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Abstract : The alkaline district of Fortaleza (Ceard, Brazil) consists of a number of phonotephritic plugs,
domes, and dykes cropping out in the Precambrian basement, aged around 30 Ma.

Chemically and petrographically the rocks range in composition from tephrites and phonolitic tephrites to
peralkaline phonolites.

At one locality (Caruru), olivine clinopyroxenite, essexite, and nepheline syenite xenoliths of cognate origin
were also found included in phonolites. Whole rock and mineral chemistry variations coherently indicate that
the various magmatic bodies of the suite essentially evolved by fractional crystallization.

Mass balance calculations between bulk rocks and constituent minerals show that the evolution from tephrites
to phonolitic tephrites and phonolites can be generally accounted for by subtraction of cumulates, which partly
correspond to essexites and nepheline syenite xenoliths found in phonolites. Tephrites which are the least
fractionated alkaline magmas in the area could, in turn, be derived from parental basanitic melts as suggested
by the presence of olivine clinopyroxenite xenoliths that represent the proper fractionated solid complementary
to tephritic liquids.

87Sr/36Sr initial ratios (Ro) range from 0.7024-0.7057 suggesting significant crustal contamination processes
only for the samples with high isotopic values. The inferred initial Sr ratios of the parental magmas (Ro =
0.7029-0.7036) are remarkably lower than those of southern Brazilian alkaline complexes (Ro = 0.704-0.706)
supporting the existence of the Dupal Anomaly in the southern hemisphere mantle.
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Introduction

The origin of phonolite-nepheline syenite
magmas has been subjected to various interpre-
tations. These magmas have been considered,
in turn, as extreme differentiation products
from alkaline basic or trachytic melts (cf.
Coombs & Wilkinson, 1969 ; Price et al.,
1985) ; as produced by liquid immiscibility (cf.
Ferguson & Currie, 1971) ; or even as partial
melting products of basic materials in the lower
crust-upper mantle when they were volumetri-
cally predominant with respect to the associated
basic rocks (Bailey & Schairer, 1966 ; Bailey,
1987).

In this paper we present data on the tephrite-
phonolite suite from the Fortaleza district in
northeastern Brazil, with the aim of assessing
their genesis and significance in the context of
the alkaline magmatism which affected conti-
nental Brazil during Cretaceous-Tertiary times.
The Fortaleza alkaline district is of particular

G. Macciotta et al.

interest, in this sense, since it represents one
of the northernmost alkaline complexes among
the Brazilian occurrences, for which only some
petrological data are presently available (Van-
doros & Oliveira, 1968 ; Rao & Sial, 1972 ;
Passos & Gomes, 1979 ; Guimaraes et al.,
1982 ; Sial, 1987). Hence results from this
study may also provide an opportunity to ex-
amine the compositional variations among differ-
ent alkaline rock associations, and eventually
to assess regional variations. This work is part
of an extensive Brazilian-Italian research project
aimed at a systematic petrological study of
alkaline magmatism in continental Brazil.

Geological setting

The Fortaleza alkaline district consists of a
number of phonotephritic plugs, smooth domes
and NE-SW dykes occurring within a radius of
50 km from the city of Fortaleza (Fig. 1). With
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Fig. 1. Locality map of phonolite, tephrite outcrops (asterisks and sampling numbers) of the Fortaleza district,

northeastern Brazil.
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the exception of Ancuri and Caruru occurrences,
cropping out in the Phanerozoic sedimentary
cover, the alkaline rocks cut the Precambrian
crystalline basement.

Chemically, alkaline rocks range in composi-
tion from tephrites and phonotephrites to
peralkaline phonolites. The most complete
lithological range occurs at Serrote Japarara
and Caruru, which show phonotephritic to
peralkaline  phonolitic = compositions. At
Caruru, olivine clinopyroxenite, essexite and
nepheline syenite xenocliths of cognate origin
were also found within the phonolitic dome.

For several occurrences K/Ar and Rb/Sr data
give ages around 30 Ma (Cordani, 1970 ;
Teixeira et al., 1978). More recently Guimaraes
(1982) provided a Rb/Sr reference isochron of
30.2 = 2.2 Ma for samples from Ancuri,
Caruru, Japarara and Salgadinho outcrops.
This age appears to correspond to the fourth
volcano-tectonic phase of the Gondwana conti-
nents, which could have induced phonolitic
activity in South Africa (Marsh, 1975) as well
as in the Fortaleza district in northeastern Brazil,
as the result of an important change in position
of the rotation poles and spreading rates of the
South American and African plates (Sadowsky,
1987).

Fortaleza alkaline magmatism seems to be
related to the activation of tectonic lineaments
in an ENE-WSW direction, extending from the
continent into the ocean as far as the volcanic
Archipelago of Fernando de Noronha
(Almeida, 1983 ; Almeida et al., 1988).

Classification and petrography

Major and trace element analyses and cipw
norms of the Fortaleza alkaline rocks are
reported in Table 1. The distribution of all
samples analyzed in the R1-R2 diagram of De
La Roche et al. (1980) (Fig. 2), as well as their
modal characteristics, have been used for clas-
sification purposes.

Most of the hypoabyssal rocks plot in the
fields of tephrite, phonotephrite and phono-
lite ; the differentiation index (D.I.) ranges
from 38.5 to 96.5. Phonolites exhibit a definite
peralkaline character with agpaitic index A.I.
> 1 and normative Ac and Ns. The agpaitic
index varies from 1.18 to 1.02, showing the
lowest value in those samples which are most

severely affected by alteration of alkali feldspar
into clay minerals. Arrows in Fig. 2 indicate a
generalized trend of liquids, given by non-
cumulitic rocks, according to their chemical
composition and textural characteristics. A
great number of phonolitic samples depart
from the liquid line towards trachy-phonolite
compositions, owing to variable amounts of
modal cumulus alkali feldspar.

The xenoliths occurring in the Caruru phono-
lite (F1) consist of one olivine clinopyroxenite
(D.I. = 16), essexites (D.I. = 43-46) and
nepheline syenites (D.I. = 77-91) (Fig. 2). Tex-
ture, bulk rock and mineral chemistry indicate
that the essexite and the Ne-syenites can repre-
sent cognate cumulitic products related to dis-
tinct stages of the tephrite-phonolite evolution
(see later).

The tephrite-phonolite suite

a) Tephrites

Tephrites, which are chemically the least dif-
ferentiated rocks (D.I. = 38 ; mg = 0.55, with
Fe,03/FeO = 0.20) are petrographically char-
acterized by a fine grained holocrystalline por-
phyritic texture, where rare phenocrysts and
microphenocrysts of colorless, slightly zoned
Ti-salitic clinopyroxenes occur. The ground-
mass is composed of small rods of brown kaer-
sutitic amphibole, clinopyroxene, and small
laths of andesinic plagioclase and interstitial
anorthoclase. The scarce nepheline is a late
crystallization interstitial phase, whereas wide-
spread Ti-magnetite and apatite are early crys-
tallized minerals.

Small cavities are filled by chlorite, epidote
and calcite. Primary calcite, appearing as large
interstitial crystals, may be occasionally ob-
served.

b) Phonolitic tephrites

Although petrographically similar to tephri-
tes, their more differentiated character (D.I.
= 40-50 ; mg = 0.50-0.45) is modally expressed
by lesser content of mafic phases. Textural
variations concern the nearly-aphyric vs. por-
phyritic character of these rocks, also with
respect to their mineralogy. Clinopyroxene phe-
nocrysts are of Ti-salitic composition, with
hour-glass zoning in the largest crystals ; not
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Table 1. Major, trace element analyses and CIPW norms of Fortaleza alkaline rocks.

FIS-N F10I-D F13A-D F1SA-D  F15-D FIR-N  "LH-N  FIG-N F10H-D F1L-N  F1E-N F1H-1-N  F1T-N F1C F1Q

01-Cp Tph Ph-Tph Ph-Tph Ph-Tph Ex Ex Ex Ph-Tph Ne-Sy Ne-Sy Ne-Sy Ne-Sy P-Ph P-Ph
$102 43.84 45.53 42.51 41.66 41.98 43.69 43.09 46.34 47.16 53.50 54.32 S6.85 55.82 55.91  56.39
T102 1.16 3.16 2.90 3.35 3.34 1.67 1.62 0.79 3.50 0.86 0.17 0.16 0.18 0.43 0.42
A120s 8.45 13.63 14.37 13.82 13.76 16.26 17.14 15.94 15.32 17.31 " 21.54 19.88 22.13 20.75 21.00
Fes0s 503  3.45 432 505 5.04 537 608 424 3.96 2.60 0.92 0.5 053 1.10  0.86
Fe0 9.19 716 7.72 8.07 8.10 587 599 557 691 3.33 079 0.44 0.57 1.12  1.29
Mn0 0.22 015 021 8.23 0.23 023 03 0.18 016 0.22 0.13 0.07 007 012 0.1l
MgO 14.01 6.10 5.63 5.71 5.77 5.33 4.98 5.65 4.01 2.64 0.26 0.40 0.11 0.29 0.23
Ca0 13.40 10,00 7.72 8.36 8.27 8.22 7.26 9.32 7.51 2,82 1.19 1.65 0.54 147  1.45
Na20 211 3.69  3.57  4.45 4.68 519 465 6.14 408 7.02 9.37 7.20 9.04 9.84 10.00
K20 1.03 2.37 2.70 2.17 2.16 2.53 3.14 2.01 3.50 5.79 4.79 7.10 5.75 6.19 5.66
P20s 0.03 074 128 1.5 1.45 020 0.25 0.9 1.03 0,05 0.13 0.02 0.05 0.09 0.09
L.0.1 1.53 401 7.06 561 _ 520 543 550 364 3.19 3.86 640 5.71 521 2,69 2.50
Total 100.00 99.99 99.99 99.99 99.98 9999 100.00 100.01 100.33 100.00 100.01 100 01 100.00 100.00 100.00
v 337 250 210 214 210 176 77 131 231 138 15 11 12 27 25
Cr 653 85 7€ n.d nd. 116 117 107 nd. 123 nd. nd n.d. 4 n.d
Ni 111 41 57 34 32 14 18 12 7 27 10 10 10 13 10
Rb 67 50 83 155 155 222 319 114 100 240 269 268 257 240 224
St 147 887 1190 1390 1370 384 344 398 1470 275 113 475 183 408 435
Ba 168 864 1190 1480 941 207 222 169 1180 666 191 618 171 541 566
ir 36 264 518 598 599 156 253 167 318 293 544 488 1450 725 777
Nb n.d 78 136 151 152 23 34 24 98 62 294 57 270 146 147
Y 23 25 41 46 50 27 39 19 26 71 16 17 10 18 21
La 8.06 42.6 100 110 115 38 40.3 149 66 71.0 41 st 67 81.5 86
Ce 27.2 90,0 203 215 229 73 82.3  29.7 107 136 90 71 107 119 104
Nd 19.0 42,9 84.0 --95.8 -- 287 125 - 47.5 -- -- - 272 --
Sm 4.98  8.89 14.8 - 171 -- 6.54 3.13 -- 104 -- -- -- 4.13 --
Eu 110 2.78  4.08 - 4.84 -- 147 1.29 - 2.10 -- -- -- 1.15 --
Gd 4.80  7.57 11.4 - 133 -- 6.34  3.12 -- 8.70 -- -- -- 3.26 --
Dy 4.46 5.32 7.95 - 9.53 -- 5.91 3.03 -- 8.84 - -- -- 2.65 --
Er 2,07 2,12 3.49 -- 4.09 -- 333 1.74 - 5.30 -- -- -- 1.66 --
b 1.77 1.8  2.96 -- 3.45 -- 3.51  1.83 - 6.27 -- -- -- 2.05 --
Lu 0.23 0.2 0.37 - 0.42 -- 0.52  0.25 -- 0.81 - - - 0.29 --
c 0.00 000 0.00 000 000 0006 000 000 000 000 000 000 017 0.00 0.00
Or 6.09 14.00 1595 12.82 12.76 14.95 18.55 11.88 20.68 34.21 28.30 41.95 33.98 36.58 33.45
Ab 0.45 16.51 18.13 16.91 16.90 10.49 9.90 12.15 23.27 21.65 33.97 28.52 32.93 23.06 27.66
An 10.54 13,63 15.21 11.33 10.16 13.60 16.62 10.00 13.15  0.00  2.57 0.96  2.35 0.00  0.00
Ne 9.43  7.97 6.5 11.24 12,30 18.11 15.95 21.55  6.10 19.04 24.55 17.55 23.60 26.66  26.46
Ac 0.00 0.00 0.00 .0.00 0.00 0.00 0.00 0.00 0.00 2.29 0.00 0.00 0.00 3.18 2.49
Ns 0.00 0.00 000 000 0.00 0.00 0.00 0.00 0.00 000 000 0.00 0.00 172 1.23
Di 34.86  19.11  8.57 12.18 12.83 16.37 11.18 20.78 10.40 7.50 1.10 2.15 0.00 1.5  1.24
Ed 9.77 5.88 3.31 4.14 4.38 4.31 3.03 7.41 3.57 3.59 0.96 0.44 0.00 2.95 3.53
Di 44.63 24.99 11.88 16.31 17.21 20.69 14.21 28.18 13.98 11.09  2.06 2.59  0.00 4.51  4.77
Wo 0.00 0.00 000 0.00 000 000 000 000 000 000 000 160 0.00 0.5 0.44
Fo 13.13 4.44 7.04 6.01 5.90 3.98 5.06 3.11 3.62 2.17 0.10 0.00 0.19 0.00 0.00
Fa 4.65 1.72 3.44 2.58 2.54 1.33 1.73 1.40 1.57 1.31 0.11 0.00 0.34 0.00 0.00
01 17.77  6.16 10.48 8.59 8.45 531 679 4.51 519 3.48 0.21 0.00 0.53 0.00 0.00
Mt 7.29 5.00 6.26 7.32 7.31 7.79 8.82 6.15 5.74 2.62 1.33 0.77 0.77 0.00 0.00
11 2.20 6.00 5.51 6.36 6.34 3.17 3.08 1.50 6.65 1.63 0.32 0.30 0.34 0.82 0.80
Ap 0.07 1.75 3.03 3.5 3.43 0.47 059 045 244 0.12 0.31 0.05 0.12 0.21 0.2l
D.I 15.96  38.48 40.63 40.97 41.96 43.55 44.41 45.59 50.05 77.20 86.82 88.03 90.51 91.20 91.28
S.1 44.66 26.79 23.52 22.44 22.41 21.94 2005 23,93 17.85 12.35 1.6l  2.55 0.69 1.5  1.27
Al 0.54 063 061 070 073 069 064 077 069 1.0 0.9 098 095 1.10 1.08

