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Abstract: Catalao I carbonatite complex (83 Ma) and related ore deposits were studied paying
special attention to their mode of occurrence.

This complex composed of ultramafics and carbonatites, intruded into the Proterozoic
metamorphics as a stock with 6 km in diameter in the surface exposure. Formation history of
the constituent rocks were classified into the following three stages; the earliest ultramafics,
then carbonatites and the latest hydrothermal products. Peridotites were solidified from
silicate magma during the ultramafic stage, then some were changed to serpentinite. Car-
bonatitic magma intruded into the ultramafics at the shallow depth in the form of networks,
and changed the host ultramafics to phlogopite rocks by alkaline metasomatism. Phoscolite,
the main parent rocks for Nb-minerals, was formed from phoscolitic melt which was
segragated immiscibly from the carbonatitic magma due to extensive loss of the alkaline com-
ponents from the carbonatitic magma. Niobium was selectively concentrated in the phoscolitic
melt and then crystallized as pyrochlore.

After denudation of these rocks, strong weathering made development of a thick decom-
posed crust over the complex and considerable amount of Nb and P were concentrated in the
middle zone of the weathering profiles. The circular remnant of quartzite surrounding the com-
plex preserves thick weathered soils which were originally derived from the subvolcanic facies
of the complex. These geologic features are essentially the same as those of the Araxa complex
which has the largest Nb—ore reserves in the world.

Brazil (Fig. 1). All of them are products of the
alkaline igneous activity in the Mesozoic age
(ULBRICH and GOMES, 1981; BERBERT, 1984).
They are divided into three groups on the locali-
ty and the detailed age of emplacement. The
earliest carbonatite activity occurred in the
coastal region, then followed in the inland and

1. Introduction

Carbonatites, which are volumetrically in-
significant among the igneous rocks have been a
major source for rare metals such as Nb, REE,
Sr, Zr, Ti, U and Th (HEINRICH, 1966; DEANS,

1966, 1978; CookK, 1984). Carbonatites con-
tribute especially to niobium. The Nb produc-
tion from carbonatites reached more than 98%
among whole rock types in 1986 (CUNNINGHAM,
1987).

There is a remarkable concentration of car-
bonatites around the Parana basin in southern
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** Geological Museum, Geological Survey of
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finally in the coast (Table 1). Mineral deposits
originated from the carbonatites show
characteristic features in each three groups as
shown in Table 1. The inland group including
the Catalao I and the Araxa are characterized by
the variety of commodity and their amounts.
In this paper we will describe the niobium ore
deposit in the Catalao I complex comparing with
that of the Araxa, and intend to clarify the
geologic features which have developed the ex-
ceptionally high—grade Nb ores in the central
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Fig. 1 Distribution of alkali-carbonatite complexes in southern Brazil.

part of the Brazil.
2. Geology

Catalao I complex * is located at 18°08’S and
47°48W, 20 km northeast from the Catalao city
and 10 km north from the Ouvidor town in the
Goias State. This complex’ intruded into the
Araxa group of the middle Proterozoic mica
schist and quartzite.

Topographically this intrusion is situated in
the central plateau of a caldera-like ring struc-
ture with 6 km diameter (Fig. 2). The circular
ridge, ‘“somma’ is composed of alkali-
metasomatized quartzite surrounded by mica
schist. As shown in Fig. 2, schistosity of the
metamorphics shows a concentric structure
which is parallel to outline of the Catalao I com-

* Another complex called the Catalao II is located
15 km north to the Catalao I, which seems to have
similar geologic features but has not been ex-
ploited yet.

plex. This pattern may indicate that quartzite
was apparently overlain by the mica schist and
the metamorphics were extensively rolled up by
intrusion of the complex. The complex bounds
on quartzite with about 65° outward—dip on the
surface (BECKER, pers. communication).

Alkaline metasomatism (fenitization) caused
by the intrusion of the Catalao I complex ex-
tends to 1 to 2 km width from the border, where
aegirine, arfvedsonite, and alkali—feldspar have
been newly formed in the metamorphics
(CARVALHO, 1974).

