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ABSTRACT

The Alto Quixaba pegmatite, Serido region, northeastern Brazil, is a 60° /80° SW-trending subvertical dike
discordantly intruded into bictite schists of the Upper Neoproterozoic Seridd Formation. It has three distinct
mineraogical and textural zones, besides a replacement body that cuts the pegmatite at its central portion
and in which occur, among other gem minerals, colored elbaites. Elbaites usually occur as prismatic crystals,
elongate according to the c-axis, with rounded faces and striations parallel to thisaxis. Optically, crystalsare
uniaxial negative with strong pleochroism; refractive index extraordinary axis = 1.619-1.622 and ordinary
axis=1.639-1.643, birefringence between 0.019 and 0.021, averagerelative density of 3.07, and thefollowing
unit cell parameters: a0 = 15.845 A, co=7.085 A and V = 1540.476 A. Thereis alkali deficiency in the X
site of 12-17%. The elbaites are relatively enriched in MnO (1.69 to 2.87%) and ZnO (up to 2.98%).
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INTRODUCTION

Numerous occurrences of elbaite-bearing peg-
matites in the Borborema pegmatitic province,
northeastern Brazil, have been reported in the last
years. The elbaites are found as blue, violet-blue,
greenish blue, green and dark green crystals, aswell
as rare bi- and tricolored zoned crystals, in which
cores are deep pink, characteristics that make the
Serido region to become worldwide known as pro-
ducer of rare gem-quality tourmalines. In spite of
this, only few studies on the crystal chemistry of
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tourmalines of the many pegmatites in the region
have been carried out.

One important characteristic of these elbaites
istheir high Cu contentsthat are responsible for the
hues of blueand green colors, such asthosefrom the
Boqueiraozinho and S&o José da Batalha pegmatites
studied by Brandstaetter and Niedermayr (1994) and
Rossman et al. (1991).

The objective of this study is to present some
of the crystallographic, chemical, and gemological
aspectsof elbaitesfromthe Alto Quixabapegmatite,
and make some inferences about the origin of tour-
maline color.
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GEOLOGICAL FRAMEWORK

The studied pegmatite occurs in the Borborema
pegmatitic province, part of the Neoproterozoic
Seridé tectonostratigraphic terrane, in the Borbore-
ma structural province (Almeida et al. 1981). The
Serid6 terrane is mostly made up of polideformed
Neoproterozoic Seridé Group metasedimentary
rocks, and discordantly overlies rocks of the Caicé
Complex basement and is congtituted, from base
to top, by the Jucurutu, Equador and Seridé For-
mations. These sedimentary seguences, metamor-
phosed in the amphibolite facies, are intruded by a
large volume of plutonic, mostly granitic, Neopro-
terozoic rocks, during the Brasiliano orogenic cycle.

The Borborema pegmatitic province (Paiva
1946), at the eastern and southeastern part of the
Serido6 terrane, is characterized by a large number
(around 1500 occurrences; Silva 1995) of heteroge-
neous, both simple and complex pegmatite plutons
dated between 450 and 510 Ma. Pegmatites lack-
ing economically important minerals consist of K-
feldspar, albite, quartz, and muscovite, while min-
eralized pegmatites contain Nb, Ta, Sn, Be, Li, P, U,
and Th-rich minerals, and carry many varieties of
quartz and gem-quality minerals. Two major areas
of occurrence are described in the province; one of
them encompasses beryl-bearing pegmatites and the
other one, tourmaline-bearing pegmatites. The Alto
Quixaba pegmatite is one of the tourmaline-bearing
pegmatites, intrusiveinto biotite schistsof the Seridd
Formation, occurring at about 15 km NE of the Frei
Martinho town, north of the State of Paraiba, near
the boundary with the State of Rio Grande do Norte

(Fig. 1).

THE ALTO QUIXABA PEGMATITE

The Alto Quixaba pegmatite is a typica zoned
granitic pegmatitic body enriched in lithophile el-
ements, composed of two distinct bodies that are
perpendicularly intercrossed. One of them, of ma
jor economic importance, is about 15 m long and
6 m of average width. It is N60°W oriented, with
average dip of 80°SW, discordant in relation to the
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N50°E-host rocks, which dip 75°SE in the local
site (Fig. 1).

This pegmatitic pluton presents large miner-
alogical and textura variations, alowing to the
recognition of three main zones (Fig. 2): (@) an
externa zone composed of K-feldspar, quartz and
muscovite, besides black tourmaline that occurs ei-
therin massiveaggregatesor small, brittlecrystalsof
the schorl type; (b) an intermediate zone, afew me-
ters wide, in which microcline, quartz, albite, mus-
covite, ambligoniteand yellowish green beryl occur,
besides accessory metallic minerals such as micro-
lite, tantalite to manganotantalite, and blueto green-
ish bluetourmaline, which usualy isopaque, radial,
associated with K-feldspar, and less common, with
guartz; and (c) an inner zone (nucleus) composed of
grayish quartz that, although not well defined, seems
tooccur asaseriesof small, narrow and elongatedis-
continuous segments. The contacts among the three
zones are gradational.

