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Abstract

The Vieirdpolis pegmatite field is characterized by amazonite pegmatites inserted in the Borborema Province. The Serra Branca pegmatite
is hosted by the Serra Branca granites, which intruded partially the Serra Negra granites, and stands out by its amazonite mineralization.
To comprehend the crystallization conditions and the source of this pegmatite and associated Serra Branca and Serra Negra granites, pe-
trographic, mineral chemistry, geochronological and whole-rock geochemical data were used. The Serra Branca pegmatite is Cs-, Rb-, Pb-,
Nb-, and Ta-rich. The Serra Branca granites (563 2 Ma) are metaluminous to weakly peraluminous, crystallized under high fO, conditions,
pressure of 2.68-2.80 kbar and temperatures ranging from 667-670°C, with many zircon grains showing inherited cores of Paleoproterozoic
ages. The Serra Negra granites (594 * 4 Ma) comprises metaluminous granites crystallized under high fO, conditions, temperatures within
711-751°C, pressure varying from 4.72 to 5.42 kbar. Both granites resulted from distinct partial melting degrees of a source similar to the
Caicé Complex orthogneisses. The Serra Branca pegmatite geochemical data suggests that it was originated by extreme fractionation of the
Serra Branca granites magma. The Serra Branca amazonite pegmatite is the first pegmatite mineralogically and geochemically characterized as
Nb-Y-F (NYF)-type from the gadolinite subtype in the Borborema Province.

KEYWORDS: Serra Branca amazonite pegmatite; NYF-type pegmatite; mineral chemistry; crystallization conditions; whole-rock geochemistry.

INTRODUCTION

The Borborema Province (BP) in Northeastern Brazil hosts
one of the largest, in global scale, pegmatite Province — the
Seridé Pegmatite Province (SPP; Santos et al. 2014), located
in the Rio Grande do Norte domain of the Northern sub-prov-
ince. The pegmatites from the SPP are known since the First
World War when the mica exploitation started. By the end of
the Second World War, the SPP became globally famous due
to the production of Ta ore and the beautiful species of exotic
minerals (Beurlen ef al. 2009). According to Cerny (1991a,
1991b) and Cerny and Ercit (2005), the SPP pegmatites are
classified as belonging to the Li-Ce-Ta (LCT) Family rare ele-
ments class, within the beryl-columbite, beryl-columbite-phos-
phate and spodumene sub-types (Da Silva et al. 1995, Beurlen
et al. 2008). Besides the SPP, the Northern sub-province hosts
the Solondpoles-Quixeramobim pegmatite district in the Ceara
domain (Souza 1985). The pegmatites in the Solondpoles-
Quixeramobim district are dominantly LCT-type, and the
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presence of gemstones, industrials minerals and others of eco-
nomic values (beryl, cassiterite, amblygonite, tantalite, colum-
bite, lepidolite and spodumene) has been reported (Vidal &
Nogueira Neto 2005). Many others isolated occurrences of
pegmatite are described in the Northern sub-province of the
BP (Santos et al. 2014).

The Vieir6polis pegmatite field was reported for the
first time by Barreto et al. (2016), and it constitutes the first
reported occurrence of a pegmatite field out of the SPP, in the
Rio Grande do Norte domain. The Vieirépolis pegmatite field
is characterized by amazonite- and/or beryl-bearing pegma-
tites. The presence of amazonite classifies these pegmatites as
Nb-Y-F (NYF)-type (Martin et al. 2008), thus, being the first
NYEF-type pegmatite identified in the BP.

This paper focuses on the study of two plutons (Serra
Branca and Serra Negra) and the Serra Branca amazonite peg-
matite of the Vieir6polis field. We present petrographic, U-Pb
geochronological data, mineral and whole-rock chemical data
to constraint the conditions of magmatic crystallization and

the sources of both granites and the pegmatite.

REGIONAL GEOLOGY

The BP (Almeida et al. 1981) comprehends an area of
~450,000 km?, in Northeastern Brazil, and it is limited to the
south by the Sdo Francisco Craton, to the west by the Parnaiba
Basin, and to the north and east by coastal basins. The BP
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comprises Paleoproterozoic gneiss-migmatitic complexes,
small Archean nuclei and Neoproterozoic to Mesoproterozoic
supracrustal sequences (Van Schmus et al. 1995, 2008, Neves
et al. 2008, Guimaries et al. 2016, Silva Filho et al. 2016).
According to Van Schmus et al. (2008), the province resulted
from the breakup of a Paleoproterozoic supercontinent,
Atlantica (Rogers 1996), during the late Mesoproterozoic to
early Neoproterozoic. This event was associated with volcanism
(mostly felsic) and granitic intrusions, deposition of exten-
sional basins floored by Paleoproterozoic crust approaching
small oceans, and a larger ocean between the northern edge of
Congo-Sao Francisco and the West African-Sao Luis cratons.
The actual framework of the BP resulted from the Brasiliano
(Pan-African) Orogeny (650550 Ma; Van Schmus et al. 2008),
which was responsible for extensive granitic magmatism along
with large scale transcurrent shear zones, where the granites are
commonly used to date the Brasiliano deformations. Such trans-
current shear zones formed contemporaneous conjugate sets
of sinistral NE-SW striking and dextral E-W striking mylonitic
belts developed under middle- to high temperature amphibolite
facies conditions (Vauchez & Egydio-Silva 1992, Guimaraes &
Da Silva Filho 1998, Ferreira et al. 1998, Neves & Mariano 1999,
Neves et al. 2000, Silva & Mariano 2000, Neves et al. 2006).
Van Schmus et al. (1995), using the E-W trending
Pernambuco and Patos shear zones with dextral kinematic,
divided the BP into three major domains, later renamed to
sub-provinces (Van Schmus et al. 2011; Fig. 1A): Northern,
Transversal and Southern. Each sub-province was divided into
domains. The Northern sub-province is subdivided into Rio
Grande do Norte, Ceard and Médio Coreati domains. The stud-
ied area is located within the Rio Grande do Norte domain.
The Rio Grande do Norte domain (RGND) is a Rhyacian
to Orosirian crustal block bordered in the south by the Patos
shear zone and at the west by the Ceara domain (Van Schmus

et al. 2011). Besides the Paleoproterozoic rocks, which com-
prise the Serrinha Pedro Velho and Caicé complexes, it also
encloses an Archean nucleus (S3o José do Campestre) and the
NE-trending metasedimentary Seridé Fold Belt. In the RGND,
the granitic magmatism is associated to large scale shear zones
(Jardim de S& 1994, Van Schmus et al. 1995, Dantas 1997, Brito
Neves ¢t al. 2000, Jardim de S4 et al. 1981) and have crystalli-
zation ages ranging from 575 to 540 Ma (McMurry et al. 1987,
Leterrier ef al. 1994, Jardim de S& 1994, Trindade et al. 1999,
Hollanda et al. 2003, Guimaries et al. 2009, Nascimento et al.
2015). Ages younger than 540 Ma (Rb-Sr method) have been
recorded by Nascimento et al. (2000), in alkaline intrusions
within the Paleoproterozoic Serrinha-Pedro Velho Complex,

which is part of the Sdo José do Campestre domain.

GEOLOGICAL FRAMEWORK
AND PETROGRAPHY
OF THE VIEIROPOLIS AREA

The studied area comprises a Paleoproterozoic basement
(Caicé Complex and Pogo da Cruz Suite), granitic intrusions
(Serra Negra and Serra Branca granitoids) and pegmatite
dykes (Fig. 2). The regional NE-SW trend seen in the base-
ment and granitic bodies is associated with the Vieirépolis
and Lastro dextral transcurrent shear zones (Aratdjo Neto
et al. 2018). A brittle regime is also characterized by fractures
and/or faults predominantly in a NW-SE, and E-W direction
is subordinated, cross-cutting the main structures. In regions
near to the shear zones, this fracturing pattern is transversal
to the mylonitic foliation.

The Caicé Complex (2.25-2.15 Ga) is the high-grade base-
ment of the metasedimentary Seridé Group. It is composed of
an older metavolcanosedimentary unit, and a younger and most

common metaplutonic unit consisting locally of migmatized

Figure 1. (A) Tectonic Division of the Borborema Province. (B) Schematic geologic map of the Northern sub-province and the location of the
studied area. MCD: Médio Coreatt domain; CCD: Cearé Central; RND: Rio Grande do Norte domain; NTS: Northern Sub-province; TRS:
Sub-province Transversal; STS: Sub-province South. Modified from Santos ef al. (2014) with subdivisions according to Van Schmus et al. (2011).
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high-K calc-alkaline orthogneisses, ranging in composition
from diorite to granite containing mafic enclaves and elongated
amphibolite bodies (Meunier 1964, Ferreira & Albuquerque
1969). According to Souza et al. (2007) the Caicé orthogneisses
were generated by melting of a metasomatically enriched spi-
nel- to garnet-bearing lherzolite in a subduction zone setting.

