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ABSTRACT

In the Rio Apa and Amambay regions, north-eastern Paraguay (NPAA), potassic, alkaline-carbonatitic rocks (138-
139 Ma) predate the eruption of tholeiitic flood basalts (133 £ 1 Ma). These rocks, mainly outcropping as dykes
or ring-like complexes, intrude a Cambro-Ordovician carbonate platform and Precambrian metamorphic rocks
along with their Silurian and Permo-Carboniferous sediments. The main rock-types range from basanite to tra-
chyte and trachyphonolite (and intrusive equivalents) to carbonatite, in addition to glimmeritic and pyroxenitic
veins. Geological and geophysical evidence indicate that the NPAA magmatism is related to extensional tectonics,
like the Early Cretaceous alkaline-carbonatitic complexes from central-eastern Paraguay (127 4+ 1 Ma) and the
eastern magmatic occurrences of the Parana Basin.
Oxygen and carbon isotope compositions (whole rocks and carbonates) vary from values close to the field of con-
tinental lithospheric mantle, or that of primary carbonatites, up to values typical of a hydrothermal environment.
An isotope exchange model implies that the main isotope variations, ranging from a magmatic (e.g., 1200 °C) toa
low temperature (<400 °C) environment, involved fluids with CO,/H,0 ratios between 0.8 and 1.0. In particular,
the O—C isotopic variations, in combination with the La vs La/Yb ratios, suggest an increasingly higher level of
carbonate in the silicate liquids, with increasing evolution, i.e., basanite — phonotephrite — trachyphonolite-
phonolite (trachyte) — carbonatite. Sr—Nd isotopes show that the carbonatites are mantle derived without sig-
nificant crustal contamination and that they can be related to isotopically enriched sources where newly formed
veins (enriched component) and peridotite matrix (depleted component) underwent differing isotopic
evolution.
TPM model ages for NPAA range from 1.2 to 2.3 Ga. Considering that in the whole Parana Basin isotopically dis-
tinct K-alkaline and tholeiitic magmas were generated following the enrichment of the subcontinental mantle
mainly between 1.0 and 2.3 Ga (Paleo-Mesoproterozoic events), the mantle sources preserved the isotopic het-
erogeneities over long time periods, suggesting a non-convective, i.e., lithospheric, mantle source beneath differ-
ent cratonic or intercratonic areas.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

complexes reported herein are unique since they precede (by some
5 Ma) the tholeiitic magmatism of the Parana-Etendeka flood basalts.

Alkaline-carbonatitic complexes are occasionally associated with
predominantly tholeiitic, basaltic large igneous provinces (LIPs). Since
alkaline-carbonatitic magmas represent low volume and low tempera-
ture melts, they preferentially sampled near-solidus portions of the
mantle and are thus good proxies for the enriched components of LIP
magmatism. Alkaline-carbonatitic complexes were emplaced both on
the South American and African plates (e.g., Comin-Chiaramonti et al.,
1997, 2011; Gibson et al,, 2006), surrounding one of the major basaltic
LIPs, the Parana-Etendeka flood basalts of eastern South America
(Brazil, Uruguay, Argentina, and Paraguay) and south-western Africa
(Namibia and Angola). While most of these occurrences are coeval
or postdate the main phase of tholeiitic volcanism, the magmatic
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In this study we therefore describe the main geochemical features of
the ca. 138-139 Ma alkaline-carbonatitic complexes from northern
Paraguay and discuss their significance for the genesis of the Parana-
Etendeka LIP and assess the relationship between the silicic and
carbonatitic magmas at the eastern margin of the LIP.

1.1. North-eastern Paraguay magmatism

Magmatism in the Rio Apa area consists of rare occurrences of alka-
line and tholeiitic dykes close to Puerto Valle-mi city (Alto Paraguay De-
partment; Lat. 22°10'10.91"S; Long. 57°57'21.70"W), on the margins of
the Paraguay River at the western part of the Precambrian “Apa High”
(Livieres and Quade, 1987; cf. also Comin-Chiaramonti et al., 1999).
The K-alkaline dykes (0.5-1.0 m thick; see inset Fig. 1) of basanitic to
phonotephritritic composition (Comin-Chiaramonti et al., 2007a,b,c
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Fig. 1. Geological map of the northern regions of Eastern Paraguay, modified after Comin-Chiaramonti et al. (1997, 1999, 2007a)) showing the Rio Apa and Amambay Provinces.
1, Paleogene to Neogene sedimentary cover; 2, Early Cretaceous tholeiites of the Parana Basin; 3, Early Cretaceous potassic alkaline rocks (pre-tholeiites, Rio Apa and Amambay
Provinces); 4, Cretaceous sedimentary rocks (Misiones Formation); 5, Permo-Triassic alkaline rocks (Alto Paraguay Province); 6, Permian sedimentary rocks (Independencia
Group); 7, Permo-Carboniferous sedimentary rocks (Coronel Oviedo Group); 8, Cambro-Ordovician rocks (metaterrigenous and metacarbonatic sediments of the Itacupumi
Group); 9, Paleoproterozoic to Neoproterozoic crystalline basement (Apa complex, Centurion suite and San Luis Group: high- to low-grade metasedimentary rocks,
metarhyolites and granitic intrusions; 10, major tectonic lineaments and faults. Inset A: sketch map of the Valle-mi region (modified after Campanha et al., 2010). 1, Proterozoic
Rio Apa cratonic block; 2, Ediacaran Valle-mi metasediments; 3, Early Cretaceous basanitic dykes (VM-1, VM-2); 4, Cenozoic sedimentary cover; PB, Parana Basin and Serra Geral
Formation. The ages (Cerro Chiriguelo, Cerro Sarambi and Valle-mi) were determined by “°Ar/>°Ar dating (Comin-Chiaramonti et al., 2007a).
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and references therein) intruded into a carbonate platform (ca. 480 Ma;
Cordani et al,, 2005), along NE-SW-trending faults. These faults were
deep enough to allow the migration of primitive alkaline magmas
from the mantle to the surface, across the entire block of Cambri-
an-Ordovician carbonate rocks at 138-139 Ma. This magmatic
event predates the emplacement of tholeiitic dykes at 133 Ma
(Comin-Chiaramonti and Gomes, 2005 and references therein, as
well as Comin-Chiaramonti et al., 2007a,b,c) in the region (Parana
Basin, Serra Geral Formation; PB of Fig. 1), which comprise both
high- and low-Ti variants.

In the Amambay region (Figs. 1, 2), the alkaline magmatic activity is
mainly represented by the ring-like complexes of Cerro Chiriguelo and
Cerro Sarambi (both with occurrences of carbonatite facies; cf,, Fig. 2
and Comin-Chiaramonti et al, 1999), lying on the border between
Brazil and Paraguay, along the Jejui-Aguaray-Guazu fault system, an
important N35°E trending structural belt (Livieres and Quade, 1987).
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Trachytic and phonolitic dykes occur in the region, and pyroxenite
and glimmerite veins (with cumulate textures) are present in the
Cerro Sarambi area (Castorina et al., 1997). Ar— Ar dating yielded an
age of 139 4+ 2 Ma, which is similar to the K/Ar age of the Rio Apa
basanitic dykes (138 4+ 7 Ma; Castorina et al., 1997). Additional field
evidence, i.e., overlapping tholeiitic flows, support an age older than
133 Ma for the alkaline occurrences (Fig. 2), which are however similar
in composition to the post-tholeiitic potassic magmatism from the
Asuncién-Sapucai-Villarrica graben, central Paraguay (126-129 Ma;
Comin-Chiaramonti et al., 2007a).