There is a subvertical, replacement body in-
tercepting the central part of the pegmatite, a typ-
ical replacement body that is usualy found in or
around complexly-zoned granitic pegmatites. This
alteration zone has an average diameter of 1.5 m, at
least in the interval of exposure during the present
last stage of digging, and show gradational con-
tacts with the unaltered pegmatite. In this alter-
ation zone, the majority of the elbaite tourmaline of
different colors occurs, most of them of good gem
quality, and aways found associated with cleave-
landite, lepidolite, bipyramidal light-smoked quartz
crystals, which are in some cases cut by green tour-
maline, iridescent manganotantalite, and dark green
to green microlite, which usually occurs associate
with cleavelandite, are also present in this replace-
ment body. Some microlite crystals are translucent,
usually showing flat habit, but crystals with typical
octahedral forms are also present.

This replacement body clearly represents an
enrichment phase of the Alto Quixaba pegmatite,
as indicated by the presence of Na, Li, and other
elements such as B, Zn, Mg, Mn, Cu, Ti e F, which
are incorporated in the elbaite tourmaline, besides
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Fig. 1 — Location of the Borborema province in northeastern Brazil (insert of A); (A)
geological sketch of the Seridd foldbelt; (B) location of the Alto Quixaba pegmatite,
intruded into biotite schists of the Seridé Formation of the Seridé Group. Geological
units shown in (B) are from E.F. Jardim de Sa (unpublished data).

some metallic elements in tantalates (A.C.M. Fer-
reira, unpublished data). This replacement body is
texturally and chemically similar to alteration zones
described in granitic pegmatitic bodies elsewhere,
which are interpreted as representing the final resid-

ual water-rich melt rich in silica, alumina, water,
halogens, alkali and lithophile elements, and reflect
structural and chemical activities during pegmatite
crystalization (e.g. Guilbert and Park 1986). The
presence of ateration zone coupled with rare miner-
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Fig. 2 — Geological sketch of the Alto Quixaba pegmatite showing its textural and
mineralogical zonation (A.C.M. Ferreira, unpublished data). Descriptions of each zone

are provided in the text.

as such as elbaite, manganotantalite and microlite,
among others, define this as a zoned, complex peg-
matitic body, according to of Cameron et al. (1949)
and Norton (1983) criteria.

SAMPLES AND ANALYTICAL METHODS

Over 80 tourmaline samples, crystals and fragments
of a single crystal, many of them of gem quality,
have been collected from the Alto Quixaba peg-
matite. The size of individual tourmaline crystals
variesfromfew cm upto 6 cmin length. Twenty six
gem-quality crystals varying in weigh from 0.35 to
5.4 carats were cut and polished for determination
of pleochroism, refractive index and birefringence,
at the Gemological Center of Northeast, Federal

An Acad Bras Cienc (2005) 77 (4)

University of Campina Grande. Refractive indexes
have been measured in an Eickhorst refractometer
for solids model GEMled. For each sample, 10-15
measurements have been made.

The unit-cell study of selected samples of four
different colors was done using powder dia
grams obtained in a diffractometer Rigaku Denki,
at the Department of Mining Engineering, Federal
University of Pernambuco. Radiation used was Cu
Ka, agraphite monochromator filter, in the follow-
ing conditions of operation: 30 mA and 40 kV,
speed of the goniometer of 4°/minute, and paper
of 40 mm/minute, with the diffractometer varying
from approximately 10° to 70°.

The cell parameters, caculated using the
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method of Ito (Vilarroel-Leo 1971), are displayed
in Table |, which a so shows representative powder
diagrams for blue and green elbaites of the Alto
Quixaba pegmatite, as well as the values for an -
baite of the JCPDS (Joint Committee of Powder
Diffraction Standard) system, number 21251, for
comparison.

Electron microprobe and ICP-AES chemical
analyses have been performed in five samples of el-
baites of different colors. Chemical analyzes were
performed at the University Pierre et Marie Curie,
France, using an electronic microprobe CAMECA
model SX-50, inthefollowing conditionsfor all an-
ayzed elements, except for B: 15kV, 10 nA, 10 um
diameter of the electron bean, and 20 s counting
time. A 10 kV voltage and a counting time of 5 s
wereused for the analyses of B. Reference materials
usedwere: diopside(Si, Mg, Ca), synthetichematite
(Fe), orthoclase (K, Al), pyrophanite (Ti), abite
(N@) and boron nitrate (B). Minor elements have
been corrected using conventional programs PAP e
ZAF. Lithium and other minor elements have been
analyzed by |CP-AESat the Sai nt-Etienne School of
Mines, France. Structural formulae were calculated
on the basis of 29 oxygens, assuming a complete
occupation of 4 anionsin the hydroxilasite, follow-
ing the procedures described by Henry and Guidotti
(1985). Results are displayed in Tables |1 and 111.

