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Abstraet: Plugs, flows and dykes of nephelinitic (and ankaramitic) rocks occur near Asunción (Eastern Para
guay; 61-39 Ma). This magmatism occurs at the western boundary of the Paraná basin and is associated with 
NW-SE-trending rift and antiform structures. Nephelinites contain variable amounts of crustal (sedimentary, 
metamorphic and volcanic) and mantle (spinel-peridotite) xenoliths. 

The genesis of the Asunción nephelinites requires a manlle source geochemically and isotopically distinct 
from that represented by the spinel-peridotite nodules included in the lavas. The most likely mantle so urce is a 
garnet peridotite charactenzed by small-scale heterogeneities, at least in terms of Sr and Nd isotopes. This 
mantle source was subjected to (1) low degrees of partial melting (e.g. 3 - 4 %), (2) enrichment in Nb, Ba, La, 
Ce, Sr and P relative to a primordial mantle. 

H is suggested that the enrichment in incompatible elements may be due to metasomatic processes related to 
a thermal anomaly responsible for the generation of the Lower Cretaceous Paran á flood lavas. 

The initial Sr isotope ratios of the Asunción nephelinites (Ro = 0.7036-0.7039) indicate a manlle source 
distinct from that of the Lower Cretaceous magmatism (Central-Eastern Paraguay: alkaline magmatism, Ro = 

0.7073 ; tholeiitic flood basalts, Ro = 0.7059). 
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On the whole, the Cretaceous-Tertiary alkaline and ultra-alkaline magmatism of Central-Eastern Paraguay 
appears closely linked to rift structures trending NW-SE and WNW-ESE. This may be an indication of a 
tectono-magmatic event(s) associated with stress-regime changes during the South America-Africa continental 
separation. 

Key-words: Eastem Paraguay, South America, Tertiary nephelinites, Mantle source , metasomatism , partial 
melting , Sr-Nd isotopes . 

Introduction margin of the northern Parana Basin (Fig. lA). 
The investigated Tertiary nephelinites are 

Nephelinitic plugs , flows and dykes dominate important since they represent an ultra-alkaline 
the Tertiary (61-39 Ma) magmatism in Eastern (Le Bas, 1987) magmatism that occurred inland 
Paraguay , near Asunción (Fig. 1 ; Bitschene, long after the South America - Africa continental 
1987). This magmatism is controlIed by NW separation. AIso, they contain spinel-peridotite 
SE- trending rift structures, and represents the xenoliths strongly enriched in incompatible ele
most recent alkaline activity on the western ments (Comin-Chiaramonti el al., 1986; 
border of the Parana basin (Livieres & Quade, Demarchi el al., 1988). 
1987). In tbis area a tephritic-phonolitic The present paper addresses (1) petrological , 
magmatism of Upper Permian to Upper Creta geochemical and Sr-Nd isotope aspect bearing 
ceous age is also present (240-108 Ma ; Comin on the origin of nephelinite , (2) petrogenetic 
Chiaramonti el al. , 1990), locally associated relationsbips between nephelinites and the 
with Cretaceous carbonatites (130-86 Ma ; Eby enclosed mantle xenoliths , and (3) Sr-Nd 
& Mariano, 1986). Note that an important isotope characteristics of the subcontinental 
alkaline magmatism of lower Cretaceous to manUe sources involved in the generation of 
Eocene age (135 to 45 Ma; Gomes el al., the alkaline and tholeiitic magmas of the 
1990) is also widespread around the eastern Paraná Basin. 

Fig. 1. A : Sketch map showing the post-PaJaeozoic occurrences -squares and circJes- of alkaline rock-types at 
the border of and within the Paraná Basin -squares and circles- (after Gomes el al., 1990). 1 : pre-Devonian 
crystalJine basement ; 2 : pre-volcanic sediments (mainly Palaeozoic) ; 3 : flood volcanics of the Sena Geral 
Formation (Lower Cretaceous) ; 4 : post volcanic sediments (mainly Upper Cretaceous) ; 5 : syncline-type 
structure ; 6 : arch-type structure ; 7 : fl exure-type structure ; 8 : major structural lineament. 
B : Simplified structural map of Eastern Paraguay . 1 : antiform-type structure ; 2 : synform-type structure ; 3 : 

major faults ; 4 : major structural lineaments. Stippled area indica tes the extension of the stratoid tholeiitic 

volcanic rocks of the Serra Geral Formation, E aste rn Paraguay (from Livieres & Quade, 1987 and Bellieni el 


al. , 1986, modified). Dotted areas indicate the main occurrences of alkaline rock-types. 

C: Simplified geological map of the Ypacaray Valley and adjacent areas (Degraff el al., 1981). PC , Precam

brian ; LS and US, Lower and Upper Silurian , respectively ; J , Jurassic-Cre taceous ; T , Tertiary nephelinitic 

occunences (unconformable on the Jurassic red sandstones of the Misiones Formation) ; f, major faults. 

1) Cerro Verde. Small plug (about 300 m in diameter and 20 m high) containing rare mantle (up to 2 cm 

across) and very abundant crustal (up to 100 cm across) xenoliths. 

2) Limpio. Lava flow (about 8 m thick) with scarce mantte (up to 2 cm diam.) and crustal (up to 25 cm diam.) 

xenoliths. 

3) Remanso Castillo. Subvertical NW-SE trending dyke, 5 m thick. 

4) Nueva Teblada. Lava flow (about 10 m thick) with abundant mantle xenoliths up to 20 cm across. 

5) Tacumbú. SmalJ plug (about 200 m in diameter and 50 m high), which yields abundant mantle and rare 

crustal xenoliths (up to 7 cm and up to 50 cm across , respectively). 

6) Lambaré. Small plug (about 170 m in diameter and 55 m high) with abundant mantle xenoliths (up to 10 cm 

across) and rare crustal xenoliths (up to 30 cm in size) . 

7) Cerro Paliño. Very small plug (?) with crustal xenoliths (up to 50 cm) and rare mantle xenoliths (up 2 cm 

across). . 

8) Nemby. Plug (900 x 500 m, and 80 m aboye the plain) with very abundant mantle xenoliths (ca. 10-15 % by 

volume and up to 40 cm across) and rare crustal xenoliths (up to 100 cm across). 
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Tertiary nephelínitic magmatism in Eastern Paraguay 

Analytical procedures 0.71027±3 . Standard deviations are expressed 
as 2a on the mean. 

Major and trace element contents of whole Nd isotope composition analyses were car
rocks were determined by X-ray fluorescence ried out following the chemical and spectrome
(Bellieni el al., 1983); microprobe mineral tric procedures described in Zindler el al. 
compositions were analysed according to (1979). The 143NdlJ44Nd measured ratios were 
Comin-Chiaramonti el al. (1986). corrected for fractionation to 146Nd/144Nd = 

Sr isotope compositions were measured after 0.7219 and normalized to the La Jolla Nd stan
Sr separation by standard ion-exchange chro dard. Standard deviations are expressed as 2a 
matography. The measured 87Sr/86Sr ratios on the mean. 
were frationation-corrected to an 86Sr/88Sr Carbon isotopic compositions were perform
value of 0.1194. Repeated analyses of the NBS ed on hand-picked carbonate grains purified in 
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400°C and reacting with 100 % H3P04 by a 
Finningan Mat Delta E mass spectrometer. The 
results are given in o per mil notation ; PDB-l 
is the reference standard ; leT standard devi
ation is 0.05%0. 

Petrography and mineral compositions 

Nephetinites and ankaramites 

The investigated rocks are nephelinites and, 
subordinately , ankaramites (Fig. 2), according 
to De La Roche el al. (1980) and nephelinites 
(CIPW Ab < 5 % wt. and Ne > 20 % wt.), 
according to Le Bas (1989). 