Thus, the Rio Apa and Amambay regions are characterized by near-
coeval magmatism, with the least differentiated rocks occurring in the
Rio Apa (mg# 0.64-0.66), and are carbonate rich (see Comin-
Chiaramonti et al., 2005a). In particular, parental CO,-rich basanitic
magmas may have fractionated under virtually closed system condi-
tions, with an evolutionary trend from basanite to phonotephrite,

Early Cretaceous
tholeiitic basalts

Early Cretaceous
K-alkaline complexes

Carboniferous to
Triassic/Jurassic sediments

Main faults

Fig. 2. Detailed sketch of the Amambay region (after Comin-Chiaramonti et al., 1999; Gomes et al.,2011). Insets: Cerro Chiriguelo and Cerro Sarambi complexes (after Comin-Chiaramonti
et al., 2005a, 2005b). 1, Precambrian crystalline basement; 2, Cambrian to Jurassic sediments, granitic intrusions and quartz-porphyritic lavas; 3, Early Cretaceous K-alkaline rock-types
(Pre-tholeiites); 4, Early Cretaceous tephritic to phonolitic-carbonatitic dykes; 5, Early Cretaceous flood tholeiites; 6, Cretaceous conglomerates; 7, Tertiary-Quaternary alluvial cover.
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trachyphonolite, trachyte/phonolite and finally carbonatite (Comin-
Chiaramonti et al., 2005b).

2. Classification and nomenclature

The nomenclature for silicate rocks from north-eastern Paraguay, Apa
and Ammabay regions (NPAA) is based on their bulk geochemical compo-
sition, using the TAS (after Le Maitre, 1989; cf. Fig. 3) and De La Roche
classification schemes (De la Roche et al., 1980) (cf. Tables 1 to 3). Rock-
types include basanites, tephrites, phonotephrites, tephriphonolites, tra-
chytes and trachyphonolites (glimmerites are not plotted), and have a po-
tassic affinity (according to the inset of Fig. 3). The carbonatites are mainly
sgvites and alvikites. For comparison, the compositions of post-alkaline
tholeiites and of the crystalline basement are also plotted.

3. Petrographic observations

Selected samples include the main rock-types of the Rio Apa (Valle-
mi), Cerro Chiriguelo and Cerro Sarambi areas (cf. Comin-Chiaramonti
et al., 1996, 2005; Piccirillo and Melfi, 1988 and references therein).

3.1. Rio Apa-Valle-mi

Basanitic dykes are only found in the Rio Apa region intruding a
carbonate platform and are characterized by chilled margins, less
than 1.0 mm thick, consisting of microcrystalline carbonates. The
basanites are fine- to medium-grained, porphyritic, mesocratic rocks
with up to 30 vol.% phenocrysts and microphenocrysts of euhedral to
subhedral olivine (Fogs4_gs), clinopyroxene (Wog4s_48Engs_47FSg 12),
and tetraferriphlogopite (mg# up to 0.74; mg# = Mg/Mg + Fe). The
microcrystalline groundmass consists of clinopyroxene, primary car-
bonates (up to 20 vol.%), alkali feldspar, foids and magnetite. Accessory
minerals are apatite, titanite and perovskite; the latter are found near or
in the carbonatic fraction.
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Fig. 3. Total alkalis vs. silica plot for representative alkaline rocks, tholeiitic basalts and
gneissic basement from the Rio Apa and Amambay regions. The grey fields represent the
composition of the whole alkaline population of Cerro Chiriguelo and Cerro Sarambf, as
taken from Censi et al. (1989), Castorina et al. (1997) and Gomes et al. (2011). Classifica-
tion fields are as follows: 1, picrobasalt; 2, basalt; 3, basaltic andesite; 4, andesite; 5, dacite;
6, rhyolite; 7, trachybasalt; 8, basaltic trachyandesite; 9, trachyandesite; 10, trachyte; 11,
tephrite (olivine <10 wt.%), basanite (olivine >10 wt.%); 12, phonotephrite; 13,
tephriphonolite; 14, phonolite; 15, foidite. Inset: Na,0 vs K,0: HK, highly potassic; K, po-
tassic: T, transitional; S, sodic.

Tephritic dykes are porphyritic with phenocrysts and micro-
phenocrysts of olivine (Fo;;_79), clinopyroxene (Wo44_49EN40_4s
Fsg_14), rare zoned plagioclase (Anyo_70) and pseudoleucite. The
groundmass is microcrystalline, consisting of microlites of olivine
(Fo70_72), clinopyroxene (Wo47_48Ensg_40FS12_15), calcite (up to
10 vol.%), plagioclase (Anq4_50), alkali feldspar (Orgs_70), Ti-
magnetite, analcime, biotite (mg# 0.65), pargasite, apatite and
titanite.

Tholeiitic dykes also intrude the carbonate platform and show chilled
margins strongly enriched in epidote (clinozoisite up to mg# 0.64 and
Fe**/(Fe’™ + Al) = 0.03). The ST-1 dyke (tholeiitic basalt; cf.
Tables 1-3) has a subophitic, holocrystalline texture with olivine
(Fog1), clinopyroxene (Wo0s3_35sEnsg_sg FS16_29 t0 W0g_19ENss_s9FS30_33),
plagioclase (Ans;_g4), titanomagnetite (ulvospinel ~72%), and interstitial
quartz, as well as accessory biotite and apatite. The ST-2 dyke (basaltic
andesite) has a porphyritic texture with phenocrysts of plagioclase
(Ansg_gg), clinopyroxene, opaques and olivine. The groundmass is seriate
and made of plagioclase (Angg_s1), clinopyroxene (Wos4EnsgFs,g and
WogEnssFss37), quartz-alkali feldspar micrographic intergrowths, opaques
(titanomagnetite: ulvospinel up to 94%), olivine (Fo4»_43) and apatite.

Carbonate rocks from the carbonate platform, such as samples PS-
279 and PS-280 are microsparitic dolomite and well recrystallized
sparitic calcite (with ghosts of fossil remains), respectively. A Cambro-
Ordovician age (500-480 Ma) was determined by Palmieri and
Velazquez (1982) for these rocks.

3.2. Cerro Chiriguelo complex

Trachytic rocks surround a central sgvitic core and appear to be
fenitized (cf. Censi et al., 1989). Massive fenites have a porphyritic tex-
ture with phenocrysts of sanidine (Org4_97) and microphenocrysts of
sanidine, aegirinic clinopyroxene (AessWo0,4En;,Fsg), biotite (mg#
0.70), occasional garnet (andradite up to 81 mol%) and magnetite set
in a groundmass, consisting of the same phases, plus glass and second-
ary patches of goethite-limonite. Apatite is a common accessory miner-
al. Uranpyrochlore, strontian loparite and strontio-chevkinite are
occasionally present (Haggerty and Mariano, 1983). Fenitic dykes also
have a trachytic texture and show a weak porphyritic texture with phe-
nocrysts and microphenocrysts of sanidine set in a groundmass made of
glass, sanidine, aegirine, opaques and accessory apatite.