The Rhyacian Pogo da Cruz Suite (2,172 +24 Ma; Hollanda
etal. 2011, Sa et al. 2014) is composed of syenogranitic augen
gneisses, with K-feldspars porphyroclasts and lenses of dior-
itic composition. The studied area comprises a NE-trending
elongate body, intruded into the Caic6 Complex at the south
of the Lastro Shear Zone.

The Serra Negra granitoids is formed by four NE-trending
plutons of different sizes, whose emplacement were con-
trolled by the dextral kinematic Lastro and Vieiropolis shear
zones (Aratjo Neto et al. 2018; Fig. 2). These granitoids are
medium to coarse-grained, porphyritic, with K-feldspar phe-
nocrysts enclosing quartz and plagioclase crystals, and com-
positions ranging from quartz monzonite to syenite (Fig. 3A).
The plagioclase is presented as subhedral crystals, some of
them showing lamellar deformation. Anhedral quartz crystals
showed undulatory extinction. Biotite and calcic amphiboles
(Fig. 3B) are the principal mafic mineral phases and occur
in modal concentrations of 7.0-1.0%, 23-3.5% respectively.
Titanite, epidote and magnetite (Fig. 3C) are the main acces-
sory phases. The diorite and porphyritic granite enclaves are
angular in shape. Some of them enclose rounded amphibole
clots, and some show evidence of partial melting (Fig. 3D).

The Serra Branca pluton is intruded into the NE-trending
Serra Negra pluton. Both plutons intrude the Paleoproterozoic
orthogneisses and migmatites of the Caic6 Complex. The Serra
Branca pluton is composed of medium grained monzogranites
to quartz monzonites (Fig. 4A) and it is the host rocks of the
Vieirépolis pegmatites. Amphibole, pyroxene + biotite are the
main mafic mineral phases, with modal percentage varying

from 10 to 20%. Anhedral quartz crystals showed undulose

extinction. Pyroxene occurs as subhedral to anhedral crystals.
Amphibole occurs as subhedral isolated crystals or replac-
ing pyroxene (Fig. 4B). Epidote, allanite, titanite, apatite and
opaque minerals constitute the accessory phases. Euhedral to
anhedral magnetite crystals makes up the main opaque min-
erals. Under reflected light, the magnetite shows pinkish gray
color with white rims (Fig. 4C). At the contact with the pegma-
tites, the Serra Branca granites are fine grained, showing higher
concentration of mafic minerals and, less frequently, portions
of quartz and plagioclase with saccharoidal texture (Fig. 4D).
These features may suggest differences in temperature and mag-
matic fluid percolation during the emplacement of the pegmatite.

U-Pb TIMS zircon ages were reported by Medeiros et al.
(2005) at 571 £ 3 Ma for granitoids correlated to the Serra
Negra granites and at 541 = 4 Ma to granitoids correlated to
the Serra Branca granites.

The pegmatites in the Vieir6polis field comprise four dykes
of amazonite-bearing NYF- type pegmatites, hosted by the
Serra Branca granite (Fig. 2). Within these pegmatite bodies,
the Serra Branca amazonite pegmatite is distinct from other
pegmatites of the Vieirdpolis pegmatite field and from other
well-known pegmatites of the BP by the presence of amazon-
ite megacrysts, which can reach up to 2m of length.

The Serra Branca amazonite pegmatite constitutes an 800 m
long, NW- trending dipping 45° to WSW dyke. Two zones
were identified:

* the amazonite zone;

¢ the albite zone.

The amazonite zone commonly occurs at the top of the peg-
matite, and the albite zone in the bottom (Fig. SA). The con-
tacts between the two zones are irregular, complex and usu-
ally characterized by the presence of elongated quartz and
patches of small biotite crystals. The main mineral phases of
the amazonite zone are large amazonite crystals and quartz.

The amazonite is prismatic and euhedral to subhedral, varying

Figure 2. Geologic simplified map of the Vieirépolis pegmatitic field. Modified from Aratjo Neto et al. (2018).



Braz. J. Geol. (2020), 50(2): e20190083

from centimeter to meter in size and showing bluish green
color (Fig. SB), perthitic exsolution and sometimes graphic
texture. The quartz occurs as euhedral to subhedral crystals,
with the larger crystals displaying a pseudo-hexagonal habit,
with color varying from smoky to colorless (Fig. SB). The ama-
zonite megacrysts are fractured, and the fractures, as well as
the contacts between the amazonite and quartz, are filled up
with saccharoidal and/or platy white albite (cleavelandite)
and quartz. In this zone, occur a large variety of accessory
minerals. Biotite is the most abundant accessory mineral
phase appearing as black plates up to 10 cm long, without a
preferential direction (Fig. SC). Sulphides (galena and aiki-
nite) have centimeter to decimeter irregular cluster (Fig. SD).
Chalcocite was recorded as intergrowths in the galena cleav-
ages (Fig. SE). Small cavities with diameters up to 0.5 cm are
commonly filled up with pyromorphite, cerussite, bismutite
and anglesite. Another cavity-type with secondary minerals
was found in the central part of the amazonitic zone filled
with fluorite, muscovite, helvine, phenakite, biotite, ilmenite,
pyromorphite, rutile, pyrochlore, montmorillonite and illite.
Helvine occurs as centimeter crystals enclosed by amazonite
(Fig. SF). The ilmenite occurs as centimeter anhedral crystals
disseminated between the amazonite and quartz megacrystals.

The albite zone is composed mainly of saccharoidal whitish
albite, hyaline quartz and less frequent cleavelandite (Fig. SB).

Rare centimeter fractured amazonite crystals and pseudo hex-
agonal smoky quartz crystals are recorded in the albite zone.
The fractures in the amazonite and quartz crystals are filled
with saccharoidal albite and quartz. Biotite, ilmenite, zircon,
Mn-columbite, spessartite and pyrochlore minerals make up
the accessory phases.

MINERAL CHEMISTRY

Plagioclase, K-feldspar, biotite, amphibole, titanite and
opaque minerals were analyzed from 11 samples, using a
JEOL JXA-8230 model electronic microprobe equipment,
equipped with five WDS and one EDS spectrometers at
the Microprobe Laboratory of the Universidade de Brasilia.
For major elements analyses, they were used an acceleration
voltage of 15V, a current of 10 nA and an electronic bin in
the order of ym. For analyses of rare earth elements (REE) in
titanite, they were used an acceleration voltage of 20V and a
current of 20nA. The used international standards were REE-
oxide synthetic glass. The WDS REE corrections followed the

Williams (1996) recommendations.

Biotite
Biotite was analyzed from the Serra Branca (45 crys-
tals) and Serra Negra (30 crystals) granitoids and from the

Figure 3. Field and microscopic aspects of the Serra Negra granites; (A) Porphyritic texture with K-feldspar phenocrysts; (B) Clots of
amphibole (Amp); (C) Subhedral crystal of magnetite (Mag) under reflected light; (D) Igneous mafic enclaves.
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Serra Branca pegmatite (3 crystals), totaling 78 analyses.
The results are shown in Table 1. Biotite analyzed from the
Serra Negra granites show Fe# [Fe/ (Fe + Mg)] values rang-
ing from 0.404 to 0.356, which are like those recorded in bio-
tite from the Serra Branca amazonite pegmatite (Fig. 6A).
The biotite from the Serra Branca granitoids shows higher
Fe# values (0.591 to 0.499). In the Al" versus Fe diagram
(Fig. 6A), the biotites analyzed from the Serra Branca and
Serra Negra granitoids show compositions between annite
and phlogopite, while biotite analyzed from the Serra Branca
amazonite pegmatite are plotting close to the phlogopite field.
In the diagram proposed by Nachit et al. (1985), the biotite
analyzed from the Serra Negra granitoids plot in the field of
those biotites from granitoids of the subalkaline series while
the analyzed biotite crystals from the Serra Branca granitoids
plot dominantly within the field of biotites from granitoids of
alkaline series (Fig. 6B).

Amphibole

Forty-sixand forty-seven amphibole crystals were analyzed
from the Serra Negra and Serra Branca granitoids, respectively.
The results are shown in Table 2. According to Czamanske and
Wones (1973), Siversus (Na + K + Ca) discriminates magmatic
amphiboles from that tardi- to post magmatic. The amphiboles

analyzed from the Serra Negra and Serra Branca granitoids
have composition falling in both fields (Fig. 7A). According
to the diagram for amphibole discrimination from Leake et al.
(1997), the magmatic amphiboles of the Serra Negra granite
show composition ranging from ferro-edenite to ferroparg-
asite (Fig. 7B), while the tardi- to post magmatic amphiboles
have composition ranging from edenite to Mg-hornblende
(Fig. 7C). The magmatic amphiboles from the Serra Branca
granites are edenite and tardi to post-magmatic amphiboles
are actinolite (Fig. 7B and 7C).

The magmatic amphiboles from both studied granites have
low Fe# (Fe/(Fe + Mg) values suggesting crystallization under
high fO, (Fig. 7D). However, the magmatic amphiboles from
the Serra Negra granites have Fe# values (0.424 to 0.663) slight
higher than those analyzed from the Serra Branca granites
(0.478 20.533), reflecting the simultaneous crystallization of
biotite and amphibole during the cooling of the Serra Branca
granitic magma, and an early crystallization of amphibole in
the Serra Negra granitic magmas.