The complex was deeply weathered and
covered by  the thick decomposed crust.
Although drilling is the only way to obtain
direct information on the fresh rock association,
the weathered surface evidence also indicates
concentric or crescent distribution of the rock—
association of the complex. :

The laterite rich in vermiculite is distributed
along the eastern margin of the complex and
anatase-rich soil is developed at the north—
eastern rim of the complex. On the central part
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of the complex, argillaceous sediments fill up

o ;:; %‘ 0 g small-scale depressions; dolines and Kkarst
i = valleys. Niobium ores are concentrated in the
> Y © % weathered crust of the core part and
&% o ! phosphorus ores are in the innerpart. The
5 @ distribution pattern of the minerals probablly in-
8 B 2 S E dicates a concentric zonation on the fresh rocks
Bl D g of the complex; phlogopite-rich titaniferous
g Ty - g rocks occupying the border zone, apatite-rich
e “ »‘i carbonatites of the inner part and Nb-rich car-
£ bonatites in the core part of the complex.
- 2§ 2w 3 5 Intrusion age of the complex is determined as
50 E = = ° | 82.9+4.2 Ma with a K-Ar method (HASUI and
g e e CORDANI, 196?). After the 1ntr}131on, t%le com-
= ~ &‘G 5 g = plex was subjected to subaerial erosion and
325 weathering during the Tertiary age. The
El 3 o o~ oo~ weathered crust on the complex has been saved
Eal: & 8 g =mg8EN from the erosion by the surrounding ridges of
2 § quartzite which is more resistant than mica
g E: § % © Felibs 3 =] schist.
kS B X o
g L 3. Catalao I Complex
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E E ©Z e é The concentric zonation of the fresh rocks
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§ & may be concentrated in the inner parts, and
g e 3 i; 228 8w g phlogopite-rich t1tan1feru0u§ rocks occupy the
glEs |8 e ™ ~g® 2 border of the complex. This pattern may be
== . & essentially the same as that of the Araxa com-
L E glg g 8 g g 3 plex shown by FILHO ef al. (1984).
= x & Some drill cores of unweathered rocks were
o w 8 E kindly providfed for our study by Mineracao
E ) g SI8583VaIRB2Y | Bly Catalao de Goias Ltd. All of them were collected
< g~ 2 from three drill holes located in the central part
Z of the complex (Fig. 3). Unweathered samples
2 5 were examined by staining carbonates
{::i :. (ALIZARIN red S; e.g. FRIEDMAN, 1959), and
2 ?01 microscopic and X-ray powder diffraction
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% g & E S = gﬂ: ;) = g g % bonate minerals. Carbonate—poor rocks compos-
g ed mainly of apatite, magnetite and mafic
& % & |3 silicates are called phoscolite if the rocks are of
3 o S |g magmatic origin, but metaphoscolite if
© & o |° metasomatic  processes are  prominant
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Fig. 2 Surface geologic map of Catalao I complex, Goias state.

(VARTIAINEN and PAARMA, 1979). _

Unweathered rocks from the central part of
the complex are classified into three groups bas-
ed on their texture and mineralogy. _

A. Ultramafic rocks and their metasomatiz-

ed rocks

B. Phoscolite

C. Carbonatite

Their volumetric ratios are estimated using
two drill cores from the central part of the com-
plex as follows; A

Drill Ultra-  Phosco-  Carbona-

hole- (Depth) mafics lite tite
47E29N  (103-295 m) 47% 47% 6%
51E33N  (390-606 m) 35 23 12
Mean 41 50 9

Their modes of o¢éurre‘nce are schematically
shown in Fig. 4. High concentration of net-
work-like phoscolite is one of the characteristic
features in the central part of this complex.

3.2 Ultramafics and their metasomatized

rocks

(a) Ultramafics

Ultramafic rocks are massive, pale yellowish
green and completely altered to serpentine/clay
mineral and carbonate. They are commonly in-
truded by networks of carbonatitic dikes and
veins, where Liesegang banding is developed
parallel to the veinlets. Original rocks are
thought to be peridotite and pyroxenite derived
from silicate magma (CARVALHO, 1974;
BAECKER, 1983).