Carbonatites in the core of the complex (Fig. 2) are sgvite (C1 stage,
according to the nomenclature of Le Bas, 1981) and have, on the whole,
a medium- to coarse-grained subhedral-granular texture. However,
veins through the sgvites have fine-grained aplitic textures (C2 stage).
Quartz, phlogopite, barite, sanidine, apatite, dolomite, uranpyrochlore,
magnetite, aegirine, zircon, strontianite, synchysite, haematite, goethite
and pyrite may be present. Quartz, barite and uranpyrochlore are
related to late phases, filling fractures. Finally, fenitic dykes and
ferrocarbonatite veins (C3 stage) cross-cut carbonatites C1 and C2
(Censi et al., 1989).

Tholeiitic basaltic andesites (Bellieni et al., 1986), covering the eastern
limb of the complex have textural and mineralogical characteristics sim-
ilar to those described for the Valle-mi ST-2 dyke.

Finally, rare banded rocks (gneisses), occurring as xenoliths in the
trachytes and composed mainly of quartz, microcline and plagioclase
with subordinate biotite and muscovite (e.g., sample CC-G of Table 2),
are believed representative samples of the Precambrian crystalline
basement (see Cordani et al., 2005, 2010).

3.3. Cerro Sarambi complex

The main rock-types are syenites-syenodiorites crosscut by
phonotepritic, sevitic and silico-sevitic dykes, as well by glimmeritic
and pyroxenitic veins. Trachytic-trachyphonolitic satellite plugs are
present (Castorina et al., 1997; Comin-Chiaramonti and Gomes, 1996),
the largest one being Cerro Apua (Gomes et al.,, 2011).
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Table 1
Representative samples of rock-types from the Rio Apa region: Valle-mi L-Ti and H-Ti = low (<2.0 wt.%) and high (>2.0 wt.%) TiO, content; WR = whole rock; CF = carbonate
fraction; IR = insoluble residuum; R1 = 4Si-11(Na + K)-2(Fe + Ti); R2 = 6Ca +2 Mg + Al; “m” and “i”, measured and initial (138 Ma) isotopic ratios.

VALLE-MI Basanite Basanite Basanite Tephrite Tephrite Thol. basalt Thol. Carbonatic Carbonatic
Rock-type L-Ti Andesi basalt Platform Platform
H-Ti Dolostone Limestone

Sample VM-1 VM-1 VM-2 VM-3 VM-3 ST-1 ST-2 PS279 PS280
IR CF(15%) WR IR CF(11%) WR WR WR WR

wt.%

Si0, 42.90 43.38 47.96 48.23 51.49 0.01

TiO, 3.59 2.87 244 144 242 -

Al,03 12.13 10.20 15.14 16.20 15.36 0.04

Fe,03 212 1.50 4.04 1.95 2.02 -

FeO 10.39 0.29* 11.30 7.90 0.80* 10.57 10.40 0.02*

MnO 0.22 0.20 0.17 0.17 0.20 -

MgO 10.10 0.20 12.08 6.15 0.62 7.51 413 20.69 55.80

Ca0 11.72 6.67 1117 8.26 5.26 8.59 6.80 3131

Na20 232 1.58 329 252 3.04 -

K;0 353 291 4.65 0.74 1.24 -

P05 0.68 0.54 049 0.20 037 -

CO, - 8.13 - - 4.13 - - 47.16 43.78

LOI - - 222 - - 1.58 248 -

Sum 99.70 15.39 99.98 100.00 10.81 99.70 99.95 99.23 99.58

mg# 0.64 0.66 0.58 0.56 041

Age (Ma) 139 139 139 133 133 480 480

R1 775 1281 568 1764 1658 - -

R2 1993 2101 1539 1609 1234 - -

ppm

Cr 253 317 154 251 28 - -

Ni 89 101 59 119 17 - -

Rb 40.6 0.90 418 62 2.6 29.1 39 49 73

Ba 1245 435 973 1743 285 301 463 9.4 144

Th 19.5 19.0 23.6 2.16 6.5 0.12 0.04

U 5.0 4.2 6.1 0.95 1.5 0.03 034

Ta 4.6 4.5 5.6 0.55 11 0.04 0.03

Nb 61.5 476 743 402 16 0.73 0.10

Sr 1151 12846 1171 1804 2511 376 395 272 2670

Hf 93 4.7 11.9 2.80 6.9 0.31 0.13

Zr 364 203 465 109 240 - -

Y 273 23.0 36.2 31 52 0.90 13

La 149 155 156.6 120 125 12 23.1 1.05 0.86

Ce 315 340 309.2 254 271 39 53.1 1.54 1.08

Pr 389 435 40.0 314 347 49 6.5 0.15 0.13

Nd 148.7 168.2 147.3 119.0 130 14.0 283 142 047

Sm 238 27.7 243 19.1 208 3.54 6.8 0.32 0.10

Eu 5.89 10.65 6.30 472 7.83 1.21 2.52 0.03 0.13

Gd 17.85 33.12 20.71 14.38 249 395 8.26 0.11 024

Tb 147 524 3.20 1.19 3.89 0.67 1.36 0.02 0.03

Dy 8.34 30.0 17.60 6.86 218 391 7.95 0.09 0.11

Ho 149 545 3.12 1.29 3.76 0.72 144 0.020- 0.024-

Er 3.78 12.27 9.23 3.28 8.65 2.16 431 0.04 0.08

Tm 0.49 134 0.96 042 0.98 0.27 0.66 0.01 0.005

Yb 261 5.95 5.20 3.66 3.98 2.11 448 0.03 0.06

Lu 030 0.67 0.61 042 0.45 039 0.63 0.008- 0.004

La/Yb 57.1 26.1 30.1 328 314 5.7 52 350 143

5'%0 8.53 8.02 20.55 22.85

813C —6.82 —7.50 —0.27 0.57

87Rb/®5sr 0.102418 0.00020 0.10326 0.09943 0.00299 0.22388 0.28561 0.05213 0.00791

(87Sr/35Sr)m 0.707165(6) 0.706904(1) 0.707162(6) 0.707155(9) 0.706480(1) 0.706285(6) 0.706249(6) 0.70873(2) 0.70858(2)

1475 m/144Nd 0.09675 0.11123 0.13009 0.09702 0.09672 0.15285 0.14525 0.13622 0.1286

("3Nd/**Nd)m 0.511937(9) 0.511950(9) 0.511967(8) 0.511938(9) 0.511887(11) 0.512513(8) 0.512467(7) 0.512168(9) 0.51208(1)

(37Sr/3%sr)i 0.706965 0.706904 0.706954 0.706960 0.706474 0.705862 0.705709 0.70837 0.70852

("7Nd/"Nd)i 0.511800 0511860 0.511876 0511850 0.511799 0.512380 0.512341 0.51174 051168

£7Sr 37.26 36.40 37.19 37.20 3031 21.52 19.36 60.10 62.26

€'Nd —11.92 —11.71 —11.37 —11.90 —12.88 —1.69 —2.46 —547 —6.72

oM 1513 1534 1513 1516 1584 1435 1415 \1809 1805

Syenites-syenodiorites are allotriomorphic to porphyritic with alkali 20 mol%), mica (phlogopite-annite series with mg# 0.68), occasional
feldspar (~Or;3Ab,7) and clinopyroxene phenocrysts (Wo4g_49ENzg_40 garnet (andradite up to 86 mol%) and accessory apatite, titanite,
Fs11_14) set in a medium-grained groundmass consisting of alkali opaques and zircon.
feldspar (Or up to 82 mol%), clinopyroxene (augite with aegirinic com- Phonotephritic dykes are porphyritic in texture, similar to the
ponent up to 20 mol%), nepheline (kalsilite component around tephritic dykes from Rio Apa, with pheno- and microphenocrysts of



Table 2

Representative samples of rock-types from Amambay area, Cerro Chiriguelo complex. Abbreviations as in Table 1.