Feldspars

Eighty-eight feldspar grains, including plagioclase (P1)
and K-feldspars (Kfs), were analyzed from the Serra Negra
(Kfs =14 and Pl = 15 crystals) and Serra Branca (Kfs = 7 and

Figure 4. Field and petrographic aspects of the Serra Branca granite: (A) Medium grained Serra Branca granite in situ exhibiting greyish color;
(B) lot of amphibole (Amp) and magnetite (Mag) replacing pyroxene (Px); (C) Magnetite crystals (Mag) included by titanite (Tit) under
reflected light; (D) The contact between the Serra Branca granite and the Serra Branca amazonite pegmatite showing concentration of mafics

along the contact (MP) and portion of saccharoidal texture (SP).
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Pl =29 crystals) granites and Serra Branca amazonite pegma-
tite (Kfs = 23 crystals). Representative results are presented
in Table 3.

Plagioclases of the Serra Branca granites have albitic com-
position (~ An Ab_ Or, ), while the plagioclase from the Serra
Negra granites have composition ranging from oligoclase to
albite (An; Ab, Or, - An Ab Or ).

The K-feldspars from the Serra Negra and Serra
Branca granites show similar compositions, ranging from
An Ab.Or, to An Ab Or,, (Fig. 8A). However, the trace

element compositions show significant distinctions: the
K-feldspars of the Serra Branca granites show higher Ba con-
tents (72 — 4,400 ppm) compared to the feldspars from the
Serra Negra granites (~3,400 ppm) and the Serra Branca ama-
zonite pegmatite (~447 ppm). The alkali feldspars from the
Serra Branca granite and pegmatite have similar Cs contents
(~940 ppm), and higher values compared to the Cs content
recorded in the Serra Negra granites (~660 ppm). The ama-
zonites from the Serra Branca amazonite pegmatite show a
composition of ~ An Ab Or,, high Rb (~5,212 ppm), and

Figure 5. (A) The Serra Branca amazonite pegmatite dyke NW to WSW/45°; (B) Amazonite megacryst and quartz (amazonite zone) above
the albite zone, showing irregular contact between them; (C) Biotite in the amazonite zone; (D) Aggregates of sulfides in the amazonite
zone; (E) Galena (Gn) showing intergrowths of aikinite (Aik), and chalcocite (Cc) along the cleavage planes. (F) Rectangular and triangulate
crystals of helvine hosted by quartz and amazonite megacrysts.
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high to medium Pb (3,992 a 430 ppm) contents. Lead content
in alkali feldspars is responsible for the bluish green color of
the amazonites (Hofmeister & Rossman 1985, Ostrooumov
& Banerjee 2005).

Opaque minerals

Thirteen grains of opaque minerals from the Serra Branca
granites and nine grains from the Serra Negra granites were
analyzed (Tab. 4). The opaque minerals recognized under
reflected light from the Serra Negra granites are only magne-
tite (Fig. 8B), while those from the Serra Branca granites are

magnetite (the most abundant; Fig. 4D) and Mn-ilmenite, with
MnO contents varying from 18.81 to 20.23wt.%. The analyzed
magnetite from both plutons has low Cr,0, (< 0.18wt.%)
and V,0, (< 0.25wt.%), similar trace element composition
is presented by the Mn-ilmenites of the Serra Branca granites
(Cr,0, < 0.12wt.9% e V,0, < 0.631wt.%).

Titanite

Seven titanite crystals from the Serra Branca granites
and four grains from the Serra Negra granites were analyzed.
The results are shown in Table S. The titanites from the Serra

Table 1. Chemical composition of biotite from the Serra Branca amazonite pegmatite, Serra Branca and Serra Negra granites.

Lithotypes Serra Branca granite Serra Negra granite Serra Branca amazonite pegmatite
Samples AMZS56 AMZ74 AMZ74A AMZ113 AMZ114 AMZ104P1 AMZ104P2 AMZ104P3
:::l';l;:l":fll:"mts n=6 n=15  n=27 n=§ n=10 n=1 n=1 n=1
SiO, (wt.%) 38.82 38.77 38.61 40.18 38.02 39.06 40.26 38.25
TiO, 1.48 2.13 2.15 L.1S 1.34 1.1S 1.57 1.78
ALO, 11.21 13.13 12.38 13.74 13.02 9.25 9.97 8.95
FeO 11.74 16.61 18.51 15.52 14.56 14.57 13.46 14.84
MnO 0.39 2.52 2.68 0.27 0.39 191 1.74 2.39
MgO 15.33 8.85 9.95 13.36 13.00 11.98 13.15 12.28
CaO 0.07 0.03 0.02 0.06 0.05 0.14 0.06 0.0S
Na,O 0.08 0.05 0.06 0.0S 0.06 0.09 0.09 0.04
K20 9.40 8.33 9.55 8.84 9.40 8.40 9.03 8.92
SrO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
BaO 0.10 0.06 0.08 0.07 0.10 0.00 0.07 0.03
F 1.96 3.09 2.90 1.43 1.51 4.76 5.25 4.76
Cl 0.01 0.01 0.01 0.01 0.01 0.05 0.00 0.01
Cr,0, 0.0S 0.02 0.04 0.03 0.04 0.05 0.00 0.00
NiO 0.01 0.02 0.04 0.02 0.02 0.06 0.00 0.00
Li,0 0.03 0.04 0.01 0.00 0.03

H,O 2.86 2.32 2.47 3.28 3.08 1.39 1.31 1.40
Subtotal 93.71 96.58 99.53 98.17 94.82 95.14 97.71 95.60
O=ECl 0.83 1.30 1.22 0.60 0.64 2.02 221 2.01
Total 92.88 95.28 98.30 97.56 94.18 93.13 95.50 93.59
Si (apfu) 6.14 6.14 6.01 6.08 6.01 6.40 6.36 6.27
Al* 1.86 1.86 1.99 1.92 1.99 1.60 1.64 173
Al 0.23 0.59 0.29 0.53 0.43 0.19 0.21 0.00
Ti 0.18 0.25 0.25 0.13 0.16 0.14 0.19 0.22
Cr 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00
Fe 1.55 2.20 241 1.96 1.92 2.00 1.78 2.04
Mn 0.0S 0.34 0.35 0.03 0.05 0.26 0.23 0.33
Mg 3.61 2.09 2.31 3.01 3.06 2.93 3.09 3.00
Ni 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
Cu 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
Li 0.02 0.02 0.01 0.00 0.02 0.00 0.00 0.00
Ca 0.01 0.00 0.00 0.01 0.01 0.03 0.01 0.01
Na 0.03 0.02 0.02 0.01 0.02 0.03 0.03 0.01
K 1.90 1.68 1.90 1.71 1.89 1.76 1.82 1.87
Sr 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ba 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.00
OH 3.02 245 2.57 3.32 3.24 1.52 1.38 1.53
F 0.98 1.55 143 0.68 0.76 2.47 2.62 2.47
Cl 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
Total 19.61 19.27 19.56 19.43 19.60 19.55 19.53 19.67
Al 2.09 245 2.27 245 242 1.79 1.85 173
Fe/Fe+Mg 0.30 0.51 0.51 0.39 0.39 0.41 0.36 0.40

apfu: atom per formula unit.
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Figure 6. Biotite classification diagrams: (A) Fe# vs. Al diagram from Deer (1992); B) Mg vs. Al'Y diagram from Nachit et al. (1985).

Table 2. Amphibole chemical composition of the Serra Branca and Serra Negra granites.

Lithotypes Serra Branca granite Serra Negra granite
Type Magmatic Non magmatic Magmatic Non magmatic
amphibole amphibole amphibole amphibole
Samples AMZ 55 Amz 55 Amz 56 AMZ 111 AMZ113 AMZ114 AMZ113 AMZ114
i‘;‘l‘;l;:l":fzdms n=19 n=13 n=24 n=18 n=1 n=1 n=12 n=17
SiO, (wt.%) 45.11 50.01 52.97 41.37 47.10 47.12 49.39 46.28
TiO, 0.15 0.12 0.17 0.23 0.92 0.86 0.41 0.59
ALO, 7.03 3.09 1.64 8.87 7.09 6.41 6.35 6.71
MnO 0.87 0.83 0.56 0.92 0.56 0.45 0.52 0.45
FeO 19.48 15.11 9.74 22.99 15.34 15.23 15.26 14.23
MgO 10.49 10.07 13.15 7.25 10.85 11.59 11.74 11.92
CaO 11.16 17.38 16.72 11.52 11.23 11.46 11.47 10.28
Na,O 1.59 1.47 1.61 1.43 1.53 1.36 1.27 1.11
PbO 0.02 0.06 0.02 0.03 0.09 0.05 0.02 0.02
K,0 1.32 0.52 0.21 1.46 0.79 0.86 0.73 1.75
F 1.09 0.42 0.26 0.54 0.51 0.70 0.52 0.69
Cl 0.01 0.01 0.01 0.01 0.02 0.00 0.01 0.01
Total 98.33 99.06 97.07 96.61 96.02 96.08 97.69 94.05
Si (apfu) 6.84 7.43 7.75 6.50 7.13 7.14 7.30 7.15
Al* 1.15 0.46 0.20 1.50 0.87 0.86 0.70 0.85
Ti 0.02 0.03 0.02 0.03 0.11 0.10 0.05 0.07
AlVI 0.11 0.24 0.19 0.15 0.40 0.29 0.41 0.39
Fe¥* 0.47 0.23 0.06 0.62 0.00 0.04 0.08 0.01
Fe? 2.00 1.82 1.19 2.40 1.94 1.89 1.83 1.70
Mg 2.37 223 2.87 1.70 2.45 2.62 2.59 2.75
Mn** 0.11 0.18 0.09 0.12 0.00 0.06 0.07 0.08
Ca 1.81 1.92 191 1.94 1.82 1.86 1.82 1.69
Na 0.10 0.10 0.20 0.03 0.18 0.13 0.17 0.08
Na 0.37 0.39 0.37 0.40 0.27 0.27 0.19 0.29
Pb 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K 0.26 0.13 0.0 0.29 0.15 0.17 0.14 0.36
OH 1.47 1.79 1.87 1.73 1.75 1.67 1.75 1.66
F 0.53 0.53 0.27 0.27 0.24 0.33 0.24 0.34
Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations' 17.63 17.49 17.04 17.68 17.32 17.41 17.34 17.42

