.80 059 025 138 074 070 025 028 0.74 0.68 1.73
CaO 0.63 242 092 040 1.32  0.96 2.94 1.56 .29  0.72 137 192 1.75 3.28
Na,O 5.93 6.08 575 557 490  5.68 580 571 6.17 577 557 5.05 5.29 4.77
K,O 6.33 6.41 7.11 7.51 7.10  6.15 519 616 608 670 572 5.4l 5.54 4.97
P,05 0.05 026 0.12  0.04 0.16  0.08 049 022 023 009 022 027 021 043
LOI 0.56 1.05 058 061 0.62 053 054 008 057 033 050 068 030 0.57
Sum 99.74 99.32 99.69 99.65 99.73 100.09 100.13 99.78 99.74 99.75 99.66 99.72  99.59 100.09
ppm
Cr 5.75 4.53 3.12 383 587 523 17.16
Ba 203.63 171.74 350.69 1379.75 231.52 2238.37 207.99 769.06 268.42 406.71 970.57 147.24 1129.88
Rb 253.76 155.86 237.44 342.06 196.51 92.63 175.10 114.52 176.96 296.31 195.80 229.24 163.55
Sr 78.28 71.02 731.05 1112.15 112.97 1804.14 750.76 527.07 159.93 771.48 357.15 557.67 524.22
Pb 15.23 18.90 2238 1197 11.80  16.68 31.58 15.49
Nb 146.81 124.84 180.59 108.72 229.01 93.89 174.53 90.17 118.81 212.08 153.29 204.70 136.05
Ta 12.22 11.35 18.59 6.90 6.17 8.73 12.06 9.65
Hf 16.69 8.54 20.24 9.72 727 20.26 15.00 14.26
U 7.86 3.21 3.65 6.85 8.49 192 3.6l 194 558 738 5.7 6.75 4.08
Th 66.26 1472 3858 6199 6445 1570 3593 21.29 5332 51.01 4082 4642 28.14
Zr 634.07 37720 151.60 70.72 786.87 483.41 110.65 344.70 876.65 135.57 589.41 222.90 606.93
Y 42.60 105.31  66.21 81.62 7485 39.64 59.13 34.04 31.86 73.15 48.89 70.14 4743
Ga 26.21 22.75 25.13 2051 21.18  23.08 23.84 21.77
Ge 1.85 1.69 1.86 1.62 1.76 1.68 2.01 1.72
La 176.49 197.16 248.40 367.91 260.52 199.00 223.38 251.04 157.42 183.56 160.32 154.81 153.03
Ce 32447 328.38 477.63 649.22 482.78 370.70 429.85 461.93 327.32 343.62 298.03 319.63 281.18
Pr 32.41 38.66 4429 61.99 49.07 39.14 3840 4421 31.25 3322 31.86 3252 30.19
Nd 97.40 139.88 172.15 211.22 144.62 130.01 146.39 135.88 93.42 117.79 106.78 135.79  99.15
Sm 12.61 2041 2078 2679 20.08 17.04 17.87 16.04 11.55 18.12 15.05 19.43 14.60
Eu 1.04 3.51 2.97 3.74 1.33 374  3.61 2.51 1.26 235 239 3.68 2.76
Gd 8.00 16.83 14.84 1371 1277 1172 11.22 977 741 1510 10.56 21.68 10.45
Tb 1.35 255 274 218 226 1.69 1.52 1.51 1.16 1.68 170 348 1.66
Dy 7.96 1468 1279 12.77 13.04 8.53 932 726 6.04 1208 927 1391 9.51
Ho 1.56 3.06 228 2.18 2.6 1.44 1.90 1.31 1.23 235 1.85 2.66 1.73
Er 4.99 8.78 594 8.10  7.67 4.27 532 366 397 6.04 536 7.16 4.92
Tm 091 1.33 1.14 1.56 1.21 0.61 1.14 056 074 134 090 1.43 0.79
Yb 6.56 886 525 7.17 8.51 402 494 362 561 671 594 757 5.44
Lu 1.07 146 091 1.25 1.34 0.64 076  0.61 0.99 1.01 1.00 1.23 0.86
Q 6.20 040  0.84 5.31 6.97 3.90 407 983 9.02 895 5.51
C
or 37.40 37.88 42.01 4438 4195 3634 30.67 3640 3593 39.59 3380 31.97 3274 2937
ab 50.17 39.38 48.65 47.13 4146 48.06 4821 4831 5220 4882 47.13 4273 4476 4036
an 0.80 192 043 3.69 332 9.33 294 392 247 375 673 437 9.12
ne 4.11 0.46
ac 3.95
ns
di 1.64 8.35 1.44 1.01 1.43 0.74 1.62 266 076 040 126 084 232 3.50
hy 0.33 0.63 1.98 1.16  0.86 1.03 1.04 079 021 273 1.53 4.64
ol 1.53 2.44 0.67
mt 1.98 1.34 24 231 249 224 3.55 259 282 220 159 314 287 4.14
il 0.58 1.29 132 0.81 .19 079 2.12 1.31 1.23 0.81 1.06 123 1.17 1.84
ap 0.11 0.60 028  0.09 037 018 .16 052 054 021 052 063 049 1.01
Q 48.3 423 449 450 48.1 48.9 449  47.1 447  47.1 50.7 506 504 48.8
Ne 29.0 313 289 277 250 285 33.1 29.6 321 286 281 277 28.1 29.0
Ks 22.7 264 262 273 269 226 220 233 232 243 212 217 21.5 222
AL 0.98 1.05 096 099 092 093 082 094 092 095 092 085 090 0.80
K,0/Na,O 1.07 1.05 1.24 1.35 1.45 1.08 0.89 1.08  0.99 1.16 1.03 1.07 1.05 1.04
R1 755 227 403 437 766 844 509 691 416 632 1049 1069 1034 1002
R2 409 635 474 425 506 453 748 539 529 436 489 568 541 762
Rock-type  Trachyte Trachyte Syenite Syenite Syenite Syenite Syenite Syenite Syenite Syenite Quartz Quartz Syenite Syenite

syenite syenite

Table 1 (continued).
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CABEZA DE TORO

Sample 1 6 7 7B 8 9 PV-l1 PV:2 PV-5 PV-6 PV-7 PV-8 PV9 PV-10
wt%
Si0, 7147  69.99 72.87 69.45 6283 64.86 72.56 71.88 64.65 63.14 6626 6741 70.05 71.82
TiO, 0.26 0.17  0.19 040 047 0.67 028 032 0.56 0.58 040 033 0.20  0.20
ALOs 13.15 1526 1370 1515 1829 17.23 14.06 1454 1656 1823 1549 1580 1456 13.49
Fe,04 1.23 072 0.80 1.29 1.44 1.41 094  0.80 1.95 1.84 1.64 1.52 1.28 1.20
FeO 1.20 0.64 0.82 1.55 1.12 1.07 1.16 097 1.85 1.66 1.49 141 1.25 1.28
MnO 0.04 0.02 0.01 0.01 0.14 025 0.01 0.03 0.15 0.12 0.15 0.12 0.10 0.09
MgO 0.07 0.01 0.01 080  0.55 0.43 049 085 0.61 0.56 030 029 0.16 0.15
CaO 0.57 0.51 0.60 1.94 .22 090 1.66 1.79 1.70 1.90 1.09 106 079 0.71
Na,O 4.57 510 423 313  6.05 6.14 298 3.39 5.04 5.82 5.15 488 438 4.05
K,O 5.52 588 530 513 660 6.67 483  4.66 5.70 5.47 585 592 582 523
P,05 0.01 0.01 0.05 0.10 0.16 0.08 0.10  0.04 0.20 0.18 0.08  0.11 0.06  0.07
LOI 1.22 1.12 1.16 077 0.83 0.05 0.64  0.60 0.83 0.38 1.10  0.90 1.05  0.78
Sum 99.31  99.43 99.72  99.71 99.70 99.76 99.70 99.87 99.80 99.88 99.00 99.75 99.70 99.07
ppm
Cr 1.94 2.95 630  2.57 5.84
Ba 252.57 378.13 972.69 482.01 180.05 579.82 247.05 1506.04 2086.40 389.42 709.69 174.19 236.17
Rb 34341 28221 203.55 136.61 155.10 225.02 258.87 179.17 139.91 336.86 213.17 266.34 238.01
Sr 480.87 33.11 19335 165.62 564.03 140.33 5532 297.41 409.41 1239.42 140.89 30.79 29.98
Pb 20.89 45.13 20.74 37.58 25.51 1642 38.34 3633 27.30
Nb 187.46 163.72 109.5 62.51 186.62  98.3 102.53 12294 8247 181.02 131.86 177.41 182.53
Ta 1403 10.10 4.73 6.01 10.81 7.40 1240 14.03 13.76
Hf 1457 780  3.09 12.84 8.79 1326 13.58 13.23
U 8.68  9.57 3.35 206 249 474 378 5.83 3.11 9.85 7.61 929 942
Th 45.18 45.09 5642 10.54 23.81 5925 4894 3348 1589 4234 4252 60.94 53.21
Zr 89.71 487.94 239.79 11423 87.76 190.25 71.87 54871 384.52 104.02 521.70 444.92 42881
Y 74341 13096 2090 16.08 53.97 20.76 17.26 52.13 34.84 12299 61.56 75.81 138.36
Ga 31.41  19.08 19.96 18.50 2437  22.60 25.68 2822 2556
Ge 2.10 1.43 1.46 1.44 1.66 1.51 1.74 1.99 1.81
La 144277 182.07 7596 92.61 213.15 84.05 51.54 153.66 96.22 170.07 165.27 210.83 140.06
Ce 2026.52 283.63 157.88 148.99 395.69 17237 115.60 287.32 174.42 308.03 299.28 392.80 267.65
Pr 21495 3833 17.78 1391 3379 19.79 12.77 3038 1842 32.85 30.69 39.15 28.59
Nd 760.77 129.61 64.01 40.51 143.08 69.25 49.41 9897 6440 13504 96.86 120.77 93.23
Sm 116.24 2436 1277 485 1655 1273 9.69 14.89 9.73 21.17 1483 18.78 16.99
Eu 4.18 1.18 1.45 238  2.04 133 095 2.70 371 219  1.62 056 055
Gd 85.85 19.14 1030 321 10.88 7.87 7.57 1045 7.12 1460 1133 13.50 15.50
Tb 12.54  3.32 134 053 249 099 071 1.72 1.08 256 179 239 2.65
Dy 5772 1947 590 284 1043 502 331 9.36 6.02 1569 1030 1393 16.59
Ho 9.81 380 072 054 204 076 071 1.78 1.12 256 2.08 272 3.81
Er 29.10 10.76 1.43 1.74 522 1.65 1.89 5.39 3.59 9.12 598 8.43 11.00
Tm 4.66 1.69 0.14 030 1.13 0.21 0.24 0.81 0.54 1.83  1.00 1.32 1.73
Yb 2379 1099  0.79 1.99 499 1.35 1.18 6.17 3.94 949  7.18 923 11.75
Lu 3.22 1.63  0.11 0.33 0.68 0.16  0.24 0.84 0.55 146  1.04 1.38 1.81
Q 22.88 16.82 2643 26.00 2.10 3230 29.04 9.31 375 11.55 13.68 20.17 26.15
C 0.03 1.16 .15 076 0.04
or 32.62 3474 31.32 30.31 39.00 39.41 2854 2753 33.68 3232 3457 3498 3439 30.90
ab 36.90 43.15 3579 2648 51.00 51.49 2521 28.68 42.64 49.24 4357 4129 37.06 34.27
an 1.38  2.65 8.97 3.25 7.58 8.61 5.72 7.46 1.87 372 288 3.06
ne 0.10
ac 1.55 0.40
ns
di 2.41 0.67 1.38 2.82 1.14 0.62 250  0.67 0.54
wo 0.12 0.16
hy 0.18 080  3.16 2.08 1.87 047 138 1.20 1.56
ol 0.74
mt 1.00 1.04 1.15 1.87  2.08 1.84 1.36 1.15 2.82 2.66 237 220 1.85 1.73
il 0.49 032 036 075 0.89 1.27 0.53  0.60 1.06 1.10 075 062 037 037
ap 0.02 0.02 0.11 023 037 0.18 023 0.09 0.47 0.42 0.18 026 0.14 0.16
Q 58.3 545 602 619 446 459 653 63.4 50.7 47.2 51.8 53.0 568 60.5
Ne 21.6 247 207 173 30.8  30.0 15.9 18.2 27.0 31.3 263 249 219 203
Ks 20.1 20.8 19.1 208 246 241 18.8 18.4 22.3 21.5 219 221 21.3 19.2
AL 1.03 097 093 071 0.93 1.01 072 0.73 0.87 0.85 095 091 093 091
K,0/Na,O 1.21 1.15 1.22 1.64 1.09 1.09 1.62 1.37 1.13 0.94 L14 121 1.33 1.29
R1 1775 1435 2063 2228 414 498 2580 2438 1068 752 1123 1286 1677 2051
R2 322 354 334 544 516 456 478 519 537 589 435 438 378 348
Rock-type  Granite Quartz Granite Granite Syenite Syenite Granite Granite Quartz Syenite Quartz Quartz Granite Granite

syenite syenite syenite syenite
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CABEZA DE TORO BAMBA

Sample PV-11  PV-12  PV-13 PV-3 PV+4 24 25 26 27/ PV-39 PV-40 PV-41 PV-42

Dyke Dyke Dyke Dyke
wt%
SiO, 71.23  67.05 55.61 70.16 6892 64.46 69.87 53.76 7571 63.97 6498 63.57 59.83
TiO, 0.14 0.28 1.37 019 035 0.58  0.29 143 0.01 0.41 0.22 0.70 1.12
Al O, 14.86  14.88 16.11 1479 1355 16.04 14.48 15.61 12.79| 1674 1681 17.19 17.12
Fe,0; 0.92 2.50 3.96 1.19 1.67 2.00 1.41 3.87 0.13 2.00 1.42 1.40 2.59
FeO 0.88 2.30 5.19 1.13 1.64 1.80 1.31 529 0.14 1.55 L.11 1.10 2.24
MnO 0.04 0.27 023 0.06 0.13 0.17  0.10 021  0.01 022 022 0.13 0.27
MgO 0.01 0.18 1.99 0.3 021 048  0.18 2.03  0.01 034 053 0.54 1.20
CaO 0.58 0.60 416  0.61 1.06 140 0.80 441 0.79 1.16 1.56 2.00 2.33
Na,O 4.58 6.01 463 446 475 534 490 390 433 6.66  6.56 6.38 5.96
K,O0 5.64 4.85 365 592 538 589  5.68 412 482 594 592 6.16 5.92
P,05 0.06 0.06 077 0.06  0.04 0.15  0.04 0.79  0.05 0.02  0.12 0.26 0.38
Lol 0.72 0.72 1.88 1.05 1.02 140  0.70 4.11 073 0.61 0.58 0.63 1.08
Sum 99.65  99.70 99.55 9975 98.72  99.71 99.76 99.53  99.49| 99.62 100.03 100.06 100.04
ppm
Cr 5.27 388 3.8 433 488
Ba 43789  67.19 2471.43 486.34 747.04 311.02 365.65 2300.78 121.49| 319.33 292.48 3128.72 3682.46
Rb 226.88 286.68 93.00 253.64 359.11 246.12 418.12  111.98 358.73| 201.33 17549 176.95 212.96
Sr 77.81 19.01  643.10 76.23 46527 1324.97 163.53  552.68 28.47 995.33 387.47 650.75 740.99
Pb 25776 42.65 9.14 19.22 7.16 51.16 11.94 2475
Nb 108.53  339.59 95.54 147.53 214.04 140.82 224.00 88.43 169.14| 138.00 139.28 208.59 255.53
Ta 1225 24.06 6.52  13.19 6.38 23.04 19.64  20.93
Hf 9.15 3829 13.48 1346 1206 7.32 8.74 9.32
U 7.65  28.34 3.51 649  8.87 449 7177 333 11.02) 433 1.95 2.47 1.04
Th 35.10  68.90 20.99 4133 4138 39.18 5247 20.25 60.07) 41.33 1699 1245 12.49
Zr 297.25 1582.80  554.31 461.77 164.78 129.80 138.82  523.53 110.27| 147.33 137.05 274.70 351.09
Y 49.09  150.53 70.22  83.10 137.69 108.16 119.06 70.53 7491 69.67 74.10 5023 57.16
Ga 2446 3472 2691 27.54 2597 29.02 20.59  21.04
Ge 1.81 2.74 2.05 1.71 .79 179 1.70 1.91
La 99.80 425.97  147.90 164.35 170.69 153.88 177.18 135.83 57.50| 154.67 128.41 174.44 191.84
Ce 182.74 74330 291.58 270.81 354.43 308.16 353.88 271.14 86.58| 284.33 285.52 354.70 396.03
Pr 1938 80.99 3599 3194 38.67 29.39 3459 3331 1249 27.67 3371 4040 42.69
Nd 64.24 25804 133.38 102.62 166.01 127.35 137.65 12239 42.14| 112.33 141.23 139.58 148.70
Sm 10.29  36.64 2276 1824 3153 17.96 22.12 21.07 848 16.67 2340 2148 2247
Eu 1.01 1.22 6.47 1.37 246 4.90 1.41 6.04  0.67 2.00 251 3.80 5.13
Gd 8.10 2648 17.82 13.84 1970 12.65 20.24 16.11  6.60| 1433 1532 13.63 1451
Tb 1.39 4.35 2,65 243 370 245 329 242 1.20 200 279 2.15 2.32
Dy 8.62 2452 1426 1390 22.17 1143 2047 13.53 839 11.67 1532 11.58 1291
Ho 1.79 4.83 249 286  4.68 245 377 240 178 2.00 251 2.07 2.31
Er 527  14.05 6.54 826 11.82 6.94  9.65 6.40  6.12 567 752 5.12 6.01
Tm 0.85 231 0.96 1.31 2.71 1.63 212 095 121 1.33 1.39 0.79 0.81
Yb 6.26  14.60 6.02 883 1281 7.76  9.88 561 890 633 696 4.96 5.02
Lu 0.89 2.06 0.84 .18 222 1.22 1.65 081 143 1.00 111 0.78 0.69
Q 2147  11.85 3.67 19.82 18.76 7.87 17.96 3.80 30.84] 0.73 1.68 0.28
C 0.31 0.08
or 3333 28.66 21.57 3498 31.79 3480 33.56 2434 2848 35.10 3498 3640 3498
ab 38.75 49.43 39.17 37773 39.74  45.18 4146 33.00 36.63] 53.03 53.50 5398 46.63
an 2.48 1239 2.63 240 074 1292 122 0.07 247
ne 2.05
ac 0.39 2.92 1.76
ns
di 2.23 2.64 3.76 292 250 312 070 475 549 2.89 5.33
wo 0.24 0.61 0.13 1.84
hy 0.91 1.80 8.06 1.20 0.75 1.11 8.05 0.18
ol 0.80
mt 1.33 3.04 5.74 .72 222 289 204 561 0.18 1.43 1.17 1.94 3.75
hm 0.06
il 0.26 0.53 260 036  0.66 110 0.55 271 0.09 0.77 041 1.32 2.12
ap 0.14 0.14 .82 0.14  0.09 035 0.09 1.87  0.11 0.04  0.28 0.61 0.90
Q 57.3 52.1 48.0 549 562 49.6 554 482 625 452 458 44.9 43.6
Ne 224 29.8 329 221 23.8 279 241 292 207 323 3211 323 326
Ks 20.3 18.1 19.1 23.0 200 225 205 226 168 225 221 22.8 23.8
Al 0.92 1.02 072 093 1.01 095  0.98 0.70  0.96 1.04 1.02 1.00 0.95
K,0/Na,O 1.23 0.81 0.79 1.33 1.13 1.10 1.16 1.06  1.11 0.89  0.90 0.97 0.99
R1 1747 1063 928 1638 1549 904 1506 952 2368 403 542 445 329
R2 358 365 860 362 390 488 379 879 339 469 523 578 645
Rock-type  Granite Quartz Trachyte Granite Granite Syenite Granite Trachyte Aplo- | Syenite Syenite Syenite Nephel-

trachyte

granite

syenite

Table 1 (continued).
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BAMBA SAN FRANCISCO URUCU
Sample PV-43  PV-45 PV-46| PV-60 PV-61 PV-62 PV-63 PV-64 PV-65 PV-66/ PV-14 PV-15 PV-16
Dyke Dyke

wt%
SiO, 6343  62.04 59.16| 66.26 61.07 63.87 71.37 6257 6581 71.89] 6279 61.71  59.19
TiO, 0.59 0.79 0.87/ 071 099 042 017 071 022 0.16  0.62 0.70 0.76
ALO; 17.61  17.86 16.59| 17.06 1675 18.01 13.52 17.18 17.04 13.22| 16.66 18.10  18.61
Fe,0; 1.68 1.94 293 239 202 121 1.49 1.95 1.48  1.14| 238 241 2.05
FeO 1.12 1.41 230/ 226 203 097 145 1.74 .21 L19) 219 2.02 1.79
MnO 0.14 0.23 033 0.19 021 0.11 017 016 020 0.10 0.18 0.14 0.28
MgO 0.16 0.49 062 047 096 040 023 071 0.17  0.22|  0.59 0.48 1.18
CaO 0.74 1.27 2750 095 144 062 0.13 139 053 046 228 1.50 2.58
Na,O 8.00 7.28 7.89| 575 577 577 460 578 673 452 520 5.62 5.77
K,0 6.00 6.05 491 6.15 564 655 546 564 536 480 590 6.42 6.01
P,05 0.01 0.16 0.06/ 013 027 012 001 023 0.01 001 020 0.20 0.33
LOI 0.27 0.54 1.23 142 2.02 1.17 121 0.93 1.26 148/ 0.76 0.48 1.49
Sum 99.76  100.06 99.64| 99.74 99.17 99.22 99.81 98.99 100.01 99.19| 99.75 99.78 100.04
ppm
Cr 6.26
Ba 411.20 239.40 288.77 530 1762 1178 202 2013 103 84| 983.11 894.33 2229.45
Rb 183.78 147.03 103.44| 156.8 157.8 147.5 3462 173.2 2682 2758 183.51 91.58 127.37
Sr 686.49  95.82 160.43| 575 1422 1167 143 1993 163 17.2| 120.09 207.14 2041.16
Pb 6.98 9.49 13.0 144 166 135 15.5 9.9 135/ 2540 3205 4574
Nb 327.03 262.09 273.61| 1255 1719  98.4 4749 1429 3354 261.8) 152.21 50.13 153.80
Ta 16.41 16.99| 7.67 10.61 7.34 2560 10.69 16.50 26.28 10.31 428 9.66
Hf 10.84 24.56| 1230 557 2484 3726 1077 1027 16.32] 2099 2435 8.66
U 44.40 3.46 7.09] 322 250 291 24.05 456 1149 1626/ 3.82 1.65 2.90
Th 9.65 3542 23.69| 29.65 1601 1571 109.1 2346 49.42 66.06/ 29.10 10.17 19.71
Zr 361.39 485.30 819.16 622 249 1300 1591 458 370 507 855.36 1029.64 371.15
Y 2394 4893 83.93| 71.15 49.84 63.01 1728 5529 1227 70.82| 127.05 70.94 47.24
Ga 25.39 28.37| 28.81 23.15 2641 3428 24.18 3693 28.53] 2642 2446 18.04
Ge 2.07 260 217 1.78 1.67 240 1.84 228 211 233 1.71 1.29
La 30.12  260.44 14496/ 2502 118.6 110.6 3435 1372 1783 137.3| 41550 204.20 261.91
Ce 72.59 509.48 362.29| 4358 2287 168.6 373.6 240.5 2927 258.5 547.52 354.77 44893
Pr 8.11 4848 41.75| 478 248 217 657 262 356 260 8049 39.65 4484
Nd 31.66 154.85 14336) 1543 859  73.6 200.0 86.6 114.1 787 277.48 131.89 137.39
Sm 541 21.16 22,66/ 22.81 1392 11.87 33.70 13.65 22.05 13.84 4085 17.04 17.54
Eu 1.16 3.89 430/ 310 377 381 328 387 1.91 044 426 3.54 5.92
Gd 3.86 1439 1599/ 16.41 10.16  9.71 25.14 10.19 1833 10.42| 30.18 1L1.11  10.59
Tb 0.67 222 279 245 1.57 157  4.80 1.60 337 196/ 441 1.70 1.64
Dy 463 11.17 1545/ 1348 895 9.58 30.80 943 21.30 12.63] 23.00 8.51 9.23
Ho 0.77 2.04 3.01 244 1.69 1.92 639 1.85 422 255 438 1.71 1.60
Er 1.93 5.51 854/ 6.87 4.6l 562 19.67 531 11.82 8.10 11.99 5.04 4.69
Tm 0.39 0.73 140/ 098 070 091 3.08 085 1.79 141 1.92 0.78 0.78
Yb 2.32 443 937 657 460 595 19.61 562 1132 9.96/ 11.63 4.54 5.39
Lu 0.39 0.62 1.42 1.00 073 092 268 086 1.71 1.52 1.76 0.72 0.82
Q 256 228 352 2255 3.89 495 2554/ 528 0.90
C 0.59
or 3545 3575 29.01) 3635 3333 3871 3227 3333 31.68 2837 3486 3794 3551
ab 49.46  47.34 38.89| 48.06 48.82 48.82 3893 4891 56.95 3825 44.00 47.55 4299
an 258 315 229 0.2 428 046 1.61] 4.69 520 7.13
ne 4.17 5.87 10.34 3.15
ac 4.86 3.00 7.71
ns 1.16
di 3.09 4.30 9.31 1.07 1.79 090 180 052 437 0.761 2.79
wo 0.94
hy 1.99 235 129 1.84 204 032 145 0.66 1.64
ol 0.10 0.04 1.75
mt 1.30 037 346 293 176 216 283 215 165 345 349 2.97
il 1.12 1.50 1.65 1.35 188  0.80 0.32 135 042 030 1.17 1.32 1.44
ap 0.02 0.37 0.14/ 030 063 028 002 053 002 002 047 0.47 0.78
Q 42.6 41.7 41.2| 463 462 468 579 472 478 60.0  48.1 45.2 43.1
Ne 34.8 354 385  30.1 313 290 225 308 33.0 225/ 283 29.8 32.4
Ks 22.6 229 202 236 225 242 196 220 192 175 236 25.0 24.5
Al 1.05 1.04 1.10| 095 093 092 099 091 099 096/ 0.90 0.90 0.86
K,0/Na,O 0.75 0.83 0.62 1.07 098 .14 119 098 0.80 1.06 1.13 1.14 1.04
R1 -107 25 -169 526 568 606 1761 681 663 1994 820 479 368
R2 433 511 650 460 530 440 291 521 399 319 600 539 700
Rock-type  Nephel- Nephel- Nepheline | Syenite Syenite Syenite Micro- Syenite Syenite Micro- | Syenite Syenite Nephel-

syenite syenite  syenite granite granite syenite
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URUCU ZUIALITO
Sample PV-47 PV-48 PV-49 PV-50 PV-51 PV-52 PV-53 PV-54 PV-55 PV-56| PV-17 PV-18 PV-19
wt%
Si0, 61.73 5922 60.03 5811 60.07 5952 61.73 6262 59.18 54.78) 59.51  59.69 54.73
TiO, 0.55 0.74 0.66 0.74 0.60 0.71 0.56 0.66 0.69 0.66 0.25 0.71 0.40
AlLO4 18.73 1843 1872 1884 1940 19.11 1820 18.00 18.66 20.82) 21.23 1741 22.98
Fe,0; 1.37 2.24 1.79 2.24 1.67 1.89 1.85 1.73 2.13 2.79 1.36 245 1.99
FeO 1.13 1.90 1.52 1.73 1.37 1.58 1.31 1.34 1.66 2.16 0.79 1.71 1.15
MnO 0.13 0.16 0.12 0.25 0.11 0.14 0.23 0.17 0.18 0.48 0.09 0.36 0.28
MgO 0.62 1.28 1.11 1.17 0.94 1.17 0.57 0.59 0.97 0.86 0.01 0.97 0.57
CaO 2.00 2.32 2.05 2.03 2.16 1.98 1.26 1.44 2.01 1.77 0.22 0.79 0.83
Na,O 5.76 5.46 5.84 7.26 5.95 5.70 6.89 6.27 6.09 7.21 7.56 5.92 9.42
K,O 6.47 6.64 6.15 5.72 6.43 6.52 6.69 6.44 6.77 5.96 7.92 7.91 6.33
P,0; 0.24 0.37 0.39 0.36 0.25 0.32 0.19 0.22 0.28 0.26 0.01 0.10 0.13
LOI 1.02 1.07 1.52 1.47 1.07 1.30 0.15 0.25 1.10 2.03 0.74 1.67 1.03
Sum 99.75 99.83 9990 99.92 100.02 99.94 99.63 99.72 99.72 99.78|  99.69  99.69 99.84
ppm
Cr 2.37 0.97 3.20 10.69
Ba 545.53 1546.73 1520.31 1834.56 2385.26 2308.02 539.55 1032.20 725.77 562.94| 353.53 369.15 705.22
Rb 102.63 7399 7491 15559 7771 79.62 132.15 63.90 105.22 209.76| 191.74 179.03 232.63
Sr 1358.95 1066.09 1182.55 1236.02 1618.54 1339.95 468.49 420.98 621.69 1118.37| 779.76 1040.12 852.77
Pb 10.10 1741 4539 1470 11.13 14.13 32,55 1545 19.97
Nb 5474 4509 39.54 108.10 49.82 31.87 22894 40.00 80.01 223.38) 3270  59.07 170.52
Ta 3.16 2.82 5.28 3.66 2.62 7.05 13.90 3.11 10.71
Hf 2.72 1.95 9.24 3.10 1.67 4.22 12.83 0.96 10.34
U 0.53 0.57 0.85 1.49 0.70 0.62 1029 1.46 1.17 27.62 1.02 3.83 4.57
Th 5.00 3.48 4.03  19.17 3.94 335  45.66 5.85 8.10 400.53 277 1351 22.63
Zr 8526 110.50 98.78 317.62 141.49 7585 237.62 93.17 185.98 485.33| 5097  75.40 444.38
Y 1421 1857 1659 39.10 17.65 2878 44.05 15.12 27.95 218.23 3.09 2823 26.49
Ga 14.60 1445 17.64 15.08 14.38 16.20 3492 2559 25.38
Ge 1.22 1.06 1.31 1.05 1.08 1.30 3.09 0.97 1.14
La 72.11 101.97 98.58 14447 8738 96.05 156.59 91.71 12347 2153.88) 14.17 99.19 149.56
Ce 142,90 188.12 184.04 242.00 152.13 167.54 268.81 158.54 23340 3588.99| 24.09 144.56 248.58
Pr 1421 2048 20.44 2584 1599 18.14 2476 15.61 2540 316.13 224 1311 23.28
Nd 6526 72.17 7170 8646 5419 61.48 101.29 60.98  83.82 944.12 6.37  46.17 64.83
Sm 7.90 9.96 9.23  11.50 7.10 825 11.58 829 11.79 110.21 0.79 4.84 7.83
Eu 3.16 3.98 4.36 4.80 4.14 4.16 1.61 0.98 3.55 21.04 0.46 1.98 1.90
Gd 7.37 6.12 523 7.19 4.43 506 1158 8.78 6.95 69.74 0.43 4.03 4.66
Tb 0.79 0.90 0.81 1.11 0.70 0.72 1.93 1.46 1.10 9.98 0.10 0.81 0.82
Dy 5.26 4.47 4.02 6.48 3.69 3.65 10.29 6.83 5.46 51.04 0.59 3.63 4.60
Ho 0.79 0.78 0.61 1.17 0.61 0.67 0.97 1.46 0.97 8.92 0.09 0.82 0.89
Er 2.37 1.91 1.76 3.54 1.57 1.80 4.82 2.44 2.72 25.08 0.28 2.02 2.61
Tm 0.26 0.27 0.20 0.55 0.22 0.27 0.97 0.49 0.37 3.41 0.06 0.40 0.45
Yb 1.58 1.60 1.47 4.33 1.60 1.63 5.15 1.95 2.58 23.16 0.35 2.02 3.58
Lu 0.26 0.24 0.19 0.62 0.23 0.22 0.64 0.98 0.36 3.26 0.06 0.40 0.52
Q
C
or 3823 3924 3434 3380 3799 3853 3953 38.05 40.00 35.22| 46.80 46.74 37.40
ab 4779 4034 4592 4021 4237 42,00 4381 50.74 3840 30.50, 30.85  32.08 22.89
an 6.14 6.17 6.70 1.92 7.23 7.30 1.95 3.58 6.84 0.60 1.72
ne 0.51 3.17 1.89 1149 4.32 3.37 6.80 1.25 7.10 16.52| 17.94 7.27 30.77
ac 1.70 4.03
ns
di 1.74 2.32 0.71 4.58 1.44 0.34 4.07 2.95 3.60 0.17 0.11 2.66 1.21
wo
hy
ol 0.69 1.99 2.02 0.92 1.44 2.25 0.20 0.22 0.84 2.56 0.17 2.09 0.82
mt 1.98 3.24 2.59 3.24 2.42 2.74 1.83 2.5 3.08 4.04 1.97 1.53 2.88
il 1.04 1.40 1.25 1.40 1.13 1.34 1.06 1.25 1.31 1.25 0.47 1.34 0.75
ap 0.56 0.87 0.92 0.85 0.59 0.75 0.45 0.52 0.66 0.61 0.11 0.23 0.30
Q 44.4 42.8 43.7 38.6 42.3 42.8 41.2 44.1 40.8 355 359 40.5 29.3
Ne 30.5 30.2 32.6 38.9 322 31.1 339 31.9 32.6 40.2 36.2 28.6 47.4
Ks 25.1 26.9 23.7 22.5 255 26.1 249 24.0 26.6 243 27.9 30.9 233
AL 0.88 0.88 0.87 0.96 0.86 0.86 1.02 0.90 0.93 0.88 0.99 1.05 0.97
K,0/Na,0 1.12 122 1.05 0.79 1.08 1.14 0.97 1.03 1.11 0.83 1.05 1.34 0.67
R1 474 325 383 -168 290 307 4 341 79 -452 -634 -102 -1271
R2 612 673 642 645 658 645 520 536 629 640 445 474 568
Rock-type  Syenite Syenite Syenite Nephel- Syenite Syenite Nephel- Syenite Nephel- Nepheline | Nephel- Nephel- Nepheline

syenite

syenite

syenite

syenite

syenite

syenite

syenite

Table 1 (continued).
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ZUIALITO TANOMONIA
Sample PV-20 PV-21 PV-22 PV-23 PV-24 PV-25 PV-26 PV-27| PV-29 PV-34 PV-35 PV-36
Dyke

wt%
SiO, 53.70  56.56 58.15 49.28 61.67 5997 6543 59.05| 65.53 6697 7482 64.77
TiO, 1.01 071 0.62 1.81 0.82 0.66  0.11 037 034 032 0.08 0.49
AlLO; 19.94  21.97 19.71 2043 1610 18.00 18.37 2003 16.72 16.64 1288 17.26
Fe,05 264 183 1.84 3.51 2.72 262 087 150/ 1.84 1.59 0.67 1.64
FeO 1.79 197 1.22 2.33 2.23 223 0.63 078 1.56 141 0.68 1.52
MnO 026 033 0.21 0.36 0.30 021  0.05 0.25/ 0.15 0.12 0.04 0.08
MgO 090 041 0.52 1.09 1.01 1.29  0.16 0.16/ 024  0.18 0.01 0.64
CaO 2.60  3.33 1.38 3.19 1.27 1.84  0.46 0.57| 062 0.83 0.33 1.69
Na,O 8.14 471 7.49 9.08 6.53 632 726 10.86| 5.60  5.39 4.74 5.00
K,0 633 533 6.86 5.82 5.73 570 588 551 613 585 4.75 5.96
P,05 032 0.17 0.15 0.46 0.32 039  0.05 0.02| 0.07 0.05 0.01 0.19
LOI 236 233 1.77 2.27 0.85 0.53 046 0.70, 091 031 0.69 0.58
Sum 99.99  99.65 99.92 99.63  99.54  99.76  99.73 99.79| 99.71 99.66 99.70  99.82
ppm
Cr 19.40 3.63 11.35 0.85
Ba 1510.21 424.13  1183.43 200.73 407.33 1661.64 153.85 107.09| 236.27 101.76 244.02 1507.96
Rb 148.67 192.29 155.73 141.19 341.10 182.59 190.09 310.82| 188.35 140.18 269.50 161.23
Sr 2355.13 719.40  1451.45 619.90 1514.40 691.66 95.13  1280.97| 38.18 26.08 2079.92 440.07
Pb 15.83 16.07 8.72 1633 12.11 15.05 16.60 19.77
Nb 198.48 198.51 160.90 347.38 42147 131.80 72.36 599.25| 147.33 115.90 118.15 106.63
Ta 14.94 14.64 33.89 725  17.60 9.13 955 8.66
Hf 6.89 7.55 7.90 398 513 18.57 1292 10.90
U 234 622 2.87 237 31.94 2.17  6.06 33.58| 487 321 14.67 3.86
Th 1825 31.34 13.40 13.13  34.03 841 13.58 149.63| 53.14 3433 3629 2985
Zr 27581  63.68 404.98 296.77 280.37 167.87 218.79 84.70| 841.16 465.72 2394 417.14
Y 5175 61.19 33.24 81.65 92.15 31.66 22.08 62.69| 6191 41.14 15135 50.20
Ga 19.75 18.69 24.30 18.78  26.04 29.35 2775 2249
Ge 1.40 1.25 1.67 1.37 1.50 2.01 1.98 1.48
La 318.26 302.49 243.01 484.02 24581 151.50 51.91 314.18| 385.18 24840 63.71 134.71
Ce 572.93 54279 431.34 956.75 470.68 28249 92.76 565.30| 725.66 431.51 84.94 253.89
Pr 56.55 48.76 43.83 99.72 4634 2970  9.46 44.40| 71.52 4523 1197 26.77
Nd 171.44 197.26 128.85 32249 170.68 96.57 31.70 136.57| 231.03 146.02 4247  90.99
Sm 2225 2090 15.63 41.07 2435 13.07 479 1679 29.99 17.64 1158 15.10
Eu 595 547 3.73 9.90 3.40 340 087 261 139 087 1.16 2.81
Gd 1272 15.92 8.65 22,11 1597 7.80  2.77 10.08| 17.82 10.01 8.88  10.50
Tb 209 249 1.42 3.54 2.36 1.18  0.55 261 267 168 1.93 1.73
Dy 10.87 1443 7.27 1840 13.35 6.36  2.89 12.31| 13.80 836 1120 9.53
Ho 1.91 1.99 1.26 3.25 2.88 1.14  0.62 3.36| 247 150 2.32 1.95
Er 513 622 3.42 8.23 7.59 3.08  2.04 6.72| 7.03 449 7.34 542
Tm 077  1.00 0.51 0.97 1.57 042 034 149 1.07 072 1.93 0.80
Yb 493 572 342 6.08 6.81 296 242 6.34| 736 5.04 9.27 5.28
Lu 0.65  0.75 0.45 0.81 1.05 042 042 075 1.18 0.82 1.54 0.78
Q 0.79 7.57 10.87 2845 8.50
C 2.80 0.05
or 37.40 3149 40.54 3439 3386 33.68 34.74 32.56| 36.22 3457 2807 3522
ab 20.76  39.85 3322 874 5091 4822 61.09 35.27| 4738 45.60 39.80 42.30
an 15.41 3.91 0.17 238 379 7.05
ne 25.22 16.23 34.63 2.84  0.18 20.08
ac 1.36 0.16 3.65 3.82 4.33 0.26
ns 3.40
di 5.41 3.03 6.04 345 2.13 1.45 230/ 0.70 1.38 0.06
WO 1.64 0.83 2.12
hy 2.56 0.53 1.55 120 2.32
ol 1.76 2.44 0.37
mt 3.14 265 2.58 3.25 2.02 3.79 1.26 2.66  2.30 0.83 2.37
il 1.91 1.34 1.17 343 1.55 125 020 0.70| 0.64  0.60 0.15 0.93
ap 075 040 0.35 1.08 0.75 092  0.11 0.04/ 0.16 0.11 0.02 0.45
Q 30.8 453 36.4 242 44.8 432 448 344 493 513 61.0 50.1
Ne 437 299 38.0 50.6 325 342 346 44.6| 281 271 224 26.6
Ks 255 2438 25.6 252 22.7 226 206 21.0 226 216 16.6 23.3
AL .02 0.62 1.00 1.04 1.05 092  1.00 1.19| 095 091 1.00 0.85
K,0/Na,O 078  1.13 0.92 0.64 0.88 0.90  0.81 051 1.09  1.09 1.00 1.19
R1 -935 730 -486 -1500 298 273 363 -1280 844 1091 2150 1048
R2 714 808 560 796 502 614 418 462| 406 424 289 551
Rock-type  Nepheline Syenite Nepheline Nepheline Syenite Syenite Syenite Nepheline | Quartz Quartz Granite Quartz