Nephelinites and ankaramites are characteriz
ed by olivine phenocrysts and microphenocrysts 
of olivine, clinopyroxene and magnetite set in 

a microcrystalline groundmass. The latter is 
made up of clinopyroxene, olivine, opaques, 
interstitial glass, nepheline and very rare pla
gioclase microlites. Several samples show poiki
litic nepheline , alkali feldspar and carbonates. 
Sorne samples contain spinel-peridotite xeno
liths (see below) associated with olivine, 
pyroxene and/or spinel xenocrysts and some
times also cryptocrystalline materials (sedimen
tary, metamorphic and vokanic) and quartz 
xenocrysts derived from the crust (Demarchi el 
al., 1988). 

Modal clinopyroxene (Cpx) ranges from 40 
to 49 % (Table 1). Cpx-microphenocrysls (0.2
0.5 mm ; Mg# 0.80, Cpx/M in Tables 1, 2) are 
zoned aud rauge in colour from greenish yellow 
(core) to pink (rim) ; groundmass-Cpx « 0.2 
mm; Mg# 0.75 , Cpx/G in Tables 1, 2) is 
stubby prismatic and ranges from pale yetlow 
to pink in colour. Compositionally, both micro-

Fig. 2. Plot of the investigated nephelinites of Eastern Paraguay (ef. Table 3) in the diagram of De La Roche 
el al. (1980). Cireles : Nemby nephelinites, solid cireles : other Asunción nephelinites . In inset : A, field of 
Tertiary ultra-alkaline rocks of the Asunción area and B, field of Mesozoic alkaline rocks of Central-Easte rn 
Paraguay , SW of the Asunción area (Comin-Chiaramonti el al. , 1990). Rl = 4Si -l1(Na+K) - 2(Fe+Ti) ; R2 
= 6Ca + 2Mg + Al. 

phenocrystic and groundmass ( 
to salites (Fig. 3), the latter ha' 
Mg ratio. Clinopyroxene xenoGr) 
Mg# 0.93, CpxIX in Tables 1, 
show spinel exsolutions and gl¡ 
These clinopyroxenes (diopsidE 
compositionally similar to the e 
dotite xenoliths. Rare orlhopym 
(Mg# 0.92; OpxIX in Table 2 
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Modal olivine (01) ranges fre 
vol. (Table 1). Ol-phenocrysls (F 
in Tables 1, 2) are euhedral am 
7 % vol. ; 0.5-2 mm). Ol-microp 
82-77 ; OIlM in Tables 1, 2) arl 
6 % vol. ; 0.2-0.5 mm) ; grou~ 
(Fo 76-74 ; 3-6 % vol. ; Ol/G ir 
shows euhedral to subhedral ou 
x enocrysls and the olivine of 
xenoliths have the same compositi 

Table l. Represeotative modal anal~ 

Eastern Paraguay. 

2 

OVP 6.5 4.6 

Ol/M 6.2 37 

Ol/G 3.6 3.4 

Cpx!X 1.5 0.5 

CpxlM 0.9 6.0 

CpxlG 46 .1 36.6 

MtfM 0.6 03 

Mt/G 3.9 50 

Nepheline 18.8 16.4 

Glass 11.1 22.5 

Apatite 0.5 0.5 

Biotite 

Carbonates 

PI 

Xenolilhs 0.3 0.5 

Numbers as in Fig. 1. 01, olivine; 

P , phenocrysts ; M, microphenocrysts 
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derived from the crust (Demarchi et 

:linopyroxene (Cpx) ranges from 40 
fabJe J). Cpx-microphenocrysts (0.2
\1g# 0.80, CpxIM in Tables 1,2) are 
range in colour from greenish yellow 

pink (rim) ; groundmass-Cpx « 0.2 
#O 0.75, Cpx/G in Tables 1, 2) is 
smatic and ranges from pale yellow 
colour. Compositionally, both micro

phenocrystic and groundmass Cpx correspond 
to salites (Fig. 3) , the latter having higher Fe/ 
Mg ratio. Clinopyroxene xenocrysls (0.3-2 mm ; 
Mg# 0.93 , CpxIX in Tables 1, 2) occasionally 
show spinel exsolutions and glassy inclusions . 
These clinopyroxenes (diopsides, Fig. 3) are 
compositionally similar to the Cpx of the peri
dolite xenoliths. Rare orthopyroxene xenocrysts 
(Mg# 0.92; OpxIX in Table 2) are occasio
nally present o 

Modal olivine (01) ranges from 7 to 16 % 
vol. (Table 1). Ol-phenocrysts (Fo 89-85 ; Ol/P 
in Tables 1, 2) are euhedral and fractured (1
7 % vol. ; 0.5-2 mm). Ol-microphenocrysts (Fo 
82-77 ; OUM in Tables 1, 2) are euhedral (1
6 % vol. ; 0.2-0.5 mm) ; groundmass olivine 
(Fo 76-74 ; 3-6 % vol. ; Ol/G in Tables 1, 2) 
shows euhedral to subhedral outlines. Olivine 
xenocrysts and the olivine of the peridotite 
xenoliths have the same composition (Fo 93-90). 

Table 1. Representative modal analyses (vol. %) and 
Eastern Paraguay. 

Tertiary nephelinitic magmatism in Eastern Paraguay 

Ti-magnetite occurs as anhedral micropheno
crysts (0.1 - 0 .2 mm ; 0 .3 - 0.7 % vol. ; Mt/M 
in Tables 1, 2) and as groundmass phase « 
0.1 mm ; 4 - 7 % vol. ; Mt/G in Tables 1, 2). 
Spinel xenocrysts (Cr/(Cr + Al) = 0.12-0.40, 
close to the range of spinel from mantle xeno
liths) with Ti-magnetite rims are occasionally 
present. Fine need1es of apatite are common ; 
biotite flakes and carbonate rhombohedra (both 
< 0.01 mm) are occasional1y present in the 
groundmass. 

Mantle xenoliths 

Mantle xenoliths (up to 45 cm in size) are 
spinel lhe rzolites, harzburgites and dunites 
(Group 1 of Frey & Prinz , 1978) and corre
spond to the Cr-diopside series of Wilshire & 
Shervais (1975). They usual1y have a protogra

mineral size variation (mm) for nephelinites from 

/ 

OVP 6.5 4.6 2.3 :U~ 0.7 4.2 2.6 0.50-2.00 
I TE 

OJIM 6.2 3.7 2.3 2'1 0.7 2.6 6.5 4.7 0.15-0 .50 

OllG 3.6 3.4 3.8 5.5 5.5 4.3 3.0 0.08-0.15 

Cpx/X 1.5 0.5 0.1 0.4 0.9 0.2 0 .5 0.28-2.00 

CpxJM 09 6.0 1.5 1.4 0.9 0.3 46.3 0.6 0.15-0.50 

CpxJG 46.1 36.6 39.9 44.0 41.3 41.9 39 .3 <0. 15
/ 

I 

MtlM 0.6 0.3 0.7 0.4 0.7 0.6 0.3 0.10-0.23 
5.1

M tlG 3.9 5.0 6.2 6.8 5.0 5.6 5.0 <0.10 

Nepheline 18.8 16.4 17.3 15.3 21.0 20.6 21.4 19.2 

Glass 11.1 22.5 24.8 17.1 22.5 18.7 20.6 21.4 

Apatite 0.5 0.5 0.7 0.1 0.4 0.4 0.1 0.3 « 0.10 

Biotite 0.1 <0.01 

Carbonates 0.1 0.02-0.10 .. PI 0.2 0.02-0.10 

Xenoliths 0.3 0.5 0.1 2.3 0.4 0.6 3.0 0.13-1.55
Table 3) in the diagram of De La Roche 
nción nephelinites. In inset : A, field of 
esozoic alka line rocks of Central-Eastern 
l. R1 

2 3 4 5 6 7 8 (mm) range 

= 4Si - ll(Na+ K) - 2(Fe+Ti) ; R2 Numbers as in Fig. 1. 01 , olivine ; Cpx , clinopyroxene ; Mt, magnetite; PI, plagioclase. X, xenocrysts ; 
P, phenocrysts ; M, microphenocrysts ; G, groundmass . 
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Table 2. Average microprobe analyses of cJinopyroxenes (Cpx), orthopyroxenes (Opx), olivines (01), magne
tite (Mt) and nepheline. 