Apuf = atoms per formula unit.
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Negra granites show Al O, ranging from 1.62 to 1.20wt.%,
slightly higher than those recorded in titanites analyzed from
the Serra Branca granites (0.87 to 1.25wt.%).

The titanite REE patterns, normalized to the chondrite
(Nakamura 1974), are shown in Figure 9. The titanite from
the Serra Negra Pluton is light rare earth elements (LREE)
enriched compared to the titanite from the Serra Branca gran-
ites. In the La versus Sm (Fig. 10A) and Ce versus Yb (Fig. 10B)
diagrams, the titanite from the Serra Branca granites shows
lower Ce and Sm contents and similar La and Yb contents,
compared to those of the Serra Negra granites.

CRYSTALLIZATION CONDITIONS

The crystallization conditions (pressure, temperature and
oxygen fugacity) were determined using petrography, min-
eral chemistry and Zr contents in whole-rock geochemistry
(Tab. 6). Magmatic amphibole (Czamanske & Wones 1973)
and plagioclase in equilibrium with magmatic amphibole were

used to define crystallization conditions.

Amphibole geothermobarometry

Studies carried on the paragenesis of calcic amphibole in
mafic (meta-) igneous rocks (Spear 1981, Mader & Berman
1992, Ague & Brandon 1992, Ague 1997, Ernst & Liu 1998,
Tulloch & Challis 2000) showed that with increasing pres-
sure-temperature (P-T) conditions, calcic amphiboles exhibit
an increase in Mg/(Mg + Fe) and K, Al, Na, and Ti contents
and a decrease in Siand total Fe + Mg + Mn + Ca. Pressure con-
ditions of crystallization, deduced from contact aureoles or

experimentally controlled runs, are linearly correlated with the
Al content in magmatic amphibole. Many calibrations of the
Al-in-amphibole barometer have been published (Hollister et al.
1987, Johnson & Rutherford 1988, Rutter et al. 1989, Blundy
& Holland 1990, Schmidt 1992, Anderson & Smith 1995,
Ernst & Liu 1998), since the pioneer work of Himmarstrom
and Zen (1986).

Table 3. Feldspars composition of the Serra Branca amazonite
pegmatite, Serra Branca and Serra Negra granites.

Serra  Serra Serra Serra  Serra
. Branca Negra Branc? Branca Negra
Lithotypes . i amazonite R i
granite granite pegmatite granite granite
Alkali Feldspar Plagioclase
SiO, (wt.%) 65.08  64.48 64.90 6822  66.89
ALO, 1727 17.06 16.81 18.99  20.59
FeO 0.08 0.03 0.13 0.17 0.07
CaO 0.01 0.01 0.01 1.05 2.46
Na,O 0.73 0.52 0.59 10.75  10.12
K0 1543 15.58 15.40 0.16 0.15
Total 99.44 9840 98.76 99.75  100.50
Trace elements in ppm
PbO 259.9  433.1 606.4 259.9 0.0
Cs,0 9432 660.3 943.2 848.9 0.0
Rb,O 0.0 91.4 5212.1 0.0 0.0
BaO 4388.7 3493.1 447.8 3583 3583
An 0.02 0.07 0.0S 6.04 11.74
Ab 7.22 4.83 5.46 93.01 8743
Or 92.77  95.10 94.48 0.90 0.83

Figure 7. (A) Classification diagram of amphiboles Si'V versus (Na + K + Ca) with fields defined by Czamanske and Wones (1973);
(B) Amphibole classification diagram from Leake et al. (1997); (C) Amphibole classification diagram from Leake et al. (1997); (D) AI"Y vs
Fe/(Mg+Fe) diagram with oxygen fugacity fields of Anderson & Smith (1995).
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Figure 8. (A) An-Ab-Or ternary diagram for feldspar classification (Deer et al. 1992); (B) Fe,O, vs FeO vs TiO, ternary diagram for oxides

classification from Buddington & Lindsley (1964).

Table 4. Overall chemical composition of the Serra Branca and
Serra Negra granites.

Lithotypes Serra Branca granite  Serra Negra granite
SiO, (wt.%) 30.56 30.02
ALO, 1.16 1.63
F 0.77 0.72
TiO, 35.97 36.04
CaO 27.53 27.79
FeO 2.32 2.60
Total 98.32 98.81
Trace elements in ppm
Er,O, 175 262
Tm, O, 175 0
Yb,0, 88 263
Ho,0O, 524 436
Lu,0, 88 88
Dy,0O, 0 349
Tb,0, 0 0
Sm,O, 259 1,121
Gd,0, 174 174
Eu,0, 86 345
ThO, 281 187
Pr,0, 256 598
Nd,0, 979 1,957
Ce,0, 2,903 2,561
La O, 1,023 S12
Uo, 1,587 1,763
REE" 8,597 10,617

Table S. Titanite chemical composition of the Serra Branca and
Serra Negra granites.

Lithotypes Serra Branca granite Serra Negra granite
Cr,0, (wt.%) 0.09 0.04
ALO, 1.29 0.09
TiO, 10.59 0.05
FeO 28.21 31.16
Fe,O, 53.19 69.68
MgO 0.04 0.02
MnO 4.80 0.14
NiO 0.01 0.00
V.0, 0.27 0.20
Total 98.48 101.40
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Figure 9. Rare earth elements contents of titanite crystals
normalized to the chondrites values of Nakamura (1974).

The buffering equilibrium assemblage: quartz + hornblende
+ plagioclase (oligoclase or andesine) + K-feldspar +
biotite + titanite + magnetite (or ilmenite) is required in
calc-alkalic granites, in order to use the total Al-in-hornblende
as a pressure crystallization indicator. This assemblage is present
in the granites from the studied plutons, except by the albitic
composition of the plagioclase recorded in the Serra Branca
granites. Only amphibole with Fe /(Fe + Mg) ratio < 0.65 can
be used in the in Al-in-hornblende barometer (Anderson &
Smith 1995). The Fe /(Fe, + Mg) ratio of amphibole is in the
range of 0.65-0.45 and 0.53-0.48 for the Serra Negra and
Serra Branca granites, respectively.

Schmidt (1992) proposed an Al-in-amphibole barom-
eter, experimentally calibrated under water-saturated
conditions at pressures of 2.5-13 kbar, fO, < NNO and
temperatures of 700-655°C with a precision of 0.6 kbar
[P(0.6kbar) = 4.76Al- 3.01]. Anderson and Smith (1995),
using experimental data at ~675°C (Schmidt 1992) and at
~760°C (Johnson & Rutherford 1989), revised the calibration
of Schmidt (1992) incorporating the effect of temperature,


https://www.sciencedirect.com/science/article/pii/S0024493710003026#bb0010
https://www.sciencedirect.com/science/article/pii/S0024493710003026#bb0010
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obtained by the geothermometer plagioclase — amphibole:
P(+0.6Kkbar) = 4.76AL__-3.01 - {[T("C)-675]/85} x {0.53A]_,
+0.00529 x [T(°C)-675]}.

Using the Anderson and Smith (1995) geobarome-
ter with crystallization temperatures obtained through the
amphibole-plagioclase geothermometer, pressure in the
4.72-5.42 + 0.6 kbar range were obtained for the crystalliza-
tion conditions of the Serra Negra granites, while the Serra
Branca granites crystallized at higher crust under pressures
0f2.71-2.84 + 0.6 kbar.

