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ABSTRACT

Schorl — dravite and schorl — elbaite from different zones of the rare-element-enriched complex granitic pegmatite dykes
of the Cruzeiro mine, in Minas Gerais, Brazil, were analyzed by electron and ion (H, Li, B) microprobes. General mechanisms
of substitution (common to schorl and to elbaite independently of their position in the pegmatites) drive compositions to
“proton-deficient schorl”, “alkali-free schorl”, and “alkali-free elbajte” end-members, each involving Al enrichment. Among
the specific mechanisms (i.e., those characterizing tourmaline within each separate zone), “octahedral-defect” and “alkali-free
proton-tich” types are particularly important in OH-rich, pocket elbaite. The substitution X[l + OH- <> XNa* + O, driving
compositions to an “alkali-free proton-rich elbaite”, is proposed to explain both the lack of Na and the excess of (OH + F).
Bond-valence calculations based on results of unpublished structure-refinement data allow the OH excess to be assigned to
the O(2) site. The composition of the tourmaline in the Cruzeiro suite (high Al content; Mg, Fe, Zn, Mn, and Li covariation;
antithetic behavior of OH and F ) records the evolution of the pegmatite-forming melt.

Keywords: tourmaline, crystal chemistry, mechanisms of substitution, hydroxyl excess, alkali-free proton-rich elbaite, granitic
pegmatites, Cruzeiro mine, Minas Gerais, Brazil.

SOMMAIRE

Nous avons analysé, au moyen de microsondes électronique et ionique (H, Li, B), la tourmaline des séries schorl — dravite
et schorl — elbaite provenant des diverses zones des pegmatites granitiques 3 éléments rares exploitées pour la tourmaline 2 la
mine Cruzeiro, au Minas Gerais, Brésil. Les mécanismes de substitution généraux (ceux qui sont communs au schorl et &
Ielbaite indépendamment de leur position dans les pegmatites) conduisent aux pdles “schorl déficitaire en protons”, “schorl dé-
pourvu d’alcalins”, et “elbaite dépourvue d’alcalins”, chacun de ceux-ci contribuant 2 un enrichissement en Al Parmi les
mécanismes spécifiques, ceux qui caractérisent la variation de la tourmaline au sein d’une seule zone, les schémas impliquant
les lacunes dans les sites octaédriques et les déficits en alcalins 2 la faveur d’un enrichissement en protons sont particuli®ment
importants dans 1’elbaite provenant des cavités miarolitiques, milieux riches en OH. La substitution *0J + OH- ¢ XNa* + Q2
qui meéne a I’elbaite sans alcalins et riche en protons, serait 2 I’origine 2 la fois du manque en Na et de I'exces en (OH + F). Les
valeurs des valences de liaison, calculées 2 partir des résultats non publiés d’analyses de la structure cristalline de ces
échantillons, nous permettent d’attribuer 1’excédent en OH au site O(2). La composition de la tourmaline dans la suite de
Cruzeiro (teneur élevée en Al; covariation en Mg, Fe, Zn, Mn, et Li, variation antithétique des proportions de OH et de F)
témoignent de I’évolution du magma qui a cristallisé sous forme de pegmatites granitiques.

(Traduit par la Rédaction)

Mots-clés: tourmaline, chimie cristalline, mécanismes de substitution, excédent en hydroxyle, elbaite riche en protons et sans
alcalins, pegmatites granitiques, mine de Cruzeiro, Minas Gerais, Brésil.

INTRODUCTION

Minerals of the tourmaline group have been studied
extensively because of their complex composition,
structure and importance as petrological indicators.
Their systematic compositional variations are related to
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2 E-mail address: julio@degeo.ufop.br

the P-T-X—f(O,) conditions of the environment of
crystallization and to interactions with the host rocks
(Henry & Guidotti 1985, Shearer ef al. 1986). This is
especially the case for granitic pegmatites in which the
sensitivity of tourmaline to the activity of Fe, Mg, Al,
and Mn makes them recorders of internal evolution
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(Staaz et al. 1955, Foord 1977, Walker et al. 1986,
Jolliff et al. 1986, Foord et al. 1989).