PHYSICAL AND OPTICAL CHARACTERISTICS

The elbaitesfrom the Alto Quixaba pegmatite occur
as elongate prismatic crystals, with rounded faces,
and typical striations parallel to the c-axis; some
crystals are up to 150 g in weigh. They are mainly
blue, violet-blue, greenish blue, green and dark
green crystals; some of them are translucent when
observed perpendicular through the optical ¢ axis.
Two major types of zoning are present; (a) perpen-
dicular to the c-axis, with each extremity showing
one color (e.g. blue and green), and (b) along the
c-axis, giving riseto concentric zoning, inwhich the
coreis greenish blue while therim is green. In this
case, tricolor zoning can aso be observed, usualy
with colors ranging from violet through blue and

green, or deep pink core surrounded by a green or
blue zone, and a thin pink rim.

They exhibit vitreous luster, no cleavage, and
hardness around 7 in the Mohr scale of hardness.
Density, determined by the hydrostatic method,
varies from 3.05 to 3.10, with an average value of
3.07 £ 0.01, within the range for elbaites studied
by Donnay and Barton (1972), who reported den-
sities between 2.84 and 3.10. The studied elbaites
have strong pleochroism and uniaxial negative opti-
cal character. Measured refractive indexes are

ne = 1.619 — 1.622 and 5, = 1.639 — 1.643,

and birefringence (A) is between 0.019 and 0.021.
These values are in the same range for the elbaites
described by Dietrich (1985), who reported values
of € ~ 1.622, n ~ 1.641 and A ~ 0.019. Unit-cell
dimensions (a0 = 15.845A; co = 7.085A; V =
1540.476 A) of the studied tourmalines correspond
closely to the elbaite reference parameters.

The Kerez effect of cut tourmalines was re-
ported for the first time by Mitchell (1967, in Diet-
rich 1985) and later studied in detail by Schiffmann
(1972, 1975, in Dietrich 1985). Tourmalines that
present Kerez effect exhibit two, three or four re-
fractiveindex bands under arefractrometer. Among
the 26 cut tourmalines examined here, the Kerez ef-
fect was observed in two dark green crystals that
showed two refractive index bands. Thisis consis-
tent with the observation by Anderson (1980) and
Read (1982) that related the Kerez effect to green
tourmalines. Accordingto Dietrich (1985), thisphe-
nomenon seems to be provoked by overheating of
crystal faces during cutting, and the correct refrac-
tiveindex is the largest measured value.

Severa cut samples of tourmalines observed
under a gemological microscope showed to be free
of inclusions. Most samples display only inclu-
sionstypical of tourmalines such as channelsor fine
tubes, known as trinchites (Gubelin 1979); finger
prints, which are unoriented thin capillary tubes,
usually in nets filled with liquids; biphase inclu-
sions, which are according to Gubelin (1979) two-
phase trinchites, and strain or mechanical fractures
(A.C.M. Ferreira, unpublished data).
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TABLE 1
Powder diagram of gem-quality tourmalines from the Alto Quixaba pegmatite.
Data for elbaite of the JCPDS is shown for comparison.

Elbaite
hkl Green Blue Violet blue | Dark green (JCPDS
(21251

d@A) | o | dA) | Mg | d(A) | g | d(A) | Nlg | d(A) | /g
101 | 628 | 15 | 630 | 20 | 628 | 20 | 626 | 15 | 631 | 20
111 - - - - - - - | 529 | 20
021 | 493 | 25 | 493 | 15 | 493 | 35 | 493 | 15 - -
300 | 456 | 10 | 455 | 10 | 456 5 4.56 5 - -
211 | 419 | 25 | 418 | 30 | 419 | 30 | 417 | 20 | 419 | 25
220 | 395 | 45 | 395 | 45 | 395 | 35 | 395 | 35 | 396 | 60
400 | 343 | 100 | 343 | 60 | 344 | 100 | 343 | 55 | 344 | 50
131| 335 | 10 | 335 | 15 | 335 | 10 | 334 | 10 | 335 | 16
410 299 | 10 | 299 | 20 | 299 | 15 | 298 | 10 | 2994 | 35
122 | 294 | 60 | 293 | 75 | 293 | 55 | 292 | 100 | 2930 | 40
051 | 256 | 55 | 256 | 100 | 256 | 50 | 255 | 30 | 2560 | 100
003 | 237 | 156 | 237 | 30 | 237 5 236 | 15 - -
103 | 233 | 10 | 233 | 15| 233 | 156 | 232 | 15 | 2333 | 20
431 | 2.15 10 2.15 15 2.15 10 2.15 10 | 2150 | 16
521 | 2103 | 15 | 2106 | 20 | 2103 | 15 | 2094 | 15 | 2.099 | 20
152 | 2027 | 20 | 2030 | 75 | 2027 | 30 | 2027 | 25 | 2025 | 20
530
700 | 1981 | <5 1981 | <5 | 1977 | 5 | 1977 | 10 | 1960 | 25
342 |1 1910 | 55 | 1910 | 30 | 1.906 | 20 | 1.906 | 30 - -
52211862 | 5 | 1859 | 10 | 189 | 5 | 1859 | 10 | 1.868 | 25
004 | 1.767 | 20 | 1.767 | 10 | L.770 | 10 | 1.770 | 5 | 1776 | 45
550 | 1.588 | 5 | 1587 | 10 | 1587 | 5 | 1587 | 20 - -
452 | 1577 | 5 | 1580 | 10 | 1587 | 5 | 1587 | 20 | 1575 | 25
641 | 1539 | 5 | 1539 | <5 | 1540 | <5 - - | 1537 | 20