Geothermometer amphibole - plagioclase

The geothermometer amphibole - plagioclase can be used
for granitic rocks when amphibole occurs in equilibrium with
plagioclase. Blundy and Holland (1990), based on the reac-
tions: edenite + 4quartz <> tremolite + albite and pargasite
+ 4quatz <> hornblende + albite, correlated the temperature
with the Al" contents in amphibole and albite molecule in
plagioclase. The use of the amphibole — plagioclase geother-
mometer is conditioned to the following rules: the amphibole
should have Si < 7.8 apfu (atom per formula unit) and the
plagioclase composition with An < 92%. Both conditions are

achieved by the Serra Negra and Serra Branca granites. The pla-
gioclase — amphibole equilibrium temperatures, obtained
through the Blundy and Holland (1990) geothermometer,
were 666—670°C for the Serra Branca granite,and 711-751°C
for the Serra Negra granite (Tab. 6).

Zircon saturation geothermometer

This geothermometer is based on the principle that Zr
partition coeflicients in crustal felsic magmas are a function of
temperature (Watson 1979, Watson & Harrison 1983, 1984).
Watson and Harrison (1983) stablished an equation to define
the zircon crystallization temperatures, using the zircon contents
in the whole-rock composition. Zircon saturation thermome-
ter (Watson & Harrison 1983) defined temperatures within the
768-792°C range to the Serra Branca granites crystallization and
756-762°C to the Serra Negra granites crystallization (Tab. 6).
The recorded temperatures are higher than those defined by
the amphibole - plagioclase thermometer, which is expected,
due the early crystallization of zircon, and are interpreted as the
liquidus minimum temperature. On the other hand, the higher
temperature can be caused by the presence of inherited zircon

grains as have been reported from many plutons in the region.

Figure 10. (A) Titanite crystals from the studied granites plotted on the La, versus Sm, diagram; (B) Titanite crystals from the studied

granites plotted on the Ce versus Yb, .

Table 6. Temperature and pressure data obtained from the amphibole-plagioclase geothermometer and zirconium saturation, and the total

Al geobarometer in amphibole.

Lithotypes Serra Branca granite Serra Negra granite
T (£75°C)
amphibole-plagioclase 670°C 670°C 670°C 667°C 751°C 741°C 711°C
geothermometer

+
P (£0.6 kbar) 273kbar  2.80kbar  2.68kbar  27l1kbar | S42kbar  S.09kbar  4.72kbar
amphibole barometer
TeC . 793°C 768°C 776°C 763°C 756°C 773°C
Zr saturation geothermometer
LogfO, -17.41 -17.39 -17.39 -17.51 -14.63 -14.94 -15.83
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Oxygen fugacity

Oxygen fugacity is a magmatic source dependent (Loiselle
& Wones 1979, Gill 1981, Wones 1989, Ishihara 1998), and
it has an important influence on the liquidus temperature
(Wones 1989) and therefor on, melt, mineral composition
(Abbott & Clarke 1979, Abott 1985), magmatic process con-
trol, crystallization sequence, and types of crystallized miner-
als (Botcharnikov et al. 2005, France et al. 2010). According to
Wones (1989), the equilibrium assemblage hedenbergite +
ilmenite + oxygen < titanite + magnetite + quartz is import-
ant in distinguishing relatively oxidized from relatively reduced
granitic rocks. The equilibrium expression is expressed by log
fO,=-30930/T +14.98 + 0.142(P -1)/7, where T is the tem-
perature (in kelvins) and P is the pressure (in bars). Occurrences
of hedenbergite-rich clinopyroxene and ilmenite in granitic
plutons imply oxygen fugacities like those required for the
stability of fayalite. When the assemblage titanite + magne-
tite + quartz occurs with clinopyroxene or amphibole with
intermediate or higher Mg/ (Mg + Fe) ratios, a relatively high
oxygen fugacity is implied.

The fO, values for the Serra Branca granites crystallization
are in the 107 order, while the Serra Negra fO, values are in
the order of 10** to 107'%. The data suggests that both granites
crystallized under high fO, above the hematite buffer (Fig. 11),
confirming the results obtained by the chemistry of amphibole.

U-Pb GEOCHRONOLOGICAL DATA

Zircon grains from two granitoid samples (AJ-94 - Serra
Negra Pluton; AMZ-115 - Serra Branca Pluton) were selected to
define the crystallization ages of the studied plutons. The rocks
were initially crushed and sieved, and the grain separation was
done through conventional gravimetric and magnetic methods.

U-Pb zircon analyses were carried out at the Geochronology
Laboratory of the Universidade de Brasilia using a Thermo-
Fisher Neptune high-resolution multicollector ICP-MS cou-
pled with a Nd: YAG UP213 New Wave laser ablation sys-
tem, using the standard-sample bracketing method (Albaréde
et al. 2004). The GJ-1 standard zircon (Jackson et al. 2004)

Figure 11. Oxygen fugacity of the studied granites obtained from
the log fO, versus 10°/T (°K) diagram (Wones 1989).
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was used to quantify the amount of ICP-MS fractionation.
The integration time was 1 s, and the ablation time was 40 s.
A25-um spot size was used, and the laser settings were 10 Hz
and 2-3 J/cm? 2*Pb/*’Pb and ***Pb/***U ratios were time
corrected. Common ***Pb was monitored using the **Hg and
(***Hg/***Pb) masses. Common-Pb corrections were not done
due to low signals for 2*Pb (< 30cps) and high 2*°Pb/>**Pb
ratios. The zircon standard 91500 (Jackson ef al. 2004) was
analyzed as an external standard.

Age calculations were performed using in-house developed
Excel worksheets. Backscattered images were used to investi-
gate the internal structures of individual zircon crystals prior
to each analysis, in order to define the better grains and spot
locations. Discordant ages were defined by (1-[*¢Pb/>*U age/
207Pb/2%Pb age] *100) > 10.

Sample AJ-94

This sample is a biotite amphibole granite (6°32°52”S,
38°17°35”W). The zircon grains extracted from this granite
are usually prismatic or square-like. Their lengths range from
50 to 150 pm and aspect length/width ratios range from 2:1
to 1:1. Almost all grains show oscillatory magmatic zoning and
fractures (Fig. 12A). They exhibit forms with dominant pres-
ence of {211}, which, according to Corfu et al. (2003 ), are typ-
ical zircon crystal shapes of aluminous to calc-alkaline rocks.

Thirty-six spots on thirty grains were analyzed. All of them
have »*Th/?*¥U ratios > 0.2 which is typical of magmatic zir-
con (Williams & Claesson 1987). Sixteen spots were dis-
carded due to discordance > 10, as also two analyzed spots due
to high **Pb contents and other nine due to high analytical
errors. Nine concordant analyses (Tab. 7) were used to build
up a Discordia (Fig. 12B), which defined a Concordia age of

MSWD: Mean Square Weighted Deviation.

Figure 12. (A) Backscattered images of analyzed zircon grains of the
Serra Negra granite and laser spot locations with their respectively
206Pb /231 ages; (B) Concordia diagram for the Serra Negra granite.
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594 * 4 Ma. This age is interpreted as the crystallization age
of the Serra Negra granitoids. Cores and rims show similar
ages and inherited cores and overgrowths were not recorded.
The crystallization age defined to the Serra Negra granitoids is
similar to those described in some high-K granitoids from the
Transversal sub-province (Guimaraes et al. 2004, Archanjo &
Fetter 2004, Archanjo ef al. 2008, among others).

Sample AMZ-115

This sample comprises a biotite amphibole monzo-
granite collected far away from the pegmatite (6°32°21.4”S,
38°16°45”W). The zircon grains are usually elongate, pris-
matic, with length ranging from 460 to 120 ym and length/
width ratios from 4:1 to 2:1. Most of the grains show {100}

and {101} forms, which are typical zircon grain shapes of dry
alkali and tholeiitic igneous rocks (Corfu et al. 2003).
Thirty grains were analyzed totaling thirty-four spots.
The analyzed zircon grains are euhedral to subhedral and show
igneous zoning (Fig. 13A). Inherited cores (Fig. 13A and Tab. 8)
show Paleoproterozoic *”Pb/***Pb ages (2199 to 2147 Ma)
and high »*Th/**U ratios (>2), reflecting an igneous source
(Williams & Claesson 1987). The recorded ages associated
to the 2*Th/>*%U ratios suggest that these cores were inher-
ited from the orthogneisses country rocks (Caicé Complex).
The zircons with inherited core have rims with igneous zoning,
concordant Neoproterozoic ages and high **Th/**U ratios
(Fig. 13B). Seven spot analyses were discarded due to high

analytical errors and/or high ***Pb content.

Table 7. Summary of laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) data of zircons from rock sample AJ-94 of

the Serra Negra granites.