In this paper, the first part of a general study of
tourmaline from deposits in the Cruzeiro granitic
pegmatites, our objective is to clarify some aspects of
the mechanisms of chemical variation in tourmaline
during crystallization of the pegmatite. The second part
will focus on the crystal chemistry of the tourmaline
group.

The Cruzeiro dykes are rare-element-enriched
complex pegmatites with distinct horizontal and
vertical zoning, and strong enrichment in Li, F and Rb
in the upper parts (César-Mendes 1995, César-Mendes
& Svisero 1992, 1994, César-Mendes er al. 1993a, b).
The characteristics that led to the choice of the
Cruzeiro pegmatites as the source of tourmaline for this
study are: (1) their well-defined zoning, (2) the abun-
dance of tourmaline, and (3) the presence of quartzite
as the host rock. The latter suggests limited interaction
with the pegmatite-forming melt. Thus the chemical
composition and mechanisms of substitution in these
samples of tourmaline can be expected to be exclusively
dependent on the composition of the melt and the local
conditions of its crystallization.

GEOLOGICAL SETTING AND REGIONAL PETROGRAPHY

The Cruzeiro mine is located 13.5 km northwest
of the small village of S&o José da Safira, near
Governador Valadares, in the eastern center of the
Brazilian state of Minas Gerais (César-Mendes 1995).
The pegmatite dykes (Fig. 1) are emplaced in a quartzite
of the Serra da Safira sequence. This sequence may be
described, from base to top, as gently west-dipping
layers of meta-ultramafic schists, of metapelitic schists,
and of a coarse-grained quartzite several hundred
meters thick (Cassedanne et al. 1980). This sequence
overlies a regional lithostructural unit, the Gneiss
Piedade, composed of gneiss, quartzite and schist
(Silva er al. 1987). The mineral assemblages in the
rocks of the S&o José da Safira region are indicative of
the middle amphibolite facies. Although granite was
not found in the surrounding area, the pegmatite bodies
of the region may be derived from a granitic pluton.
The emplacement of the pegmatites seems to have been
controlled by regional structure, as indicated by the
concentration of many bodies along lineaments oriented
N10-20°W (César-Mendes & Jordt-Evangelista 1994).

INTERNAL STRUCTURE OF THE PEGMATITE DYKES

The three subvertical, parallel dykes (Fig. 1),
running N20°W and intruding 80-86°SW, have sharply
defined contacts with the host quartzite. The first (dyke
1) is 1300 m long and up to 60 m wide, the second,
now inaccessible, is 900 m long and about 20 m wide,
and the third (dyke 3) is 700 m long with a maximum
width of 8 m in outcrop. Their internal characteristics
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FiG. 1. Sketch of the Cruzeiro area. D1: Dyke 1, D2: Dyke 2,
D3: Dyke 3 (from Cassedanne et al. 1980).

are essentially similar: according to the different
assemblages of minerals (Table 1), the dykes show
symmetrical development around a quartz core and a
horizontal zoning. This zoning consists of a border
zone, a wall zone, an intermediate zone and a core
(César-Mendes 1995).

The border zone (hereafter referred to as Bz) is
normally of very limited thickness, ranging from 3 to
5 cm and rarely exceeding 10 cm. The wall zone (Wz)
gradually evolves from the Bz, and its thickness varies
in direct proportion to the thickness of the pegmatite
body. In dyke 1, it reaches about 1 m, whereas in dyke
3 it is thinner. The intermediate zone is economically
the most important, as it produces colored tourmaline.
In dyke 1, this zone can be further subdivided into
external, medium and internal; in the smaller dyke 3,
the zone can be divided into only two parts, external
and internal. In dyke 1, the external intermediate zone
(EIZ) is characterized by an increase in grain size. The
medium intermediate zone (MI7) is a transitional layer
that was locally subject to late metasomatic processes.
The internal intermediate zone (IIz) grades into the
core. Pockets (P), or miarolitic cavities, are found in
the IIz of all dykes near their cores. The core (C) is
discontinuous and is composed mainly of milky quartz;
no tourmaline was found.
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TABLE 1. SAMPLE DISTRIBUTION OF THE TOURMALINES FROM THE CRUZEIRO PEGMATITE DYKES