D.I. = Differentiation Index (Q+Or+Ab+Lc+Ne+Ks+Ac+Ns); S.I. = Solidification Index (MgO*100/

(MgO+Fe,03+FeO+Na,0+K,0) ; A.L. = Agpaitic Index (Na,O+K,0/Al,O3, mol). Rock name abbrevi-
ations : OI-Cp = olivine clinopyroxenite, Tph = tephrite, Ph-Tph = phonolitic tephrite, P-Ph = peralkaline

phonolite, Ne-Sy = nepheline syenite, -D = Dyke, -N = nodule included, n.d. =

not detected. Major and

trace element analyses carried out by XRF, FeO by titration, L.O.I. by gravimetric method and REE by ICP.
Precision and accuracy for trace elements is better than 10%.

uncommonly, these are completely pseudomor-
phosed by low temperature phases such as
chlorite, epidote, and finely-grained opaques.

Clinopyroxenes of the groundmass are
usually needle-like of small rods, with the same
composition as phenocrysts.

Numerous microphenocrysts of Ti-magnetite
and brown amphibole may also be observed.
These latter displays a quite inhomogeneous

distribution being abundant (e.g. F10H) o
scarce (e.g. F13A) in different samples.

The groundmass is composed of the same
mafic phases, and by plagioclase microlites of
andesinic composition and alkali feldspar.
Small amounts of idiomorphic sphene and apa-
tite and interstitial nepheline are also present.

It is worthnoting the occurrence of primary
calcite patches and ocelli rimmed by amphibole
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Table 1. (continued).

F9B F14D F8A F14B F1B F14A FIA F2D-D F121 F14C F9D F3B F9G F3E F3C

P-Ph P-Ph b Ph P-Ph P-Ph P-Ph P-Ph P-Ph P-Ph P-Ph P-Ph P-Ph P-Ph P-Ph P-Ph
Si0: 61.61 55.96 & .53 56.23 57.09 56.93 57.06 57.30 58.20 56.94 59.09 60.95 59.56 60.49 60.89
T10: 0.34 0.18 J.18 0.20 0.34 0.20 0.33 0.29 0.38 0.18 0.16 0.33 0.16 0.34 0.32
Al20s 18,72 19.92 19.93 20.21 20.97 20.09 21.02 20.82 20.27 20.20 19.21 19.49 19.33 19.50 19.31
Fez0s 1.50 2.18 1.52 2.08 1.37 2.03 1.42 1.63 1.63 2.14 2.00 1.41 2.05 1.55 1.30
FeO 1.39 0.46 0.66 0.63 0.79 0.69 0.68 0.86 0.85 0.50 0.82 0.81 0.79 0.82 0.85
Mn0 0.20 0.26 0.31 0.25 0.16 0.25 0.16 0.31 0.15 0.26 0.25 0.23 0.25 0.22 0.22
Mg0 0.21 0.03 0.01 0.04 0.09 0.05 0.09 0.11 0.20 0.02 0.04 0.09 0.02 0.10 0.09
Ca0 1.34 0.51 0.82 0.54 1.00 0.56 0.97 0.67 1.20 0.52 0.64 1.05 0.63 1.05 1.06
Na20 9.10 10.67 9.78  11:41 9.79 11.15 9.97 10.04 9.77 11.08 10.41 8.29 9.67 8.83 8.74
K20 3.83 4.35 5.08 4.27 5.70 4.52 5.66 5.33 5.90 4.52 4.73 5.99 4.86 5.79 5.97
P20s 0.06 0.00 0.02 0.00 0.07 0.01 0.06 0.03 0.09 0.01 0.02 0.04 0.02 0.04 0.04
L.0.1 1.7 5.46 4.15 4.14 2.63 3.52 2.59 2.61 1.35 3.63 2.62 1.32 2.64 1.27 1.22
Total 100.01 99.98 99.99 100.00 100.00 100.00 100.01 100.00 99.99 1'00.00 99.99 100.00 99.98 100.00 10(.01
v 5 11 7 12 15 15 16 13 23 13 4 12 S 12 12
Cr n.d. n.d. n.d n.d. n.d n.d. n.d. n.d n.d. n.d. n.d. n.d n.d. n.d. n.d.
N1 S 7 5 4 9 6 8 7 9 9 5 6 7 7 8
Rb 197 420 278 428 295 433 295 400 211 440 303 224 305 229 223
St 48 6 41 12 264 13 267 20 227 10 9 70 8 69 74
Ba 9 24 80 3 3% 9 364 3 32 40 2 13 0 145 17
ir 946 2720 1720 2540 999 2640 1060 1490 985 2510 1460 1080 1500 1060 1020
Nb 238 300 267 289 229 290 224 348 188 278 362 256 381 255 245
Y 38 37 35 34 21 31 24 33 26 37 54 41 56 40 38
La 122 168 171 144 94.2 169 93 133 113 160 142 142 142 230 137
Ce 219 183 227 188 136 190 141 184 144 182 266 234 251 236 219
Nd 7.6 -- -- - a2 250 -- -- -- - - -- -- -- --
Sm 10.8 -- -- -- 4.15 3.50 -- - - - -- - - -- -
Eu 1.68 -- - -- 0.69 0.62 -- -- -- -- -- -- -- -- --
Gd 7.0 .- - SR L B TR -- -- - - - - - --
Dy 6.59 -- -- -- 2.86 3.24 - -- -- -- -- -- - - --
Er 3.43 -- - -- 1.99 2.81 -- - -- -- -- -- - -- -
b 3.64 -- - -- 2.67 4.74 - -- -- -- -- -- - -- --
Lu 0.46 -- -- -- 0.41 0.70 -- -- - -- -- - -- -- --
Or 22.63  25.70 30.02 25.23 33.68 26.7%! 33.45 31.50 34.86 26.71 27.95 3540 28.72 34.21 35.28
Ab 57.69 35.98 36.76 35.14 30.27 35.66 30.14 32.70 30.82 35.77 41.32 42.65 42.82 40.14 40.73
Ne 9.36 22.90 20.30 24.40 24.84 23.03 25.17 24.22 21.99 23.28 16.88 13.14 16.01 15.13 13.74
Ac 1.79 6.31 4.40 6.02 3.96 5.87 4.11 4.72 4.72 6.19 5.79 2.86 5.93 4.48 3.76
Ns 0.00 .14 082 222 051 220 072 051 137 1.8 210 000 063 0.3 0.84
Di 113 0.6 005 019 0.48 022 048 043 1.07 0.1 017 0.48 009 0.54 0.48
Ed 3.08 1.94 2.80 2.17 2.23 2.17 1.88 2.30 2.28 2.08 2.52 1.92 2.57 2.54 2N
Di 4.20 2.10 2.86 2.36 2.72 2.39 2.37 2.73 3.35 2.18 2.69 2.40 2.66 3.08 3.19
Wo 0.57 0.06 0.30 0.00 0.58 0.00 0.70 0.00 0.60 0.02 0.00 0.91 0.00 0.59 0.56
Fo 0.00 0.00 0.00 0.01 0.00 0.02 0.00 0.05 0.00 0.00 0.01 0.00 0.01 0.00 5.00
fa 0.00 0.00 0.00 0.11 0.00 0.19 0.00 0.35 0.00 0.00 0.28 0.00 0.22 0.00 0.00
01 0.00 0.00 0.00 0.11 0.00 0.21 0.00 0.40 0.00 0.00 0.30 0.00 0.23 0.00 0.00
Mt 1.28 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.61 0.00 0.00 0.00
11 0.65 0.34 0.34 0.38 0.65 0.38 0.63 0.55 0.72 0.34 0.30 0.63 0.30 0.65 0.61
Ap 0.14 0.00 0.05 0.00 0.17 0.02 0.14 0.07 0.21 0.02 0.05 0.09 0.05 0.09 0.09
D.I 91.47 92.02 92.30 93.01 93.27 93.48 93.59 93.64 93.76 93.80 94.04 94.04 94.11 94.33 94.34
S.I 1.31 0.17 0.06 0.22 0.51 0.27 0.50 0.61 1.09 0.11 0.22 0.54 0.12 0.59 0.53
Al 1.02 1.12 1.08 1.16 1.06 1.16 1.07 1.07 1.11 1.14 1.16 1.03 1.10 1.07 1.08

shells. This may be related to silicate and car-
bonate incipient liquid immiscibility as response
of relatively high CO,-H,O fluid activity.
Secondary calcite commonly fills cavities.

¢) Peralkaline phonolites

Peralkaline phonolites (D.I. = 91-96) range
in texture from essentially aphyric varieties
with few sparsely distributed microphenocrysts,
through weak-to-medium porphyritic, to highly
porphyritic types. The latter type is characterized
by cumulitic alkali feldspar phenocrysts, some-
times showing glomeroporphyric texture. The
aphyric phonolites represent highly evolved
liquid compositions.

The intratelluric assemblage is constituted by
clinopyroxene and alkali feldspar, and sometimes
by brown amphibole, often surrounded by a
rim of opaque grains. The irregular occurrence
of the amphibole, generally associated with
significant amounts of sphene and magnetite,
suggests local increase of Pp,o. Apatite and
sphene are always present.

Phenocryst and microphenocryst clinopy-
roxenes are generally zoned with weakly colour-
ed salitic and Fe-salitic cores and deep green
acmitic rims similar to the clinopyroxene rods
of the groundmass. In the more differentiated
rocks, clinopyroxenes are dark green, and show
quenching textures (idiomorphic skeletal crys-
tals, sometimes with swallow tail appearance).
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Table 1. (continued).

