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ABSTRACT

The Seridó Belt, located in the Borborema Province, northeastern Brazil, is well known for its pegmatites and granites. The 
pegmatites intrude the Seridó Group and show no signs of deformation. They were emplaced along a major NE-trending shear 
zone during a post-Brasiliano extensional event (550–500 Ma). Homogeneous bodies of pegmatite are barren, whereas the 
heterogeneous ones have been mined for columbite–tantalite, beryl, gem tourmaline (elbaite), and kaolin. Electron-microprobe 
analyses reveal that columbite-group minerals have a composition between ferrocolumbite and manganocolumbite. Our U–Pb 
age determinations on these minerals show that the pegmatites were emplaced between 509.5 ± 2.9 Ma and 514.9 ± 1.1 Ma. As 
the pegmatites are not deformed, these ages are interpreted as a minimum age for the Brasiliano orogeny in the Seridó Belt. Our 
U–Pb data on monazite from a spatially related coarse-grained peraluminous granite give an age of 528 ± 12 Ma. The pegmatites 
are clearly younger than that granite. Lead isotopes from K-feldspar show that the coarse-grained granite and the pegmatites are 
derived from several separate batches of magma that received variable amounts of Pb from the distinct host-rocks. The hetero-
geneity in the Pb isotopic compositions is due to in situ Pb growth and the geochemically variable host-rocks.

Keywords: granitic pegmatite, columbite–tantalite, U–Pb, Pb isotopes, Brasiliano orogeny, Seridó Belt, Borborema Province, 
Brazil.

SOMMAIRE

La ceinture Seridó, située dans la province Borborema, au nord-est du Brésil, est bien connue pour ses pegmatites et gran-
ites. Les pegmatites sont encaissées dans les roches appartenant au Groupe de Seridó et ne montrent pas de déformation. Elles 
ont été mises en place le long d’une zone majeure de cisaillement NE durant un épisode extensionnel postérieur à l’orogenèse 
brésilienne (550–500 Ma). Les pegmatites homogènes sont stériles, tandis que celles possédant une texture hétérogène ont été 
exploitées pour la columbite–tantalite, le béryl, la tourmaline gemme (elbaïte) et le kaolin. Des analyses obtenues avec une 
microsonde électronique montrent que les compositions des minéraux du groupe de la columbite varient entre la ferrocolum-
bite et la manganocolumbite. Des âges U–Pb sur columbite montrent que les pegmatites étudiées ont été mises en place entre 
509.5 ± 2.9 Ma et 514.9 ± 1.1 Ma. Etant donné que les pegmatites ne sont pas déformées, on peut interpréter leur âge comme 
âge minimum de l’orogenèse brésilienne dans la ceinture Seridó. Les données U–Pb sur monazite d’un granite peralumineux à 
grains grossiers révèlent un âge de 528 ± 12 Ma. De ces datations, il en ressort que les pegmatites sont clairement plus jeunes 
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que le granite hyperalumineux. Les isotopes de plomb sur feldspath potassique montrent que le granite hyperalumineux et les 
pegmatites sont dérivées de plusieurs venues de magma qui ont acquis du Pb en quantités variables des différentes roches encais-
santes. L’hétérogénéité des compositions isotopiques du plomb serait dû à une croissance crustale in situ des isotopes de Pb et à 
la composition géochimique variable des roches encaissantes.

Mots-clés: pegmatites granitiques, columbite–tantalite, U–Pb, isotopes de Pb, orogenèse brésilienne, ceinture Seridó, Province 
de Borborema, Brésil.

within the Seridó transpressional fold belt, which is a 
shear zone that acted during the Brasiliano orogeny as 
a dextral strike-slip zone parallel to the folds (Corsini 
et al. 1991). The main direction of shearing is north-
east–southwest, with east–west fl exure to the south.

Two major Precambrian lithologies are recognized 
in the area: (1) the basement, including the Caicó 
Complex, and (2) the supracrustal rocks of the Seridó 
Group (Fig. 1). The Paleoproterozoic basement (partly 
the Caicó Complex) is composed of gneiss and migma-
tite designated as the Caicó magmatic suite (Legrand et 
al. 1991) and schist, quartzite, amphibolite, and marble 
known as the São Vicente Complex (Ebert & Claro 
1970, Schobbenhaus 1984, Van Schmus et al. 1996). 
The Caicó Complex is a remnant of Paleoproterozoic 
crust formed around 2.2 Ga (De Souza et al. 1993).

The Seridó Group, composed of supracrustal rocks 
of Meso- to Neoproterozoic age, unconformably over-
lies the pre-Brasiliano Caicó Complex (Caby et al. 
1995, Brito Neves et al. 2000). This group is divided 
into three formations, which are from bottom to top: 
the Jucurutú, the Equador, and the Seridó formations 
(Fig. 1; Jardim de Sá & Salim 1980, Jardim de Sá 1984). 
The Jucurutú Formation is constituted mainly of biotite 
gneiss. Interlayered carbonate- and calc-silicate-bearing 
horizons occur within the gneiss (Salim 1979, Jardim de 
Sá & Salim 1980). The Equador Formation is predomi-
nantly composed of muscovite-bearing quartzites. This 
formation contains polymictic metaconglomerate in the 
upper part of the lithostratigraphic section (Schobben-
haus 1984), whereas gneiss, schist, marble, and calc-
silicate rocks are restricted to the top of the formation 
(Jardim de Sá & Salim 1980). The Seridó Formation 
is represented by aluminous metapelite with variable 
amounts of garnet, cordierite, staurolite, andalusite, 
and sillimanite. Interlayered quartz-, carbonate- and 
calc-silicate-bearing beds are also observed (Jardim 
de Sá & Salim 1980). This formation is interpreted by 
Jardim de Sá (1984) to be part of a synorogenic, turbid-
itic fl ysch-type sequence. The staurolite–andalusite and 
sillimanite zones in metapelites of the Seridó Formation 
indicate that the Seridó Group and the early Brasiliano 
intrusive rocks were metamorphosed to the upper-
amphibolite-facies conditions during the Brasiliano 
cycle. The P–T estimates are 550°C and 0.20–0.25 
MPa for the staurolite–andalusite zone and 600°C and 
0.4 MPa for the sillimanite zone (Lima 1986, 1992, 
Corsini et al. 1998).