_______C~p_x____________ Opx __________0_1__________ Mt Nepheline 


N X M G X N P M G M G 


Si02 55.13 54.16 47.87 45.30 54.84 41.19 40.30 38.66 38.09 4l.94 

Ti02 0.10 0.12 2.28 3.61 0.00 18.92 20.99 


AI20 3 1.48 2.72 6.20 8.07 4.80 6.47 4.56 35.09 

FeO, 2.33 2.33 6.27 7.40 5.18 8.59 11.14 19.12 22.21 66.25 67.22 

MnO 0.16 0.11 0.17 0.10 0.14 0.11 0.20 0.47 0.66 0.86 0.96 

MgO 17.66 17.00 14.15 12.33 32.92 49.64 47.78 41.09 38.37 3.62 2.83 

CaO 21.90 21.72 22.05 22.61 1.17 0.02 0.09 0.51 0.59 0.91 


Na20 0.99 0.91 0.50 0.23 0.01 18.26 

K 20 0.00 0.00 0.00 0.04 0.00 4.47 
 2e 
Cr203 0.85 0.85 0.29 0.12 0.92 1.37 0.81 

NiO 0.40 0.26 0.16 0.11 


SUM 100.60 99.92 99.78 99.81 99.98 99.95 99.90 100.01 100.03 97.49 97.37 100.67 

10 
Si l.m1.~ l .ml.~I.m 1.~O.mO.mo.m I.~ 

Ti 0.003 0.003 0.063 0.102 0.000 	 0.505 0.570 
AI;v 0.021 0.041 0.230 0.306 0.109 0.987 

AIY) 0.042 0.075 0.040 0.050 0.086 

Fe3+ 0.018 0.000 0.091 0.066 0.000 0.000 0.003 0.017 0.014 0.680 0.642 
 I p

IMg ==Fe2+ 0.052 0.070 0.103 0.166 0.149 0.174 0.227 0.394 0.470 1.286 1.387 

Mn 0.005 0.003 0.005 0.003 0.004 0.002 0.004 0.010 0.015 0.026 0.029 
 Fig. 3. Compositional variation of c1in( 
Mg 0.945 0.917 0.780 0.687 1.691 l.811 1.758 1.571 l.490 0.193 0.154 Fe3+) conventional diagram (atoms %). 
Ca 0.843 0.842 0.873 0.906 0.043 0.001 0.002 0.014 0.017 0.024 X = xenocrysts ; M= microphenocrysts 

Na 0.069 0.064 0.036 0.017 0.001 0.845 

K 0.000 0.000 0.000 0.002 0.000 0.136 
Pyrrhotite, pentlandite and apaliCr 0.024 0.024 0.008 0.004 0.025 	 0.038 0.023 

dispersed grajns. Very rare carbOIlNi 	 0.008 0.005 0.003 0.002 
present as tiny euhedral crystals. Th,Al 	 0.271 0.194 
character of the whole assemblage 
by the compositional variation oE e; 
phase (Demarchi et a!., 1988) , i.e., 
(atomic ratio) of the orthopyroxe 

Total iron as FeO. N = xenoliths ; X = xenocrysts ; P = phenocrysts ; M = microphenocrysts ; G = ground	 11.8) is correlated to the Fo con 
mass. 	 olivine (90 to 93) , to tbe MglFe, 

roxene (9.2 to 15.3), as well as to tt 
Al) ratio of the spjnel (0.10 to 0.60) 

nular texture (Mercier & Nicolas, 1975, (Table 3), showing spinel exsolutions and occa The "blebs" consist of a glassy mal 
nomenc1ature). No lava contamination is appa sional glassy inc1usions. ing olivine, clinopyroxene and Cr-spi 
ren! from petrographic, mineralogical or che 1 Orthopyroxene (Mg# 0.91-0.92 ; 3 to 26 % tes. They are considered to bave bee 
mical studies (Comin-Chiaramonti el a!., 1986 ; vo!.) is unzooed (Table 3) and rarely shows spi melting of amphibole and phlogopi 
Demarchi el al., 1988). Mantle xenoliths nel exsolutions. Olivine (60 to 97 % vol.) Chiaramontielal.,1986). 
contain variable amounts of glassy patches cor varies in composition from F090 (Jherzolites) to Equilibration temperatures and ¡ 
responding to the "blebs" of Maal0e & F093 (dunites) (Table 3). Spinel (Cr/(Cr + Al) the spinel-peridotite xenoliths 
Prinzlau (1979; see later). 0.10-0.60 ; 0.6 to 4 % vol. ; Table 3) may be according to Mercier , 1980) vary b( 

Clinopyroxene (Mg# 0.91-0.93 ; 1 to 15 % surrounded by microcrystalline glassy rims and 10510 C and 14-22 kbar, respectively 
vo!.) is compositionally quite homogeneous "blebs". a diameter of 45 cm , corresponding 
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ions. O/ivine (60 to 97 % vol.) 

mposition from F090 (Iherzolites) to 

~ s) (TabJe 3). Spinel (Cr/(Cr + Al) 

0.6 to 4 % vol. ; Table 3) may be 
by microcrystalline glassy rims and 
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Fig. 3. Composi tional varia lion of clinopyroxene, olivine and orthopyroxene in the Ca-Mg- (Fe2+ + Mn + 
Fe3+) conventional diagram (atoms % ). N = xenoliths and microxenoliths ; X = xenoliths and microxenoliths ; 
X = xenocrysts ; M= microphenocrysts ; G = groundmass phases. 

Pyrrhotite, pentlandite and apatite occur as of the largest xenoJith, a density of 3.3 g/cm3 

dispersed grains. Very rare carbonate may be and an origin at a depth of 60 km, the trans
present as tiny euhedral crystals. The " residu al" port of the xenoJiths to the surface occurred in 
character of the whole assemblage is refl ected less than 10 hours (cf. Spera , 1984). 
by the compositional variation of each mineral 
phase (Demarchi el al., 1988) , i.e., the MglFe[ 
(atomic ratio) of the 
11.8) is correlated to 

orthopyroxene (9.7 to 
the Fo content of the 

Whole-rock compositions 

olivine (90 to 93) , to the Mg/Fe[ of clinopy
roxene (9.2 to 15.3) , as well as to the Cr/(Cr + 

Nephelinites and ankararnitesAl) ratio of the spinel (0.10 to 0 .60). 
The "blebs" consist of a glassy ma trix contain

ing olivine , c1inopyroxene a nd Cr-spinel microli The average compositions of the investigated 
tes. They are considered to have been formed by rocks are given in Table 4. 
melting of amphibole and phlogopite (Comin In general , MgO content is negatively corre
Chiaramonti et al., 1986). lated with Si02, AJ 20 3 , Na20 and K20 , and is 

Equilibration temperatures and pressures of positively correJated with CaO and FeO[ 
the spinel-peridotite xenoliths (calculated (Fig. 4). The Nemby nepheJinites, at similar 
according to Mercier, 1980) vary between 944- MgO content, are distinct from the others in 
105PC and 14-22 kbar, respectiveJy. Assuming haviug Jower Ti02 and CaO, and higher P20 5 
a diameter of 45 cm, corresponding to the size and Na20 contents. 
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Table 3. Chemical compositions of coexisting phases in bleb-free (BF) and bleb-bearing (BB) xenoliths (after 

Demarchi el al., 1988) ; amphibole (AMPH) and phlogopite (PHLOG) compositions (from Wilkinson & Le 

Maitre, 1987) used in the mass balance calcuJations. 