F10E F9A Fac F3D F2A F8B F28 FIE F3A F9C F1E F4h F9F F9H E74

P-Ph P-Ph P-Ph P-Ph P-Ph P-Ph P-Ph P-Ph P-Ph P-Ph P-Ph P-Ph P-Ph P-Ph P-Ph
202 60.21 59.83 57.31 60.46 57.41 S8.90 57.46 59.47 60.79 59.97 57.89 58.54 59.94 59.56 58.25
Ti02 0.16 0.16 0.26 0.32 0.25 0.14 0.26 0.15 0.33 0.18 0.22 0.31 0.17 0.15 0.18
Al204 20,21 19.31 20.76 19.47 2060 20.35 20.67 19.33 19.49 19.21 20.61 20.44 19.26 19.40 20.07
Fe20s 0.67 2.02 1.68 1.50 2.05 1.43 2.14 2.12 1.56 1.84 1.58 1.56 2.01 2.23 2.22
Fe0 1.16 0.77 0.71 0.81 0.38 0.60 0.31 0.67 0.75 1.08 0.70 0.70 0.92 0.69 0.48
MnO 0.24 0.25 0.29 0.23 0.29 0.28 0.28 0.26 0.23 0.27 0.23 0.19 0.26 0.27 0.30
Mg0 0.04 0.00 0.05 0.07 0.04 0.02 0.04 0.00 0.10 0.01 0.14 0.10 0.00 0.00 0.01
Cal 0.79 0.68 0.53 1.03 0.47 0.80 0.48 0.59 1.05 0.64 0.63 0.78 0.65 0.60 0.61
Na20 9.63 9.87 10.70 8.96 10.09 10.23 9.97 10.27 8.82 10.42  11.12 10.49 10.37 10.26 11.13
K20 5.45 4.82 5.14 .5.89 5.25 5.22 5.22 4.70 5.84 4.74 5.00 5.25 4.77 4.75 4.74
P20s 0.02 0.02 0.04 0.04 0.04 0.01 0.03 0.02 0.04 0.03 0.02 0.0S 0.02 0.02 0.02
L.0.1 1.43 2.27 2.52 1.23 3.12 2.02 3.14 2.42 1.00 1.63 1.85 1.60 1.62 2.07 1.97
Total  100.01 100.00 99.99 100.01 99.99 :100.00 100.00 100.00 100.00 100.02 99.99 100.01 99.99 100.00 99.98
v 8 n.d. 11 9 11 9 10 n.d 9 n.d. 10 15 5 6 6
Cr n.d. n.d. n.d. n.d. n.d n.d. n.d. n.d n.d n.d. n.d. n.d. n.d. n.d. n.d.
Ni 7 8 8 8 7 7 6 4 6 4 7 8 4 8 5
Rb 215 308 389 230 403 292 395 313 226 313 287 252 320 327 319
Sr 20 8 17 64 11 15 12 5 71 8 18 185 6 6 14
Ba 64 49 31 129 19 52 44 34 136 43 36 225 41 36 50
Ir 1020 1490 1500 1080 1700 1500 1610 1560 1043 1690 1650 1340 1660 1690 2020
Nb 198 382 344 258 358 238 357 395 250 426 257 248 413 433 458
Y 28 56 26 42 35 34 28 59 38 64 31 30 60 65 69
La 124 131 128 135 131 154 129 139 137 163 146 125 151 155 173
Ce 185 252 171 236 189 209 177 253 247 296 192 177 259 293 323
Nd -- -- 28.2 -- -- 37.6 -- -- 66.7 83.4 32.7 -- -- -- --
Sm -- -- 3.90 -- -- 5.12 -- -- 9.58 13.3 4.77 -- -- -- --
Eu - -- 0.60 -- -- 0.83 -- -- 1.73 1.19 0.90 -- -- -- --
Gd - -- 3.23 -- -- 4.31 - -- 6.98 10.0 4.02 -- -- -- --
Dy -- -- 3.15 -- -- 3.97 -- -- 5.91 9.78 3.73 - -- -- --
Ex -- -- 2.48 -- -- 3.08 -- -- 3.44 5.68 2.73 -- -- -- --
Yb -- -- 3.73 -- -- 4.35 -- - 3.74 6.31 3.83 -- -- -- -
Lu -- -- 0.53 - - 0.63 -- -- 0.50 0.77 0.58 -- -- -- --
Or 32.20 28.48 30.37 34.80 31.02 30.85 30.85 27.77 34.51 28.01 29.55 31.02 28.19 28.07 28.01
Ab 41.56 43.24 33.37  39.37 33.94 37.59 34.31 42.56 40.55 43.40 34.60 35.78 42.83 42.01 36.78
Ne 17.36  15.84 24.27 15.16 23.18 20.60 23.27 16.63 14.73 15.72 23.60 21.74 16.08 16.97 21.70
Ac 1.94 5.84 4.86 4.34 5.93 4.14 6.19 6.13 4.5r 5.32 4.57 4.51 5.82 6.45 6.42
Ns 1.32 1.02 1.60 0.82 0.45 1.46 0.02 1.55 0.41 2.26 2.50 1.80 2.01 1.43 2.34
D1 0.16 0.00 0.19 0.38 0.21 0.11 0.21 0.00 0.54 0.03 0.59 0.54 0.00 0.00 0.05
Ed 3.20 2.89 1.89 2.61 1.55 2.62 1.24 2.49 2.37 2.62 1.99 2.12 2.76 2.54 2.15
Di 3.36 2.89 2.08 2.98 1.76 2.72 1.46 2.49 2.91 2.65 2.58 2.66 2.76 2.54 2.20
Wo 0.00 0.00 0.00 0.60 0.02 0.35 0.22 0.00 0.67 0.00 0.00 0.20 0.00 0.00 0.17
Fo 0.02 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.0S 0.00 0.00 0.00 0.00
Fa 0.47 0.06 0.31 0.00 0.00 0.00 0.00 0.11 0.00 0.61 0.22 0.00 0.33 0.13 0.00
01 0.49 0.06 0.34 0.00 0.00 0.00 0.00 0.11 0.00 0.62 0.28 0.00 0.33 0.13 0.00
I1 0.30 0.30 0.49 0.61 0.47 0.27 0.49 0.28 0.63 0.34 0.42 0.59 0.32 0.28 0.34
Ap 0.05 0.05 0.09 0.09 0.09 0.02 0.07 0.05 0.09 0.07 0.05 0.12 0.05 0.05 0.05
L.I 94.39 94.43 94.46 94.50 94.52 94.62 94.63 94.65 94.71 14.71 94.82 94.85 94.92 94.93 95.25
S.I 0.24 0.00 0.27 0.41 0.22 0.11 0.23 0.00 0.59 0.06 0.76 0.55 0.00 0.00 .05
AT 1.08 1.11 1.12 1.08 1.0 1.10 1.07 1.14 1.07 1.16 1.15 1.12 1.15 1.14 1.17

Alkali feldspar is always present as lath
shaped phenocrysts, generally zoned and often
perthitic.

Nepheline occurs as idiomorphic, pheno-
crysts in the most differentiated and most por-
phyritic lavas, its occurrence being restricted
to the groundmass in the subaphyric and less
evolved types.

The groundmass of all peralkaline phonolites
is microcrystalline, often oriented, and com-
posed of the same minerals as those of the
intratelluric assemblage.

Additional minerals are interstitial analcite
and rare rutile. In the subaphyric textural
types, patches of varying crystallinity may be
observed, possibly indicating local fluid activity
variations.

Alteration products occur as incipient clayey
transformations of feldspar, or as widespread
replacement of nepheline by calcite, zeolite and
cancrinite patches.

Many phonolitic rocks contain xenocrysts
and small xenoliths not in equilibrium with the
host magma. They are represented by : 1) salitic
clinopyroxenes embayed and rimmed by opaque
grains ; 2) partially resorbed amphiboles jack-
eted by an overgrowth of opaques and green
clinopyroxene rods; 3) rare olivine xeno-
crysts ; 4) olivine pyroxenite inclusions and 5)
rare nepheline syenite small inclusions. Gen-
erally speaking, at the highest degree of dif-
ferentiation, peralkaline phonolites show a ten-
dency to include dismembered portions of less
differentiated rock types and xenocrysts : such
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Table 1. (continued).

E78 F10F F10B F126 Fi0L F10D F12A F12F F10A F4B F12E F12H F12D F10G F12C

P-Ph P-Ph P-Ph P-Ph P-Ph P-Ph P-Ph P-Ph P-Ph P-Ph P-Ph P-Ph P-Ph P-Ph P-Ph
Si0: 58.39 60.28 59.89 57.91 60.43 59.86 57.96 58.09 60.21 61.03 58.19 58.30 S57.91 60.25 58.26
Ti02 0.18 0.17 0.16 0.21 0.16 0.14 0.19 0.20 0.17 0.21 0.19 0.19 0.19 0.13 9.22
Al20s 20.00 20.13 20.19 20.88 20.16 20.40 20.79 20.65 20.23 19.28 20.77 20.92 20.86 20.38 20.89
Fe20s 2.28 1.34 1.61 1.85 1.37 1.42 1.72 1.78 1.48 1.83 1.56 1.48 1.72 1.33 1.56
FeC 0.53 0.59 0.32 0.39 0.55 0.45 0.38 0.43 0.45 0.45 0.49 0.62 0.42 0.55 0.50
Mn0 0.30 0.23 0.23 0.23 0.23 0.23 0.22 0.24 0.22 0.37 0.20 0.22 0.23 0.24 0.19
Mg0 0.02 0.03 0.05 0.09 0.03 0.01 0.03 0.03 0.02 0.05 0.04 0.01 0.05 0.02 0.06
Ca0 0.64 0.81 0.80 0.56 0.81 0.76 0.48 0.54 0.80 0.60 0.53 0.47 0.48 0.77 0.61
Na:0 11.18 9.60 9.66 11:31 9.62 9.94 11.27 11.29 9.67 9.77 11.40 11.38  11.68 10.23 11.27
K20 4.80 5.52 534 4.69 5.47 5.36 4.89 4.96 5.51 5.20 5.03 4.86 4.74 5.27 5.19
P20s 0.02 0.02 0.0l 0.03 0.02 0.01 0.02 0.02 0.02 0.01 0.02 0.02 0.02 0.01 0.03
L.0.I 1.64 1.29 1.74 1.85 1.14 1.40 2.06 1.77 1.22 1.20 1.58 1.51 1.72 0.81 .21
fotal 99.98 100.01 100.00 100.00 99.99 99.98 100.01 100.00 100.00 100.00 100.00 99.98 100.02 99.99 99.99
v n.d 9 7 12 7 9 10 10 9 8 10 13 9 9 10
Cr n.d. n.d. n.d n.d. n.d. n.d. n.d n.d n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Ni 6 S 8 9 9 6 6 7 8 7 6 9 4 8 8
Rb 324 211 214 291 215 225 289 287 215 301 274 291 303 228 264
Sr 10 26 20 45 22 19 15 12 29 n.d. 13 20 29 23 51
Ba 57 62 88 86 70 65 61 54 92 44 43 53 75 62 89
ir 2070 998 1030 1680 1020 1070 1560 1690 1020 1730 1400 1680 1730 1090 1250
Nb 470 201 194 266 197 196 249 264 196 386 222 266 272 196 206
Y 65 27 27 35 27 26 34 34 27 51 28 35 35 25 25
La 161 134 129 139 134 131 132 137 132 193 113 127 225 126 119
Ce 292 195 168 188 188 174 164 183 183 108 161 191 178 174 161
Nd 90.0 -- - - - -- -- -- -- 66.6 - -- -- 27.2 30.0
Sm 14.0 -- - -- - -- - - - 9.23 -- -- -- 3.58 4.42
Eu 1.36 -~ -- -- -- -- - - -- 1.00 -- -- -- 0.68 0.84
Gd 10.4 - -- - - -- -- - - 7.06 -- -- -- 3.07 3.70
Dy 10.2 - - - - -- - - - 6.85 - -- - 2.79 3.22
Ex 5.96 -- - -- -- -- -- - -- 4.65 -- -- -- 2.41 2.33
1b 6.47 -- -- - -- -- -- -- -- 5.79 - -- - 3.49 3.13
Lu 0.80 -- -- -- - -- -- -- -- 0.79 -- - -- 0.50 0.44
Or 28.36 32.62 31.55 27.71 32.32 31.67 28.90 29.31 32.56 30.73 29.72 28.72 28.01 31.14 30.67
Ab 36.31 40.48 40.42 36.10 41.06 39.78 35.70 35.23 40.11 44.33 35.05 36.60 35.52 40.61 34.04
Ne 21.58  17.51 18.25 24.48 17.43 19.13 23.84 23.49 18.02 14.02 23.71 23.81 24.59 18.89 24.11
Ac 6.60 31.88 4.66 5.35 3.96 4.11 4.98 5.15 4.28 5.29 4.51 4.28 4.98 3.85 4.51
Ns 2.55 0.94 0.54 1.94 0.85 1.01 2.33 2.58 0.83 1.50 2.91 2.53 2.86 1.56 2.72
Di 0.11 0.16 0.27 0.48 0.16 0.05 0.16 0.16 0.11 0.27 0.21 0.04 0.27 0.11 0.32
Ed 2.32 2.31 1.41 1.50 2.21 1.92 1.49 1.70 1.80 2.20 1.80 1.91 1.66 2.33 1.71
Di 2.43 2.47 1.68 1.98 2.37 1.98 1.65 1.86 1.90 2.46 2.02 1.96 1.93 2.44 2.03
Wo 0.13 0.45 0.82 0.12 0.50 0.62 0.15 0.18 0.70 0.04 0.08 0.00 0.02 0.42 0.21
Fo 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fa 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.17 0.00 0.00 0.00
0l 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.17 0.00 0.00 0.00
Il 0.34 0.32 0.30 0.40 0.30 0.27 0.36 0.38 0.32 0.40 0.36 0.36 0.36 0.25 0.42
Ap 0.05 0.05 0.02 0.07 0.05 0.02 0.05 0.05 0.05 0.02 0.05 0.05 0.05 0.02 0.07
D.1 95.40 1 95.43 95.43 9559 95.63 95.70 95.74 95.76 95.81 95.88 95.91 95.94 95.95 96.05 96.06
S.1 0.11 0.18 0.29 0.49 0.18 0.06 0.16 0.16 0.12 0.29 0.22 0.05 0.27 0.11 0.32
Al 1.18 1.08 1.07 1.13 1.08 1.09 1.15 1.16 1.08 1.13 1.16 1.15 1.17 111 1.16

a feature conforms well with the genetic rela-
tionships between the various rock types.

Primary calcite, although less frequent than
in phonolitic tephrites and nepheline syenites
(see below), is also sporadically present as
large interstitial crystals or rare ocelli with
alkali feldspar, or with clinopyroxene plus
magnetite.