INTRODUCTION

The Borborema tectonic Province of northeastern 
Brazil hosts one of the major granitic pegmatite prov-
inces in South America (Putzer 1976). Several Be–Ta–
Nb–Li pegmatite fi elds are located in the Seridó fold 
belt in the eastern Borborema Province, about 150 km 
southwest of the town of Natal, Rio Grande do Norte, 
Brazil (Beurlen 1995, Da Silva et al. 1995). The pegma-
tites show a variety of homogeneous to heterogeneous 
internal textures. Only heterogeneous pegmatites with 
a clear zonation are of economic importance. They are 
mined by garimperos for columbite–tantalite, cassit-
erite, beryl, high-quality kaolin, lepidolite, K-feldspar, 
and gem-quality tourmaline (Johnston 1945, Beurlen 
1995, Da Silva et al. 1995).

The little research that has been done on these 
pegmatites was mainly focused on the geochemical 
characteristics of the pegmatites (Da Silva 1993, Da 
Silva et al. 1995) and on the identifi cation of uncommon 
minerals (Rolff 1946). Imprecise K–Ar muscovite, 
Rb–Sr muscovite, and U–Pb uraninite ages, which 
may have been modifi ed by fl uid–rock interaction or 
thermal overprint (Agrawal 1986), exist for a few of 
these pegmatites. These data indicate an age of 450 
to 550 Ma for the pegmatites. In this study, we have 
performed U–Pb dating on columbite–tantalite from 
heterogeneous pegmatites as well as on monazite from 
an associated peraluminous coarse-grained granite. 
Trace-element contents and the chemical composition 
of K-feldspar, which are helpful in the assessment of 
the potential for Nb and Ta mineralization in individual 
pegmatites (Beus 1966, Gordiyenko 1970, Gaupp et al. 
1984, London 1990, Černý 1991a, b, Morteani et al. 
2000), form the basis for the geochemical classifi ca-
tion used to select pegmatites (1) to constrain the age 
of pegmatite emplacement with U–Pb dating and (2) 
to characterize the source of heterogeneous and homo-
geneous pegmatites and geochemically related granites 
with Pb isotopes.

GEOLOGICAL SETTING OF THE SERIDÓ FOLD BELT

The Borborema Province is composed of three major 
tectonic zones: the Southern Domain, the Transversal 
Domain, and the Northern Domain (Archanjo 1993); 
these zones are separated by major east–west shear 
zones. The study area lies in the Northern Domain, 
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FIG. 1. Simplifi ed geological map of the study area, modifi ed after Lima (1980) and Da Silva (1993).
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The Caicó Complex and the supracrustal sequence 
were intruded by different types of regionally wide-
spread igneous rocks.

LATE-KINEMATIC PEGMATITES AND GRANITES

In the study area, swarms of granitic pegmatite 
dykes and bodies intrude the supracrustal rocks. Indi-
vidual pegmatite dykes and bodies generally strike 
northeast–southwest, which is approximately parallel 
to the direction of the fold system in the Seridó Belt 
(Fig. 1). A few pegmatites are east–west-striking. 
The orientation of the pegmatites indicates that the 
pegmatite-forming melts migrated along pre-existing 
structures during their ascent, in agreement with their 
late to post-tectonic setting, when NE–SW- and E–W-
striking structures were reactivated under an extensional 
regime (Araújo et al. 2001).

The pegmatites are emplaced dominantly into the 
metapelites of the Seridó and quartzites of the Equador 
Formation (Fig. 1). The shape of the pegmatites ranges 
from vertical dykes (Fig. 2a) to lens-shaped bodies, 
with outcrop dimensions ranging from a few meters 
to several hundred meters in length and from a few 
meters up to one hundred meters in width (Fig. 2b). In 
the study area, economic pegmatites are generally lens-
shaped and wider than a few meters, whereas barren 
pegmatites are predominantly vertical dykes that form 
distinct outcrops in the landscape owing to their resis-
tance to weathering (Fig. 2a). Johnston (1945) reported 
that pegmatites from the Seridó fold belt display either 
a homogeneous or a heterogeneous internal mineral 
assemblage. On the basis of mineralogy and geochem-
istry (Baumgartner 2001), the heterogeneous pegmatites 
belong to the lithium – cesium – tantalum (LCT) type, 
which is characterized by elements such as Li, Rb, Cs, 
Be, Sn, Ga, and Ta, and subsidiary B, P, and F, and Ta 
> Nb (Ginsburg et al. 1979, Černý 1991b). The bulk 
mineralogical composition is granitic, with K-feldspar, 
albite, quartz, muscovite, and sporadic biotite. These 
minerals are typically present in both homogeneous 
and heterogeneous bodies. A great variety of accessory 
minerals, exceeding a hundred different species (Da 
Silva 1993), occur in the heterogeneous pegmatites. 
The characteristics and mineralogical assemblages are 
shown in Table 1.