Isotopic rations Apparent ages

3 207 207 206 207 207 206
oy 200) 200 W 200 ey 00 W £00) Y 200) R T/
ZRIN 0.06072 048 0800 0.94 0.0955 0.71 629 21 597 8 588 8 0.76  1.191
ZR6 0.06046 1.07  0.804 1.66 0.0964 1.20 620 46 599 15 593 14 0.73  0.534
ZR11B 0.06087 0.54 0.810 0.96 0.0966 0.70 635 23 603 9 594 8 0.73 0501
ZR12B 0.05977 0.57 0794 093 0.0963 0.63 595 25 593 8 593 7 0.68 0.511
ZR13  0.0611S 129 0.806 1.88 0.0955 1.31 645 55 600 17 588 15 0.70 0319
ZRI9N 0.06009 1.58 0790  2.14 0.0953 1.39 607 67 591 19 587 16 0.65 0.832
ZR20  0.06147 099 0817 136 0.0964 0.85 656 42 606 12 593 10 0.63 0.524
ZR27  0.05895 2.54 0782  3.61 0.0962 2.53 565 109 587 32 592 29 0.70  0.633
ZR30  0.05990 0.67 0.801 1.08 0.0970 0.76 600 29 598 10 597 9 0.70 0414

Figure 13. (A) Zircon SEM - CL pictures for analyzed zircon grains of the Serra Branca granite and laser spot locations with their respectively
ages (2"Pb/>*Pb ages - Paleoproterozoic,***Pb/?3*U ages — Neoproterozoic); (B) Zoom of the Neoproterozoic zircon cluster showed in (C);
(C) Concordia diagram for all analyzed concordant zircon grains of the Serra Branca granite sample.
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The analyzed spots defined two clusters in the Concordia
diagram (Fig. 13C). The Discordia defines an upper inter-
cept age of 2205 £ 10 Ma and an age of 562 + 4 Ma in the
lower intercept. The Neoproterozoic analyzed spots have a
Concordia age of 563 +2 Ma, which is similar to that defined
in the lower intercept, when all analyzed spots are considered.
This age is interpreted as the crystallization age of the Serra
Branca granitoids.

GEOCHEMISTRY

Nine samples were analyzed by ICP-AES for major ele-
ments and ICP-MS for trace elements, including samples of

granites from the Serra Negra and Serra Branca plutons and
three samples from the Serra Branca amazonite pegmatite.
Whole-rock chemical composition of pegmatites is not com-
mon worldwide due to the difficulties in obtain representative
sample from rocks with large crystals and heterogeneities such
as pegmatites (London 2008). Data from NYF- type pegmatite
are even more scarce (Ercit 2005). In order to achieve the best
representative samples of the Serra Branca amazonite pegmatite,
a transversal sampling including albite and amazonite zones
was done. The pegmatite sampling comprised 300 kg of 3.4 x
0.2 x 0.3 m block. The sample was grinded and quarter, then
milled down to 200 mesh and then subdivided in three sam-

ples for geochemical analyses. The results are shown in Table 9.

Table 8. Summary of laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) data of zircons from rock sample AMZ-115

of the Serra Branca granites.

Isotopic rations Apparent ages
H 207 207 206 207 207 206
o ey 200) o 200 W xao) |y 00 WY £00) Y £00) R /v
ZR2N  0.13452 050 6.517 0.89 03514 0.63 | 2,158 17 2,048 16 1,941 21 0.71  0.550
ZR3B* 0.05972 0.63  0.745 1.07 0.0905 0.78 593 27 565 9 SS8 8 0.73  0.389
ZR4N  0.13773 0.5 7.188 096 03769 0.69 | 2,199 19 2,131 17 2,062 24 0.72  0.286
ZRSN  0.13459 075  6.595 1.09 0.3554 0.70 | 2,159 26 2,059 19 1,960 24 0.64 0.628
ZRSB* 0.05903 090 0.740 121 0.0909 0.71 568 39 562 10 561 0.59 0325
ZR10  0.06071 0.88 0791 1.18 0.0945 0.68 629 38 592 11 582 0.58 0334
ZR11 ~ 0.06023 079 0777 128 0.0936 0.94 612 34 584 11 577 10 0.73 0257
ZRI12N 0.13371 053 6.644 096 03604 0.71 | 2,147 19 2,065 17 1,984 24 0.74 0551
ZR13  0.05839 2.10 0.745 2.81 0.0925 1.82 544 91 565 24 570 20 0.65 0.364
ZR17* 0.05893 121  0.743 174 0.0915 1.19 564 52 564 15 564 13 0.69 0355
ZRI9N 0.13711 0.65 7.588 110 04013 0.81 | 2,191 22 2,183 20 2,175 30 0.74 0489
ZR20B 0.06046 0.55 0.778 1.03 0.0933 0.79 620 24 584 9 575 9 0.76  0.405
ZR27N 0.13734 045 7474 1.01 03947 082 | 2,194 1§ 2,170 18 2,144 30 0.82 0.683
ZR27B* 0.05975 0.57 0751 092 0.0911 0.61 595 25 569 8 562 7 0.67 0.573
ZR28  0.13513 055 6.643 093 03565 0.65 | 2,166 19 2,065 16 1,966 22 0.70  0.339
ZR29* 0.05962 079 0750 1.1S 0.0912 0.75 590 34 568 10 563 8 0.65 0.286
ZR30N 0.13563 0.76  6.545 1.13 03500 0.76 | 2,172 26 2,052 20 1,934 25 0.67 0357
ZR30B* 0.05910 0.80 0.747 121 0.0916 0.83 571 35 566 10 565 9 0.69  0.469

*Zircons used to calculate the Concordia age diagram.

Table 9. Whole-rock chemical data performed by inductively coupled plasma mass spectrometry (ICP-MS) in the Serra Branca.

Lithotypes Serra Negra granite Serra Branca granite Serra Branca amazonite pegmatite
SiO, (wt.%) 66.3 73.47 67.98 68.34 61.06 66.73 72.56 7247 72.21
ALO, 16.56 13.67 15.49 16.06 16 18.18 14.88 14.87 15.01
Fe,O, 2.19 1.87 2.28 2.17 4.8 2.02 0.29 0.28 0.28
MgO 0.37 0.68 1.26 0.39 1.72 0.57 0.04 0.02 0.03
CaO 2.01 1.65 1.94 1.26 2.93 1.45 0.04 0.04 0.04
Na,O 3.69 491 4.53 5.07 4.71 8.74 3.31 3.42 34
K,0 7.64 2.8 5.22 S4 6.86 1.08 8.36 8.26 8.31
TiO, 0.19 0.15 0.26 0.2 0.43 0.23 0.02 0.01 0.01
PO, 0.06 0.08 0.15 0.09 0.34 0.07 <0.01 <0.01 <0.01
MnO 0.07 0.03 0.04 0.04 0.09 0.23 0.02 0.02 0.02
F 0.02 0.05 0.06 0.06 0.07 0.19 0.03 0.02 0.02
Ba (ppm) 2,411 900 2,206 2,009 2,568 75 415 400 407
Be 1 8 2 9 7 34 50 42 40
Cs 12.7 2.8 3 4.1 5.6 50.6 131.8 129.4 129.5
Ga 17.5 17.9 18.4 204 19.7 38.1 S2 53.3 50.4
Hf 3.3 3.2 3.8 4.5 3.1 4.9 24 14.5 2.3
Continue...
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Lithotypes Serra Negra granite Serra Branca granite Serra Branca amazonite pegmatite
Nb 6.6 5.7 8.5 104 7.3 50.5 56.5 74.5 34
Rb 211 97 153 216 200 271 3,004 2,994 3016
Sr 913 1096 1,280 1,429 1,420 508 217 210 213
Ta 0.5 0.4 0.7 0.7 0.5 1.7 8.2 11.5 5.6
Zr 113 104 127 160 121 132 17.5 117.8 12.1
Y 8.6 6 8.3 21.5 17.8 7.2 7.1 7.3 5.7
Cr 68 89 103 130 68 109 82 82 89
Cu 2.1 0.9 0.7 8.1 40.8 3 13.5 13 13.1
Pb 25.9 5.6 4.1 7.2 4.6 38.4 193 189.7 185.6
Zn 22 16 17 27 25 166 23 24 23
La 18.8 14.9 23.2 79 48.6 9.1 1 0.9 0.6
Ce 27.5 24.5 42.8 81L.7 80.8 29.1 LS 2.1 14
Pr 3.38 2.58 4.72 11.7 8.9 1.8 0.23 0.31 0.17
Nd 11.8 8.8 16.7 40.3 33.1 S.8 0.8 1.1 0.8
Sm 2.01 1.76 3.08 6.41 5.76 1.01 0.32 0.39 0.29
Eu 0.83 0.48 0.86 1.92 1.72 0.29 0.1 0.1 0.09
Gd 1.83 1.25 2.28 4.86 4.57 0.95 0.42 0.48 0.35
Tb 0.25 0.19 0.3 0.66 0.59 0.13 0.09 0.08 0.07
Dy 1.44 0.97 1.61 3.41 3.12 0.72 0.57 0.62 0.45
Ho 0.3 0.19 0.34 0.66 0.6 0.2 0.12 0.13 0.1
Er 0.94 0.54 0.78 1.65 1.65 0.64 0.46 0.55 0.33
Tm 0.14 0.08 0.12 0.26 0.23 0.11 0.08 0.12 0.07
Yb 0.93 0.56 0.78 1.55 1.46 0.95 0.8 121 0.54
Lu 0.13 0.1 0.12 0.2 0.22 0.19 0.13 0.23 0.11

The Serra Negra and Serra
Branca granites and the
Serra Branca amazonite pegmatite

The granitoids from the Serra Negra Pluton show higher
SiO, contents (66 — 73wt.%) compared to those of the Serra
Branca pluton (61 — 68wt.%). Granitoids from both plutons
show high total alkalis (K,O + Na,O) contents and K,0/Na,O
ratios > 1. According to the Shand’s index the granitoids of the
Serra Negra Pluton are metaluminous while those from Serra
Branca range from metaluminous to slightly peraluminous
(Fig. 14A). The Alumina Saturation Index (ASI=Al O N (CaO
+Na,O + K,0) of the Serra Negra and Serra Branca granites
varies from 1.2 to 1.4 and from 1.1 to 1.3, respectively.