syenite syenite syenite syenite | syenite syenite syenite

Table 1 (continued).
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PRADO MERCEDES BASEMENT
Sample PV-30 PV-31 PV-32 PV-33 35 PV-58 PV-59 19 PV-28
Dyke Gneiss Migmatite

wt%
Si0, 56.58 58.08 45.14 58.73| 7031 71.51 73.79| 70.59 74.00
TiO, 0.79 0.70 1.52 0.19/ 034 023 0.14 0.33 0.09
ALO; 18.46 18.12 26.82 22.16| 13.86 13.90 13.18| 14.67 13.90
Fe,0; 2.80 2.60 4.34 0.97 1.62 069 052 1.09 0.74
FeO 2.42 1.95 3.67 0.50 1.62 1.82 1.38 1.13 0.79
MnO 0.21 0.27 0.69 0.18/ 0.13 0.09  0.06 0.03 0.04
MgO 1.55 0.87 1.73 020, 0.19 0.09 0.11 0.39 0.36
CaO 2.88 2.03 0.87 033 094 062 050 1.02 0.61
Na,O 6.65 7.62 6.42 10.96| 4.63 473 433 2.70 331
K,O 5.44 5.67 6.54 557 528 568 476 6.91 5.75
P,05 0.53 0.38 0.47 0.02) 0.04 0.09 0.03 0.11 0.09
LOI 1.51 1.20 1.20 0.12| 0.75 0.50 1.00 0.80 0.68
Sum 99.82 99.49 99.41 99.92| 99.71 99.95 99.80| 99.77 100.36
ppm
Cr 5.45 18.82 14.34|  0.33 1.68
Ba 1715.45 558.30 484.61 653.50| 405.25 544| 347.57 954.46
Rb 103.17 131.73 275.40 329.72| 265.02 356| 454.87 204.96
Sr 1107.85  2940.22 287.13 319.23| 39.94 49| 657.05 94.41
Pb 26.36 99.88 34.97
Nb 174.60 267.16 376.04 104.55| 279.59 243 2297 49.40
Ta 11.98 52.86 6.65
Hf 9.28 6.44 11.68
U 6.25 6.64 13.47 5.94| 10.50 10 3.51 4.17
Th 25.01 32.84 32543 11.54| 61.52 58| 15.62 2297
Zr 481.96 319.56 264.55 40.21| 125.07 208| 330.00 476.71
Y 40.05 54.98 147.98 22.73| 136.74 107 67.57 39.64
Ga 21.96 54.99 15.03 17.51
Ge 1.55 397 1.16 135
La 220.54 257.93  2856.99 87.76| 194.75 146| 138.38 67.78
Ce 357.59 482.29  5773.68 163.64| 374.34 280| 335.41 131.78
Pr 33.94 42.80 522.58 14.34|  37.90 36.22 14.17
Nd 104.93 172.69  1676.01 59.44| 139.65 105| 143.24 47.23
Sm 13.74 19.93 192.40 5.59| 25.36 19| 28.11 8.41
Eu 3.47 5.90 22.69 1.40 1.46 1.1 1.35 1.09
Gd 8.45 17.34 67.12 3.50| 21.28 16| 1622 6.61
Tb 1.40 2.58 12.63 0.70|  3.50 2.6 2.70 1.10
Dy 7.19 18.08 52.16 5.59| 20.70 15.5| 14.87 6.63
Ho 1.41 2.21 6.40 0.70| 4.67 243 1.51
Er 4.03 5.90 17.48 2.45| 11.08 8.3 5.95 3.90
Tm 0.59 1.11 1.73 0.35 2.62 1.08 0.64
Yb 3.98 5.54 9.73 2.10| 11.37 8.5 5.14 4.29
Lu 0.58 0.74 1.23 0.35 1.75 1.3 0.81 0.65
Q 21.02 2324 2890 25.66 30.80
C 8.72 1.15 133
or 32.14 33.50 38.64 3291 31.20 3256 2853 40.83 33.98
ab 38.06 38.19 11.76 3345 39.17 37.88 37.15| 22.84 28.00
an 4.45 1.24 144 218 229 4.34 2.43
ne 9.86 12.96 23.05 26.82
ac 2.50 2.80
ns 1.53
di 5.09 6.18 126/ 252 0.69
wo
hy 0.49 1.98 1.96 1.65 1.65
ol 1.88 0.44 4.49 0.59
mt 4.05 2.51 6.29 2.34 1.00  0.76 1.58 1.07
il 1.50 1.32 2.88 036/ 0.64 044 027 0.62 0.17
ap 1.25 0.90 1.11 0.04/ 0.09 0.08 0.07 0.26 0.21
Q 39.1 37.8 30.0 31.7) 574 583 616 60.2 62.8
Ne 38.1 39.8 40.0 482 232 219 213 13.8 16.4
Ks 22.8 224 30.0 20.1 19.4 19.8 17.1 26.0 20.8
Al 0.91 1.03 0.66 1.08) 096 094 093 0.81 0.84
K,0/Na,O 0.82 0.74 1.02 0.51 1.14 1.20 1.10 2.56 1.09
R1 -20 -300 -1051 -1325) 1709 1680 2207 2059 2365
R2 747 616 705 480 382 344 318 416 356
Rock-type  Nephel- Nepheline Nepheline Nepheline | Granite Granite Granite | Granitic Granitic

syenite  syenite syenite syenite gneiss migmatite




170

Alkaline Complexes from Southeastern Bolivia

R,

Nepheling™
syeni-te

|

/ P

@ Todos Santos O San Migudito <» Mercedes

0O Cabezade Toro m Zuialito

O Tirari
< Taperas
< Retiro
* Las Copas
K,O
10f
[m]
5_

A Bamba 4 Urucu

A\ San Francisco < Tanomonia
+ Prado
C

Qé@é" @

&

Fig. 2. A: part of the R1 [Si-11(Na+K)-2(Fe+Ti)]-R2 [6Ca+2Mg+Al] diagram (De La Roche et al., 1980); B: Q-A-P-F
Streckeisen's diagram (cf. Le Maitre, 1989); C: Na,O vs. K,O plot (after Comin-Chiaramonti & Gomes, 1996) for the Velasco

rocks.

The rocks range from coarse to fine-grained in si-
ze, and include plagioclase-bearing (up to 30 vol%)
and plagioclase-free varieties, the latter showing
meso- and macroperthitic alkali feldspar laths
(hypersolvus granites to hypersolvus foid syenites).

The

inequigranular allotriomorphic (very

textures are quite variable, from
typical of
granite types) through hypidiomorphic to trachytic
and foyaitic, the latter due to the orientation of lath-

shaped alkali feldspar crystals. Porphyritic textures

are owing to macrocrystals of alkali feldspar

randomly  distributed along a fine-grained
groundmass. Sometimes closely spaced elongated
macrocrystals of alkali feldspar form adcumulate
textures. The mafic minerals are chiefly represented
by the assemblage biotitexamphibole+clinopyroxene
and opaques. Common and ubiquitous accessories
include zircon,

britholite

Eudialyte,
the

titanite and apatite.

and fluorite are frequent in

undersaturated, nepheline-rich rock-types.
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More rarely carbonate-rich xenoliths, about 2x3
cm in size, are found in the syenites (e.g. Retiro
complex, sample n. 33 of Table 1): they are formed
by mesoperthitic alkali feldspar (~60 vol%) and
quartz (~5 vol%) set in a groundmass of
microcrystalline calcite (~30 vol%), apatite (~3%),
biotite and opaques.

The scarce volcanic rocks (San Miguelito
complexes; cf. Fig. 1) are porphyritic trachytes
containing pheno- and microphenocrysts of micro to
cryptoperthitic ~ alkali ~ feldspar,  plagioclase,
clinopyroxene (often replaced by amphibole and
biotite) and opaques set in a groundmass consisting
of the same minerals and occasional quartz (quartz
trachyte varieties). A single fragment of carbonatite,
3 cm in length, containing calcite and minor
amounts of quartz and fluorite, was described in a
marginal breccia by Litherland et al. (1986).

The dykes usually range in composition from
quartz trachytes to trachyphonolites (Table 1),
showing mineralogical assemblages broadly similar
to those of the corresponding plutonic facies.
Microgranite dykes with aplitic texture are present in
the San Francisco body, whereas melasyenite dykes
are widespread in the whole region, according to
Fletcher & Beddoe-Stephens (1987). The latter rocks
contain augite-aegirine augite, hornblende, alkali
feldspar and nepheline phenocrysts set in a
groundmass made of the same minerals and
opaques; zircon, titanite and britholite are the most
common accessory phases.

A nepheline syenite dyke containing phenocrysts
of corundum and hercynite is noticeable in the Prado
body (sample PV-32 of Table 1) and an aplogranitic
dyke was sampled in the Cabeza de Toro complex
(sample 27 of Table 1; cf. also Fletcher & Beddoe-
Stephens, 1987).

Finally, it should be stressed that in the Na,O vs.
K,O diagram (Fig. 2C) the oversaturated-saturated
samples from Velasco plot generally into the
potassic fields (agpaitic types tendentially lying in
the transitional field), whereas the undersaturated

(and agpaitic) varieties belong to the sodic suites.
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Petrochemistry

Most of the samples are metaluminous, but about
22% of the rock-types are peralkaline, i.e. molar
ratio (Na,0+K,0)/AL,0,, A.L>1: 60% of the nephel-
syenites and nepheline syenites. The latter are
concentrated in the Taperas, Bamba, Zuialito and
Prado bodies, and have K,O/Na,O ratios ranging
from 0.4 to 1.4. Peraluminous, corundum-normative
and corundum-bearing rock-types (9% of the
samples) are present in the Cabeza de Toro, Prado,
Zuialito and San Francisco intrusions.

Typically, the rocks having A.L.«0.95 are
plagioclase-free (i.e. hypersolvus varieties, cf. Fig.
3A). The agpaitic, silica-oversaturated rocks, show a
comenditic affinity (i.e. ALO, wt%>1.33 FeO_,
wt%+4.4), according to the Le Maitre classification
(1989).

Mostly rock-types tend to fit the trachytic thermal
minimum in the Petrogeny's Residua System (PRS,
Fig. 3B), and two main trends are apparent in the
potassic side of the diagram, towards the granitic
and phonolitic residual melt composititions,
respectively. It should be also emphasized that the
gneissic-migmatitic rocks from the crystalline
basement plot near to the granitic compositions of
some Velasco complexes.

Major elements vs. silica diagrams (Harker
diagrams, Fig. 4A) illustrate the variations amongst
the different rock-types and particularly draw the
attention to the wide SiO, range which reflects the
spread from undersaturated to oversaturated in silica
MgO, CaO,

AlLO,, Na,O and P,0O, decrease as SiO, increases,

magma types. In general, TiO,, FeO_,
while the K,O is widely scattered above all at SiO,
about 60 wt%. However, it is apparent that the com-
positional ranges result from the presence of several
main groups and trends, i.e. nepheline syenites, ne-
phel-syenites+syenites, quartz syenites+granites and
dykes+effusive rocks, even considering the agpaitic
(cf. Fig. 4B) vs. metaluminous-peraluminous petro-
graphic types. Notably, granites and quartz syenites

tend to fit the fields of basement crystalline rocks,
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suggesting to some extent processes related to
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crustal contamination (see below).
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Fig. 3. A: normative Q-Ne vs. agpaitic index [A.L=(Na,0+K,0)/Al,0, molar ratio] for the Velasco rocks (cf. Table 1). B:
Velasco rock-types plotted into the Ne-Ks-SiO, system (Petrogeny's Residua System, after Hamilton & McKenzie, 1965, and
Henderson, 1984). Phase boundaries are for PH,O=1 kb and the thermal minima are linked by thermal valleys (broken lines)
to the minimum on the Ab-Or join. Nepheline compositions are also plotted.

Defined trends are not apparent also for the trace
elements that show very scattered variations, all
about SiO,~60 wt%, confirming the main groups
observed for the major elements (Figs. 4C and D). It
should be noted that Ga and Ge have a quite
constant behaviour (23.6+4.6 ppm and 1.7+0.4 ppm,
respectively), and that the PV-32 sample (corundum
normative nepheline syenite dyke from Prado; cf.
Table 1) displays very high Th (325 ppm), LREE

(e.g. Ce=5774 ppm), Ga and Ge contents (55 and 4
ppm, respectively).

In particular, in terms of inter-elemental ratios
and independently from the rock compositions,
agpaitic or metaluminous, some general features
should be stressed:

1) The quite constant behaviour of the Ba/Sr and
Rb/Sr ratios up to SiO,~60 wt% and the strong

scattering of the quartz syenite to granite rock-types
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(Fig. 5) (Ba/Sr: nepheline syenite 0.77+0.66; nephel- 13.30+2.73, nephel-syenite 14.51+£2.74, syenite
syenite 1.58+1.19; syenite 1.85+1.72; quartz syenite 13.13£2.21, quartz syenite 12.55+1.90, granite and
3.08+£2.21; granite 5.24+3.40. Rb/Sr: nepheline trachytic rocks 11.62+2.57. Moreover, in the Nb
syenite 0.31+0.30; nephel-syenite 0.29+0.40; syenite vs. Nb/Ta diagram (Fig. 5), the samples plot
0.48+0.56; quartz syenite 1.63+2.03; granite between the basement rocks and the mantle derived
4.75+£3.58). Notably, the latter rock-types display melts and associated worldwide alkaline rocks (cf.
similar ratios to those shown by the basement rocks Green, 1995). The Hf/Zr ratio exhibits a quite
(cf. also Fletcher & Beddoe-Stephens, 1987, and uniform distribution for all the rock-types
Litherland et al., 1986). (0.024+£0.004), with the exception of granites and

2) The very different and scattered Nb/Ta ratios aplogranite dykes (Hf/Zr=0.035+£0.012 and 0.066,
for the distinct rock-types, i.e. nepheline syenite respectively).
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Fig. 4. A: Harker variation diagrams (major elements, wt%) for the whole population of Velasco rock-types.
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Agpaitic rock-types
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_ K,0/Na,0

75 S0,

Fig. 4. B: Harker variation diagrams for only the agpaitic rock-types. In green, the whole population. Symbols as in Fig. 4A.

3) The apparent positive correlations (r=0.96 and
0.99, respectively) evidenced in the Y vs. Yb and Nd
vs. Sm diagrams (Fig. 5). Granitic rocks tend to fit
the Sm/Nd ratios of the metamorphic basement,
following a linear correlation (Sm=0.170 Nd+1.222,
r=0.97).

4) The scattered values shown by the La/Yb
ratios (i.e. LREE/HREE): nepheline syenite
55.4+23.37, nephel-syenite 39.36+12.94, syenite
40.60+14.46, quartz syenite 34.22+15.43, granite
25.13+23.50. However, the chondrite-normalized
La/Yb ratios [i.e. (La/Yb). cf. Fig. 5] vs. SiO,

display a tendency of decreasing fractionation of
LREE/HREE from nepheline syenite to granite rock-
types both in agpaitic and metaluminous-
peraluminous varieties [i.e. (La/Yb).: nepheline
syenite 35.77£25.66; nephel-syenite 26.93+7.82;
syenite 20.65+12.30; quartz syenite 16.37+2.35;
granite 10.83+2.64]. Some granites and quartz
syenites have high (La/Yb). values, ie. 4541+
17.93 and 36.48+3.98, respectively.

5) On the whole, one can observe a strong
enrichment in incompatible elements with respect to

the primitive mantle (Sun & McDonough, 1989; cf.
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Fig. 6), showing a very large spreading of elements
such as Rb, U, Th, Nb, Ta and LREE, that vary from
100 to up to more than 1000 times the mantle values,
and negative Sr, P and Ti spikes in all the rock-
types. Notably, the spidergrams relative to the
syenites (Fig. 6) parallel those from other worldwide
occurences associated with continental rift areas
(e.g. Kenia and Sudan; cf. Baker, 1987, and Harris et
al., 1983).

6) The distribution of REE in the chondrite-
normalized diagrams (cf. Boynton, 1984; Figs. 7A,
B) displays patterns characterized by different
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enrichments, steep fractionation of LREE, moderate
fractionation of LREE with respect to MREE and a
tendential flat behaviour of HREE for all the rock-
types, and this even in a single
[LREE/MREE, (La/Sm). granite 4.47+1.22, quartz
syenite 7.23+1.40, syenite 6.86+1.96, nephel-syenite
7.89+2.84, 10.08+2.80,
trachyphonolite to quartz trachyte dykes 6.44+2.41;
MREE/HREE, (Tb/Yb).: granite 2.80+2.88, quartz
syenite 1.48+0.55, syenite 1.73+£0.54, nephel-syenite
1.55+0.40, 1.68+0.64,

trachyphonolite to quartz trachyte dykes 1.56+0.65].
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Fig. 4. C: Harker diagrams (trace elements, ppm) for the whole population. Symbols as in Fig. 4A. D: Harker diagrams for
only the agpaitic rock-types. Data source for basement rocks: Litherland et al. (1986) and this work (cf. Table 1). Symbols as

in Fig. 4A.
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Fig. 5. Interelementar relationships for the Velasco complexes. Symbols and references as in Fig. 4A. In the Nb vs. Nb/Ta
diagram, mantle derived melts and alkaline suites (worldwide alkaline rocks) are after Green (1995).

It should be also stressed that the granitic rock-
types tend to fit the geochemical characteristics of
gneisses and migmatites of the crystalline basement,
and that the PV-32 dyke (corundum-hercynite-
bearing nepheline syenite) exhibits a very different
behaviour with (La/Yb). 187.89, (La/Sm). 9.34 and
(Tb/Yb). 5.72.

Eu anomalies (cf. Eu/Eu*, calculated according to
Taylor & McLennan, 1985; Figs. 7A, B) are usually
negative, but positive Eu/Eu* values are also found
in some (1.64+0.40),

syenites nephel-syenites

(1.26+0.16) and nepheline syenites (1.65+0.49), bo-
th agpaitic and metaluminous. The origin of Eu ano-
malies has not yet been satisfactorily explained:
feldspar fractionation, cumulus processes or mix-
tures of phenocryst (xenocryst)-loaded liquids from
different stages of magmatic evolution are plausible
means for producing Eu deficiency or excess.

7) The presence of a carbonate-rich xenolith
(Retiro complex) with a strong enriched REE pattern
(Fig. 7A), points up to some extent to the possibility

of a not well-defined carbonatitic association.
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In sum, the petrochemical data are consistent with
different magma types, even in a single complex,
probably derived from distinct parent sources and
mixing in the magma chamber, or by crystallization

in open system and/or affected by different crustal
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especially in the silica-oversaturated rock-types, i.e.
quartz syenites (trachytes) and granites, in which an
important role regarding the concentration of some
trace elements may be also played by the fractional

crystallization and cumulus of accessory phases such

contamination (see below "Sr-Nd isotopes"), as titanite, eudialyte etc.
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Fig. 6. Primitive mantle-normalized (Sun & McDonough, 1989) trace elements diagrams for the rock-types from Velasco
complexes. 1) and 2): average data for trachytes and nepheline syenites from continental rift zones (Kenia and Sudan,
respectively; data source: Baker, 1987, and Harris et al., 1983).

Mineralogy

Representative analyses of the main minerals
from all the Velasco rock-types are given in Tables 2
to 6.

Feldspars

Feldspars from Velasco rocks are alkali feldspar
coexisting with plagioclase in subsolvus rock-types

that have A.L.«0.95, or just mesoperthitic alkali

feldspar in the hypersolvus varieties (Table 2; cf.
Fig. 3).
Plagioclase is, in general, zoned ranging
commonly from labradorite to oligoclase, but with
prevailing andesine to oligoclase compositions in the
syenites and trachytes, following Na-K-enrichment
and Ca-depletion trends. The rims are often mantled
by feldspars displaying Na-rich compositions

(anorthoclase-albite).
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The mesoperthitic alkali feldspar (principally
characterized by patch- to hairperthites in coarse and
fine-grained rock-types, respectively) shows for the
whole composition an average value of Ab,Or,,

whereas the exsolved phases are in the range of 60-
98 Or and of 90-99 Ab, respectively.
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Although the Velasco feldspars fall below the
solvus-solidus intersection in the system KalSi,O,-
NaAlSi,0,-CaALSi,O, at P, ;=0.5 kb and 900°C
(Seck, 1971), some ternary compositions are

noticeable as patches in syenites (Fig. 8).
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Fig. 7. A: Chondrite-normalized (Boynton, 1984) REE profiles for the rock-types from Velasco complexes. Eu/Eu*

calculated according to Taylor & McLennan (1985).
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Fig. 7. B: Chondrite-normalized (Boynton, 1984) REE profiles for the rock-types from Velasco complexes.
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Fig. 8. Feldspar compositions plotted into the An-Ab-Or diagram (wt%). A-A' is the solvus-solidus intersection at 900°C
(Seck, 1971). Inset: nepheline plotted in terms of (Al+Fe™) vs. (Na+K+Ba+2Ca), a.f.u.
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Table 2. Representative probe analyses of feldspars and foids. Gr, granite; QS, quartz syenite; S, syenite; NS, nephel-syenite;
NES, nepheline syenite; QTR, quartz trachyte; TRPH, trachyphonolite. AF, alkali feldspar, whole composition; K-ph and Na-
ph, perthites and antiperthites, respectively; Pl, plagioclase; Neph, nepheline. C, core; R, rim; I, intermediate areas; ph, mph
and gm, phenocrysts, microphenocrysts and groundmass phases, respectively. For analytical methods see Comin-Chiaramonti
et al. (in this volume).

Sample 7 28 15 PV-8
Gr Gr Qs QS
AF  K-ph Naph| AF K-ph Na-ph| AF PI-C PIR AF  K-ph Na-ph
wt%
Si0, 66.52 64.76 67.78| 67.11 63.33 67.47| 65.20 55.66 66.56| 66.17 64.91 66.75
AL 04 18.88 18.18 19.52| 19.14 17.93 19.37| 19.38 27.79 20.64| 19.18 18.38 19.76
Fe,0; 0.14 025 0.11] 006 0.14 020 o011 047 0.19] 014 0.13 0.14
BaO 0.06 0.04 0.12  0.05 0.09| 062 0.05 008 0.05 0.10
SrO 0.02 0.02 041 0.02 0.02
CaO 0.11 035 0.14 0.07 031 0.61 10.18 157 043 0.04 0.8
Na,O 6.59 0.51 11.39] 6.37 1.07 11.14] 559 534 1074/ 6.49 239 1049
K,0 729 16.13 021 7.75 1487 051 806 033 0.17) 7.7 1328 1.04
Sum 99.59 99.89 99.36/100.69 97.46 99.09| 99.59 100.23 99.95| 99.65 99.25 98.98
Si 11.975 11.996 11.934|11.967 11.982 11.935| 11.837 10.032 11.699| 11.911 11.982 11.848
Al 4.006 3.969 4.051| 4.023 3.999 4.038| 4.147 5.904 4.276) 4.070 4.000 4.134
Fe™* 0.019 0.035 0.015| 0.008 0.019 0.027| 0.015 0.064 0.025 0.019 0.018 0.018
Ba 0.004 0.003 0.009 0.003 0.006/ 0.044 0.003 0.005/ 0.003 0.007
Sr 0.002 0.002 0.043 0.002 0.002
Ca 0.021 0.066| 0.027 0.014 0.058| 0.119 1.966 0.296/ 0.083 0.008 0.152
Na 2300 0.183 3.888| 2.203 0.393 3.820| 1.968 1.866 3.660| 2.265 0.856 3.609
K 1.674 3.812 0.045| 1.764 3.590 0.115| 1.867 0.076 0.038 1.647 3.128 0.235
(0=32)
zZ 16.000 16.000 16.000| 15.998 16.000 16.000|15.999 16.000 16.000| 16.000 16.000 16.000
X 3.999 4.000 3.999| 4.003 4.000 4.000, 4.000 3.954 4.000/ 4.000 4.001 3.996
wt%
Or 433 957 1.2] 455 902 3.0 482 2.0 1.0 425 79.1 6.2
Ab 56.0 43 97.0 535 9.3 952 47.1 456 909 551 204 898
An 0.7 0.0 1.8 1.0 0.5 1.8 47 524 8.1 2.4 0.5 4.0
AL 0.93 0.96 0.85 0.91
Sample 10 18 30 32
S S S S
AF  K-ph Naph PI-C PR AF | PI-C PII PR | AF K-ph Naph| AF K-ph Na-ph
wt%
Sio, 64.66 63.88 65.56 58.60 60.58 65.41| 62.93 63.20 62.08 6593 6456 66.94 6556 6585 68.10
Al,O4 19.49 19.04 20.67 2534 23.80 18.85| 22.86 21.96 21.98 18.89 18.26 19.68| 18.66 18.58 19.38
Fe,04 0.19 019 015 016 038 012 011 024 016 0.15 0.16 024/ 038 034 0.24
BaO 033 090 023 022 006 033 0.01 009 137 020 0.03] 021 0.16 0.10
SrO 0.18 026 0.19 050 039 0.03) 008 0.02 0.16 0.11  0.09 0.10
CaO 0.88 044 1.65 697 547 022 4.18 346 3.13) 028 0.01 073 016 0.04 0.13
Na,O 5.84 279 1041 728 820 3.94/ 882 898 6.76) 466 046 11.11] 6.60 4.60 11.35
K,0 741 1195 0.28 0.16 0.17 1090/ 0.67 091 3.86/ 998 16.12 0.19] 693 10.13 042
Sum 98.98 99.45 99.14 99.23 99.05 99.80| 99.66 98.86 99.50| 99.98 99.77 98.92| 98.61 99.79 99.82
Si 11.786 11.777 11.650 10.583 10.901 11.931|11.193 11.328 11.274| 11.946 11.983 11.859| 11.942 11.972 11.958
Al 4187 4.216 4.330 5.394 5.046 4.053| 4.793 4.639 4.705| 4.034 3.955 4.109| 4.006 3.982 4.011
Fe™ 0.026 0.026 0.020 0.022 0.051 0.016] 0.015 0.032 0.022| 0.020 0.022 0.032] 0.052 0.046 0.031
Ba 0.023 0.063 0.016 0.015 0.004 0.023| 0.001 0.006 0.097 0.014 0.002| 0.015 0.011 0.006
Sr 0.019 0.028 0.019 0.052 0.041 0.003| 0.008 0.002 0.017 0.012  0.009 0.011
Ca 0.172 0.087 0.314 1.349 1.055 0.043| 0.797 0.664 0.609| 0.054 0.002 0.138 0.032 0.008 0.024
Na 2.064 0.997 3.587 2.549 2.861 1.394| 3.042 3.121 2.381| 1.638 0.165 3.817| 2.331 1.622 3.864
K 1.723 2811 0.063 0.037 0.039 2.536| 0.152 0.208 0.894| 2.306 3.817 0.043| 1.611 2.350 0.095
(0=32)
z 15.999 16.019 16.000 15.999 15.998 16.000| 16.001 15.999 16.001| 16.000 16.000 16.000| 16.000 16.000 16.000
X 4.001 3.986 3.999 4.002 4.000 3.999| 4.000 4.001 3.998/ 4.000 4.000 4.000, 4.001 4.000 4.000
wt%
Or 443  71.0 1.7 1.0 1.0 64.6 4.0 54 230 591 956 1.1] 416 60.1 2.5
Ab 499 237 839 62.1 702 334, 749 77.0 575 395 39 951 56.7 390 96.3
An 5.8 53 94 369 288 20 21.1 17.6 195 1.4 0.5 3.8 1.7 0.9 1.2
AL 0.82 0.80 1.04 0.97




Mesozoic to Cenozoic Alkaline Magmatism in the Brazilian Platform

Table 2 (continued).
Sample PV-6 PV-14 PV-34 21
S S S NS
AF  K-ph Na-ph Pl Patch | K-patch Na-patch| Na-ph AF AF-C | AF-R  PI-C PI-R
wt%
SiO, 65.84 64.09 66.82 61.63 62.97| 64.90 66.73| 66.01 66.19 65.19] 64.14 63.80 64.96
Al,O4 19.11 18.42 20.68 22.94 21.74] 18.40 19.34| 20.62 19.00 19.38] 18.93 22.82 21.65
Fe,0; 005 025 0.10 030 0.13 0.20 0.14/ 011 036 0.03 0.09 0.14 0.05
BaO 023 098 0.10 052 149 0.31 0.02 038 036 053 013 0.08
SrO 0.01 0.19 0.13 0.02 0.02 020 0.23 0.19 016 0.17
CaO 034 001 148 442 270 0.02 046/ 1.66 0.19 052/ 041 387 261
Na,O 545 075 10.83 831 5.51 1.09 11.13| 10.59 692 541 338 927 992
K,0 8.68 1540 0.15 0.83 622 1522 026/ 021 654 838 11.23 034 0.37
Sum 99.71 99.90 100.16 99.14 100.89| 100.16 98.06| 99.24 99.78 99.50| 98.90 100.53 99.81
Si 11.917 11.925 11.714 11.093 11.359| 11.971 11.912]11.683 11.918 11.846| 11.861 11.242 11.483
Al 4.077 4.040 4.273 4.867 4.623| 4.001 4.069| 4.302 4.032 4.151) 4.126 4.740 4.511
Fe™* 0.006 0.035 0.013 0.040 0.018| 0.028 0.019] 0.015 0.049 0.004| 0.013 0.018 0.006
Ba 0.016 0.072 0.006 0.037 0.105] 0.022 0.001 0.027 0.026/ 0.039 0.009 0.005
Sr 0.001 0.019 0.014| 0.002 0.002 0.020 0.024] 0.020 0.016 0.017
Ca 0.066 0.002 0.278 0.852 0.522| 0.004 0.088| 0.315 0.037 0.101] 0.081 0.731 0.494
Na 1.912 0.270 3.681 2.901 1.927| 0.390 3.853| 3.635 2415 1.906| 1.211 3.167 3.401
K 2.003 3.656 0.034 10.190 1.432| 3.582 0.060| 0.047 1.502 1.943| 2.649 0.076 0.083
(0=32)
Z 16.000 16.000 16.000 16.000 16.000| 16.000  16.000| 16.000 15.999 16.001| 16.000 16.000 16.000
X 3.998 4.000 3.999 3.999 4.000/ 4.000 4.001| 4.000 4.001 4.000] 4.000 3.999 4.000
wt%
Or 51.5 911 0.9 49 364 89.9 1.6 1.3 387 49.8 67.6 2.0 22
Ab 46.2 6.4 915 71.0 463 9.2 96.1/ 903 587 460/ 29.1 78.1 841
An 2.3 2.5 76 241 173 0.9 2.3 8.4 2.6 4.2 33 199 137
AlL 0.85 0.90 0.91 0.82
Sample PV-16 PV-55 PV-22 PV-22
NS NS NES
AF K-ph Na-ph, AF K-ph Na-ph Neph AF K-ph Na-ph Neph Haiiyne
wt%
Si0, 67.31 64.83 66.28| 66.15 63.83 67.67 46.00| 66.55 64.45 67.80 44.13| SiO, 35.66
AlL,O4 19.67 18.83 19.66| 19.06 18.11 19.61 33.81 18.91 18.38 19.19 3247 ALO; 30.11
Fe,0; 0.10 0.04 0.04 0.15 0.14 024 058 0.15 0.14 016 0.56 Fe,0; 0.18
BaO 042 049 022/ 0.10 0.18 0.15 0.14 025 0.03 0.04 MnO 0.02
SrO 030 0.10 0.58 0.20 0.08 0.25 0.15 21 0.09 CaO 4.90
CaO 030 0.10 0.58 024 002 033 071 0.02 0.04 0.01/ Na,0O 19.36
Na,O 730 1.84 10.28) 6.02 0.68 11.28 13.59) 645 124 11.52 16.01| K,0 0.02
K,0 6.17 1390 126/ 7.93 1557 024 490 7.50 14.84 0.15 5.83| SO; 9.51
Sum 101.49 1390 98.53| 99.85 98.61 99.77 99.59| 99.87 99.51 98.98 99.05| Sum 99.76
Si 11.891 11.915 11.851/11.927 11.975 11.903 8.685/11.970 11.961 11.981 8.529| Si 6.002
Al 4.096 4.079 4.144| 4.051 4.004 4.066 7.524| 4.009 4.020 3.997 7.397| Al 5.974
Fe’* 0.013  0.006 0.006| 0.020 0.020 0.032 0.082| 0.020 0.019 0.021 0.081 Fe™ 0.023
Ba 0.029 0.035 0.015/ 0.007 0.013 0.010 0.010 0.018 0.002 0.003| Sum  11.999
Sr 0.022 0.030 0.021| 0.020 0.009 0.026 0.016 0.022 0.009 Mn 0.003
Ca 0.056 0.019 0.111] 0.047 0.004 0.063 0.144| 0.004 0.007 0.002| Ca 0.884
Na 2.501 0.656 3.565| 2.104 0.248 3.847 4.975 2.250 0.446 3.948 6.000 Na 6.318
K 1.391 3.260 0.288 1.824 3.727 0.054 1.180| 1.721 3.513 0.034 1.438 K 0.004
(0=32) Sum 7.209
zZ 16.000 16.000 16.001|15.998 15.999 16.000 16.291|15.999 16.000 15.999 16.007| SO4 1.201
X 3.999 4.000 4.000, 4.002 4.001 4.000 6.299| 4.001 3.999 4.000 7.443
(0=21)
wt% Basis:
Or 36.0 81.8 7.6/ 469 933 14 4432 881 0.9 3AL05%6Si0,
Ab 60.8 155 882 51.0 59 957 5458 105 985
An 32 2.7 4.2 2.1 0.8 2.9 0.91 1.4 0.6
Q 13.1 5.7
Ne 68.7 74.4
Ks 18.2 19.9
AL 0.86 0.93 1.00
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Table 2 (continued).
Sample PV-23 PV-56 PV-32
NES NES Corundum-bearing NES
AF  K-ph Na-ph Neph AF | K-ph Na-ph Neph | AF Neph Sodalite
wt%
Sio, 67.60 65.73 67.72 4429 6590 63.81 6587 43.51| 67.14 4443  SiO, 37.23
Al,O4 19.11 18.67 19.16 3255 19.08| 18.15 19.78 33.11] 1945 328  ALO, 31.49
Fe,04 0.13 007 022 078 015 0.15 0.10 046/ 003 043  Fe,04 0.14
BaO 006 0.10 0.03 0.03 0.14] 0.13 0.06 0.13  0.05 BaO 0.04
SrO 0.07 0.12 0.07 0.08/ 005 0.08 0.08 SrO
CaO 0.08 0.07 035 009 094 031 0.89 CaO 0.08
Na,O 6.21 155 10.87 1597 6.77| 131 998 1586/ 7.23 15.06 Na,0 25.51
K,0 8.19 1476 1.10 6.12 6.68 1459 148 6.76 633 6.14 K,0 0.06
Sum 101.37 101.00 99.25 99.81 99.15| 98.28 98.29 99.70| 100.70 99.85  Cl 7.06
F 0.14
Si 11.988 11.980 11.977 8.513 11.914|11.967 11.807 8.399|11.924 8.327  O=CLF 1.65
Al 3.955 4.011 3.994 7.374 4.066| 4.012 4.179 7.534| 4.072 7.610  Sum 100.10
Fe’* 0.017 0.009 0.029 0.113 0.020| 0.021 0.013 0.067| 0.004 0.064
Ba 0.004 0.007 0.002 0.002 0.010| 0.010 0.004 0.009 0.001 Si 6.000
Sr 0.007 0.013 0.007 0.008| 0.005 0.008 0.008 Al 5.983
Ca 0.015 0.014 0.068| 0.018 0.181 0.059 0.188  Fe™* 0.017
Na 2.135 0.548 3.727 5.952 2.374| 0476 3.469 6.006 2.490 5.748 Ba 0.002
K 1.852 3.432 0.249 1.501 1.541| 3.491 0.338 1.684] 1.434 1542  Sr
(0=32) Ca 0.014
Z 16.000 16.000 16.000 16.000 16.000| 16.000 15.999 16.000/ 16.000 16.001 Na 7.972
X 3.998 4.000 4.000 7.469 4.001| 4.000 4.000 7.690/ 4.000 7479 K 0.012
Sum 20.000
Cl 1.929
wt% F 0.071
Or 484 864 6.6 39.8| 877 8.9 37.1
Ab 512 13.0 927 57.8 11.3 859 60.8
An 0.4 0.6 0.7 2.4 1.0 52 2.1
Q 5.4 42 5.8
Ne 73.9 73.0 72.5
Ks 20.7 22.8 27.7
Al 1.04 0.88 0.66
Sample PV-12 22
QTR TRPH
Ph-AF mPh gm |Ph-AF gm gm
wt%
Sio, 64.72 63.58 68.45 63.66 64.85 64.61
AlLO; 18.09 17.42 19.12| 19.98 20.21 19.17
Fe,04 046 092 053] 0.10 0.06 0.05
BaO 0.03 0.17, 200 025 031
SrO 0.17 0.13 0.19
CaO 005 002 0.02| 086 141 0.5
Na,O 078 0.62 11.00] 5.74 8.01 4.32
K,0 15.69 15.66 1.12| 697 3.89 9.88
Sum 99.82 98.22 100.41| 99.48 98.81 99.08
Si 11.987 11.996 11.984|11.669 11.696 11.850
Al 3.949 3.873 3.947) 4317 4296 4.144
Fe’* 0.064 0.131 0.069| 0.014 0.008 0.006
Ba 0.002 0.011| 0.144 0.017 0.022
Sr 0.018 0.014 0.020
Ca 0.010 0.005 0.004| 0.168 0.272 0.108
Na 0.280 0.227 3.735| 2.040 2.801 1.536
K 3.708 3.768 0.250, 1.630 0.895 2.312
(0=32)
Z 16.000 16.000 16.000| 16.000 16.000 16.000
X 4.000 4.000 4.000| 4.000 3.999 3.998
wt%
Or 93.1 945 6.6/ 414 233 590
Ab 6.6 54 929 488 68.6 36.9
An 0.3 0.1 0.5 9.8 8.1 4.1
Al 1.02 0.80
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Table 3. Representative probe analyses of clinopyroxenes. Symbols as in Table 2. Fe O, and FeO recalculated on the cation

basis. Formulae on 6 (O) basis. Mg#=Mg/(Mg+Fe™); Fe*=Fe
g

+Mn-Na-K, Q=Ca+Mg+Fe™, J=2Na (cf. Morimoto, 1988).

total

Sample PV-8| 10 30 32 PV-55| PV-22 PV-23 PV-24 | PV-56

QS S S S NS | NES NES NES | NES

C R C R C R

wt%
SiO, 51.55/52.45/51.82 52.09| 52.03 51.00| 50.20, 51.08|50.29 51.24| 50.87| 49.27
TiO, 0.50| 0.17, 0.40 0.52| 027 0.23] 0.73| 037 0.75 0.28/ 0.24] 0.97
AlL,O; 1.57| 4.40/ 0.95 096/ 0.69 0.50| 2.22| 1.58| 2.30 1.49| 2.10] 2.50
Fe,04 1.83 12.48 21.32| 3.13 2.50| 6.36| 15.44| 6.68 12.04| 21.13] 4.79
FeO 10.34]14.77| 4.92 3.68 8.99 14.08| 6.77| 7.44| 791 730 4.84| 17.37
MnO 0.94| 0.99| 1.38 1.12| 0.98 0.97| 1.24| 1.53] 1.55 1.67| 1.22| 2.82
MgO 12.2214.07| 4.00 3.26) 10.64 7.69| 9.46 3.77| 8.25 5.58| 3.02| 9.38
CaO 20.28(11.91| 9.71 7.65| 22.91 21.96| 19.96| 11.57|18.72 14.89| 7.52| 19.67
Na,O 0.64| 1.04/ 7.85 9.12| 091 0.92| 2.10| 6.67| 2.73 5.07| 851 1.83
K,0 0.03 0.01 0.02| 0.01 0.15| 0.01
Sum 99.90{99.80/99.51 99.72| 100.55 99.87| 99.05| 99.45|99.18 99.56| 99.60| 98.66
Si 1.947|1.966| 1.993 1.995 1.965 1.980| 1.921| 1.978|1.931 1.973| 1.961| 1.905
AlY 0.053{0.034/ 0.007 0.005| 0.031 0.020| 0.079, 0.022]0.069 0.027| 0.039| 0.095
Al 0.018/0.160/ 0.036 0.038 0.003| 0.021| 0.050{0.035 0.041| 0.056, 0.019
Ti 0.014/0.005/0.011 0.015| 0.008 0.007| 0.021| 0.011]0.022 0.008| 0.007| 0.028
Fe** 0.053 0.535 0.615| 0.089 0.073| 0.173| 0.450/0.193 0.349| 0.613| 0.138
Fe?* 0.328(0.463 0.158 0.118| 0.284 0.457| 0.228 0.241]0.254 0.235| 0.156| 0.236
Mn 0.030/0.031/0.045 0.036| 0.031 0.032| 0.040| 0.050|0.051 0.054| 0.040| 0.092
Mg 0.688/0.786/0.229 0.186| 0.599 0.445| 0.541| 0.218]0.472 0.320| 0.174| 0.537
Ca 0.821/0.479/0.400 0.314| 0.927 0.913| 0.819| 0.480|0.770 0.614| 0.310| 0.813
Na 0.047/0.076/0.586 0.678| 0.066 0.069| 0.156/ 0.500|0.203 0.379| 0.636| 0.137
K 0.001 0.001| 0.001 0.008| 0.001
Sum 4.000|4.000/ 4.000 4.000| 4.000 4.000| 4.000| 4.000|4.000 4.000| 4.000| 4.000
(0=6)
Mg/(Mg+Mn+Fe,,) | 0.63| 0.61| 0.24 0.19/ 0.60 0.44| 0.55 0.23] 049 033| 0.18 0.54
mg# 0.68| 0.63| 0.59 0.61| 0.68 0.49| 0.70| 0.47| 0.65 0.58| 0.53] 0.69
Na+K 44| 59/ 60.6 71.0 6.6 6.9 15.9] 52.1| 209 39.6) 647 13.7
Mg 62.6| 61.4 237 19.5| 59.7 442 55.1 22.7| 48.6 334 17.7| 535
Fe* 33.0| 32.7) 157 9.5/ 337 489| 29.0/ 252| 30.5 27.0/ 17.6/ 328
Q 1.837|1.728/ 0.787 0.618 1.810 1.815| 1.588| 0.939|1.496 1.169| 0.640| 1.586
J 0.094(0.152/0.172 1.356| 0.132 0.140| 0.314| 1.000|0.406 0.758| 1.288| 0.276
Al 0.91| 0.82| 1.04 0.97 0.93/ 1.00 1.04| 1.05| 0.88

The
(X,Z,,0,,) and the X group (Ca+Sr+Ba+Na+K) are
very close to the theoretical 20.00 and 4.00,

sum of cations in structural formulae

respectively, even in the ternary feldspars, indicating
that subsolidus processes have not substantially
modified the chemistry of this mineral group.