P. Comin-Chiaramonti et al. / Lithos 188 (2014) 84-96
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Amambay Trachyte Trachyte Trachyte Carbonatite Carbonatite Thol, Crystalline basement

Chiriguelo Andesi basalt Gneisses

Rock-type

Sample 3423 3424 24-71 3422 3434 B989 CC-G
WE WR WR CF WR WR WR

wt%

SiO, 55.24 56.98 56.93 5.05 7.18 49.16 61.74

TiO, 134 1.11 0.80 0.010 0.10 2.13 0.82

ALO3 17.63 16.96 16.85 0.30 0.56 14.11 16.06

Fe,04 2.86 2.02 2.75 3.54** 0.32 4.70 1.08

FeO 6.29 6.17 493 - 270 8.77 5.66

MnO 0.37 0.25 0.08 0.28 0.15 0.20 0.11

MgO 2.02 1.65 1.70 041 0.50 5.24 2.57

Ca0 1.92 1.59 238 47.00 46.98 9.18 3.25

Na20 0.26 0.20 2.36 0.03 0.04 2.39 2.75

K,0 11.61 12.53 7.74 0.28 0.50 0.97 3.78

P,05 0.06 0.08 0.18 0.69 048 0.28 0.31

CO, - - - 38.29 38.05 - -

LOI 227 123 3.14 - - 1.89 143

Sum 99.60 100.77 99.84 95.97 97.86 99.02 99.56

mg# 0.36 0.32 0.38 - - 0.52 0.45

Age (Ma) 138 138 138 138 138 130 1750?

R1 530 545 918 - - 1782 2045

R2 651 585 670 - - 1519 790

ppm

Cr 45 20 33 10 6 119 29

Ni 12 11 8 16 9 103 11

Rb 218 256 328 39 36 18 114

Ba 4478 3069 5334 22123 10390 214 601

Th 38 25 309 22 28 227 10.9

U 5.0 5.0 4.1 10 9.6 0.53 1.7

Ta 54 4.8 7.5 8.04 7.6 0.76 1.0

Nb 138 124 185 178 100 11 171

Sr 500 543 863 5243 7441 273 375

Hf 19.0 129 13.2 5.1 10 4.8 49

Zr 870 598 601 219 430 167 163

Y 56 44 39 9.8 10 10.8 24

La 813 633 721 1169 590 23 385

Ce 733 489 598 1102 633 52 75.1

Pr 96 64.1 80 101 63.1 6.3 89

Nd 405 358 365 178 120 193 28.55

Sm 77.0 64.1 70.6 30 20.1 41 6.61

Eu 16.5 13.7 14.6 10.2 6.9 1.48 1.40

Gd 79.2 65.8 723 324 21.8 49 8.01

Tb 124 85 10.1 52 3.6 0.82 0.6

Dy 69.8 473 583 31.0 212 4.8 5.32

Ho 121 83 9.9 5.87 4.06 0.88 1.41

Er 26.9 114 189 142 9.9 2.64 3.36

Tm 2.71 1.13 2.1 1.71 123 0.37 0.40

Yb 8.15 7.07 7.75 8.04 6.03 2.71 1.78

Lu 1.16 098 1.01 0.77 0.68 0.44 0.27

La/Yb 99.7 904 93.0 1454 97.8 85 16.3

5'%0 18.04 12,48 11.22

e —6.89 —726 —6.52

87Rb/#5Sr 1.26168 1.36431 1.09984 0.00872 0.01400 0.19073 0.88148

(®7Sr/25Sr)m 0.709660(2) 0.709864(2) 0.709342(10) 0.707215(10) 0.707220(10) 0.70601(2) 0.73020(2)

1475 m/144Nd 0.11493 0.10823 0.11692 0.12490 0.10075 0.12841 0.13995

(*Sm/'*“Nd)m 0.511718(3) 0.511713(5) 0.511716(7) 0.511728(7) 0.511706(9) 0.512421 0.511648

(87Sr/%5sr)i 0.707185 0.707188 0.707184 0.707198 0.707190 0.70566 0.70802

("3Sm/'**Nd)i 0.511614 0.511615 0.511610 0.511615 0.511610 0.512311 0.51004

€7Sr 40.40 4043 40.39 40.58 40.47 18.58 76.48

€'Nd —16.51 —16.49 —16.59 —16.49 —16.50 —3.10 —6.60

™ 2095 1976 2139 2300 1860 1230 2238

clinopyroxene, biotite, plagioclase set in a hypocrystalline groundmass
with alkali feldspar, clinopyroxene, biotite, foids and accessory apatite,

zircon and titanite.

Trachytes and trachyphonolites display aphyric to porphyritic tex-
tures with alkali feldspar (Orgs_gs), feldspathoids (mainly nepheline),
clinopyroxene (Wo4s_49EN,6_39Fs13_25) and biotite (mg# 0.60-0.65) as

pheno- to microphenocrysts, set in a hypohyaline groundmass formed
by the same minerals plus glass. In the trachyphonolitic rocks primary
calcite may be an important phase (up to 7-10 vol.%).

Glimmeritic veins are inequigranular rocks with prevailing phlogo-
pite/tetraferriphlogopite (up to 60 vol.% with mg# 0.70-0.80), subordi-
nate calcite (up to 25 vol.%) and diopsidic clinopyroxene (about 5%,
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Table 3

Representative samples of rock-types from Amambay area, Cerro Sarambi complex. Abbreviations as in Table 1.
AMAMBAY Glimmeritic ~Carbonate fraction: Pyroxenite  Phono Syenodiorite Syenite Trachyte Trachy Carbonate Trachy
SARAMBI Carb. (dolomite) 27% vein tephrite plug phonolite fraction Phonolite
Rock-type dyke* dyke Cerro Jha (calcite) Cerro Teyi