CRYSTAL CHEMISTRY AND STRUCTURE

Tourmaline can be defined as a chemical and struc-
turally complex borosilicate, with a composition,
although quite variable, represented by the general
formula XY3 Zg(BO3); (TeO18)W4 (Hawthorne
1996), the crystallographic sites being partially or
totally occupied. The crystal structure of tourma:
lineissuch that it allows substitution of avariety of
ions with respect to both size and charge (Jolliff et
al. 1986) in asingle site or as coupled substitutions
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over severa sites. The X-structural site is occu-
pied by alkai cations, usually Na*, Ca?*, K*, and
Mg?*, or even presenting total or partial vacancies.
The Y site permits diverse and extensive substitu-
tions, involving monovalent, divalent, trivalent and
quadrivalent cations, such as Fe**, Mg?*, (AI®* +
Li*), Fe¥*, Mn?*, Ca?*, Cr¥*, Ti**. The Z siteis
usually occupied by AI®*. In elbaite, the Y siteis
predominantly occupied with Al and Li, but may
contain Fe**, Cr3*, V¥ or Mg, in dravite predomi-
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TABLE II

Electron microprobe analyses of blue and green elbaites from the Alto Quixaba pegmatite,

northeastern Brazil. Structural formulae calculated on the basis of 29 oxygens, assuming a complete

occupation of 4 anions in the hydroxila site. LioO contents analyzed by ICP-AES.

Blue Crystal 1
elbaite 1 2 3 4 5 6
SO, 39.08 37.76 38.25 37.62 3741 37.38
TiOy 0.04 0.04 0.07 0.02 0.06 0.07
Al>,03 38.25 38.49 38.16 38.18 37.67 37.72
FeO 2.85 2.85 2.90 2.95 3.16 313
MnO 2.86 2.80 2.88 270 2.85 3.12
CaO 0.25 0.33 0.31 0.29 0.27 0.27
MgO 0.00 0.01 0.00 0.02 0.01 0.00
Na,O 2.82 2.56 255 2.65 2.59 2.65
K20 0.00 0.00 0.00 0.00 0.05 0.00
CuO 0.01 0.01 0.00 0.00 0.04 0.04
ZnO 0.41 0.50 0.43 0.45 0.47 0.47
B,03 1131 10.93 11.07 10.89 10.83 10.82
LioO 1.74 1.74 1.74 1.74 1.74 1.74
Total 99.62 98.02 98.36 97.51 97.15 97.41
Si 6.07 597 6.02 5.98 5.98 5.97
Ti 0.00 0.00 0.01 0.00 0.01 0.01
Al 7.00 717 7.08 7.15 7.10 7.10
Fe 0.37 0.38 0.38 0.39 0.42 0.42
Mn 0.38 0.38 0.38 0.36 0.39 0.42
Ca 0.04 0.06 0.05 0.05 0.05 0.05
Mg 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.85 0.78 0.78 0.82 0.80 0.82
K 0.00 0.00 0.00 0.00 0.01 0.00
Cu 0.00 0.00 0.00 0.00 0.00 0.00
Zn 0.05 0.06 0.05 0.05 0.06 0.06
B 3.03 2.98 3.01 2.99 2.99 2.98
Li 1.08 1.10 1.10 111 1.12 112
Total 17.79 17.79 17.77 17.80 17.81 17.83
Na 0.85 0.78 0.78 0.82 0.80 0.82
Ca 0.04 0.06 0.05 0.05 0.05 0.05
K 0.00 0.00 0.00 0.00 0.01 0.00
Vac. 0.11 0.16 0.17 0.13 0.14 0.13
Total X 1.00 1.00 1.00 1.00 1.00 1.00
Li 1.08 1.10 1.10 111 1.12 112
AI(Y) 1.00 114 1.08 1.13 1.08 1.07
Fe 0.37 0.38 0.38 0.39 0.42 0.42
Mn 0.38 0.38 0.38 0.36 0.39 0.42
Mg 0.00 0.00 0.00 0.00 0.00 0.00
Cu 0.00 0.00 0.00 0.00 0.00 0.00
Zn 0.05 0.06 0.05 0.05 0.06 0.06
Ti 0.00 0.00 0.01 0.00 0.01 0.01
Total Y 2.88 3.06 3.00 3.06 3.08 3.09
Al(Z) 6.00 6.00 6.00 6.00 6.00 6.00
Total Z 6.00 6.00 6.00 6.00 6.00 6.00
Si 6.07 5.97 6.02 5.98 5.98 5.97
AI(T) 0.03 0.02 0.02 0.03
Total T
B 3.03 2.98 3.01 2.99 2.99 298
Total B OH+F=4 3.03 2.98 3.01 2.99 2.99 298

735
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TABLE II (continuation)