Total iron, as expressed as Fe™, appears con-
sistent with a tetrahedral coordination, varying from
0.012 to 0.049 afu. in the alkali feldspar and
plagioclase from all the rock-types. Ba and Sr show
systema-tically low contents, i.e. less than 0.040 and
0.043 a.f.u., respectively; occasionally, Ba from
ternary feldspars of some syenites corresponds to
0.101 a.f.u.

Apparent closure temperatures of 1100-890°C
and 1150-810°C were obtained for the plagioclase at
I kb HO pressure (Kudo & Weill, 1970, and
Mathez,

whereas the calibration between plagioclase and

1973 geothermometers, respectively),

coexisting alkali feldspar (whole compositions)
below 700°C,

possible subsolidus exchange.

yielded temperatures suggesting

Feldspathoids

These are represented by nepheline, haliyne and
sodalite in the silica-undersaturated rocks (cf. Table
2).  Most yielded
(Si+Al+Fe™)=16.060+0.129 a.f.u., which falls well

nepheline  compositions
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within the 1% of the expected theoretical values. by omission of solid solution, and have SiO, excess
However, some nepheline compositions from the around 13 wt% with kalsilite content about 18 wt%,
nephel-syenites are cation deficient (inset of Fig. 8), from which a crystallization temperature of about
probably reflecting vacancies in the potassium sites 1070°C can be inferred (cf. Hamilton, 1961).

Na+K

Cpx Amph
O © Quatzsyenite
@® o Syeiite

[ B Nephd-syenite
B = Nephdinesyenite

<> Dykes
(quartz trachyte to
trachyphondite)

Amphiboles

%
Mg ) 4 . Fe
Q CatAl
()
Clinopyroxenes o) Amphiboles
% 1
S
2 3
1 3
Q
R
4
-
5\ 6
%
. J . S+K+Na
0 1 2 2 75 8 8t 9

Fig. 9. Clinopyroxene and amphibole compositions plotted into the Na(+K)-Mg-Fe* diagram (Fe*=Fe+Mn-Na). The orange
field indicates the pyroxene trend from other Brazilian provinces (cf. Brotzu et al., 1997 and therein references, and Comin-
Chiaramonti ef al., in this volume). Insets: clinopyroxenes [J (2Na) vs. Q (Ca+Mg+Fe™)] and amphiboles Si+K+Na vs.
Ca+Al" classificative diagrams (Morimoto, 1988, and Giret et al., 1980, respectively). Clinopyroxenes: Quad, Ca-Mg-Fe

pyroxenes; Ca-Na, calcic-sodic pyroxenes; Na, sodic pyroxenes. Amphiboles: 1, hastingsite; 2, hornblende; 3, 6, edenite; 4,
actinolitic hornblende; 5, actinolite.

Table 4. Representative probe analyses of amphiboles. (*) uralitized cpx. Fe,O,/FeO partition made according to electrostatic
minimization. Fe*=FeO_ +Mn-Na-K. Structural formulae calculated on the basis of 23(O, OH). H,O recalculated following
the stoichiometry. Symbols as in Table 2.
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Sample 15 PV-8 18 30 PV-6 PV-14 PV-34
Qs Qs S S S S S

C R C R C R (*) C R C R C R
wt%
SiO, 45.36 43.33|41.87 42.79|44.63 44.97(49.94|43.42 43.62| 41.49 41.76| 41.58 41.05
TiO, 1.10 1.36| 1.56 1.82 1.29 1.17| 0.25| 145 1.67] 1.55 1.06| 1.66 1.42
Al O4 641 693 736 7.03| 6.88 6.82| 0.71| 7.23 6.46 824 757 744 792
Fe,0; 5.14 9.75| 640 540/ 597 573 459 7.24 7.02 7.08 6.73| 7.61 7.37
FeO 15.94 15.02|22.06 18.63|13.56 13.08| 11.49| 17.77 19.46| 21.86 20.87| 22.22 22.69
MnO 1.09 1.39| 1.50 1.22| 0.80 0.80| 0.94| 1.14 127 135 1.17] 1.62 178
MgO 10.07 7.16| 3.84 6.59/10.58 10.71| 7.28| 6.14 540 3.44 419 3.13 218
CaO 9.85 9.69| 9.74 10.24/10.54 10.65/17.04| 9.56 9.32| 10.23 10.45 9.72 9.81
Na,O 195 1.86| 1.73 1.96| 1.77 1.67| 4.52| 2.15 2.08 192 185 221 2.01
K,0 0.89 091 1.04 1.08 0.83 0.84 1.00 098] 1.26 1.16] 1.13 1.29
F 1.56 1.16| 045 0.98| 0.73 0.73| 2.14| 0.87 0.56] 0.68 0.57| 0.77 0.53
Cl 0.06 0.10/ 038 030, 0.19 0.17 042 0.37( 022 0.15] 0.50 0.24
H,0" 120 1.37| 1.57 1.34| 1.59 1.58 0.95| 141 1.56/ 1.52 157 113 129
Less O=F.Cl | 0.67 0.51| 0.28 0.48| 0.35 0.35| 0.90| 0.46 0.60] 0.34 027 044 028
Sum 99.52 99.52/99.92 98.90/99.01 98.30| 98.49| 99.34 99.45| 110.50 99.10| 100.55 99.56
mg# 0.52 046/ 024 039 058 059 051 038 033 022 026 020 0.15
Si+Na+K 7.66 7.26| 742 7.65 7.40 7.49| 897 7.60 7.65| 7.38 7.45 749 7.49
ca+Al" 270 2.86| 2.99 293 292 290 292 2.84 274/ 3.08 3.14| 3.04 3.10
F 0.767 0.566|0.227 0.4940.347 0.351{0.966| 0.428 0.277| 0.339 0.287| 0.385 0.270
Cl 0.016 0.026/0.103 0.0830.050 0.043/0.000| 0.111 0.098| 0.059 0.049| 0.134 0.066
OH 1.217 1.408|1.670 1.423/1.603 1.606| 1.034| 1.461 1.625| 1.602 1.673| 1.481 1.664
Sum 2.000 2.000|2.000 2.000|2.000 2.000|2.000| 2.000 2.000/ 2.000 2.000/ 2.000 2.000
Na+K 7.7 85 84 9.1 75 72| 190/ 9.8 94 9.8 93] 104 105
Mg 48.1 38.0| 20.5 34.5| 52.5 53.7| 47.2| 33.0 287 188 229 163 123
Fe* 442 535 71.1 56.4| 40.0 39.1| 33.8| 57.2 619 714 678 733 772
Al 0.90 0.91 0.80 1.04| 0.85 0.90 0.91
Sample 21 PV-16 PV-55 PV-22 PV-56 PV-12 22

NS NS NS NES NES QTR TRPH

C R C R C I R (*) C R | mPh |Ph-C Ph-R
wt%
SiO, 41.74 40.43| 1.13  0.84/41.05 39.65 40.80| 43.99|41.73 41.31| 45.8539.27 41.43
TiO, 3.13 2.08) 263 1.73] 235 221 245/ 038 233 148 236 258 2.88
AlLO; 9.79 10.65| 10.40 10.26/10.86 12.03 10.76/ 2.65 8.96 9.58/ 4.86| 11.58 9.80
Fe,04 537 568 652 7.85| 7.34 7.69 7.51 21.26] 9.08 9.27| 14.98] 9.93 10.18
FeO 9.03 13.61| 11.83 12.85/10.29 10.63 10.31 6.79 9.23] 17.42|10.13 7.04
MnO 073 094 1.87 2.13| 1.29 127 131 1.21) 3.22 3.66] 244| 1.02 0.83
MgO 11.49 841 9.01 7.86| 971 9.63 9.49 433/ 10.12 8.03 0.93] 7.90 10.05
CaO 1092 10.80, 9.90 9.74| 9.79 9.60 9.86, 14.76 9.91 9.19| 2.05| 10.82 10.77
Na,O 290 259 351 3.32| 3.54 327 345 656 336 3.57 4.53] 2.69 2.89
K,0 1.57 175 1.67 1.65| 1.62 1.64 167 121 1.61 1.66/ 195 1.77 157
F 1.74 143, 1.01 1.18] 1.21 1.03 128 6.36 186 1.62| 057 126 171
Cl 0.04 0.02 001 001 002 0.02 0.03 001 002 001 001 0.03 0.05
H,0" 1.12 124/ 143 135 135 142 131 1.07 1.16] 161 136 1.17
Less O=F.Cl | 0.74 0.61| 043 0.0 0.51 0.44 0.55| 268 0.79 0.68 024/ 0.54 0.73
Sum 98.83 99.63/100.49 100.31/99.17 98.88 98.93| 100.04| 99.54 99.09| 99.54| 99.80 99.64
mg# 0.69 052/ 058 052 063 0.62 0.62 0.73 0.61] 0.09] 058 0.72
Si+Na+K 7.19 7.14| 743 7.47| 736 7.5 733 8.03] 735 749 896/ 7.14 7.38
Ca+Al"Y 3.63 3.61| 339 336/ 349 3.63 343 260 245 3.15 1.15 3.77 3.47
F 0.801 0.677| 0.474 0.557|0.564 0.484 0.598| 2.757|0.860 0.763| 0.283]0.609 0.813
Cl 0.100 0.005/ 0.003 0.003|0.005 0.005 0.008| 0.002|0.005 0.003| 0.003| 0.007 0.013
OH 1.189 1.318| 1.523 1.440|1.431 1.511 1.394 1.135 1.234] 1.714| 1.384 1.174
Sum 2.000 2.000, 2.000 2.000|2.000 2.000 2.000| 2.759|2.000 2.000| 2.000|2.000 2.000
Na+K 140 135 163 157| 16.6 155 16,5 46.1) 159 17.2] 23.8| 150 15.0
Mg 62.7 467 49.1 43.0/ 537 527 53.0 417 56.1 455 59 474 59.0
Fe* 233 39.8 346 413 297 31.8 30.5 122/ 28.0 37.3] 703 37.6 26.0
AL 0.82 0.86 0.93 1.01] 0.88 1.02| 0.80

Table 5. Representative probe analyses of biotites. Structural formulae calculated on the basis of 22 (O, OH). Symbols as in
Table 2.
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Sample 7 28 | 15 PV-8 18 10 32 PV-6 PV-14 21 PV-16
GR | GR | QS Qs S S S S S NS NS
C R C R C R C R C R C
wt%
Si0, 35.35/33.62| 35.45 34.97 34.45|36.09 36.09 34.99| 37.22 37.29| 3531| 35.65 3540 38.44 3546 37.73
TiO, 3.24| 320 3.42) 293 3.12) 3.94| 568 5.12| 208 208 331 296 3.18 276 4.04 1.42
ALO, 11.1510.40| 12.85| 12.04 11.81 13.56| 13.64 13.63| 11.27 9.19| 11.75] 11.59 11.68| 11.83 13.14| 12.59
FeO,, 34.55/34.41|23.52 29.67 29.55/21.76/ 16.39 20.66| 23.26 31.34| 29.13| 29.50 30.61 16.18 25.01| 19.65
MnO 0.95 1.14| 0.32] 0.66 047| 036/ 047 080/ 0.52 086 0.3 079 061 066 051 1.77
MgO 1.11| 1.73| 9.16] 4.39 5.01|/10.03/12.46 9.94| 11.09 538/ 541 484 398 1381 7.16 12.47
CaO 0.04 0.01/ 0.03 0.06| 0.04 0.02| 0.04 0.04 0.02 0.03
BaO 0.02 0.09 0.41 0.57 031| 0.10 0.08 0.02[ 0.10 0.11 0.14 0.08 0.11
Na,O 0.05/ 0.09/ 0.06 0.03 0.06 006 0.15 0.14| 0.14 003 0.08 006 0.04 023 0.19] 0.22
K,0 8.82| 8.87| 9.73| 9.02 8.97 9.28 956 928/ 935 9.0/ 9.20| 898 926/ 9.57 9.17| 9.91
F 0.53) 098 2.12| 1.04 1.08/ 1.21] 0.83 0.80| 241 0.67| 090 032 049 3.39 092 1.51
cl 0.22| 029/ 0.16] 0.45 0.40 024 005 006/ 0.11 079 047/ 033 031 004 0.10 001
Less O=F.CI 0.27| 0.48/ 093 0.54 055 056 036 035 1.04 046 049 021 028 144 041 0.64
Sum 95.76|94.26/ 95.89| 94.75 94.96| 96.01|95.53 95.40| 96.55 96.39| 95.63| 94.33 95.39| 95.61 95.40 96.75
Mg 37| 5.8 286 1420 16.0/ 303 38.1 303| 352 17.5| 17.3] 156 129 423 225 374
Fe+Mn 66.8] 66.7| 39.6 550 54.1| 37.4 28.1 36.8| 36.5 588 53.1| 548 57.1| 29.0 449 327
Al 29.5 27.5| 31.8] 30.8 29.9| 32.3| 33.0 329 283 237 29.6 29.6 300 28.7 326 299
Mg/(Mg+Fe+Mn) | 0.05| 0.08) 041 021 023 045 058 045 049 023 025 022 0.8 059 033 0.56
AlL 0.93 0.96/ 0.90, 0.91 0.80| 0.82 0.97 0.85|  0.90 0.82 0.86
Sample PV-16 | PV-55 |Pv-22] PV-23 PV-56 PV-32 |PV-12[PV-12]| 22 22
NS NES NES NES Corundum- | QTR | QTR | TRPH | TRPH
R C R C R bearing NES | Ph mPh | Ph-C | Ph-R
wt%
Si0, 35.92/37.11 37.69) 34.71/37.69 35.69 36.17 36.25| 32.44 32.03| 34.99 36.53 38.16 39.07
TiO, 1.30) 232 2.100 246 2.10 1.17) 2.80 2.68) 279 256 252 2.69 244 092
ALO, 14.34/13.56 13.63| 12.74|13.63 11.92]14.05 13.95| 18.10 19.18| 8.74| 8.33| 12.46/ 12.43
FeO,, 21.06| 15.77 16.64| 24.87|16.64 24.98/ 18.00 18.07| 21.50 22.68| 35.13| 33.63| 15.73| 14.82
MnO 227/ 1.02 125 246/ 125 232 333 328/ 159 176/ 1.9 1.63] 0.53] 0.2
MgO 10.64|14.30 13.18| 8.0013.18 8.33| 9.99 10.10| 7.32 6.45 1.59| 228 14.73| 16.29
CaO 0.01 0.04 0.04 0.06/ 0.02 0.01 0.05| 0.01 002 0.05
BaO 0.05 0.04 0.10 0.06] 0.12 0.17| 0.13
Na,O 0.13) 0.19 020 0.17| 020 0.15 0.17 0.15| 0.19 022/ 004 003 030 0.24
K,O 9.78/ 9.94 10.06] 9.44/10.06 9.57| 940 9.34| 9.65 9.50| 9.06] 9.05 9.63 9.42
F 0.99) 237 230 127/ 230 0.63] 231 243| 212 208 045 127 3.13) 3.66
cl 0.03 0.10 0.02 0.02 0.01/ 0.03 0.01 0.01| 0.04 004 003 0.03
Less O=F.Cl 0.42) 1.02 0.97 053] 097 027 098 1.02| 090 0.88 020 054 135 1.5
Sum 96.10(95.74 96.10| 95.63|96.10 94.66/95.29 95.24| 94.82 95.65| 93.82| 95.41| 96.01| 96.03
Mg 30.8| 43.7 39.9 24.6| 399 255 302 30.5| 21.8 183| 55 8.0 465 52.1
Fe+Mn 36.3| 23.5 274 445 274 456 362 362| 357 388/ 70.6] 69.0 224 165
Al 32.9| 32.8 327 309 32.7 289 33.6 333 425 429 239 230 31.1] 314
Mg/(Mg+Fe+Mn) | 046 0.65 0.59 036 059 036 045 046/ 038 032 007 0.10] 067 0.76
AL 0.93 1.00| 1.04 0.88 0.88 0.66| 1.02 0.80
Nepheline from nepheline syenites range in Hamilton, 1961; Hamilton & McKenzie, 1965;

composition from Ne, Ks,, .Q
the

to Ne KS27.7Q5.8’

725

Ne KSZZ. 1 Q3.9’

74.0

4.2

approaching composition
commonly referred to as the ideal composition
which lies on the experimental determined curve
(700°C/1 kb) for nepheline solid solutions in the

system nepheline-kalsilite-silica (cf. Fig. 3B; see

Woolley & Platt, 1986).

Haiiyne (SO,=9.5 wt%) is found as a primary
phase (euhedral phenochrysts) in some nephel-
syenites, confirming the subvolcanic character of the
host rock, whereas sodalite is particularly abundant

in the corundum-normative PV-32 nepheline syenite
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dyke (Cl=7.1 wt%).
Clinopyroxenes and amphiboles

Clinopyroxenes (Table 3) are widespread in the
syenitic rocks and range in composition from
diopside-hedenbergite to sodic-calcic types (Quad to
Ca-Na, following Morimoto, 1988; cf. Fig. 9) in the
metaluminous and agpaitic rocks, respectively.

On the whole, they plot in the field defined by
other alkaline suites from southern Brazil (Fig. 9; cf.
Brotzu et al., 1997 and therein references, and
Comin-Chiaramonti et al., in this volume).

In general, following an initial hedenbergite
increase, with a corresponding decrease of the
Mg/Fe™ ratio, the mineral becomes progressively
enriched in Na and Fe™. As also indicated in Table

3, Fe™ appears as a function of the Na+K content,

QO Granite

QO Quartz syenite

@ Syenite

[E Nephel-syenite
H Nepheline syenite

& Dykes
(quartz trachyte to
trachyphondite)

easonite

Al

187

ranging in the metaluminous rocks between 0.00 to
0.19 [mg#=Mg/(Mg+Fe*'Mn)]=0.70-0.49 vs. [Mg/
(Mg+Fe_ +Mn)=0.63-0.42], and between 0.19 and
0.61 (mg#=0.65-0.47 vs. Mg/(Mg+Fe__ +Mn=0.49-
0.18; cf. Table 3) in the agpaitic varieties.

total

The trend towards the Na+Fe™ (i.e. aegirine)
enrichment can originate itself anywhere from dio-
pside to hedenbergite-rich compositions (Fig. 9), and
the point of departure seems to be in part a function
of increasing soda activity rather than merely a con-
trol of oxygen fugacity, despite the obvious increase
in the Fe*/Fe™ ratio (cf. Scott, 1976). Silica activity
is believed to play no significant role in the pyro-
xene evolution, as similar trends have been noted in
both silica-undersaturated and silica-oversaturated
rocks from the Itatiaia complex in Brazil (e.g.

Brotzu et al., 1997 and therein references).

V-3 @ siderophyllite

&

phlogopite

o o g

annite

®

Mg

Fe*

Fig. 10. Composition of micas from the Velasco rock-types in the Al-Mg-Fe* diagram (Fe*=Fe+Mn).

Table 6. Representative probe analyses of spinels and ilmenite. Mt, magnetite; Il, ilmenite; Hc, hercynite. Other symbols as in
Table 2. Fe,O, and FeO calculated on the ulvdspinel (magnetite: 32 O) and ilmenite (3 O) basis, respectively.
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Sample 7 15 PV-8 18 30 32 PV-6
Gr QS QS S S S S
1l Mt I | Mt I-C I-R| Mt 0 | Mt 1 | Mt I-C I-R| Mt
wt%
SiO, 0.08) 021 005/ 0.08 003 0.12] 007 004 005 012 0.03 0.04 0.11
TiO, 50.11| 1.30 50.33| 4.38 48.41 47.90| 11.18 46.49| 4.51 49.09| 2.90 48.10 48.84| 2.36
ALO; 0.03| 1.35 0.18 0.07 029 002/ 0.13 006 0.62 0.06
Fe,0, 1.61] 6541 3.90| 59.47 7.34 7.92 4729 9.56| 60.33 3.20, 63.35 8.06 6.73| 64.08
FeO 37.38| 33.05 40.77| 34.18 38.88 36.47 40.55 37.36| 32.42 38.50| 33.46 39.44 39.15| 32.70
MnO 827 0.09 441| 070 4.64 666/ 1.19 471| 293 637 055 3.67 430 0.67
MgO 0.02| 0.01 005/ 003 002 002 002 003 002 002 001 009 0.15
CaO 0.05 0.03| 0.02 0.01 0.02 0.03 0.01 0.15 0.09 022
Nb,Os 2.31 0.18) 0.04 021 0.4/ 011 LIS 2.62 0.48 0.50
Sum 99.81|101.47 99.70| 99.20 99.54 99.30| 100.72 99.33 100.42 99.99| 101.07 99.97 99.89| 99.98
Si 0.002| 0.063 0.001| 0.025 0.001 0.003] 0.021 0.001| 0.015 0.003] 0.009 0.001 0.034
Ti 0.961| 0.294 0.960| 1.019 0.927 0.918| 2.540 0.896| 1.035 0.941| 0.661 0.918 0.931| 0.545
Al 0.001| 0.479 0.066 0.002| 0.103 0.001| 0.047 0.002| 0.221 0.022
Fe** 0.031|14.806 0.074|13.839 0.141 0.152]10.753 0.185| 13.853 0.061| 14.439 0.154 0.129| 14.820
Fe™* 0.797| 8.314 0.865| 8.840 0.828 0.778|10.247 0.800| 8.274 0.821| 8.476 0.837 0.830| 8.405
Mn 0.179| 0.023 0.095| 0.184 0.100 0.144| 0.304 0.102| 0.757 0.138 0.141 0.079 0.092| 0.174
Mg 0.001| 0.005 0.002| 0.014 0.001 0.001| 0.009 0.001| 0.009 0.001| 0.004 0.003 0.006| 0.005
Ca 0.016 0.001| 0.007 0.007 0.010 0.001/ 0.049 0.002 0.006
Nb 0.027 0.002| 0.006 0.002 0.002| 0.015 0.014 0.031 0.006 0.006
Sum 1.999| 24.000 2.000|24.000 1.999 2.000|23.999 2.000 24.000 1.999| 24.000 2.000 2.000| 24.000
Mol%
ulvéspinel 4.46 13.08 32.12 13.13 8.38 7.22
R,0,4 1.60 3.72 7.03 771 9.28 3.19 771 6.43
T (°C) 556 663 674 783 574 652 626
log|.f O, -12.9 -17.2 -16.7 -14.2 222 217.0 -18.2
AL 0.93]  0.90 0.91 0.80 1.04 0.97 0.85
Sample | PV-6 PV-14 PV-34 21 PV-16| PV-55 [PV-56
S S S NS NS NS NES
il Mt I | Mt I |M:-C MtR 1l il Mt 1 | Mt-C
wt%
SiO, 0.04) 006 0.04 0.10 008 006 0.09 0.07
TiO, 47.87| 3.26 49.48) 496 49.23| 5.62 1505 44.96/ 44.06| 4.01 4895 1.07
ALO, 0.02| 027 0.05 028 097 089 059 112/ 034 004 0.16
Fe,0, 737| 62.64 298 58.17 8.17| 56.89 39.05 1332 1549 61.19 6.94| 65.85
FeO 38.80| 32.91 40.19| 34.64 37.51| 3537 43.50 25.40 29.33| 32.91 24.49| 31.08
MnO 464/ 138 515 081 7.07| 1.03 1.83 1462 979 1.99 19.15 0.74
MgO 0.02 0.03| 0.05 003 004 003 015 021 001 0.09
CaO 0.08 0.04 0.10 0.03 0.02
Nb,Os 1.62 1.49 1.30 0.04 0.15 0.13
Sum 100.38( 100.25 99.49, 99.01 100.17| 100.02 100.58 99.19| 100.00( 100.48 99.81| 98.97
Si 0.001| 0.018 0.001| 0.031 0.002| 0.018 0.027 0.022
Ti 0.914| 0.749 0.949| 1.153 0.911| 1.287 3.398 0.862| 0.837| 0.921 0.932/ 0.251
Al 0.001| 0.097 0.002| 0.102 0.348 0315 0.018 0.033| 0.081 0.001| 0.059
Fe™* 0.141| 14.381 0.058/ 13.531 0.152|13.040 8.822 .0.255| 0.294| 14.065 0.133| 15.397
Fe™* 0.824| 8.397 0.857| 8.955 0.772| 9.010 10.922 0.541| 0.619| 8.496 0.518| 8.076
Mn 0.099| 0.357 0.112| 0212 0.147| 0.266 0.465 0.316/ 0.209| 0.514 0.410 0.195
Mg 0.001 0.001| 0.016 0.001| 0.018 0.013 0.006] 0.008| 0.004 0.003
Ca 0.002 0.013  0.032 0.009 0.001
Nb 0.019 0.018 0.015 0.005 0.002 0.002
Sum 2.000{23.999 2.000/24.000 2.000| 24.000 23.999 2.000| 2.000| 24.000 2.000| 24.000
Mol%
ulvéspinel 9.47 14.79 1631 42.81 11.51 3.40
R,0; 7.11 3.00 7.60 13.7 6.66
T (°C) 636 560 680 930 650
log;of0, | -17.1 227 -16.6 -10.9 -16.4
Al 0.90/ 091 0.82 0.86) 0.93 0.88

Table 6 (continued).
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Sample PV-56 PV-32 22
NES Corundum-bearing NES TRPH
Il (at Mt rim) 11 Hc-C Hercynite- Hc-C Hercynite- Ph  II-Ph  mPh mPh gm
ilmenitic rim ilmeniticrim II-C MtR Mt-C Mt-R Mt
wt%
Sio, 0.05 0.04| 0.03 0.07 0.04 0.03 0.05 0.05 .06 0.04
TiO, 40.51 50.52|  0.03 50.33 0.08 50.17 50.75 525 349 453 14.84
Al,O4 1.78 2.76| 56.73 0.03 56.88 001 1.10 094 049 0.71
Fe,0; 22.49 044/ 3.02 2.62 2.59 3.33 341 57.17 60.65 59.91 38.42
FeO 14.96 21.33] 3420 36.03 34.97 35.18 38.28 35.06 33.33 3494 42.11
MnO 20.92 23.33 3.83 9.76 3.74 10.06 737 0.89 095 0.56 2.33
MgO 0.15 0.27 1.90 0.10 1.53 0.13 0.03 0.04 0.03 0.03 0.05
CaO 0.08 0.14 0.01  0.03 0.02 0.06
Nb,05 0.13 0.22 0.85 0.72 0.14 0.05
Sum 101.07 99.05| 99.74 99.79 99.83 99.59 99.93  99.59 99.44 100.54 98.61
Si 0.001 0.001| 0.007 0.002 0.009 0.001 0.015 0.015 0.018 0.012
Ti 0.761 0.951| 0.005 0.959 0.014 0.958 0.966 1.207 0.806 1.036 3.421
Al 0.052 0.081| 15.450 0.001 15.503 0.396 0.340 0.176 0.256
Fe™* 0.422 0.008| 0.525 0.050 0.451 0.064 0.64 13.156 14.016 13.715 8.862
Fe** 0.313 0.447) 6.609 0.764 6.763 0.748 0.810 8.967 8.561 8.900 10.794
Mn 0.442 0.495| 0.750 0.210 0.733 0.217 0.158 0.231 0.247 0.144 0.605
Mg 0.006 0.010| 0.654 0.004 0.527 0.005 0.001 0.018 0.014 0.014 0.023
Ca 0.002 0.004 0.010 0.007 0.020
Nb 0.001 0.002 0.010 0.008 0.007
Sum 2.000 1.999| 24.000 2.000 24.000 2.000 2.000 24.000 23.999 24.000,  24.000
Mol%
ulvospinel 15.15 10.26 13.18 42.11
R,04 23.74 4.45 2.55 3.20 3.26
T (°C) 684 780 608
log,ofO, -13.2 -19.0 -23.3
Hercynite 78.95 81.03
(FeO*Al,0;)
AL 0.88 0.66 0.80

Amphiboles are ubiquitous components in all the
rock-types from Velasco, with the exception of
granites (Table 4).

In the metaluminous petrographic varieties, these
minerals may appear as primary phases, whereas in
agpaitic rocks they systematically occur as uralitized
products of clinopyroxene.

The amphiboles composition strongly reflects the
nature of the host rocks and, as the alkalies activity
increases, a trend from calcic to sodic-calcic
varieties is observed, with two main populations
represented by quartz syenite+syenite and by

nephel-syenite+nepheline  syenite+dyke (quartz

trachyte to trachyphonolite), respectively (cf. Fig. 9).
In particular, a variation from hastingsitic to ede-

nitic types is apparent (according to the classifi-

cations of Leake, 1978, and Giret et al., 1980).

Notably, different F contents are also apparent:

metaluminous quartz syenites and dykes (quartz
trachytes to trachyphonolites) show quite variable
concentrations, i.e. 0.51+0.22 and 1.18+0.57 wt%,
whereas a systematic increase was noticed for the
other metaluminous rock-types, i.e.
0.34+0.06 wt%, nephel-syenites 0.59+0.11 wt% and

nepheline syenites 1.74+0.16 wt%. Moreover, in

syenites

some intrusive agpaitic rocks, the uralitic products
have very high F content, i.e. in the range of 2.1-6.4
wt% (cf. Table 4), confirming thus a F activity
increase as also shown by the occasional occurrence
of fluorspar as an accessory phase.

Finally, it should be noted that in spite of the
alkaline character of the host rocks, the amphiboles
do not present alkaline compositions, even in the

peralkaline varieties.

Micas
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Biotite is an ubiquitous phase (cf. Table 5). The
compositional variations tend to be dominated by the
the Mg/Fe the

phlogopite-annite join, the most evolved composi-

adjustaments in ratio along
tions from granite rock-types corresponding to
annite (Fig. 10): Mg/(Mg+Fe__+Mn) ratio (Mg*)

ranges from 0.05 to 0.10 in granites and quartz

total

trachytes, being the averages 0.28 (+0.11), 0.36
(+0.15), 0.53 (x0.12), 0.45 (+0.09) and 0.72 (+0.06)

Alkaline Complexes from Southeastern Bolivia

The wide Mg* range observed in syenites is
coupled with TiO, increase (up to 5.7 wt%). MnO
tends to have the highest concentration in the
nepheline syenites, i.e. 2.53+0.85 wt% (granites
1.05+0.13, quartz 0.48+0.17,
0.62+0.18, nephel-syenites 1.25+0.67, quartz trachy-
tes and trachyphonolites 0.99+0.56 wt%). Different

syenites syenites

compositions, trending to the siderophyllite corner,

were observed in the corundum-hercynite-bearing

in quartz syenites, syenites, nephel-syenites, PV-32 dyke (cf. Fig. 10).
nepheline syenites and trachyphonolites,
respectively.
25[ A
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Fig. 11. A: Composition of opaques from the Velasco rock-types. Ilmenite: FeO vs. Mn, MnO and TiO, vs. Nb,O, (wt%);
Magnetite: MnO vs. TiO, (wt %). B: Temperature-oxygen fugacity diagram for the Velasco rocks.
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Fluorine and chlorine contents are quite distinct
and variable in the different rock-types: in the
granites (F=0.76+0.32 wt%), quartz syenites
(F=1.41£0.61 wt%) and syenites (F=0.95+0.65
wt%) the Cl content is relatively high, i.e.
0.26+0.05, 0.34+0.16, and 0.30+0.25 wt%, res-
pectively; in the nephel-syenites, nepheline syenites
and dykes the F content is 1.98+0.95, 1.88+0.67 and
2.13+1.52 wt%, respectively, and associated to CI
contents <0.05 wt%. In general, at increasing Mg*
values, biotite tends to become progressively
enriched in F (F=3.55 Mg*+0.165, r=0.75).

On the whole, the Velasco mica compositions are
very similar to those of the Itatiaia rock-types at

eastern Brazil (Brotzu et al., 1997).

Oxides

Hematite is present in the granites and rarely
occur associated with ilmenite. The latter is
ubiquitous in all the Velasco rock-types and shows
considerable, even variable, substitution of
manganese for iron (FeO vs. MnO diagram; Fig.
11A). In syenites and granites, ilmenite displays a
systematic Nb enrichment (Nb,O, up to 2.62 wt%)
correlated with MnO wt% content (Nb,0,=0.40
Mn+0.74, r=0.75), whereas in the nephel-syenites
and nepheline syenites the mineral shows high Mn
concentrations (pyrophanite-rich variants: MnO up
to 23 wt%; cf. Table 6) coupled with very low Nb,O,
proportions. Probably, there are complex niobium
substitutions for both manganese and titanium (cf.
curves on the MnO vs. NbO, diagram
of Fig. 11A).

Magnetite shows a very large range in ulvospinel
content, i.e. from 4.5 to 42.1 mol%, and generally
has low ALO, concentration (i.e.<1.4 wt%). Two
main trends are apparent in the MnO vs. TiO,
diagram of Fig. 11A: a behaviour represented by late
magnetite (rims and/or groundmass phases, in the
intrusive and effusive rock-types, respectively) and a
trend related to the central parts of magnetite
crystals.

Hercynite occurs as idiomorphic crystals only in

the corundum-bearing dyke (nepheline syenite PV-
32 of Table 1: AL,O,~57 wt%, hercynite ~79 mol%;
cf. Table 6).

The presence of ilmenite-magnetite pairs allows
very broad estimates of equilibration temperatures
and oxygen fugacities (Fig. 11B), due to the
presence of Nb and Ti substitutions. The results are
scattered between the MW and HM buffers (Spencer
& Lindsley, 1981; Andersen & Lindsley, 1988), but
they trend mainly along the NNO buffer. The
inferred temperatures are quite variable, from 930°
to 556°C: even considering that peralkaline felsic
magmas have a considerable temperature interval of
crystallization (i.e. 990° to 580°C; cf. Piotrowski &
Edgar, 1970, and Mitchell & Platt, 1978), the
temperatures below 600°C reflect subsolidus non-

equilibrium adjustment of composition.

Intensive parameters, significance of the mineralogy
and mass balance calculations

It is hard to estimate the pressures that have
prevailed at the time of the intrusions because the
overlying volcanic sequences have not been well-
preserved. The style of the intrusions and tectonic
setting of the Velasco complexes are similar to that
seen in other alkaline provinces (e.g. Chilwa
Alkaline Province, Malawi, cf. Platt & Woolley,
1986, and therein references; Alto Paraguay
Province, cf. Comin-Chiaramonti et al., in this
volume), suggesting a shallow depth of
emplacement at pressure conditions probably not
exceeding 1 kb, as also indicated by the presence of
primary hailiyne which is typically associated with
volcanic-subvolcanic rock-types (cf. Burragato et
al., 1982). The validity of calculated crystallization
temperatures is rendered dubious as a result of the
extensive subsolidus and ion-exchange reactions
described above. Thus, if plagioclase temperatures
(1150°-810°C) in metaluminous rocks may represent
liquid temperatures, the temperature of equilibration
of plagioclase-alkali feldspar and alkali feldspar-
nepheline pairs is ¢700°C, and the lowest

temperature of equilibration of the magnetite-
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ilmenite pairs indicates less than 600°C (range 930°
-556°C; cf. Table 6).

These wide temperature ranges are above the
experimentally determined interval of syenites suites
Ls. and clearly reflect subsolidus non-equilibrium
adjustment in composition (cf. Mitchell & Platt,
1982 and therein references). Accordingly, it is here
proposed a crystallization range between 1150° and
700°C for the Velasco complexes. The subsequent
reactions fluids

subsolidus with  hydrothermal

brought about ion-exchanges in feldspars,

uralitization of clinopyroxenes and hematitization.
Oxygen fugacities calculated from coexisting

magnetite and ilmenite (cf. Spencer & Lindsley,

1981) range from 10" (930°C) to 10 bars (608°C),

Alkaline Complexes from Southeastern Bolivia

but the best estimates of fO, prevailing during the
course of crystallization are along the NNO buffer,
located between 10" and 10™ bars.

The best results relative to the mass balance cal-
culations, performed in order to model the transition
to the most differentiated rocks and to the peralkali-
ne types, indicate that (Table 7): 1) a significant role
for nepheline fractionation is required for the transi-
tion from the less to more evolved nepheline sye-
nites; 2) the transition to nephel-syenites, syenites
and quartz syenites requires, step by step, relatively
high proportions of plagioclase (38, 23 and 20 wt%,
respectively) plus alkali felspar (44, 55 and 61 wt%,
respectively); 3) no reliable fractionation models

allow the transition to the granites. However, these

Table 7. Selected mass balance results for Velasco rock-types. D: bulk partition coefficients calculated following mineral-
liquid partition coefficients after Comin-Chiaramonti et al. (1997). F, residual liquid, ZR’, sum of the squares of major

element residual.