7%
Sample GL-SA GL-SA Z1-A P56(°°°) PS49(°*°)  P46(°*°) P34(°°°) SA-95B SA-95B P17(°°°)
WR DOL WR WR WR WR WR WR CALC WR
wt.%
Si0, 28.82 - 43.50 46.41 54.99 63.03 59.94 53.73 - 57.98
TiO, 332 - 2.08 1.65 1.86 0.25 0.61 0.81 - 042
Al,03 737 - 5.06 14.55 11.76 17.71 16.63 14.04 - 16.93
Fe,05 2.11 - 2.10 9.04** 8.73* 1.56** 3.89** 1.58 - 443**
FeO 6.81 1.49* 8.10 - - - - 5.26 4.25 -
MnO 0.11 - 0.20 0.16 0.15 0.03 0.08 0.11 - 0.22
MgO 19.27 20.89 17.85 3.03 3.06 0.27 0.62 1.46 3.95 137
Ca0 923 30.21 17.75 7.35 6.24 1.00 2.66 5.99 4817 5.72
Na20 0.29 - 0.63 2.96 2.74 1.77 525 3.02 - 344
K;0 335 - 0.79 7.07 7.39 1333 6.25 7.35. - 9.36
P05 031 - 0.12 0.66 0.76 0.12 0.18 032 - 0.07
CO, 12.82 4741 0.57 - - - - 298 43.63 -
H,0" 339 0.60 - - - - 0.79 - -
F 123 - - - - - 0.45 - -
LOI - - - 7.07 1.10 0.88 281 - - 272
Sum 99.43 100.00 99.35 99.94 98.78 99.64 98.81 97.89 100.00 99.40
mg# 0.83 0.80 0.44** 0.44** 0.29* 0.27** 0.33 - 0.12**
Age (Ma) 139 139 139 139 139 139 139 139 139 139
R1 - - 2157 120 697 409 556 582 - —226
R2 - - 2884 1222 1050 468 642 989 - 565
ppm
Cr 321 2045 - 54 23 35 44 - 15
Ni 185 676 - 14 15 6 18 - -
Rb 138.1 6.7 9.9 91.27 146 188 110 145 16.9 165.1
Ba 2082 405 3688 4856 3482 2845 3624 - 4536
Th 125 1.7 233 19.8 83 29.5 376 - 47.6
u 39 0.5 5.1 39 21 6.6 7.8 - 114
Ta 7.7 1.6 4.0 4.0 0.8 36 2.9 - 1.8
Nb 94 183 76 59 33 79 95 - 93
Sr 1387 2860 870 6249 2258 1979 2028 2677 4066 2083
Hf 7.1 49 13.7 9.9 39 13.0 174 - 18.7
Zr 289 111 514 423 147 454 607 - 824
Y 23 21 22 32 6 19 36 - 22
La 167 513 65 205 194 57.8 154 239 343 146
Ce 319 980 89 379 379 101 267 456 654 237
Pr 35.6 453 8.8 40.5 424 9.81 28.6 36.6 41 21.6
Nd 1230 139 21.0 144 154 333 88.3 137 138 62.7
Sm 147 20.1 2.8 183 20.6 4.16 10.84 164 183 8.1
Eu 39 6.1 0.81 497 5.13 1.02 294 4.4 525 190
Gd 10.1 193 2.0 104 125 23 6.4 153 104 48
Tb 1.03 2.14 0.21 1.1 1.5 03 038 13 1.65 0.7
Dy 76 129 1.61 52 7.1 13 38 10.8 8.7 36
Ho 1.1 251 0.19 0.8 1.1 0.2 0.6 14 1.9 0.7
Er 29 6.27 0.85 2.1 3.1 0.6 20 3.8 48 24
Tm 04 0.68 0.08 0.27 0.39 0.08 0.26 0.52 0.53 0.38
Yb 1.7 3.28 0.73 1.7 25 0.5 1.8 29 2.53 25
Lu 0.23 043 0.05 0.21 0.32 0.06 0.24 0.40 0.34 0.36
La/Yb 98.2 156.4 89.0 120.0 776 1156 85.6 824 135.6 58.4
5180 7.04 14.89
s13¢ —8.61 —6.40
87Rb/%6sr 0.28808 0.00678 0.03292 0.04213 0.18709 0.27485 0.15693 0.15671 0.01202 0.22607
(7Sr/%5Sr)m  0.70803(1)  0.70747(1) 0.707525(6) 0.70721(1) 0.70831(1) 0.70785(1) 0.70779(1) 0.707769(7) 0.707483(6)  0.70792(1)
147Sm/4Nd  0.07224 0.08741 0.08060 0.07661 0.08086 0.07551 0.07421 0.07236 0.08016 0.07809
("*sm/ 0.511632(3) 0.511648(4) 0.511639(7) 0.511653(9) 0.511676(9) 0.511643(9) 0.511659(8) 0.511632(7) 0.511629(8) 0.511714(7)
'4“Nd)m
(37Sr/%6sr)i 0.70746 0.70745 0.70746 0.70713 0.70794 0.70731 .0.70748 0.70754 0.70746 0.70747
("3sm/ 051157 051157 0.51156 051158 0511602 0511574 051159 0.51156 0.51156 051164
144Nd)i

£"Sr 4433 44.26 4432 39.58 51.12 42.14 44.60 4545 4430 44.50
£'Nd —17.42 —17.39 —17.43 —17.09 —16.66 —17.27 —16.93 —17.42 —17.64 —1593
™ 1577 1739 1663 1602 1623 1601 1570 1578 1669 1554

mg# ~0.80). Accessory minerals are magnetite, apatite, fluorocarbonates,
titanite, and perovskite. Notably, the glimmerites are characterized by

presence of ocelli (Fig. 7).

Pyroxenitic veins are essentially medium-grained cumulates of diop-
side (mg# 0.75-0.80) with interstitial phlogopite, alkali feldspar, mag-
netite, carbonates, titanite and apatite.
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Finally, it should be noted that Castorina et al. (1996, 1997) also de-
scribed in the complex sgvitic and silico-sevitic veins and stringers bear-
ing fluorite, fluorocarbonates, vermiculite and opaques as accessories.

4. Materials and methods

Geochemical analyses of the K-alkaline rocks from the Valle-mi re-
gion, and from the Cerros Chiriguelo and Sarambi complexes are listed
in Tables 1, 2 and 3, respectively. For comparison, analyses of tholeiitic
dykes and flows (post K-alkaline magmatism), carbonate platform and
crystalline basement rocks are also reported. Major and some trace ele-
ments (Cr, Ni, Ba, Rb, Sr, Zr, Y) were analyzed at the University of Trieste
by X-ray fluorescence (Philips PX 1400) using fused and pressed pow-
der discs. H,O was determined by Karl-Fischer-titration and CO, was
measured by colorimetric methods (following Rowell, 1995). FeO was
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determined by titration, and F by ion-selective electrode; total iron as
Fe,0s. Trace elements (including rare earth elements) were determined
by ICP-MS (inductively coupled plasma mass spectrometry) at the
Acmelab, Canada (some analyses, indicated by an asterisk in the data
Tables 1-3 are from Gomes et al., 2011).

Carbonates for carbon and oxygen isotope analyses were reacted in
duplicate with 100% H3PO4 at 25 °C for one day and three days (calcite
and dolomite, respectively) and analyzed by means of a Finnigan Mat
Delta E mass spectrometer at the University of Trieste. The results are
given in terms of the conventional &%. units; the reference standards
were PDB-1 and V-SMOW for C and O isotopic compositions, respective-
ly. The 87Sr/%5Sr and '**Nd/**Nd isotopic analyses were performed at
Pisa (Istituto di Geocronologia e Geologia Isotopica; CNR) and at Napoli
(Istituto di Geofisica e Vulcanologia, Universita Federico II) using both a
VG Isomass 54E single collector and a Finnigan MAT 162RP
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Fig. 4. Variation diagram of selected major element oxides (in wt.%) and trace elements (in ppm) for the Rio Apa and Amambay alkaline rocks, using MgO as a differentiation index. Py,
pyroxenite; Gl, glimmerite. Grey fields cover the complete range of rock compositions found at Cerro Sarambi (after Gomes et al., 2011).
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multicollector mass spectrometers and following the procedures given
in Castorina et al. (1996). Repeated analyses of NBS987 Sr and La Jolla
Nd isotopic standards yielded average values of 0.710272 + 9 (N =
12) and 0.511851 + 8 (N = 5), respectively. The ¢Sr and Nd time-
integrated values were calculated using the following values for
Bulk Earth: 37Sr/%8Sr = 0.7047; 3"Rb/*°Rb = 0.0827; '*Nd/'"*Nd =
0.512638; 7Sm/*Nd = 0.1967 (Faure, 1998). TP, depleted mantle
values were calculated according to De Paolo (1988).