Cognate xenoliths

a) Olivine clinopyroxenites

They constitute small, centimetric nodules
with mesocumulitic texture and are composed
of prevalent zoned salitic clinopyroxene, un-

zoned olivine, magnetite and interstitial phlo-
gopite.

b) Essexites

These rocks show meso- to ortho-cumulitic
texture. They consist of a medium-coarse grain-
ed, slightly heterocrystalline assemblage of
colorless Ti-salitic clinopyroxene, plagioclase,
alkali feldspar, nepheline and Ti-magnetite,
together with brown poikilitic amphibole. The
compositions of these minerals are comparable
to those of tephrites. Noteworthy is the pres-
ence of a large number of haiiyne crystals,
almost black in colour due to the high density
of minute inclusions. Analcite is a minor inter-
stitial phase, and phlogopite associated with
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Table 1. (continued).

F12M F10C Fl2L F128

P-Ph P-Ph P-Ph P-Ph
$102 58.40 60.04 58.36 58.46
Ti0. 0.19 0.14 0.19 0.18
A120s 20.66 20.38 20.86 21.20
Fe20s 1.58 1.62 1.77 1.39
FeO 0.48 0 30 0.32 0.39
MnO 0.20 0.24 0.22 0.16
Mg0 0.05 0.02 0.02 0.03
Ca0 0.54 0.78 0.50 0 47
Na20 11.48  10.06 11.21 11:18
K20 5.07 5.31 4.97 5.1
P20s 0.02 0.02 0.02 0.02
L.0.I 1.32 1.10 1.57 1.40
Total 99.99 100.01 100 01 99.99
v 10 9 9 9
Cr n.d n.d n.d n.d
Ni 6 5 9 8
Rb 273 225 289 255
St 15 15 13 25
Ba 48 65 58 76
ir 1410 1090 1600 1080
Nb 228 198 249 181
Y 29 28 32 24
La 127 129 135 97
Ce 167 171 176 135
Or 29.96  31.38  29.37  30.20
Ab 35,12 40.01 36.02 35.83
Ne 23.25 19.10 23.62 24.25
he 4.57 4.69 S.12 4.02
Ns 3.24 1.06 2.19 2.20
Di 0.27 0.11 0.11 0.16
Ed 1.77 1.44 1.28 1.35
Di 2.04 1.55 1739 1.51
Wo 0.09 0.82 0.32 0.20
11 0.36 0.27 0.36 0.34
Ap 0.05 0.05 0.05 0.05
D.I. 96.14 96.23 96.32 96.49
S.1 0.27 0.12 0.11 0.17
AT 1.18 1.09 1.14 1.13

magnetite in irregular patches has also been
found.

¢) Nepheline syenites

These xenoliths represent ortho-cumulitic
rocks. Texturally, they are xenomorphic and
sub-equigranular, and are composed of pre-
dominant alkali feldspar and nepheline, subordi-
nate light green clinopyroxene, and light brown
amphibole, these last two phases occurring
both in large poikilitic crystals and in smaller
idiomorphic rods. Abundant sphene and
magnetite are early crystallized phases. Phlogo-
pite, rutile, and interstitial analcite have also
been observed.

A great number of ocelli of primary calcite,
associated with alkali feldspar = nepheline *
acmitic clinopyroxene and generally rimmed by
clinopyroxenes with the same composition,
characterize these rocks ; where ocelli are
absent, a large amount of primary interstitial
calcite crystals occur.

G. Macciotta et al.

Mineral chemistry

a) Feldspars

Alkali feldspar represents the most abundant
feldspar in the alkaline suite of Fortaleza, pla-
gioclase occurring in significant amounts only
in the least differentiated rocks (tephrite,
phonotephrites and cumulitic essexites). Table 2
and Fig. 3 show representative analyses and
compositional variations of these phases.

Alkali feldspar from tephrites and phonote-
phrites ranges from sanidine to anorthoclase
(Or4;.08), and coexists with plagioclase (Any,.31).
Alkali feldspar from peralkaline phonolites is
essentially sanidine, generally zoned with
sodium enrichment from phenocrysts cores
(Oryp.45) to rims (Ors; 36) to groundmass micro-
lites, which are quite variable in composition
(Ory6.87). Microlites of pure albite occur in the
groundmass, generally coexisting with K-sani-
dine, as lowest temperature feldspar phases (cf.
Ghiorso, 1984).

Consistently, feldspar compositions of the
tephrite-phonolite suite plot along solvus bound-
aries of progressively lower temperature (Fig. 3).
In nepheline syenite cumulates, alkali feldspar
is always orthoclase, mostly in the range Orsg_sg,
sometimes with a K-rich core (Orgg). Plagioclase
from essexite cumulitic xenoliths is almost un-
zoned, with composition around Angy_49.

b) Feldspathoids

Nepheline occurs almost everywhere except
in the least differentiated rocks, where it is
either absent, or present as scarce interstitial
phase. Its abundance markedly increases in
relation to the degree of differentiation, and it
does not display significant compositional
variations. Normative quartz contents are rela-
tively low and compositions lie in the solid
solution range investigated by Hamilton (1961),
which would suggest crystallization temperatu-
res between 1068° and 775°C (Table 3). Anal-
cite, generally, shows a rather homogeneous
composition (Table 3).

¢) Clinopyroxene, amphibole, and phlogopite

Clinopyroxene shows a wide compositional
variation from salite through Fe-salite to aegi-
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Fig. 2. R1 (4Si-11(Na+K)-2(Fe+Ti)) - R2 (6Ca+2Mg+Al) classificative diagram (after De La Roche et al.,
1980) for the Fortaleza alkaline rocks. Arrows denote liquid line of descent of the tephrite-phonolite trend.
Also plotted cognate xenoliths of olivine clinopyroxenite, essexite and nepheline syenite, included in the

Caruru phonolite.

rine-augite to acmite, from tephrites to the
most differentiated peralkaline phonolites.
Such a variation consists of a general and grad-
ual increase in hedenbergitic and then acmitic
molecules. This also holds for clinopyroxene
compositional variations from essexite to
nepheline syenite xenoliths (Table 4 and Fig. 4
and 5). A similar clinopyroxene compositional
trend is found from core to rim of phenocrysts
and from microphenocrysts to groundmass. Cli-
nopyroxenes from carbonate ocelli in nepheline
syenites (e.g. sample 1L-N) are remarkably
Na-rich, slightly Ca- and extremely Al,Os-poor
with respect to those of the host lavas. They
show the same compositional range of clinopy-
roxenes of the most differentiated peralkaline
phonolites.

Amphibole (Table 5) occurs sporadically and
is generally associated with relatively high
amount of magnetite and sphene. It does not
reveal significant zoning. Its composition varies
from kaersutite (tephrites) to Fe-kaersutite
(peralkaline phonolites). Amphibole from

essexites is ferroan pargasitic hornblende, while
that from nepheline syenite xenoliths has rich-
terite composition (nomenclature after Leake,
1978). Phlogopite with rather constant compo-
sition has been observed in essexites and
nepheline syenites (Table 5).

d) Fe-Ti-oxides

Ti-magnetite is by far the most abundant
opaque phase in the Fortaleza alkaline suite.
Its compositional variation is rather narrow,
with a significant increase of ulvo-spinel (Fe,TiO,
up to 43%) and jacobsite moleculae (MnFe,O4
8-12%) only in peralkaline phonolites (Table 5).

Petrogenesis
Compositional characteristics and petrogra-

phical, and mineralogical variations suggest
that the rock suite from tephrites to peralkaline
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Table 2. Representative microprobe analyses of feldspars from Fortaleza alkaline rocks (atomic proportions

based on 32 oxygens per formula unit).

F10I-D F13A-D F1H-1N F1G-N F9B
Tph Ph-Tph Ne-Sy Ex P-Ph
q g g g q g g Ac Ax Be Ac Be Br Apc Apr
S102 65.82  63.94 65.06 59.23 59.37 60.13 60.84 64.93 65.28 64.69 55.67 55.67 56.26 66.31 66.28
Ti0, 0.02 004 000 0.8 0.24 029 015 0.05 003 0.0l 001 0.00 000 0.03 0.04
Alz0s 1998  20.60 20.36 24.87 24.77 24.51 23.69 19.21 18.82 18.80 27.63 27.74 28.10 19.57 19.50
Fe20s 060 1.5 028 0.3¢ 0.47 0.40 0.33 0.12 0.31 0.06 0.03 0.03 003 0.19 0.22
MnO 0.04 001 000 0.0 0.00 001 00L 001 0.02 0.00 003 00 002 002 0.00
Mg0 0.04 0.49 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca0 0.5 1.09 1.25 6.21 572 4.58 4.42 0.4l 023 0.17 9.30 9.85 9.7L  0.08 0.02
Naz0 8.16 7.08 6.22 7.18 7.26 7.02 7.38 4.5 4.78 1.36 5.8 574 5.86 6.53 7.54
Kz0 477 _ 540 713 _ 111 1.42 279 _ 2.33 _10.03 _ 9.88 _14.96 _ 0.48  0.43 _ 0.46 _ 7.68  6.20
Total ~ 99.99 100.24 100.30 99.13 99.25 99.73 99.15 99.34 99.35 100.05 99.01 99.48 100.44 100.41 99.80
Si 11.7462 11.4714 11.6737 10.6836 10.7039 10.8114 10.9659 11.8517 11.9082 11.9149 10.1099 10.0749 10.0790 11.8672 11.8739
Ti 0.0027 0.0054 0.0000 0.0244 0.0325 0.0392 0.0203 0.0069 0.0041 0.0014 0.0014 0.0000 0.0000 0.0040 0.0054
Al 4.2021 4.3555 4.3053 5.2867 5.2630 5.1936 5.0321 4.1323 4.0459 4.0808 5.9134 5.9164 5.9327 4.1275 4.1169
Fe® 0.0806 0.2146 0.0378 0.0461 0.0638 0.0541 0.0448 0.0165 0.0426 0.0083 0.0041 0.0041 0.0040 0.0256 0.0297
Mn 0.0060 0.0015 0.0000 0.0015 0.0000 0.0015 0.0015 0.0015 0.0031 0.0000 0.0046 0.0031 0.0030 0.0030 0.0000
Mg 0.0106 0.1310 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Ca 0.1071 0.2095 0.2403 1.2000 1.1048 0.8822 0.8535 0.0802 0.0449 0.0335° 1.8094 1.9098 1.8636 0.0153 0.0038
Na 2.8232 2.4625 2.1637 2.5108 2.5376 2.4470 2.5788 1.6207 1.6904 0.4856 2.0632 2.0139 2.0353 2.2656 2.6187
K 1.0858 1.2358 1.6319 0.2554 0.3266 0.6399 0.5357 2.3353 2.2990 3.5148 0.1112 0.0993 0.1051 1.7532 _1.4168
Total 20.0643 20.0873 20.0526 20.0086 20.0322 20.0690 20.0326 20.0451 20.0382 20.0393 20.0171 20.0214 20.0228 20.0616 20.0652
Abwt 69.04 61.62 52.13 61.92 62.5 60.24 53 63 40.46 38.73 11.42 50.31 48.58 49.35 54.69 63.46
Anwt% 2.78 5.56 6.14 31.40 28.90 23.04 22 34 1.14 2.03 0.84 4681 48.88 47.94 0.39 0.10
Orwth  28.18 32.82 41.73  6.68 B8.55 16.72 1403 58.40 59.24 B87.74 2.88 254 2.71 44.92 36.44
F1B F3B F2C F10G
P-Ph P-Ph P-Ph P-Ph
Apr [ Apc Ape q Apc Bpe Bpr 9 ] Apc [ Apc q g
Si0z 65.76 65.72 65.05 66.42 65.85 65.83 65.63 66.72 65.83 68.37 64.91 64.67 65.61 67.93 65.83
T10: 0.00 0.08 002 002 006 000 003 000 000 001 002 000 00 006 002
A120s 19.25 19.24 19.74 19.24 19.02 18.89 18.63 19.00 18.88 19.55 19.10 18.53 19.33 19.44 19.03
Fez0s 0.14 044 0.2 014 036 014 0.1l 012 0.19 0.24 0.32 038 021 0.16 0.33
Mn0 0.00 0.03 0.00 0.03 0.00 0.02 0.01 0.00 0.00 0.03 0.00 0.02 0.01 0.01 0.03
MgO 0.00 0.00 0.0 000 000 000 000 0.00 0.00 000 000 000 000 000 0.00
Ca0 0.23 0.15 057 032 034 005 007 006 0.11 000 003 00l 048 003 0.20
Na20 535 4.8 6.11 589 599 435 3.33 573 4.46 11.48 3.21 1.54 4.62 9.88 5.5
K20 9.20 9.93 7.64 8.4l 808 1073 12.24 8.87 10.53 0.29 12.40 14.79 10.10 2.73  8.82
Total  99.93 100.40 99.26 100.47 99.70 100.01 100.05 100.50 100.00 99.97 99.99 99.94 100.37 100.24 99.82
Si 11.8883 11.8648 11.7883 11.9085 11.8955 11.9459 11.9681 11.9651 11.9415 11.9604 11.8674 11.9291 11.8560 11.9533 11.9043
Ti 0.0000 0.0109 0.0027 0.0027 0.0082 0.0000 0.0041 0.0000 0.0000 0.0013 0.0027 0.0000 0.0014 0.0079 0.0027
Al 4.1013 4.0935 4.2158 4.0653 4.0492 4.0398 4.0037 4.0155 4.0361 4.0305 4.1153 4.0282 4.1165 4.0314 4.0556
fo® 0.0190 0.0598 0.0164 0.0189 0.0489 0.0191 0.0151 0.0162 0.0259 0.0316 0.0440 0.0527 0.0286 0.0212 0.0449
Mn 0.0000 0.0046 0.0000 0.0046 0.0000 0.0031 0.0015 0.0000 0.0000 0.0C44 0.0000 0.0031 0.0015 0.0015 0.0046
Mg 0.0000 0.0000 0.0027 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000- 0.0000 0.0000 0.0000 0.0000 0.0000
Ca 0.0445 0.0290 0.1107 0.0615 0.0658 0.0097 0.0137 0.0115 0.0214 0.0000 0.0059 0.0020 0.0929 0.0057 0.0387
Na 1.8751 1.6835 2.1466 2.0473 2.0978 1.5304 1.1773 1.9922 1.5685 3.8934 1.1378 0.5507 1.6185 3.3705 1.9492
K 2.1216 2.2868 1.7661 1.9234 1.8619 2.4837 2.8472 2.0291 2.4365 0.0647 2.8918 3.4800 2.3281 0.6128 _2.0345
Total 20.0498 20.0328 20.0492 20.0321 20.0272 20.0317 20.0306 20.0296 20.0300 19.9863 20.0650 20.0458 20.0434 20.0041 20.0346
Abwth 44.92 40.65 51.87 49.28 50.62 36.64 27.94 47.91 37.55 98.27 27.00 12.97 38.64 B83.70 46.97
Anwth 113 0.74 g4 1.57 168 025 034 029 054 0.00 015 0.05 2.35 015 0.99
Orwth 53,95 5861 45.29 49.15 47,69 63.12 71.72 51.80 6i.91 1.73 72.85 85.98 59.00 16.15 52.04
Abbreviations : A, B = different crystals, p = phenocryst, g = groundmass, ¢ = core, r = rim. Analyses