01 Opx 

BF 3192 3269 3192 3269 

Si02 
Ti02 
AI 2O) 

FeO, 

MgO 
CaO 

Na20 
K20 

Cr20) 

41.23 

9.30 
49.94 

0.03 

41.08 

8.05 

50.09 
0.03 

56.86 

0.07 
3.33 

5.80 

33.77 
0.49 

0.05 

0.24 

56.60 

0.02 
2.70 

5.19 

33.94 
0.47 

0.54 

BB 3198 3304 3198 3304 

Si02 
Ti02 
AI2O) 

FeO, 

MgO 

CaO 

Na20 
K20 

Cr20) 

41.54 

8.91 

49.22 
0.04 

40.26 

8.40 

49.38 

0.00 

56.04 

0.05 

3.47 

5.67 
33.22 

0.57 

0.05 

0.24 

57.21 

0.02 

1.93 

5.33 

34.36 

0.42 
0.05 

0.38 

Trace-element variations relative to MgO 
(Fig. 5) display well defined trends in the 
Nemby samples. These latter show, increasing 
Sr, Ba, La, Ce, Y and Nb, for decreasing 
MgO , coupled with decreasing Ni and Cr ; Rb 
remains virtually constant (av. 59 ± 2 ppm) . 
The nephelinites of the other localities show 
scattered variations mainly for La , Ce, Zr and 
Nb. Note that the least differentiated nepheli
nite (n.1 of Table 4 ; Mg# 0.69) has the 
highest incompatible element contents. 

The compositional variations of the Nemby 
samples are compatible with fractional crystalli
zation. Mass balance calculations (major ele
ments) show that the transition from sample 8 
(Mg# 0.674) to sample 12 (Mg# 0.638) yields 
Lres2 = 0.88 ; this requires the extraction of 
olivine (3.9 %: OI/P of Table 2), clinopy
roxene (9.2 % : CpxlM of Table 2) and magne
tite (2.6 % : Mt/M of table 2). The incompat-

AMPH PHLOGCpx Sp 

Tertiary ne 

Ñ RgCO~ N ~~~~~ I~ 
~ ~ N:! S° cr.i ~~"':--: 

sr 
'2 ~ ~ g:3 No¡28 ~~ 

11 ~N:!:=?6O-:s?0"":"': 
e 

~~8~ ~~~r:: ~~ I ~ 
~0i:::~6O:~"'; "":-': 

8' :;: ~ ~!; ~~8:;;¡:::~ '~ ~ 
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e 

'" 
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~V"r V\ '>O('I-::l'C N 

"'lN(""': "":6"":0",....:....:"!t - - __ 

(""l :y.) " .:c .". ("j 00 V"¡ '" .r,
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~~ ~ 

~ 
::¿
:::; 

¡-'1 ~~ 8~ :::1 '2~~ ~~ 
~N;::=C~~ V'i "":c 

¡s 

3192 

53.02 

0.31 

5.68 
2.57 

15.32 

20.92 
1.47 

0.01 

0.82 

3198 

51.32 

0.45 

5.84 

2.79 

15.42 
20.10 

1.37 

0.01 

0.76 

ible 

3269 3192 3269 

53.54 

0.05 
2.70 

2.17 

16.62 

0.06 

56.53 
10.63 

20.70 

0.06 
41.72 

10.65 

18.74 

43.98 

0.74 

14.10 

3.90 

17.99 

41.01 

0.18 
13.49 
2.60 

26.03 
21.97 

0.96 

0.01 

1.03 12.38 27.58 

10.75 

3.48 

0.56 

1.58 

3304 3198 3304 BLEBS 

54.76 

0.03 

3.99 
2.17 

16.18 
22.76 

0.94 

0.01 

0.87 

0.12 

57.67 

8.98 

20.79 

10.70 

0.14 

43.54 

12.98 

18.94 

24 .01 

44.21 

0.45 

7.83 

6.51 

28.57 
4.18 

1.30 

1.90 
4.00 

trace element calculated/observed 

0.01 

0.32 

10.00 

0.82 

ratios 
(Rayleigh fractionation ; partition eoeffieients 
after Bristow, 1984) range, on the whole, 
between 0.95 and 1.18. 

In general, the LalY ratio of the nephelinites 
inereases with the degree of siliea undersatura
tion, i. e. CIPW Ne + Le + Cs. Note that the 
nephelinites are strongly enriched in LREE 
(ehondrite normalized values : La = 235-329 ; 
Ce = 177-245; Nd = 82-110) relative to 
HREE (Yb = 7-11 ; Lu = 7-10, S. Table 4). 

Manlle xenolitbs 

Representative eompositions of the mantle 
xenoliths enclosed in the nephelinites are listed 
in Table 5. They refer to different peridotite 
suites with or without "blebs" (BB- and BF
suites , respectively). A detailed diseussion of 

, 
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Table 4. Average analyses of nephe linites from Easlern Paraguay. 
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CERRO RI' \iANSO NUEVA CERRO 
LIMPIO TACUMBU LAMBARE NEMBY 

vERDE CASTILLO TEBLADA PATINO 

I(n ~ 2) 2(n ~ 2) 3(" ~ 1) 4(" ~ 2) 5(n ~ 4) 6(" ~ 2) 7(n ~ 1) 8( " ~ 2) 9(n ~ 6) lO(n ~ 14) 1I(n ~ 6) 12(n ~ 2) 

SiO, 41.52 43.37 44 .35 42.83 43.45 42.42 43.8 1 43. 10 44.53 43.78 43. 72 44.70 
TiO~ 2.68 2.55 2.24 2.18 2.63 2.56 2.38 2. 11 2.13 2.20 2.20 2.09 
AI,Ó, 12.43 14.00 16 .05 13.37 14.85 13. 52 14 .74 13.46 13.67 14. 03 14.30 14 .81 
FeOl 11.42 11.08 '10.17 11.28 10.55 11.62 10.02 11.13 10.47 '10.62 10.60 10.12 
MnO 0.24 0.22 0.18 0.24 0.18 0.22 0.18 0.22 0.20 0.22 0.21 0.2 1 
MgO 12.21 9.85 8.03 10.43 9.65 II.l9 10.07 10.77 9 .99 9.52 9.01 8.69 
CaO 12.60 10.90 11.l2 11.48 11.28 10.96 12. 06 10.87 10.62 10.72 10.70 10.04 ~ 
Na'20 4.72 5.80 5.45 5.35 5.17 5.05 .1. 15 5.75 5.53 5.7 1 6.02 6.36 2 
K,O 0.94 1.26 148 169 1.43 1.29 0.69 1.4 7 1.71 1.96 1.98 1.78 ¡:.¡..,
P,O, 1.24 0.97 0.93 l.l.l 0.81 1.17 0.90 1.1 2 1.1 5 1.24 1.26 1.20 '< 
Co 54 48 50 58 46 53 49 ::J 

(1)Cr 492 389 398 432 377 550 542 609 549 530 515 491 
Ni 284 228 154 277 182 320 207 292 277 258 250 254 "g
Bo 1289 1055 J031 1011 1253 1000 1090 11141 1005 1066 1090 1144 ~ 
Rb 55 38 56 56 71 41 22 60 58 56 60 60 
Sr 1278 1109 1102 1079 1104 1081 1016 1061 1089 ¡1I6 11 23 1150 ~: 
La 133 107 81 102 84 112 81 112 114 122 122 129 ;::; 
Nd' 49 49 66 . 49 63 
Ce 192 160 141 185 133 178 145 172 183 191 19 1 192 a 

¡,o
Yb' 1.9 1.6 1.9 1.5 1.5 (]O 
Lu' 0.27 0.24 0.28 0.22 0.32 a 
Z r 307 294 200 286 222 288 16.1 259 230 237 234 280 e;.
Y 27 29 29 25 20 29 26 27 34 34 34 32 ¡;;. 
Nb 125 93 94 100 90 109 89 9.1 106 112 113 128 a 
O r 0.00 7.45 8.76 2.15 8.46 7.63 4.08 608 10.11 11.3 1 1045 JO.53 
Ab 0.00 1.58 4.28 0.00 0.63 0.08 4.40 0.00 3.42 0.00 0.00 4.5 1 ::J 