Accuracy and precision of the analytical data were reported previ-
ously, i.e. by Piccirillo and Melfi (1988), Comin-Chiaramonti and
Gomes (1996, 2005), Comin-Chiaramonti et al. (2007a, 2007b, 2007c)
and therein references).

5. Geochemistry

Major element trends against MgO commonly show inflections at
the transition from basanite to tephrite (Fig. 4). Concentrations of TiO,
and total Fe are highest in the basanite samples (MgO =~ 10 wt.%),
then decrease strongly in the more evolved samples. Similarly, P,05
first increases until about 10 wt.% MgO and then declines sharply with
further differentiation. The Al,03 and K;0 on the whole increase in the
more-evolved samples. CaO and Sr (not shown in Fig. 4) display
scattered trends, probably because of their partitioning into the primary
carbonates found in the various rock-types. An apparent scattering of
data for the whole Cerro Sarambi population was seen by Gomes et al.
(2011) and is probably due to fenitization and hydrothermal processes
(Comin-Chiaramonti et al., 2007b).

Trace elements (Fig. 4, Tables 1 to 3) that behave incompatibly
throughout the compositional range from basanite to phonolite are Rb
(41-328 ppm), Th (8-48 ppm), Zr (147-870 ppm), Nb (33-185 ppm)
and Ba (793-5334 ppm). Yttrium variations show trends that are simi-
lar to those of P and Th suggesting that the decrease in Y in the more
evolved samples is due to crystallization of apatite (e.g., Brassines
et al., 2005). The behavior of Cr mirrors that of FeOy. and TiO-,

Fig. 5A and B summarize the distribution of incompatible elements
and rare earth elements (REE) of the alkaline samples from the three
centers in multi-element diagrams normalized to the primitive mantle
(Sun and McDonough, 1989) and to the chondrite (Boynton, 1984), re-
spectively. The compositions of other rock-types outcropping in the
NPAA are also plotted.

100

LILBLALI
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Fig. 6. La (ppm) vs. La/Yb ratios for silicate rocks, carbonatites and carbonate fractions
from Rio Apa and Amambay regions (discussion in Comin-Chiaramonti et al., 2005a and
therein references). Grey area: carbonatite field after Andersen (1987). Full symbols:
Valle-mi, diamonds; Cerro Chiriguelo, squares; Cerro Sarambi, circles; open symbols:
carbonatites or carbonate fractions; GL, glimmerite; Py, pyroxenite. Tie lines link whole
rock compositions with their carbonate fraction. For comparison, the whole field of alka-
line rocks (SAR) and of carbonatites (CAR) from Eastern Paraguay is shown.

In general, the investigated carbonatites (mainly associated with
evolved rocks — trachytes or phonolites) display higher La/Yb ratios
and lower La content when compared with those of the associated
rocks. Instead, the carbonate fractions from the silicate rock types
show slightly higher La and La/Yb (Fig. 6) than those of the correspond-
ing silicate rock (e.g., sample STE-A, Rio Apa; La = 169 vs 101; La/
Yb = 324 vs. 28.2).

5.1. Valle-mi

The basanite-tephrite dykes (Fig. 5A) are characterized by negative
Eu, Nb, P and Ti anomalies. A strong negative Nb—Ta spike for the tho-
leiitic dykes of the Parana LIP (Piccirillo and Melfi, 1988) is also shown
in the figure. The carbonate platform rocks show very low contents of
incompatible elements and REE and particularly of U and Sr. On the
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Fig. 5. Trace element compositions of the studied rocks. A) Primitive mantle (Sun and McDonough, 1989) normalized, and B) chondrite (Boynton, 1984) normalized rock-types (Table 1 to
3). Valle-mi: B-T, basanite-tephrite; Th, tholeiitic basalts and basaltic andesites; CP, carbonatic platform. Cerro Chiriguelo: Tr, trachytes; Ca, carbonatites; CB, crystalline basement; AB,
basaltic andesite; Cerro Sarambi: Tr-TrP, trachytes-trachyphonolites; Sd-Sy, syenodiorites-syenites; PhT, phonotephrite; Pyr, pyroxenite; Glimm, glimmerite; CaF, carbonate fraction.
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other hand, carbonate fractions from the basanitic dykes show LREE
concentrations comparable to those of the host basanitic dykes (La/
Sm = 6.33 + 0.10 vs. 5.80 + 0.30; Fig. 5B), but higher MREE and a
positive Eu anomaly (Eu/Eu* = 1.5 4 04; Eu* = [Smcy + Gden]/2;
CN = chondrite normalized; Boynton, 1984).

5.2. Cerro Chiriguelo

On the whole, the tholeiitic basaltic andesites of the complex show
incompatible elements and REE concentrations and patterns similar to
those from Valle-mi equivalents (Fig. 5A and B). The crystalline base-
ment is characterized by negative Nb—Ta- Ti and by positive Th—U-K
anomalies. The carbonatites contain very high contents of incompatible
elements in addition to marked (Rb, K, P and Ti) or moderate (Hf-Zr)
negative anomalies. The associated trachytes display strong enrichment
of K50 (up to 12.53 wt.%) and low Na,O (up to 2.36 wt.%), suggesting a
K-rich (basanitic) parental magma that produced a carbonate fraction
by crystal fractionation and liquid immiscibility (after Censi et al.,
1989; Comin-Chiaramonti et al., 2005b Kasputin, 1983; Lee and Wyllie,
1998; Woolley, 1982;). In fact, the trachytes show » _ REE from 1828 to
2353 ppmvs. 1582 to 2679 ppm in the associated carbonatites and im-
portant fractionations of LREE with respect to HREE (ppm La/
Yb = 62 4 1 for trachytes and 66-98 for carbonatites). The major dif-
ference is that the trachytes have higher MREE and Eu, but with a neg-
ative Eu anomaly (Eu/Eu* = 0.64; probably due to feldspar and sphene
fractionation) vs Eu/Eu* = 1.0 of the carbonatites (Fig. 5B).

5.3. Cerro Sarambi

Incompatible elements normalized to primordial mantle, for both
plutonic and volcanic rocks, show positive anomalies for Ba, Th, U, K,
Sr, Zr and negative anomalies for Nb—Ta, P and Ti, similar in behavior
and concentration to the glimmerite veins (Fig. 5A). On the other
hand, the pyroxenite veins contain lower concentrations of Rb to Nb
and higher La, Nd, Hf, Eu and Tb.

The REE patterns of the Cerro Sarambi rocks are on the whole deplet-
ed with respect to the Cerro Chiriguelo rock types (Cerro Sarambi, ZREE,
ppm: glimmerite, 688; pyroxenite 193; other silicate rock-types, 213-
926; carbonatites 1491 + 368), but with comparable fractionations of
LREE/HREE (silicate rocks: 61 + 15; carbonatites: 98 + 10). On the
other hand, the Eu/Eu* is around 1 for all rock-types (0.93 + 0.1).