NES PV-21 | NES PV-21 NS PV-43 S15
Si0, 50.62% | SiO, 50.62% | SiO, 63.76% | SiO, 64.55%
to to to to
NES PV-46 | NS PV-43 S 31 QS 6
Si0, 60.12% | SiO, 63.76% | SiO, 67.10% | SiO,71.19%
Pl 4.4 38.3 23.3 19.6
Af 44.0 54.7 61.4
Ne 66.0
Cpx 8.3 4.7
Am 5.0 5.0 9.2 11.6
Bt 10.1 6.6
Mt 0.4 4.4 4.0 4.7
1 3.7 0.7 2.2 1.9
Ap 2.1 1.0 1.9 0.7
F 0.48 0.47 0.39 0.54
>R 1.49 0.04 0.61 0.13
D
Rb 0.94 0.36 0.25 0.28
Sr 1.24 4.87 4.75 4.43
Nb 0.47 0.31 0.13 0.15
Ba 1.20 3.24 3.10 3.43
Zr 0.26 0.23 0.15 0.16
Y 2.70 1.28 2.33 1.16
Nd 2.05 1.10 1.84 0.91
Cobs/ccalc
Rb 0.46 0.59 0.29 1.13
Sr 0.30 17.58 18.92 1119
Nb 0.77 0.98 0.05 0.72
Ba 0.78 5.27 4.50 1.17
Zr 7.12 3.22 0.11 0.09
Y 7.63 1.41 8.72 16.09
Nd 2.55 0.36 5.34 6.73
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Table 8. Chemical analysis of the Las Copas granite and microprobe analysis of the hosted amphibole (cf. Table 2 and Table

4).
LAS COPAS Amphibole

Sio, 7357|Ba 325/Q 28.92| SO, 49.71]Si 7.761

Tio, 0.13|Rb 425/or 28.07| TiO, 0.12/Al" 0.239

Al,O; 11.10/Sr  39/ab 30.66 Al,O, 1.64|Al"! 0.063

Fe,03 3.04|Nb 200/ac  8.80| Fe,0, 16.34(Ti 0.014

FeO 0.42|U 13|ns  0.94| FeO 21.02|Fe* 1.920

MnO 0.05Th 32/hy 0.75| MnO 0.10|Fe* 2.744

MgO 0.04zr 938Jil  0.25 MgO 1.06/Mn 0.019

CaO 0.33)Y 144jap 0.02| CaO 0.54/Mg 0.247

Na,0 5.28|La 130|fr  0.31| Na,O 6.40(Ca 0.090

K,0 475/Ce 241|Q  62.8| K,0 0.55/Na 1.937

P,Os 0.01|Nd 92|Ne 182 F 1.10/K 0.109

F 0.15 Ks 19.0 cCl 0.10|F 0.543

cl 0.01 H,0 1.37/Cl 0.027

Sum 99.69 LessO=F,Cl  0.48/OH 1.430
Sum 99.57|Mg/(Mg+Fé?)  0.083

Al 1.25 Fe*/(Fe*+AIY")  0.968

K,ONa,0  0.90

R1 1819

R2 253

Rock-type  Granite

algebric solutions are not consistent with the trace
element contents because the calculated/observed
concentrations (Rayleigh fractionation) are in the
following ranges: Rb 0.46-1.13, Sr 0.17-18.9, Nb
0.05-1.03, Ba 0.78-5.27, Zr 0.09-7.45, Y 1.41-16.1,
Nd 0.36-6.73 (cf. Table 7).

Whatever the origin of the felsic alkaline liquids
(cf. Petrogeny’s Residua System of Fig. 3B), phase
relationships dominate in and between the silica-
oversaturated, saturated and silica-undersaturated
magmas. Foland et al. (1993) proposed that silica-
oversaturated melts developed from felsic silica-
undersaturated magmas in a coupled process of
crustal assimilation (with a granitic minimum melt
composition) and fractional crystallization, whereas
nepheline-bearing syenites were formed without
significant contamination. In these processes an
important role may be played by the plagioclase, as
e.g. fractionation of a mafic parental magma (such
as alkali basalt or basanite) can potentially generate
evolved liquids with a distinct peralkaline signature
and Eu/Eu* negative anomalies. In addition, also the
mixing with crustal derived melts, leaving
plagioclase in the solid residue, gives Eu/Eu*

negative anomalies. Notably, any interpretation of

the origin of agpaitic magmas must account for the
enhancement of alkalis with respect to the alumina,
the of

incompatible trace elements, a distinct order of

impressive and variable enrichment
crystallization in which felsic minerals tend to
precipitate before the mafic phases, a typical high
Fe*/Fe’" ratio, and an impressive enrichment in F
and Cl (cf. Bailey, 1976), as shown by the
amphibole and biotite compositions from the

Velasco complexes.

LAS COPAS BODY

Las Copas is a small body discovered by
Hawkins (1982; in Litherland et al., 1986) about 20
km to the west of the San Miguelito complex (cf.
Fig. 1) and described as a satellite related to the
Velasco Alkaline Province. However, there is also
the possibility that the Las Copas rocks have an
older age, because of their similarity with the La
Junta granite (ca. 1300 Ma; Litherland et al., 1986)
that crops out not far from the Velasco complexes.

The Las Copas rocks are poorly exposed in a
jungle-covered locality and only a sample is actually
available. The analysed material is a hypersolvus

granite characterized by a fine-grained granular tex-
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ture and mineralogically made of quartz, mesoper-
thitic alkali feldspar, alkaline amphibole and, as ac-
cessory phases, zircon and fluorspar (the riebeckite-
arvfedsonite granite of Fletcher & Beddoe-Stephens,
1987). Notably, the Las Copas sample differs from
the Velasco specimens for the presence of an
alkaline amphibole, and also from Velasco granites
that are characteristically amphibole-free.

The chemical analysis (Table 8) indicates that the
sample is agpaitic (A.I.=1.25) with normative
acmite and sodium metasilicate (8.80 and 0.94 wt%,
respectively) consistent with the occurrence of a
riebeckitic amphibole (from crystallochemical data:
Na,>1.34, (Na+K),<0.5, Mg/(Mg+Fe*)=0.083,
Fe*'/(Fe"+A1'")=0.968; cf. Table 11 and Leake,
1978). On the whole, the rock appears to have a
composition close to peralkaline silicic magmas (cf.
BL 575 of Scaillet & MacDonald, 2001) for which
experimental melting results give a mineralogical
assemblage consisting of quartz-alkali feldspar-
riebeckite/arfvedsonite-fluorite, at temperature and
pressure about 700°C and 0.5 kb, respectively (log
fO,~-14; cf. Fig. 11B).

CERRO MANOMO

Cerro Manomo lies about 22 km northeast of the
Todos Santos alkaline body which represents the
northeasternmost outcrop of the Velasco complexes
(cf. Fig. 1). Cerro Manom¢ forms a mesa of 4x6 km,
rising up to 300 m above the jungle-covered
peneplain of laterized Precambrian basement.
Fletcher (1979) and Fletcher er al. (1981) mapped
the area and described the body as the largest
silicified carbonatite complex so far listed in
literature, strictly linked in time to the Velasco
alkaline complexes. All the rock-types from Cerro
Manom6 are strongly altered, but the outcrop forms,
macro- and micro-textures and alteration products
allowed Burton (1982, in Litherland et al., 1986) to
postulate that the complex consists of a central core
of inten-sely brecciated and silicified gneisses
surrounded by fenitized gneisses, cut by a network

of  steeply-dipping dykes and late-stage

Alkaline Complexes from Southeastern Bolivia

agglomerates. In particular, the dykes are composed
by goethite-quartz-barite-bastnaesite assemblages,
and were interpreted as altered ferrocarbonatites by
Burton (1982). A lens of apatite-rich rock (cf.
Fletcher et al., 1981) is noticeable on the north-
eastern side of the complex associated with rare
carbonate blocks. The latter rock-types are
ferrocarbonatites (according to the nomenclature
given by Gittings & Harmer, 1997; cf. Table 9),
made of altered sideritic-ankeritic carbonate with
subordinate calcite, goethite-limonite, quartz, apatite
and REE-fluorcarbonates (mainly bastnaesite and

synchysite).

.. Goethite-limonite

&Hemaiite

I S|
0 2cm

Fig. 12. Plate showing alternate succession of silica and
iron-rich microbands in a sample from the Cerro Manomo.

(1986), the

stratigraphic relationships and the tectonic events

Following Litherland et al.

suggest that Early Cretaceous faulting and intrusions
in the area of the Velasco complexes predate the
uplift, faulting and emplacement of the Cerro
Manomé complex (Late Cretaceous?, cf. Fletcher et
al., 1981). However, the Manomo hill is peculiar for
his banding of Fe-rich and Si-rich layers: this
banding can be observed on a wide range of scales,
i.e. from coarse macrobands (meters in thickness) up
to  millimetric and  sub-millimetric  layers
(microbands; cf. Fig. 12). If the macrobands

correspond to the petrographical des-
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Table 9. Chemical analyses of selected samples from the Cerro Manomé complex.; **, after Litherland ez al. (1986).

Sample PV-67 PV-69 PV-67B | PV-68 PV-69 | MW-3*¥| MR-16%*| PV-70
Macro-| Macroband | Macroband | Macro- | Carbonate | Dyke | Phosphate | Basement
band band block rock gneiss
wt%
SiO, 40.55| 38.55 22.02 92.88| 87.66 3.02 46.92 5.67 74.18
TiO, 0.07| 0.17 0.10] 0.08 0.02 0.07 0.02 0.19 0.20 0.29
AlL,O4 027/ 0.12 0.88 0.60 3.90 0.11 0.65 1.20 13.11
Fe,04 53.16| 50.07 74.13  0.86 5.64 32.34 23.27 1.20
FeO 40.49
MnO 036 0.42 0.20 0.06 0.06 7.13 1.46 0.45 0.01
MgO 0.09| 0.25 0.08 0.01 0.11 0.34 0.24 0.40 0.02
CaO 0.16| 0.50 0.11 0.07 0.15 7.68 0.11 37.51 0.12
BaO 258/ 623 852 10.43 0.40
Na,O 0.09| 0.29 0.09 0.01 0.01 0.08 0.34 0.57 2.89
K,0 0.02| 0.07 0.08 0.01 0.12 0.40 0.02 0.04 0.03 4.40
P,05 0.12| 032 0.29] 0.05 0.01 0.18 0.10 0.15 25.19 0.07
LOI 141 2.11 1.83  4.65 1.68 35.28 4.38 3.71 3.38
F 0.31 1.69
Sum 98.88| 99.10 99.48 99.28| 99.86 94.58 97.25 99.66 99.67
ppm
Cr 46 9 12| 74 37 162 10
Ni 26 113 8 42 14
Ba 25783| 56728 76293| 57 278 315 1560 93400 3600 137
Rb 19.2| 103 0.2 10 0.72 13.5 26
Sr 54.6/ 333.8 9282 78 28 954 2342 214 7103 1058
Pb 573 644 588 82 73 29.8 127 110 16.6
Nb 159 121 524 202 13.1 26.4 25 320 1025 43.4
Ta 9.5 0.25 0.6/ 19.6 1.6 0.9
Hf 09 0.38 0.2 0.3 3.9
U 25| 223 340 53 06 1.3 121 5 1010 0.9
Th 22.1| 763.3 1739 469 52 11.3 481 714 1730 8.4
Zr 332 11.6 338 148 44 47.7 15 59 159 157
Y 18.0/ 7149 965 38 1.5 9.0 49 70 755 18
La 403| 101.3 469.2| 11.3 2.12 18.1 2570 256 396 37.5
Ce 63.6/ 891.9 3519.0) 12.8 4.37 28.6 5238 2170 1150 70.3
Pr 4.1 219.8 7702 2.1 0.56 4.1 787 11.3
Nd 35.1/1237.9 3440.8) 9.2 232 17.0 2142 880 655 44.2
Sm 8.54| 272.6 532.8| 2.02 058 4.69 369 145 330 7.66
Eu 210/ 76.3 128.4| 047 032 1.37 79 26 95 1.60
Gd 5.98| 233.1 513.4) 1.51 0.49 3.43 221 4.55
Tb 0.82| 525 73.0 0.41 13 4.3 23 0.60
Dy 3.74| 289.6 357.6| 142 047 1.97 60 15.0 137 3.10
Ho 0.60 51.0 61.8 0.31 10 0.58
Er 1.65/ 105.6 158.0/ 0.81 0.29 0.74 24 1.72
Tm 024 114 178 0.10 3 0.27
Yb 1.54) 50.7 82.4| 090 0.29 0.64 9 4.4 75 1.99
Lu 0.15 5.8 8.8 0.10 1 0.7 12 0.32

cription of Fletcher ez al. (1981), being characterized
by an association of hematite, goethite, limonite,
barite, Ce-bastnaesite and Ce-synchysite with
accessory monazite, the microbands show fine-scale
banding of chert occasionally associated with some
coarse-grained quartz, and hematite-goethite-
limonite-rich levels.

Chemical analyses of selected samples (Table 9)

outline the different compositions of alternating
ferruginous-siliceous macro- and microbands.
Fe-rich

macrobands (values normalized to the primitive

Incompatible elements from the
mantle, cf. Fig. 13) are strongly enriched for Ba (up
to 6.23 wt%), Th (up to 1739 ppm) and REE (La
excepted, i.e. La 40-469 ppm in comparison to Ce

and Yb up to 3519 and 82 ppm, respectively), and
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show deep negative anomalies for Rb, K, Sr, P and
Zr-Ti. The Th content of the macrobands accounts
for the generalized high radioactivity of the area
(Fletcher et al., 1981).

The carbonate blocks imitate to some extent the

Cerro Manoma

Alkaline Complexes from Southeastern Bolivia

Fe-rich macrobands, excepting for the major La con-
tent (i.e. 2570 ppm). The apatitite displays high U
and Th contents (1010 and 1730 ppm, respectively),
but a flat Nb-P pattern (about 1000 times with

respect to the primitive mantle; cf. Fig. 13).
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Fig. 13. Primitive mantle-normalized incompatible elements of rock-types from the Cerro Manomé complex.

REE spidergrams (chondritic normalization; Fig.
14) highlight the large variations relative to the iron-
rich macrobands and a strong enrichment, in particu-
lar for Ce, Nd and Tb. But the striking similarity
between the REE signature of the microbands and
the banded iron formations (BIF; cf. Fig. 14), leads
us to propose a genesis similar to the BIF for the
Cerro Manom¢6 complex and neighbouring areas (cf.
mid-Archean BIF of Kato et al., 1998). Also the as-
sociated crystalline basement tends to have incom-
patible elements and REE patterns similar to those
ones from the BIF, mostly in the MREE/HREE poor
fractionation, and HREE flat behaviour, probably
owing to a REE redistribution during later metamor-

phic events. The apatite-rich lens shows a strongly

REE enriched pattern (10 times enriched with res-
pect to the basement gneiss; cf. Fig. 14) and a poor
LREE/HREE fractionation (chondritic La/Yb=3.5),
contrasting with the strong REE fractionation of the
associated carbonate blocks (chondritic La/Yb=192).

Considering that the region consists of a jungle-
covered highland with development of a thick
lateritic duricrust, and that Litherland et al. (1989)
quoted "minor ferruginous quartzites and
metaironstones” in the San Ignatio Schist
Supergroup, on the whole the Cerro Manomé
complex appears very similar to other BIF
described, e.g. by Trendall & Blokey (1970),
Trendall (2000) and Klein & Ladeira (2002) and

also by Geraldes et al. (2000) and by Leite & Saes
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(2000) in the states of Ronddnia and Mato Grosso.

These characteristics, along with the appearance
of apatite-rich lenses, carbonate blocks and the
extensive enrichment in U, Th and REE probably
point to a more complex history:

1) an old BIF-like formation deformed in
Proterozoic and Fanerozoic times; 2) probable
intrusion and fenitization by a carbonatitic magma in
(Early, Late?) Cretaceous times; 3) lateritization
processes and formation of a thick duricrust in
Tertiary-Quaternary times.

Obviously, a more detailed field sampling and
more systematic and extensive geological, minera-
logical, petrographical and geochemical studies are

in need for a more convincing regional picture.

CANDELARIA ALKALINE MAGMATISM

The volcanic activity in the Candelaria region

Cerro Manomé

(Lat 16°50" S, Long 58°58' W) developed along an
E-W-trending extensional zone (Mercedes rift) in
the Sunsas block (cf. Litherland et al., 1986, 1989;
Geraldes et al., 2001, and Fig. 1), 200 km west of
the Late Cretaceous Poxoréu Igneous Province (PIP
of Gibson et al., 1997).

The latter consists of numerous outcrops of al-
kaline basaltic lavas and dykes (83.4+2.4 Ma;
Gibson et al., 1997), together with the Ponta do
Morro intrusive complex (84+6 Ma, according to
Del'Arco et al., 1982; 100+1 Ma, according to Sousa
& Ruberti, 1996).

The Candelaria region, which is characterized by
reactivated basement formations of the Sunsas belt
(mainly Mesoproterozoic gneisses), by Meso-
Neoproterozoic sedimentary sequences and also by
Neoproterozoic magmatic rocks (Litherland et al.,
1989; Alvarenga & Saes, 1992; Geraldes et al.,
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Fig. 14. Chondrite-normalized REE patterns of rock-types from the Cerro Manomé complex. The light brown fields represent

Banded Iron Formations (BIF), after Kato ef al. (1998).
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Table 10. Chemical analyses of rock-types from the Candelaria region.

CANDELARIA BASEMENT

Sample PV-75A PV-76A PV-76B PV-77 PV-77A | PV-72 PV-73 PV-75 PV-78
wt%
Si0, 53.68 59.32 61.17 61.78 63.70 73.38 7161 76.83 78.18
TiO, 1.58 1.05 0.73 0.72 0.58 0.17 0.49 0.30 0.29
Al O, 15.08 15.02 16.39 15.44 14.20 13.62 13.64 9.60 9.55
Fe,0; 4.02 2.30 321 3.19 3.35 0.71 1.30 281 2.80
FeO 5.79 3.70 3.05 2.85 2.95 0.87 1.60 343 3.42
MnO 0.20 0.14 0.17 0.22 0.15 0.06 0.06 0.01 0.01
MgO 244 122 0.42 0.57 0.91 0.24 1.05 0.01 0.01
CaO 4.60 3.30 1.00 120 0.55 0.86 248 0.13 0.26
Na,O 4.83 5.95 5.42 6.23 5.49 2.97 2.64 0.07 0.09
K,0 4.79 5.84 5.49 5.25 4.94 4.96 4.39 2.46 243
P,05 0.70 0.27 0.12 0.15 0.24 0.10 0.11 0.01 0.01
LOI 1.98 1.48 244 1.93 2.19 0.89 0.66 3.97 2.22
Sum 99.69 99.59 99.61 99.53 99.25 98.83  100.03 99.60 99.35
ppm
Cr 10 22
Ni 18 11
Ba 653 583 514 441 410 378 972 32 32
Rb 140 125 149 118 162 71 119 240 241
Sr 1068 525 19.1 101 352 406 180 10 101
Pb 181 17.0 29.2 34 15 7 75.7
Nb 47 105 138 122 229 26.6 9 604 607
Ta 22 6.9 6.3 114 4.9 3.0 312 30.7
Hf 38 7.96 6.87 14.89 58 77 41.4 40.7
U 15 4.0 3.88 7.33 4.3 0.4 14.4 14.1
Th 7.2 12 18.2 16.1 34.4 323 4.7 96.4 96.2
Zr 181 249 368 316 680 189 301 1882 1895
Y 68 40 46.5 60.1 95 70 36 204 205
Ga 22 272 25.0 27.0 21.0 151 33.7 337
Ge 17 21 13 2.2 24
La 48.8 110 256.3 103.2 226 50.9 35.9 376 374
Ce 98.3 179 340.2 212.0 342 112.0 73.6 727 718
Pr 11.8 55.5 23.0 434 12.9 8.9 85 84
Nd 39.4 89 179.5 79.7 145 45.8 34.4 281 281
Sm 127 143 26.45 1271 25.2 9.80 7.2 49.3 48.9
Eu 33 3.0 3.86 271 3.17 0.81 1.49 2.88 2.80
Gd 8.7 10.2 16.23 9.62 17.24 8.34 6.10 37.89 38.90
Tb 20 2.16 143 2.95 1.56 1.00 5.92 5.90
Dy 9.69 10.47 8.56 15.64 10.45 6.12 34.20 33.83
Ho 1.70 1.64 291 2.16 123 6.69 6.58
Er 5.02 4.85 4.85 8.63 6.67 3.54 19.94 19.79
™™ 0.67 0.68 1.26 112 0.53 3.05 291
Yb 5.50 3.7 4.90 4.58 8.74 8.11 3.52 21.00 20.77
Lu 0.81 0.76 0.71 134 131 0.53 3.09 3.10
Q 5.26 2.98 10.46 34.54 32.35 65.15 66.58
C 1.80 0.30 6.61 6.63
or 2831 34.51 32.44 3102 29.19 29.31 25.94 14.54 14.36
ab 36.05 37.88 4587  50.19 45.54 25.13 22.34 0.59 0.76
an 5.32 4.18 4.27 1159 0.58 0.39
ne 261 3.72
ac 4.93 2.23 0.81
di 10.53 12.22 4.19 0.96
hy 311 1.76 3.99 144 3.78 3.53 351
ol 1.36
mt 5.83 0.86 4.65 351 4.45 1.03 1.88 4.07 4.06
il 3.00 1.99 1.39 1.37 1.10 0.32 0.93 0.57 0.55
ap 1.62 0.63 0.28 0.35 0.56 0.23 0.25 0.02 0.02
Q 42.9 424 48.2 428 51.6 66.0 66.7 89.3 89.5
Ne 331 318 297 323 28.9 153 15.0 0.4 05
Ks 24.0 25.8 221 249 195 187 18.3 10.3 10.0
Al 0.87 107 0.91 1.03 1.01 0.75 0.67 0.29 0.29
K,0/Na,0  0.99 0.98 1.01 0.84 0.90 1.67 1.66 35.1 27.0
R1 438 286 681 497 956 2625 2714 4341 4432
R2 909 708 370 460 383 371 585 203 216
Rock-type  Micro-  Nephd Trachyte Trachyte Trachyte| Gneiss Gneiss Rhyolitic Rhyalitic

syenite  syenite ignimbrite ignimbrite
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Table 11. Rb-Sr and Sm-Nd isotopic analyses of selected samples from the southeastern Bolivia alkaline outcrops. Initial
isotopic ratios are calculated at 140 Ma and 84 Ma for the Velasco and Candelaria samples, respectively. The initial ratios for
the basement are calculated at 140 Ma (Velasco) and 84 Ma (Candelaria). Model ages (T™) are calculated assuming the
following values for the depleted mantle: “Nd/*'Nd=0.513151 and Sm/Nd=0.2188. Additional data (**) and sample
numeration are from Litherland et al. (1986).

TODOS SANTOS TIRARI SAN MIGUELITO CABEZA DE TORO
Sample 22 29 10 6 7B PV-7 PV-12
Dyke Dyke
Rb 206.40 387.64 92.63 34341 203.55 336.86 286.68
Sr 1015.63 99.69 1804.14 480.87 193.35 1239.42 19.01
(ES1%5) s 0.705619 ( 9) 0.729071 (9) | 0.704745 ( 8) 0.710297 (9) 0.712765(9)  0.707763 ( 8) 0.793661 (10)
Ry 0.70445 0.70664 0.70445 0.70618 0.70670 0.70620 0.70611
Sm 1751 21.52 17.04 116.24 12.77 21.17 36.64
Nd 123.82 125.76 130.01 760.77 64.01 166.01 258.04
(NI Nd) s | 0512578 (7) 0.512629 ( 8) 0512311 (9) 0.512297 (7) 0.512251 (9)
(“CNI**Nd),40 0.51250 0.51256 0.51220 0.51223 0.51217
eSr -1.25 29.79 -1.25 23.37 30.70 23.57 22.25
eNd 0.82 1.92 -5.02 -4.52 -5.57
TOM 656 571 1302 1049 1031
SiO, 56.42 71.84 59.11 69.99 69.45 66.26 67.05
Q 24.34 16.82 26.00 11.75 11.85
ne 3.05 0.46
Rock-type Trachy- Granite Syenite Quartz Granite Quartz Quartz
phonalite syenite syenite trachyte
CABEZA DE TORO BAMBA URUCU
Sample PV-3 27 PV-46 PV-16 PV-48 PV-55 PV-56
Dyke

Rb 253.64 358.73 103.44 127.37 73.99 105.22 209.76

Sr 76.23 28.47 160.43 2041.16 1066.09 621.69 1118.37

(F"St/28S) s 0.725843 (8) 0.780107 (10)| 0.708159 ( 9)| 0.704809 ( 6) 0.704849 ( 8) 0.705423 (10) 0.705429 ( 8)

Ry 0.70665 0.70705 0.70445 0.70445 0.70445 0.70444 0.70435

Sm 18.24 8.48 22.66 17.54 9.96 11.79 110.21

Nd 102.62 42.14 143.36 137.39 72.17 83.82 944.12

(“NIMNd) s | 0-512223 ( 6) 0.512589 (9)

(3N *Nd) 149 0.51242 0.51252

eSr 30.01 35.62 -0.03 -1.29 -1.25 -1.27 -2.67

eNd -6.50 1.30

TOM 1269 579

SiO, 70.16 75.71 59.16 59.19 59.22 59.18 54.78

Q 19.82 30.84

ne 10.34 3.15 0.51 7.10 16.52

Rock-type Granite  Aplogranite Nepheline Nephel- Syenite Nephel- Nepheline

syenite syenite syenite syenite
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Table 11 (continued).

ZUIALITO PRADO VELASCO
BASEMENT
Sample PV-19 PV-20 PV-22 PV-23 PV-25 PV-30 pPV-31 19
Rb 232.63 148.67 155.73 141.19 182.59 103.17 131.73 454.86
Sr 852.77 2355.13 1451.45 619.9 691.66 1107.85 2940.22 657.05
(873'/863")meas 0.706019 (5) 0.704843(7) 0.705067 (' 7) 0.705760 ( 7) 0.705968 ( 8)| 0.704989 ( 8) 0.704728 ( 7)| 0.771766 (15)
Ro 0.70445 0.70448 0.70445 0.70445 0.70445 0.70445 0.70447 0.76775
Sm 7.83 22.25 15.63 41.07 13.07 13.74 19.93 28.11
Nd 64.83 171.44 128.85 322.49 96.57 104.93 172.69 143.24
(143Nd/144Nd)meas 0.512581 ( 7) 0.512614 ( 5) 0.51279 (9)| 0.511558( 8)
(143N d/l““Nd)1 w0 0.51251 0.51254 0.51252 0.51145
eSr -1.26 -0.82 -1.25 -1.26 -1.27 -1.20 -0.96 897
eNd 1.03 158 112 -19.7
TOoM™ 613 598 586 2412
Sio, 54.73 53.70 58.15 49.28 59.97 56.58 58.08 70.59
Q 25.66
ne 30.77 25.22 16.23 34.39 2.84 9.86 12.96
Rock-type Nepheline Nepheline Nepheline Nepheline Syenite Nephel- Nepheline Gneiss
syenite syenite syenite syenite syenite syenite
VELASCO BASEMENT MANOMO CANDELARIA CANDELARIA
BASEMENT BASEMENT
Sample 19A PV-28 PV-70 PV-75A PV-76B PV-77A PV-72
Rb 33 204.96 26 140 149 162 71
Sr 376 94.41 1058 1068 191 352 406
(375|»/863r)mess 0.711561 (12) 0.723191 (20)| 0.711081 ( 8)| 0.704921 ( 9) 0.730211 (10) 0.706492 ( 8) 0.711865 (11)
Ro 0.71105 0.71061 0.71094 0.70449 0.70450 0.70498 0.71126
Sm 8.41 7.66 12.7 26.45 25.2 9.80
Nd 47.23 44.20 39.4 179.5 145 45.80
(143|\|(;1/1““Nd)meas 0.511704 ( 7)| 0.511798 ( 7)| 0.513002 ( 8) 0.512375( 7) 0.512460 (11) 0.512289 ( 7)
(143|\jd/1“4Nd)140 0.51161 0.51170 0.51290 0.51233 0.51240 0.51222
eSr 925 86.3 90.9 -1.66 -1.52 5.27 94.5
eNd -16.6 -14.7 7.12 -4.03 -2.54 -6.1
TOoM™ 1977 1803 948 911 926 1466
Sio, 735 74.0 74.18 53.68 61.17 63.70 73.38
Q 30.55 30.80 40.40 5.26 10.46 34.54
ne 261
Rock-type Gneiss Migmetite Gneiss Micro- Trachyte Trachyte Gneiss
syenite

Table 11 (continued).
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Velasco complexes

Sample | Rock-type Rb St |(¥"Sr/%Sr) e Ry eSr | SIO,
25**| Granite 221 89| 0.72098 0.70667| 30.19
109**| Granite 231 74| 0.72420 0.70620| 23.57
118**| Granite 374 53] 0.74874 0.70795| 48.41
116**| Aplogranite 285 10| 0.87421 0.70745| 41.32| 76.75

26**| Quartz syenite 182 256/ 0.71053 |0.70643|26.94
27**| Quartz syenite 202 161| 0.71350 |0.70627|24.62
44**| Quartz syenite 93 765/ 0.70812 0.70742| 40.91
117**| Quartz syenite 164 68/ 0.72074 |0.70684|32.63

22**| Syenite 200 1197| 0.70557 |0.70461| 1.00
28**| Syenite 125 78 0.71365 |0.70442| -1.70
31**| Syenite 143 300, 0.70698 |0.70424| -4.28
119**| Syenite 123 344| 0.70804 |0.70598|20.49
120**| Syenite 169 584 0.70651 |0.70484| 4.35

121**| Nephd-syenite  |193 749| 070624 |0.70476| 3.11
29-Dyke**| Nephel-syenite 25 1043| 070451 | 0.70437| -2.35
32-Dyke**| Nephd-syenite | 138 1457| 070527 | 0.70472| 2.66

30**| Nephdinesyenite |149 640| 0.70546 |0.70412| -5.93

Basement
23**| Gnéss | 33 376] 071156 |0.71105]92.50]73.50

Ne Ks

Fig. 15. Candelaria rock-types plotted into the Ne-Ks-SiO, system (Petrogeny's Residua System, after Hamilton & McKenzie,
1965, and Henderson, 1984). Phase boundaries are for PH,O=1 kb and the thermal minima are linked by thermal valleys
(broken lines) to the minimum on the Ab-Or join. Green field corresponds to the Velasco samples; full square represents
Candelaria rocks.
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50 55 60 65 70 7530,

50 55 60 65 70 75Si0,

Fig. 16. Harker diagrams (major elements, wt%) for the Candelaria rock-types. For comparison the fields for the Velasco
(green) and Ponta do Morro (orange) complexes are also shown as well as the fields for some basement rock-types (pink and

red, respectively).

2000), is presently covered by the thick alluvium of
the Pantanal Basin.

A few small hills are made of Neoproterozoic (?)
ignimbrites, typical for their eutaxitic textures, and
of quartz sandstones of the presumed Cretaceous
Cerro Redondo Formation (Litherland ez al., 1986)
intruded by syenitic and trachytic dykes.

The sampled outcrops correspond to localities
"Cerro Los Angeles" (PV-75A, PV-76A, B: Lat
16°45' 26"S, 59°03'31"W) and "Cerro Puntudo"
(PV-77 and PV-77A: Lat 16°40'07" S, 59°02'38"
W). The rock-types are microsyenites and trachytes:
the former are hypersolvus varieties with mesoper-
thitic alkali feldspartnepheline, and the trachytes
show porphyritic texture with phenocrysts of sodic
sanidine (mantled by anorthoclase)+clinopyroxene
+fluorite and microphenocrysts of alkali feldspar-

opaques-biotite set in a hypohyaline to pilotaxitic

groundmass made of glass and alkali feldspar,
biotite, opaques, apatite and zircon microlites.

Metaluminous and peralkaline variants are pre-
sent, i.e. A.I.=0.87-0.91 and 1.01-1.07, respectively
(Table 10). The rock-types tend to plot near the tra-
chytic thermal minimum in the Petrogeny's Residua
System (Fig. 15), although some silica-oversaturated
trachytes plot towards the rhyolitic minimum.

In the major and trace elements vs. silica Harker
diagrams (Figs. 16 and 17), the Candelaria samples
overlap the same fields of the Velasco complexes,
and partially fit the fields of the samples from the
Ponta do Morro Complex (cf. Sousa & Ruberti,
1996 and therein references).

Spidergrams relative to the incompatible
elements (primitive mantle-normalized, according to
Sun & McDonough, 1989) show that the nephel-

syenites and trachytes have patterns similar to the
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corresponding rocks from the Velasco complexes
and with the same strong Sr, P and Ti negative
spikes common to the Precambrian country-rocks
(Fig. 18A). On the contrary, the microsyenite
displays Sr and P positive spikes and, on the whole,
exhibits a behaviour quite similar to that of the
"uncontaminated basalts" from the Poxoréu Igneous
Province (cf. Fig. 5 of Gibson et al., 1997).
Chondrite-normalized (Boynton, 1984) REE
spidergrams highlight different LREE/HREE and
MREE/HREE fractionation (Fig. 18B): (La/Yb). and
(Sm/Yb). are 598 and 2.5, respectively, in
microsyenite, and the ranges are of 15.2-35.3 and
3.0-59 in

respectively. Moreover, Eu/Eu* ratio is 0.91 in the

nephel-syenites and  trachytes,

microsyenite, while strong negative anomalies are

apparent in the other rock-types (0.44-0.72), similar

50 60 70

to the negative anomalies of the Precambrian
gneisses (0.43; cf. Fig. 18B).

Sr-Nd isotopes

Twenty-one samples from the Velasco comple-
xes have been analyzed for strontium and ten for
strontium and neodymium isotopic compositions.
The results were compared with the Sr isotopic data
from Fletcher & Beddoe-Stephens (1987). In ad-
dition three samples from Candelaria, four basement
rocks from the Guaporé craton and one gneiss from
the Sunsas belt were also analysed (Table 11).

The geochronology of the Velasco complexes
(cf. Litherland et al., 1986) shows a high agreement
between Rb/Sr and K/Ar ages, reaching uniformity
around 140 Ma for all the outcrops. An attempt to

recalculate the Rb/Sr ages, following the subdivision

Zr

Fig. 17. Harker diagrams (trace elements, ppm) for the Candelaria rock-types. Fields as in Fig. 16.
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Fig. 18. A: Primitive mantle-normalized (Sun & McDonough (1989) trace element diagrams for the Candelaria rock-types. B.

Chondrite-normalized (Boynton, 1984) REE profiles.

into silica-undersaturated and silica-overaturated
rocks, gives errochrons of 139+3 and 140+1 Ma
(Early Cretaceous), respectively (Figs. 19A, B), but
with different initial *'Sr/*Sr ratios, i.e. 0.704452 and
0.706676, respectively.

The Candelaria samples seem to define an
errorchron age of 79+8 Ma (Late Cretaceous) and an
initial *’Sr/*’Sr ratio=0.70474 (Fig. 19C), similar to
the age determinations of uncontaminated lavas
from the Poxoréu Igneous Province (83.4+2.4 Ma,
initial ¥Sr/*Sr ratio=0.70445+0.00004; cf. Gibson et
al., 1997). From a geochronological viewpoint, the
Velasco complexes predate the tholeiitic flood
basalts of the Parana Basin (ca. 132 Ma), like those
alkaline-carbonatitic occurrences from the Rio Apa
and Amambay regions in Eastern Paraguay (ca. 140
Ma; cf. Comin-Chiaramonti et al., 1997). On the
other hand, the Candelaria magmatism displays an
age that postdates the Parana lavas, in conformity to
numerous  alkaline and alkaline-carbonatitic
occurrences from southeastern Brazil (e.g. Poxoréu,
Rio Verde-Ipord, Alto Paranaiba, Serra do Mar,
Ponta Grossa Arch, Lages, Piratini; see other papers
in this volume).

The isotopic data, as stressed by Fletcher &
Beddoe-Stephens (1987), are strongly suggestive of
silica-undersaturated suites that may be derived from
a mantle not submitted to appreciable crustal
contamination during the processes of fractionation
and emplacement. On the contrary, the silica-

oversaturated rocks-types appear to have suffered

interactions with crustal materials (mixing and/or
mingling), since the close spatial and temporal
association precludes derivation from isotopically
different mantle sources.

Attempts to calculate mixing of different magma
types and the assimilation by magma bodies of the
surrounding crystalline basement are represented in
Fig. 20A: the plot of SiO, (Wt%) vs. YSr/*Sr R)
ratios shows that almost 50-60% of the basement
rocks are required to fit the quartz-bearing rock-
types (mixing with migmatitic —materials?).
Alternatively, different parental liquids must be
supposed, where, at any way, the high R, rocks may
derived also from partial melting of crustal materials
and mixing with more evolved liquids of appropriate
isotopic composition.

The best fittings relative to assimilation-
fractional crystallization (AFC, cf.
DePaolo, 1985, 1988) are graphically illustrated in

processes

Fig. 20B: the different mixing lines reflect different
bulk distribution for Sr between -crystallizing
minerals and the magma(s) at mass of assimilated
basement/mass of the original magma=0.2.

In terms of € time-integrated notations, the
Velasco and Candelaria subsaturated rocks plot in
the depleted quadrant (Fig. 21), and fit the most
depleted alkaline and alkaline-carbonatite types from
the southeastern Brazil, both Early and Late
Cretaceous in age. In particular, the Candelaria
microsyenite displays e-values very close to those

shown by the rock-types believed uncontaminated
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from the Poxoréu region (cf. Gibson et al., 1997).
Considering a depleted mantle source (cf. Comin-
1997), both Velasco and

Candelaria subsaturated petrographic types do not

Chiaramonti et al.,

show any appreciable crustal contamination (i.e. <<
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1%; cf. curve 1 of Fig. 21), whereas the over-
saturated rocks display up to 40% of mixing (or
mingling) with the crystalline basement (curve 2 of
Fig. 21, assuming a parent magma with €Sr=-8 and
eENd=+4).

0.715
87 36
St/ Sr

® Thiswork

0.710 [J Litherland et al. (1986)

Velasco

Syenites, nephel-syenites
and nepheline syenites

Age 13%+3Ma(20)
Intercept 0.704452
MSWD 24
0.705
*Rb®sr
1 2 3 4
s/ ®sr Velasco
| B
0.78 O [ Granites .
) Granites
© [ Quartz syenites Age 140+1 Ma (20)
&®  Aplogranites Intercept 0.706676
0.76 - MSWD 0.53
Quartz syenites
Age 140+1 Ma(20)
Intercept 0.706726
0.74 |- MSWD 0.02
N 873’/863’
0.72 "
075- 1 ] |87Rb/|863 87Rb/868
10 30 50 70 d
10 20 30 0
- syPsr Candelaria
0.726 -
Age 79+8 Ma(20)
- Intercept 0.70474
MSWD 38
0.718

0.710

0.702 -

Fig. 19. "Rb/*Sr vs. *'Sr/*Sr plot for the alkaline rocks from southeastern Bolivia. A: Velasco nepheline-normative syenitic
rocks; B: Velasco quartz-normative rock-types (full circle, this work; square, Litherland et al., 1986). C: Candelaria rock-

types.
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Fig. 20. A: SiO, vs. ’Sr/*Sr initial ratios for southeastern Bolivia alkaline rocks and mixing lines between supposed parental
magmas (Si0,=49 and 56 wt%) and crystalline basement (SiO,=74 wt%); see text. B: Shifts in the “Sr/“Sr initial ratios (R )
and the Sr concentrations in a magma assimilating wall-rock (crystalline basement) and crystallizing (see text). D¥, Sr bulk
distribution coefficient; F, ratio of the mass of the contaminated magma to that of the original magma; M /M, ratio of the
mass of assimilated wall-rock and the mass of assimilated magma, respectively. The heavy red line represents plausible

evolution for a magma moving through continental crust.

The apparent crustal contamination extends its
effects to the model ages (depleted mantle, T")
which are 600+31 Ma and 1163+143 Ma for the Ve-
lasco undersaturated and oversaturated variants, res-
pectively. On the contrary, the three values relative
to the Candelaria samples are well constrained at
928+19 Ma, differing from the model ages inferred
for the uncontaminated and contaminated varieties

from the Poxoréu Igneous Province, i.e. 643+52 Ma

and 1432+278 Ma, respectively. Notably, model
ages of ca. 650 Ma were obtained for some alkaline
complexes from Early Cretaceous Serra do Mar
complexes, whereas model ages of ca. 750-1000 Ma
were inferred for Late Cretaceous alkaline
complexes from Alto Paranaiba, Ipord and Serra do
Mar regions (cf. Comin-Chiaramonti et al., 1999).
This means that the supposed "impact zone of

Trindade starting mantle plume head" (Gibson et al.,
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1997) developed at about 250 km west of the
Poxoréu Igneous Province (Late Cretaceous

megaplume?) is very improbable.
GEODYNAMIC CONSIDERATIONS

According to Litherland er al. (1986), the
igneous and tectonical history of the Cretaceous is
thought to be intimately related to the breakup of the
South America-Africa plate and to the intrusions of
the Velasco complexes predating this process. In
contrast to this "Atlantic" model, Brown et al.
(1984) interpreted the Velasco complexes as an
evidence of a magmatism related to the back-arc
zone of the Andean mobile belt, but a "subduction"
signature is more less apparent with respect, e.g. to
the coeval magmatism from Eastern Paraguay (inset
of Fig. 21) for which intraplate rifting-related
characteristics were inferred (Comin-Chiaramonti et
al., 1997, 1999).

The geochronological sequence (as also sug-

gested by Litherland et al., 1986) appears as follows:
1) ~140 Ma, uplift, faulting and intrusions of the
Velasco complexes; 2) Albian-Aptian (?), deposition
of (sediments) in intracontinental rift valleys; 3) Late
Cretaceous, uplift, faulting and intrusion of the
Cerro Manomé carbonatite; 4) ~80 Ma, Candelaria
alkaline magmatism along the Mercedes rift.