(b) Phlogopite rock

This is massive and brown in cclor and com-
posed essentially of fine-grained phlogopite
with fine- to medium-grained magnetite. Some
parts of this rock are composed of medium-—
grained phlogopite, which may correspond to
“glimmerite” called by resident geologists (e.g.
CARVALHO, 1974). Phlogopite rocks are alkali
metasomatized ones derived from peridotite
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Fig. 3 Open pits of Area IT and Area III of Catalao I complex, showing drill site and sampling locali-

ty.

and pyroxenite. They are developed as a kind of
reaction zone between the host ultramafics and
carbonatitic dikes. Phlogopitization related to
the intrusion of carbonatite into pyroxenite is
observed in many carbonatite complexes such
as Oka, Canada and Jacupiranga, Brazil.
Phlogopitization of pyroxenite is a kind of
fenitization caused by intrusion of carbonatite
and it is a proof for common existance of alkali-

rich carbonatite magma (GITTINS ef al., 1975).

(¢) Pegmatitic phoscolite

Pegmatitic phoscolite occurs as vein-like
rocks developed in ultramafics and phlogopite
rocks. Tt contains coarse—grained magnetite,
apatite, ilmenite and phlogopite or aggregates
of fine~grained phlogopite. No pyrochlore is con-
tained in this rock. Amount of copstituent
minerals is variable; apatite is little in
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metaphoscolite developed in ultramafics and
commonly abundant in that occurring near
phoscolitic dikes. Magnetite commonly contains
exsolution of ilmenite lamellar indicating the
crystallization of magnetite under high-Ti/
high-temperature conditions (BAECKER, 1983).

3.3 Phoscolite

Phoscolite is a carbonate-poor igneous rock
which contains apatite, magnetite and mafic

" CARBONATE

WITH BEFORSITE

\,;‘I:':I PHLOGOPITE ROCK
D=y

silicates (RUSSEL ef al., 1954; VARTIAINEN and
PAARMA, 1979). In the case of the Catalao com-
plex, it occurs as dark—gray, fine- to medium-—
grained dikes and veins accompanying thick
reaction zones of phlogopite. As already shown,
phoscolite occupies a considerable volume
(about 50%) of the central part of the complex.

Phoscolite includes lens— and “amygdule’’-
like aggregates of beforsite (Plate I-1). Main
parts of phoscolite dikes show a typical igneous
texture of medium grained (Plate I-2). At the
boundary with beforsite, phoscolite shows part-
1y a bunch of grapes texture, which is composed
of radial crystal of apatite and phlogopite with
crusts of magnetite (Plates II-3 and II-4). This
texture indicates that of liquid—-immiscibility bet-
ween phoscolitic liquid and carbonatitic liquid
as already revealed by Lapin (1982) and Lapin
and Vartiainen (1982). »

The constituent minerals showing a
holocrystalline igneous texture (Plate I-2), are
euhedral tabular phlogopite, prismatic apatite
and anhedral magnetite with small amounts of
carbonates and pyrochlore (Fig. 5). It is
sometimes observed that radiating clusters of
apatite and book-like crystals of phlogopite in
phoscolite cross the boundary between
phoscolite and beforsite. Magnetite is often con-
centrated as a crust along the margin of

o Carbonatite,Catalao I

® Phoscolite,Catalao I
©Metasomatic rock,Catalao I
CARBONATITE

é EoklgB(VgEtgaTnen,TQBO)

en (Bar

prosien {8 Ramberg,1966)
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v Phalaborwa (Hanekom et al.,
o 1965)

APATITE

SILICATE

Fig. 5 Carbonate-apatite-mafic silicate diagram showing compositions of carbonatite, phoscolite

and metaphoscolite.
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phoscolite. Dolomite is the main carbonate
minerals in phoscolite, and occurs interstitially
or as ‘‘amygdules” in the center of the
phoscolite dikes.

Pyrochlore, a main Nb-mineral in the
unweathered rocks, is selectively concentrated
in phoscolite (Fig. 6). An average content of
pyrochlore in 6 phoscolite samples rich in
pyrochlore is 12 modal % which corresponds to
7 to 8wt. % NbsOs. This considerably high
value, however, is not a mean of whole
phoscolite in the central part of the complex,
but likely to that of the highest group of Nb-rich
phoscolite.