The Serra Branca granitoids are alkaline while the Serra
Negra granitoids plot in the calc-alkaline to alkaline (Fig. 14B) in
the MALI (NaO, +K,0-CaO) versus SiO, diagram (Frost et al.
2001). The Serra Branca granitoids show Fe# [FeO /(FeO, +
MgO)] ranging from 0.85 to 0.74, and the Serra Negra granit-
oids show 0.86 to 0.64 values, both plotting in the magnesian
field, except for two samples which fall in the ferroan field, in
the SiO, versus (FeO / (FeO,+ MgO) diagram (Fig. 14C), with
classification after Frost et al. (2001). The magnesian granitoids
are associated to crystallization under high fO, condition while
ferroan granitoids are crystallized under low fO, conditions.

The REE patterns of the Serra Negra granites, normalized
to chondrite values of Nakamura (1974), are characterized by
(Ce/Yb), ratios varying from 7.52 to 13.96 and absence of
Eu anomalies (Fig. 15A). These patterns are similar to those
recorded in the tonalitic orthogneisses of the Caicé Complex
(Fig. 15A), except by higher contents of total REE in the Caicé
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tonalitic orthogneisses, which can be explained by amphibole
in the melting residue. The Serra Branca granites show REE
patterns like those of the Serra Negra granites. One sample
classified as medium to fine grained leucogranite, showed
lower LREE and medium rare earth elements (MREE) con-
tents compared to the two other samples. The REE patterns
of the Serra Branca granites are like those of the Serra Negra
granites, with similar (Ce/Yb), ratios (7.52 to 13.96), but
have higher total REE concentration.

The Serra Branca amazonite pegmatite shows very low
LREE contents, heavy rare earth elements (HREE) simi-
lar to those recorded in the Serra Negra and Serra Branca
granitoids, and patterns characterized by Ce/YD ratios < 1.
The Serra Negra REE patterns are characterized by (Ce/Yb)
 ratios ranging from7.52 to 13.96, with absent or positive Eu
anomalies (Fig. 15A).

The spidergrams for the analyzed samples from the Serra
Negra e Serra Branca granitoids are similar in shape, except
by the higher LREE, K, Sr, P, Ti and Y contents in the Serra
Branca granitoids patterns. On the other hand, the spidergram
from the medium to fine grained leucogranite facies of the Serra
Branca pluton is distinct from others Serra Branca and Serra
Negra granitoids. This leucogranite facies is characterized by
higher Cs, Rb, Pb, Nb, Ta, and lower Ba, K, Sr, P and LREE,
being similar in shape to those recorded in the Serra Branca
amazonite pegmatite (Fig. 15B).

In the tectonic setting discriminant diagrams of Pearce
et al. (1984), the Serra Negra granites fall in the volcanic arc
(VAG) and syn-collisional (syn-COLG) fields, and the Serra
Branca granites fall in the VAG, syn-COLG and within plate
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(WPG) fields. In the Pearce (1996) diagram, the Serra Branca
granites fall within the Post-Orogenic granites (POG) field,
while the Serra Negra granites fall in the VAG and syn-COLG
fields. According to Pearce ef al. (1990) and Pearce (1996),
the trace elements composition of a melt generated by litho-

sphere zone undergoing melting can show either volcanic arc or

within plate character, depending on the previous geotectonic
history. Besides that, crustal sources (lower, upper and bulk)
have often a volcanic arc character (Fig. 14D). On the other
hand, Y behaves as a compatible element during melting or frac-
tional crystallization if there is a melt residue or crystallization
assemblage involving amphibole and/or garnet. Thus, these

VAG: volcanic arc granite; POG: Post-Orogenic granites; WPG: within plate granite; SYN-COLG: syn-collisional.

Figure 14. (A) Studied rocks classification according to Shand’s index (1943); (B) SiO, versus MALI (NaO + K,O - CaO) diagram (Frost
et al. 2001); (C) Studied granites plotted on FeO /(FeO, + MgO) versus SiO, diagram (Frost et al. 2001); (D) Tectonic discrimination
diagram of Rb vs. (Y + Nb) (Pearce et al. 1984) for the studied granites (UCC: Composition of Upper Continental Crust, BCC: Composition
of Bulk Continental Crust, LCC: Composition of Lower Continental Crust from Pearce (1996). The gray area represents the composition

from the rocks of the Caicé complex).

Figure 1. Selected chemical data of Serra Branca and Serra Negra granites, Serra Branca amazonite pegmatite and the Caicé Complex
tonalitic orthogneiss: (A) REE pattern normalized by chondrite (Nakamura 1974); (B) Spidergram normalized to the chondrite (Sun 1980).
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discriminant diagrams reflect the source composition and the
processes involved during the magma evolution, rather than

the setting in which the melt was generated and crystallized.

DISCUSSION

The field relationships and geochronological data show
that the Serra Branca pluton is younger than the Serra Negra
Pluton, and the amazonite pegmatite was intruded only into the
Serra Branca granites. The Serra Negra pluton shows elongated
shape, NE-SW-trending, magmatic foliation and S-C foliation,
with C foliation plane aligned parallel to the NE-SW trending
branch of the Lastro and Vieir6polis dextral shear zones, sug-
gesting that the Serra Negra granitoids were emplaced syn- to
late-transcurrence, 594 Ma ago, coeval with high-K granitoids
described in the Transversal subprovince. The crystallization
age (56312 Ma), defined for the granitoids of the Serra Branca
Pluton, confirms the field relationships and dates the end of
the transcurrent regime in the area.

The Serra Negra and Serra Branca granitoids show high
SiO, and Al O, contents, and low compatible elements (MgO,
Cr, Ni) contents, suggesting that their magma sources were
crustal. The Serra Negra granitoids show trace element compo-
sition like those of the Caicé tonalitic orthogneisses (Fig. 15B),
except by slightly higher Th and U contents, suggesting that
the Serra Negra granitoids magma was generated by partial
melting of a source geochemically similar to the Caicé tonal-
itic orthogneisses. A large percentage of melting from a source
like the Caic6 complex may explain the similarities between
the trace elements composition of the Serra Negra granites and
the Caicé orthogneisses and the absence of inherited zircon
grains. The VAG signature of the Serra Negra granites is also
an effect of their derivation from the Caicé orthogneisses, as
shown in the Rb versus (Y + Nb) discriminant tectonic setting
diagram (Pearce 1996), where the Caicé orthogneisses have
a VAG signature (Fig. 14D). The detailed geochemical data
presented by Souza et al. (2007) also shows that the Caicé
tonalitic orthogneisses have a subduction-related signature.
The presence of diorite enclaves hosted by the Serra Negra
granites suggests that the necessary heating to promote the
orthogneisses melting may have the influence of mafic mag-
mas from the lithospheric mantle, ascending through the shear
zones. However, isotopic data are necessary to confirm this
hypothesis. The crystallization of the Serra Negra granitoids
occurred at the medium crust (12 to 15 km) under high fO,.

The Serra Branca granites are isotropic and post-transcur-
rence or post orogenic according to Pearce (1996) discrimi-
nant tectonic setting (Fig. 14D). The coarse-grained facies of
the Serra Branca pluton are geochemically similar to the Serra
Negra granitoids and Caicé orthogneisses, except by higher
Na,O, LREE, P and Ti contents, which suggests that the Serra
Negra and Serra Branca granites share similar sources i.e., the
Caicd orthogneisses. However, the trace element composition
of the most differentiate facies (medium grained leucogranites)
of the Serra Branca pluton is distinct from the coarse-grained
facies by having higher incompatible element (F, Pb, Rb, Cs,
Nb and Ta) contents and lower Ba, Sr, Y and LREE contents,
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resembling in shape the trace element patterns of the Serra
Branca amazonite pegmatite. During low degree of crustal
melting atlow-T conditions, or during fractional crystallization,
Pb becomes strongly enriched in the melt relative to Ba and
also relative to its source rock contents, because Pb is a more
incompatible element. On the other hand, anatexis at high-T
condition and large degree of partial melting produce melts
less enriched in Pb and less depleted in Ba or even enriched
relative to source rock (Finger & Schiller 2012).

The incompatible Pb behavior, associated to K-feldspar
and/or plagioclase fractional crystallization, and low-T crys-
tallization temperature of the Serra Branca granites explain the
high Pb and lower Ba contents in the Serra Branca amazonite
pegmatite. According to Martin (2004), efficient fractionation
leads to NYF-type pegmatites, with peralkaline or metalumi-
nous signature. Mildly peraluminous character can be devel-
oped in epizonal plutons due to alkali loss during degassing.
The Serra Branca granites crystallized at depth between 7.8
and 9.5 km, under high fO, conditions, and are metaluminous
to slightly peraluminous.