Similar to other peripheral areas relative to the
Parana Basin l.s. (e.g. Namibia, Eastern Paraguay),
southeastern Bolivia is characterized by intraplate
Early- and Late Cretaceous K-alkaline magmatism
associated with rifting processes.

The debate concerning the origin of these types
of magmatism in and around the Parand Basin with
respect to the plate tectonics is still open and subject
to controversy, and various models have been sug-
gested invoking the presence of mantle plume/hot
spots (Stefanick & Jurdy, 1984; Gibson et al., 1997,
1999) or of shallow thermal anomalies (Holbrook &
Kemelen, 1993). Smith & Lewis (1999) proposed an

ENd ENd
L ate Cretaceous
o -l @ PIPandAPIP
10l Pl Puncontaminated 0 & o
-10 - ?6 » Q
; EP
PI P contaminated oL Early Cretaceous
) |
\ e
0
001 @
@ Sunsas basement
.10 _
0.8
Guaporé basement |
| | | | | | | | | T

-20 -10 0 10 20

40 50 60 70 80 s

Fig. 21. Age integrated €Sr vs. eNd diagram for the Velasco complexes (alkaline rocks and crystalline basement calculated at
140 Ma) and Candelaria samples (alkaline rocks and crystalline basement calculated at 84 Ma). For comparison the samples
from the Poxoréu Igneous Province (PIP of Gibson et al., 1997) are plotted. Symbols as in Fig. 20. DM, depleted mantle, as
defined by Hart & Zindler (1987). Mixing curves are calculated with the following end-members: 1) Sr=12,
USr/*Sr=0.70321, Nd=0.65, ""Nd/"*"Nd=0.513151 vs. Sr=518, “Sr/*Sr=0.72509, Nd=70, "“Nd/ "“Nd=0.51184; 2)
Sr=628, "Sr/*Sr=0.704426, Nd=31.1, "*Nd/"*"Nd=0.512815 vs. Sr=518, “St/*Sr=0.72509, Nd=70, "“Nd/"**Nd=0.51184.
Inset: fields of the Early Cretaceous (EP: Eastern Paraguay; SEB, southeastern Brazil) and Late Cretaceous (PIP, Poxoréu
Igneous Province; APIP, Alto Paranaiba Igneous Province; Gibson et al., 1995, 1997).
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alternative model: the forces acting on plates with
different angular velocity and the presence of
volatile-rich mantle sources (wet spots) would drive
the rifting to occur parallel to the pre-existing N-S
sutures in the South Atlantic areas. Intraplate
alkaline and alkaline-carbonatite magmatism occurs
where second order sutures (e.g. Alto Paranaiba, Rio
Verde-Ipord, Poxoréu, Ponta Grossa-Mocamedes
Arch, Uruguay Lineament, Damara belt) intersect
the axis of the major rifting, indicating erosion and
cycling of continental mantle towards the ridge axis
by local convenction taking the form of transverse
rolls. Notably, in southern Brazil, the alkaline and
alkaline-carbonatitic magmatism is concentrated in
regions affected by positive geoid anomalies
(Molina & Ussami, 1999; Ernesto et al., 2002) that
may refer to dense (and warm), very deep material.
In this picture, the different westwards angular
velocity of the lithospheric subplates, that are
defined in South America by second order plate
boundaries, may favour the decompression and
melting of a variously metasomatized (wet spot)
portion of the lithospheric mantle with different
isotopic imprint and at different times. This scenario
may explain the diffusion of the Late Cretaceous,
and even of the Tertiary, magmatism in the whole
Parani-Angola-Namibia province, even up to the
Eastern Paraguay where there is evidence of active
rifting structures (cf. Comin-Chiaramonti er al.,
1999). In this case, the thermal perturbations may be
channelled along the second order plate boundaries,
as also pictured by the hypocenters of earthquakes in
South America (cf. Berrocal & Fernandes, 1996).
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PETROLOGY OF LATE JURASSIC-EARLY CRETACEOUS
TUSAQUILLAS AND ABRA LAITE-AGUILAR PLUTONIC
COMPLEXES (CENTRAL ANDES, 23°05' S-66°05'W): A
COMPARISON WITH RIFT-RELATED MAGMATISM OF NW
ARGENTINA AND E BOLIVIA

C. Cristiani, M. Matteini, R. Mazzuoli, R. Omarini and .M. Villa

The Late Jurassic-Early Cretaceous Tusaquillas and the Abra Laite-Aguilar Plutonic Complexes represent the
most extensive intrusive bodies belonging to the rift-related magmatism developed in NW Argentina from Upper
Jurassic to Lower Eocene. Both complexes are characterized by rocks of a wide compositional spectrum,
ranging from gabbro and diorite to syenogranite and monzogranite. Geochemical and isotopic data obtained on
from samples of the two complexes allowed to distinguish rocks with: 1) basic composition (SO,=45-52 wt%),

low HFSE and REE contents, low initial ¥'S/%*S ratio (R;=0.703198-0.705868) and high £'Nd (3.82 to 1.51); 2)
felsic compositions (SO,=70-77 wt%, low HFSE and REE, high R, (0.708677-0.722668) and low &'Nd (-3.85 to

-1.77); 3) intermediate features, i.e. S0,=53-69 Wt%, Ry=0.703303-0.713121, &'Nd 2.10 to -4.97. On the whole,
the data suggest that the basic rocks could have been derived from a mantle source with OIB-like signature,
whereas the granitic rocks could have been generated by partial melting of a radiogenic crust. Geochemical and
isotopic characteristics of intermediate rocks suggest complex interactions (FC, AFC and mixing processes)
between mantle derived magmas and crustal materials. In order to have a more complete scenario of the
magmatic events which affected the south-central part of South America in the Jurassic-Cretaceous times, the
Tusaquillas and the Abra Laite-Aguilar Plutonic Complexes have been compared with coeval NW Argentina
(Rangel and Hornillos) and E Bolivia (Velasco) magmatic provinces. In view of the comparative data, we
tentatively propose that the E Bolivia and NW Argentina magmatic provinces could be related to the same
regional petrogenetic event, probably linked with the extensional tectonics that affected the western Gondwana
at pre-drift times.

INTRODUCTION

The geodynamic evolution of the Andean margin
since Early Mesozoic to present time was marked by
a complex interaction of oceanic plates (Aluk-
Phoenix, Farallon and Pacific) with the South
American continental plate (Zonenshayn et al.,
1984; Jaillard et al., 1990, 2000; Scheuber et al.,

1994). In the Jurassic times, the evolution of the
western border of South America has been
characterized by the presence of an extensive arc
magmatism (Fig. 1A) related to the subduction of
the paleo-pacific Aluk (Phoenix) plate, beneath the
South American plate. At the same time, the
southeastern sector of Bolivia and northwestern

Argentina were affected by an extensive igneous
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Fig. 1. A) Sketch-map showing the regional tectonic setting of the akaline-subalkaline magmatism in the NW Argentina,
Central Andes. The plate tectonic configuration for the Upper Jurassic time (c. 150 Ma) is from Zonenshayn et al. (1984) and
Scheuber et al. (1994); the back-arc basin configuration is taken from Printz et al. (1994) and the paleo-tectonic patterns in
the foreland region are modified after Marquillas & Salfity (1988). Reference numbers in figure, main faults: 1) Aconquija,
2) Transpampean, 3) Isonza, 4) El Toro, 5) Los Blancos, 6) Quirquincho, 7) Tomasito, 8) Calama, 9) Domeycko, 10) Cobres-
Salinas Grandes, 11) San Pablo, 12) El Condor, 13) Michicola. B) Distribution of the post-Paleozoic alkaline magmatism
(stars roughly proportional to the erupted volumes) in and around the Parana Basin in the South American Platform (after
Gomes & Comin-Chiaramonti, in this volume). CAMP (Central Atlantic Magmatic Province), mobile belts and cratonic
areas, as defined by De Min et al. (2003) and by lacumin et al. (2003) and therein references. The location of the Tusaquillas
and Abra Laite-Aguilar Plutonic Complexes is also indicated.
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activity, which produced abundant alkaline-
subalkaline plutonic and volcanic rocks (eg.
Galliski & Viramonte, 1988; Rubiolo, 1992;
Viramonte et al., 1999; Menegatti, 2001; Cristiani,
2004; Comin-Chiaramonti et al., in this volume).
The magmatic events roughly span between 156 and
144 Ma, i.e. between the CAMP (Central Atlantic
Magmatic Province, ~200 Ma) and the Parana Basin
magmatism (~130 Ma; De Min et al., 2003; lacumin
et al., 2003), at pre-drift times (cf. Fig. 1B). Notably,
pre-drift magmatism affected also other extensional
(rifting) areas of the South America plate, e.g.
alkaline-carbonatitic complexes and dykes from
northeastern Paraguay (138-140 Ma; Antonini et al.,
in this volume) and anatectic dacitic flows from
Jaguardo, Rio Grande do Sul (143-144 Ma; Comin-
Chiaramonti, 2000).

The northwestern Argentina and eastern Bolivia
magmatism was linked to the formation and
evolution of a continental rift system in a back-arc
position with respect to the Jurassic-Cretaceous
volcanic arc (Fig. 1A). The rifting, extending from
southeastern Bolivia up to central Argentina with a
roughly N-S trend, constitutes a geological structure
of crucial importance in the evolution of the Andean
Cordillera. There is no agreement on the rift origin
and evolution among the workers who studied this
Galliski & Viramonte (1988)
interpreted the magmatism as being related to the

Andean sector.

back-arc zone of Jurassic subduction of the Aluk

plate under the South America continent.
Alternatively, Cristiani et al. (2000) associated the
Upper Jurassic-Cretaceous magmatism in NW
Argentina with the Gondwana break-up.

The intrusive rocks related to the rift system are
mainly set in central and southeastern Bolivia
(Velasco and Apopaya region) and NW Argentina
(Puna Plateau and Eastern Cordillera). They show a
considerable range in composition and geochemical
affinity, being characterized by peralkaline,
metaluminous and peraluminous signatures (e.g.
Avila Salinas, 1986; Fletcher & Beddoe Stephens,
1987; Viramonte et al., 1999; Cristiani et al., 2000,
2002, 2003; Cristiani, 2004; Comin-Chiaramonti et
al., in this volume and references therein). In this
paper we present new petrological data on the Abra
Laite-Aguilar (AL-APC) and Tusaquillas Plutonic
Complexes (TPC), NW Argentina, attempting to

define the potential magmatic sources responsible
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for the generation of magmas in the Jurassic-
Cretaceous time in this sector of the eastern Central
Andes. Our data are compared with the coeval
intrusions outcropping in NW Argentina (Rangel
and Hornillos) and in E Bolivia (Velasco), with the
purpose of having a general view of the magmatism
linked to the rift formation. The bulk of the data
might give new insight on the petrogenesis and
evolution of the rift-related magmatism in Late
Jurassic-Early Cretaceous time.

ANALYTICAL METHODS

Mineral compositions have been obtained by
Scansion Electron Microprobe (SEM) at the Earth
Sciences Department, Pisa University, following the
methods listed in Marianelli & Sbrana (1998).

Major and trace elements (SiO,, TiO,, ALO,,
Fe,0,, MnO, Ca0O, K,0, P,O,, La, Ce, Rb, Y, Zr, Nb,
Ba, Sr, Ni, Cr, V, Co) analyses have been carried out
by XRF MgO
determinated by atomic absorption spectrometry

techniques; and Na,O were
whereas the Fe™ by titration methods. Measurement
conditions and standards reproducibility are reported
in Tamponi et al. (2003).

REE, Y, Th, U, Hf and Ta contents have been
ICP-MS at the
Laboratory of the Earth Science Department of the
Monash
(measurement conditions and standards repro-

obtained by Geochemistry

University, Melbourne, Australia
ducibility are given in Frick et al., 2001).

Sr and Nd isotopic ratios for TPC samples have
MAT 262V
multicollector spectrometer. Reproducibility of
“Sr/“Sr ratio for NBS987 standard has been
0.710330+0.000016 (2o, n=10); reproducibility of
"“Nd/"“Nd ratio for La Jolla standard has been
0.511860+0.000020. Rb and Sr concentrations for
TPC samples have been determined by isotopic
dilution using a VG-ISOMASS 54E monocollector
spectrometer (IGGI-CNR, Pisa, Italy).

Sr and Nd isotopic ratios and Rb, Sr, Sm, Nd
concentrations for AL-APC samples have been

been measured by Finningan

measured at the Institut fiir Geologie of Bern
University, Switzerland. Sr isotopic compositions
have been obtained by VG 354 monocollector
spectrometer; Rb, Sm, Nd isotopic ratio have been
measured by Nu multicollector ICP spectrometer.
External reproducibility corresponds to +37 ppm for
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"“Nd/"Nd ratio and 31 ppm for "““Nd/*“Nd ratio
(standard in-house Johnson-Matthey).

GENERAL GEOLOGICAL REMARKS

During the Sinemurian-Pleinsbachian times, as a
result of the subduction processes of the Aluk plate
under the South American plate, an important oroge-
nic magmatism began to be active on the western
continental margin of South America. This mag-
matic activity was marked by the emplacement of
subalkaline plutonic and volcanic rocks (Mpodozis
& Ramos, 1990; Romeuf et al., 1995; Jaillard et al.,
2000), presently outcropping in northern Chile (Fig.
1A). In close association with the magmatic arc, a
fore-arc and a back-arc zone developed at the same
time (Fig. 1A). The fore-arc realm is actually
unknown because of the erosion due to the sub-
duction processes from Jurassic to present time
(Rutland, 1971; Ramos, 2000). The back-arc basin
developed to the East of the magmatic arc as a
consequence of extensional stress regime and was
the place of intense deposition of continental-marine
sediments outcropping nowadays in the Longitudinal
Valley of Chile (Groschke et al., 1988; Prinz et al.,
1994; Jaillard et al., 2000; cf. Fig.1A).

To the East of the back-arc basin, from southern
Bolivia to central Argentina, in the Early Jurassic-
Cretaceous times, the structural framework was
dominated by a general doming preceding the rift
formation and by an intricate pattern of extensional
faults. In this stage, anorogenic igneous complexes
were emplaced along the most extensive tectonic
structures with a rough NNE strike (i.e. Cobres
Salinas Grandes fault, Fig. 1A). In the NW
Argentina this magmatic activity includes Agua del
Desierto, Rangel, Tusaquillas, Abra Laite, Aguilar,
Fundiciones, Hornillos and Mecoya plutons, which
are located in the Puna Plateau and in the Eastern
Cordillera, ~450 km to the East of the volcanic arc.
The plutonic complexes intruded the Late
Precambrian-Lower Paleozoic = metasedimentary
sequences (Lanfranco, 1972; Rubiolo, 1992;
Menegatti, 2001; Cristiani, 2004). During the sub-
sequent thermal subsidence processes, alkaline
volcanism and continental red-bed and marine
carbonate sedimentation (Salta Group of Marquillas
& Salfity, 1988) characterized the sin-rift (120-80
Ma) and post-rift (70-60 Ma) stages.

The evolution of the rift system was controlled
by proto-lineaments (cf. Fig. 1A) reactivated during
the Araucana (Late Jurassic) and Miriano (Lower
Cretaceous) tectonic events. The reconstruction of
tectonic lineaments delimiting the graben structures
shows an asymmetrical geometry that permits to
divide the proto-rift in four branches: Tres Cruces-
Tupiza, Lomas de Olmedo, Alemania-Metan-El Rey
and Puna. In the North, the Tres Cruces-Tupiza
branch extends to southern Bolivia (Sempere et al.,
2002), whereas in the South the Alemania-Metan-El
Rey branch is connected with the Cordoba-San Luis
proto-grabens, developed in the central sector of
Argentina (Rossello & Mazetic, 1999). To the West,
the Puna branch is linked to the NS Antofagasta
branch and to the East with the Salinas-Grandes-
Tres Cruces and the Las Conchas branches,
respectively.

THE TUSAQUILLAS COMPLEX

The Tusaquillas Plutonic Complex (TPC; 23°05'-
23°25'S and 66°05'-65°55'W) is one of the most
extensive intrusive body belonging to the Upper
Jurassic-Lower Cretaceous magmatic activity in NW
Argentina; it is located about 100 km northeast of
San Antonio de Los Cobres village (Fig. 2A). The
pluton forms a prominent and isolated structural
block covering an area of about 200 km’. It consists
of a main central body of felsic composition
(Tusaquillas batholith: Zappettini, 1998; Cristiani et
al., 2002; Cristiani, 2004) and of three marginal
stocks of mafic-intermediate composition (Castro
Tolay stocks: Cristiani et al., 2000), outcropping at
the southwestern and northwestern margins of the
main body. Available Rb-Sr dates for the TPC give a
range of ages between 140+1 and 144+2 Ma for the
Tusaquillas Batholith and from 152+2 to 144+1 Ma
for the marginal stocks (Cristiani, 2004). The host-
rocks of the TPC are represented by a thick
succession of marine sediments and minor volcanic
rocks of the Ordovician Santa Victoria Group
(Turner, 1960). The thermometamorphic contact
aureole is generally very limited. The TPC is
bordered at the western side by the Tusaquillas
back-thrust and at the eastern side by the Salinas
Grandes thrust (Fig. 2A). According to the
geophysical data (Gangui & Gotze, 1996), its
western slope is steep and fault-controlled, whereas
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Fig. 2. Geological sketch-maps of the Tusaquillas Plutonic Complex (A) and of the Abra Laite-Aguilar Plutonic Complex

(B).

its eastern side dips gradually under the Cenozoic
sediment cover of the Guayatayoc salt lake. This
structural pattern is probably linked to the Quechua
tectonic event (~10 Ma), which is responsible for the
strong shortening and uplift of the Puna plateau
(Allmendinger et al., 1997).

The TPC rocks show a wide compositional range
varying from gabbro (diorite), monzodiorite, quartz
monzodiorite, quartz monzonite, quartz syenite to
syenogranite and monzogranite (Fig. 3). Micro-
granular enclaves with gabbroic composition are
frequent in rocks from the marginal stocks. The
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main TPC body is constituted by biotite-muscovite
granites with subordinate biotite granites. These
rocks show an equigranular medium-grained texture
with alkali feldspar (25-47 vol%), quartz (17-38
vol%), plagioclase (5-28 vol%), biotite (11-22 vol%)
and occasional muscovite as the main phases, and
zircon, apatite, tourmaline, Al-silicate and Fe,Ti
oxides as accessory minerals.
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Fig. 3. QAPF modal diagram for rocks from Tusaquillas
and Abra Laite-Aguilar Plutonic Complexes (Streckeisen,
1976). Fields: 3a) syenogranites, 3b) monzogranites, 7*)
quartz syenites, 8*) quartz monzonites, 8) monzonites, 9*)
quartz monzodiorites, 9) monzodiorites, 10) diorite
(gabbros), 10°) foid diorites (foid gabbros).

From the mineral associations, two main felsic
facies have been distinguished: biotite and bioti-
te+muscovite granites (cf. Fig. 2A). Plagioclase
(An
crystals with weakly sericitized cores and unaltered

) generally occurs as subeuhedral to euhedral
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rims and it exhibits normal continuous zoning. Alka-
li feldspar (Or,
ming tabular microperthitic subhedral to euhedral

) 1 the most abundant mineral, for-
crystals (up to 5 cm across) or granophyric inter-
growths with quartz. Quartz is interstitial and
appears as clusters of small grains, other than inter-
growths with alkali feldspar. Biotite is the most
common femic mineral in the granites, occurring
both as pheno or microphenocrysts, and as a late in-
terstitial phase in the granophyric groundmass.

100E P

Microprobe analysis shows that the biotite is usually
Fe and Al-rich, with Fe/(Fe+Mg) and Al" ranging
from 0.82 to 0.89 and from 2.5 to 2.6 a.f.u., respect-
tively. In the muscovite-biotite granite facies, the
muscovite forms large euhedral to subeuhedral
lamellae (up to 5 mm across) of magmatic origin, as
well as it appears as secondary phase being inters-
titial or replacing the alkali feldspar. The primary
muscovite shows variable Al contents ranging
between 4.06 and 5.25 a.f.u. Total Fe+Mg+Ti and Si
range from 0.70 to 1.21 and from 6.20 to 7.04 a.f.u.,
respectively. This compositional range indicates
magmatic crystallization at low temperature and
high H,O fugacity, according to other peraluminous
melt (Clarke, 1981; Miller et al. 1981). Tourmaline
is generally scarce, but its abundance increases in
the most differentiated rocks at the northern sector
of the intrusive body (poikilitic inclusions in quartz
and alkali feldspar, or concentrate in ovoids up to 30
cm across). According to Kasemann et al. (2000),
isotope composition of TPC tourmalines (8"B: -5.1
to -5.3) overlaps the compositional range of the
tourmalines present in the Precambrian-Paleozoic
basement of the Central Andes.

The mafic-intermediate marginal stocks (Castro
Tolay stocks) of the TPC cover an area of about 30
km® (cf. Fig. 2A). The rock-types range from
gabbros, diorites and monzodiorites to quartz
monzodiorites, quartz monzonites and quartz
syenites (Fig. 3). Small stocks of syenite-monzonite
as well as of lamprophyre dykes and of carbonatite
veins outcrop in the southern sector of the TPC
(Santa Julia Alkaline Complex; Zappettini, 1998).
Notably, diorites and monzodiorites contain
abundant microgranular enclaves with gabbroic
composition. Gabbros, diorites and monzodiorites
show a fine-grained or porphyritic texture with
plagioclase (30-50 vol%), amphibole (30-40 vol%),
biotite (<15 vol%) and subordinate pyroxene and
olivine. Fe-Ti oxides and apatite are accessory
minerals. Anhedral to subeuhedral plagioclase
appears usually zoned, i.e. An,_, core to An,, , rims.
Euhedral to subhedral amphibole is a Mg-
(Mg/(Mg+Fe*)=0.81-0.56).  Clino-
pyroxene, occurring in single crystals or at the
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hornblende

central parts of amphibole, displays diopsidic-salitic
compositions (Wo_En,, Fs = mole%). Biotite from
basic rocks has quite constant Al", ie. 2.49-2.40
afu. and Fe/(Fe+Mg) ranging from 0.36 to 0.54

9-20
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(more "primitive" to more evolved rock-types,

respectively). Olivine (Fo present only in the

gabbros and representing the earliest phase) appears
as rounded single grains up to 3 mm across, often
partially to completely surrounded by hornblende-
bearing coronas. These coronitic textures indicate
that the olivine is not in equilibrium with the host
liquid, thus representing a “remnant phase” of a
more basic parental magma.

Quartz monzonites and quartz syenites are me-
dium to coarse-grained (2-8 mm in size) with hypi-
diomorphic or xenomorphic textures. The rock-types
are gray to dark gray in colours (C.I. 12.9-36.5),
with modal compositions, vol%, 5-15 quartz, 30-40
plagioclase, 28-35 alkali feldspar, 7-22 biotite and 1-
22 hornblende. Fe-Ti oxides, epidote, allanite and ti-
tanite are the main accessory minerals. Plagioclase is
euhedral to subeuhedral and generally zoned (An,,
cores and An,, rims). Two different generations of
alkali feldspar are apparent, i.e. 1) subhedral per-
thitic feldspar (Or,
2) rims (Or,) mantling the plagioclase. This

1.s) 1 the most evolved rocks, and
"rapakiwi" texture could be the result of crystalliza-
tion during magma mixing processes (cf. Hibbard,
1981). Biotite is relatively homogeneous, Al" 2.15-
247 a.f.u. and Fe/(Fe+Mg) 0.80-0.65. Amphibole is
Mg-hornblende tending to Fe-hornblende (Mg/
(Mg+Fe*)=0.43-0.49). More occasionally, clinopy-
roxene (Wo_,En_. Fs

28-45 36-39 19-36-

) appears at the amphibo-le
core, as a probable restitic phase of a mafic mag-ma,
successively mixed with a more evolved one.

The gabbroic enclaves show an equigranular,
fine-grained texture, whereas the most evolved ones
(monzodiorites and quartz monzonites) display a
subhedral
plagioclase and amphibole set in a dark groundmass

porphyritic texture characterized by
composed by the same mineral plus alkali feldspar
and biotite. The plagioclase phenocrysts have patchy
zoning textures, with a compositional range from
An,, (cores) to An,, (rims). On the other hand, the
groundmass plagioclase is quite homogeneous (An,,

zo)'
THE ABRA LAITE-AGUILAR COMPLEX

The Abra Laite-Aguilar Plutonic Complex (AL-
APC; 24°58’-23°09’S and 65°51°-65°40°W) is
constituted by two separate intrusions: the Aguilar
pluton and the Abra Laite pluton (Fig. 2B).
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The Abra Laite pluton is located in the western
side of the Aguilar Range. It covers an area of
approximately 108 km’ and intrudes the Ordovician
marine sedimentary sequences of the Santa Victoria
Group (Turner, 1960). U/Pb dates (zircon, SHRIMP
method) yielded an average age of 153x4 Ma
(Cristiani, 2004). Seismic and gravimetric studies
(Gangui & Gotze, 1996) show an important west-
dipping fault (Eastern Salinas Grandes fault)
controlling the geologic and tectonic setting of the
area. ALP consists of medium-grained biotite
monzogranite and two micas syenogranite, having
abundant alkali feldspar (32-40 vol %), plagioclase
(17-21 vol %), quartz (~31 vol %) and minor biotite
(~6 vol %), muscovite (~3 vol %), andalusite (~0.5
vol %), cordierite (~1.1 vol %) and garnet (~1.2 vol
%). Alkali feldspar (Or

+0y) 18 subeuhedral to

anhedral. Subeuhedral, zoned plagioclase ranges

from An (rim). Biotite (annite-

4843

(core) to An,,,
siderophyllite) usually shows subeuhedral habitus,
and FeO and Al,O,-rich compositions [(Fe/Fe+Mg):
0.59-0.86; Al"=2.71-2.47 a.f.u.)]. Muscovite is
ubiquitous in the two-mica granite, with Si and Al"
ranging from 5.09 to 6.90 and 0.93 to 1.50 a.f.u.,
respectively. Pyralspitic garnet shows a range from
Alm, Py Sp,, (cores) to Alm_Py, Sp. . (rims).

The Aguilar pluton (23°00°-23°10’S and 65°44’-
65°48’W) is located close to the eastern border of
the Aguilar Range, about 35 km N-NE of the TPC
(Fig. 2B). The body covers an area of about 40 km®
and intrudes Ordovician marine sediments of the
Santa Victoria Group (Turner, 1960). The latter is
uncon-formably overlain by Cretaceous-Tertiary
fault-bounded

sedimentary basins. The intrusion is fault-controlled

sediments  deposited  within
(El Quemado, Eastern and Western Aguilar faults,
cf. Fig. 2B). Its eastern side gently dips under the
Pleistocene-Holocene cover and its western northern
side is marked by a well-defined intrusive
relationship with a metamorphic contact aureole,
500-1000 m wide (Lanfranco, 1972). A 149+1 Ma
age (Rb-Sr isochron, whole-rock+biotite) is believed
to be representative of the whole intrusion (cf.
Cristiani, 2004).

According to the IUGS classification, the rock-
types range from foid gabbro, gabbro, diorite,
monzodiorite and quartz monzodiorite to monzonite,
quartz monzonite, quartz syenite and monzogranite

(cf. Fig. 3). Granitoid rocks (monzonite, quartz
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monzonite, quartz syenite, monzogranite) are
medium to coarse-grained, with modal (vol %) alkali
feldspar (30-47%; Or,,,), plagioclase (20-26%; An,
), quartz (12-20%), biotite (13-11%) and occasional
amphibole (up to 6.3%). Mineral assemblages and
textural relationships allow to distinguish two
groups of granitoid rock-types: 1) biotite granitoids,
outcropping in the western sector of the pluton, and
2) biotite-amphibole granitoids, encompassing the
central and eastern sector of the stock (cf. Fig. 2B).
Biotite is characterized by Al" from 2.33 to 2.55
a.f.u. and Fe/(Fe+Mg) ranging from 0.63 to 077.
Amphibole is ferroedenite (according to Leake,
1977) with Mg/(Mg+Fe™) from 0.25 to 0.46.

The gabbroid rocks (gabbros, monzodiorites,
quartz monzodiorites) outcrop in the northern and
southern sector of the Aguilar stock (cf. Fig. 2B).
The contact between gabbroid and granitoid bodies
is characterized by a high concentration of
microgranular enclaves (30-35% by volume),
displaying dioritic and monzodioritic composition
(cf. Fig. 3). The enclaves (usually ellipsoidal or
rounded) show crenulated borders and magmatic
textures. The size ranges from a few centimeters up
to 1 meter. Porphyritic textures with phenocrysts of
plagioclase (up to 10 mm across) may be present.

The gabbroid rocks are mainly characterized by
plagioclase, clinopyroxene and amphiboles as
primary phases and Fe-Ti oxides, apatite, allanite
and zircons as accessories. Plagioclase is strongly

zoned (An, .-An,,); clinopyroxene shows weak

5546
zoning, ranging from diopside to salite.

Brown-green amphibole, occurring both as large
crystals and at the rims of the clinopyroxene grains
tend to present ferropargasitic composition with

Mg/(Mg+Fe™)=0.5-0.6.

GEOCHEMISTRY

Major and trace element analyses of TPC and
AL-APC rocks are displayed in Tables 1A, B. In the
TAS diagram (Fig. 4; cf. Middlemost, 1994) the
TPC and AL-APC rock-types range from gabbros to
granites. The rocks display transitional features
straddling over the line separating the alkaline and
subalkaline fields (cf. Irvine & Baragar, 1971). In
the NK/A vs. A/(CNK) diagram (Fig. 5), the granitic
rocks of the TPC and AL-APC fall in the
peraluminous field, whereas the intermediate rock-
types from both complexes fall in the metaluminous
and weakly peralkaline fields.

Fig. 4. TAS diagram modified by Middlemost (1994) for plutonic rocks. Symbols as in Fig. 3. Red-line separates alkaline and

subalkaline fields (after Irvine & Baragar, 1971).
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Mesozoic to Cenozoic Alkaline Magmatism in the Brazilian Platform 225

Table 1B. Trace elements (ppm), ICP-MS, of selected samples from the Tusaquillas and Abra Laite-Aguilar Plutonic
Complexes. REE ratios are normalized to condrite compositions (Rollinson, 1993).

Tusaquillas Plutonic Complex
Sample T6 T2 T73 T31 798 T30 T34 T5 T11 T79 783 T100 T19 T48 T69
La 25.79 29.30 4593 28.80 42.28 79.80 103.00 6265 7750 91.34 99.75 3115 41.80 28.05 21.70
Ce 55.27 59.00 96.23 55.30 82.21 172.05 194.00 120.69 146.00 169.87 193.62 64.61 81.10 61.78 46.40

Pr 701 741 1212 660 971 2090 2040 1327 1630 21.61 2159 727 940 729 530
Nd 28.68 30.40 47.14 2540 36.15 77.73 71.00 4539 5330 7550 75.84 2391 30.70 24.44 17.20
Sm 594 640 967 570 7.03 1490 1240 824 980 1449 1384 541 680 6.01 4.50
Eu 183 219 266 180 199 301 28 193 214 18 272 040 040 022 0.15
Gd 524 709 833 49 636 1219 1030 7.01 790 11.04 1121 541 650 552 3.90
Tb 076 102 122 080 09 18 150 104 140 154 158 09 140 113 1.00
Dy 410 579 638 470 515 991 770 556 670 750 811 545 940 7.01 6.70
Ho 079 1.04 124 090 104 193 144 110 139 132 154 103 194 147 137
Er 207 284 313 250 274 515 410 303 410 318 390 269 570 4.05 4.10
Tm 028 039 045 040 039 074 050 047 050 041 051 038 090 066 0.70
Yb 177 220 274 190 240 466 320 311 360 233 298 242 560 411 4.00
Lu 027 034 042 030 038 068 050 048 054 035 044 033 081 059 050
Y 2252 2490 3515 22.00 29.96 56.65 34.00 3296 33.00 3510 44.76 32.45 50.00 45.05 37.00
Th 402 480 518 540 882 13.01 3240 2718 3320 3892 28.69 20.43 32.10 30.21 25.40
U 110 133 203 120 205 264 250 549 750 257 135 551 7.40 2467 4.50
Hf 380 400 258 nd 150 132 nd 304 nd 465 793 293 nd 370 nd
Ta 249 310 402 nd 315 593 nd 497 nd 307 239 245 nd 438 nd

La/Sm, 280 296 307 326 388 346 536 491 511 407 465 372 397 301 311
Gd/iYb, 245 267 251 213 219 216 266 18 182 392 311 18 09 111 081
LalYb, 1045 955 12.02 10.87 12.64 1228 2309 1445 1544 2812 2401 923 535 490 389
EwEuw* 100 099 091 104 091 068 078 078 074 045 067 023 018 012 011

Tusaquillas Plutonic Complex Abra Laite-Aguilar Plutonic Complex

Sample T107 T28 T25 T40|AG3l1 AG8 AG67 AG16s AG45ca AG13 AG18 AB21 AB34 AB 18
La 886 1400 950 7.00| 47.80 46.40 49.80 52.00 5220 5440 72.80 129.00 75.40 11.80
Ce 20.43 30.00 20.20 15.80, 93.20 84.60 105.00 9820 103.00  95.80 127.00 250.00 147.00 24.50
Pr 257 350 240 190/ 10.70 9.62 1270 10.70 1170 958 1250 27.80 1630 277
Nd 821 1140 880 690 4240 3690 51.60 39.70 4310 3220 39.40 10000 5870 9.70
Sm 266 300 260 240/ 840 720 1030 810 850 590 7.00 1860 1080 240
Eu 010 010 013 012| 247 215 324 199 228 098 078 106 157 0.6
Gd 262 300 310 260 862 7.05 1080 813 835 577 616 17.70 1010 2.68
Tb 065 070 060 060 123 103 150 121 133 096 097 261 153 055
Dy 414 500 400 430 702 59 832 699 7.72 567 580 1460 874 368
Ho 086 104 062 079 128 108 149 134 149 114 111 277 166 062
Er 252 280 170 260 341 309 410 400 456 343 345 800 488 180
Tm 043 050 020 040/ 046 039 053 056 0.68 053 050 111 067 025
Yb 305 320 120 280 300 260 350 380 470 370 340 720 430 170
Lu 042 045 019 039 045 038 051 0.60 0.69 057 051 107 065 022
Y 27.92 30.00 19.00 23.00 30.80 27.10 37.00 3410 3860 29.30 2880 70.30 4120 17.80
Th 16.60 18.60 8.80 1520/ 9.60 10.00 820 17.80 21.00 3260 4390 57.20 3420 9.30
u 1080 440 390 310/ 224 310 231 361 802 7.70 1040 7.09 761 3.87
Hf 307 nd nd nd 600 600 600 700 14.00 700 600 1500 1000 2.00
Ta 652 nd nd nd 66 52 69 7 8.8 85 49 101 44 83
LaSm, 215 301 236 1.88 367 416 312 414 39 595 671 448 451 317
GdiYb, 071 078 214 077| 238 224 255 177 147 129 150 203 194 130
LalYb, 208 314 568 179 1143 1280 1021 982 797 1055 1536 1285 1258 4.98
EWEw* 003 010 014 015 089 092 094 075 083 051 036 018 046 0.9

NK/A
12 |-
Lo Peral kaline S
: VAN
ling %ﬂ%
08 [~ A
o Q
06 - . o _
Metaluminous Peral uminous
04 |-
0.2 |-
A/(CNK)
| | | |
0.7 0.9 11 13

Fig. 5. A/CNK vs. NK/A diagram showing alumina saturation fields. Symbols as in Fig 3.
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Major and trace elements

The Harker diagrams (Fig. 6A) show that MgO,
CaO, TiO, and FeO, decrease with increasing SiO,.
Al O, exhibits a roughly positive correlation between
45 and 60 SiO, wt%; on the other hand, for
intermediate to acid composition, alumina forms a
negative trend. In the KO and PO, vs. SiO,
diagrams, the rocks define positive and negative
trends, respectively. Scattered values appear for
Na,O.

Petrology of Late Jurassic-Early Cretaceous Tusaquillas and Abra Laite-Aguilar Plutonic Complexes...

The compatible elements, e.g. Ni, Cr, Co and V,
show a negative correlation with SiO,, depicting a
steeper slope for basic to intermediate compositions
(Fig. 6B).

Sr exhibits a "compatible" behaviour, being
negatively correlated with the silica content, but
showing a remarkable scattering for the rocks having
5i0,=60%.

The (LE.)
characterized by contrasting behaviours: Rb displays

incompatible  elements are

a positive trend with SiO,, whereas La, Ce, Ba and
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Fig. 6A. Harker diagrams, Tusaquillas Plutonic Complex (TPC) and Abra Laite-Aguilar Plutonic Complex (AL-APC).

Symbolsasin Fig. 3.
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Fig. 6C. Incompatible trace elements (ppm) vs. silica (wt%) for TPC and AL-APC rocks. Symbols as in Fig. 3.



228 Petrology of Late Jurassic-Early Cretaceous Tusaquillas and Abra Laite-Aguilar Plutonic Complexes...

the HFSE present well-shaped trends, defining
positive trends for the basic and intermediate
compositions, and negative ones for higher SiO,
contents. It is noteworthy that the most evolved
rocks in both plutonic complexes, are characterized
by the lowest contents of incompatible trace

elements.

LE. from basic to intermediate compositions of
selected rock-types from AL-APC and TPC,
normalized to the Primitive Mantle (Sun &
McDonough, 1989; Fig. 7), display enriched patterns
with negative anomalies in Sr and P.
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Fig. 7. Incompatible elements normalized to Primitive Mantle abundance (Sun & McDonough, 1989), basic to intermediate

rocks from TPC (A) and AL-APC (B).

Rare earth elements (REE)

Chondrite-normalized REE pattern for mafic and
intermediate rocks from TPC (Fig. 8A) shows
significant fractionation of LREE, (La/Sm), ranging
from 2.80 to 5.11, gabbro and quartz syenite,
respectively. HREE appear poorly fractionated,
(Gd/Yb), ranging from 1.82 to 3.92, gabbroic and

quartz syenitic compositions, respectively. Negative
Eu anomalies (Eu/Eu*=0.68-0.75) are observed in
samples with Si0,>59 wt%, whereas the basic rocks
show Eu/Eu* ranging from 1.00 to 0.91.

The TPC granites (Fig. 8B) have LREE contents
lower than those of basic-intermediate rocks. All the
samples display LREE fractionation decreasing with
increasing SiO,, i.e. (La/Sm), 3.97-1.88 for SiO,



Mesozoic to Cenozoic Alkaline Magmatism in the Brazilian Platform

74.7-76.37 wt%. HREE usually appear to be un-
fractionated, i.e. (Gd/Yb), 0.71-1.11, T100 and T25
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negative Eu anomalies are observed in all the
granites with a notable decrease of Eu/Eu* (0.23 to

samples excepted [(Gd/Yb),~2)].  Significant 0.03) with SiO, increase (74 to 76 wt%).
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Fig. 8. Chondrite-normalized (Sun & McDonough, 1989) REE diagrams. A) basic to intermediate rocks from TPC; B)
granitic rocks from TPC; C) basic to intermediate rocks from AL-APC; D) granitic rocks from AL-APC.

Mafic and intermediate rocks (SiO, 44.8-64.7
wt%) from AL-APC (Fig. 8C) show fractionated
LREE, i.e. (La/Sm), from 3.12 to 3.96 for gabbroic
and monzonitic compositions, respectively, whereas
HREE exhibit flattened patterns, (Gd/Yb), ranging
from 1.47 to 2.55. Ew/Eu* ranges from 0.75 to 0.94.

AL-APC granitic rocks (Fig. 8D) have REE
contents similar to those of the TPC granites,
showing LREE enrichment with (La/Sm), varying
from 3.17 to 4.51. Significant negative Eu anomalies
are observed in all the granitic samples, Eu/Eu*
ranging from 0.18 to 0.46.

I sotopic (Sr, Nd) composition

Sr and Nd isotopic compositions of fifteen
selected samples from TPC and eight from AL-APC
were analyzed (Table 2).

Initial “Sr/“Sr (R,), "“Nd/““Nd (Nd) and &'Nd
have been computed-back to 150 Ma for TPC
marginal stocks and to 145 Ma for TPC granites.

Initial isotopic ratios for AL-APC samples have
been computed-back to 149 Ma (Table 2; cf.
Cristiani et al., 1999; Cristiani et al., 2000).