Blue Crystal 2 Crystal 3
elbaite 1 2 3 4 5 1 2 3 4 5
SOy 36.87 3720 | 37.78 | 3760 | 37.14 | 37.62 | 37.35 | 36.74 | 38.40 37.47
TiOy 0.05 0.06 0.04 0.05 0.04 0.00 0.00 0.00 0.02 0.01
Al,03 38.65 3758 | 38,69 | 3884 | 37.95 | 37.89 | 3845 | 3844 | 3848 37.00
FeO 3.93 3.76 391 3.96 3.80 2.45 251 2.70 2.62 2.63
MnO 2.53 2.34 244 2.36 2.56 2.26 2.08 193 2.10 2.08
Ca0 0.25 0.30 0.24 0.21 0.20 0.15 0.19 0.19 0.21 0.12
MgO 0.02 0.03 0.02 0.01 0.02 0.00 0.01 0.01 0.00 0.00
Na,O 248 2.55 2.66 2.64 255 2.79 2.63 2.62 2.73 2.83
K20 0.00 0.01 0.02 0.00 0.01 0.02 0.01 0.01 0.02 0.01
CuO 0.00 0.02 0.00 0.00 0.00 0.02 0.00 0.00 0.02 0.00
ZnO 0.39 0.43 0.43 0.36 0.48 2.82 2.73 2.95 2.90 2.95
B,03 10.67 10.77 | 10.94 | 10.88 | 10.75 | 10.89 | 10.81 | 10.63 11.12 10.85
LioO 181 181 181 181 181 1.59 159 1.59 1.59 1.59
Total 97.65 96.86 | 98.98 | 9872 | 97.31 | 9850 | 9836 | 97.81 | 100.21 | 97.54
S 5.88 5.97 5.94 5.92 5.94 5.98 5.93 5.89 5.99 6.01
Ti 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Al 7.27 711 7.17 7.21 7.15 7.10 7.20 7.26 7.08 7.00
Fe 0.52 0.50 0.51 0.52 0.51 0.33 0.33 0.36 0.34 0.35
Mn 0.34 0.32 0.32 0.31 0.35 0.30 0.28 0.26 0.28 0.28
Ca 0.04 0.05 0.04 0.04 0.03 0.03 0.03 0.03 0.04 0.02
Mg 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.77 0.79 0.81 0.81 0.79 0.86 0.81 0.81 0.83 0.88
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cu 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Zn 0.05 0.05 0.05 0.04 0.06 0.33 0.32 0.35 0.33 0.35
B 2.94 2.98 2.97 2.96 297 2.99 2.96 2.94 2.99 3.01
Li 116 117 114 115 116 101 101 1.02 1.00 1.02
Total 17.82 1779 | 1783 | 17.82 | 1781 | 1791 | 17.88 | 17.91 17.89 17.91
Na 0.77 0.79 0.81 0.81 0.79 0.86 0.81 0.81 0.83 0.88
Ca 0.04 0.05 0.04 0.04 0.03 0.03 0.03 0.03 0.04 0.02
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Vac. 0.19 0.15 0.15 0.16 0.17 0.11 0.16 0.15 0.13 0.10
Total X 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Li 116 117 114 115 116 1.01 101 1.02 1.00 1.02
Al(Y) 115 1.08 111 113 1.09 1.08 113 115 1.07 1.00
Fe 0.52 0.50 0.51 0.52 051 0.33 0.33 0.36 0.34 0.35
Mn 0.34 0.32 0.32 0.31 0.35 0.30 0.28 0.26 0.28 0.28
Mg 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cu 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Zn 0.05 0.05 0.05 0.04 0.06 0.33 0.32 0.35 0.33 0.35
Ti 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Total Y 3.23 3.14 3.15 3.16 3.17 3.05 3.08 3.14 3.03 3.01
Al(Z) 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00
Total Z 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00
Si 5.88 5.97 5.94 5.92 5.94 5.98 5.93 5.89 5.99 6.01
Al(T) 0.12 0.03 0.06 0.08 0.06 0.02 0.07 0.11 0.01
Total T 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.01
B 294 2.98 297 2.96 297 2.99 2.96 294 2.99 3.01
Total BOH+F=4 | 2.942.98 297 2.96 297 2.99 2.96 294 2.99 3.01

nates Mg, and in schorl, Fe*. The B site, occupied  (Foit and Rosenberg 1979, Povondra 1981, Werd-
by B, is of regular triangular coordination, and ap-  ing and Schreyer 1984, Gallagher 1988, Burt 1989,
parently does not suffer any substitution. TheT site MacDonald and Hawthorne 1995).

isusualy filled by Si, but can a'so accommodate Al. Most natural tourmalines belong to two solid
In the W site OH- can be substituted for F~ or 0>~ solutions series. schorl-dravite and schorl-elbaite,
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TABLE II (continuation)