The heterogeneous pegmatites are internally zoned, 
both mineralogically and texturally. The internal 
structure shows the following characteristics from 
the contact with the country rocks to the center of 
the pegmatite: 1) the border zone is commonly only a 
few centimeters wide. It contains abundant muscovite 
associated with quartz and some K-feldspar, displaying 
a comb texture. 2) The wall zone is compositionally 
and texturally similar to homogeneous pegmatites, 
with K-feldspar, albite, quartz, muscovite, and local 
biotite. The grain size increases toward the interior. 
K-feldspar contains perthite and shows a graphic inter-

growth texture with quartz. Tourmaline and garnet are 
present in variable quantities. This zone is generally the 
thickest and is volumetrically the dominant part of the 
pegmatite. 3) The intermediate zone consists mainly of 

FIG. 2. a) Homogeneous pegmatite in the Seridó Belt. This 
type of pegmatite occurs as vertical dykes and is rarely of 
economical interest. b) Heterogeneous Feio pegmatite near 
Pedra Lavrada. It is lens-shaped, showing an extremely 
large quartz core (center) in contact with the intermediate 
zone (upper left side of picture). c) Pocket in a heteroge-
neous pegmatite. The pocket is composed of almost pure 
muscovite. The borders are coarse-grained, whereas the 
center is medium- to fi ne- grained (<1 cm). The pocket is 
hosted by pure K-feldspar of the intermediate zone.

a

b

c
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large K-feldspar with rare quartz. 4) The core zone of 
the pegmatites is characterized by bodies of milky or 
pink quartz of variable size. Beryl, columbite–tantalite, 
and other accessory minerals grow from the border of 
the intermediate zone into the core zone. The size of 
the core varies among pegmatites from a few meters 
up to 50 m wide.

The transition between the wall into the intermediate 
zone can be either sharp or transitional. Individual crys-
tals can reach dimensions over one meter with a weight 
of several tonnes. The volume of the crystals increases 
by two orders of magnitude from border to center, and 
the texture progresses from graphic K-feldspar and 
quartz intergrowths in the wall zone to large, euhedral 
crystals in the intermediate and the core zone. Musco-
vite pockets are abundant in the intermediate and core 
zones. Their size ranges from centimeters to decimeters. 
The pockets are generally round (Fig. 2c) and composed 
of muscovite with small amounts of K-feldspar, tour-
maline, rare tabular columbite–tantalite and, locally, 
dark-green spinel (gahnite, ZnAl2O4). Muscovite forms 
centimeter-size sheets at the rim and millimeter-size 
fl akes in the center of the pockets.

Pegmatites are emplaced in various host-rocks. The 
pegmatites of Mamões and Trigero I intrude quartzites 
from the Equador Formation, whereas the Capoeira 
pegmatite is emplaced in related metaconglomerates. 
The pegmatites Carnaúbinha, Combi, and Malhada 
Vermelha intrude the mica schists from the Seridó 
Formation (Fig. 1). The granitic rocks present in the 
region are classifi ed into four groups, G1 to G4, based 
on their relationship with respect to structural elements 
(F1 to F4 and D1 to D4) and major tectonometamor-
phic events (Jardím de Sá et al. 1981). Syn- to late-D2 
granitic rocks (G2 orthogneisses) yield an age of 1.9 Ga 
(Jardim de Sá 1994, Jardim de Sá et al. 1995), whereas 
G3 granites were emplaced at ca. 580 ± 30 Ma (dated 
on the Acari Batholith) during the deformation event 
D3 (Galindo et al. 1993, Jardim de Sá 1994, Legrand 
et al. 1991). The younger granites of groups G3 and G4 
form large diapiric complexes (e.g., the Acari batholith) 
and minor intrusions, respectively. Group G4 granites 
(Fig.1) crop out as elongate bodies, cupolas, and stocks, 
forming numerous sills, discordant bulbous masses, and 
dykes (Da Silva 1993). The granites of group G4 have a 
peraluminous character, with muscovite, biotite, garnet, 
and accessory apatite, zircon, monazite, titanite, and 
tourmaline (Da Silva 1982, 1993). The emplacement of 
these granites shows a clear structural control. Jardim 
de Sá et al. (1981), Da Silva (1993), and Beurlen et al. 
(2001) linked the genesis of the regionally widespread 
pegmatites to the G4 granites, because of their close 
spatial relationship with those peraluminous granites, 
the locally pegmatitic texture of the granites, and the 
tight control by regional NE–SW- and E–W-striking 
lineaments on the distribution of both the pegmatites 
and the G4 granites. Intrusive rocks that are late- to 
post-Brasiliano orogeny show weak or no evidence for 
deformation and contain small amounts of xenoliths of 
supracrustal rocks (Souza Neto 1999).

Distribution of the pegmatite bodies

Bulk analyses of K-feldspar for trace elements have 
been made in order to characterize and classify the 
pegmatites (Baumgartner 2001). For heterogeneous 
pegmatites, a K/Rb versus Cs plot (Fig. 3) is used 
to discriminate the type of mineralization in granitic 
pegmatites. The Seridó pegmatites lie in the Be and 
Li–Be fi eld, with some of the heterogeneous pegmatites 
falling in the Li–Cs–Be–Ta fi eld. Homogeneous pegma-
tites are commonly barren. In Figure 4, homogeneous 
and heterogeneous pegmatites have been distinguished 
on a regional map. Using the economic potential of the 
heterogeneous pegmatites from Figure 3, a zonation 
can be observed. In fact, the Capoeira and Malhada 
Vermelha pegmatites show Li–Cs–Be–Ta phases. The 
pegmatites from the central part of the studied area 
contain Li–Be phases, and the ones from the eastern part 
contain Be phases. Several granitic plutons and intru-
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sions are present in the Seridó belt (Fig. 4); attributing a 
parent pluton to the pegmatite fi eld thus is diffi cult.

ANALYTICAL METHODS

Chemical analyses were made at GeoForschungs-
Zentrum (GFZ) Potsdam, Germany, using a Cameca 
SX 50 microprobe. Samples were prepared as polished 
thin sections. An operating voltage of 20 kV and a beam 
current of 40 nA were used for quantitative analysis. We 
monitored the elments Y, Sn, Sc, Bi, La, Ce, Pr, Nd, Th, 
and Pb, but concentrations are not reported as they are 
below or close to the detection limit.