An 9.94 8.44 14 .93 745 13.06 10.39 15.04 655 7AI 6.84 6. 13 6.58 tTl 
¡:.¡Le 4.36 0.00 0.00 6. 16 0.00 0.00 0.00 205 0.00 0. 19 0.98 0.00 

Ne 21.61 25.70 22.64 2A .51 23.34 23.09 21.20 26.34 23 .48 26.16 27 .58 26.69 
C/>

e;
Cs 1.12 0.00 0.00 0.00 0.00 0.00 0.00 (1.00 0.00 0.00 0.00 0.00 .., 
Di 32.93 31.83 27.78 34 .01 30.41 29.37 31.40 32.42 30.56 30.99 31. 43 28.72 ::J 

0 1 19.81 15.7 1 13 .18 16.67 15. 13 19.56 15.28 17.74 16.24 15.25 1 ~ . 2 1 14.22 '"O 
MI 2.44 2.36 2. 18 241 2.26 2.48 2.15 2.38 2.23 2.28 2.26 2.16 ¡:.¡..,
fI 5.09 4.85 4.26 4. 14 4.99 4.86 4.52 4.01 4.0.1 4.18 4.18 3.97 ¡:.¡ 
Ap 2.93 2.29 2.20 2.72 1.92 2.77 2. 13 2.65 2.72 2.93 2.98 2.84 (]O 

e 
¡:.¡

Mg* '<
(1) 0.687 0.646 0.619 0.655 0.653 0.664 0.674 0665 0.662 0.648 0.636 0.638 
(2) 0.692 0.651 0.624 0.660 0.658 0.669 O.ó79 0.670 0.667 0.653 0.641 0.643 

Fe20, 6.21 4.56 3.84 4.39 4.47 4.68 3.99 4.45 4.07 4.17 4.09 4.02 
FeO 5.48 6.66 6.40 7 .06 6.13 6.69 6.13 682 6.47 6.54 6.60 6 19 
L.O .!. 2.46 2.34 1.99 2.00 2.69 2.11 1.87 2.34 2.06 2.02 2.06 207 

Sum 99.65 99.48 99.29 99. 47 99.33 99.21 99.32 99.62 99.29 99.28 99.26 99.30 

Total iron as FeO . Data normalized lo 100 % on a volatile-free basis . Fe20 i FeO = 0.17 for CIPW norm calculation ; Mg number (Mg#) : 

MgI(Mg + Fe2+) ; Fe20olFeO ralios of 0.17 for (1) and 0.20, for (2). Original Fe203, FeO, L.O.I. and sum are also given. Numbers 1 to 8, as in Fig. 1 ; 

numbers 8 10 12 from Nemby hill , averaged for diffe re nt MgO contenls.• : REE data from Bilsche ne (1987). Number of analysed samples is given V1 
.....
in brackels. V1 
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Tertiar)' ni 

Table 5. Representative end-membeJ 
and BB mantle suites, respective/y. 
mantle xenoliths (Demarchi el al., 19 

BF Suite 
3192 3269 

Si02 44.68 43.66 
Ti02 0.06 0.01 
AI~03 2.56 0.77 
FeO, 7.88 7.66 
MnO 0.12 0.11 
MgO 41.37 46.10 
CaO 2.27 0.71 
Na20 0.10 0.05 
K20 0.09 0.06 
P20S 0.02 0.00 

Cr 2968 2379 
Ni 2131 2377 
Ba 10 2 
Rb 3 2 
Sr 11 13 
La 3 3 
Ce 5 4 
Zr 13 12 
Y 4 1 
Nb 6 6 

the xenolith compositional varial 
in C omin-Chiaramonti et al. (1986 
chi el al. (1988). We point out her. 
bearing xenoliths are signifieantl~ 
K20 (up to 0.49 %) and inee 
ements . 

Sr, Nd and e isotop 

lnitial 87Sr/86Sr ratios (Ro) of se 
linites range from 0.70362 to O. 
present-day 143Nd/144Nd ratio s 
0.51262 to 0.51280 (Table 6). Sam 
(e.g. Limpio) or high (e.g. e 
contents of crustal xenoliths have 
Ro values (i.e. 0.70378 and 0.70 
ively). These data and the absence 
correlations between Ro and SiC 
and Ba, as well as their rapid , 
surface, suggest that the investigat 
tes were not appreciably modifie 
components (i. e. granitic compone 
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Table 5. Representative end-members analyses of BF The mantle xenoliths enclosed in the nephelini
and BB mantle suites, respectively, from Asunción tes have Sr and Nd isotopes (Petrini, unpublished 
manlle xenoliths (Demarchi el al. , 1988). data) which differ from those of the nephelini

tes. These differences are important (eJ. Fig. 6) 
BF Suite BB suite and indicate that the mantle source(s) of the 

3192 3269 3198 3304 
 nephelinitic magmas was isotopically distinct 

from that represented by the enclosed mantle Si02 44.68 43.66 44.97 42.70 
xenoliths . 

Ti02 0 .06 0 .01 0.09 0.02 
When the Ro values of the nephelinites are 

AI2O) 2.56 0.77 2.46 1.26 
plotted against KlAr age , a temporal trend 

FeO, 7.88 7.66 7.84 7.82 
becomes apparent (Fig. 7). Between 60 and 40 


MnO 0.12 0.11 0.12 0.12 Ma, Ro value continuously increases with age , 
MgO 41.37 46.10 39.93 45.57 apart from the Cerro Patiño samples. This 
CaO 2.27 0.71 3.01 1.01 trend suggests slightly different nephelinite 
Na20 0.10 0.05 0.26 0.24 sources. 

K20 0.09 0.06 0.43 0 .36 
 Carbonate from nephelinites have 8J3C rang
P20 5 0.02 0.00 0.05 0.04 ing from -5.2 to - 7.9%0 (av. -7.0 ± 0.9 %0, 


Table 7), in agreement with an origin from the 

Cr 2968 2379 2396 3182 
 mantle (-7 ± 1%0 : Pineau & Mathez, 1990). 


Ni 2131 2377 2081 2321 


Ba 10 2 31 36 

Discussion and conclusion Rb 3 2 7 7 


Sr 11 13 44 73 

In general, there is a consensus that nepheli

La 3 3 4 3 

nitic magmas are generated by low degrees of 

Ce 5 4 7 5 

melting and high CO2/(C02 + H 20) ratios in 

Zr 13 12 15 12 

garnet peridotites which are enriched in incom

Y 4 1 5 3 
 patible elements prior to or during melting 

Nb 6 6 7 8 
 (e.g. Eggler, 1978 ; Frey el al., 1978 ; Boet

tcher el al., 1979; Menzies & Murthy , 1980 ; 
Bristow, 1984 ; Wyllie , 1987). 