Zones No. of crystals ~ No. of EMP Paragenesis Tourmaline abundance,
and grains analyses textural characteristics and
analyzed performed bulk color
Border (Bz) 14 50 Fine-grained mixture of feldspar, Minor; subhedral crystals
quartz and muscovite; minor intensely fractured; black
alkali-poor beryl, almandine-rich
garnet and miobiotantalates
Wall (Wz) 75 353 Medinm-grained mixture of Subordinate; subhedral crystals
feldspar, large ite sheets i y fi d; black
External intermediate 17 199 Coarse-grained mixture of quartz, Sporadic; medium-grained
(EL2) feldspar and minor muscovite subhedral crystals; black,
black-green zoned
Medium intermediate 16 68 Muscovite books, quartz and Medium-grained, subhedral
WMiz) feldspar crystals; black, green
Internal intermediate 37 372 Feldspar, “cleavelandite”, large
(Uz) tabular pink muscovite, quartz  of big to enormous size; black
and spodumene; subordinate with green-blue rim, green,
manganotantalite and sporadic pink
light pink muscovite
Pockets (P) 10 682 Quartz, “cleavelandite”, pink Euhedral crystals;
ite, lepidolite, sp green, pink and color zoned
subordinate spessartie-rich
garnet and pink beryk
Core (C} Quartz, feldspar and mica -
EXPERIMENTAL (Al), jadeite (Na), periclase (Mg), fluorphlogopite (F),

A large number of small black grains of fractured
tourmaline from the outer zones of the pegmatites and
several prismatic, colored crystals from their inner
zones were hand-picked, representative of the core-rim
zoning, where present.

X-ray diffraction

Unit-cell parameters were determined with a
Siemens P4 single-crystal diffractometer, with MoK ¢,
radiation, using 26 independent reflections and their
Friedel pairs, from 85 to 95°20, after a preliminary
orientation, matrix calculation and indexing.

Analytical procedures

Electron-microprobe analysis (EMPA): Tourmaline
compositions were determined with a Cameca SX-50
operated with five wavelength-dispersion (WDS)
spectrometers and a Link eXL energy-dispersion
system (EDS), both controlled by Specta software, at
the “Centro di Studio per il Quaternario e I’Evoluzione
Ambientale”, C.N.R., Roma, Italy. Data were reduced
with the ZAF—4/FLS software. Operating conditions
were as follows: accelerating voltage 15 kV, sample
current 15 nA, 100 and 20 s counting time for EDS
and WDS determinations, respectively. The natural and
synthetic standards were: wollastonite (Si, Ca), corundum

magnetite (Fe), orthoclase (K), rutile (Ti), metallic
Mn and Zn. Average experimental errors (wt.%) were:
Si0, 0.18; TiO, 0.03; Al,O; 0.18; FeO 0.20 (schorl),
0.10 (elbaite), MnO 0.09, MgO 0.10, ZnO 0.09, CaO
0.05, Na,0 0.05, K,0 0.02, F 0.04 (schorl), 0.10 (elbaite).

Ion-microprobe analysis (SIMS): The SIMS
(Secondary-Ion Mass Spectrometry) analysis was done
with a Cameca IMS-3f instrument, for measurement
of H, Li, B, Be, C and N contents, at the “Centre de
Recherches Pétrographiques et Géochimiques”, C.N.R.S.,
Nancy, France. Experimental conditions were: primary
current of oxygen negative, with an intensity of 5 nA,
focused on 10 um; secondary current of positive ions;
voltage offset of —-60 V, energy window of 10 V.
Measurements were carried out with an electron
multiplier in counting mode and with automatic
centering of the magnetic field (Deloule et al. 1992).
Average experimental errors (wt.%) were: B,0; 0.56,
Li,O 0.10 (elbaite), H,0 0.16.