The Pb isotope analyses of K-feldspar samples 
were carried out at the University of Geneva, Switzer-
land. Samples Peral 124, Cap 155, and Hu 063 were 
also leached and analyzed at GeoForschungsZentrum 
(GFZ) Potsdam, Germany. At Geneva, Pb isotope 
analyses were carried out on pre-leached K-feldspar 
from the pegmatites and the granites. K-feldspar from 
homogeneous and heterogeneous pegmatites, as well as 
granites, were separated by handpicking and crushed to 
a powder with an agate disk-mill. One mL of 14.4 M 
HNO3 and 2 mL of 7 M HCl were added to the sample, 
which was placed on a hot plate at 180°C for more than 
24 hours. The supernatant was discarded, and 1 mL of 
14.4 M HNO3 and 2 mL of concentrated HF were added 
to the residue in order to dissolve it. The sample was 
then placed on a hot plate at 180°C for 48 hours until 

it was completely digested. The solution was dried, 
and 3 mL of 14.4 M HNO3 was added to the residue. 
The sample was placed on a hot plate at 180°C for 24 
hours, and the solution was subsequently dried. A few 
drops of 4 M HBr was added to condition the sample. 
Lead was purifi ed with anion exchange resins in an HBr 
medium. The procedural blanks were less than 120 pg 
Pb, which is insignifi cant in relation to the amount of 
lead encountered.

The K-feldspar samples Peral 124, Cap 155, and Hu 
063, analyzed at GFZ, Potsdam, Germany were leached 
in a mixture of HF:HBr = 1:20. Lead was separated 
using the HCl–HBr chemistry described in Romer et 
al. (2001). Total blank for these samples was less than 
30 pg Pb.

Pb was loaded together with silica gel and H3PO4 
on a single Re-fi lament and analyzed on MAT–Finnigan 
262 mass spectrometers at the Department of Miner-
alogy of Geneva and at GFZ Potsdam. Mass fraction-
ation was corrected with 0.08%/a.m.u. (Geneva) and 
0.1%/a.m.u. (Potsdam) as determined from the repeated 
analyses of SRM–981. Replicate analyses of the 
SRM–981 standard were reproducible at the 2� level 
within 0.05% for 206Pb/204Pb, 0.08% for 207Pb/204Pb, 
and 0.10% for 208Pb/204Pb.

For U–Pb dating, individual columbite–tantalite 
crystals were crushed, and fragments showing fresh 
surfaces and a metallic luster were selected under a 
binocular microscope. All samples were leached before 
dissolution using the three-step procedure (20% HF, 
6N HCl, and 7N HNO3) of Romer & Smeds (1996). 
Leaching removes surface contamination, inclusions 
such as sulfi des and K-feldspar, and most importantly 
dissolves metamict parts of columbite–tantalite (Fig. 5). 
Owing to unusually high contents of U and related 
damage of the crystal structure by �-recoil and fi ssion 
tracks (Fig. 5; Romer 2003), some samples were 
strongly attacked during leaching with HCl and HNO3 
and developed brownish stains. These stains consisted 
of Fe-precipitates that may scavenge U and Pb differ-
entially. Therefore, leached samples were separated a 
second time to include only grains with a metallic luster. 
Before dissolution, these samples were washed with 
7 N HNO3, distilled H2O, and acetone. Samples were 
dissolved overnight with HF in Tefl on beakers on a hot 
plate at 220°C. The dissolved samples were loaded in 
3 N HCl on a column with AG1–X8 resin equilibrated 
in 3 N HCl. The column was rinsed with additional 3N 
HCl, and the U was eluted with 0.8 N HBr. The column 
was rinsed with 2 N HCl, and Pb was eluted with 6 N 
HCl. The earlier collected U was purifi ed on the same 
column conditioned with 7 N HNO3. The sample was 
rinsed with 7 N HNO3 and 6 N HCl before the uranium 
was eluted with a 0.1 N HCl solution. Lead and uranium 
were loaded together with H3PO4 and silica gel on the 
same single Re-filament and analyzed at 1250 and 
1350°C, respectively. Lead isotope ratios were corrected 
for fractionation with 0.1% /a.m.u. and lead contribution 

FIG. 3. K/Rb versus Cs plot of compositions of K-feldspar 
(after Černý 1989), and the link with the appearance of Be, 
Li–Be, and Li–Cs–Be–Ta phases. Heterogeneous pegma-
tites plot in the Li–Be and Li–Cs–Be–Ta fi eld, indicating 
an economic potential for these pegmatites. Symbols: + 
coarse-grained peraluminous granite (G4), ✩ homoge-
neous pegmatites, ∆ heterogeneous pegmatites (wall zone), 
� heterogeneous pegmatites (intemediate zone).
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from the isotopic tracer and blank. Uranium isotope 
ratios were corrected for fractionation with 0.1% /a.m.u. 
All samples were analyzed at GFZ Potsdam using a 
205Pb–235U mixed isotope tracer. During the measure-
ment period, total blanks were less than 15 pg for Pb 
and less than 1 pg for U.