Green Crystal 1 Crystal 2
elbaite 1 2 3 4 1 2 3 4
SOy 37.03 37.26 37.37 36.63 37.70 37.79 37.52 3751
TiOy 0.11 0.15 0.13 0.10 0.07 0.11 0.07 0.06
Al>03 38.15 38.79 38.87 38.98 37.98 38.09 38.46 38.68
FeO 5.10 5.26 4.65 5.14 2.90 2.81 2.85 2.73
MnO 1.74 175 1.63 1.80 1.80 0.96 1.99 2.02
Ca0 0.12 0.14 0.16 0.10 0.18 0.15 0.17 0.15
MgO 0.14 0.12 0.11 0.14 0.00 0.00 0.01 0.00
Na,O 2.66 2.56 2.76 2.58 2.78 2.72 2.90 2.73
K20 0.03 0.04 0.02 0.03 0.00 0.00 0.00 0.00
CuO 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00
ZnO 0.25 0.20 0.20 0.27 2.96 3.01 2.96 2.99
B,03 10.72 10.79 10.82 10.60 10.91 10.94 10.86 10.28
LioO 1.67 167 1.67 1.67 1.67 1.67 1.67 1.67
Total 97.72 98.76 98.39 98.04 98.95 98.25 99.46 98.82
S 5.91 5.89 5.91 5.84 5.97 5.99 5.92 5.96
Ti 0.01 0.02 0.02 0.01 0.01 0.01 0.01 0.01
Al 7.18 7.23 7.24 7.32 7.08 7.12 7.15 7.25
Fe 0.68 0.70 0.61 0.69 0.38 0.37 0.38 0.36
Mn 0.24 0.23 0.22 0.24 0.24 0.13 0.27 0.27
Ca 0.02 0.02 0.03 0.02 0.03 0.03 0.03 0.03
Mg 0.03 0.03 0.03 0.03 0.00 0.00 0.00 0.00
Na 0.82 0.78 0.85 0.80 0.85 0.84 0.89 0.84
K 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.00
Cu 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Zn 0.03 0.02 0.02 0.03 0.35 0.35 0.34 0.35
B 2.95 2.94 2.95 291 2.98 2.99 2.96 2.82
Li 1.07 1.06 1.06 107 1.06 1.06 1.06 1.06
Total 17.89 17.88 17.88 17.90 17.89 17.83 17.94 17.89
Na 0.82 0.78 0.85 0.80 0.85 0.84 0.89 0.84
Ca 0.02 0.02 0.03 0.02 0.03 0.03 0.03 0.03
K 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.00
Vac. 0.15 0.18 0.12 0.18 0.12 0.14 0.08 0.13
Total X 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Li 1.07 1.06 1.06 1.07 1.06 1.06 1.06 1.06
Al(Y) 1.09 112 115 116 1.05 11 1.07 121
Fe 0.68 0.70 0.61 0.69 0.38 0.37 0.38 0.36
Mn 0.24 0.23 0.22 0.24 0.24 0.13 0.27 0.27
Mg 0.03 0.03 0.03 0.03 0.00 0.00 0.00 0.00
Cu 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Zn 0.03 0.02 0.02 0.03 0.35 0.35 0.34 0.35
Ti 0.01 0.02 0.02 0.01 0.01 0.01 0.01 0.01
Total Y 3.15 3.18 3.10 3.23 3.08 3.04 312 3.27
Al(Z) 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00
Total Z 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00
Si 5.91 5.89 5.91 5.84 5.97 5.99 5.92 5.96
Al(T) 0.09 0.11 0.09 0.16 0.03 0.01 0.08 0.04
Total T 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00
B 2.95 294 2.95 291 2.98 2.99 2.96 2.82
Total B OH+F=4 2.95 294 2.95 291 2.98 2.99 2.96 2.82

with a miscibility gap between dravite and elbaite
(Deer et a. 1966). Near complete solid solutions
exists between schorl and elbaite (Foit and Rosen-
berg 1977). Tourmalines are typically described in
terms of one of these two series. The compositions

of the studied elbaites in terms of Al-Fe-Mg are
represented in the Fig. 3 that shows different fields
of compositional range of tourmalines from differ-
ent rock types, as described by Henry and Guidotti
(1985). Thecompositionsarevery closeto thecom-
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Minor element contents (ppm) obtained by ICP-AES of elbaites from the Alto

Quixaba pegmatite, northeastern Brazil (A.C.M. Ferreira, unpublished data).

blue | Violet blue | Green | Dark green | Greenish blue

Cr | 644 897 708 885 825
Ga| 170 177 151 173 146
Ni | 27.8 20.3 141 16.1 15.3
Be | 31.2 19.8 12.3 114 11.9
V | 16.6 8.2 4.2 13.6 4.3

Cu | 813 47.2 13 31.3 7.3

Li | 8069 8407 7369 7736 7734

position of ideal elbaite, falling in the field 1 of the
diagram, which is ascribed to tourmalines from Li-
rich granitoid pegmatites and aplites.

The cation distribution among the crystallo-
graphic sites of the studied tourmalines, calculated
on the basis of 29 oxygens indicates that the struc-
tural formula can be generically written as:

(Nag.79-0.85 C20.022-0.05 K0.00-0.003) £0.83-0.88
(Liz01-1.15 Al1.01-1.06 F€0.37-0.66 MN0.22-0.38 ZMN0.026-0.34
Md0.00-0.06 CUo.00-0.0024 Ti0.00114-0.014) 2.98-3.10

Algoo B2.93.2.99 (Sis.86.5.98 Al.02-0.14) £6.00 O27 (OH)4
(Soares et a. 2000).