carried out with SEMQ-ARL instrument using natural silicate and oxides as standards. Rock name abbreviations

as in Table 1.

phonolites evolved essentially by shallow frac-
tional crystallization processes, leaving behind
cumulates which were sometimes sampled as
inclusions by phonotephritic lavas. Moreover,
the existence of olivine clinopyroxenite cumulate
xenoliths suggests that the least differentiated

tephritic magmas could, in turn, have been
fractionated products of basanitic melts appar-
ently not yet found in the area. In fact addition
of about 30% of olivine clinopyroxenite (sample
F1S-N) to the tephrite F10I-D gives rise to a
basanitic composition which could be considered
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Fig. 3. Feldspar composition of Fortaleza alkaline rocks in the Ab-Or-An diagram (mol%). The extent of
solvus for 900°, 825° and 750°C is indicated by dashed lines (after Ghiorso, 1984).

Table 3. Representative microprobe analyses of nepheline (ne) and analcite (anc) from Fortaleza alkaline
rocks (atomic proportions based on 32 and 6 oxygens per formula unit respectively).

FI1G-N FIL-N  FIH-IN F1F-N F3B Fi2C F1B F2C F106

Ex Ne-Sy Ne-Sy Ne-Sy P-Ph P-Ph P-Ph P-Ph P-Ph

anc anc anc anc ne ne anc ne ne ne ne ne

Ac Ar

Si02 51.61 50,16 50,54 50,75 43,93 44,95 54,51 44,48 45,19 45,13 44,82 45,84
Tio2 0,00 0,01 0,04 0,03 0,02 0,00 0,00 0,02 0,03 0,04 0,01 0,00
A1203 24,90 27,98 28,47 25,86 33,76 31,54 23,86 33,20 32,2¢ 31,61 32,51 30,79
Fe203 0,19 0,15 0,02 0,14 0,38 0,80 0,13 0,46 1,17 1,34 0,41 1,80
MnO 0,03 0,00 0,03 0,01 0,02 0,00 0,00 0,00 0,01 0,07 0,02 0,21
Mgo 0,13 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,03 0,00 0,00
Ca0 0,47 0,03 0,24 0,00 0,29 0,05 0,00 001 0,01 0,27 0,00 0,09
Na20 13,65 14,56 12,99 14,70 17,00 16,63 13.18 16,74 16,60 16,92 16,21 15,74
K20 0,13 0,02 0,26 0,1 4,40 4,64 0,09 5.28 $.22 4,13 5,02 4,98
P20S 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,0C 0.00 0,00 0,00
Tot 91,1 92,91 92,60 91,60 99,80 98,60 91,74 10,20 100,5C 99,54 99,00 99,45
S 1,918 1.834 1,843 1,883 8,387 8,681 1,993 5,483 8,597 8,641 8613 8,792
Ti 0,000 0,000 0,001 0,001 0,003 0,000 0,000 6,003 0,004 0.006 0,001 0,000
Al ' 1,090 1,206 1,224 1,131 7,596 7,180 1,028 7,462 7.232 7,133 7.363 6,960
Fe3+ 0,008 0,004 0,001 0,004 0,085 0,116 0,004 0,066 0,167 0,193 0,060 0,260
Fe2+ 0,000 0,000 0,000 0,000 0,000 0,000 0,000 ©,000 0,000 0.000 0,000 0,000
Mn 0,001 0,000 0,001 0,000 0,003 0,000 0,000 0,000 0,002 0,011 0,003 0,034
Mg 0,007 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0.009 0,000 0,000
Ca 0,019 0,001 0,009 0,000 0,059 0,010 0,000 0,002 0,002 0.0SS 0,000 0,019
Na 0,983 1,032 0,918 1,057 6,293 6,227 0,932 6,191 6,124 6.281 6,039 5,854
K 0,006 0,001 0,012 0,005 1,072 1,142 0,004 1,285 1,268 1,009 1,230 1,217
P 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 ©.,000 0,000 0,000
Tot 4,030 4,078 4,009 4,081 23,468 23357 3,960 23,491 23396 23337 23309 23,i36

Abbreviations : A, B = different crystals, p = phenocryst, g = groundmass, ¢ = core, r = rim. Rock name
abbreviations as in Table 1.

an appropriate parental magma of mantle origin.  alkaline complexes (e.g. Jacupiranga, Juquid,
Parental basanitic melts similar to those inferred  Morro Redondo, Piratini ; Beccaluva er al.,
for the Fortaleza suite appear to represent a 1990 ; Brotzu et al., 1989 ; Barbieri et al.,
widespread magma type, found in many Brazilian ~ 1987). On the whole, they closely correspond
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Table 4. Representative microprobe analyses of clinopyroxene from Fortaleza alkaline rocks (atomic propor-
tions based on 6 oxygens per formula unit).

F10I-D F13A-D F1E-N F1G-N FiL-N FI1F-N F9B

Tph Ph-Tph “Ex Ex Ne-Sy Ne-Sy P-Ph

pc q q g Ac Ar Be Ac Ar Be Br Ae Ar Ac Be Ar

5102 48.57 46.06 49.75 44.81 52.63 52.77 52.85 51.34 51.50 S51.05 52.42 52.03 52.22 48.48 S1.50 51.44
Ti0: 2.25 3.40 1.80 3.94  0.25 0.32 0.18 0.27 0.19 0.12 0.04 0.81 0.79 0.80 0.95 0.42
Al20s 5.00 7.14 3.61 8.06 2.41 2.45 1.25 2.75 0.79 1.22 1.60 0.28 0.25 2.74 1.29 1.23
Fe0 5.73 7.58 7.34 8.92 9.60 9.47 9.5 10.15 14.99 11.93 27.67 15.50 14.95 14.79 10.24 17.18
Mn0 0.09 0.13 0.23 0.21 0.17 0.14 0.24 0.14 0.37 0.15 0.43 0.86 0.89 2.19 1.90 1.93
Ng0 14.15 12.75 14.43 11.26 13.38 13.33 12.28 12.78 8.79 11.24 1.35 8.26 8.78 7.60 11.25 5.60
Ca0 22.68 22.10 22.43 22.03 20.22 20.92 21.02 22.18 21.02 22.71 2.72 16.89 17.83 21.37 21.61 20.69
Na20 0.38 0.57 0.41 0.62 0.90 0.69 1.61 0.55 1.91 0.99 10.99 4.33 3.70 1.55 1.68 1.24
Cr;0s 0.32 0.00 0.00 0.00 0.02 0.02 0.05 0.03 0.93 0.01 -0.00 0.05 0.07 0.00 0.00 0.00

Total 99.17 99.73 100.00 99.85 99.58 100.11 99.04 100.19 99.59 99.42 97.22 99.01 99.48 99.52 100.42 99.73

Si 1.8090 1.7176 1.8424 1.6832 1.9640 1.9622 1.9825 1.9141 1.9662 1.9364 2.0097 1.9776 1.9794 1.8653 1.9214 2.0099
Ti 0.0630 0.0953 0.0501 0.1113 0.0070 0.0089 0.0051 0.0076 0.0055 0.0034 0.0012 0.0232 0.0225 0.0231 0.0267 0.0123
Al 0.2195 0.3138 0.1576 0.3568 0.1060 0.1074 0.0553 0.1208 0.0355 0.0545 0.0723 0.0125 0.0112 0.1242 0.0567 0.0566
Fe* 0.0545 0.1014 0.0861 0.0989 0.0162 0.0000 0.0850 0.0748 0.1616 0.1202 0.7429 0.2835 0.2358 0.2297 0.1782 0.0124
Fe? 0.1240 0.1350 0.1412 0.1812 0.2833 0.2944 0.2149 0.2416 0.3170 0.2582 0.1443 0.2091 0.2380 0.2461 0.1413 0.5489
Mn 0.0028 0.0041 0.0072 0.0067 0.0054 0.0044 0.0076 0.0044 0.0120 0.0048 0.0140 0.0277 0.0286 0.0714 0.0600 0.0639
Mg 0.7855 0.7087 0.7965 0.6304 0.7442 0.7388 0.6866 0.7101 0.5002 0.6355 0.0771 0.4679 0.4960 0.4358 0.6256 0.3261
Ca 0.9050 0.8829 0.8899 0.8865 0.8084 0.8334 0.8447 0.8859 0.8598 0.9229 0.1117 0.6878 0.7240 0.8809 0.8638 0.8661
Na 0.0274 0.0412 0.0294 0.0452 0.0651 0.0497 0.1171 0.0398 0.1414 0.0728 0.8169 0.3191 0.2719 0.1156 0.1215 0.0939
Cr 0.0094 0.0000 0.0000 0.0000 0.0006 0.0006 0.0015 0.0009 0.0009 0.0003 0.0000 0.0015 0.0021 0.0000 0.0000 0.0000
Total 4.0000 4.0000 4.0004 4.0002 4.0002 3.9998 4.0001 4.0000 4.0000 4.0090 3.9900 4.0100 4.0095 3.9923 3.9952 3.9902
ALTY 0.1910 0.2824 0.1576 0.3168 0.0360 0.0378 0.0175 0.0859 0.0338 0.0545 -~ 0.0125 0.0112 0.1242 0.0567 -
AlY® 0.0284 0.0314 0.0000 0.0400 0.0700 0.0695 0.0377 0.0349 0.0018 0.0000 0.0723 0.0000 0.0000 0.0000 0.0000 O0.0566
Ca 48.34 48.19 46.32 49.14 43.51 44.54 45.93 46.21 46.4€ 47.53 10.25 41.03 - 42.03 47.25 46.21 47.65
Mg 41.96 38.68 41.46 34.94 40.06 39.48 37.33 37.04 27.03 32.72 7.07 27.9r 28.79 23.38 33.47 17.94
Fe® 9.68 13.12 12.20 15.90 16.41 15.97 16.72 16.73 26.5C 19.73 82.67 31.04 29.16 29.35 20.30 34.39
Na 2.83 4.34 2.85 4.92 6.20 4.79 11.77 3.85 14.26 . 7.14 83.50 32.28 27..23 11.76  12.09 9.87
Mg 81.24 74.66 77.25 68.72 70.93 71.19 69.06 68.87 50.48 62.38 7.88 47.3¢ 49.67 44.33 62.24 34.28
Fec 15.91 20.99 19.89 26.35 22.85 24.00 19.15 27.26 35.24 30.47 8.60 20.36 23.08 43.90 25.66 55.84

F9B FiB F3B F2C F9F F106 F12C

P-Ph P-Ph p-PH® P-Ph P-Ph P-Ph P-Ph

Apc Apc Apr Apc g g Apc Apr Bpr Apc Apr Apc Apr q Ac Be

5i02 51.42 45.66 49.61 49.08 48.98 50.02 51.65 51.33 51.56 48.94 50.54 47.75 49.44 49.74 50.63~ 51.13