RESULTS: PB ISOTOPES 

The Pb isotopic composition of K-feldspar from the 
various pegmatites and the coarse-grained peraluminous 
granites spans a wide range in 206Pb/204Pb – 207Pb/204Pb 

and 206Pb/204Pb – 208Pb/204Pb diagrams (Figs. 6a, b) that 

FIG. 4. Enlargement of Figure 1 showing the type of pegmatite. A spatial zoning is obser-
ved, from east (Be-bearing phases) to west (Li–Cs–Be–Ta enrichment). For lithology 
legend, see Figure 1.
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cannot be explained by in situ Pb-growth over the last 
500 m.y. (the variation in 207Pb/206Pb is too large for 
the observed range in 206Pb/204Pb ratios). The range 
in isotopic compositions requires Pb derivation from 
several isotopically distinct reservoirs. Homogeneous 
pegmatites and the coarse-grained peraluminous granite 
(sample Peral 124, Figs. 6a, b) have distinctly more 

radiogenic Pb isotopic compositions than heterogeneous 
pegmatites (Table 2). The sample of peraluminous 
granite Peral 124 (Fig. 6b) yields the most radiogenic 
Pb, with a very high 207Pb/204Pb value. As most 207Pb 
was formed during the early evolution of the Earth, 
such a high 207Pb/204Pb value can only be explained 
if the source of the granite acquired a high U/Pb more 
than 2 Ga ago. For a younger source, such a high 
207Pb/204Pb could only be obtained at a much higher 
206Pb/204Pb value than those of any of the samples in 
Figure 6 and Table 2. Thus, the Pb isotope data require 
the coarse-grained peraluminous granites be partially 
derived by melting of old continental crust. The isotopic 
heterogeneity among peraluminous coarse-grained 
granites (samples Peral 124 and 143, Figs. 6a, b) and 
homogeneous and heterogeneous pegmatites (Figs. 
6a, b), suggests that the Pb source was highly hetero-
geneous or that the formation of these rocks involved 
mixing of Pb from different sources, characterized by 
different 207Pb/204Pb ratios. Lead with low 206Pb/204Pb 
and 207Pb/204Pb values was derived from a source with a 
low U:Pb ratio before it was contributed to the melt that 
formed the homogeneous pegmatites and peraluminous 
granites (Fig. 6b). The Pb isotopic compositions of the 
heterogeneous pegmatites fall along typical crustal Pb-
growth curves (Fig. 6b).

Two samples of heterogeneous pegmatite clearly 
have distinctly higher 207Pb/204Pb values (samples Co 
016 and Carn 160 in Fig. 6b). As these two samples 
are hosted by rocks different from those hosting the 
other heterogeneous pegmatites (Table 2), this contrast 

FIG. 5. SEM images of columbite–tantalite grains after 
leaching. a) Sample from the Carnaúbinha pegmatite. b) 
Enlargement of a). c) Sample from the Combi pegmatite. 
Note the etching of fi ssion tracks, refl ecting the distribution 
of U and, thus, indirectly also the distribution of damage 
induced by �-recoil in the crystal structure.
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in Pb isotopic composition likely refl ects the infl uence 
of local host-rocks that were assimilated and contrib-
uted signifi cantly to the Pb budget of the rare-element 
pegmatites.

RESULTS: COLUMBITE–TANTALITE COMPOSITION 
AND U–PB GEOCHRONOLOGY

The composition of the dated samples of colum-
bite–tantalite falls in the ferrocolumbite and mangano-
columbite fi elds (Table 3, Fig. 7). There is no signifi cant 
incorporation of Sn, W, and Zr (with the notable excep-
tion of samples from Trigero and Carnaubinha, which 
are Zr-rich, Table 3). There are, however, important 
contributions of U and Ti. All samples contain variable 
amounts of UO2 (between 0.05 to 3.68 wt%, Table 3), 
and these show a positive correlation with Ti as well 
as Ta/(Ta + Nb) (Fig. 8). This correlation of Ti and U 
in samples from the Trigero, Malhada Vermelha, and 

Mamões pegmatites may indicate the substitution of 
Ti and U for Nb and Ta, which seems to be favored 
at higher Ta contents. For each sample, there is little 
variation in the composition. Similar Ti-rich, Sn-poor 
columbite has been described from Weinebene, Austria, 
and was called titanian ferrocolumbite (Černý et al. 
1989). The intimate intergrowth of this titanian ferro-
columbite with niobian rutile was interpreted to refl ect 
the exsolution of rutile from a possibly orthorhombic 
precursor, such as titanian ixiolite (Černý et al. 1989). 
Abundant inclusions in the columbite–tantalite samples 
from the Trigero, Capoeira, and Mamões pegmatites 
(e.g., Fig. 9a) may also refl ect the exsolution of Ti–U-
rich minerals, shifting the composition of these samples 
into the fi eld of titanian columbite–tantalite. Generally, 
back-scattered-electron (BSE) images of the colum-
bite–tantalite samples show no evidence of zoning, 
refl ecting constant Ta/(Ta + Nb) values in individual 
grains. BSE images (Fig. 9a and c) show inclusions in 
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some samples. The high content of uranium can produce 
damage in the crystal structure, eventually leading 
to partial or complete metamictization of the sample 
(Cesbron 1989), which favors the uptake of H2O. 
The analyzed columbite–tantalite samples, however, 
contain less that 0.5 wt% H2O. Metamictization permits 
redistribution of U and Pb and generally results in 
geochronologically open systems. The metamict parts 
of columbite–tantalite as well as inclusions of uraninite, 
once removed selectively by leaching (Fig. 5), have no 
infl uence on the age (Romer & Wright 1992, Smith et 
al. 2004). Incomplete removal or recrystallization of the 
columbite-group mineral, with incorporation of U and 
Pb in the recrystallized mineral, however, will result in 
excess scatter about the discordia (Romer 2003, Smith 
et al. 2004). Similarly disturbed U–Pb systematics with 
excess scatter about discordia lines are also obtained 
when exsolution results in the redistribution of U and 
Pb between exsolved zones and the host mineral. In 

the Seridó region, the ages of the pegmatites show no 
correlation with Ti or U concentrations of the colum-
bite-group mineral.