Spinel peridotites strongly enriched in incom
the xenolith compositional variations is given patible elements may also be suitable parental 
in Comin-Chiaramonti el al. (1986) and Demar materials for the genesis of strongly alkaline 
chi el al. (1988). We point out here that "bleb" melts (eJ. Roden el al., 1984 ; Roden , 1987). 
bearing xenoliths are significantly enriched in Thus, it is important to test if at least in terms 
K20 (up to 0.49 %) and incompatible el of major and trace elements the studied nephe
ements . linites may have originated from mantle sources 

similar to those represented by the enclosed 
spinel-peridotite xenoliths which are enrichedSr, Nd and e isotopes 
in incompatible elements. 

lnitial 87Sr/86Sr ratios (Ro) of selected nephe The high Mg-number (0.64 - 0.69) and the 
linites range from 0.70362 to 0 .70392, while high Cr (377-609 ppm), Ni (154-320 ppm) and 
present-day J43Nd/I44Nd ratios vary from Co (48-58 ppm) contents indicate that the 
0.51262 to 0.51280 (Table 6) . Samples with low investigated nephelinites approach the compo
(e.g. Limpio) or high (e .g. Cerro Verde) sition of a primary magma from the manUe. In 
contents of crustal xenoliths have very similar fact , it is sufficient to add 3-6 % wt. of olivine 
Ro values (i.e. 0.70378 and 0.70381 , respect F088 (Ol/P of Table 2) to obtain nephelinites 
ively). These data and the absence of significant with an Mg-number of 0.71 ("theoretical 
correlations between Ro and Si02 , Rb, K20 nephelinite" ; Table 8). 
and Ba, as well as their rapid ascent to the Mass balance calculations , assuming a spinel

MgO surface, suggest that the investigated nephelini lherzolite xenolith strongly enriched in incom
tes were not appreciably modified by crustal patible elements as a mantle source (i.e.

lelini,es of lhe Asunción area. Numbers as components (i.e. granitic components). BB3198 ; mineral and bulk rock compositions 



Table 6. Initi al 87S r/86S r (Ro) a nd present day 143Nd/144 Nd ratios of se lecled samples of ultra-a lka line rocks from Ihe Asunción area. 
V1 

LOCALITY 
AGE (Ma) 

CERRO 
VERDE 
57.0:t2.3 

LIMPIO 
50.2:t 1.9 

LAMB ARÉ 
48.9 :t2.2 

NUEVA 
TEBLADA 

46 .3 :t 2.0 
NEMBY 
45.7:t1.8 

TACUMBÚ 
41.3:t1.6 

REMANSO 
CASTILLO 

40.6:t 1.6 

CERRO 
PATINO 
388:t 2.0 

..
(X) 

SAMPLE 3080 3082 3097 3103 3209 3213 3283 3068 3083 3399 

SiOz 
TiOz 
AlzO] 
FezO] 
FeO 
MnO 
MgO 
CaO 
NazO 
KzO 
PZ05 
LO .!. 

Sum 

Co 
Cr 
Ni 
Ba 
Rb 
Sr 
La 
Ce 
Zr 
Y 
Nb 

4003 
2.58 

11.98 
6.27 
5.46 
0.23 

11. 77 
1215 
4. 55 
0.91 
1.19 
2.44 

99.56 

53 
480 
277 

1258 
55 

1278 
130 
188 
300 
27 

122 

41.88 
2.46 

13.52 
4.60 
6.64 
0.21 
9.51 

10.52 
5.60 
1.22 
0.94 
2.29 

99.39 

385 
223 

1050 
39 

1111 
105 
157 
288 
29 
96 

41.05 
2.48 

13.10 
4.58 
6.80 
0.21 

10.84 
10.62 
4.89 
1.25 
1.13 
2.05 

99.00 

57 
544 
317 
991 

41 
1070 

111 
176 
285 

29 
108 

41.48 
2. 11 

1295 
4.48 
7.14 
0.23 

10 10 
11.12 
5 18 
1.64 
1.11 
1.85 

99.39 

428 
274 

1004 
56 

1066 
101 
183 
282 

25 
99 

42.52 
2.05 

13.41 
4.02 
6.48 
0.20 
9.54 

10.45 
5.80 
1.46 
1.18 
2.19 

99.29 

58 
648 
273 
980 

59 
1013 

116 
176 
234 

33 
101 

41.91 
2.16 

13.69 
3.47 
7.22 
0.20 
8.89 

10 .84 
5.55 
1. 93 
1.22 
2.12 

99.20 

539 
242 
990 
50 

1030 
106 
180 
237 

36 
101 

42.47 
2.09 

13.20 
4.07 
6.78 
0.20 
9.88 

10.46 
4.62 
2.26 
116 
2.07 

9926 

500 
253 
968 

50 
1063 

119 
186 
225 
33 

105 

41.84 
2.53 

14.30 
4.51 
6.17 
0.17 
9.29 

10. 86 
4.98 
1.38 
0.78 
2.59 

99.40 

50 
371 
179 

1237 
70 

1082 
82 

131 
218 

20 
89 

42.98 
2.17 

15.55 
3.84 
6.40 
0.18 
7.78 

10.78 
528 
1.43 
0.90 
1.99 

99.29 

48 
398 
154 

1031 
56 

1102 
81 

141 
200 
29 
94 

42.52 
2.32 

14.40 
399 
6.13 
017 
9.77 

11.71 
5.00 
0.67 
087 
1.87 

99.32 

46 
542 
207 

1090 
22 

1016 
81 

145 
165 
26 
89 

"j 

(') 
o 

ª;:l n 
~ 
Q).., 
Q) 

3 
o 
&. 
~ 

~ 

R,(87SrJ86Sr)o 0.70381:t1 0.70378:t l 0.70374:t1 0.70369:t l 0.70363 :t1 0.70362:t1 0.70369 :tl 0.70365 :t3 0.70367:t1 0.70392:t1 

14]Ndl l44 Nd 0.512729:t6 0.512624:t 12 0.512803:t6 
0.512800:t20 

0.512760:t 10 0.512655 :t 8 0.512746:t6 0.512753:t7 

Mg# 0.690 0.650 0.676 0655 0.665 0.644 0.665 0.654 0.624 0679 
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Fig. 6. 143Nd l44Nd (present day) vs. Ro (87S rj86S r initial ratios) diagram for Asunción ultra-alkaline rock-types, 
enclosed mantle-xenoliths (Petrini , unpublished data: BB and BF = Bleb-bearing and Bleb-free suite, respect
ively) and Mesozoic tholeiitic basalts of Central-Eastern Paraguay (Corda ni el al. , 1988 ; L-Ti and H-Ti : low
and high-titanium suite, respectively). Other fields : SP = SI. Paul rocks (Roden el al., 1984) ; FN = Fernando 
de Noronha, Quixaba Formation (Gerlach el al., 1987) ; AB = Abrolhos (Fodor el al., 1989). Ro relative to 
Mantle Array and Bulk Earth (after Faure, 1986) calculated at 41 Ma, assuming Rb/Sr ratio = 0.025 and 
87Srf86Sr = 0.7047 for present day Bulk E arth . 
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Fig. 7. Ro vs. age (Ma) di agram (ages after Bitschene , 1987) for nephel inites from the Asunción area. CC, 
Cerro Confuso phonolitic plug, 2 km south of Cerro Verde hill (Ro after Bitschene, 1987) ; CV, Cerro Verde ; 
LI, Limpio ; LA, Lambaré ; NT, Nueva Teblada ; N, Nemby ; T , Tacumbú ; R C, Remanso Castillo ; CP, 
Cerro Patiño). Bars indica te 20' for Ro and 10' for the age. 
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Table 7. ¡¡13C%o (vs PDB-1) values of carbonates from 
selcelcd neph elinite sa mples. 

Sample ¡¡IJC%o Sample ¡¡13C%o 

3199 
3213 

3252 

3260 

-6.87 
- 7.07 

-7.64 

- 7.92 

3263 

3313A 
3222 

3288 

-5.22 

-7.39 

-6.87 

-7.34 

Table 8. Calculated " theoretica l" parent melts (Mg# 
0.71) for Asunción nephelinites (see tex t for explana
tion). 