Phoscolite in the Araxa complex is also the
major host rock of pyrochlore, which occurs in
the core part of the complex (FILHO et al., 1984).

3.4 Carbonatite and carbonate rocks

This group contains dolomite—carbonatite
(beforsite), magnesite-beforsite, sovite and
hydrothermal veins of carbonates. Calcite—car-
bonatite corresponding to sovite defined by
Streckeisen (1980) is no found within our
limited numbers of samples from the central
part of the complex, though it was reported in
previous works (e.g. CARVALHO, 1974).

(a) Beforsite

This rock is a coarse— to medium—grained car-
bonatite which occurs as dike with sharp con-
tact with host ultramafic rocks, and occurs as
amygdules in phoscolite. It is composed .of
subhedral dolomite and norsethite with small
amounts of pyrite and phlogopite. Norsethite,
(Ba, Mg(COs);), which shows partly similar
peaks on X-ray diffraction pattern to those of
calcite (Fig. 7) is newly found in beforsite.
Norsethite is commonly distributed as anhedral,
coars—e to medium-grained crystals in befor-
site. Pyrochlore and apatite are also present.

Beforsite dikes intruding into ultramafics are
commonly associated with thinner reaction
zones of phlogopite, compared with that of
phoscolite dikes. Beforsite is estimated to be 5
to 10 volume % in the central part of the com-
plex. .

(b) Magnesite-beforsite

Magnesite-beforsite is fine grained, and main-
ly composed of dolomite with magnesite,
phlogopite, magnetite and pyrite. No apatite

-
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°© 2 5y

o< 2%
100

Modal % , Silicates + Opaque minerals

Modal % , Apatite

Fig. 6 Apatite-(mafic silicates + opaque minerals)
diagram showing compositional fields of
phoscolite and carbonatite from Catalao I
complex.

was found in this rock. Carbonate rocks without
apatite in the Catalao complex are labeled as the
products in late magmatic or hydrothermal
stage (GIERTH ef al., 1985).

(c) Dolomitic sinter and others

Dolomitic sinter, ‘“‘cocard”, occurs as com-
pact veinlets filling cracks of ultramafics and
carbonatites. It is composed of rhythmic ban-
ding of cryptocrystalline domoite with calcite.
Because of its colloform texture, the cocard is
thought to be a product precipitated from hot
spring.

4. Weathering profiles and
concentration of Nb and P

4.1 Weathering profile

Since the intrusion in Cretaceous age, the
Catalao complex have been ‘weathered and erod-
ed under subaerial conditions. The effusive
facies of the complex such as tuff breccias and
lavas, were thus eroded out as well as mica
schist near the complex. Quartzite surrounding
the complex: remained as a -circular ridge,
because of its resistibity more than mica schist.
Consequently the weathered crust surrounded
by the circular ridge has developed above the
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Fig. 7 X-ray powder diffraction pattern of norsethite in beforsite, comparing with that of calcite.

complex with residual soils being about 100 m
thick in average.

Soil profiles can be seen in the areas II and III
and they are classified into five horizons depen-
ding upon their features and mineral cpmposi-
tion;

Zone Level Thickness

v (aver.)
Laterite and

lateritic soil 890-870 m 10-40 m (20 m)
Pisolithic soil 870-855 m 5-30m (15 m)
Banded soil 855-820 m 25-40 m (35 m)
Mica-rich soil 820-810 m 5-20 m (10 m)
Decomposed rock 810-800 m 10m (10 m)

The upper two horizons are characterized by
leaching—out of many components except for
aluminum and ferric iron. The banded soil
horizon is enriched in-Ca, Ba, Nb and P. The
lower two horizons are characterized by
argillization. The ground—water table at the
area II varies from 840 m to 810 m above the
sea level, which correspond to the middle and
the bottom of the banded soil horizon, respec-
tively. The schematic soil profile and its mineral
compositions are shown in Fig.8 and Table 2.