The H and Li values, obtained using the calibration
curves with some glasses and one schorl-dravite
tourmaline as standards, did not match the data
previously obtained through replicate analysis using
TG (H) and AAS (Li) techniques. The latter
determinations were done on unzoned crystals of the
suite for which sufficient material was available.
Checks subsequently made on the above mentioned
standards provided evidence that the SIMS data were
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affected by matrix effects, caused by the difference in
silica content between glass and tourmaline, as reported
for Li by Wilson & Long (1983). This finding
suggested that the compositional difference between
the schorl—dravite standard and the elbaitic samples
could cause systematic errors, and implied that it would
be necessary to use an external procedure of standardi-
zation. For this reason, the SIMS measurements were
calibrated with the TG and AAS data.

For B measurement, no matrix effect due to silica
was observed using a calibration curve with glasses and
tourmaline standards. However, two clusters were shown
by measurements of Fe-rich and Fe-free tourmalines,
respectively. This suggested a matrix effect due to iron
content (L. Ottolini, pers. commun.). For this reason,
two calibration curves were used, based on glasses for
Fe-free samples and on the schorl-dravite standard
for Fe-rich samples.

The presence of Be, C and N was tested to establish
whether they are significant for possible substitution at
the boron site. However, the results obtained did not
support this conjecture, as Be content reached only a
maximum of 15 ppm, and C and N were practically absent.

Atomic absorption spectroscopy (AAS): Analysis for
Li was done also by AAS. Samples were dissolved
using a solution of HF and H,SO, in an autoclave
operating at 150°C for 4 h. One reference sample of
homogeneous elbaite from Espiritu Santo, Brazil, was
analyzed several times to quantify the experimental
reproducibility: its mean Li,O content was found to be
2.08(12) wt.%.

Thermal analysis: Thermal analysis (TG and DTA)
was done to measure H,O contents using a Setaram
TAG 24 instrument operating at the following condi-
tions: heating rate 10°C/mn, nitrogen atmosphere,
sample weight about 10 mg, alumina crucible, calcined
alumina as inert material.

Ferrous iron determination: The determination was
done by titration method using KMnQ,. Samples were
dissolved with a solution of HF and H,SO, in a
Milestone MLS 1200 Mega microwave-digestion
system, operating for 1 h; a nitrogen atmosphere was
used to minimize oxidation.

DISTRIBUTION, OCCURRENCE, TEXTURE OF TOURMALINE

The Cruzeiro pegmatites contain euhedral prisms of
schorl to variously colored elbaite (Table 1), a sequence
that is not frequently found in the pegmatites of Brazil.
Crystal dimensions range from some centimeters to one
meter in length, but unfortunately the large prismatic
crystals observed ir sifu could not be sampled because
of their intense fracturing, particularly the schorl, so
that only small fragments or occasional small euhedral
crystals could be extracted.

THE CANADIAN MINERALOGIST

Samples from dyke 1 were collected from the Jodo
de Matos and the Descarga adits; the former completely
crosses the dyke and allows examination of the almost
perfect symmetry of the zones in the western and eastern
sides. Samples from dyke 3 were collected from the
Ladim adit that ends at the pegmatite core. Tourmaline
crystals are ubiquitous, and are particularly abundant in
the /Iz and the pockets. Tourmaline composition varies
from outer to inner zones, in accord with the change in
color from black to green and, locally, to pink. On the
other hand, there is no tourmaline in the quartz core.

The Bz and Wz contain centimetric black tourmaline
crystals. The prisms commonly appear with the ¢ axis
orthogonal to the contact with the country rock. They
are intensely fractured, with the fracture plane subnormal
to the e axis.

The Elz and Mz contain black tourmaline crystals
that vary considerably in size, mostly subnormal to
the contact between the zones. In dyke 1, color-zoned
crystals, such as sample 84 with a black core and green
rim, are occasionally found in areas subject to late
fluid-rock interaction.

Tourmaline crystals from the Iz of dyke 1 are
centimetric to decimetric, transparent, and deep pink
and green, whereas those from pockets are smaller,
euhedral, transparent, homogeneous in color, green,
light green and deep pink (samples 65, 60, 61 R,
respectively), or core—mantle—rim zoned, characterized
by different hues of green (samples 62 and 64).