TPC granites (SiO, 74-76 wt%) show R, ranging
from 0.708677 to 0.722668, with relatively
homogeneous &'Nd ranging from -1.77 to -2.65. The
TPC marginal stocks have variable R the most
primitive rock-types (SiO,~45 wt%) have low values
(0.703545), whereas quartz syenite
(S§i0,~64 wt%) exhibit relatively high values
(0.713121). In the same rock-types, g'Nd ranges
from 3.55 to -4.97.

AL-APC basic rocks (SiO,<50 wt%) are
characterized by low R, (0.703198-0.704605) and
high e'Nd (3.82-3.65). More evolved monzodioritic
and syenitic rocks have similar R, (0.703303-
0.704008), and lower e'Nd (+2.01 to -1.06) in
comparison with the more basic samples. Two

rock-types

granitic rocks are characterized by high R,
(0.713735-0.710668) and low £'Nd values (-3.85 to
-3.24).
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Table 2. Rb-Sr and Sm-Nd isotopic analyses of selected samples from the Tusaquillas and Abra Laite-Aguilar Plutonic
Complexes. (*), Rb/Sr isochron and (°), U/Pb SHRIMP (Cristiani, 2004).

Tusaquillas Plutonic Complex (TPC)

Sample |Rock-type Rb | S |R0®sr | ('S S)mes| Ro | Sm | Nd Msm/ANd | (*Nd/™Nd)pees | (“*NdMNd); | ¢'Nd |Age (Ma)
T6 |Gaboro 27.00426.00]  0.1833| 0.703920+20 |0.703545 5.42[25.84] 0.1268 051275409 0512634 | 355
T11 |Quartzmonzonite |202.00{354.00] 16,510| 0.707890+50 |0.704511| 9.80|53.30| 0.1112 0.512617+10 0512512 | 1.16|144%1(*)
T30 |Quartzmonzonite |156.00[623.00] 0.7244| 0.707320£10 |0.705755| 12.67|67.21| ~ 0.1140 051250501 0512392 | -0.99
T31 |Gabbro 44.20|487.00 02625 0.704500+10 |0.703933| 5.70|24.40|  0.1412 0.512675+09 0512534 | 1.80|151+1(*)
T34  |Quartzsyenite  |155.00|347.00| 12,928| 0.711420+20 |0.708626|12.40{ 71.00| ~ 0.1056 051238910 0512284 | -3.09| 152+2(¥)
T73 |Monzodiorite ~ |201.00{448.00] 12,980| 0.707060+10 |0.704403| 8.09|40.34|  0.1212 0.512700+12 0512505 | 2.77
T79 |Quatzsyente  [132.00[170.00] 22,488| 0.717980+40 |0.713121|12.4266.90| ~ 0.1122 0.512299+09 0512187 | -4.97
T8 |Quartzsyenite  [177.00[255.00] 20,095 0.713780+20 |0.709438| 11.64|65.61|  0.1072 0.512365+10 0512257 | -361
TS5  |Quartzmonzonite [140.85(411.04) 0.9912| 0.705835+28 |0.703806| 7.49|40.92|  0.1107 0.512657+11 0512553 | 1.95
T98 |Monzodiorite 111.81|461.95|  0.7003| 0.707381+23 |0.705868| 6.38/32.16|  0.1199 0.512649+12 0512520 | 151
T19 |Granite 274.00| 37.90| 210,074| 0.751920+40 |0.708920| 6.80/30.70|  0.1339 0.512447+09 0512321 | -2.57
T69 |Granite 430.00| 15.20| 832,205 0.879020+20 |0.708677| 4.50{17.20|  0.1582 0.512445+12 0512315 | -2.52| 144:2(¥)
T100 |Granite 329.00| 34.00| 281,659| 0.769530+20 |0.713480| 4.55/21.33) 0.1290 051244011 0512322 | -2.65| 1401(*)
T48 |Granite 464.98| 20.69| 659,521| 0.853911+20 |0.722668| 5.37|23.85| 0.1361 0.512492+12 0512367 | -1.77
T 107 |Granite 514.40| 17.23| 879,504| 0.893790+40 |0.718771| 1.92| 6.13] 0.1893 0.512526+10 0512352 | -2.05
Abra Laite-Aguilar Plutonic Complex (AL-APC)
Sample |Rock-type ’ Rb | sr ’87Rb/368r‘ (873/863)m‘ Ry ‘ Sm’ Nd ‘WSm/mNd ’ NN s | (NN, ‘ g‘Nd‘Age(Ma)
AGUILAR
AG 3L |Gabbro 149.28|602.65| 0.717 | 0.706123+21|0.704605| 8.69|43.76|  0.120 0.512759+06 0512642 | 3.82
AGS8 |Gabbro 173.05(506.95| 0987 | 0.705289+30 |0.703198| 7.27|36.69|  0.120 051275506 0512638 | 3.75
AG 67 |Diorite 118.26(736.51| 0.464 | 0.704343+10 |0.703360/13.00{62.93  0.125 051275506 0512633 | 3.65
AG 16s |Monzodiorite 119.66|264.71| 1,308 | 0.706329+21 |0.703559| 8.28(43.64|  0.115 051266407 0512552 | 2.07
AG 45c |Syenite Hbl+Bt ~ [143.38|200.82| 1,383 | 0.70623321 |0.703303 7.40/38.27|  0.117 051266813 0512554 | 2.10
AG13 |SyeniteHbl+Bt  |21851|131.82| 4,799 | 0.714172+20 |0.704008| 4.61|21.85  0.128 051251626 0512392 | -1.06| 149+1(*)
ABRA LAITE
AB 21 |GraniteBt+Crd |299.39| 97.19| 8935 | 0.733296+10 |0.713735|15.77|86.20]  0.111 051238511 0512273 | -3.24] 153t4(°)
AB 34 |GraniteBt+Grn | 235.63)151.84 4,495 | 0.720510+20 |0.710668|10.30|55.87)  0.111 051235584 0512243 | -385
DISCUSSION derivation from basic-intermediate magmas through
a simple fractional crystallization process (FC) or
FC plus crustal assimilation (AFC). In fact, they
Magma source(s) and evolution show the highest R , and lowest Nd..
Also AFC process can be excluded because only
Trace elements and Sr and Nd isotopic a very high ratio of “r” (assimilation rate to

compositions define two main groups, both for TPC
and AL-APC complexes:

1) basic rock-types, Si0,=45-52 wt%, low HFSE
and REE contents, low R, (0.703198-0.705868) and
high £'Nd (3.82 to 1.51);

2) felsic rock-types, SiO,=70-77 wt%, low
HFSE and REE, high R, (0.708677-0.722668) and
low Nd, (-3.85 to -1.77).

Between the above two groups, a lot of rock-
types with geochemical intermediate features (i.e.
Si0,=53-69 wt%, R =0.703303-0.713121; g'Nd 2.10
to -4.97) has been recognized.
from both the
complexes show trace elements distribution and Sr-

The femic rocks intrusive
Nd isotopic ratios compatible with mantle derived
magmas, and in particular with intraplate basalts.
The geochemical characteristics of the felsic rocks
(Si0, 70-76 wt%) are not in agreement with their

fractionation rate; DePaolo, 1981) could explain a
derivation of the felsic magmas from gabbroid
liquids. These considerations and the high R, and
low £'Nd from TPC granites suggest their derivation
from partial melting of a crustal source. The
scattered R, of the granites could be interpreted as
due to a disequilibrated partial melting of crustal
materials (cf. Knesel & Davidson, 1996; Tommasini
& Davies, 1997).

Modelling of the trace elements indicates that
magmas with intermediate composition (SiO, 60-65
wt%) could derive from magmas with low silica
content (e.g. ~45 wt%) by fractional crystallization
processes. In the diagrams La and Zr vs. SiO, (Fig.
9), the modelling suggests that a liquid with
T6 or AG 31
compositions of Table 1) could generate a quartz

gabbroic composition (e.g..

monzodioritic magma (e.g. T91 composition)
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through crystallization (wt%) of olivine (30%),
clinopyroxene (35%) and plagioclase (20%). If the
FC process keeps going with separation of clino-
pyroxene (20%), plagioclase (50%) and hornblende
(30%), it is possible to explain almost the whole
compositional spectrum of intermediate TPC and
AL-APC rocks up to SiO, 65 wt%. The homogeneity
of the isotopic composition of the basic and
intermediate rocks (SiO, 45-65 wt%) from AL-APC
(R,=0.703198-0.704605; &Nd +3.65 to &Nd
+3.82) and TPC (R=0.703545-0.704403; &'Nd
+3.55 to 'Nd +2.77) supports the hypothesis that FC
processes have played an important role in the

evolution of magmas (cf. trend 1 of Fig. 10).

These data suggest that at least two sources were
involved in the production of the TPC and AL-APC
magmas: one source characterized by mantle
isotopic ratios, and other one with crustal geo-
chemical signature. In this contex, the samples with
Si0,>60-65 wt%, plotting out of FC trend defined
by basic rocks, possibly represent the result of
contamination or mixing processes between mantle
derived magmas and radiogenic crustal material
(trend 2, Fig. 10). High concentrations of mafic
microgranular enclaves in TPC and AL-APC

support this hypothesis.
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2004). Symbolsasin Fig. 3. FC: fractional crystallization; AFC:

In conclusion, the intra-plate-type mantle melts
could generate magmas with compositions up to
Si0O, 65 wt% by FC-AFC processes, whereas acid
magmas could represent the product of partial
melting of crustal material. Notably, anatectic melts
are not unusual in the South American plate: e.g. at
143-144 Ma anatectic melts, with cordierite and
orthopyroxene as liquidus phases, flowed at the Rio
Grande do Sul (Jaguardo dacites-rhyodacites, SiO,
65 wt%, R, 0.72169, e'Nd -14.7; Comin-Chiara-
monti, 2000). As a matter of fact, mixing-mingling
processes between evolved and anatectic magmas
would generate melts with intermediate geochemical

assimilation plusfractional crystallization (DePaolo, 1981).

and isotopic characteristics. In view of these
considerations we propose a two-stage magmatic
evolution for the TPC and AL-APC:

1) In a first stage, characterized by mantle
upwelling, the asthenospheric upraising caused the
emplacement of magmas with intraplate signatures
at the base of continental crust, which were
undergone by FC and AFC processes. This new
geotectonic setting produced a general enhancement
of the thermal gradient.

2) The storage of basaltic magmas in the crust
and their ascent towards the shallower levels,

accompanied by the consequent new physical



Mesozoic to Cenozoic Alkaline Magmatism in the Brazilian Platform

conditions, could have triggered partial melting
processes in the continental crust, generating
anatectic melts. At this point, gabbroic magmas and
their differrentiates mingled and blended with
anatectic magmas.

NW Argentina Mesozoic magmatic Province:
comparison with the Velasco Alkaline Province

Extensive outcrops of Mesozoic plutonic rocks
represent prominent geologic features in E Bolivia
(Velasco Alkaline Province) and NW Argentina
(TPC, AL-APC, Rangel Alkaline Complex and
Hornillos Alkaline Complex) (Fig. 11). Both
magmatic provinces are commonly set along a
lineament with a general NNE-SSW trend. The
intrusions are interpreted as the product of magmatic
episodes linked to the evolution of the Jurassic-
Eocene continental rift systems, in western and
central South America (Fletcher & Litherland, 1981;
Avila Salinas, 1986; Cristiani et al., 2000, 2003;
Cristiani, 2004). A synoptical summary relative to
the rock-types, associated minerals, geochemistry,
isotopic data and ages of E Bolivia and NW
Argentina Mesozoic suites is presented in Table 3.

70° 60°

800 700 60°

[ Andean Chain
Phanerozoic covers

Precambrian terranes

a, Velasco magmatic province (136-144 M a)
b, NW Argentinaplutonic province (122-154 M g)

Fig. 11. Sketch-map of central-western South America
showing the location of alkaline provinces from NW
Argentina and E Bolivia.

In NW Argentina magmatic province, the Hornil-
los alkaline complex is represented by a small lacco-
lith outcropping in the Eastern Cordillera, close to
the Argentina-Bolivia boundary. Rocks of this com-
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plex, characterized by an undersaturated and a satu-
rated series, range in compositions from monzodio-
rite, monzonite and syenite to pulaskite and nord-
markite. Geochemical and isotopic characteristics
are comparable to alkaline intraplate basalts
suggesting their derivation from an asthenospheric
source enriched in incompatible elements. The
Rangel Alkaline complex is constituted by a
peralkaline syenitic intrusion outcropping in the
Puna Plateau and covering an area of about 9 km’.
Geochemical and isotopic signatures suggest a
derivation from an OIB-like mantle source, with
scarce crustal contamination (Menegatti, 2001).

The Velasco Alkaline Province (Fletcher &
Beddoe-Stephens, 1987) is situated near to the
Bolivian-Brazilian border (Fig. 11). It consists of 14
inhomogeneous bodies with subcircular to sub-
elliptical shapes covering an area of about 440 km’.
The plutons intrude the western Amazonian
basement (1.8-1.0 Ga) and form part of the Sunsas-
Aguapei mobile belt (1.3-0.95 Ga) in the Rondonia
Block (Tassinari et al., 2000). The ages determina-
ted for the Cabeza de Toro and Cerro Bamba alkali-
ne plutons from the Velasco Province range from
14145 and 144+4 Ma (Rb/Sr isochron) to 134 and
136 Ma (K/Ar) (Fletcher & Beddoe Stephens, 1987).
Syenites, quartz syenites and granites are the predo-
minant rock-types. Subordinate nephel-syenites and
nepheline syenites are present (Comin-Chiaramonti
et al., in this volume). Numerous alkaline dykes
intrude the plutons of the Velasco complex and the
metamorphic Precambrian basement. Dykes usually
range in compositions from quartz trachyte to
trachyphonolite and aplite showing mineralogical
assemblages broadly similar to those of the host
plutonic rocks (Fletcher & Litherland, 1981; Comin-
Chiaramonti et al., in this volume).

On the basis of petrologic, chemical and isotopic
variations, some authors (Litherland et al., 1986;
Fletcher & Beddoe-Stephens, 1987; Comin-
Chiaramonti et al., in this volume) identified two
main suites: a) an undersaturated suite (foyaite-
pulaskite trend) and b) an oversaturated suite (quartz
syenite-granite trend). Comin-Chiaramonti ef al. (in
this volume) suggest that the undersaturated rocks
derived by mantle source without appreciable crustal
contamination, whereas the oversaturated rocks
appear to have suffered interactions with crustal
materials.
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Petrogenetic considerations

For a better understanding of the relationships
the undersaturated and oversaturated
the Velasco and NW
Argentina magmatic provinces, we have plotted the

between
magmas characterizing
samples of the two provinces in the total alkalies-
silica diagram (Fig. 12), with the thermal divide
(Cox et al., 1979). Most of the TPC and AL-APC
basic and intermediate rocks exhibit a trend of alkali
enrichment in the field of the oversaturated rocks,
and define a continuous fractionation sequence from
gabbros to syenites, as discussed in the previous
sections. Fields representing the Hornillos rocks
show evident coincidence with the over and
undersaturated suites from the Velasco Province,
whereas the Rangel compositional field straddles
over the oversaturated trend of the same Velasco
Province. The basic enclaves (i.e. T6 and AG31) and
the basic rocks from Hornillos represent the most
primitive oversaturated and slightly undersaturated
terms from TPC and AL-APC intrusions (cf. Fig.
12). The different geochemical features of these two
groups of rocks could be related to mantle source
dishomogeneities or to different degrees of mantle
partial melting. The parental end-members may
generate, by fractionation of olivine, clinopyroxene
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and plagioclase in roughly cotectic proportions,
residual over- or undersaturated liquids with syenitic
composition (at about silica 62-65 wt%), depending
of their position with respect to the thermal divide.
For alkali feldspar fractionation, the over- or
undersaturated syenite melts may evolve towards the
rhyolites or phonolites, respectively. Thus, the
compositional characteristics of Hornillos, Rangel
and Velasco Alkaline Province may be explained.
The SiO, vs. R, and £'Nd diagrams (cf. Fig. 10)
illustrate the possible processes that led to the
magma evolution of the NW Argentina and Velasco
alkaline provinces. Undersaturated rocks from
Velasco and most of the products from TPC-AL-
APC with SiO, values ranging from 45 to 65 wt%
show similar Sr isotopic ratios and eNd comparable
with those from intra-plate basalts. This suggests
that a basic magma with OIB signature similar to the
TPC and AL-APC gabbroic rocks (i.e. AG31) could
produce, by FC processes, liquids with undersa-
turated syenitic composition, which could represent
the parent magmas of the Velasco suites. Magmas
with these characteristics may evolve through FC
processes towards the undersaturated suites (trend 3,
Fig. 10). Finally, syenitic liquids, straddling over the
thermal divide (Fig. 12), may generate oversaturated

rocks by AFC processes (trend 4, Fig. 10).

Na,0+K,0

Velasco undersaturated trend

Hornillos undersaturated
trend

10 Hornillos

basic rocks

15+

7‘0

trend

e

Hornillos
oversaturated
trend

Ve asco oversaturated
trend

Sio,

60

70

Fig. 12. SiO, vs. Na,0+K,0 (wt%) diagram showing the tendencies of the different alkaline complexes from E Bolivia and
NW Argentina. Symbols as in Fig. 3; CPSU, red line: trace of the critical plane of silica saturation (Cox et al., 1979). Inset:
plot of the entire analyzed rocks from the NW Argentina and E Bolivia provinces. See text for explanation.
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Fig. 13. Ry vs. €'Nd diagram showing isotopic evolution for the different alkaline complexes from E Bolivia and NW
Argentina. Symbols asin Fig. 3. Data sources. OIB and MORB, Rollinson (1993); Velasco complexes and basement, Comin-
Chiaramonti et al. (in this volume); NW Argentina basement, Becchio et al. (1999). AFC: assimilation plus fractiona
crystallization (cf. DePaolo, 1981). For comparison the anatectic melts from Jaguardo, Rio Grande do Sul are shown (139

Ma, K/Ar; Comin-Chiaramonti, 2000).

The evolution frame of the intrusive products
from NW Argentina and Velasco magmatic
provinces can be summarized by R, vs. ¢€Nd (Fig.
13): a) the undersaturated terms of the Velasco
magmatic province fall in the OIB field, as well as
the TPC and AL-APC basic and some intermediate
rock-types; b) the different trends, as depicted by
oversaturated suite from Velasco and NW Argentina
rocks, may be linked by FC processes plus
assimilation of materials from the basement with
distinct isotopic signatures; c) the rocks from TPC
with similar eéNd, and different R could be related to
a disequilibrated partial melting of crystalline
basement as discussed above or by mixing processes
between crustal materials with different isotopic
characters and OIB-type magmas.

CONCLUDING REMARKS

New petrological findings of Late Jurassic-Early
Cretaceous plutonic rocks outcropping in NW Ar-
gentina, compared with the available geochemical
data from the Velasco magmatic province (Comin-
Chiaramonti et al., in this volume), allow us to put
forward some considerations on the magmatic histo-
ry of the Mesozoic rifting in eastern Central Andes:

1) The Late Jurassic-Lower Cretaceous Tusa-
quillas and Abra Laite-Aguilar plutons in NW

Argentina are a prominent example of an anorogenic
suite, associated to Mesozoic rifting in the eastern
Central Andes.

2) The TCP and AL-APC basic rocks show
geochemical and isotopic features comparable with
those of intra-plate (OIB) basaltic magmas.

3) The data suggest that the gabbroic TPC and
AL-APC magmas (i.e. T6 and AG31) may represent
the parent from mantle sources. These mafic
magmas have originated intermediate products
through FC and AFC processes. Taking into account
the existence of coeval undersaturated and
oversaturated alkaline suites in NW Argentina
(Hornillos and Rangel complexes) the basic rocks
from TPC and AL-APC may approach the
composition of a regional parental magma.

4) Geochemical and isotopic signatures of the
highly evolved Tusaquillas and Abra Laite granites
suggest an anatectic origin.

5) The magmatic evolution of the NW Argentina
Alkaline Province is comparable to that of Velasco
alkaline province. We tentatively envisage that the
Velasco rocks could derive from magma sources
with geochemical features similar to those of basic
enclaves from TPC and AL-APC and basic rocks
from Hornillos. A simple FC process could have
dominated the evolution of these magmas up to
nepheline syenites, whereas the evolution up to the
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oversaturated rocks could be mainly linked to AFC
processes involving the Precambrian Velasco
basement, as suggested by Comin-Chiaramonti et al.
(in this volume).

6) The T™ ages (516-572 Ma, corresponding to
the Brasiliano cycle; cf. Table 3) inferred for basic
(AL-APC, TPC) and syenitic (Rangel alkaline
complex) rocks from NW Argentina (Menegatti,
2001; Cristiani, 2004) are similar to those inferred
for uncontaminated rocks from the Velasco Province
(600 Ma; Comin-Chiaramonti et al., in this volume),
suggesting that a petrogenetic event at a regional
scale may have generated both the magmatic
provinces with similar signatures at pre-drift times
of the South American plate.

7) The composition of the studied rock-types
(alkaline OIB-like), and their location with respect
to the Jurassic volcanic arc, reject the hypothesis that
the rift formation is linked to a back-arc basin as
suggested by some authors (e.g. Brown et al., 1984;
Viramonte et al., 1999). It is plausible that the
magmatic suites have been generated during
extensional regimes preceeding the break-up of the
South America-Africa plates (Litherland et al.,
1986; Cristiani et al., 2000; Cristiani, 2004). Finally,
we agree with Comin-Chiaramonti et al. (1997), that
the role of the mantle plume as a possible cause in
the generation of these magmatic provinces, in an
extensional frame, remains highly controversial.
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ALKALINE MAGMATISM FROM THE MATO GROSSO STATE,
BRAZIL: THE PONTA DO MORRO COMPLEX

M.Z.A. Sousa, E. Ruberti, P. Comin-Chiaramonti and C.B. Gomes

The Ponta do Morro complex (PMC) represents the only known occurrence of felsic rocks of Cretaceous age in

the Mato Grosso state. The complex intrudes the Cuiabd metasediments at shallow level and consists mainly of

granitic and syenitic rocks, both two feldspars and one feldspar variants, and scarce trachyte and rhyolite dykes.

The one feldspar variants have a comenditic affinity. Variation diagrams, relative to the major elements, suggest

fractionation trends mainly controlled by plagioclase and clinopyroxene. However, important scattering of the

trace elements point also to different processes like subsolidus re-equilibration and crustal contamination, other

than crystal fractionation. The few Sr isotope data for the PMC and for the alkaline dykes from the Poxoréu

region indicate two main groups: one characterized by relatively low initial *’Sr/’Sr, i.e. 0.7044, for rock-types

ranging from trachybasalt to granite, and one characterized by initial Sr/*Sr>0.705. For the latter, crustal

contamination or AFC processes may be responsible for the high Sr isotope initial ratios.

INTRODUCTION

The emplacement of alkaline and alkaline-
carbonatitic complexes in and around the Parana-
Angola-Etendeka igneous province (PAEP) occurred
mainly along tectonic lineaments active at least since
Early Mesozoic (Fig. 1 after Comin-Chiaramonti &
Gomes, 1996 and therein references) and
characterized by actual seismic activity (Berrocal &
Fernandez, 1996).

The  Cuiabd-Poxoréu-Paratininga  magmatic
province (CPP, Mato Grosso state, Brazil) is roughly
aligned with the AZ 125 Lineament on the
northwestern side (cf. Biondi, in this volume) that
controls the main  alkaline-mafic/ultramafic

occurrences in Brazil, extending from almost Minas

Gerais state to the Amazon region near the Bolivia
border (Gonzaga & Tomkins, 1991). CPP was the
site of repeated and different magmatic activities
over an area of more than 60,000 km’ during the
Cretaceous times (Fig. 1). In particular, it consists of
kimberlitic pipes (Greenwood et al., 1999) with two
distinct U-Pb ages, i.e. 91.6-94.6 and 122.6-127.2
Ma (Heaman et al., 2003), of mafic dykes emplaced
at about 84-97 Ma (this work and *“Ar-"Ar
determinations; cf. Gibson et al., 1997), and of the
Ponta do Morro syenite-granite complex dated at
100 Ma (Rb-Sr isochron; Sousa, 1997).

The kimberlitic pipes have been subdivided into
two main groups, i.e. Paratininga and Batovi types
(the latter containing perovskite; cf. Greenwood et
al., 1999).
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Fig. 1. Geological setting of the Cuiabd region, Mato Grosso state. After Gibson et al. (1997, modified).

The dykes are

trachybasalts and trachyandesites widespread in a

essentially alkali basalts,
NE-SW-trending extensional zone (Rio das Mortes
rift) that developed between the northernmost side of
the Parand Basin and a sedimentary basin on the
southern side of the Amazonas craton, mainly within
the Late Proterozoic Paraguay mobile belt (cf. Fig.
1). These dykes are characterized by 48-56 wt%
SiO, and 5.1-7.4 wt% alkalis (this work and Gibson
etal., 1997).

The Ponta do Morro complex (PMC) is a
crescent-shaped elevation, contrasting with the
lowlands of the Pantanal Basin, and covers an area
of about 7 km’ (Fig. 2). The principal rock-types are
granites and subordinate syenites intruded by scarce
trachytic and rhyolitic dykes. The PMC represents

the only felsic occurrence of Cretaceous age actually

known in the Mato Grosso state.

Syenite-granite associations are unusual in
southern Brazil where they are present only in a few
complexes such as Ponta Grossa, Itatiaia and
Cananéia (Brotzu et al., 1997; Ruberti et al., in this
volume). On the other hand, syenite-granite
associations, both two feldspars and one feldspar
variants, are common in Uruguay and Bolivia (Valle
Chico and Velasco complexes; Muzio et al., 2002,
and Comin-Chiaramonti et al., in this volume).

In this study we adress the mineralogical and
petrochemical aspects of the Ponta do Morro

complex.

PETROGRAPHICAL NOTES

The Ponta do Morro complex consists of alkali

felspar-rich rock-types with variable amounts of
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quartz and plagioclase. According to the IUGS
classification (cf. Le Maitre, 1989), the intrusive
rocks are syenites, quartz syenites, alkali feldspar
syenites, quartz-alkali feldspar syenites and alkali
feldspar granites (Fig. 3). The subvolcanic activity is
represented by trachytic and rhyolitic dykes. All the

rock-types are silica-saturated to silica-over-
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Quaternary sedi ments

Silurian-Devonian - Furnas Formation
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saturated. Ubiquitous mafic constituents are
clinopyroxene, amphibole and opaques. Biotite often
occurs as a primary phase in granites, whereas in the
syenitic variants the biotite usually replaces
amphibole and clinopyroxene. Mafic enclaves, up to
some decimeters in diameter, are widespread mainly

at the western border of the complex.

15°58'51"

Fig. 2. Geological map of the Ponta do Morro area (after Sousa, 1997).
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Fig. 3. Modal analyses of the Ponta do Morro rock-types plotted on the QAP diagram (cf. Le Maitre, 1989). Data source:

Sousa (1997).

Syenites

Based on the feldspar assemblages two main
subgroups may be recognized, i.e. two feldspars and
one feldspar variants, respectively.

The two felspars syenites are fine to medium-
grained with prevailing inequigranular hypidio-
morphic and porphyritic textures. The porphyritic
types are characterized by a fine to medium ground-
mass made of alkali feldspar, plagioclase, variable
amounts of quartz (less than 5 vol%), clinopyroxene,
amphibole, biotite, opaques and apatite. Phenocrysts
of perthitic to mesoperthitic alkali felspar are
dominant along with subordinate plagioclase and
clinopyroxene. Groundmass plagioclase has an
uniform composition (oligoclase), whereas the
phenocrysts are strongly zoned (bytownite-
labradorite core, andesine-albite rims). Quartz is
generally interstitial or is present as graphic or
micrographic intergrowths with the alkali feldspar.

Mafic minerals range from 14 to 32 vol%, i.e. up
to mela-varieties. Clinopyroxene (augite, salite to
ferrosalite) is the main mafic phase and usually
displays uralitization rims made of light green

actinolite/Fe-actinolite. Ferro-winchite and ferro-

barroisite are also present in the medium-grained
rock-types, the former as phenocrysts and the latter
in the groundmass. Ferro-horthonolite and
horthonolite are scarce and occur in the more mafic
varieties. Common accessory minerals are apatite,
titanite and zircon.

The one feldspar syenites, i.e. hypersolvus
variants with mesoperthitic alkali feldspar, are
also fine to medium-grained with inequigranular
hipidiomorphic to xenomorphic textures.
Porphyritic types with alkali felspar phenocrysts
are occasionally present. Scarce quartz occurs as
interstitial grains or micrographic intergrowths.
Mafic minerals, ranging from 12 to 20 vol%, are
mainly alkali amphibole, subordinate aegirinic
pyroxene and rare  biotite, fayalite and
aenigmatite. Amphiboles are Na-rich varieties
(arfvedsonite and riebeckite) and subordinate Ca-Na
variants  (ferro-winchite  or  ferro-barroisite).
Sometimes they occur associated with, or replacing,
clinopyroxene. The clinopyroxene usually ranges
from aegirine-augite to aegirine, with sometimes
hedenbergitic cores. Fayalite, aenigmatite and
astrophyllite may occur as accessory phases along

with opaques and apatite.
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Granites

The granites are medium to coarse-grained and
inequigranular to equigranular in texture. Porphyritic
variants with quartz and alkali feldspar phenocrysts
are also present. Mesoperthite is the most important
felsic phase associated with interstitial or graphic
Notably,

plagioclase is absent, i.e. hypersolvus granites.

quartz-alkali  feldspar intergrowths.
Mafic minerals (3-7 vol%) are mainly alkali
amphibole and subordinate Na-bearing clino-
pyroxene and biotite. The last usually replaces both
amphibole and clinopyroxene. Accessory minerals

are apatite, zircon and opaques.
Dykes

Trachytic and rhyolitic dykes (30-40 cm thick)
cut the syenites and granites, mainly along the eas-
tern border of the complex. Trachytes are very fine-
grained with porphyritic to glomeroporphyritic tex-
tures showing flow textures with aligned tabular
alkali feldspar. Mafic phases are represented by rie-
beckite and opaques. Rhyolites are fine-grained with
rare tabular alkali feldspar phenocrysts. The ground-
mass displays flow texture and contains subhedral

alkali feldspar, quartz, riebeckite and opaques.

Mafic enclaves

Mafic enclaves exhibit porphyritic to glomero-
porphyritic  textures with plagioclase (An,,)
phenocrysts and ocelli made mainly of edenitic
hornblende partially replaced by biotite and
subordinate clinopyroxene. The very fine-grained
groundmass is made of amphibole, clinopyroxene,

plagioclase (An,,), titanite and subordinate apatite.

MINERALOGY

Mineral analyses were performed at the Instituto
de Geociéncias of the University of Sdo Paulo with a
JEOL JXA-8600S
wavelength-dispersion mode (WDS), employing the
PROZA correction program (cf. Sousa, 1997). The

electron microprobe, in
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used standards were oxides or simple silicate
compositions.

The reported compositions represent averages of
at least five point-analyses and the results are consi-
dered accurate to within 2-3% for major elements
and to about 10% for minor ones. Representative
analyses are given in Tables 1 to 6. A complete list

of analyses may be found in Sousa (1997).

Feldspars

Plagioclase and alkali feldspar compositions are
given in Table 1 and plotted in Fig. 4 in terms of Or,
Ab, An.

Plagioclase occurs only in the two feldspars
syenites and in the mafic enclaves. Plagioclase
phenocrysts from syenites exhibit a compositional
variation from Ang (core) to An, (rims), and are
usually mantled by anorthoclase (Or,,Ab.,) and/or by
oligoclase  (An,). Mafic  enclaves  show

homogeneous  phenocrysts  with  bytownitic
compositions (An,,). Notably, the more calcic cores
from the two feldspars syenites have the same
compositions of those from the mafic enclaves,
suggesting a xenocrystic origin.

The groundmass plagioclase is mainly oligoclase
(An

ranges from andesine (An,,) to sodic oligoclase

1) 1N the two feldspars syenites, whereas it
(An,,) in the enclaves.

The overall composition of the alkali feldspars,
both phenocrysts and interstitial phases, averages 45
Or mol%. The exsolved phases may be up to Ab,
and Or,, in the syenites and up to Ab,, and Or,,
mol% in the granites.

The Ponta do Morro feldspars fall below the
solvus-solidus intersection in the system KAISi,O,-
NaAlSi,0,-CaAlLSi,O, at PH,0=0.5 kb and 750°C
(Seck, 1971). Apparent closure temperatures of
1250-1200°C were obtained from the plagioclase
bytownitic compositions (1kb PH,O pressure; Kudo
& Weill, 1970, and Mathez, 1973). Notably,
groundmass plagioclase and alkali feldspar yielded
temperatures below 700°C (Powell & Powell, 1977),

according to the subsolidus exchange.
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Table 1. Selected compositions of feldspars expressed in terms of Or, Ab and An mol%. Abbreviations: S, two feldspars
syenite; AI-S, one feldspar syenite; TR, trachyte; GR, granite; E, mafic enclaves; Pl, plagioclase; AF, alkali feldspar; Ph,
large crystals or phenocrysts; m, microlites; C, core; R, rim; GC, global composition.

Sample 21 21 | 24 | 34 34 34 [3C 34C 34C| 2B 2B 2B
S S S S S S S S S S S S
] A AF A A AF A AF  AF A A AF
Ph-C m m | Ph-C Ph-R m-GC | Ph-C  Ph-R Ph-GC| Ph-C Ph-R Ph-GC
or 02 24 |340 | 06 16 778 | 1.8 305 473 | 02 22 399
Ab 227 743 |616 |330 613 218 [486 680 523 |132 807 577
An 771 233 | 44 |664 371 04 |496 15 04 |86 172 54
Sample 50 28 [18a | 20 20 10C [30A 42B 31 |43 43 43
Al-S AI-S |AIKS |[TR TR GR |GR GR GR E E E
AF  AF |AF |AF  AF AF |AF AF AF A A A
Ph-GC Ph-GC m-GC |Ph-C Ph-R Ph-GC Ph-GC Ph-GC Ph-GC |Ph-C Ph-R  m
or 509 524 |481 |389 598 472 |[374 510 402 | 02 10 15
Ab 400 472 |515 |555 384 527 |609 479 589 [158 693 695
An 01 04 | 04 | 56 18 01 | 16 11 09 |81 207 300
Or

® Two feldspars syenite
® Onefeldspar syenite
O Granite
> Trachyte
¢ Rhyolite

B Mafic enclaves

n\J’A'TJJV—II-D\

An

Fig. 4. Plot of the Ponta do Morro feldspars into the Or-Ab-An diagram space (cf. Deer et al., 1992). A-A', solvus-solidus
intersection at PH,0 0.5 kb and 750°C (Seck, 1971). Data source: this work (Table 1) and Sousa (1997).

The apparent P-T conditions along with the
textural features, i.e. fine to very fine size of the
interstitial phases, and the very low grade contact
metamorphism with the roof rocks (Sousa, 1997),

suggest a shallow level for the intrusion.

Clinopyroxenes

The compositions are plotted in Fig. 5 (cf. Table
2, and Sousa, 1997). Clinopyroxenes from the two
feldspars syenites plot in the diopside-augite to
hedenbergite fields (cores: mg#, MgO/(MgO+Fe™)

molar ratio=0.79-0.63; rims: mg#=0.51-0.45). The
clinopyroxenes from one feldspar syenites have mg#
ranging from 0.45-0.22 (cores) to 0.10 (rims and/or
The
granites are restricted to the aegirine-augite field,
mg# around 0.11 (cores) and 0.12 and 0.06 (rims

and groundmass). On the other hand, the mafic

interstitial phases). clinopyroxenes from

enclaves show diopsidic-augitic cores (mg#=0.81)
(mg#=0.37). All the

clinopyroxenes contain low Al" (i.e. 0.17¢0.12 and

and hedenbergitic rims

*0.005 a.f.u. in the mafic enclaves, syenitic and
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granitic variants, respectively) and generally require
Ti (occasionally Fe™) to fill the tetrahedral sites (cf.
Table 3). It is noteworthy that the compositions with
the highest mg# values appear in equilibrium with a
hypothetical Fo,, olivine (cf. Deer et al., 1992), and
that the clinopyroxene cores from the mafic enclaves
overlap those from the two feldspar syenites (cf.
Figs. 5A, B). Comparison with clinopyroxenes from
other Brazilian occurrences (Fig. 5B) show a pattern

similar to those of alkaline complexes from Piratini
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and Vitoria island (cf. Barbieri et al. 1987).
Amphiboles

Amphiboles exhibit a wide compositional range
from calcic to Na-rich varieties (Fig. 6). They
usually require Ti-Fe* in the tetrahedral sites (Table
3) and show appreciable K contents (up to 0.29
a.f.u.). The amphiboles mainly range (cf. Fig. 6A)
from hornblende to winchite (two feldspars

syenites), from barroisite to riebeckite-arfvedsonite

Q
(Wb, En,Fy

@ Two feldspars syenite
® Onefeldspar syenite
O Granite

m Mafic enclaves L.

Aegirine \
A

Mg

T Ee

Fig. 5. Chemical analyses of clinopyroxenes from the Ponta do Morro complex (data source: Table 2 and Sousa, 1997), plot-
ted on: A, classification diagram of Morimoto (1988); B, Na+K-Mg-Fe* space (Fe*=Fe**+Fe"+Mn-Na-K). For comparison,
the main trends from other Brazilian alkaline complexe are shown: 1, Anitdpolis; 2, Itapirapud; 3, Banhadio; 4, Rio de Janei-
ro State (a, Tangud-Rio Bonito-Itatina-Morro de Sdo Jodo; b, Soarinho); 5, Piratini; 6, Vitdria island (cf. Gomes et al., 1987).



248

Alkaline Magmatism from Mato Grosso State, Brazil: the Ponta do Morro Complex

Table 2. Representative analyses of clinopyroxenes. Fe™ and Fe* calculated according to the stoichiometry. Cations for 6
oxygens; mg#:Mg/(Mg+Fez*). C, core; R, rim; m, interstitial phases; P, phenocrysts. S, two feldspars syenite; AI-S, one

feldspar syenite; GR, granite; E, mafic enclaves.