Going up the profile showing in Table 2, it is
clear that vermiculite (2:2 type mineral) disap-

pears and kaolinite (1:1 type mineral), gibbsite
and goethite appear. .

(a) Laterite and lateritic soil zone

This zone constitutes the top of the soil pro-
file in this area and is characterized by its red to
reddish brown color. Laterite zone is composed
of gibbsite, kaolinite, alunite, goethite and
hematite. Anatase is also concentrated in'this
zone. Thin hard layers of goethite pitholith,
“canga’’, are partly developed in the upper part
of the laterite zone. Blocks of iron concretion
are also observed in the bottom of this zone.

Lateritic soil, being softer than the laterite, is
partly developed on the laterite zone. It includes
few iron concentrates and is likely to be formed
as reworked soil beds ih small depressions such
as doline and uvala.

(b) Pisolithic soil zone
- This zone is characterized by high—concentra-
tion of sub— rounded pisoliths with light gray col-
or. The pisoliths are composed mostly of iron—
and aluminum-hydroxides, such as goethite,
alunite and kaolinite. In spite of the highest con-
centration of iron, this zone is not dark in color
but light gray. The mineral assemblage of this
zone is essentially the same as that of the
laterite zone (Table 2). :
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ZONE THICKNESS

(average) o

LATERITE 10-40m
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Fig. 8 Schematic soil profile of weathering crust over Catalao I complex.

(c) Banded soil zone

This zone is characterized with massive and
hard lenses which have banding structures of
the light and dark brown color. It is composed
of apatite, goethite, magnetite and barite with
pandaite  (bariopyrochlore). Apatite ac-
cumulates in hard phoscocrate lenses which
often contain more than 30% P20s. Quartz is
partly concentrated in silcrate forming irregular
lenses in this zone, which is called as “‘silexite”
by resident geologists. Pandaite is also concen-
trated especially in the upper half of this zone.

(d) Mica-rich soil zone

This zone is a transitional zone between the
banded soil zone and decomposed rock zone. It
is characterized with vermiculite. Although
primary apatite and magnetite are partly remain-
ed, most of the silicate minerals of the original
rocks are changed to clay minerals such as ver-
miculite.

(e) Decomposed rock zone

This zone, developed just above the fresh
rocks, is light yellow and composed of ver-
miculite, barite, apatite and magnetite partly

associated with veinlets of secondary calcite and
dolomite. Quartz, kaolinite and goethite are rare-
ly observed in this zone. This zone was probably
subjected constantly to water—-saturated horizon
under the reduced condition.

4.2 Differential thermal analysis

Differential thermal analysis (DTA) was car-
ried out on the weathered samples. The result is
shown in Fig. 9. Differential thermal (DT)
curves for two samples from the upper horizon
indicate high concentration of aluminous clay
minerals. CT-48 gives distinct endothermal and
exothermal peaks of gibbsite and kaolinite. DT
curve of CT-49 shows peaks of goethite and
kaolinite. .

The samples from the middle horizon contain
lots of goethite, apatite and barite instead of
clay minerals as shown in Table 2. The DT
curves show only the typical pattern of goethite.
The peak temperature of goethite decreases
with the depth collected the samples (CAT-08
to CT-50). This may reflect the particle size of
goethite which indicates degree of the weather-
ing. MACKENZIE (1957, p. 300) has already
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Table 2 Vertical variation of minerals in the soil horizon on Catalao I complex

WEATHERING
HORIZON
sp. no.,
level
MINERAL

LATERITIC SOIL

& LATERITE
CT-62,
872 m

CT-48,
880 m

CAT-09,
870 m

CT-63,
871m

PISOLITHIC
SOIL
CT-49,
870 m

CAT-08,

865 m

CAT-07,
860 m

CAT-05,
855 m

BANDED SOIL

CAT-03,
845 m

CAT-04,
845 m

CAT-10,
845 m

CT-50,
845 m

DECOMPOSED
ROCKS
CT-54,
800 m

BASEMENT ROCKS
(ULTRAMAFICS &
CARBONATITES)

KAOLINITE
GIBBSITE
ALUNITE

+#

+

+

+
+

QUARTZ
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GOETHITE

* + 4%
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Fig. 9 DTA curve for some samples from the soil
horizon on Catalao I complex.
Abb: ¢, calcite; d, dolomite; g, goethite; gb,
gibbsite; k, kaolinite; p, bariopyrochlore; v,
vermiculite. Symboles are those in Fig. 8.

pointed out that the peak temperature increases
with the particle size of goethite in 300 to 400°C
region.