Tourmaline crystals from the intermediate zone of
dyke 3 generally occur as enormous, black prisms up to
one meter long and 30 centimeters wide, locally with a
narrow blue-green rim, and attain up to 30 vol.%
toward the core. Moreover, some small color-zoned
prisms also were found, such as sample 93 with a black
core and a deep-blue rim. Prisms from the pockets are
green and blue, euhedral and inclusion-free, such as
sample 95 (whose core is labeled 95V).

UNiT-CELL DIMENSIONS

Unit-cell dimensions of samples from dyke 1 (Fig. 2)
plot close to the elbaite—schorl join (Deer ef al. 1986).
Tourmaline from Bz and MIz plots close to the schorl
end-member, whereas /Iz and pocket tourmaline is
close to, or exactly at, the elbaite end of the join. In
particular, tourmaline from the Wz and the Elz shows
evidence of a dravitic trend.

COMPOSITIONAL RELATIONS

The chemical composition of the Cruzeiro tourmaline
was investigated in detail on more than 150 samples
with over 1500 electron-microprobe analyses (Fig. 3,
Table 1). These samples consist of crystalline fragments
(from 1 to 3 mm) and {0001} sections; they were
analyzed at random spots and along traverses (no less
than 100 pm steps), respectively. The data provide
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F1G. 2. Unit-cell dimensions of tourmaline crystals from the Cruzeiro granitic pegmatite
suite. Reference lines according to Deer er al. (1986). Open triangles: tourmalines
from Bz and Mlz. Open squares: tourmalines from Wz and Elz. Open circles:

tourmalines from /Tz and pockets. The dimensions of the symbols used correspond to
about four times the average experimental error.

Al+Li

Fe,Mn, Zn

F1G. 3. Compositions of tourmaline from the Cruzeiro granitic pegmatite suite, in terms of
(Al + Li) — (Fe, Mn, Zn) - (Mg, Ti), i.e., atomic proportions of the Y-site cations (Jolliff

et al. 1986). Dotted area: tourmalines from Bz to MIz. Striped area: tourmalines from
Iz and pockets.
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TABLE 2. REPRESENTATIVE ELECTRON AND ION MICROPROBE DATA OF TOURMALINES FROM THE ZONES OF THE CRUZEIRO PEGMATITE DYKE 1