Ti0: 0.68 2.67 0.76 0.87 0.92 0.73 1.40 1.85 0.90 1.42 2.01 115 0.87 0.86 0.52 1.49
Al20s 1.87 5.36 1.69 3.66 2.50 1.90 0.51 0.46 0.59 0.94 0.91 4.52 3.52 0.85 1.56 0.59
Fe0 14.28  11.53 16.75 11.50 13.44 18.39 26.01 24.49 26.75 24.54 26.03 12.07 11.13 23.93 16.91 27.33
Mn0 1.48 0.68 2.10 1.04 2.47 3.57 1.38 1.51 1.07 2.64 1.70 1.12 1.19 3.09 2.00 1.35
MgO. 8.34° 10.65 6.50 10.05 7.94 3.79 1.00 1.07 0.82 0.51 0.18 9.44 10.19 1.13 6.29 0.18
Ca0 20.52 20.54 20.01 21.48 20.68 17.61 6.08 6.10 5.10 14.20 8.43 21.14 21.57 10.62 16.97 3.95
Naz0 1.11 1.35 2.24 1.50 1.71 2.92 10.10 10.11 10.64 5.32 8.70 1.43 1.32 7.40 4.03  11.45
Cr20s 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.01 0.02 0.00 0.00 0.00 0.01 0.00 0.00

Total 99.70 98.44 99.66 99.18 98.64 98.95 98.13 96.92 97.44 98.53 98.50 98.62 99.23 97.63 98.91 97.47

Si 1.9796 1.7486 1.9200 1.8618 1.8975 1.9733 1.9902 1.9982 1.9920 1.9547 1.9724 1.8282 1.8760 1.9615 1.9461 1.9735
Ti 0.0197 0.0769 0.0221 0.0248 0.0268 0.0217 0.0406 0.0542 0.0261 0.0426 0.0590 0.0331 0.0248 0.0255 0.0150 0.0432
Al 0.0848 0.2419 0.0771 0.1636 0.1141 0.0883 0.0232 0.0211 0.0269 0.0442 0.0419 0.2039 0.1574 0.0395 0.0707 0.0268
Fe* 0.0000 0.1883 0.2010 0.1735 0.1659 0.1442 0.6699 0.6371 0.7340 0.3704 0.5535 0.1796 0.1383 0.5520 0.3073 0.7959
Fe? 0.4597 0.1809 0.3411 0.1913 0.2695 0.4625 0.1682 0.1602 0.1302 0.4492 0.2960 0.2068 0.2148 0.2371 0.2362 0.0862
Mn 0.0483 0.0221 0.0688 0.0334 0.0810 0.1193 0.0450 0.0498 0.0350 0.0893 0.0562 0.0363 0.0382 0.1032 0.0651 0.0441
Mg 0.4785 0.6079 0.3749 0.5682 0.4584 0.2228 0.0574 0.0621 0.0472 0.0304 0.0105 0.5387 0.5763 0.0664 0.3604 0.0104
Ca 0.8463 0.8427 0.8297 0.8729 0.8583 0.7443 0.2510 0.2544 0.2111 0.6076 0.3525 0:8671 0.8768 0.4487 0.6988 0.1633
Na 0.0828 0.1002 0.1681 0.1103 0.1284 0.2233 0.7545 0.7630 0.7969 0.4119 0.6582 0.1061 0.0971 0.5657 0.3003 0.8568
Cr 0.0000 _0.0000 _0.0000 0.0000 0.0000 0.0006 _0.0000 0.0000 0.0003 0.0006 0.0000 0.0000 0.0000 _0.0003 0.0000 _0.0000
Total 3.9998 4.0095 4.0028 3.9999 4.0000 4.0002 4.0000 4.0000 3.9997 4.0010 4.0001 4.0000 3.9999 4.0000 4.0000 4.0003
ALY 0.0204 0.2419 0.0771 0.1382 0.1025 0.0267 0.0098 0.0018 0.0080 0.0442 0.0276 0.1718 0.1240 0.0385 0.0539 0.0265
ALVY 0.0644 0.0000 0.0000 0.0254 0.0116 0.0616 0.0134 0.0193 0.0188 0.0000 0.0142 0.0322 0.0334 0.0010 0.0168 0.0003
Ca 46.17 45.75 45.69 47.45 46.81 43.96 21.06 21.86 18.23 39.27 27.78 47.42 47.53 31.87 41.90 14.84

Mg 26.10 33.00 20.65 30.89 25.00 13.16 4.81 5.33 4.07 1.96 0.82 * 29.45 = 31.24 4.71  21.60 0.94
Fe® 27.71  21.24 33.64 21.64 28.17 42.87 74.11 72.79 77.68 L7800 71,39 23.11 21.21  63.40 36.49 84.20

I
©

Na 8.39 10.03 17.04 11.41 13.17 23.53 80.21  83.92 84.20 43.85 71.84 11.04 10.03 59.00 30.99 91.47
Mg 48.50 60.83 38.03 58.79 47.02 23.48 6.10 6.82 4.98 3.23 1.14  56.02 59.55 6.92 37.18 1.10
Fe© 43.09 29.13 4491 29.78 39.79 52.97 13.67 9.24 10.80 52.91 27.00 32.93 30.41 34.06 31.81 7.41

Feb=Fe2* +Fe3*+Mn at% ; Fe¢ = Fe2*+Fe3* +Mn-Na ; Fe3*/Fe?* partitioning according to Papike et al. (1974).
Abbreviations : A, B = different crystals, p = phenocryst, g = groundmass, ¢ = core, r = rim.
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Fig. 4. Pyroxene composition of Fortaleza alkaline rocks in the Ca-Mg-(Fe?* +Fe3*+Mn) diagram (at%).
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Fig. 5. Pyroxene composition of Fortaleza alkaline rocks in the Na-Mg-(Fe2* +Fe3*+Mn-Na) diagram (at%).
Pyroxene compositional trends of other alkaline complexes are also reported for comparison : hachured area,
Fen (Andersen, 1988) ; 1, Uganda (Le Bas, 1987) ; 2, Iron Hill (Nash, 1972) ; 3, Piratini, South Brazil
(Barbieri et al., 1987).
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Table 5. Representative microprobe analyses of amphibole (amph), phlogopite (phl) and magnetite (mt) from
Fortaleza alkaline rocks (atomic proportions based on 23, 22, 32 oxygens per formula unit, respectively).

F10I  FIE-N FIL-N F 9B F 106

Teph Ex Ne-Sy P-Ph P-Ph

amph amph phl mt mt amph phl mt mt amph mt mt
S102 3766 42,85 3950 0,00 000 52,03 40,4 000 000 3635 0,00 0,00
Ti02 7,44 1,84 429 958 930 224 323 7.1 8.19 395 15,12 7.86
AI203 13,86 12,47 12,40 116 0,87 123 12,25 033 037 1443 037 1,76
Fe203 0,00 0,00 0,00 4879 4925 0,00 000 5485 51,64 000 3882 5163
Fe0 13,44 12,72 10,85 3824 3798 12,34 10,19 36,02 3657 19,89 - 40.76  34.83
Mno 0,14 0,12 0,21 093 090 081 032 1,33 1,33 0,88 3,86 2,50
MgQ 1065 1197 1797 070 063 14,18 1956 058 0,60 6.14 0,04 1,03
C0 1154 10,24 0,03 000 024 553 000 000 000 1049 027 0,01
Na20 240 4,08 0,91 000 000 666 094 000 0,00 272 0,00 0.00
K20 1,36 1,56 9,43 000 0,00 1,47 995 000 0.0 234 0,00 0.00
P20S 0,00 0,00 000 000 000 000 000 000 000 000 0,00 0,00
NiO 0,00 0,00 000 000 000 000 000 000 0,00 000 0,00 0.00
€203 000 0,05 000 000 0.04 0.01 002 009  0,S 0,00 001 0,01
Tot 98,50 97,90 9560  99.4 99,21 9650 96,87 100,42 98,9 9720 9925 99,62
si 5632 6356 5780 0000 0000 7718 5828 0000 0,000 5724 0,000 0,000
Ti 0,837 0205 0473 2,188 2,134 0250 0350 1,622 1894 0,468 3,468 1,784
Al 2,443 2,181 2,139 0416 0312 0215 2082 0,120 0,134 2,679 0,132 0,625
Fe3e 0,000 0000 0000 11,152 11,306 0000 0000 12517 11944 0,000 8908 11.726
Fe2e 1,681 1,578 1328 9,712 9,690 1531 1229 9,061 9,402 2,619 10,394 8,794
Mn 0018 0015 002 0240 0232 0,102 0039 0342 0358 0,117 0997 0,638
Mg 2373 2646 3918 0315 0286 3,134 4204 0263 0277 1,441 0017 0,462
Ca 1,849 1627 0005 0,000 0078 0879 0000 0000 0000 1,770 0,087 0,003
Ne 0695 1,173 0,260 0000 0,000 1916 0263 0000 0,000 0,830 0,000 0,000
K 0260 0295 1,760 0,000 0000 0278 1830 0000 0000 0471 0,000 0,000
p 0,000 0,000 0,000 0000 0000 0000 0000 0000 0,000 0,000 0,000 0,000
Ni 0,000 0,000 0000 0,000 0000 0000 0000 0000 0000 0000 0000 0,000
o 0,000 0006 0000 0000 0010 0001 0002 0021 003 0000 - 0003 0,002
Tot 15,788 16,081 15,689 24,024 24,048 16,024 15828 24,045 24,045 16,119 24,007 24,035

Fe3+/Fe?* partitioning in magnetite assumed to give cations = 24. Abbreviations : A, B = different crystals,

p = phenocryst, g = groundmass, ¢ = core, r = rim. Rock name abbreviations as in Table 1.

to alkaline basic magmas whose genesis is con-
strained by experimental petrology (Green,
1973 ; Brey & Green, 1977) to hydrous low-
degree partial melting of enriched mantle
source at high-pressure (25-30 kbar). The crys-
tallization order of liquidus phases in the whole
suite (olivine, clinopyroxene, plagioclase, alkali
feldspar, nepheline) is in accordance with the
experimental results of the Ne-Ab-Fo-Di sys-
tem (Kogarko, 1977) : in this system, melts
compositionally comparable to the studied
rocks, after removal of olivine and clinopy-
roxene, crystallize along the ternary olivine-
clinopyroxene-feldspar cotectic line before fal-
ling to the quaternary invariant point where
nepheline joins the previous phases. This does
not support nephelinite as parental magma
which would involve the crystallization of
nepheline before that of feldspar.

In the Ne-Ks-Qz system, phonolites and
nepheline syenites plot along the thermal
through between m-M minimum points for Py,o

1 kbar (Fig. 6). The evolutionary trend is
characterized by a decrease of Or/Ab ratio

VFC user .

toward the minimum M, from the least to the
most differentiated phonolites, consistently
with sodium enrichment from early- to late-
crystallized alkali feldspar. A reversal composi-
tional trend occurs when feldspar crystallization
is joined by nepheline in the latest fractionation
stages with groundmass K-sanidine and albite
in the most evoluted phonolitic hqunds corre-
sponding to the minimum M.

Elemental variations versus differentiation
index (Fig. 7) display a general increase of Si,
Na, K, Al and decrease of Fe, Ca, and Mg,
which are compatible with a general evolution
by fractional crystallization processes. However
it must be pointed out that the compositional
differences among phonolitic tephrites in terms
of * petrographical (variations in amphibole
abundance) and chemical features, prevent
these rocks from being considered as strictly
comagmatic. Particularly, elements such as P,
Ba, Sr, V, Zr, and Nb have distinctly different
concentration which are probably related to
differences in the parental magmas.

According to mass balance -calculations
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Fig. 6. Plot of whole rock and alkali feldspar compositions of Fortaleza phonolites and nepheline syenites in
the Ne-Ks-Qz residual system at Py,o = 1 kbar (Hamilton & McKenzie, 1965).

between host rocks and phenocrysts, the least
differentiated tephrites (F10I-D) represented in
the suite could have produced phonolitic
tephrite magmas by subtraction of salite (22%),
andesine (14%), Ti-magnetite (3.0%), olivine
(2.7%) and apatite (0.3%), corresponding to an
alkaligabbroic mineral assemblage (Table 6).

The least differentiated peralkaline phonolites
could, in turn, be derived from phonolitic
tephrites by subtraction of a virtual mineral
assemblage of essexitic composition (represented
among the sampled cognate inclusions). Removal
of large amounts of ferromagnesian minerals
over a long fractionation interval (liquid fraction
from 40.3 to 3.8) is responsible for the appear-
ance of a distinct D.I. gap at this stage.
Finally, the most differentiated peralkaline
phonolite magmas could be produced from the
least differentiated ones by subtraction of a
nepheline syenite cumulitic solid, whose com-
position approaches fairly well those of the
nepheline syenite xenoliths.

REE distributions do not contradict the
above fractionation scheme, being characterized
by generally parallel patterns and more pro-
nounced La/Sm fractionation from tephrites to
phonolitic tephrites to peralkaline phonolites
(Fig. 8), accompanied by the appearance in the

phonolites of a distinct negative Eu anomaly.
Some phonolitic samples, however, appear to
be remarkably affected by cumulus enrichment
in alkali feldspar phenocrysts (e.g. sample F1C)
which is reflected by an overall decrease of
total REE and reduction to disappearance of
the negative Eu anomaly.