At the bottom of the weathering horizon,
silicate minerals of the original rocks are altered
to clay minerals and vermiculite. Carbonate
minerals of the parent rocks are dissolved under
the weathering processes and partly
precipitated as veinlet in the clay minerals. The
DT curve of CT-54 shows lower endothermic
peaks of vermiculite (166°C, 288°C) and those
for the mixture of calcite, dolomite and ver-
miculite (836°C).

4.3 Chemical composition

Average  chemical compositions  for
weathered zones are given in Table 3*.

The uppermost laterite zone is composed
mainly Of‘Ale;g, total Fe,03 (T. Fey03) and
TiO,. The pisolithic soil zone shows the highest
concentration of T. Fe;03. These two zones are
characterized by leaching of most components
except for Al;03, T. Fe,03 and TiOs. The band-
ed soil zone is énriched in Ba, P and Nb. The

- * The data are rather statistically insufficient
because the specimens for chemical analyses
were mostly collected from the apatite—rich parts
of the banded soil zone.

1000

mica-rich soil and decomposed rock zones are
chemically similar to each other and those of the
basement complex except for CO; and alkali
and alkali-earth elements.

From the economical point of view, Nb, P, Ti
and REE are important in this complex (e.g.,
BAECKER, 1983). REE is concentrated in
monazite, rhabdophanite and apatite in the
pisolithic soil and banded soil zones. Ti is enrich-
ed as anatase in the uppermost zone.

Niobium (Nb) and phosphorus (P) are essen-
tially concentrated in pandaite and apatite,
respectively. They have been mined and their
chemical data have been accumulated by the
mining companies. Some chemical data provid-
ed by the companies are shown in Fig. 10.

Nb: The distribution of Nb;Os in the weather-
ing profile of the area II is shown in Fig. 10. In
comparison with the fresh rocks, NbzOs is ac-
cumulated in the pisolithic and banded soil
zones. This chemical result corresponds to our
observation that pandaite is detectable using
with X-ray diffractometer in some powdered
specimens from the lower part of the pisolithic
soil zone as well as from the banded soil zone.
NboOs decreases in the upper horizon. It may be
attributed to leaching under the weathering.

Fresh rocks overlain by the weathering zones
show the higher content of Nb in comparison
with the average of the lower horizon (mica-
rich and decomposed rock zones) . It may be due
to the heterogeneity of the rock associations.

P: Distribution of PyOs is also shown in Fig.
10. The upper horizon of both the areas shows
low P,0s contents, indicating the strong
leaching for most components under the
weathering processes. The banded soil horizon
of both the area is distinctly enriched in P20s.

Comparing with the area II, the area III con-
tains high P»05 in the lower half of the horizons
including the banded soil zone. This may be at-
tributed to heterogeneity of the parent rocks;
the central part of the complex contains less
P,05 than the main part of the complex in
average. '

5. Discussion

(1) Evolutionary sequence of the complex

— 587 —




Bulletin of the Geological Survey of Japan. Vol. 41, No. 11

AREA Ii

NIOBIUM

5
w av., 0.63 (2)
0

PHOSPHORUS

5
¥ oav. 1,55 (2)
0

LATERITE

ZONE
PISOLITHIC .
SOL ZONE H—ngw 110 (17) W 2.2 (17)
M o M

0 0

BANDED SOIL 19 v
ZONE D av. 1.27 (40)

av, 8.55 (40)
5 v

T b

AREA I

PHOSPHORUS

‘0[ ¢ av.1.38(8)
0

301 v

av. 2.54 (99)

v av. 12.84 (388)