The evolution of the Serra Branca granites magma involved
fractional crystallization of = K-feldspars, titanite, apatite and
allanite (Fig. 16), leading to a melt enriched in incompatible
elements (Cs, Pb, Rb, U, Ta, Nb) that crystallized as the leu-
cogranite, and a residual melt even enriched in Pb and Rb,
and LREE depleted. The melt continues fractionating apa-
tite, titanite and allanite, resulting in a volatile rich product
that finally crystallized as the amazonite pegmatite (Fig. 16).
These variations, associated to the epizonal character of the
Serra Branca pluton, provide evidence that the Serra Branca
amazonite pegmatite resulted from extreme fractional crystal-
lization of the Serra Branca granitic magma, which was gener-
ated by low degree of partial melting of a source similar to the
Caicé orthogneisses, under high fO, condition and relatively
low T conditions. The origin of the Serra Branca granitic magma
by partial melting of orthogneisses of the Caicé Complex is
supported by the presence of inherited Paleoproterozoic zir-
con cores in the Serra Branca granites (Fig. 13). The absence
of inherited zircon grains in the Serra Negra granites may be

explained by higher magma temperatures.

The Serra Branca amazonite
pegmatite and its similarities
with pegmatites worldwide
The classification of granitic pegmatites proposed by
Cerny and Ercit (2005) is the most accepted worldwide.
This classification deals with geological location and divided
the granitic pegmatites into five classes (abyssal, muscovite,
muscovite — rare-element, rare-element and miarolitic), with
most of them subdivided into subclasses taking under consid-
eration geochemical and geological characteristics. This clas-
sification also divided the pegmatites of igneous sources into
three families:
*  NYF family with progressive accumulation of Nb, Y and F
(besides Be, REE, Sc, Ti, Zr, Th and U), fractionated from
subaluminous to metaluminous A- and I-type granites with

crust or mantle contributions;



Braz. J. Geol. (2020), 50(2): e20190083

e LCT family with high Li, Cs and Ta (besides Rb, Be, Sn,
B, PandF) contents, derived mainly from S-type granites,
less commonly from I-type granites;

* mixed NYF + LCT.

The evidences for the Serra Branca amazonite pegmatite
to be a NYF-type (Cerny & Ercit 2005) are:

* lack of Al- and Li-rich mineral phases, which are typical
in the mineral assemblage of LCT-type pegmatite, occur-
rence of pyrochlore, rutile and ilmenite (high field strength
elements-rich mineral phases) and biotite which are typi-
cal mineral phases of NYF-type pegmatites (Wise 2017);

* high Nb, Y, F, Ta, Rb and Pb contents;

* amazonite megracrysts mineralization, which, accord-
ing to Martin et al. (2008), is a rare pegmatite mineral-
ization in a global level, and its occurrence is restrict to

NYF-type pegmatite.

Wise (1999) proposed a classification of the NYF peg-
matites, based on 40 occurrences of post-tectonic to anoro-
genic plutons emplaced at shallow levels into non-compres-
sional environment. He divided the NYF pegmatites into
three groups, based on the alumina saturation of the paren-
tal granite, as peralkaline, metaluminous and peraluminous.
Each group was subdivided using characteristic mineralogi-

cal and geochemical features. The metaluminous group, as the

case of Serra Branca amazonite pegmatite, was subdivided in

three subtypes:

e allanite subtype enriched in LREE (£Ti, Zr, F);

* euxenite subtype characterized by Nb >Ta, Ti, Zr, Y, P,
LREE to HREE minerals;

* the gadolinite subtype, with Be, Y + HREE, Nb > Ta, Tj,
Zr, P and F.

The Serra Branca amazonite pegmatite have moderate Be
(40 to SO0 ppm) contents, Be-bearing mineral phases (helvine
and phenakite) within the amazonite zone and HREE contents
higher than LREE contents, which characterizes the studied
pegmatite as a gadolinite subtype.

According to Cerny and Ercit (2005), the NYF-type
pegmatites are associated to metaluminous I- (syn-, tardi- to
post-orogenic, NYF-I) and A-type granitoids (anorogenic,
NYF-A). The Serra Branca amazonite pegmatite are likely from
NYF-Isubtype, due its derivation from the I-type Serra Branca
granites, originated from partial melting of orthogneisses of
the Caic6 Complex.

Whole-rock geochemical data for NYF pegmatites is rare
in the literature. However, some data, available for NYF-type
pegmatites without amazonite mineralization from the Hearne
Province in northern Saskatchewan, Canada (McKeough et al.
2013), and three others, one amazonite pegmatite and two

without amazonite mineralization, from Evje-Iveland, Norway

Figura 16. Selected variation diagrams (A) K,0/Rb vs Rb; (B) K,0/Rb vs Cs; (C) LREE vs K,0/Cs; (D) Y vs K,0/Rb, showing the
magma evolution of the Serra Branca granites and amazonite pegmatites for a fractional crystallization of (1) £K-feldspars, titanite, apatite
and allanite; (2) apatite, titanite and allanite. Legend: Serra Branca granite (black triangle), fine-grained leucogranite facies of the Serra Branca

granites (orange triangle), and Serra Branca amazonite pegmatite (green triangle).
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(Snook 2014), were used to compare with the Serra Branca
amazonite pegmatite. The pegmatites from the Hearn Province
is divided into two groups: hybrid pegmatites and simple peg-
matites. The hybrid pegmatites represent complex-type hybrid-
ized pegmatites, due to metasomatic interaction with the host
rocks (McKeough et al. 2013).

The Serra Branca amazonite pegmatite shows REE pat-
terns very distinct from both pegmatite groups of the Hearne
Province and Evje-Iveland (Fig. 17). The REE pattern of the
Serra Branca amazonite pegmatite are characterized by very
low REE contents mainly LREE, with LREE/HREE ratios > 1.
On the other hand, the REE patterns of pegmatites from the
Hearne Province and Evje-Iveland show deep negative Eu
anomalies, and most of them have LREE/HREE ratios ~1,

The Serra Branca amazonite pegmatite spidergrams (Fig. 18)
normalized to the Sun (1980) chondrite values are distinct
from both the Evje-Iveland and those of the Hearne Province
pegmatites by lower Th, U, LREE, P and higher Cs, Rb, Pb
contents. Besides that, the Serra Branca amazonite pegmatite
is geochemically distinct from the Evje-Iveland pegmatite by
peak at Sr, lower Ti, and higher Ba, K, Nb and Ta contents
(Fig. 18). The pegmatites from Evje-Iveland share similar
incompatible elements patterns, except by lower contents of
Ba and Sr recorded in the amazonite mineralized pegmatite.

The simple pegmatites of the Hearne Province show a geo-
chemical uniform behavior, and lower Ta and Nb and higher Ti

contents compared to the Serra Branca amazonite pegmatite.

The hybrid Hearne Province pegmatites show distinct incom-
patible element patterns. Compared to the Serra Branca ama-
zonite pegmatite, the Hearne Province pegmatites show higher
and lower Ti, Sr, Nb, Ta and Ba contents, but are always U-, and
Th-rich and Cs, Pb, Rb and Ba depleted. It suggests that metaso-
matic interaction with the host rocks was not a process involved
in the Serra Branca amazonite pegmatite magma evolution.

CONCLUSIONS

The Serra Negra and Serra Branca granitoids resulted from
distinct degree of partial melting of similar sources, and have
crystallization ages 594 £ 4 Ma and 563 2 Ma, respectively.
The Serra Negra granites were emplaced syn- to tardi- transcur-
rent events, associated to the Lastro and Vieirdpolis shear zones,
and crystallized in the middle crustal levels under higher fO,
conditions and temperatures within the 711-751°C interval.

The Serra Branca granites are post-transcurrent ( post-oro-
genic), emplaced at shallower levels, under high fO,. The Serra
Branca granitic magma evolved by fractional crystallization of
+ K-feldspar, titanite, allanite, apatite leading to melts rich in
incompatible elements, the Serra Branca leucogranitic facies,
and the Serra Branca amazonite pegmatite.

The Serra Branca amazonite pegmatite is the first peg-
matite characterized mineralogically and geochemically as
a NYF-type gadolinite subtype within the BP and comprise

rare pegmatites with economic importance outside the Seridé

Figure 17. Comparison of spidergrams for the Serra Branca amazonite pegmatite, pegmatites of the Evje-Iveland pegmatite field (Snook
2013) and the simple and hybrid pegmatites from the Nothern Saskatchewan (McKeough et al. 2013) normalized to the chondrite values

of Sun (1980).
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Figure 18. Rare earth elements (REE) pattern from the Serra Branca amazonite pegmatite, pegmatites of the Evje-Iveland pegmatite field
(Snook 2013) and the simple and hybrid pegmatites from the Northern Saskatchewan (McKeough et al. 2013) normalized to the chondrite

values of Nakamura (1974). Symbols as in Figure 15.

Pegmatite Province. They constitute, worldwide, a geochemi-
cally unique pegmatite occurrence of NYF type, due theirlow
LREE, high Pb and Rb contents.
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