Both blue and green tourmalines present high
occupancy in the X site, compared with the ideal
value of 1.00 in elbaite, vacancies ranging from
0.08 to 0.19 apfu. All studied tourmalines are en-
riched in Al and Li. The occupancy in the Y-site
is high, most samples showing excess of cations
(2Y > 3.00 apfu), only one sample showing va
cancy (total ¥ = 2.88). The excess of electric
charge generated by the presence of Al intheY site
is equilibrated with vacancy in the X site, as indi-
cated by dlightly positive trend between Al (Y) and
vacancy in the X site (Fig. 4a). The presence of Al
intheY siteisnot due to the substitution for Fe and
Mg (Fig. 4b).

However, two coupled substitutions, akali-
defect and proton-loss substitutions, can occur to
compensate the charge imbalance due to presence
of Al intheY site, which are more significant than

An Acad Bras Cienc (2005) 77 (4)

vacancies in the X site (Foit and Rosenberg 1977).
Most natural tourmalines may contain significant
amounts of these two components that can be rep-
resented in a(R* + R?*) vs R3* diagram (Fig. 5) in
which R* represents the sum of alkalies

Na* + 2Ca®* + K*, R?* = F&?* + M@?* + Mn?*,

and R3 = AI3* + 4/3Ti**. The substitutions trends
proposed by Gallagher (1988) are displayed in the
Fig. 5a. The compositions of the studied tourma-
linesfall away from the loss of protonstrend, to the
left of the alkali-defect substitution one. Benvenuti
et a. (1991) explained this behavior as due to par-
tial occupancy of the Y site by Si and/or presence
of additional R* cations such as Li. The tourma-
lines of the Alto Quixaba do not show Si inthe Y
site (Table 1) but significant amounts of Li and Al
(Al + Li > 2 apfu) and consequent lower Mg con-
tents. Another possibility is that this diagram can
not be applied for tourmalines of the schorl-elbaite
series. On the other hand, this diagram shows that
the compositions are rather homogeneous, which
can be related to the decreasing temperature and
large degree of evolution as suggested by Manning
(1982).

A possible substitution could be of the type
AlINaLi_; assuggested by the trends roughly par-
alel to the exchange vectors

{X}2Als013Na_1Li 1(OH) 13{Y} 4
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¢ blue elbaite
O green elbaite

alkali-free dravite

Al Feg,

Fig. 3— Al-Fe(t)-Mg diagram showing fields of the compositional range of tourmalines
from different rock types proposed by Henry and Guidotti (1985). Field 1 istypical of
tourmalines from Li-rich granitoid pegmatites and aplites.
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vacancy (X) * blue elbaite Fe+Mg
O green elbaite

Fig. 4—(a) Al intheY sitevs. vacancy in the X site of blue and green elbaites; (b) Al in
the Y sitevs. (Fe + Mg) of blue and green elbaites.

and All sampleshavehigh FeO(t), upto 3.96 wt%in
thebluetourmalines, and upto 5.26 wt%inthegreen
ones. Blue elbaites tend to have higher Li and Mn
(Fig.5b), and dlightly negative correlation between  contentsthan the green ones (Fig. 6a, b). MnO con-
Al(Y) and (Na+ Li). Substitutions that occur in - tents > 1.5 wt9% in tourmalines are relatively rare
the studied elbaites seem to be more complex than  gnd usually associated to Na- and Li-bearing peg-
those reported in the literature and it will remainto  maites, in elbaite-schorl tourmalines (Slivko 1961,
be better explained.

{X}Al45010Na_1Li_os(OH)_12{Y} 4
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Fig. 5—(a) R3* (Al + 43 Ti) vs. (R™ + R?") (Na+ 2Ca+ K + Mg + Mn) diagram for elbaites of the Alto Quixaba pegmatite.
Substitution trends are from Gallagher (1988). (b) R3* (Al + 43 Ti) vs. R* (Na+ 2Ca+ K) diagram for elbaites of the Alto Quixaba

pegmatite. Substitutions trends are from Gallagher (1988).

Leckebusch 1978, Sahama et al. 1979). Mn con-
tents in the studied tourmalines are high (0.24 —
0.42 apfu; 1.69—2.87% MnO, except for onesample
that presents MnO = 0,9%) compared with average
contentsfor blue elbaites, which usually present Mn
contents < 0.30 apfu (Selway et al. 1999). Shigley
etal. (1986) described tourmalineswith upto 8.86%
MnO, Gonzalez-Carrefio et a. (1988) reported el-
baiteswithupto6,79% MnOand Burnsetal. (1994)
with MnO values up to 6.23%. Castafieda et al.
(2003) reports tourmalines of the schorl-elbaite se-
ries from granitic pegmatites from Minas Gerais
State, southeast Brazil, in which MnO is aso high,
up to 2.32wit%.