13 14 15 16 

Si02 41.59 42.31 43.66 42.96 

Ti02 2.61 2.41 2.28 1.99 
Al20 3 12.12 12.75 14.10 12.70 

FeO, 11.41 11 .59 10.07 11.13 
MnO 0.24 0.22 0.18 0.22 
MgO 13.U 13.31 U.72 12.85 

CaO 12.28 10.33 11.54 10.26 

Na20 4.60 4.76 4.93 5.43 
K20 0.92 1.22 0.66 1.39 

P20S 1.21 1.10 0.86 1.06 

Co 57 67 51 61 

Cr 515 612 587 676 

Ni 358 546 309 492 

Ba 1257 943 1043 983 

Rb 54 39 21 57 

Sr 1246 1019 972 1002 
La 130 106 78 106 

Ce 188 168 139 163 

Zr 300 272 159 245 

Y 26 27 25 26 

Nb 122 103 85 90 

The original nephelinites are from Table 4, and the 
added olivine (011P) from Table 2. Theoretical 
nephelinites are the following : n.13 = n.l + 2.53 % 
wt 01 ; n.14 = n.5 + 5.77 % wt 01 ; n. 15 = n.7 + 
4.37 % wt 01 ; n.16 = n.8 + 5.63 % wt 01. 

in Tables 3 and 5, respectively), show that the 
degree of melting necessary to produce a 
" theo retical nephelinite" ranges from about 5 
to 6 %. The best solutions (L res2< 0.2) yield 
the following solid residua : 01 = 62.4-66.1, 
Opx = 19.8-20.1, Cpx = 10.3-11 .9, Sp = 0.01
0.04 , Phlog = 2.6-2.9. The incompatible el

ement contents in the source were calculated 
using a batch melting equation . The partition 
coefficients used in the calculations are listed 
in Table 9. 

The results (Fig. 8A) show that the so urce 
of the theoretical nephelinite should be enrich
ed (1.5 - 4 times) in Ti, Ba, P, Nb , Ce, La and 
Zr and depleted in Y relative to the contents 
in Iherzolitic xenoliths enriched in incompatible 
elements (BB). Thus the Asunción nephelinites 
cannot be generated by melting of spinel 
Iherzolites of the type represented by the 
enclosed spinel-Iherzolite xenoliths. 

As a further test, we assumed that the 
harzburgitic xenolith BB3304, enriched in 
incompatible elements (mineral and bulk rock 
compositions in Tables 3 and 5, respectively) , 
represents a possible mantle residue. The min
eral assemblage , calculated from mass balance 
(L res2 = 0.1) , is 01 = 81.3, Opx = 11.7, C px 
= 3.6, Sp = 1.2, Amph = 0.9, and Phlog = 
1.3. In this case , assuming 2-6 % melting , the 
calculated element contents relative to those 
of the theoretical nephelinites, are distinctly 
higher (2-3 times) for Ba, P and Ti and lower 
(by ea. 0.5) for Y (ef. Fig. 8B). Similar results 
are also obtained assuming that the lherzolitic 
xenolith BB3198 is a solid partial melting resi
due with 2-6 % of melting. 

Thus, melting models suggest that it is un
Iikely that the associated harzburgitic and 
lherzolitic xenoliths enriched in incompatible 
elements represent solid partial melting residua 
related to the generation of the theoretical 
nephelinite. 

Considering garnet-peridotite sources 
(whole-rock and mineral compositions after 
Harris el al., 1967 ; Chen, 1971 ; MacGregor , 
1977 ; Bristow, 1984; Dautria el al., 1987; 
Wilkinson & Le Maitre , 1987) the generation 
of the Asunción theoretical nephelinites may 
be modelled for 3-6 % degrees of partial melt
ing for major elements only. Calculated 
contents of incompatible elements in the source 
normalized with respect to primordial mantle 
(Nelson el al., 1986), yield (e.g. for 4 % melt
ing) the following enrichment factors: Rb = 

1.3-4.4, K = 1-3 , Zr = 1-1.9 , Sr = 2-3, P = 
3.1-4.6, Ce = 3.3-4.5 , Ba = 6-9, La = 5-8 and 
Nb = 8.4-14. 

The geochemical a nd Sr-Nd isotope data , as 
well as the me lting models, show that the 
Asunción nephelinites are not derived from 
sources similar to the enclosed spinel-peridotite 

Tertiary n 

Table 9. Solici/I 

01 Opl 

Rb 0.0001 O.OC 
Ba 0.0001 001 
K 0.0002 O.OC 
Nb 0.0010 0.1 5 
La 0.00044 0.00 
Ce 000030 0.00 
Sr 0.0010 001 
P 0043 0.01 
Zr 0.01 0.03' 
Ti 0.D10 O.lOt 
y 00010 0.081 

01 , olivine ; Opx, orthopyroxene ; C 
amphibole . Source data: Hanson, 19 
al., 1984 ; Villemanl el al., 1981 ; Prill 
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ntents in the source were calculated Table 9. Solid/liquid partition coefficients used in the melting models. 
latch melting equation. The partitio n 
ts used in the calculations are listed 
) . 
sults (Fig. 8A) show that the source 
~oretical nephelinite should be e nrich
4 times) in Ti , Ba , P , Nb , Ce , La and 
lepleted in Y relative to the contents 
itic xenoliths enriched in incompatible 
(BB). Thus th e Asunción nephelinites 
le generated by melting of spinel 
s of the type represented by the 
spinel-Iherzolite xeno liths. 
furth er test, we assumed that the 

itie xenolith BB3304, enriched in 
ible elements (mineral and bulk rock 
ions in Tables 3 and 5, respectively) , 
ts a possible mantle residue. The min
mblage, calculated from mass balance 
= 0.1), is 01 = 81.3, Opx = 11.7, Cpx 
Ip = 1.2, Amph = 0.9, and Phlog = 
his case, assuming 2-6 % me lting , th e 
d element contents relative to those 
heoretieal nephelinites, are distinctly 
~-3 times) for Ba, P and Ti and lower 
J.5) tor Y (cf. Fig. 8B). Similar results 
obtained assumin g that the Iherzolitic 
BB3198 is a sol id par tial melting resi
2-6 % of melting. 
melting mod els suggest that it is un

hat the associated harzburgitic and 
ie xenoliths enriched in incompatible 
:; represent so lid parti al me lting residua 
to the generation of the theoretical 
¡Íte. 
jering garnet-peridotite sources 
·ock and mineral compositions after 
tal., 1967; Chen , 1971 ; MacGregor, 
3ristow, 1984; Dautria el al., 1987; 
)11 & Le Mai tre, 1987) the gene ratio n 
Asunción theoretical nephelinites may 
~ lIed tor 3-6 % degrees of partial melt

major elements only. Calculated 
; of incompatible elements in the source 
zed wi th respect to primo rdial mantle 
el al., 1986) , yield (e. g. for 4 % melt

: fo llowing enrichment fac tors : Rb = 

K = 1-3 , Zr = 1-1.9, Sr = 2-3, P = 

Ce = 3.3-4.5, Ba = 6-9, La = 5-8 and 
.4-14. 
;eochemical and Sr-Nd isotope data , as 

the melting models, show that th e 
in nephelinites are not derived fr om 
similar to the enclosed spinel-peridotite 

01 Opx Cpx Gar Sp Phlog Am ph 

Rb 0.0001 0.001 0.025 0010 0.0001 3.00 0.3 
Ba 0.0001 0.010 0.007 0010 0.0001 1.00 0.4 
K 0.0002 0.001 0.0028 0.001 0.0001 1000 1.0 
Nb 0.0010 0.15 0.10 0.10 0.05 1.00 0.5 

La 0.00044 0.0005 0.02 0.01 0.029 0.03 0.12 

Ce 0.00030 0.0009 0.04 0.021 0.032 0.03 0. 20 

Sr 0.0010 0.010 0.086 0.010 0.0001 0.10 0.5 

P 0.043 0.014 0.009 0.19 0.05 0.20 0.20 
Zr 0.01 0.030 0.10 0.155 0.02 0.60 0.35 
Ti 0. 010 0.100 0.ü30 0.30 0.10 0.90 0.7 