Fig. 7. Ocelli-like texture in glimmerites from the Cerro Sarambi complex (sample GL-SA).
For comparison see Fig. 10 of Comin-Chiaramonti et al. (2007b). Mt = magnetite;
Cpx = clinopyroxene; Phl = phlogopite; CC = carbonate.
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Fig. 8. Plot of 5'%0 against 5'>C for the primary carbonates from north-eastern Paraguay,
and evolution of the O - C isotope compositions from magmatic (700-400 °C; primary car-
bonates box) to hydrothermal conditions (400-80 °C; I, II, IIl lines) at variable CO,/H,0
(0.8-1.0, respectively) ratios. Cerro Chiriguelo wells and C-S (Cerro Chiriguelo-Cerro
Sarambi) main field as in Censi et al. (1989) and in Comin-Chiaramonti et al. (2005a);
data source for Valle-mi carbonate platform and groundwater as in Castorina et al.
(1996, 1997). Primary carbonates box after Taylor et al. (1967); CLM, continental litho-
spheric mantle (Kyser, 1990). Groundwater: §'3C = 0%.; 6'%0 = 30%. (after Taylor,
1978; Usdowski, 1982; Castorina et al., 1997).

54. C-0 isotopes

Selected data on oxygen and carbon isotopes for carbonatite and
carbonate-rich rock types from north-eastern Paraguay are plotted in
Fig. 8. Additional sets of data are available in Castorina et al. (1997)
and in Comin-Chiaramonti et al. (2005b).

The C-0 isotopic composition of the ocelli of the GL-SA sample
(Fig. 7; dolomite) from Cerro Sarambi (Table 3, Fig. 8) plots inside the
continental lithospheric mantle field (Kyser, 1990), while the sample
SA-95B (calcite) plots at high 6'0 and relatively low &'3C (along the
trend III of Fig. 8) suggesting hydrothermal conditions. Notably, the iso-
tope composition of the carbonate phase from the basanites of Cerro
Sarambi plots within the primary carbonatite field of Taylor et al
(1967).

Rocks from Valle-mi and Cerro Chiriguelo display two trends for pri-
mary carbonates, both starting from compositions typical of the upper
continental mantle (Comin-Chiaramonti et al., 2005a, 2005b): 1) a
trend corresponding to carbonates from silicate rocks collected from
Cerro Chiriguelo wells (trend I of Fig. 8); 2) a trend that includes
carbonatites sampled near, or at, the topographic surface (trend III of
Fig. 8; cf. Censi et al, 1989). The two trends intersect at about
5'%0 = 8.0 and 6'3C = —8.0, close to the primary carbonatite field of
Taylor et al. (1967), indicating a development from magmatic to hydro-
thermal conditions (cf. Comin-Chiaramonti et al., 2005a,b).

5.5. Sr— Nd isotopes

The NPAA alkaline rocks show a relatively restricted distribution in
Sr—Nd isotopic space (Fig. 9), overlapping the so called “Paraguay
array” defined by Comin-Chiaramonti et al. (2007a) for the composition
of the Cretaceous Na- and K-alkaline rocks from central Paraguay that
plot parallel to the conventional “mantle array” (e.g., Zindler and Hart,
1986). The alkaline-carbonatite rocks from the NPAA have high initial
8751/85Sr; (0.70645 to 0.70794) and low initial '**Nd/***Nd; (0.51151
to 0.51186) and are similar to the carbonatites of the Parani Basin
(Comin-Chiaramonti and Gomes, 1996, 2005).

87Sr/36sr; and '#>Nd/!#*Nd; of the NPAA tholeiites (Tables 1 to 3) are
similar to those of the Eastern Paraguay tholeiites, both low-Ti (L—Ti)
and high-Ti (H-Ti) variants (0.70456 to 0.70596 and 0.51225 to
0.51256, respectively; Comin-Chiaramonti et al., 1992, 1997). These
values overlap the range of the Early Cretaceous uncontaminated tholei-
ites from the Parand Basin continental flood basalts (Fig. 9).
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Fig. 9. Plot of Sr and Nd isotope in &Sr vs. &Nd notation for igneous rocks from north-
eastern Paraguay. Data source: present study, Castorina et al. (1997) and Comin-
Chiaramonti et al. (2001, 2007a, and therein references). DM, HIMU, EMI and EMII mantle
components, terrigenous and pelagic sediments, TS and PS, respectively (Zindler and Hart,
1986); crystalline basement (Comin-Chiaramonti et al., 1997). Paraguay array is according
to Comin-Chiaramonti et al. (20074, and therein references); L— Ti and H- Ti tholeiites are
from Piccirillo and Melfi (1988), Castorina et al. (1996) and Comin-Chiaramonti et al.
(2005a). ASV: alkaline-carbonatitic magmatism in the Asuncién-Sapucai-Villarrica gra-
ben (Comin-Chiaramonti et al, 2007a, b, c); NPAA: alkaline-carbonatitic magmatism
from Rio Apa and Amambay Provinces, North-eastern Paraguay (cf. Tables 1-3 and
Castorina et al., 1997).

6. Discussion
6.1. Interaction between silicatic and carbonatitic magmas from NPAA

Considering that the carbonates hosted in the silicate rocks (15—
20 wt.%) are late crystallizing phases, and that the carbonatites may
represent a liquid exsolved from an evolved magma (such as a phono-
lite), the total fraction of carbonatitic magma appears to be higher
(30-35 wt.%) than the carbonate content in the parental silicate melt.
Thus, if Valle-mi basanite is assumed to be the parental magma of the
carbonatites, the evolution could be have occurred in two steps: 1) crys-
tal fractionation from basanite to trachyphonolite, which explains the
concentration of CO; rich fluids and 2) exsolution of carbonatitic liquids
(about 20 wt.%, according to Castorina et al., 1997) from the more dif-
ferentiated magmas. Notably, the C— O isotopes of the calcite-dolomite
and apatite—calcite pairs are correlated, and two distinct temperature
trends crossing at 920 °C are observed. This temperature appears con-
sistent with those (850-950 °C) estimated by Castorina et al. (1996)
for the exsolution of carbonatitic melts from a trachyphonolitic
magma at pressures <1.0 Kbar. On the basis of these considerations,
Castorina et al. (1997) suggested an increasing fraction of carbonate dis-
solved in silicate liquids, up to the exsolution of an immiscible
carbonatitic melt, following the trend basanite — phonotephrite —
trachyphonolite-phonolite (trachyte) — carbonatite. This evolution
also explains the development from magmatic to hydrothermal condi-
tions which occur because after the crystallization of the primary car-
bonate, the CO, bearing fluids often interact again with the primary
carbonate and fenitize the country rocks following paths depending
on temperature and the water/rock ratio.

The O- Cisotopic variations, related to hydrothermal water/rock in-
teraction are shown in Fig. 8 (trends I, II, Ill). Trends are positively cor-
related, but trend I, representing sub-intrusive conditions, is more
steeper than trends II and III, representing surface specimens (nearly
flat). Considering surface conditions with CO,/H,0 ~ 2.0 both trend
are consistent with hydrothermal temperature from 400 to 80 °C and
suggest a variable involvement of non-mantle derived material

(Castorina et al., 1997) being the lowest &'3C values related to hydroly-
sis of biogenetic C and modifying the CO,/H,0 ratio from 0.8 (trend I) to
1.0 (trend II).

If the differentiation of the CO,-bearing melts is relatively restricted
(i.e., basanite to phonotephrite), the proportion of exsolved carbonatitic
melt is relatively small and crystallizes in situ, forming patches or ocelli
in the host alkaline rock (as shown in Fig. 7).