Columbite–tantalite crystals were collected in the 
intermediate zone and on the border of the core zone 
from undeformed heterogeneous pegmatites at six 
different locations (Fig. 1). A monazite-group mineral 
(hereafter, monazite) from the coarse-grained peralumi-
nous G4 granite has been sampled next to the road from 
Acari to Parelhas for purposes of radiometric dating 
(Fig. 1). The granite contains a similar mineralogical 
assemblage to the pegmatites, including muscovite, 
biotite, and garnet, and it is generally interpreted to 
be genetically related to the pegmatites (Jardim de Sá 
1984, Da Silva 1993, Beurlen et al. 2001). Monazite 
and one sample of brabantite, rather than zircon, were 
dated from the granite sample to avoid any inheritance 
problem of zircon in this rock. The results of U–Pb 
dating are reported in Tables 4 and 5 and Figures 10 
and 11.

The Malhada Vermelha pegmatite

A centimeter-large columbite–tantalite crystal from 
the intermediate zone was crushed to select fi ve frag-
ments. Electron-microprobe analyses (Table 3) show 
a manganocolumbite composition (Fig. 7), and BSE 
images reveal a near-homogeneous composition and 
few visible inclusions (Fig. 9b). The UO2 and TiO2 
contents are high, from 0.49 to 0.84 wt% and 1.83 to 
2.2 wt%, respectively (Table 3).

The fi ve fragments defi ne a good discordia, with 
a MSWD (mean squared weighted deviates) of 0.75 
(Fig. 10a). The discordia intercepts the concordia at 
510.6 ± 0.4 and 14 ± 19 Ma (2�). Fraction 5 (Table 4) 
is strongly discordant, which is explained by recent lead 
loss or U–Pb fractionation during the leaching proce-

FIG. 6. a) Plots of a) 206Pb/204Pb versus 208Pb/204Pb and b) 
206Pb/204Pb versus 207Pb/204Pb showing Pb isotopic compo-
sitions of K-feldspar from peraluminous granite, homoge-
neous, and heterogeneous pegmatites (intermediate zone). 
Lead-growth curves are from Zartmann & Doe (1981) and 
have been added for reference in b) (A: lower crust, B: 
mantle, C: orogen, D: upper crust).

FIG. 7. Compositions of columbite–tantalite in pegmatites 
of the Seridó Belt.
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dure. Fractions 1 to 3 are slightly reversely discordant, 
indicating U-loss. Uranium contents of the leached 
fractions range from 2740 to 8700 ppm (Table 4), and 
common lead contents vary from 0.24 to 4 ppm. The 
weighted average of apparent 207Pb/206Pb ages (Table 4) 
yields an age of 510.6 ± 0.4 Ma, which is in accordance 
with the U–Pb age.

The Combi pegmatite

Columbite–tantalite from this pegmatite is associ-
ated with K-feldspar and muscovite from the interme-
diate zone. The crystal habit is platy, differing from the 
one from Trigero 1 (see below). The electron-micro-
probe data plot within the ferrocolumbite fi eld (Fig. 7, 
Table 3). Concentrations of UO2 and TiO2 (averages of 

FIG. 8. Correlation of a) Ta/(Ta+Nb) versus Ti, and b) U 
versus Ti, showing the coupled substitution of U and Ti in 
columbite-group minerals.

FIG. 9. Back-scattered-electron images of columbite–tanta-
lite grains from the Seridó pegmatites. a) At Trigero 1, the 
manganocolumbite sample shows inclusions of uraninite 
and K-feldspar. Among the samples investigated, this one 
contains the most inclusions. It shows high contents of 
TiO2 (up to 5.7 wt%) and UO2 (up to 4 wt%, Table 5). b) 
Nearly homogeneous manganocolumbite sample from the 
Malhada Vermelha pegmatite, showing rare inclusions. c) 
Manganocolumbite sample from the Capoeira pegmatite, 
showing inclusions and secondary fractures fi lled with 
quartz and K-feldspar. Note the lack of zoning in a), b), 
and c).
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0.3 and 1.09 wt%, respectively) are relatively high and 
favor metamictization of the minerals (Table 3).

The six fractions defi ne a discordia with a MSWD 
of 1.04, an upper intercept age at 513.7 ± 1.5 Ma and a 
lower intercept at 7 ± 15 Ma (2�) (Fig. 10b). Fraction 
6 is strongly discordant owing to lead loss. Fraction 9 
is markedly reversely discordant and has an anoma-
lously young 207Pb/206Pb age if compared to the other 
fractions of the same crystal (Table 4). This anomalous 
207Pb/206Pb age may reflect U and Pb fractionation 
during partial recrystallization of the metamict colum-
bite–tantalite, which eventually prevents the complete 
removal of U and Pb from the strongly damaged, 
potentially open parts of the mineral (cf. Romer 2003, 
Smith et al. 2004). Therefore, fraction 9 is not included 
in the calculation of the age. The weighted average of 
apparent 207Pb/206Pb ages (Table 4) corresponds to an 
age of 513.7 ± 1.0 Ma. Uranium concentrations vary 
from 830 to 1300 ppm in the samples, and the common 
lead content ranges from 0.3 to 2.5 ppm.

The Mamões pegmatite

Columbite–tantalite was collected at the border of 
the core zone, and is associated with K-feldspar. Elec-
tron-microprobe analyses plot within the ferrocolumbite 
fi eld near the border of the manganocolumbite fi eld 
(Table 3, Fig. 7). The UO2 and TiO2 contents range 
from 0.35 to 0.44 wt% and from 2.14 to 2.23 wt%, 
respectively (Table 3).

Among the six fractions from Mamões, one fraction 
is concordant (12, Table 4), three fractions are subcon-
cordant (13, 14 and 15, Table 4), and two fractions are 

strongly discordant (16 and 17, Table 4). They defi ne a 
discordia that yields intercepts at 514.5 ± 1.2 Ma and 
1.3 ± 6.3 Ma (2�) and a MSWD of 0.25 (Fig. 10c). The 
contents of U and common Pb vary respectively from 
2210 to 4210 ppm and from 1.3 to 3.1 ppm (Table 4).