Sample 2.1 21 3.4 34 34 34 50 28 28 | 22-A 22-A 22 22 | 10-C 10C| 31 4.3 4.3
S S S S S S Al-S AI-S AI-S| AI-S AI-S AI-S AI-S| GR GR GR E E
C R c R C R m C m C m C R c R m P m
SO, 51.08 5216 |51.11 5050 |51.67 51.18 |50.58 50.05 49.12 |49.35 4887 48.83 49.12 |50.26 50.28 |49.50 {49.80 50.53
TiO, 123 007 | 102 021 | 110 022 | 022 060 041 | 065 019 050 027 | 025 025| 021 | 169 0.05
Al,O3 288 025|303 075|322 060| 019 08 031 | 122 021 068 025 | 028 023 | 022| 524 062
Cr,04 003 003| 010 001| 001 002 | 001 000 005|002 001 002 002 001 003 000| 013 0.08
FeOyot 978 1748 | 888 1741 | 813 16.81 |28.37 1872 26.73 |18.17 2841 2386 27.20 |27.70 2857 |27.19 | 7.29 1875
MnO 034 067 | 027 078| 017 084 | 1.08 076 100 | 078 08 093 09 | 129 135 | 113 | 008 0.75
NiO 004 000 | 002 003| 000 004 | 003 001 006 | 003 001 005 004 | 003 0.05| 003| 002 0.10
MgO 1312 791 |1408 847 [1499 894 | 073 705 114 | 735 116 337 134 | 112 052 | 165 1404 6.05
Cao 21.49 21.96 |21.90 20.47 |21.91 21.66 [10.29 2142 16.02 |21.29 16.84 1879 18.02 (1345 11.78 |16.12 {2201 21.68
Na,0 055 036 | 040 048 | 034 034 | 667 043 340 | 060 28 062 213 | 495 586 | 272 | 042 059
K,0 005 001 002 007| 001 003 | 001 001 001|002 001 001 001 | 001 0.01| 002| 001 0.01
Sum 100.59 100.90 100.83 99.18 101.54 100.68 | 98.58 99.93 9825 |99.63 99.42 99.87 99.35 |99.35 98.93 |98.76 100.73 99.21
Si 1.898 2001 [1.885 1.973 |1.884 1.967 [2.000 1.960 1.994 [1936 1974 1.962 1.991 |1.995 1.999 |2.000 |1.830 1.998
AlY 0.102 0.115 0.027 |0.116 0.027 0.040 0.006 [0.056 0.010 0.032 0.009 |0.005 0.001 0.170 0.002
Ti 0.006 0.008 0.006 0.006
Sum 2.000 2.001 |2.000 2.000 {2.000 2.000 [2.000 2.000 2.000 |[2.000 2.000 2000 2.000 [2.000 2.000 |2.000 {2.000 2.000
AlY 0.025 0.011 |0.017 0.008 |0.022 0.009 0.008
Ti 0.034 0.002 | 0.028 0.006 |0.030 0.007 0.018 0.013 0.003 |0.008 0.010 |0.011 |0.057 0.027
Cr 0.001 0.001 |0.003 0.000 [0.000 0.001 |0.000 0.000 0.002 |0.011 0.009 0.008 [0.007 0.007 |0.006 |0.047 0.001
= 0.049 0.068 0.047 |0.057 0.053 |0.474 0.037 0.239 |0.001 0.000 0.001 0.001 |0.000 0.001 |0.000 |0.004 0.002
= 0.255 0.564 |0.206 0.523 |0.191 0.487 |0.468 0.576 0.668 |0.080 0.225 0.062 0.156 |0.363 0.428 |0.178 | 0.045 0.015
Mn 0.011 0.022 |0.008 0.026 |0.005 0.027 [0.036 0.025 0.034 |0.515 0.709 0.740 0.767 [0.558 0.523 |0.743 | 0.179 0.605
Mg 0.727 0.455 |0.774 0.493 |0.815 0.513 [0.043 0.412 0.069 |0.026 0.030 0.032 0.033 |0.043 0.045 |0.039 {0.002 0.025
Ni 0.001 0.000 |0.001 0.001 {0.000 0.001 [0.001 0.000 0.002 |0.429 0.070 0.203 0.081 [0.066 0.031 |0.100 {0.769 0.357
Ca 0.856 0.907 |0.865 0.857 |0.856 0.892 |0.438 0.899 0.697 |0.001 0.000 0.002 0.001 [0.001 0.002 |0.001 {0.001 0.003
Na 0.040 0.027 |0.029 0.036 |0.024 0.025 |[0.514 0.033 0.268 |0.892 0.729 0.904 0.749 |0.572 0.502 |0.700 | 0.867 0.918
K 0.002 0.000 |0.001 0.003 |{0.000 0.001 [0.001 0.000 0.001 |[0.045 0.221 0.048 0.167 |0.381 0.452 |0.214 {0.030 0.045
Sum 1.999 1999 |1.999 1.999 |2.000 2.000 [2.000 2.000 1.999 |0.001 0.000 0.001 0.001 |0.001 0.001 |0.001 |0.000 0.001
1.999 2.000 2.000 2.000 |[2.000 1.999 [1.999 |2.000 1.999
mg # 074 045 079 049 | 063 051 | 008 042 009 | 045 009 022 010 | 011 006 | 012 | 081 037

(one feldspar syenites and trachytes) and from
barroisite to winchite (granites). The general trend
overlaps to some extent that of the coexisting
clinopyroxenes (Fig. 6B). The amphiboles from
mafic enclaves plot in the hastingsite-edenite fields
and display relatively high mg# values (i.e. 0.65-

0.64; cf. Table 3).

Biotites

Biotites plot along the phlogopite-annite tie-line
(Fig. 7) in the same field as the saturated to
oversaturated complexes from Velasco (Bolivia).
They have Mg/(Mg+Fe) ratios (Table 4) mainly
between 0.52 to 0.17 (two feldspar syenites), 0.32 to
0.03 (one feldspar syenites and granites). The
highest Mg/(Mg+Fe) ratios are shown by the biotite

from the mafic enclaves and by some biotite cores

from the two feldspars syenites. Some compositions
from the one feldspar syenites present very low Al
contents (Fig. 7). However, the Al is sufficient to fill
the tetrahedral sites, i.e. with Al"" in octahedral sites

ranging from 0-0.593 a.f.u.

Oxides

Oxides Ti-

magnetite displays a wide compositional range with

are ilmenite and Ti-magnetite.
ulvospinel contents from 3 to 78 mol% (Table 5 and
Fig. 8A). A parallel increase of the Mn and Ti
contents is observed (Table 5), i.e. from 0.044 to
0.741 and from 1.683 to 2.592 a.f.u., respectively.
Ilmenite plots close to the theoretical composition
(Fig. 8A). RO, ranges between 1.5 and 11.4 mol%.
MnO contents are usually high, 1.9 to 5.3, similar to

the ilmenites from other alkaline oversaturated
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rocks, e.g. Velasco complexes, Valle Chico, Itatiaia.

The presence of ilmenite _-magnetite_ pairs allows
calculation of equilibration temperatures and oxygen
fugacities (Andersen & Lindsley, 1988). The results
are scattered between 431 and 1015°C and
-11 to -25 logfO,, respectively (Fig. 8B), the lowest
values representing the results of subsolidus
reequilibration. The opaques tend to fit the QFM
buffer, that is consistent with the occasional

presence of quartz and fayalite both in the two
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feldspars and one feldspar syenites. The pattern
appears close to the QFM buffer, being quite
different with respect to other analogues from other
oversaturated complexes, e.g. Valle Chico and
Velasco, which straddle the MW and NNO buffers.

Olivine and aenigmatite

Olivines from the two feldspars syenites have
average compositions (Table 6) between Fo,, (cores)

to Fo, (rims) mol%, whereas in the one feldspar

® Two feldspars syenite
® Onefeldspar syenite
O Granite

> Trachyte
m  Mdfic enclaves

12

b5

Mg

=y

Fig. 6. Chemical analyses of amphiboles from the Ponta do Morro complex (data source: Table 3 and Sousa, 1997). A:
classification diagram of Giret et al. (1980); 1, hastingsite; 2, hornblende; 3, edenite; 4 actinolitic hornblende; 5, actinolite; 6,
edenite; 7, barroisite; 8, katophorite; 9, winchite; 10, richterite; 11, riebeckite; 12, arfvedsonite. B: Na+K-Mg-Fe* space
(Fe*=Fe”+Fe"'+Mn-Na-K). Green heavy line represents the trend of the associated clinopyroxenes.
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Table 3. Representative analyses of amphiboles (cations per 23 oxygens). Symbols as in Table 2.

Sample 34 | 43 34 34C 18A 18A 50 50 22 22R 22A 22A 10C 10C 31 31 42B 42B 43 43

S S S S S S AI-S AI-S AI-S AI-S AI-S AI-S GR GR GR GR GR GR E E

C R C m m m C m C R C R C R C m C m C m
SO, 50.12 46.3445.69 48.08 47.47 48.79/49.54 50.02/46.16 47.26 47.40 47.57/50.57 48.61/48.78 47.49/42.20 42.16 46.13 42.50
TiO, 028 115 099 141 155 035 082 052 241 1.02 1.75 171 078 144/ 093 185 1.62 1.60 1.06 0.95
Al,O; 265 453 418 148 166 1.15 093 054 276 177 182 198 157 166 215 145 6.70 6.85 5.87 859
Cr,0; 0.04/ 0.03 0.02 0.02 0.05 0.03 0.03 0.00 040 0.00 0.02 0.02 0.01 0.05 0.05 0.00 0.02 0.02 0.00 0.03
FeO,y 21.18 23.53/30.00 34.69 34.87 34.65/31.55 30.62/31.19 34.46 32.81 32.63/25.21 30.82/26.82 31.80/28.68 28.83 19.46 21.11
MnO 0.73 0.61 0.89 1.00 079 0.96 155 131 078 0.98 0.89 0.88 1.16 145 1.04 0.89 0.75 0.71 052 0.55
NiO 0.06 0.06/ 0.03 0.01 0.00 0.05 0.06 0.00 0.06 0.00 0.03 0.03 0.00 0.01/ 0.04 0.00/ 0.00 0.00 0.00 0.00
MgO 1014 7.82 450 167 1.10 1.86 225 126 225 0.90 164 157 7.15 289 576 1.69 3.76 3.47 9.17 7.52
CaO 10.31/10.50 9.40 5.15 558 8.18 359 6.74 6.70 528 558 537 6.18 470 7.54 836 9.93 997 10.81 11.11
Na,O 081 130 1.82 3.74 416 180 560 6.41 414 455 519 443 458 471 280 229 202 200 224 210
KO 029 055 073 1.07 1.03 043 127 0.66 137 120 126 114 132 127/ 110 0.62) 1.06 1.08 1.06 1.50
Sum  96.61 96.42/98.25 98.32/98.26 98.22/97.18 98.08/98.22 97.42 98.39 97.60 98.53 97.70/97.01 96.44/96.78 96.70 96.32 95.99

Si 7.552|7.079 7.028 7.511 7.406 7.687 7.658 7.556 7.150 7.417 7.288 7.439 7.493 7.498|7.508 7590 6.586 6.595 6.909 6.462
Al 0.488/0.815 0.757 0.027 0.305 0.213 0.169 0.096 0.503 0.327 0.330 0.365 0.274 0.302|0.390 0.273 1.231 1.262 1.035 1.538

Fe** 0.106/0.215 0.462 0.289 0.100 0.173 0.348 0.347 0.256 0.382 0.196 0.233 0.200 0.102 0.137/0.183 0.143 0.056
Sum  8.000/8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000/8.000 8.000 8.000 8.000 8.000 8.000
Ti 0.032/0.132 0.115 0.166 0.182 0.041 0.094 0.059 0.281 0.120 0.202 0.201 0.087 0.167/0.108 0.222 0.190 0.188 0.119 0.109

Cr 0.005/0.004 0.002 0.002 0.006 0.004 0.004 0.000 0.049 0.000 0.002 0.002 0.001 0.006|0.006 0.000 0.004 0.002 0.000 0.004
= 0.538/0.931 1.141 1.075 1.278 0.690 1.576 2.076 1.213 1.487 1.605 1.218 1.399 1.320/0.890 0.548 1.430 1.417 1.300 1.646

Fe**  2.131/1.970 2.503 2.996 2.983 3.776 2.331 1.445 2.481 2.780 2.232 2.853|1.492 2.455|2.460 3.565 2.130 2.221 1.082 1.038

Mn 0.093/0.079 0.116 0.132 0.104 0.128 0.203 0.168/0.102 0.130 0.116 0.117 0.147 0.201/0.136 0.120 0.099 0.094 0.066 0.071
Mg 2.278/1.781 1.032 0.634 0.256 0.430 0.519 0.2840.520 0.211 0.376 0.366 1.579 0.665|1.322 0.403 0.875 0.809 2.047 1.810
Ni 0.009/0.009 0.004 0.001 0.000 0.010 0.009 0.000 0.009 0.000 0.002 0.002 0.000 0.001|0.006 0.000 0.000 0.000 0.000 0.000
Sum  5.086/4.906 4.913 5.006 4.809 5.079 4.736 4.032 4.655 4.728 4.535 4.759 4.705 4.815|4.928 4.858 4.728 4.731 4.614 4.678
Ca 1.6641.719 1.549 0.8620.933 1.381 0.594 1.091|1.112 0.887 0.920 0.900/0.981 0.777 1.243 1.431 1.661 1.671 1.734 1.810
Na 0.237/0.385 0.543 1.133 1.258 0.550 1.679 1.8781.243 1.385 1.547 1.343 1.316 1.409/0.836 0.710 0.611 0.607 0.651 0.619
K 0.056/0.107 0.143 0.213 0.205 0.086 0.250 0.1270.271 0.240 0.247 0.281 0.250 0.250/0.216 0.126 0.211 0.216 0.203 0.291
Sum  1.957 2.211/2.235 2.208 2.396 2.017 2.523 3.096 2.626 2.512 2.714 2.524 2.547 2.436 2.295 2.267|2.483 2.494 2.588 2.720

mg# 0.52| 047 029 0.17 0.08 0.10/ 018 0.16 0.17 007 014 011 051 021 035 010 029 027 0.65 0.64

Table 4. Representative analyses of biotites (cations per 22 oxygens). Symbols as in Table 2.

Sample 34 | 21 21 32B 3#4 22 10C 31 30A 42B 43 43
S S S S S AI-S TR GR GR  GR E E
m C m m m m m C m C C m
SO, 35.23 37.48 36.31 36.10 35.10 36.08 37.34| 39.93 33.66 35.27 38.33 38.59
TiO, 448 053 459 470 330 0.02 359 455 578 320 239 233
Al,0; 12.07| 13.23 12.08 12.66 11.16 6.13 9.60 853 10.92 11.45 11.63 11.84
Cr,03 0.02 0.03 004 004 000 000 0.01 001 0.00 002 0.00 0.04
FeOyqt 26.67 21.00 25.47 24.08 33.66 43.12 31.06 24.38 31.49 31.26| 20.33 20.14
MnO 020 017 026 015 037 084 048 047 029 049 031 0.28
MgO 6.93 1293 7.14/ 851 377 0.71 559 6.39 350 434 11.52 11.78
Cao 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00
Na,O 0.17 013 0.12 0.07 0.06 009 0.07 014 0.02/ 019 026 0.16
K,0 9.03 897 9.10 9.74 886 852 931 889 829 866 9.83 10.06
Sum 94.83 94.47 95.11 96.05 96.28 95.51 97.05 93.29 93.92' 94.88 94.60 95.22
Si 5.901 6.070 6.007 5.891 5.994 6.566 6.233 6.659 5.847 6.038 6.218 6.212
AlY 2.099 1930 1.993 2.109 2.006 1.314 1.767 1.341 2.153 1.962 1.782 1.788
AlY 0.282 0.593 0.361 0.324 0.238 0.000 0.120/ 0.334 0.081 0.346 0.440 0.457
Ti 0.564 0.065 0.571 0.577 0.424 0.003 0.451 0.571 0.755 0.412| 0.292 0.282
= 3.740 3.844 3.524 3.286 4.807 6.563 4.336/ 3.400 4.575 4.475 2.758 2.711
Cr 0.003 0.004 0.005 0.005 0.000 0.000 0.001 0.001 0.000 0.003 0.000 0.005
Mn 0.028 0.023 0.036 0.002 0.054 0.129 0.068 0.066 0.038 0.071 0.043 0.038
Mg 1730/ 3.122 1.761 2.070 0.960 0.193 1.391 1.589 0.906 1.108 2.786 2.827
Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Na 0.055 0.041 0.038 0.022' 0.020 0.032 0.023/ 0.045 0.007 0.063 0.082 0.050
K 1.929 1.853 1.921 2.028| 1.930 1.978 1.983 1.891 1.837 1.891 2.034 2.066

mo# 032/ 052 033 039 017 0.03 024 032 017 0.20/ 050 0.1
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Table 5. Representative analyses of oxide minerals. Il, ilmenite (cation on basis of 3 oxygens); Mt, magnetite (cation on basis
of 32 oxygens); other symbols as in Table 2.

Sample 11 21 | 34 34 34 34 15A 15A| 50 50 28
S S S S S S S AI-S AI-S AI-S AI-S

1 1l 1l Mt 1l Mt 1l 1l 1l Mt Mt
SO, 0.09 013 021 017, 006 024 0.04 002 0.07 019 o021
TiO, 48.75 50.30 49.57 7.30 48.60 20.16 50.37 48.28/ 51.56 0.65 17.41
Al,O3 0.16. 0.09 005 272 002 117 0.03 003 0.04 016 0.10
Cr,05 0.09 003 009 080 003 011 0.00 001 0.00 0.06 0.10
Fe,0O3 7.88 333 650 49.22] 9.11 2796 529 827 196 66.73 34.55
FeO 39.16 42.28 40.75 37.29| 40.02 48.29 40.32 40.42 4154 31.30 45.68
MnO 446 187 355 017 362 197 491 291 477 031 169
MgO 0.15 011 013 029 005 0.00 0.03 004 0.04 0.09 0.05
Sum 100.74, 99.14/100.85 97.96/101.51 99.90 100.99 99.98 99.98 99.49 99.79
Si 0.002 0.003 0.005 0.052 0.001 0.072/ 0.001 0.001 0.002 0.059 0.065
Ti 0.920 0.963 0.934 1.683| 0.912 4.551 0.949 0.920 0.979 0.151 3.966
Al 0.005 0.003 0.001 0.983| 0.001 0.414 0.001 0.001 0.001 0.058 0.037
Cr 0.002 0.001 0.002 0.194| 0.001 0.026 0.001 0.001 0.001 0.058 0.037
=5 0.149 0.064 0.123 11.353| 0.171 6.315 0.100 0.158 0.037 15.510 7.876
(= 0.822 0.900 0.854 9.559| 0.835 12.121 0.845 0.857 0.877 8.085 11.574
Mn 0.095 0.062 0.075 0.044 0.077 0.501 0.104 0.062 0.102 0.081 0.434
Mg 0.005 0.004 0.005 0.132 0.002 0.000/ 0.001 0.002 0.001 0.041 0.023
Sum 2.000 24.000
Mol%
Ulvospinel 21.17 59.41 2.61 50.39
R;03 850 3.36/ 6.26 9.11 503 7.94 186
T°C 675 1015 550
logf O, -18.0 -11.1 -23.5

Sample Al-S Al-S| TR TR TR | GR GR GR GR  GR GR
22A  22A 1 20 20 20 10C 10C 31 31 |42-B 42-B

1l Mt Mt Mt Mt 1l Mt 1l Mt Mt Mt
SO, 0.06 109 016 048 090 008 029 013 022 024 024
TiO, 5154 1236 27.78 16.17 197 48.69 10.29 4597 11.27 16.83 8.63
Al,O3 0.02 044 069 024 041 000 016 002 016 041 0.25
Cr,05 0.00 004 002 000 000 002 0.03 005 0.02 0.00 0.05
Fe,0O3 150 41.81 1397 34.88 62.13 9.51 4841 11.81 46.15 33.89 51.18
FeO 4409 42.46 54.69 44.32 33.68 38.43 39.48 36.78 38.57| 43.75 38.01
MnO 267 132 235 162 022 529 147 457 286 228 1.07
MgO 0.03 010 004 007 002 005 0.08 005 012 018 013
Sum 100.25 99.62) 99.70 97.78 99.33 102.07 100.21 99.38 99.37 97.58 99.56
Si 0.002 0.330 0.048 0.148 0.277/ 0.002 0.088 0.003 0.067| 0.074 0.073
Ti 0.983 2.818 6.254 3.756 0.456 0.909 2.349 0.882 2.592 3.911 1.985
Al 0.001 0.157 0.243 0.087 0.149 0.000 0.057 0.001 0.058 0.149 0.090
Cr 0.000 0.010 0.004 0.000 0.000 0.000 0.007 0.001 0.005 0.000 0.012
et 0.028 9.537 3.147 8.106 14.385 0.178 11.060 0.227 10.620 7.880 11.780
(= 0.928 10.763 13.691 11.447 8.667 0.798 10.024 0.785 9.863 11.306 9.723
Mn 0.057 0.339 0.596 0.424 0.057/ 0.111 0.378 0.099 0.741 0.597 0.277
Mg 0.001 0.045 0.018 0.032 0.009 0.002 0.036 0.002 0.055 0.083 0.059
Sum 2.000 23.999 24.001 24.000 24.000 2.000 23.999 2.000 24.001 24.000 23.999
Mol%
Ulvospinel 39.35 78.73 4880 9.16 30.47 33.23) 49.82 25.73
R,05 1.45 8.88 11.43
T°C 424 765 831

logf O, -28.2 -15.5 -15.0
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Fig. 7. Chemical analyses of biotites from the Ponta do Morro complex (data source: Table 4 and Sousa, 1997) plotted into
the Al-Mg-Fe* diagram (cf. Bailey, 1984, and references therein). Green and light brown compositional fields represent the
Valle Chico and Velasco complexes, respectively.
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Fig. 8. A: Classification scheme of the Ponta do Morro opaque minerals (rhombohedral phases and spinel phases; Deer et al.,
1992). B: T(°C) vs. log fO, for Ti-magnetite and ilmenite pairs. The fields relative to magnetite-ilmenite pairs from Valle
Chico and from Velasco alkaline complexes are shown for comparison.. Buffers: HM, haematite-magnetite; NNO, nickel-

nickel oxide; QFM, quartz-magnetite-fayalite; MW, magnetite-wustite. Data source: Table 5 and Sousa, 1997. Green and
light brown fields, as in Fig. 7.
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Table 6. Representative analyses of olivines (cation on
oxygens).

253

basis of 4 oxygens) and of aenigmatite (cation on basis of 20

Olivine Aenigmatite
Sample 21 21 | 22A | 22 22A | 22-C
S S | AI-S |AI-S Al-S | Al-S
mC  mR m m m m
SO, 34.23 31.22| 32.35/29.58| SO, 39.98 39.88
FeOqt 43.69 59.36| 53.67/64.20| TiO, 8.26| 7.08
MnO 123 258 1.88| 3.39| Al,0; 0.83 104
MgO 20.66 7.09| 12.00| 1.21| FeO 41.97  41.13
Ca0 0.09 0.05/ 0.30 0.18 MnO 114, 1.08
Sum 99.90 100.30{100.20(98.78| MgO 0.25| 0.23
CaO 0.80| 0.82
S 1.000 1.000| 1.000/1.005 NaO  6.83] 6.21
= 1.067 1.590| 1.388(1.824| Sum 100.11| 97.47
Mn 0.030 0.070| 0.049|0.098
Mg 0.899 0.338| 0.553/0.061| Si 5.802| 5917
Ca 0.003 0.002| 0.010(0.007| Al 0.902| 0.790
Sum 2.999 3.000| 3.000/2.995 Ti 0.142| 0.182
Ee”*  5.094| 5103
mg# 0.46 0.18| 0.28/ 0.03| Mn 0.140| 0.136
Mg 0.054| 0.051
Ca 0.124| 0.130
Equilibrium liquid, mg# 022 0.07| 011 0.01| Na 1.935| 1.786
Sum  14.113|14.095
Observed mg# (host-rock) ~ 0.61  0.61] 0.10| 0.06

syenites the range is between 0.28 and 0.03 Fo
mol%. Notably, the more forsteritic cores could be
in equilibrium with liquids with mg#=0.22, while the
observed mg# of the host-rocks are around 0.61 (cf.
Table 6). In general, the low mg# of the equilibrium
liquids, with respect to the observed ones of the
host-rocks, may be consistent with a late magmatic
stage for the olivines from the two feldspars
syenites.

In contrast, mg# of the olivines from one feldspar
syenites appear consistent with those of the host-
rocks (Table 6).

Aenigmatite (Table 6) is occasionally present in
the one feldspar syenites, reflecting the increasing
agpaitic index of the host-rocks, systematically 1.
The presence of aenigmatite-olivine pairs suggests
crystallization temperatures lower than 900° and fO,
sightly below, or on the QFM buffer (cf. Marsh,
1975).

PETROCHEMISTRY

of
representative Ponta do Morro (PMC) rock-types

Major and trace element analyses

and some selected mafic to intermediate alkaline
dykes from the Poxoréu area are reported in Table 7.

The PMC rocks show a large variation in SiO,,

i.e. 57-75 wt%, despite the restricted MgO content
(2.4-0.3 wt%). In the TAS diagram (Fig. 9), these
rocks fit the weakly alkaline fields (corresponding to
the intrusive variants of trachyandesite, trachyte and
rhyolite, respectively) with a transition to rocks of
potassic affinity. The dykes from the Poxoréu area
vary from trachybasalt to trachyandesite and the
PMC dykes plot into the trachyte field. The modal
PMC rhyolite (cf. Fig. 3) falls into the trachyte field.
The two feldspar syenites straddle the trachyandesite
and trachyte fields showing a saturated character
(normative nepheline or quartz up to 3% and 5%,
respectively), whereas the one feldspar syenites
(A.Lel; cf. Table 7) plot into the trachyte field and
present both saturated and slightly oversaturated
characteristics (normative nepheline up to 3.7% or
normative quartz up to 10%). Notably, the latter
rocks lie in the comendite field in the Fe,O, vs. AL O,
diagram (inset B of Fig. 9): on the whole the
mineralogical (i.e. presence of fayalite and
aenigmatite) and the petrochemical characteristics
point to transitional series (cf. Barberi et al., 1975).
Harker diagrams for the major elements (Fig. 10)
show well distinct groups, i.e. mafic-intermediate
dykes, syenites and granites, respectively, with
overlapping of two feldspars and one feldspar

syenites. The apparent trends may be referred to
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fractionation processes. In particular, the continuous
decrease of TiO,, FeO, MgO, CaO and PO, is

consistent with magnetite, clinopyroxene and apatite

Table 7. Chemical analyses of Ponta do Morro complex and Poxoréu rocks (*, Gibson et al., 1997). AL = (Na,0+K,0)/
AlLO,, molar ratio. Chemical methods in Sousa (1997). Abbreviations; BtrA, basaltic trachyandesite; TrA, tranchyandesite;

fractionation. Al,O,, Na,O and K,O increase up to 58
SiO, wt%, and decrease for silica content *62 wt%,

indicating feldspar fractionation.

TrB, trachybasalt.
Two feldspars One feldspar
syenite syenite
Sample 21120 11|32 |34 | 1D 33 |310|34A | 31C | 34C| 12 | 34 | 31B| 18 17 28
wit%
SO, 56.40|57.25|57.50|58.84/59.90| 61.17| 61.40/61.80|61.81|61.87 62.00|62.17|62.50|62.60| 62.70| 60.48| 60.67
TiO, 1.30| 1.32| 1.00| 0.92| 0.86| 0.88] 0.78| 0.80| 0.73| 0.74| 0.74| 0.76| 0.71| 0.70| 0.71| 0.64| 0.65
Al,O5 17.10(17.45|17.30|17.59|16.90| 17.16| 17.00|17.41|17.44|17.49|16.70|17.28/16.80|16.60| 15.40| 16.14| 16.86
Fe,0Os 2.60| 1.69| 2.60| 1.25 2.00f 255/ 2.90| 1.48| 1.50, 1.29| 2.30| 1.68| 2.30| 1.90| 3.40| 2.24| 2.39
FeO 4.40| 5.00| 3.80| 4.35| 3.70| 3.24/ 240| 3.59| 3.10| 3.16| 2.80| 3.22| 2.70| 3.00| 3.20, 3.49| 3.58
MnO 0.13| 0.14| 0.13| 0.14| 0.13| 0.15| 0.13]| 0.13| 0.14| 0.13/ 0.13| 0.12| 0.13| 0.13| 0.16/ 0.17| 0.15
MgO 2.30| 1.61| 2.40| 1.73| 1.80| 0.81] 0.82| 0.57| 0.52| 0.55/ 0.81| 0.58| 0.57| 0.55| 0.55| 0.26/ 0.37
Ca0O 4.80| 4.40| 5.00| 3.69| 3.50| 2.19| 2.30| 2.12| 1.88| 1.70 2.10| 1.88| 1.90| 1.70| 2.20| 211| 1.64
Na,O 5.60| 5.59| 5.30| 5.85| 510/ 5.69| 5.30| 5.46| 5.69| 5.80| 5.10| 5.72| 5.00| 5.50| 5.40| 6.09| 6.34
K,0 4.10| 4.47| 3.60| 4.78| 500, 5.90| 6.20| 6.01| 6.41| 6.51 6.20| 6.19| 6.50| 6.50| 5.00| 6.14| 6.18
P05 0.32| 0.35/ 0.19| 0.23| 0.18/ 0.21| 0.19| 0.19| 0.17| 0.16/ 0.17| 0.17| 0.15| 0.15| 0.14| 0.12| 0.13
LOI 0.38| 0.38| 0.64| 0.20/ 0.37| 0.10| 0.19| 0.14| 0.29| 0.05 0.47| 0.10| 0.33| 0.21| 0.73| 1.44| o0.81
Sum 99.43|99.65|99.46|99.57/99.41|100.05| 99.61|99.70|99.68|99.45|99.52|99.87|99.59|99.33| 99.59| 99.32| 99.77
ppm
Rb 51| 37| 31| 66 88 51 100, 51| 68 52| 90/ 54| 95 100/ 110 62 91
Ba 520 320 340 429, 490, 413| 288 370/ 450/ 300/ 260, 520/ 131| 187
Sr 220| 162| 160/ 97| 140 74 771 70| 33 57| 56| 36| 28 88 24 23
Nb 34 22| 31| 26| 41 15 38 15 25/ 17, 39| 17, 34| 42 56 19 52
Zr 230| 173| 220/ 200| 270| 222| 260| 210/ 218| 171| 300| 252| 260| 260/ 310/ 196, 397
Y 41| 22| 52| 36| 62 31 61| 45| 34| 15 49| 54| 49| 48 62 33 57
Th 10 10 12 16 10 14| 12 10
A.l 0.80| 0.80| 0.73| 0.84| 0.82| 0.92| 0.91| 0.89| 0.93| 0.95 0.90| 0.93| 0.91| 0.97| 0.93| 1.03] 1.02
K,O/Na,O 0.73| 0.80| 1.06| 0.82/ 0.98| 1.04| 1.17| 1.10| 1.13| 1.12| 1.22| 1.08| 1.30| 1.18/ 0.93| 1.01| 0.97
Onefedspar syenite Trachyte |Rhyolite
Dykes | Dyke

Sample 29B| 26 | 22A | 22B | 27A | 50 11B | 22 | 63 |11C|15A |16A | 1-D | 2-D | 3-D
wit%
SO, 61.19|61.41|61.60|62.30/62.49| 63.64| 63.70|63.92|64.44|64.70|65.40|65.50|61.90|66.69| 67.51
TiO, 0.41| 0.46| 0.64| 0.64 0.35/ 0.47| 0.44| 0.50| 0.35| 0.28| 0.40| 0.41| 0.47| 0.33] 0.44
Al,O5 16.34/16.04/16.59|15.90|17.35| 16.42| 16.70/16.16/16.96|15.90|15.40|15.40(17.00|14.31| 13.83
Fe,0; 3.84| 5.04| 242| 3.10| 1.96] 2.61| 2.90| 2.87| 3.75/ 2.90 2.00| 2.50| 3.80| 4.45| 4.46
FeO 2.36| 0.79| 3.55| 3.20| 245| 203| 3.10| 2.91| 0.58 2.50| 2.40| 2.20| 2.50, 1.69| 2.02
MnO 0.24| 0.18| 0.12| 0.18| 0.13| 0.16| 0.28| 0.14| 0.19| 0.20| 0.14| 0.14| 0.18| 0.16| 0.16
MgO 0.11| 0.04| 0.23| 0.22| 0.07| 0.12| 0.19| 0.10| 0.12| 0.12| 0.18| 0.17| 0.13| 0.03| 0.09
CaO 1.30| 1.66| 1.64| 1.90| 0.95| 1.07| 0.67| 1.07| 0.24| 1.50| 1.20| 1.00| 0.61| 0.33] 0.32
Na,O 6.35| 5.82| 6.62| 6.00| 7.10| 6.45| 6.60| 6.40| 7.21| 6.40| 6.00| 6.00| 6.00| 6.51| 534
K,0 5.60| 6.29| 5.58| 5.60| 576/ 6.26] 5.30| 5.59| 5.30| 5.30| 5.60| 5.70| 5.90| 4.53| 4.46
P05 0.06| 0.06| 0.06/ 0.09| 0.03] 0.10| 0.07| 0.06| 0.02| 0.05/ 0.05| 0.05| 0.06| 0.01| 0.08
LOI 1.35| 1.81| 0.56| 0.45| 0.65/ 0.19] 0.05| 0.21| 0.75| 0.05/ 0.76| 0.51| 1.13| 0.56| 1.01
Sum 99.15|99.60(99.43|99.58/99.30| 99.52(100.00|99.93|/99.91|99.90|99.53|99.58|99.68|99.60| 99.75
ppm
Rb 112| 113| 115/ 100| 128/ 148 110/ 104| 73| 120/ 170, 170| 140 201| 170
Ba 81| 20| 501| 220/ 20 70 15| 83| 77| 15 15| 15/ 150, 37| 153
Sr 15 11, 55 21 8 9 7 4 9 5 5 5 10 5 6
Nb 70| 48| 33| 57| 41 49 52| 46| 29| 61 76| 73] 64| 121| 126
Zr 596/ 302| 244| 380| 309| 512| 360| 303| 325| 480 660 510/ 450| 1121| 512
Y 80| 45| 50| 68| 45/ 196 73| 43| 53| 86/ 87| 120/ 120| 89| 156
Th 11 10 100 16| 14| 19
A.l 101 1.02| 1.02| 1.00/ 1.03| 1.06/ 0.99| 1.03| 1.04| 1.02| 1.03| 1.04 0.96| 1.09| 0.98
K,O/Na,O 0.88| 1.08| 0.84| 0.93/ 0.81| 0.97, 0.80 0.87| 0.74| 0.83| 0.93| 0.95| 0.98| 0.70| 0.84
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Table 7 (continued).

Granite Poxoréu Kimberlite
dykes pipes
TrB TrB_ BTrA TrA
Sample 19 |30-A|35B|10-A|12-A|4-2B| 55 |10-D| 3-0 | 31 | 24-B M-8 P-1 | B46b | B55b| IM-B | IM-P
wt%
SO, 70.35/70.78|71.22|71.91|73.20|73.30| 73.31| 73.40|73.78|74.20| 74.77| 48.31 49.02| 53.06/55.84| 32.32|45.76
TiO, 0.27| 0.24| 0.32| 0.21| 0.18) 0.20| 0.21| 0.22| 0.10| 0.08/ 0.16 297 270, 2.35| 1.96| 271 244
Al,O3 14.40|14.51|13.97|14.07|13.50| 13.40|14.09|13.83|13.50/|13.50| 13.74| 13.14 14.71| 15.01|15.69| 3.22| 3.51
Fe,03 1.04| 1.20| 3.40| 1.03| 1.60| 1.30| 1.24| 1.00| 0.64| 0.22| 0.20
FeO 1.34| 0.92| 0.30| 0.83| 0.70| 0.84| 0.50| 0.45| 0.38| 0.70| 0.38| *12.85 |*11.32|*10.45/*9.78|*10.18|*9.36
MnO 0.06/ 0.06| 0.01| 0.12| 0.03| 0.04| 0.02| 0.02| 0.03| 0.02| 0.01 0.30 0.19/ 0.20| 0.23| 0.17| 0.18
MgO 0.22| 0.15| 0.05| 0.16| 0.15/ 0.18| 0.14| 0.13| 0.11| 0.10| 0.13 7.16 7.14| 2.84| 2.54| 31.80|29.30
CaO 0.60| 0.53| 0.07| 0.45| 0.47| 0.67| 0.25| 0.24| 0.72| 0.60| 0.37 6.26 8.73| 6.30| 5.68 4.35 261
Na,O 4.73| 450 4.98| 4.73| 4.00| 4.10| 4.58| 4.57| 4.92| 4.70| 4.00 1.66 3.68| 4.34| 448 0.72| 0.13
KO 5.93| 6.10| 4.41| 5.71| 5.30| 5.20| 5.23| 5.55| 5.26| 5.10| 5.49 3.79 196| 260/ 2.89| 0.35 0.40
P,05 0.03| 0.06| 0.01| 0.01| 0.05/ 0.05| 0.01| 0.02| 0.01| 0.05 0.02 0.58 0.55| 0.50| 0.44| 0.63| 0.15
LOI 0.57| 0.48| 0.96| 0.32| 0.57| 045 0.31| 0.37| 0.31| 0.56| 0.75/ 1.30 0.40| 1.56| 12.62| 8.53
Sum 99.54/99.53/99.30{99.55|99.75/99.73|99.89|99.80/99.78/99.83|100.02| 98.32 100.00| 98.05|99.53| 99.07|98.30
ppm
Rb 191| 198| 320| 149| 260, 260| 123| 161 164| 310 198 99 95 76 95 23| 48
Ba 191 19| 340, 200/ 230| 361 304/ 77| 660 685 652| 602| 674| 1984 300
Sr 36 14 6/ 40| 41| 44| 37| 37| 25/ 30 14 600 551| 386/ 386 374 35
Nb 52| 62| 189| 21| 56| 56| 17| 27| 44| 110 62 17 28 46| 49 154, 66
Zr 471 369| 1513 319| 380, 370| 359| 341| 196/ 290| 369 185 190| 458| 504| 103 57
Y 93| 70| 172| 85| 95 96| 55/ 51| 157 200 70 28 31 65 71 11 10
Th 12| 28 27 3 5 85 7.4 14 3
Al 0.99| 0.91| 0.93| 0.99| 0.97| 0.92| 0.94| 0.98/ 1.02| 0.98 0.91 0.52 0.56| 0.66| 0.67| 0.49| 0.18
K,0/Na,O 1.25| 1.36| 0.89| 1.21| 1.33| 1.27| 1.14| 1.21| 1.07| 1.09| 1.37 2.28 0.53| 0.60| 0.65| 0.49| 3.08
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Fig. 9. TAS (total alkalies vs. silica, in wt%, cf. Le Maitre, 1989) diagram for the Ponta do Morro igneous rocks and Poxoréu
dykes (PIP). Insets: A, Na,O vs. K,O showing the fields of the igneous variants. B, Classification grid for peralkaline rocks
(Macdonald, 1974), total Fe (as Fe,0,) vs. ALO,; the syenitic-trachytic rocks from the Valle Chico massif are shown for

comparison (cf. Ruberti ef al., in this volume).
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]
70 75
S0,

® Two feldspars syenite o Granite ¢ Rhyolitedyke
e Onefeldspar syenite ¢ Trachytedykes ¢ PIPdykes

Valle Chico complex Itatiaia complex:
(Uruguay) oversaturated suite
(Serrado Mar)

Fig. 10. SiO, vs. major elements of representative plutonic and hypabissal alkaline rock types from the Ponta do Morro
complex and from the Poxoréu region (PIP). For comparison, the fields of the Valle Chico rocks and of the Itatiaia

oversaturated suite are shown.

The trace elements (Fig. 11) display broad
positive correlations against silica for Rb and Th,
and negative ones for Sr, Zr, Ba, Nb and Y show
very scattered variations, particularly around 62
(syenitic rocks) and 73 SiO, wt% (granites),
probably due to complex reactions at subsolidus
temperatures and hydrothermal conditions.

On the whole, the variations observed in the PMC
rocks are different from those given by analogues
from other complexes associated with the South
American Platform, that display even larger scat-
tering (cf. Figs. 10 and 11), e.g. Valle Chico (Muzio

et al., 2002) and Itatiaia (Brotzu et al., 1997).

In order to quantitatively test the fractionation
processes in the PMC suite, a series of mass balance
calculations was performed based on the major
element contents of the parent/daughter rock-types
and their mineralogy (least squares fitting method of
Stormer & Nichols, 1978), and on the trace elements
contents of the melts derived by crystal fractionation
(cf. Hanson, 1978). The results are consistent for a
derivation of two feldspars and one feldspar syenites
from a trachybasaltic parent (Table 8). Attempts to

derive the one feldspar syenites and granites from
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the two feldspar syenites gave unrealistic results,
due to high values of the square residuals (i.e. >> 1),
or to inconsistent ratios between observed and
calculated concentration of the trace elements. This
is attributable either to subsolidus reactions, i.e.
inadequate representativity of the utilized phases, or

to wrong K, values used in the modelling, or both.
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Mixing processes between derivative liquids and the
host-rocks of the Cuiabd Group may be also
possible. Finally, it may be noted that Muzio et al.
(2002) suggest different magmatic pulses for the
various alkaline rocks from the Valle Chico complex
(Uruguay), and that the granites may be attributable

to a different parental magma.

® Two feldspars syenite

®  One feldspar syenite Valle Chico complex
(Uruguay)

Itatiaia complex:
oversaturated suite
(Serrado Mar)

o Granite

¢ Trachyte dykes
¢ Rhyolitedyke
& PIPdykes

Fig. 11. SiO, vs. trace elements of representative plutonic and hypabissal alkaline rock-types from the Ponta do Morro
complex and from the Poxoréu region (PIP). For comparison, the fields of the Valle Chico rocks and of the Itatiaia

oversaturated suite are shown.

Sr ISOTOPES

The isotope data for the different rock-types are
given in Table 9. A positive correlation (r=0.999)
between “Rb/“Sr and *'Sr/*Sr (errorchron) allows
the calculation of an age of 97.3+1.1 Ma with initial
“St/“Sr (R,))=0.70435 for the Ponta do Morro

complex, according to the isochron of Sousa (1997).

Important differences among the samples are
apparent, in comparison with the dykes and
kimberlitic pipes from the Poxoréu area: the PCC-1
trachybasalt dyke and the samples 3-4, 22-A, and 3-
1 (two feldspars syenite, one feldspar syenite and
granite), respectively. These rocks yielded an
R,=0.70440+0.00001,

substantial isotopically homogeneous parent magma.

average indicating a
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On the other hand, the R, values, ranging from
0.70524 (two feldspars syenite) to 0.70770 (granite),
are distinctly higher than those of the other Ponta do
Morro rock-types, and do not support a simple
fractionation origin from a common parent magma.
The kimberlitic pipes that displays R, between
0.70364 and 0.70358 indicate substantially different

(lithospheric) sources.