0
5' v av. 0.67 (8)
0

MICA-RICH 9 g2V 5.76 (8)
SOIL ZONE o
5 5 yav. 2.66 (8)
DECOMPOSED v av..0.56 (8)
ROCK ZONE o[ AR o
5 av. 0.88 (19) 5| v av. 2.77 {19)
BASEMENT Y_‘—'—"I_J‘Ln r_.—'j_L
RoCK 1 3 o 5 10 5

o

]

10}

=
57
v av. 12.24 (86)

M

- gav.8.90 (22)
| D, WOV,
5 10

0

15
wt. & P,0g

28

2
wt. % Nb,0g wt. % Py0g

Fig. 10 Distribution of niobium and phosphorus of the weathering profile at Area II and Area III of
the Catalao I complex. Number in parentheses showing numbers of analysed samples.

Formational sequence of the Catalao I com-
plex has been considered by some authors (e.g.,
GCARVALHO, 1974; BAECKER, 1983; GIERTH et al.,
1985). According to their results, three main
stages are commonly recognized on the forma-
tion of the complex; the earliest ultramafic
stage, then, the carbonatitic stage and the latest
hydrothermal stage.

We have reached a similar conclusion, and
our interpretation is as follows;

In the ultramafic stage, peridotite was em-
placed from silicate magmas. Phlogopite—
titaniferous rocks assumed by surface geology
are likely to be products of this stage. During
cooling of the silicate intrusion, some parts of
the ultramafics were changed to serpentinite.

The carbonatitic stage is rather complicated
because of successive and repeated intrusion.
Carbonatitic magmas intruded as networks into
the ultramafics where fissures and cracks were
developed. Well-developed fissures in the
ultrmafics indicate that the intrusion of the
carbonatites occured at shallow depth.
Phlogopitization of the ultramafics is intimately
linked with intrusion of the carbonatitic rocks;

phlogopite zone was developed in the host
ultramafic rocks along conduits for the car-
bonatitic magmas. Pegmatitic metaphoscolite
was also formed locally along the conduits.

In the early carbonatitic stage, phoscolitic
melt separated immiscibly from the carbonatitic
magma. The residue evolved to the magma rich
in dolomitic composition which is poor in
phosphorous.

Crystallization of carbonate minerals would
have continued progressively; first by direct
precipitaion from carbonatitic magma and later
from hydrothermal fluid.

(2) Nb-concentration process

The Catalao I complex has following features;
(a) Quarzite ring surrounds the complex, (b)
Nb-ore deposit occurs in the middle horizon of
the thick weathering crust on the core part of
the complex, and (c) network phoscolite is the
source rock for the Nb—ore deposit. _

Therefore, following two stages are con-
sidered on the Nb—concentration of the Catalao
1 complex; the early one is igneous and the late
weathering.

A weathering process contributed to enrich
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Table 3 Chemical composition of samples from the weathering crust on the Catalao I complex

PISOLITHIC BANDED DECOMPOSED (Detection limit) PISOLITHIC BANDED DECOMPOSED
LATERITE SOIL SOIL ROCK ppm LATERITE SOIL SOIL ROCK
(No of samples) (1) (3) (12) (1 D) 4) (10) 1)
Si0, 18.48 4.42 15.84 20.63 Ag (2) — <2 4 —
TiO, 6.04 2.03 2.41 4.18 Be (1 — <2 14 —
Al,O4 25.50 6.17 1.36 1.45 Cd [@N) — 1 15 —
T. Fey,04 30.22 63.69 32.60 11.68 Co (10) — 17 95 —
MnO 0.19 1.69 0.91 0.22 Cr D — 240 480 —
MgO 0.38 0.58 0.92 19.05 Cu (5) — 103 183 —
Ca0 0.15 0.28 20.00 19.10 Mo (D — 2 6 —
Na,0 0.21 0.18 0.26 0.01 Ni (5) — 87 252 —
K0 0.10 0.07 0.11 0.21 Pb (2) — 34 557 —
P,05 3.43 3.47 15.28 4.49 Sr (2 4300 3730 6150 2000
BaO 1.52 3.69 3.24 0.15 A\ (D — 425 411 —
SrO 0.51 0.44 0.73 0.24 Zn (2) - 649 495 —
Zr0, 0.05 0.07 0.16 0.06
‘Nb,O5 — 0.76 1.31 — U (0.1) ol 100 255 —
Tay05 — 0.01 0.01 — Th (0.1) — 395 410 —
T. RE,0; 0.77 1.51 1.09 0.23
101 11.25 8.05 2.89 16.48 Sc ( 0.5) 106 72 103 36
Total 98.84 97.10 99.12 98.38 La (0.1) 2100 5170 2450 498
Ce (3) 3080 6630 4780 1050
Nd (10) 1230 970 2020 540
LOI: Loss of ignition Sm QU 167 192 265 9%
. Not determined Eu (0.2) 39 22.4 67 18
Yb (@Y 7.0 2.0 4.3 2.1
Lu ( 0.05) 1.2 0.67 0.87 0.20