The Capoeira pegmatite

The selected crystal comes from a transitional zone 
between the intermediate and core zones. Bladed albite 
and quartz are associated with the columbite–tantalite, 
as well as large sheets (< 10 cm) of muscovite. Elec-
tron-microprobe data plot in the manganocolumbite 
fi eld (Fig. 7, Table 3), and BSE images show abundant 
inclusions. The most widespread are uraninite, K-feld-
spar, and an unidentifi ed metamict mineral (Fig. 9c). 
Average concentrations are 1.37 wt% for UO2 and 4.1 
wt% for TiO2 (Table 3).

Six columbite–tantalite fragments were analyzed, 
and yield discordant data-points in Figure 10d. Frag-
ments 18 and 23 (Table 4) are responsible for most 
of the scatter about the discordia (Fig. 10d). Fraction 
23 was included in the calculation of the discordia, 
whereas the strongly reversely discordant fraction 18 
has been omitted, as it contributed most of the excess 
scatter. The fi ve fractions yield an upper intercept age 
at 509.5 ± 2.9 Ma and a lower intercept at 0.6 ± 1.4 
Ma (2�), for a discordia with a MSWD of 12. Uranium 
contents vary between 1770 and 2900 ppm, whereas 
concentrations of common lead are between 0.02 to 0.7 
ppm (Table 4). This sample has the highest U content 
in the structure of the columbite–tantalite mineral and, 
therefore, has also accumulated the highest amount of 
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FIG. 10. Concordia diagrams for columbite–tantalite samples from rare-element-enriched pegmatites of northeastern Brazil. 
Intercepts and 2� uncertainties were calculated using a program by Ludwig (1999). In (d), squares are shown instead of error 
ellipses because these are too small to be shown at the scale of the concordia.
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structural damage due to the radioactive decay of U 
and its unstable daughter isotopes. Thus, this colum-
bite–tantalite sample may have the highest potential for 
redistribution of U and Pb, which may also explain the 
excess scatter of the data (MSWD = 12), if there had 
been partial recrystallization after U and Pb migration 
(cf. Romer 2003).

The Carnaúbinha pegmatite

The columbite–tantalite from this pegmatite is inter-
grown with K-feldspar and muscovite. The electron-
microprobe data plot in the ferrocolumbite fi eld (Fig. 
7, Table 3). They show relatively high amounts of UO2 
(0.87 wt%) and TiO2 (1.8 wt%, Table 3).

Five fragments from a single crystal were selected. 
Fractions 25 and 27 are discordant, and fractions 24, 26, 
and 28 are reversely discordant (Fig. 10e). A discordia 
with a MSWD of 0.17 yielding intercepts at 514.9 ± 
1.1 and 6 ± 18 Ma (2�) is obtained if fraction 25 is 
omitted. Concentrations of lead are the highest among 
all fractions of the Seridó columbite–tantalite (0.5 to 40 
ppm), and uranium concentrations range from 250 to 
9200 ppm (Table 4).

The Trigero 1 pegmatite

In the intermediate zone of this pegmatite, colum-
bite–tantalite is intimately associated with microcline. 
The electron-microprobe data plot in the mangano-
columbite field (Fig. 7, Table 3), and BSE images 
show abundant inclusions. Uraninite, K-feldspar, and 
copper sulfi des are the most common inclusions, but 
an unidentifi ed U-rich mineral also is present (Fig. 9a). 
Average UO2 and TiO2 contents are 3.65 and 5.6 wt%, 
respectively (Table 3).

Six fragments from a single crystal were analyzed. 
The six columbite–tantalite fragments defi ne a discordia 
with a MSWD of 13, an upper intercept at 511.5 ± 
2.6 Ma and a lower intercept at –33 ± 110 Ma (2�) 
(Fig. 10f). Fractions 29, 30 and 32 are reversely discor-
dant. This columbite–tantalite sample is characterized 
by high contents of U (5800 to 17430 ppm) that are 
related to inclusions of uraninite. Contents of common 
lead vary from 0.7 to 2.5 ppm (Table 4).

The coarse-grained peraluminous granite

Five fractions of a crystal of monazite and one of 
brabantite [CaTh(PO4)2] from the G4 granite were 
analyzed (anal. 35–40, Table 5). One grain of monazite 
(sample 36) is intergrown with xenotime (YPO4). The 
data yielded by the brabantite sample do not differ 
from those of the monazite samples (Table 5). There 
is signifi cant excess scatter in the data. This scatter 
is related to sample 38 (not shown on the concordia 
diagram in Fig. 11), which has a distinctly lower 
206Pb/204Pb ratio than the other samples, and to sample 
39, which has a distinctly lower 207Pb/206Pb ratio than 
the other subconcordant samples (Fig. 11). Using the 
Pb isotopic composition of the granite sample Peral 124 
(207Pb/204Pb = 16.2, Table 2) for the common Pb correc-
tion, the data yield a discordia with intercepts at 528 ± 
12 and –3 ± 27 Ma (Fig. 11). The upper intercept age 
of the discordia is sensitive to the common Pb correc-
tion. Using a common Pb with a lower 207Pb/204Pb ratio 
than the one deduced from sample Peral 124 results in 
older intercept ages. Therefore, whatever the common 
Pb correction, the youngest age yielded by the data for 
the coarse-grained peraluminous granite G4 remains 
older than the oldest pegmatite dated in this study. 
Because of the large uncertainty, 12 m.y., associated 
with the age of the coarse-grained peraluminous granite 
G4, it remains open to question whether this granite 
is only slightly older (528 Ma –12 m.y. = 516 Ma) or 
signifi cantly older (528 Ma + 12 m.y. = 540 Ma) than 
the heterogeneous pegmatites.