CONCLUSIONS

The Ponta do Morro alkaline complex (97 Ma)
intrudes the metasediments of the Cuiabd Group and
consists of syenites, two feldspars and one feldspar
variants, and of granitic rock-types. Scarce trachytic
and rhyolitic dykes cut the complex. Mafic enclaves

are widespread along the western borders.

Table 8. Modelling of fractional crystallization based on the least squares fit methods. Mineral-liquid partition coefficients

after Caroff et al. (1993).

Fractionation trends
From trachybasalt (PCC-1) From trachybasalt (PCC-1)
to two feldspars syenite (2-1)  |to one feldspar syenite (28)
Subtracted solid 44.65% R?=0.215 |Subtracted solid 57.98% R?=0.841
ol 8.82 (Fog) ol 9.92 (Fog)
Cpx 14.31 (EngFsisWogs)  |Cpx 19.07 (EngoFsi3Woys)
Mt 7.12 (UIve0) Mt 7.94 (UIve0)
Pl 13.44 (Angs) P 20.25 (Angs)
Ap 0.96 Ap 0.80
obg/calc obs/calc
Rb 0.99 Rb 0.81
Ba 0.87 Ba 0.97
Sr 0.86 S 0.17
Nb 1.00 Nb 0.85
zr 0.83 zr 1.00
Y 0.95 Y 0.70

Table 9. Isotopic Sr data for some selected rocks from the Ponta do Morro complex and from the Poxdreu area. Analytical

methods in Sousa (1997) and (*) Gibson et al. (1997).

SiO,| Rb Sr (87Sr /BGSf)meas (87Sr /863)97
(ppm) | (Ppm) (97 Ma)
Two feldspars syenite
21 56.40| 50.5 | 212.4 | 0.70619 (9) 0.70524
34 59.90| 954 | 352 | 0.71554 (31) 0.70438
One felspar syenite
22-A 61.60| 1149 | 42.4 0.71518 (9) 0.70437
Granite
4-2B 73.31| 241.7 | 38.9 0.73254 (5) 0.70770
31 74.20| 272.0| 255 0.74725 (9) 0.70455
Dykes
Trachybasalt
M-8 4831 99 600 0.70506 (1) 0.70440
Trachybasalt
PCC-1 49.02| 95 551 0.70501 (1) 0.70432
Basaltic trachyandesite
B46B* 53.06| 76 386 0.70667 (1) 0.70588
Trachyandesite
B55b* 55.84| 95 386 0.70708 (1) 0.70609
Pipes (84 Ma*)
M-B 3232 23 374 0.70385 (2) 0.70364
M-P 4576 | 48 35 0.70837 (1) 0.70358
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The textures and mineralogical assemblages
suggest a shallow level intrusion at P-T around 1 kb
and 1000°C. The subsolidus conditions developed
along the QFM buffer. The mineralogical and
petrochemical characteristics suggest a transitional
affinity.

Harker diagrams for the major elements, as well
as the mass balance calculations, are consistent with
fractional crystallization, for both the two feldspar
and one feldspar syenites, from a common
trachybasalt magma.

A common source is also confirmed by constant
“Sr/“Sr initial ratios, i.e. 0.70440+0.00001, for
trachybasalt to granite rocks. However, the
important scattering relative to the contents of the

86

trace elements and some high *’St/*“Sr initial ratios

(0.7052 to 0.7077) suggest the possibilty of crustal
contamination or AFC processes for both the
trachyandesite dykes of the region and the granitic
rocks from the Ponta do Morro complex. Finally, the
isotopic differences compared with the kimberlitic
rocks of the region suggest distincts lithospheric

sources.
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THE LATE CRETACEOUS GOIAS ALKALINE PROVINCE
(GAP), CENTRAL BRAZIL

J.A. Brod, E.SR. Barbosa, T.C. Junqueira-Brod, J.C. Gaspar, H.S. Diniz-Pinto, P.B.A. Sgarbi
and |.A. Petrinovic

The Late Cretaceous Goids Alkaline Province, located at the northern margin of the Parand Basin, in central
Brazil, is one of the largest areas of kamafugite exposure in the world. The northern portion of the province is
dominated by alkaline plutonic ultramafic to mafic complexes, with subordinate dykes, plugs and sills. The
central part is characterized by subvolcanic bodies (diatremes, plugs, and dykes) and the southern portion
consists dominantly of volcanic rocks (lavas and pyroclastics). From north to south there is also a marked
increase in the level of silica-undersaturation of the alkaline rocks, with a dominance of less silica-
undersaturated (feldspar-bearing) rocks in northern GAP, and of strongly undersaturated, kamafugitic
(katungite, mafurite, leucite mafurite and ugandite) rocks in the central and southern parts of the province.
Textural, mineralogical and geochemical evidence indicate a complex evolution of the GAP. The mineralogical
and chemical compositions of the less silica-undersaturated rocks that form the northern GAP plutonic
complexes are indicative of a derivation from an alkaline picrite parent magma, through fractional
crystallization. By their composition, katungites represent the most primitive rock-types, and ugandites
correspond to the most evolved magmas within the kamafugite series, but the various kamafugitic rock-types
cannot be easily connected through fractional crystallization. The trace element ranges of katungitic and
mafuritic rock-types with MgO suggest that these groups represent independent sequences of rocks produced by
various degrees of partial melting. Ugandites may also constitute an independent group or they may be the
product of fractional crystallization of mafurites. Leucite mafurites are best explained as a result of mixing
between picritic and mafuritic magma. The field relationships and the chemistry of phlogopite and olivine

suggest that the kamafugite-carbonatite association is significant in the central and southern GAP.

INTRODUCTION

The Goias Alkaline Province (GAP), located at
the northern border of the Parand Basin, is one of the
largest kamafugite-dominated provinces of the
world, comparable in volume of exposed
kamafugitic rocks to the nearby Alto Paranaiba

Igneous Province. Despite the wide variety of rock-

types and the complete set of emplacement modes,
from plutonic complexes through subvolcanic
structures (plugs and diatremes) to lavas and
pyroclastics, only a few of these alkaline rock
occurrences have been studied in detail so far, and a
substantial amount of mineral chemistry, geo-
chemistry and isotope work is still required in order

to fully understand their petrogenetic relationships.
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The aim of this work is to provide a review of the
existing knowledge on GAP rocks, and to suggest

some alternatives for future research.

GEOLOGICAL SETTING

During the Cretaceous, extensive alkaline
magmatic activity took place around the margins of
the Parand Basin (Fig. 1). This was associated by
Almeida (1967) with an extensional tectonic event,
named Wealdenian reactivation, which led, in a first
stage (Early Cretaceous), to the emplacement of
alkaline rocks contemporaneous with the continental
flood basalts of the Serra Geral Formation (Parani
Basalts). A second peak of alkaline magmatism
occurred during the Late Cretaceous. Such tectonic
event is thought to have reactivated ancient fault
zones of the basement, through which the alkaline

magmas ascended, and was considered to represent

Bom Jardim
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an inland expression of the opening of the South
Atlantic Ocean (Almeida, 1983, 1986).

Gibson et al. (1997) suggested that the main
cause for the Late Cretaceous magmatism in South
Goids is associated with the impact of Trindade
Mantle Plume near the Ipord region. On the other
hand, Van Decar et al. (1995), based on seismic
data, linked the Late Cretaceous magmatism
surrounding the Paranid Basin to the Early
Cretaceous Tristan da Cunha Mantle Plume,
considering the alkaline rocks as an extension of the
earlier Parand magmatism.

In the region extending from the towns of Ara-
guaiana and Santa Fé, in the north, to Rio Verde, in
the south, a series of alkaline rocks crop out mainly
concentrated in a N30W-elongated area, approxi-
mately 250 km long and 70 km wide (Fig. 2), which

coincides with a trend of basement faults. The major

Fig. 1. Geological sketch-map of the distribution of Cretaceous alkaline provinces surrounding the Parand Basin, showing the
location of the Late Cretaceous Goias Alkaline Province. Modified from Ulbrich & Gomes (1981).
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Fig. 2. Geological map of the Goids Alkaline Province, showing the location of the main plutonic complexes in the north,
subvolcanic rocks in the centre and lavas and pyroclastics in the south. Modified from Lacerda Filho ez al. (2000).

Precambrian structures related with the ascent of the former is a regional anticline structure with a S80W-
Cretaceous alkaline magmas are the Bom Jardim de plunging axis (Pena, 1974), and the latter follows a

Goias Arch and the Transbrasiliano Lineament. The general NE orientation (Schobbenhaus et al., 1975).
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Rift tectonics affected the central-north portion of
the region during the Late Cretaceous (Almeida,
1983), forming the Caiapé Graben.

The Cretaceous alkaline igneous rocks that occur
in the north of this region were first designated as
Ipora Group by Guimaraes et al. (1968). Later, Bez
et al. (1971) added to that group the alkaline
volcanic rocks of Santo Antonio da Barra, referring
to the latter unit as Rio Verde Volcanic District.
Almeida (1983) grouped the clusters of alkaline
rocks around the margins of Parand Basin into
different provinces, designating all the alkaline rocks
of southern Goias as the Rio Verde-Ipord Igneous
Province, a nomenclature later adopted by Danni et
al. (1992) and Junqueira-Brod et al. (1999a, b,
2000). Lacerda Filho et al. (2000) suggested the
name of Southern Goids Alkaline Province for these
occurrences. Sgarbi & Gaspar (2002) considered the
Alto Paranaiba Igneous Province (Almeida, 1983;
Gibson et al., 1995a) and the Rio Verde-Ipord
Igneous Province as a single unit, grouping them
under the designation of Minas-Goids Alkaline
Province, subdivided into four subprovinces: Mata
da Corda, Alto Paranaiba, Ipord and Santo Antdnio
da Barra. More recently, Gaspar et al. (2003), based
on isotopic data, found that the rocks occurring in
western Minas Gerais and near the city of Cataldo,
and those cropping out in the Ipord-Rio Verde
region belong, in fact, to two different provinces;
thus, the designation of Alto Paranaiba Igneous
Province (APIP) was maintained for the former,
whereas the latter was called Goids Alkaline
Province (GAP), which is the nomenclature adopted
in this work. Sgarbi er al. (2004) characterized the
kamafugites from Santo Antdnio da Barra, in the
GAP, as slightly older (88-90 Ma) than those of the
Mata da Corda region, in the APIP (clustering at 80-
81 Ma and 75-76 Ma), on the basis of U-Pb dating
of perovskite, thus providing the first concrete
evidence for an eastward age progression related to
the Trindade Mantle Plume track in the northern
border of the Parand Basin.

A wide variety of petrographic types occur in the
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GAP, encompassing intrusive, subvolcanic and
volcanic products. Volcanic and subvolcanic rocks
dominate in the southern and central portions of the
province, respectively, whereas plutonic alkaline
complexes are more commonly found in the north
(Bez et al., 1971; Danni, 1978; Barbour et al., 1979;
Gaspar & Danni, 1981; Danni & Gaspar, 1992;
Danni et al., 1992; Junqueira-Brod et al., 2002).

Plutonic complexes (northern GAP)

The extreme northwest limit of the GAP is
distinguished by the Morro do Engenho complex
(Fig. 2; 15°32'S, 51°40'W). This intrusion is made up
of a central dunite body which is surrounded by
clinopyroxenites and peridotites, and then by
alkaline gabbros and nepheline syenites. The
complex is approximately 5 km in diameter and
intrudes the Furnas Formation of the Parani Basin
(Pena, 1974).

The mafic-ultramafic alkaline Santa Fé complex
(Fig. 2; 15°45'S, 51°10'W) is an ellipsoidal body,
measuring ca. 9.5 km along its N-S axis and 6.5 km
across. It comprises dunites in the centre and
clinopyroxenites, peridotites, alkaline gabbros and
syenites at the borders. Lamprophyre and phonolite
dykes also occur (Barbour et al., 1979). K-Ar data
on biotite from a missourite yielded an age of
86.7+1.8 Ma (Sonoki & Garda, 1988).

The Montes Claros complex (Fig. 2; 16°03'S,
51°23'W), located near the Montes Claros de Goias
city, is a 50 km’ composite intrusion, comprising
mainly dunites and subordinate pyroxenites, alkaline
gabbros and nepheline syenites. The complex
intrudes sedimentary rocks of the Furnas Formation,
turning the country rocks into a pyroxene hornfels.
The pyroxenites contain both ortho and clino-
pyroxene and are concentrated in the southwestern
portion of the complex. Dykes of monchiquite and
other alkaline rocks are common both within and
outside the complex (Bez, 1970; Woolley, 1987).

Near the town of Ipord, two Late Cretaceous
concentrically zoned intrusions have been described

by Danni (1978). The Cérrego dos Bois complex
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(Fig. 2; 16°17'S, 51°08'W) is composed of two
domes, covering an area of approximately 33 km’.
The domes are formed mostly by central dunites,
surrounded by wehrlites, olivine pyroxenites and
websterites. To the north and to the south, rings of
alkaline olivine gabbro, theralite and essexite are
found. The whole structure is surrounded by a
narrow and discontinuous intrusion of nepheline
syenite. Dykes of syenite occur both in the complex
and in the country-rocks. The other intrusion is the
Morro do Macaco complex (Fig. 2; 16°25'S,
51°03'W), comprising four domes composed, from
core to rim, of dunites, wehrlites, olivine pyroxenites
and clinopyroxenites. Syenites are found to the west
of the domes.

The Fazenda Buriti complex (Fig. 2; 16°22'S,
51°12'W) is located about 15 km NW of Ipord,
occupying an approximate area of 35 km’. The
intrusive rocks are olivine clinopyroxenites, mela-
gabbros, essexites, syenogabbros and syenites.
Associated with the coarse-grained rocks, a trachyte
sill and quartz microsyenites are also found
(Cerqueira & Danni, 1994).

The Arenépolis complex is located to the west of
the main cluster of plutonic complexes in northern
GAP (Fig. 2; 16°22'S, 51°32'W) and comprises a N-
S elongate elliptical intrusion covering an area of 12
km’. The main rock-types are alkaline gabbros, with
subordinate nepheline syenites and more rarely
olivine clinopyroxenites and shonkinites. Danni et
al. (1976) described the occurrence of ijolite series
rocks (dominant melteigite, with subordinate ijolite
and pyroxenite) in the southeast portion of the
complex. Abundant syenitic fine-grained dykes
occur within the complex and in the country-rocks,
and often contain eudialyte, suggesting an agpaitic
affiliation for these rocks.

In addition to the above-mentioned occurrences, a
series of smaller intrusions are described in the north
portion of GAP. For further information and location
of these intrusions the reader is referred to Pena
(1974), Woolley (1987) and Lacerda Filho et al
(2000).
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Junqueira-Brod er al. (2005a) modelled the
intensive variables of the GAP kamafugitic magmas,
and their behaviour during ascent from the mantle
source to the final emplacement in the crust. The
physical and chemical characteristics of these
magmas suggest that they did not rise directly to the
surface, but stopped and differentiated in both deep
and shallow magma chambers through a
combination of fractional -crystallization, liquid
immiscibility and magma mixing. Junqueira-Brod et
al. (2005a) concluded that the density barrier
between the Precambrian basement and the
Phanerozoic sedimentary rocks of the Parand Basin
is the most likely site for the establishment of the
shallower magma chambers, which is in good
GAP  plutonic

complexes occurring exactly at this discordance.

keeping with most northern

Subvolcanic bodies and diatremes (central GAP)

Subvolcanic intrusions of alkaline picrite are
commonly found in the GAP, especially in the Ipord
region. They occur as dykes, plugs and sills. The
dykes are often only a few meters wide and tens of
meters long, filling fractures in the Precambrian
basement, dominantly with N30W and NS5OE
directions. The sills, normally emplaced into the
Parand Basin strata, are usually less than 5 m thick,
but can extend laterally for more than 500 m. They
have a homogeneous aspect, with no visible
indication of differentiation. The plugs are
cylindrical in shape and can be up to 200 m in
diameter (Danni, 1994).

A subvolcanic association occurs near the
Bebedouro farm, 10 km south of the city of
Amorinépolis (Fig. 2; 16°41'S, 51°03'W), as the
result of ultrabasic alkaline magmatism of per-
potassic to sodic-potassic composition (Danni,
1985). The occurrence is about 1.2 km in diameter
and consists of a central, cylindrical intrusion of
basanitic to tephritic composition. Ring and radial
dykes of olivine leucite melanephelinite, mela-
analcimite and olivine nepheline melaleucitite

preceded the main intrusion, and the last event in the
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complex was the degassing of the subvolcanic
reservoir, forming breccia pipes (Danni, 1985). To
the southwest of the main intrusion, a katungite pipe
is the only known occurrence of this petrographic
type in the province so far. It is composed of 18 vol
% of olivine phenocrysts set in a groundmass of
melilite (25 vol%), leucite (40 vol%), spinel (8 vol
%) and perovskite (3 vol%), with interstitial
diopside, nepheline, phlogopite and apatite (Danni,
1985; Danni & Gaspar, 1992, 1994). A striking
feature pointed out by Danni & Gaspar (1994) is the
high TiO, content in whole-rock analyses of this
occurrence. Late Cretaceous, high-Ti alkaline rocks
with  high-Ti

continental flood basalts of the Parand Basin, a

are  geographically coincident
feature that has been related to the source of the
magmatism (Gibson et al., 1995b).

Another important volcanic-subvolcanic associ-
ation occurs in the Aguas Emendadas region (Fig.
2; 17°02'S, 51°02'W), between the towns of
Amorinépolis and Montividiu. It comprises dykes,
plugs, volcanic vents and pyroclastic deposits,
usually emplaced into the Aquidauana Formation
and covered by the Bauru Group. Danni et al. (1990)
described the

Emendadas as olivine melanephelinites, olivine-

petrographic  types at Aguas
analcime melanephelinites, olivine analcimites,
nephelinites, microijolites, basanites and tephrites.
The same authors considered these rocks to be an
extension of the alkaline-carbonatitic volcanic
association of Santo Antdnio da Barra, suggesting
that the leucititic and nephelinitic rocks have
originated from different magmas.

More recent studies redefined the highly silica-
undersaturated (feldspar-free) rocks from Aguas
Emendadas as members of the kamafugite series, on
the basis of the presence of kalsilite in the lavas
(Junqueira-Brod et al., 1999a, 2000) and of their
geochemical characteristics (Junqueira-Brod, 1998,
and this work).

Danni et al. (1990) suggested that the leucititic
rocks of the Aguas Emendadas region might be

related to the sources of diamonds found in the

The Late Cretaceous Goids alkaline province (GAP), Central Brazil

alluvial deposits nearby. Based on aeromagnetic data

and microprobe analyses of heavy mineral
concentrates from stream sediments, Tompkins
(1987) described the occurrence of a probable
kimberlite to the south of Amorinépolis. However,
she also considered that the lithosphere thickness is
likely to be less than 150 km in the region, not deep
enough for the kimberlite to be diamondiferous, and
therefore interpreted the source of diamonds in the
region as an older (Precambrian) one.

The volcanic structures in the Aguas Emendadas
area are diatremes (Junqueira-Brod, 1998, 2003;
Junqueira-Brod er al., 2004, 2005a, b) composed
mostly of breccias and showing a range of distinct
diatreme facies deposits with subordinate mafurite
and leucite mafurite lavas and dykes.

Junqueira-Brod et al. (2004) presented a detailed
study of the facies distribution within the central
GAP diatremes, showing that these structures were
formed under a highly heterogeneous environment,
where variable degrees of confinement, fluidisation
and magma fragmentation resulted in the formation
of very distinctive pyroclastic deposits. Fig. 3
illustrates the effect of increasing magma
fragmentation on the size of the finer-grained
fraction (matrix) of the diatreme-filling breccias in

the Aguas Emendadas region.

Lavas and pyroclastics (southern GAP)

The volcanic rocks of the Santo Anténio da
Barra region (Fig. 2; 17°30'S, 50°42'W) comprise
alternate lavas and pyroclastic deposits. The lava
flows occupy an area of 371 km’, with a calculated
volume of 23 km’ (Junqueira-Brod et al., 2002),
which is consistent with the plutonic complexes
occurring in northern GAP or in the adjacent Alto
Paranaiba Province. The magmas ascended
dominantly through the N40-50W Santo Antonio da
Barra-Iporad tectonic-magmatic lineament. A volca-
niclastic conglomerate (Rio Verdinho Formation;
Gaspar & Danni, 1981) was deposited on the top of
the volcanic rocks.

The Santo Antdénio da Barra rocks were first
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described as analcimites, olivine analcimites, analci-
mitic breccias and carbonatitic pyroclastic rocks,
with related late-stage dykes and plugs of fourchite,
melamonchiquite, phonolite and trachyte. In view of
these petrographic characteristics, their parental
magma was originally interpreted as nephelinitic
(Gaspar & Danni, 1981), but Sgarbi er al. (1998)
argued that these rocks have a chemical affinity with
kamafugites, as also suggested earlier by Moraes
(1984, 1988) on the basis of whole-rock analyses,
petrographic similarities with the Ugandan kamafu-

gites and the presence of melilite in some flows.
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Sgarbi & Gaspar (2002) described kalsilite in the
Santo Antdénio da Barra lavas and pointed out that
the originally recognized analcime is in fact the
product of leucite alteration, thus redefining the
previous petrographic types as mafurites and
ugandites. Oxygen isotope data indicate a temperatu-
re range from 1050 to 1060°C for the lavas during
eruption (Sgarbi et al., 1998). K-Ar whole-rock da-
ting yielded an 85 Ma age for the volcanic rocks
(Hasui et al., 1971), whereas U-Pb dating of pe-
rovskite from the lava flows indicates ages between
88.3 and 89.6 Ma (Sgarbi et al., 2000a, 2004).
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Fig. 3. Ash and lapilli distribution in the various facies of the Aguas Emendadas diatreme. Magma fragmentation clearly
increases from the magmatic facies and magmatic fluidised facies to the pyroclastic facies located at higher levels in the
diatreme (fluidised conduit facies, fluidised conduit-diatreme facies and fluidised-fragmented facies). Data source: Junqueira-

Brod et al. (2004).

Substantial evidence has now been put together to
demonstrate the kamafugitic character of the GAP,
in particular the works of Moraes (1984, 1988),
Danni & Gaspar (1992, 1994), Sgarbi (1998), Sgarbi
et al. (1998, 2000a), Junqueira-Brod (1998) and
Junqueira-Brod et al. (2000). When petrographic
descriptions are given in older published works, the
corresponding samples were reclassified into one of
the following petrographic terms: katungite,
mafurite, leucite mafurite, kalsilite ugandite and
ugandite, on the basis of their similarities with the

more recently described specimens.

Similarly, in areas that were not studied in detail
by the authors of the present work, such as the
northern GAP plutonic complexes, we tried to keep
rock nomenclature as simple as possible, by re-
casting the petrographic terms into three main
groups: ultramafic, mafic and felsic rocks. In this
sense, rock names which are fairly straightforward,
such as dunite, wehrlite, pyroxenite, olivine basalt,
basanite etc., were retained from older descriptions.
On the other hand, a considerable profusion of rock
names is used to designate varieties of alkaline

mafic and felsic rocks in older literature, which is
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often misleading. In this work we opted to designate
all the mafic petrographic varieties of feldspar-
bearing alkaline rocks occurring in the northern
GAP complexes as "gabbroic", whereas the felsic,
feldspar-bearing alkaline rocks were all designated
as "syenitic". Although this may result in some loss
of petrographic accuracy, it would otherwise be an
impossible task to achieve reasonable petrogenetic
interpretations for such rocks, at least until more
detailed studies are carried out in northern GAP.
Along with the Alto Paranaiba Igneous Province
(northeast border of the Parana Basin), the GAP is
one of the largest kamafugite occurrence areas in the
world. In this work, we will aim, as much as
possible, to deal separately with the feldspar-free
(kamafugitic) rocks which predominate in the
southern and central GAP, and with the feldspar-
bearing rocks which are dominant in the northern

GAP plutonic complexes.
MINERAL CHEMISTRY

The currently available set of data on the
composition of minerals from the GAP rocks is
relatively restricted, and much remains yet to be
done regarding this subject. Most of the data
discussed in the following sections comes from
research works on the Santo Antdnio da Barra lavas,
the Aguas Emendadas diatremes, the Amorinpolis
subvolcanic association, and the Cérrego dos Bois,
Morro do Macaco and Fazenda Buriti plutonic
complexes (Danni, 1978, 1994; Danni & Gaspar,
1992; Cerqueira, 1995; Junqueira-Brod, 1998;
Sgarbi, 1998; Junqueira-Brod ef al., 1999a; Sgarbi et
al., 2000b). We will concentrate mostly on the
mineral chemistry of spinel, olivine, clinopyroxene,
mica, nepheline and kalsilite, which make up most
of the available analytical set of data and are the
most suitable phases to provide information on the

origin and evolution of these rocks.
Spinel

Spinel-group minerals are a frequent accessory in
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the GAP kamafugitic rocks. In katungites they occur
as inclusions in olivine phenocrysts and as a
groundmass phase. In the leucite mafurites they are
present as inclusions in clinopyroxene, as pheno-
crysts and microphenocrysts, and in the groundmass.
In the more fine-grained mafurites, ugandites and
basanites, spinel-group minerals generally occur as
small groundmass grains. Spinels are also present in
most rock-types of the northern GAP plutonic
complexes, often hosting ilmenite exsolution
lamellae, which indicate re-equilibration at low
(1995) described the

common occurrence of reaction rims of biotite

temperature. Cerqueira
surrounding spinel-group minerals in rocks of the
Fazenda Buriti complex.

Table 1 shows representative spinel compositions
from the Aguas Emendadas, Santo Antdonio da Barra
and Amorindpolis kamafugitic rocks, and from the
Aguas Emendadas basanites and Fazenda Buriti
plutonic rocks. Typically, spinel from GAP rocks is
rich in TiO, (up to 28.62 wt%), MgO (up to 10.23
wt%), FeO (26-54 wt%) and Fe,O, (10-67 wt%).
Cr,0, (up to 17.61 wt%) and ALO, (up to 8.00 wt%)
may be significant in some phenocrysts or in grains
included in olivine.

Fig. 4 shows the composition of spinels from the
GAP feldspar-free rocks plotted on the triangular
face of both conventional spinel prisms. The
Amorinépolis katungite spinels evolved initially
along a trend of simultaneous Al and Cr decrease
and Ti and Fe" increase, defined by spinel
inclusions in olivine, whereas groundmass spinel
contains very little or no chromium, evolving
towards Ti and Fe*-rich terms at the expense of
aluminium only. Spinels from mafurites (Aguas
Emendadas) show an initial decrease of Cr at
relatively constant Al, and then a decrease of Al at
very low Cr, paralleling the trend of katungite
groundmass spinels. Leucite mafurite spinels from
Aguas Emendadas display an evolution trend that is
similar to that of mafurites, but which appears to
initiate at significantly higher Cr and Al values. On

the other hand, spinels from the SAB leucite
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mafurites follow an Al-depleted trend, evolving
towards Fe™ and Ti-rich terms at the expense of Cr
only. Spinels from ugandites (SAB) do not contain
significant Cr and have very low Al contents,
plotting near the Ti and Fe™ peaks (Fig. 4). Spinels
from leucite ijolites (fergusites) of the Fazenda
Buriti complex in northern GAP are similar to some
of the Aguas Emendadas leucite mafurites.

Spinel-group minerals from the feldspar-bearing
rocks of Aguas Emendadas (basanites) and Fazenda
Buriti (gabbroic and syenitic rocks) all plot at the
Al-Fe* and Al-Ti lines of the diagrams in Fig. 5.
These are Cr-poor spinels whose Fe™ contents
increase, while those of Ti decrease, according to the
degree of evolution of the host-rock (i.e. from
basanite to gabbro to syenite).

The relationship between Ti and Fe™ in the
kamafugitic spinels is better depicted in Fig. 6. The
evolution trends for katungite and mafurite spinels
show a marked inflection that results from initial

enrichment in both Ti and Fe™ (different rate
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depending on the rock type), followed, in a second
stage, by substitution of Ti for Fe™. Spinels from the
Santo Antdénio da Barra ugandites and leucite
mafurites, and from the Fazenda Buriti leucite
ijolites, on the other hand, display a single, contin-
uous trend of Ti-Fe™ substitution. The approximate
ratio of Ti:2Fe™ indicates substitution along the
magnetite-ulvospinel solid solution series. In leucite
mafurites from both Aguas Emendadas and Santo
Antdnio da Barra, however, spinels define two
contrasting trends. One is a curved line similar to
that observed in katungites and mafurites, and the
other is a straight trend of Fe™-Ti substitution similar
to that of ugandites and leucite ijolites. Spinels from
feldspar-bearing rocks plot along a linear, Fe™-Ti
exchange trend (not shown in Fig. 6), similar to that
of ugandites and leucite ijolites.

Distribution of Ti"" and the main trivalent cations
in spinels from the GAP feldspar-free and feldspar-
bearing rocks are plotted against the Fe*/(Fe*’+Mg)
ratio in Figs. 7 and 8.

Table 1. Representative electron microprobe analyses of spinels from GAP samples. Data source: 1) Danni & Gaspar (1994),
2) Junqueira-Brod (1998), 3) Thiswork, 4) Sgarbi (1998) and 5) Cerqueira (1995). L-I=leuciteijolite.

Locality ~ Amorindpolis Aguas Emendadas Santo Antonio da Barra Fazenda Buriti

Rock Katungite |Mafurite Leucite mafurite | Leucite mafurite Ugandite| L-I Gabbro Syenite
Sample  Am04 Am10| 96ae46 96ae57 96ae0l | sabm01l sabm03 sabugOl | cfb020 cfb002a cfb047a cfb033 cfbll2b
Remarks inclol g incl cpx ph ph

Reference 1 1 2 2 3 4 4 4 5 5 5 5 5
SO, 006 0.07] 0.26 0.18 0.09 0.01 0.19 0.09 0.04 0.02 0.03 0.03 0.23
TiO, 14.84 1992 1445 11.09 14.88 16.73 17.77 20.84 16.10 6.94 21.00 13.98 3.09
Al,O4 6.70 1.05 6.05 8.00 5.02 0.12 0.65 051 3.88 2.96 2.86 2.52 0.80
FeO 32.30 4335 34.38 25.92 32.36 39.37 40.85 42.72 43.80 36.50 49.09 4195 3331
Fe,0O3 2649 30.26) 28.01 25.75 35.62 37.96 27.47 28.67 33.42 51.86 2538 38.18 61.30
Cr,03 996 040, 6.91 17.61 211 0.65 6.78 0.12 0.17 0.06 0.10 1.65 0.03
MnO 0.14 0.83 094 0.55 0.44 0.99 0.84 1.06 0.80 0.51 0.84 0.71 0.82
MgO 882 351 6.13 10.23 8.14 4.01 3.75 3.84 1.29 0.54 0.78 1.28 0.07
CaO 001 007 013 0.01 0.32 0.05 0.04 0.30

Total 99.32 9946 97.24 99.35 98.97 99.89 98.34 98.15 99.50 99.39  100.08 100.30 99.64
Cations on the basisof 32 O

Si 0.017 0.021 0.073 0.049 0.024 0.003 0.056 0.027 0.012 0.006 0.009  0.009 0.071
Al 2171 0.363 2.042 2.539 1.657 0.042 0.227 0.179 1.350 1.051 0.994 0.878 0.289
Ti 3.072 4.405 3.116 2.248 3.136 3.701 3.967 4.662 3.578 1.575 4663 3.110 0.712
Fe* 7.433 10.657| 8.242 5.841 7582 | 9683 10140 10623 | 10.821  9.207 12118 10.377 8538
(==t 5480 6.687 6.036 5215 7.504 8.392 6.129 6.410 7.423 11.760 5633 8489 14.124
Cr 2164 0.093 1.564 3.747 0.466 0.151 1.589 0.028 0.040 0.014 0.023  0.385 0.007
Mn 0.033 0.207] 0.228 0.126 0.104 0.247 0.211 0.267 0.200 0.130 0210 0.178 0.213
Mg 3618 1.538 2.621 4.109 3.401 1.758 1.659 1.702 0.568 0.243 0343 0.564 0.032
Ca 0.003 0.022| 0.039 0.004 0.095 0.016 0.013 0.096

Total 23.990 23.992 23.990 23988 24.013 | 23.991 23992 23993 23991 23987 23993 23.990 23.986
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Fig. 4. Composition of GAP kamafugitic spinels plotted on the triangular faces of the two conventional spinel prisms. Data
source: Danni & Gaspar (1994), Cerqueira (1995), Junqueira-Brod (1998), Sgarbi (1998) and this work.

Spinels from all feldspar-free rocks, except for
the Fazenda Buriti leucite ijolites, show increasing
Ti with increasing Fe/(Fe*+Mg). The compo-
sitional variations from phenocryst core to rim, from
phenocrysts to groundmass, and from spinel
inclusions in olivine to groundmass spinel, confirm
this general evolution direction. In detail, however,
spinels from the distinct rock-types differ (Fig. 7): 1)
in katungites and ugandites they follow an almost
continuous trend, with katungite spinels plotting at
higher Fe™/(Fe*+Mg); 2) mafurite spinels follow a
trend of slightly lower Ti than those of katungites
and ugandites; 3) in leucite mafurites, spinels have a
much wider Ti range, with those from Santo Antdnio
da Barra concentrated at the higher Fe*'/(Fe*+Mg)
end, but at lower Ti contents than those from Aguas
Emendadas.

Spinels from feldspar-bearing rocks of the

Fazenda Buriti complex show an opposite Ti
behaviour (Fig. 8). Although the analyses are
concentrated in a much narrower Fe™/(Fe*'+Mg)
range (>0.85), it is clear that Ti decreases and
Fe™/(Fe*+Mg) slightly increases in a spinel with
increasing differentiation of the host-rock.

Al generally decreases with increasing
Fe'/(Fe”+Mg) in spinels from feldspar-free rocks
(Fig. 7). As noted for Ti, it is possible to distinguish
different groups of spinel within the GAP
kamafugites on the basis of Al content. Spinels from
katungites plot along a relatively Al-depleted trend.
Those from Aguas Emendadas leucite mafurites
form a wider field, that nearly encloses the katungite
trend but extends towards higher Al for a given
Fe™/(Fe’+Mg) ratio. In this respect, spinels from the
Santo Antdénio da Barra leucite mafurites are

distinguished from the Aguas Emendadas equiva-
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lents, as they plot in a restricted range of low Al and
high Fe**/(Fe”+Mg). Analyses from mafurites plot in
a negative slope parallel to the previous types but at
higher Al, and spinels from the Fazenda Buriti
leucite ijolites have the highest Al content of all,
although for a very restricted, Fe™/(Fe*+Mg) range.
Spinels from ugandites have very little Al, and
cluster at the low-Al, high Fe*/(Fe*+Mg) end of the
katungite and mafurite trends (Fig. 7).

Al

Al Cr

¥ Basanite - Aguas Emendadas
Nepheline syenite - Fazenda Buriti Complex
A Gahbro - Fazenda Buriti Compl ex

Fig. 5. Composition of spinels from the GAP feldspar-
bearing rocks plotted on the triangular faces of the two
conventional spinel prisms. Data source: Cerqueira (1995)
and Junqueira-Brod (1998).

Spinels in the feldspar-bearing rocks from Aguas
Emendadas and Fazenda Buriti plot at the low-Al,
high-Fe*'/(Fe”+Mg) end of the kamafugitic spinel
trend (Fig. 8). Syenitic rocks contain less aluminous
spinel than gabbros, whereas in the Aguas Emen-
dadas basanites spinel has Al intermediate between
the former two types.

The Cr content of spinel is very low in the SAB
ugandites and in the Fazenda Buriti leucite ijolites
(Fig. 7). In katungites, mafurites and leucite

mafurites, spinels may contain significant Cr, but its
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content rapidly decreases  with

Fe™/(Fe*+Mg). It is noteworthy from Fig. 7 that the

increasing

high-Cr end of the spinel evolution trends in the
kamafugitic rocks is located at highly wvariable
Fe”/(Fe*+Mg) values. High-Cr spinels in katungite
have a Fe™/(Fe”+Mg) ratio of ca. 0.67, whereas
mafurite spinels are slightly more evolved, with
trends starting at ca. 0.75 Fe’'/(Fe”+Mg). Spinels
from leucite mafurites, on the other hand, cover a
wide Fe™/(Fe*’+Mg) range, with evolution trends
starting at 0.6, 0.88 and 0.96. The combination of
spinel trends in Fig. 7 suggests that the leucite
mafurites cannot be related to the other members by
fractionation. Rather, leucite mafurite spinels and to
a lesser extent, ugandite spinels appear to belong to

multiple evolution trends.
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Fig. 6. Composition and evolution of GAP kamafugitic
spinels in terms of Fe™ and Ti (a.fu.). Data source and
symbols as in Fig. 4.
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Fig. 8. Ti, Al and Fe™ (a.f.u.) variation with Fe™/(Fe™+Mg) for spinels from the GAP feldspar-bearing rocks. Dashed lines
depict the compositional range of kamafugitic spinels of Fig. 7. Data source and symbols as in Fig. 5.

The different proportions between Cr and
Fe*'/(Fe*+Mg) for each spinel trend in Fig. 7 may be
the result of distinct initial magma compositions,
differ-rent fO, conditions during crystallization or
variable degrees of olivine crystallization. Both low
SO, and the concomitant crystallization of abundant
olivine would result in increasing Fe*/(Fe*+Mg) in
spinel.

Spinels from feldspar-bearing rocks have very
little Cr, clustering at the lower right corner of the
Cr- Fe*'/(Fe*+Mg) diagram (not shown in Fig. 7),
and do not define significant trends.

Fe™ is relatively insensitive to Fe/(Fe™+Mg)
variations in spinels from katungites, mafurites and
leucite mafurites (Fig. 7). Ugandite spinels tend to
show decreasing Fe™ with increasing Fe*/
(Fe”+Mg), whereas the opposite behaviour is
observed in spinels from the Fazenda Buriti leucite
ijolites.

In feldspar-bearing rocks, Fe™ in spinel clearly
increases with the evolution of the host-rock, from

basanite to gabbro to syenite (Fig. 8).

Ti/(Ti+Cr +Al)
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01 03 05 07 09

Fe™/(F€"+Mg)

Fig. 9. Fe”/(Fe"+Mg) vs. Ti/(Ti+Cr+Al) diagram for
spinels of various types of ultrapotassic rocks. The dark
shaded field represents the compositional range of GAP
kamafugitic spinels and the light shaded field represents
the compositional range of spinels from other kamafugite
occurrences. Data source - GAP: Danni & Gaspar (1994),
Cerqueira (1995), Junqueira-Brod (1998) and Sgarbi
(1998); Other kamafugites: Lloyd et al. (1991), Cundari &
Ferguson (1991), Sgarbi & Valenca (1995) and Aratjo
(2000); Kimberlites (TI and TII), orangeites and
lamproites: Mitchell & Bergman (1991).

Fig. 9 illustrates the comparison of spinels from
the GAP kamafugites with that of spinels from other
ultrapotassic rocks of the world. It should be noted
that spinels from GAP and from other kamafugitic

rocks follow a trend of increasing Ti/(Ti+Cr+Al)
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with increasing Fe*/(Fe*’+Mg), as also observed for
other types of ultrapotassic rocks. Although there is
a considerable overlap, especially at the highest
Ti/(Ti+Cr+Al) values, most kamafugitic spinels
occupy an intermediate region between "trend 1"
kimberlitic spinels and the fields of spinels from
lamproite, orangeite, and "trend 2" kimberlite.

In summary, the least evolved GAP spinels are
from some leucite mafurites and katungites as
indicated by their higher Cr and Al contents and
lower Fe*'/(Fe*+Mg). During crystallization, Cr and
Al were consumed and kamafugitic spinels evolved
towards the ulvospinel end-member. The multiple
trends in leucite mafurite and ugandite spinels
suggest a complex evolution for these magmas.
Spinels from the feldspar-bearing rocks typically
evolve from ulvospinel towards magnetite, by

decreasing Ti.
Olivine

Olivine occurs as phenocrysts and micropheno-
crysts, and occasionally in the groundmass of volca-
nic and subvolcanic rock-types of southern and cen-
tral GAP. It may reach up to 16 modal % in leucite
mafurites from Santo Antonio da Barra (Sgarbi,
1998), but it is 