Neutron activation method for rare earth elements and ICP for other elements

(17 10 ouDAE]) 001PIVD) f0 HOUDZYVLIULUL UMIQOIN
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niobium as well as phosphorus in some soil
horizons. During the weathering, quartzite
remained as a eroded remnant and preserved
the residual soils derived from the subvolcanic
part of the complex.

The distribution of the deposits is limited to
the core part of the Catalao I complex, where
network phoscolite has widely developed in the
ultramafics. As shown in Fig. 10, the bulk fresh
rocks from the core part of the complex are
estimated to be 0.88% Nb20s. The essential
source rock of niobium is phoscolite. The
average content of the highest Nb—phoscolite of
the complex is estimated to be as high as 7 to 8
wt.% NbyOs as mentioned before.

High concentration of niobium in phoscolite
indicates that niobium is concentrated selective-
ly in phoscolitic melt relative to carbonatitic
melt during the process of liquid immiscibility.
This may coincide with high solubility of
niobium oxide hydrate (NbsOs-nH;O) in hot
phosphoric acid.

The original magma for carbonatite is
estimated to be highly alkaline (GITTINS et al.,
1975) and chemically similar to natrocar-
bonatite lava of Ordinyo Lengai volcano in Tan-
zania (e.g. DAWSON, 1966; LEBAS, 1977, 1981).
If alkali carbonatite magma intrudes into the
host rocks at shallow depth associating with in-
tense fracturing, alkaline components of the
magma may intensively emanate to the host
rocks and produce fenetization and phlogopitiza-
tion of the host rocks. During the rapid extrac-
tion of alkaline components, phoscolitic melt
may separate immiscibly from the parent car-
bonatitic magma. This may coincide the field
evidences from the Catalao I complex showing
intense fracturing and alkali-metasomatism
along the carbonatitic dikes.

The Araxa complex being the world’s largest
known niobium reserves shows similar geologic
features to those of the Catalao I, referring
previous works. (PARAISO and Fucclo, 1981;
FILHO et al., 1984).

It is concluded that two Nb—concentration pro-
cesses, igneous and weathering, have been suc-
cessfully progressed in both the Catalao I and
the Araxa complexes situated in the central part
of Brazil.
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Plate I
1 Phoscolite (gray) and beforsite (white). Scale: cm.

2 Phoscolite showing a holocrystalline igneous texture with apatite (ap),
magnetite (mt), phlogopite (ph) and pyrochlore (pc). In plane- polanzed
light. Specimen no.: CT-79 (51E33N, -501.3 m).

Plate II

3 Beforsite (lower half) and semi~spherulitic phoscolite showing a texture of li-
quid immiscibility. Some radial crystals of apatite cross a smooth boundary
between pholcolite and beforsite. Abbr: ap, apatite; cb, carbonate minerals
(dolomite and norsethite) ; mt, magnetite; pc, pyrochlore; ph, phlogopite. In
plane-polarized light. Specimen no.: CT-86 (51E33N, -566.3 m).

4 Beforsite (right side) and semi-spherulitic phoscolite showing a texture of li-
quid immiscibility. Abbr: ap, apatite; cb, carbonate minerals (dolomite and
norsethite); mt, magnetite; pc, pyrochlore; ph, phlogopite. 4A, in plane-
polarized light; 4B, in cross-polarized light. Specimen no.: CT-36 (47E29N,
-277 m).
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