The studied elbaites are enriched in Zn, up to
2.98 wt%, a rather high value not commonly re-
ported for other elbaites elsewhere. High ZnO val-
ues are reported for other Brazilian elbaites such
as dark blue elbaites from other pegmatites of the
Serid6 region up to 2.43 wt% (D.R. Soares, unpub-
lished data), and from Minado Cruzeiro pegmétite,
State of Minas Gerais, southeast Brazil, in which
ZnO content is up to 2.0 wt% (J.C. Mendes, unpub-
lished data).

An Acad Bras Cienc (2005) 77 (4)

Studied blue el baitestend to present higher Cu,
Ni, Li and Mn contents than the green ones (Fig. 6a
through 6d). Semiquantitative X-ray fluorescence
chemical analysesfrom fivetourmalinesof different
colorsindicate TiO- (0.1%) inthedark green el baite,
and Bi,O3 (from 0.01t0 0.04%) in all but inthe blue
elbaite (A.C.M. Ferreira, unpublished data).

DISCUSSION AND CONCLUDING REMARKS

Three distinct zones occur in the Alto Quixaba peg-
matite, recognized on the basis of mineral assem-
blage and texture (external, intermediate and core),
and a well-developed ateration zone in which one
finds among other gem minerals, elbaites of excel-
lent gem-quality of variable blue and green colors
and hues. Refractive indexes, birefringence, rela-
tive density and parameters of the unit cell for these
elbaites are similar to those reported for elbaites
elsawhere. These are Mn- and Zn-rich elbaites that
present vacancies in the X site from 12 to 17%.
Complex and differentiated pegmatites present
tourmalines from the external zones richer in
Fe than those from the inner zone, in which tour-
malines have much higher Li and Al contents (e.g.
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Fig. 6 — Compositional variations of studied blue and green elbaites. (a) through (c): dif-
ferent analyzed pointsinsinglegrains; Li, Mn, Ti, and Fe obtained by electron microprobe;
(d) whole rock; Cu, Ni and V obtained by ICP-AES.

Foord 1977, Jolliff et al. 1986). The Alto Quixaba
pegmatite presents similar behavior, as the tourma
line from the external zone is schorl in which FeO
contents vary from 12.5 to 13.8 wt% (A.C.M. Fer-
reira, unpublished data), while the blue and green
elbaites from the replacement body in the central
zone present FeO contents < 5.3%, and Li,O varies
from 1.59 to 1.81%.

These Li-bearing tourmalines have relatively
high Mn contents, in accordance with data reported
in the literature (e.g. Sahama et a. 1979), al-
though Mn-rich and Li-poor tourmalines also exist
(e.g. Ayusoand Brown 1984). Asobserved by Diet-
rich (1985) el baitescontain larger trace el ement con-
tents than do other tourmalines, probably because
the former occur in complex pegmatites. There-
fore some trace elements can have higher contents
in some tourmalines, such as Zn as observed in the
studied elbaites. Generally Zn is more common in
green and blue elbaites than in red and yellow ones.

The concentration of major and/or trace ele-
ments, besides structural defects (color centers),
charge transfer, or a combination of these pa
rameters have been suggested as responsible for the
different colors of tourmalines (e.g. Nassau 1978,
1983). On the basis of the concentrations of some
known coloring agents such as Fe, Ti, Mg, Mn, Cu,
Cr, V, one can infer the possible origin of differ-
ent colors of tourmalines. Yellowish green to blue-
green colors of elbaites from Mina da Batalha peg-
matite, in the Borborema pegmatitic province, is at-
tributed to Cu?*, while violet-blue and violet hues
are due to Mn (Rossman et al. 1991). The studied
elbaites could have their color due to Cu and Mn
concentrations, which are higher in the blue elbaites
compared to the green ones. Although not a color-
ing agent, it should be noted that Li contentsisalso
higher in the blue elbaites than in the green ones.

Trace elements, however, can be or not respon-
sible for, or even have some correlation with the
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color of tourmalines. Further studies (e.g. absorp-
tion spectroscopy) can shed somelight onthe origin
of the different colors and hues of these elbaites.
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RESUMO

O pegmatito Alto Quixaba naregido do Seridd, nordeste
do Brasil, € um corpo subvertical de diregéo 60° /80°SW
intrudindo discordante biotita xistos da Formagao Seridd.
Apresenta trés zonas distintas em termos de mineralo-
gia e textura, dém de uma zona de ateragdo em forma
de dique na qual ocorre, entre outros minerais-gema, el-
baitas coloridas. As elbaitas ocorrem como cristais pris-
maticos alongados de acordo com o eixo C, com faces
arredondadas e estrias paralelas a esse eixo. Os cristais
s80 uniaxiais negativos e apresentam forte pleocroismo;
indicesderefracdong = 1,619 — 1, 622 enp = 1.639 —
1.643, birrefrigénciaentre 0,019 e 0,021, densidade rela-
tivade 3,07, e os parametros seguintes da célula unitaria:
a0=15845A, co=7,085 A eV = 1540,476 A. O sitio
X apresenta deficiéncia em dlcalis entre 12 e 17%. As
elbaitas sfo relativamente ricas em MnO (1,69 a 2,87%)
e ZnO (até 2,98%).

Palavras-chave: elbaita, turmalina, provincia pegmatiti-
cado Seridé.
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