Similar patterns also characterize the essexitic
and Ne-syenitic xenoliths. Interestingly, in the
cumulitic olivine clinopyroxenite xenolith a
significant negative Eu anomaly appears, as
already observed in some clinopyroxenes from
alkaline rocks (Worner et al., 1983 ; Henderson,
1984).

In addition, concomitantly with the fraction-
ation of major phases and apatite, a significant
removal of intermediate REE-rich phases such
as sphene is also required in order to account
for the change of intermediate and heavy REE
patterns from positively fractionated (Dy/Lu > 1)
in phonolitic tephrites, to V-shaped (Dy/Lu <
1) in the most differentiated peralkaline phono-
lites. Accordingly, Rayleigh fractionation
modelling (Shaw, 1970) using REE partition
coefficients for phonolites (Worner et al., 1983)
shows that subtraction of about 1% sphene and
1.5% apatite from the least differentiated
peralkaline phonolite, together with prevalent
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amount of alkali feldspar can produce the FI1B, F2C, F1E). This also results in a general
V-shaped trend observed in the most differen-  attenuation of the negative Eu anomaly possibly
tiated peralkaline phonolites (e.g. F14A, F12C,  due to the lower Kdg, for sphene with respect
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Fig. 7. Major and trace element variations vs differentiation index (D.I. = Q+Or+Ab+Lc+Ne+Ks+Ac+Ns)
for Fortaleza alkaline rocks.
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Table 6. Least squares mass balance calculations for the Fortaleza magma fractionation based on bulk rock
and mineral composition.

From BASANITE (calc) F=100% Subtracted sol:d Corresponding Cumulates
Minerals Oxides wt% O-Cp (F1S-N)

5i02 46 .75 5102 44 .75 44 52

Ti02 2 66 Ti02 119 118

41203 12.53 30% of OlCp Al203 8.62 8.58

FeOt 11 .73 FeOt 14.60 13.93

MnO 0.18 (F15-N) MnO Q.22 0.22

NgO 8. 80 MgO 14.30 14.23

Ca0 11.44 Ca0 13.68 13.61

Na20 3.33 Na20 2..5 2.14

K20 2 04 K20 1.06 105

P205 0 54 P205 .03 0.03

To/From TEPHRITE (F10I-D) F=170% Gabbro

5102 47 61 ol 2.7 $102 45 62

Ti02 3.30 cpx 22.4 TiO2 3 1 (not represented in

A1203 14 25 pl 14 0 Al203 12 i8

FeOt 10.73 mt 30 FeOt. 10.43 the sampled xenoliths)

MnO 0.16 ap 0.3 MnO 0.2

MgO 6.38 MgO 9 71

Ca0 10 .46 r2 =071 Cal 14.29

Na20 3. .86 Na20 3.08

K20 2.48 K20 e 11

P205 0.77 P203 0.25

To/From PH-TEPHRITE (F10H-D) F=40.3% Ex (F1R-N) Ex (FiH-N)

Si02 48 .69 cpx 17.8 5i02 47.61 46 20 45 .59

Ti02 3 61 pl 13 6 Ti02 3.93 177 1.71

Al1203 15.82 af 23 4 A1203 15.32 17.19 18.14

FeOt 10.81 ne 113 FeOt 11.67 11.32 12.12

MnO 0 17 amph 7.8 MnO 0.24 0 24 0.32

MgO 4.14 mt 12.0 MgO 4.54 5 64 5 27

Ca0 7.75 sph 2.5 Ca0 8 42 8.69 7.68

Naz20 4 34 ap 2.4 Na20 376 5.49 4.92

K20 3.61 K20 3.36 2 68 3.32

P205 1.06 r2 = 0.004 P205 1.15 0 21 0.26

To/From P-PHONOLITE (F12I) F=3.8% Ne-Sy (FIL-N) Ne-Sy (F1H-1N)

S$i02 59.10 Na-cpx 0 3 S$i02 58.74 55 52 60 29

Ti02 0.39 af 20.1 Ti02 127 0 89 0.17

A1203 20.58 ne 2.6 Al1203 19 43 17.96 21.08

FeOt 2.36 sph 0.7 FeOt 2 61 5.67 0.92

MnO 0.15 mt 06 MnO 0.04 0 23 0.07

MgO 0.20 ap 0.7 MgO 0. 79 2 74 0.42

Ca0 1.22 Ca0 2.52 2.93 1.75

Na20 9.92 r2 = 0 16 Na20 4 50 7.29 7.64

K20 5.99 K20 8.85 6 01 7.53

P20S 0.09 P20S 1.25 0 05 0 02

To  P-PHONOLITE (F14A) F=2 8%

clinopyroxene,
amphibole,

Abbreviations : r? total square residuum, F = % of liquid fraction, ol = olivine, cpx
Na-cpx = Na-clinopyroxene, pl = plagioclase, af = alkali feldspar, ne = nepheline, amph =
mt = magnetite, ap = apatite, sph = sphene. Rock name abbreviations as in Table 1.

to neighbouring REE (Worner et al., 1983). tion of soluble alkali-Zr-silicate complexe in

The sharp decrease in Sr and Ba (Fig. 7)
together with high values of the Sm/Eu ratio in
the most evolved peralkaline phonolites indicate
the predominant role of alkali feldspar fraction-
ation. Rb, Zr, Nb behave as highly residual
elements, being strongly enriched in the most
differentiated peralkaline phonolites. Signifi-
cantly, such a Zr enrichment is in agreement
with the experimental results indicating that
zircon crystallization is prevented by the forma-

strongly alkaline melts (Watson, 1979 ; Lin-
thout, 1984).

A peculiar feature of the nepheline syenite
xenoliths is the presence of patches composed
of primary calcite + acmitic clinopyroxene +
alkali feldspar. This suggests a significant CO,
enrichment of magmas, that, for advanced frac-
tionation stages, could have approached carbo-
nate-silicate liquid immiscibility conditions.
This also supports a derivation of the Fortaleza
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Fig. 8. Chondrite normalized REE patterns for representative Fortaleza alkaline rocks. Sample numbers as

referred in Table 1. Also indicated D.I. range.

tephrite-phonolite suite from CO,-enriched
parental melts generated by a low degree of
mantle partial melting deep in the sub-conti-
nental lithosphere (cf. Wyllie, 1978, 1987).

Strontium isotopes

The initial ’Sr/86Sr ratios (Ro) of the Fortaleza
alkaline rocks (Table 7) range from 0.7024 to
0.7057, as those of analogous alkaline associ-
ations (Bell & Powell, 1970 ; Laughin et al.,
1971 ; Rock, 1987), which are believed to be

derived from mantle magmas not significantly
affected by crustal contamination (Table 7).
Accordingly, crustal contamination processes
appear to have played a minor role, and could
probably be admitted only for those samples
showing higher isotopic ratios. As observed in
the diagrams of Fig. 9, some samples with high
87Sr/86Sr ratios tend also to be high in Rb and
low in Sr, in accordance with their more frac-
tionated nature. The application of an assimila-
tion fractional crystallization model (AFC, cf.
De Paolo, 1981), despite of the fact that rocks
from different outcrops, obviously do not
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Table 7. Strontium isotopic ratios of the Fortaleza
alkaline rocks.

Rb sr 875r/865r 4 875y /865y
(30 Ma)

Ol—cpx
F1S-N 67 147 0.70624 3 0.70568
Tph
F10I-D 50 887 0.70487 3 0.70480
Ph-Tph
F15-D 155 1373 0. 70454 3 0. 70440
Ex
F1G-N 114 398 0.70326 2 0.70291
F1R-N 222 384 0.70431 3 0.70360
Ne-Sy
F1F-N 269 113 0.70834 3 0. 70540
P-Ph
FiC 240 408 0.70489 3 0.70416
F9B 197 48 0.70978 3 0.70472
FiB 295 264 0.70542 3 0.70404
F7A 319 14 0. 73047 S 0.70237

Rock name abbreviations as in Fig. 1. Measurements
by VG 54 E micromass spectrometer. Precision ex-
pressed as 2 sigma is £ 3*1075. 8Rb = 1.42*10 11y~ ;
observed values were corrected taking into account
88Gr/86Sr = 0.1194. Several determinations of standard
NBS 987 SrCO; gave 87Sr/36Sr = 0.71024 + 3.

belong to the same magmatic system, would
indicate only a limited contamination of the
order of a few percent of crustal material as-
similated by the most differentiated phonolitic
magmas. It has to be noted that in the case of
Caruru, the application of the AFC model
conforms to the observed Sr isotope distribution,
since the highest ratios are found in some of
the cognate inclusions (olivine clinopyroxenite
and nepheline syenite), representing the cumu-
late solids fractionated in the same magma
chamber which fed the associated phonolitic
host magmas. The essexitic cognate inclusions
reveal the lowest 87St/86Sr ratios (0.7029-0.7036),
representing the least differentiated and uncon-
taminated magmas of this locality. A very low
ratio is also found in the peralkaline phonolite
(0.7024 ; sample F7A) from Serrote Gangorra,
which is, however, of limited value since it is
characterized by extremely high and low Rb
and Sr contents, respectively.

As a result, it may be reasonable to assume
that the low ®Sr/%Sr initial ratios (0.7029-
0.7036) of the whole alkaline district represent
the isotopic composition of the uncontaminated
parental magmas, and, by implication, those
of their mantle source. It should be emphasized
that these Sr-isotopic ratios in the equatorial

region are remarkably lower than those of
other alkaline complexes of southern Brazil
(Juquid, 0.7052-0.7080, Beccaluva et al., 1988 ;
Morro Redondo, 0.7049-0.7056, Brotzu et al.,
1989 ; Piratini, 0.7046-0.7057, Barbieri et al.,
1987 ; Tunas, 0.7046-0.7081, Gomes et al.,
1987) and of flood basalts from the Parand
Basin (0.7046-0.7062, Piccirillo et al., 1989).
Instead, they are comparable with those of
alkaline rocks from the Cameron line directly
across the Atlantic (0.7027-0.7037, Fitton &
Dunlop, 1985).

Thus the data from this work seem to
confirm the existence of a worldwide more
radiogenic mantle region, on a large geographical
scale (Dupal anomaly, Dupré & Allégre, 1983 ;
Hart, 1984), in the southern hemisphere.

Conclusions

The alkaline rocks of Fortaleza district range
in composition from tephrites to phonolitic
tephrites to peralkaline phonolites. At one
locality (Caruru) phonolites include cognate
xenoliths of olivine clinopyroxenitic, essexitic,
and nepheline syenitic composition. Petrogra-
phical and whole rock chemical variations, as
well as mineral composition trends represent a
coherent set of data indicating for the whole
suite, although constituted by independent
magmatic bodies, a unitary magmatic system
essentially evolving by fractional crystallization.
Minor and trace elements of tephrites and pho-
nolitic tephrites, which represent the least dif-
ferentiated magmas of the area, probably
reflect slight, but significant variations in the
nature of the inferred basanitic parental melts.
The basanitic nature of parental magmas is
strongly supported by the presence of olivine
clinopyroxenite cumulate inclusions in the
Caruru phonolites, which represent the proper
fractionated solids, complementary to tephritic
magmas.

Evolution from tephrites to phonolitic tephri-
tes may be generally accounted for by subtrac-
tion of a alkaligabbroic cumulitic assemblage
(not represented among the sampled cognate
inclusions). The least differentiated peralkaline
phonolites could, in turn, be derived from pho-
nolitic tephrites by removal of an essexitic
assemblage as that represented in the cognate
inclusions. The most differentiated peralkaline
phonolitic liquids, corresponding to the mini-
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Fig. 9. Initial 87Sr/%Sr vs Sr and Rb diagrams for Fortaleza alkaline rocks. The modelled lines represent
possible evolutionary path of magmas affected by combined wall rock assimilation and fractional crystallization
(DePaolo, 1981). Figures refer to ratio mass of wall rock assimilated/mass of fractionated phases, per time
unit. Kdg, = 2.1, Kdg, = 0.2, residual liquid fraction F = 0.06. Asterisk represents average composition of
Brazilian continental basement (Projeto Radambrasil, 1981) used as contaminant in the calculations. The end
of the horizontal bar represents the assumed initial magma composition for the modelling.

mum M in the Ne-Ks-Qz system, could be pro-
duced by further removal of nepheline syenite
cumulates whose compositions correspond to
that of the cognate inclusions.

Variation in REE patterns from tephrites to
peralkaline phonolites conforms well to this
fractionation scheme, provided that apatite and
particularly sphene be fractionated in appro-
priate amounts in order to fit the V-shaped
REE patterns in the most differentiated
peralkaline phonolites.

87Sr/%6Sr initial ratios, covering a wide range
(0.7024-0.7057), suggest significant crustal
contamination processes particularly in the
most fractionated magmas. The inferred 87Sr/36Sr
initial ratios of the parental magmas (0.7029-

0.7036) are remarkably lower than those of the
other alkaline complexes and of Parana flood
basalt of southern Brazil, supporting the exist-
ence of less radiogenic mantle sources in the
Atlantic equatorial region compared to the
southern hemisphere.