Y 0.0010 0.080 0.367 l. 85 0.048 0.03 0.20 

01, olivine ; Opx, orthopyroxene ; Cpx, c1inopyroxene ; Gar, garnet ; Sp , spinel ; Phlog, phlogopite ; Amph , 
amphibol.e. Source da ta: Hanson, 1977 ; lrving, 1978 ; Frey el al., 1978 ; Pearce & Norry, 1979 ; Ottonello el 

al. , 1984 ; Villemant el al., 1981 ; Prinzhofer & Allegre , 1985 ; Ewart & Hawkesworth , 1987. 
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3.5 % melting and the BB3304 harzburgite (Table 5) as res iduum . 
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xenoliths. On the co ntra ry , ga rnet-peridotite 
sources are preferred, because these types of · 
source allow a simpler ex planation for the 200 

strong and variable fractionation between 
LREE and HREE (vari able amounts of garnet 
in the residua). Note that ga rnet-peridotite ,1sources also require important enrichments in 100 1 1 , 
incompatible elements relative to a primordial o i ·1' "\ \ 

I 1\ ~ \mantle. . ,
I \ \ J . \ ,Incompatible eIement enrichment may be Q) 

1 ..¡ I \ \
broadly associated with metasomatic processes 

~ 

e SO i I ','.yo ,'" ,ro i Iinvolving fluids and/or small volume melts (e.g. E <>- . :-'? "i JMenzies el al. , 1987 ; Erlank el al., 1987). 
11Whatever the origin of these fluids , there is in 

"O g...agreement that the source was probably in the O 

deeper parts of the Iithosphere or upper asthe E 
...nosphere, and that such fluids like ly derived a. 

from volatile-rich alkaline mel ts. ...... 
Q)Assuming an average hea t flow value of 58 
a.mW/m2 for the Parana Basin (Hamza, 1982) in 10E 

Eocene times, and a peridotite solidus with ro 
Ul 

CO2/(C0 2 + H2) of 0.8 (Wyllie , 1987), volatile
rich f1uids could be related to partially melted 
diapirs generated mai nly at depths less than 
200 km. Thus, a wide zone of mantle metaso
matism may extend between the lower part of Ba Nb Ce p TI 

the lithosphere up to the solidus ledge (Wyllie , Rb K la Sr Zr y 

1987). The existence of primary carbonates of 
Fig. 9. Spidergrams of Asunció n oephe linites (sol id

mantle origin in the Asunción nephelinites sug and open circles : Nem by and Cerro Pa tiño, respecti
gests a COTbearing perido tite source with vely) a nd M esozoic alkaline rocks (triangles : 
sorne H20 component. The small enrichment tephryte dykes of Sapucai area : D e Mio , uopublish
in Zr rela tive to Nb in the mantle source could ed data) , normaJized to primordial manlle (values 
be due to Zr-Nb decoupling occurring at a parti from Ne lsoo el al., 1986, i. e. ppm: Rb = 0.69, 
cular CO2/(C0 2 + H20) ratio (Watson , 1979 ; B a = 6.81, K = 240, Nb = 0.75, La = 0.71, 

Haggerty el al. , 1986). Different H20-C02 pro Ce = 1.85, Sr = 23.7, P = 92, Nd = 1.37, 
Zr = 11.1 , Ti = 1300, Y = 4.69).portions at different depths might expla in the 

compositional differences among th e Asunción 
nephelinites. 

The "metasomatic" event(s) might be linked We e mphasize that the Sr isotope ratios of 
to the thermal anomaly responsible for the the Asunción nephelinites (Ro = 0.7036 
generation of the Parana Basin flood tholeiites 0.7039) are distinctly lower than those of 
(ca . 140-120 Ma). 1t is interesting to note that th e lower Cretaceous alkaJine magmatism of 
the metasomatic processes responsible for the Central-Eastern Paraguay (Sapucai-Ybituruzú 
form ation of the South African phlogopite-K area : 0.7073 ± 0.0003, age = 128 ± 8 Ma ; 
richterite peridotites occurred 90-150 Ma ago, Bitschene, 1987) , and even those of the adjoin
after the peak of basal tic flood volcanism in ing Paran a flood basalts to th e East (Ybytu
the Karoo province at ca. 190 Ma (Waters & ruzú-Ciudad de Leste area : R o = 0.7059 ± 
Erlank , 1988). 0.0002, age = 132 ± 12 Ma ; Bitschene , 1987 ; 

RO_143Nd/ I44 Nd variations (cf. Fig. 6) show Piccirillo el al., 1988). Tbis indicates that the 
that the f100d basalts of the Parana Basin (Cor Tertiary a lkaline magmatism of Paraguay orig
dani el al., 1988; Piccirillo el al., 1989) are inated from a more depleted mantle source, 
related to mantle so urces isotopically distinct distinct from sources feeding th e Cretaceous 
from those of th e nephelinites and enclosed magmatism . Such mantle source diffe rences 
mantle xenoliths. might be responsible for the existence of a pro-

Tertiary m 

Fig. 10. Cre taceous Gondwanala[.\d sI 
a(;;05S Africa aod Brazil (1 : Aragua 
Torres Syoclioe ; 5 : R io Grande Arel 
U , ~Itra-a lka lioe ; K , Kimberli1e). RI 
Modified after Le Bas (1987). SourcQ 
Gomes el al., 1990 . 

nounced negative Nb anomaly in t ~ 

alkaline magmatism but not in the 
Tertiary nephelinites (Fig. 9). 

If reference is made to the di 
alkaline and ultra-alkaline Mesoz 
tiary magmatism in SE-Brazi'l as 
Angola-Namibia counterpart (Fig. 
that both show NW-SE and NE 
respective ly . Notably, the alkalilH 
trends transversalIy to the general 
the mid-ocean ridge, and does n~ 

main structural grain of the cry 
meol. This indicates -as suggestcd 
(1987)- that the distribution of SU! 

Tertiary alka lioe magmatism \Vas 
constrained by stress regime varia 
to the opening of the SOllth Atl 
than by ancient structllrallineamcn 
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nphasize that the Sr isotope ratios oí 
nción nephelinites (Ro = 0.7036 
are distinctly lower than those of 
~r Cretaceous alkaline magmatism of 
Eastern Paraguay (Sapucai-Ybituruzú 
7073 ± 0.0003, age = 128 ± 8 Ma ; 
e, 1987) , and even those of th e adjoin
,na flood basalls to the East (Ybytu
dad de Leste area: R o = 0.7059 ± 
1ge = 132 ± 12 Ma ; Bitschene, 1987 ; 
, eL al., 1988). This indicates that the 
alkaline magmatism of Paraguay orig

rom a more depleted mantle source, 
trom sources feeding the Cretaceous 
sm. Such mantle source differe nces 
! responsible íor lhe existence of a pro-
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Fig. 10. Cretaceous Gondwanaland showing the opening of the South Atlantic Ocean and main Iineaments 
across Africa and Brazil (1 : Araguaia-Paranaiba-Cabo Frio ; 2 : Ponta Grossa Arch ; 3 : Rio Piquiri ; 4 : 
Torres Syncline ; 5 : Rio Grande Arch). The major occurrences of alkaline complexes are shown CA , alkaline ; 
U , ultra-alkaline ; K, Kimberlite) . RGR : Rio Grande Rise ; WR : Walvis Ridge ; MS : Mossamedes Swell. 
Modified after Le Bas (1987). Source data: Smith & 
Gomes el al., 1990. 

nounced negative Nb anomaly in the Cretaceous 
alkaline magmatism but not in the investigated 
Tertiary nephelinites (Fig. 9). 

If reference is made to the distribution of 
alkaline and ultra-alkaline Mesozoic and Ter
tiary magmatism in SE-Brazil as well as in the 
Angola-Namibia counterpart (Fig. 10), we note 
that both show NW-SE and NE-SW trends, 
respectively. Notably, the alkaline magmatism 
trends transversally to the general N-S trend oí 
lhe mid-ocean ridge , and does not íollow the 
main structural grain of the crystalline base
ment. This inélicates -as suggested by Sadowski 
(1987)- that the distribution of such Mesozoic
Tertiary alkaline magmatism was tectonically 
constrained by stress regime variations related 
to the opening of the South Atlantic , rather 
than by ancient structurallineaments. 
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