Finally, it is worth noting that CaO/Al,03 vs. La/Yb and Ti/Eu dia-
grams indicate that the primitive rocks from the carbonatite-free and
carbonatite-bearing complexes, respectively, plot in distinct fields (cf.
Fig. 7 of Comin-Chiaramonti et al, 2007b; Castorina et al., 1997;
Morbidelli et al., 2000).

6.2. Mantle source of NPAA silicate and carbonatite magmas

Due to the high Sr and relatively high Nd concentrations of the less-
evolved alkaline rocks and associated carbonatites (1000-13000 and
160-300 ppm, respectively), Comin-Chiaramonti et al. (1999) sug-
gested that initial Sr— Nd isotopic ratios of the investigated rocks are lit-
tle affected by crustal contamination and, as a result, can be considered
as primary compositions derived from an enriched mantle source.
According to Piccirillo et al. (1989) and Comin-Chiaramonti et al.
(1997), these alkaline rocks probably acquired lithospheric mantle
components which have been variously enriched during the past oro-
genesis that interested the south American platform (ie., Eburnean
cycle, ca. 2.2-2.0 Ga; Statherian taphrogenesis, ca. 1.8-1.75 Ga;
Grenvillian orogenesis, ca. 1.3-1.1 Ga; and Brazilian-Pan-African cycle,
ca 0.9-0.5 Ga). In particular, the K-alkaline-carbonatite rocks from the
NPAA and the Asuncién-Sapucai-Villarrica graben (central Paraguay)
which, respectively, pre- (138 Ma) and post-date (121-128 Ma) the
main tholeiitic event (133 Ma) preferentially sampled the (most)
enriched mantle domains.

The TPM (Nd) model ages calculated for the studied rocks, as well as
for the Parand Basin tholeiites and associated Brazilian alkaline—
carbonatitic rocks, further constrain the age of the mantle enrichment
processes (Comin-Chiaramonti and Gomes, 2005; Comin-Chiaramonti
etal, 1997; Gastal et al., 2005; Rosset et al., 2007). In particular, it should
be noted that: 1) the high-Ti flood tholeiites and dyke swarms from the
Parana Basin, as well as the Brazilian Na carbonatite bearing complexes
such as Jaquia, yield T° (Nd) model ages ranging mainly from 0.5 to
2.1 Ga with a mean-peak at 1.1 + 0.1 and 0.98 + 0.1 Ga, respectively.
2) The Early Cretaceous potassic rocks and carbonatites from central-
eastern Paraguay show a similar interval of T (Nd) model ages (0.9
to 2.1 Ga) with a mean-peak at 1.5 4 0.2 Ga. 3) The Early Cretaceous
K-alkaline rocks and carbonatites from NPAA range from 1.5 to 2.3 Ga
(mean 1.6 4 0.3 Ga). 4) The low-Ti tholeiites show a major variation
in T°™, ranging from 0.7 to 2.4 Ga with a mean peak of 1.6 + 0.3 Ga.
Therefore, in general, the model ages indicate that some different
“metasomatic events” may have occurred from the Paleoproterozoic
to the Neoproterozoic as precursors of alkaline and tholeiitic magmas
in the Parand Basin (Comin-Chiaramonti and Gomes, 2005; Cordani
et al.,, 2010). This conclusion is further supported by other observations:
the overlap of isotopic compositions for different igneous rocks (i.e., al-
kaline rocks and carbonatites) cannot be accidental and points to sam-
pling of ancient reservoirs formed at different times within the same
sub-continental lithospheric mantle (Carlson et al.,, 1996; Foley, 19923,
b) or to recycling of crustal materials subducted during various subduc-
tion events (Menzies, 1990; Weaver, 1991). This could also explain why
all the investigated rocks, excluding pyroxenite veins, are characterized
by negative Nb—Ta anomalies which would suggest a subduction set-
ting (cf. Beccaluva et al., 1991; Pearce, 1983) while strong geological
and geophysical evidence indicate that the NPAA rocks are related to
an extensional tectonics. Similar characteristics (e.g., N—Ta depletion)
are also shown by the Early Cretaceous alkaline-carbonatite complexes
of central-eastern Paraguay and by the alkaline and tholeiitic magmatic
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rock occurrences from the eastern portion of the Parana Basin (cf. also
Comin-Chiaramonti et al., 1999).

According to Antonini et al. (2005), a veined lithospheric
mantle (amphibole/phlogopite-carbonate-lherzolite and amphibole-
lherzolite + CO,-fluid, type Il and IV veins of Meen et al., 1989) of Pro-
terozoic age may well account for the alkaline and tholeiitic magmatism
of the entire Parana-Etendeka LIP and of the NPAA alkaline and
carbonatitic magmas, in particular. The alkaline-carbonatitic magmas
may be issued from mantle domains metasomatized by small-volume
melts and fluids rich in incompatible elements that formed a vein net-
work variously enriched in LILE and LREE (see Foley, 1992ab). The
peridotite matrix (depleted component) and the newly formed veins
(enriched component) possibly followed different isotopic evolutionary
paths, which is particularly reflected by the high 8”Sr/%5Sri of the prima-
ry carbonates. The involvement of mantle sources, likely within the
subcontinental lithospheric mantle, which preserved isotopic heteroge-
neities formed over long time periods could explain the variable enrich-
ment observed in the Parana-Etendeka LIP and particularly in its
alkaline-carbonatitic magmatism.

7. Concluding remarks

1) The K-alkaline-carbonatite rocks which pre-date the Parana tholeiit-
ic event (138-139 Ma), are structurally controlled by the Rio Apa
antiform and by the Jejui-Aguaray-Guazu fault system. They intrud-
ed the Rio Apa and Amambay regions in north-eastern Paraguay. The
rock-types of potassic affinity range from basanite to trachyte and
trachyphonolite (and intrusive equivalents), the latter being some-
times locally fenitized. Glimmerite and pyroxenite veins are found

in the Cerro Sarambi complex (Castorina et al., 1997).

Excluding pyroxenite veins, the alkaline and tholeiitic rocks from

NPAA are characterized by negative Nb—Ta anomalies. Significant

variations in O- C isotope composition of primary carbonates from

potassic rock-types are observed, i.e. values ranging from close to
the field of the continental lithospheric mantle (carbonate fraction
from a glimmerite vein), or close to the field of primary carbonatites

(basanites), to values typical of hydrothermal environments; the lat-

ter is observed particularly in quite differentiated magma types (tra-

chytes Ls. from Cerro Chiriguelo and Cerro Sarambi).

3) Geochemical data (e.g., La vs La/Yb and O-C isotopes) show a
magmatic evolution following two main trends: 1) basanite —
trachyphonolite, leading to differentiated rock-types by fractional
crystallization and to an increase in the concentration of CO, in the
fluids; 2) exsolution of about 30-35 wt.% of carbonatitic liquids
from phonolitic-trachytic magmas, as clearly apparent in the
Chiriguelo Complex.

4) Sr—Nd isotopes show that K-alkaline magmas and associated
carbonatites reflect the composition of the mantle source with a pro-
gressive enrichment from Valle-mi basanites to Cerro Sarambi rock-
types. In particular, Sr—Nd isotopes indicate that the carbonatite
system was derived from enriched mantle sources, without signifi-
cant crustal contamination.

5) The genesis of the investigated alkaline magmas probably required a
mantle veined by ancient metasomatic events coincident with the
main orogenic events in the South American plate as suggested by
the TP (Nd) model ages.
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