Acknowledgements : Thanks are due to the
Brazilian (FINEP-Proc. 43.88.0690.00 and
FAPESP-Procs. 88/1214-0 and 88/0049-6,
grants to C.B. Gomes) and Italian (MPI,
CNR) agencies for financial support. The
authors are also indebted to J.C. Fitton and
E.M. Piccirillo for critical reviewing and sug-
gestions.

Downloaded from http://pubs.geoscienceworld.org/eurjmin/article-pdf/2/5/687/4001908/687_gseurjmin_2_5_687_710_macciotta.pdf

bv UNIVERSIDADE FEDERAI DO CEARA UFC user



708 G. Macciotta et al.

References

Almeida, F.F.M. (1983) : Relagdes tectonicas das
rochas alcalinas mesozdicas da regiao meridional
da plataforma Sul-Americana. Rev. Bras. Geoc.,
13, 139-158.

Almeida, F.F.M., Carneiro, C.D.R., Machado
Junior, D.L. & Dahira, L.K. (1988) : Magma-
tismo pos-Paleozéico no nordeste oriental do
Brazil. Rev. Bras. Geoc., 18, 451-462.

Andersen, T. (1988) : Evolution of peralkaline calcite
carbonatite magma in the Fen complex, southeast
Norway. Lithos, 22, 99-112.

Bailey, D.K. (1987) : Mantle metasomatism - per-
spective and prospect. In “Alkaline Igneous
Rocks”, J.C. Fitton & B.G.J. Upton (eds.), 1-14.

Bailey, D.K. & Schairer, J.F. (1966) : The system
Na,0-Al,0;-Fe;,05-Si0; at 1 atm, and the petro-
genesis of alkaline rocks. J. Petrol., 7, 114-170.

Barbieri, M., Beccaluva, L., Brotzu, P., Conte, A.,
Garbarino, C., Gomes, C.B., Loss, E.L., Mac-
ciotta, G., Morbidelli, L., Scheibe, L.F.,
Tamura, R.M. & Traversa, G. (1987) : Petrologi-
cal and geochemical studies of alkaline rocks
from continental Brazil. 1. The phonolite suite
from Piratini, RS. Geoch. Brasil., 1, 109-138.

Beccaluva, L., Almeida, A., Barbieri, M., Brotzu,
P., Coltorti, M., Conte, A., Garbarino, C.,
Gomes, C.B., Macciotta, G., Morbidelli, L.,
Ruberti, E. & Traversa, G. (1988) : Petrological
and geochemical studies of alkaline rocks from
continental Brazil. 6. The phonolite-tephrite suite
from Fortaleza, State of Ceara. Int. Conf. “Geo-
chemical Evolution of the Continental Crust”,
Pogos de Caldas, Brazil. Abstracts, 103-107.

Beccaluva, L., Barbieri, M., Born, H., Brotzu, P.,
Coltorti, M., Conte, A., Garbarino, C., Gomes,
C.B., Macciotta, G., Morbidelli, L., Ruberti, E.,
Siena, F. & Traversa, G. (1990) : Fractional crys-
tallization and liquid immiscibility processes in
the alkaline-carbonatite complex of Juquid (Sao
Paulo, Brazil), (in preparation).

Bell, K. & Powell, J.L. (1970) : Strontium isotopic stu-
dies of alkaline rocks : the alkalic complexes of East
ern Uganda. Bull. Geol. Soc. Am., 81, 3481-3490.

Brey, G. & Green, D.H. (1977) : Systematic study
of liquidus phase relations in olivine-melilite +
H,O + CO, at high pressures and petrogenesis
of an olivine melilitite magma. Contrib. Mineral.
Petrol., 61, 141-162.

Brotzu, P., Beccaluva, L., Conte, A., Fonseca, M.,
Garbarino, C., Gomes, C.B., Leong, R., Mac-
ciotta, G., Mansur, R.L., Melluso, L., Morbi-
delli, L., Ruberti, E., Sigolo, J.B., Traversa, G.
& Valenga, J.B. (1989) : Petrological and geoche-
mical studies of alkaline rocks from continental
Brazil. 8. The syenitic intrusion of Morro
Redondo intrusive complex, State of Rio de
Janeiro. Geoch. Brasil., 3, 63-80.

Coombs, D.S. & Wilkinson, J.F.G. (1969) : Lineages
and fractionation trends in undersaturated volca-
nic rocks from East Otago volcanic province
(New Zealand) and related types. J. Petrol., 10,
440-501.

Cordani, U.G. (1970) : Idade do vulcanismo no
Oceano Atlantico Sul. Univ. Sao Paulo. Inst.
Geociénc. Astron., 1, 9-75.

De La Roche, H., Leterrier, J., Grandclaude, P. &
Marchal, M. (1980) : A classification of volcanic
and plutonic rocks using R1-R2 diagram and
major-element analyses. Its relationships with
current nomenclature. Chem. Geol., 29, 183-210.

DePaolo, D.J. (1981) : Trace element and isotopic
effects of combined wall rock assimilation and
fractional crystallization. Earth Planet. Sci. Lett.,
53, 189-202.

Dupré, B. & Alleégre, C.J. (1983) : Pb-Sr isotope
variation in Indian Ocean basalts and mixing phe-
nomena. Nature, 303, 142-146.

Ferguson, J. & Currie, K.L. (1971) : Evidence of
liquid immiscibility in alkaline ultrabasic dikes at
Callender Bay, Ontario. J. Petrol., 12, 561-585.

Fitton, J.G. & Dunlop, H.M. (1985) : The Cameroon
line, West Africa, and its bearing on the origin
of oceanic and continental alkali basalt. Earth
Planet. Sci. Lett., 72, 23-38.

Ghiorso, M.S. (1984) : Activity composition relations
in the ternary feldspars. Contrib. Mineral.
Petrol., 87, 282-296.

Gomes, C.B., Barbieri, M., Beccaluva, L., Brotzu,
P., Conte, A., Garbarino, C., Macciotta, G.,
Melluso, L., Morbidelli, L., Ruberti, E.,
Scheibe, L.F., Tamura, R.M. & Traversa, G.
(1987) : Petrological and geochemical studies of
alkaline rocks from continental Brazil. 2. The
Tunas massif, State of Parand. Geoch. Brasil., 1,
201-234.

Green, D.H. (1973) : Experimental melting studies
on a model upper mantle composition at high
pressure under water-saturated and water under-
saturated conditions. Earth. Planet. Sci. Lett., 19,
37-53.

Guimaraes, I.P. (1982) : Petrologia e geoquimica da
provincia alcalina Tercidra de Fortaleza, Cear4.
M. Sc. Thesis, Federal Univ. Pernambuco,
Recife, 165 p. (unpublished).

Guimaraes, I.P., Sial, A.N. & Silva Filho, A.F.
(1982) : Petrologia e geoquimica da provincia
alcalina Tercidra de Fortaleza, Ceara. An.
XXXII Congr. Bras. de Geol., Salvador, 2, 577-
588.

Hamilton, D.L. (1961) : Nephelines as crystallization
temperature indicators. J. Geol., 69, 321-329.
Hamilton, D.L. & McKenzie, W.S. (1965) : Phase
equilibrium studies in the system NaAl-
SiO4(Nepheline)-KAlSiO4(Kalsilite)-SiO,-H,0.
Miner. Mag., 34, 214-231.

Hart, S.R. (1984) : A large-scale isotope anomaly in

Downloaded from http://pubs.geoscienceworld.org/eurjmin/article-pdf/2/5/687/4001908/687_gseurjmin_2_5_687_710_macciotta.pdf
bv LUUNIVERSIDADE FEDERAI DO CEARA UFC user



Petrology of tephrite-phonolite suite and cognate xenoliths 709

the Southern Hemisphere mantle. Nature, 309,
753-757.

Henderson, P. (1984) : General geochemical proper-
ties and abundances of the Rare Earth Elements.
In “Rare earth element geochemistry”, P. Hen-
derson (ed.), 1-29.

Kogarko, L.N. (1977) : General regularities of differ-
entiation of magmas oversaturated with alkalis.
Geokhimiya, 3, 332-351.

Laughin, A.W., Brookins, D.G., Kudo, A.M. &
Causey, J.D. (1971) : Chemical and strontium
isotopic investigations of ultramafic inclusions
and basalt, Bandera Crater, New Mexico. Geo-
chim. Cosmochim. Acta, 35, 107-113.

Leake, B.E. (1978) : Nomenclature of amphiboles.
Amer. Mineral., 63, 1023-1052.

Le Bas, M.J. (1987) : Nephelinites and carbonatites.
In “Alkaline Igneous Rocks”, J.G. Fitton &
B.G.J. Upton (eds.), 53-83.

Linthout, K. (1984) : Alkali-zirconiosilicates in
peralkaline rocks. Contrib. Mineral. Petrol., 86,
155-158.

Marsh, J. (1975) : The Liideritz alkaline province,
southwest Africa I - Descriptive petrology of the
Granitzberg foyaite complex. Trans. Geol. Soc.
South Africa, 78, 215-224.

Nash, W.P. (1972) : Mineralogy and petrology of the
Iron Hill carbonatite complex, Colorado. Bull.
Geol. Soc. Am., 83, 1361-1382.

Papike, J.J., Cameron, K. & Baldwin, K. (1974) :
Amphiboles and pyroxenes : characterization of
other then quadrilateral components and estima-
tes of ferric iron from microprobe data. Bull.
Geol. Soc. Amer., 6, 1053-1054.

Passos, C.A.B. & Gomes, F.E.M. (1979) : Projeto
alcalina de Salgadinho. RNPM/CPRM (Relatério
Final), 134 p.

Piccirillo, E.M., Civetta, L., Petrini, R., Longinelli,
A., Bellieni, G., Comin-Chiaramonti, P., Mar-
ques, L.S. & Melfi, A.J. (1989) : Regional vari-
ations within the Parana flood basalts (southern
Brazil) : evidence for subcontinental mantle hete-
rogeneity and crustal contamination. Chem.
Geol., 75, 103-122.

Price, R.C., Johnson, R.W., Gray, C.M. & Frey,
F.A. (1985) : Geochemistry of phonolites and
trachytes from the summit region of M.te Kenia.
Contrib. Mineral. Petrol., 89, 394-409.

Projeto Radambrasil (1981) : Levantamento de recur-
sos naturais. Ministério das Minas e Energia, 25,
636 p.

Rao, A.B. & Sial, A.N. (1972) : Observations on
alkaline plugs near Fortaleza city, Ceard State,
Brazil. 24th Int. Geol. Congr., Section 14, 56-60.

Rock, N.M.S. (1987) : The nature and origin of lam-
prophyres : an overview. In “Alkaline Igneous
Rocks”. J.C. Fitton & B.G.J. Upton (eds.), 191-
226.

Sadowsky, G.B. (1987) : A possible relation between
pulses of platform activation and plate kinema-
tics. Tectonophysics, 143, 43-57.

Shaw, D.M. (1970) : Trace element fractionation
during anatexis. Geochim. Cosmochim. Acta, 34,
237-243.

Sial, A.N. (1987) : The Tertiary alkaline province of
Fortaleza, State of Ceard, Brazil : oxygen isoto-
pes and REE-geochemistry. Geoch. Brasil., 1,
41-51.

Teixeira, W., Tassinari, C.C.G. & Siga, O. (1978) :
Interpretagaé geocronolégica da folha SA-24 For-
taleza. Projeto Radambrasil, Natal, 18 p.

Vandoros, P. & Oliveira, M.A.F. (1968) : Sobras o
fonolito de Messejana, Ceard. An. Acad. Brasil.
Ciénc., 40, 203-206.

Watson, E.B. (1979) : Zircon-saturation in felsic
liquids : experimental results and application to
trace element geochemistry. Contrib. Mineral.
Petrol., 70, 409-419.

Worner, G., Beusen, J.M., Duchateau, N., Gijbells,
R. & Schmincke, H.U. (1983) : Trace element
abundances and mineral/melt distribution coeffi-
cients in phonolites from the Laacher See Vol-
cano (Germany). Contrib. Mineral. Petrol., 84,
152-173.

Wyllie, P.J. (1978) : Mantle fluid composition buffer-
ed in peridotite CO,-H,O by carbonates, amphi-
boles and phlogopite. J. Geol., 86, 678-713.

— (1987) : Discussion of recent papers on carbona-
ted peridotite, bearing on mantle metasomatism
and magmatism. Earth Planet. Sci. Lett., 82, 391-
397.

Received 22 November 1989
Accepted 27 April 1990

Downloaded from http://pubs.geoscienceworld.org/eurjmin/article-pdf/2/5/687/4001908/687_gseurjmin_2_5_687_710_macciotta.pdf
bv LUNIVERSIDADE FEDERAI DO CEARA UFC user



Downloaded from http://pubs.geoscienceworld.. org/eurjmln/artlcle—pdf/2/5/687/4001908/687 gseurjmin_2_5_687_710_macciotta.pdf
bv LINIVERSIDADE FEDERAI DO CEARA LIEC uUSer