DISCUSSION

Composition of columbite–tantalite 
and age of emplacement of the pegmatites

Samples of columbite–tantalite from the heteroge-
neous pegmatites in the Seridó Belt have a composition 
between ferrocolumbite (Combi, Carnaúbinha, and 
Mamões pegmatite) and manganocolumbite (Capoeira, 
Malhada Vermelha, and Trigero 1 pegmatite) (Fig. 7). 
Among the numerous elements known to be accom-
modated in columbite–tantalite minerals, Ti and U 
are the most important. Only in two samples are there 
signifi cant amounts of Zr (Trigero and Carnaubinha; 
Table 3).

FIG. 11. Concordia diagram for monazite samples from the 
coarse-grained peraluminous G4 granite. Intercepts and 2� 
uncertainties were calculated with the program of Ludwig 
(1999). Squares are shown instead of error ellipses because 
these are too small to be visible at scale of the diagram.
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Columbite–tantalite-bearing pegmatites in the 
study area yield ages that are restricted to a narrow 
range between 509.5 ± 2.9 Ma and 514.9 ± 1.1 Ma 
(Fig. 10), indicating that their formation was roughly 
coeval. These ages are the fi rst U–Pb ages on colum-
bite–tantalite in the Seridó region. Previously, 450 and 
550 Ma Rb–Sr ages on muscovite and a single U–Pb 
age on uraninite, 780 Ma, had been reported by Agrawal 
(1986). Our ages indicate a shorter time-frame of 
emplacement during the end of the Brasiliano orogeny 
than the earlier data. The new data are in accordance 
with the structural work by Araújo et al. (2001) in the 
Seridó Belt. The age variation among the pegmatites 
does not show any relationship to pegmatite orienta-
tion or with host rock, but instead seems to correlate 
with the degree of evolution. The youngest pegmatites, 
including Capoeira and Malhada Vermelha (509.5 ± 
2.9 and 510.6 ± 0.4 Ma, respectively), show the most 
evolved mineralogy, with an economic potential defi ned 
by Li–Cs–Be–Ta phases.

Relationship between coarse-grained granites 
and pegmatites

According to Černý (1991b), the granitic intrusions 
genetically associated with pegmatites are typically 
located in the center of the pegmatite group. The 
parental granite of a pegmatite group can be either 
exposed or hidden, depending on the depth of erosion. 
In some regions, the parental granite is well exposed, 
such as the Osis Lake granite, southeastern Manitoba, 
Canada, (Černý 1991b) or is believed to be hidden, such 
as in the Sveconorwegian terranes, where the pegmatites 
studied are older than the granite exposed at the same 
erosional level (Romer & Smeds 1996). In the Seridó 
region, owing to the large uncertainty in the age of 
the coarse-grained peraluminous granite, we can only 
conclude that this granite is older than the pegmatites. 
Granites with the same mineralogical and geochemical 
signatures as the peraluminous granite dated, however, 
could have been a possible parental granitic melt for the 
rare-element pegmatites.

Pb isotopic composition of the pegmatites 
and the peraluminous granite

The Pb isotopic variation of K-feldspar from the 
rocks of this study seems to refl ect Pb contribution of 
local assimilation of host-rocks. The scatter of the data 
can be explained by the variation of the composition of 
the immediate host-rocks (Fig. 6). Country rocks range 
from muscovite quartzite and quartz biotite schist to 
polymictic conglomerate. Sample Hu 063, which has 
low isotopic values, occurs in a pegmatite located at the 
contact between muscovite quartzite and a G2 granite 
(Fig. 6, Table 2).

Sample Peral 124 has Pb high isotopic values and 
is similar to the isotopic composition of old continental 

crust (Fig. 6, high U/Pb, > 2Ga). This sample has the 
highest 207Pb/204Pb value of all samples occurring in 
pegmatites hosted by quartz–biotite schist.

We suggest that several separate batches of magma 
were responsible for the formation of the pegmatites. 
Host rocks with geochemically and isotopically distinct 
characteristics have contributed in variable amounts to 
these batches of magma, as refl ected in the Pb isotopic 
compositions of K-feldspar.

CONCLUSIONS

(1) The LCT-type granitic pegmatites from the 
Seridó fold belt are spatially related to coarse-grained 
peraluminous granites in this belt. A zoning based on 
the economic potential is observed, with Be-bearing 
phases noted in pegmatites on the eastern side of the 
study area, whereas pegmatites bearing Li–Cs–Be–Ta 
phases are present in the western part.

(2) U–Pb dating of manganocolumbite and ferro-
columbite reveal ages between 509.5 ± 2.9 Ma and 
514.9 ± 1.1 Ma for the heterogeneous pegmatites. One 
coarse-grained peraluminous granite sample yields an 
age of 528 ± 12 Ma. Thus, the pegmatites are younger 
than this granite. The U–Pb ages and the absence of 
deformation in the heterogeneous pegmatites imply 
that they are late- to post-tectonic, and that the ages of 
509.5 ± 2.9 Ma and 514.9 ± 1.1 Ma bracket the end of 
the Brasiliano orogeny in this region. At the end of this 
orogeny, the compressional tectonic setting changed 
to an extensional regime, and ductile deformation 
changed to brittle deformation. This permitted forma-
tion of evolved melts and their ascent along pre-existing 
NE–SW structures.

(3) Lead isotope data from K-feldspar from the 
coarse-grained peraluminous granite, as well as 
homogeneous and heterogeneous pegmatites, show a 
correlation between 207Pb/204Pb and the host rocks of 
the pegmatites. These results suggest that the magmas, 
emplaced in several batches, were modifi ed by addi-
tion of Pb by assimilation of the isotopically distinct 
host-rocks.

(4) The peraluminous granite that we dated does not 
seem to be the parent pluton; thus, other granites in the 
Seridó region should be investigated geochemically and 
geochronologically to determine the genetic relationship 
between the outcropping granites and the homogeneous 
and heterogeneous pegmatites.
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