Zones West Bz Wz Elz Miz Iz P Iz Mz Elz Wz East Bz
Samples 68 A 68B 70 71E 71B 7D 72 80 A 0B 80C 65 61 R 60 75 75A 75B 76 T77C 77 J7L 79A 79
Sio, 3431 3452 3457 3594 3518 3539 3442 3683 3558 3778 3663 3882 3801 3821 3798 3766 3456 3516 3538 3560 3552 34.66
TiO; 0.19 039 031 0.48 0.18 0.29 0.16 0.12 - - - - - 0.13 0.16 034 0.22 0.24 0.36 0.47 0.44 0.22
B0, 10.14 10.18 10.19 10.50 1033 1038 10.13 1068 1036 1091 1059 11.14 1096 11.01 1095 10.88 10.19 1033 1038 1042 1041 10.21
ALO; 3382 3470 3360 33.08 3322 3295 3427 36.89 3731 4019 3852 4164 4053 39.66 3814 3763 3348 3393 3367 3321 3345 3419
FeO 1434 12.10 12.62 11.00 12.72 13.68 14.60 6.20 3.90 1.51 2.61 - 1.27 228 3.65 5.26 14.76 13.58 10.94 10.61 10.44 13.53
MnO 031 0.64 0.15 0.19 0.22 033 0.48 1.24 198 0.47 2.76 0.82 0.23 0.41 0.30 0.42 0.47 0.57 0.12 0.17 - 0.39
MgO 1.10 1.62 2.61 3.49 2.51 1.91 0.28 - - 0.14 0.20 - - 0.64 0.89 0.74 0.43 0.93 3.77 3.99 373 1.24
ZnO 0.20 0.15 037 0.24 0.22 0.33 041 0.86 1.72 - 1.70 - 0.17 - 0.09 - 0.55 0.24 0.16 0.17 0.20 0.25
CaO 033 0.40 0.19 0.20 0.18 0.07 - 0.04 0.19 0.45 0.12 0.15 0.18 0.14 0.17 0.12 0.03 0.07 0.15 0.13 0.17 0.03
Na,O 1.96 1.90 1.97 2.11 1.99 2.00 1.64 2.49 2.74 1.99 2.27 1.86 2.03 224 2.49 2.54 1.83 1.78 221 2.13 2.09 1.75
K.0 0.08 0.03 0.04 0.04 0.04 0.05 0.07 0.02 0.02 0.01 0.02 - 0.02 ;. 0.02 0.02 0.03 0.05 0.04 0.05 0.05 0.07 0.03
Li;O 0.06 0.26 0.03 0.09 0.08 0.04 0.13 1.23 1.45 1.83 1.21 2.08 196 " 1.66 1.64 127 0.21 0.10 0.05 0.10 0.23 0.07
F 0.55 0.41 0.27 0.34 0.38 0.32 0.44 1.36 1.56 1.13 092 093 1.06 1.18 127 1.19 0.39 0.44 0.42 0.43 0.43 032
H0 3.01 3.02 3.01 3.02 3.01 3.02 2.98 3.03 3.03 3.17 3.23 3.60 3.40 3.27 3.26 3.15 2.96 2.99 3.01 3.07 3.02 3.02
Sum 10039 100.32 9992 100.71 10026 100.75 100.01 100.98 99.84 99.57 100.77 101.04 99.82 100.85 101.01 101.24 100.14 100.40 100.67 100.53 100.19 99.90
O=F 023 -0.17 -0.11 -0.14 -0.16 0.14 0.19 -0.57 -0.66 0.47 -0.39 -0.39 -0.45 £0.50 0.53 -0.50 0.17 -0.18 -0.18 0.18 -0.18 -0.13

Total 1060.16 100.15 99.81 100.57 100.10 10061 99.82 10041 99518 99.09 10038 100.65 9$9.37 10035 10047 10074 9998 10022 10049 10035 100.01 9977
Number of ions on the basis of 31 (O,0H,F)

Si 5830 5785 5859 5974 5925 5957 5870 5985 5850 5977 5919 6007 5994 6016 6.023 6.019 5901 5940 5902 5932 5929 S.881
Al(D 0.170 0215 0141 0026 0075 0043 . 0.130 0015 0.150 0.023 0081 0000 0.006 0000 0000 0000 0099 0060 0.098 0068 0071 0.119
B 2985 3,047 2981 3.058 3032 3049 2982 2995 2940 3.058 2953 2964 2983 2992 2997 3.001 3.002 3.011 2988 2997 2999 2990
Al(Z) 6.000 6.000 6000 6000 6000 6000 6000 6000 6000 6000 6000 6.000 6000 6000 6000 6000 6000 6000 6000 6000 6000 6.000
Al 0605 0641 0571 0456 0520 0496 0760 1052 1.083 1474 1257 1.597 1.530 1362 1131 1.091 0639 0697 0524 0456 0512 0.722
Fe 2037 1696 1789 1530 1791 1926 2083 0843 0536 0200 0353 0.000 0.167 0301 0484 0703 2.107 1918 1527 1479 1458 1921
Ti 0.024 0049 0039 0.060 0.023 0037 0021 0014 0000 0000 0000 0000 0.000 0015 0020 0041 0028 0031 0045 0059 0.055 0.028
Mn 0.045 0091 0.021 0027 0032 0047 0069 0170 0276 0.064 0378 0.107 0.031 0.055 0040 0.057 0.068 0082 0.017 0024 0.000 0.056
Mg 0280 0405 0660 0865 0629 048 0071 0000 0.000 0.032 0047 0000 0000 0.150 0211 0.176 0.110 0235 0937 09950 0929 0313
Zn 0.025 0019 0046 0029 0027 0041 0052 0103 0208 0.000 0202 0000 0019 0000 00i10 0000 0.070 0.030 0019 0021 0.025 0.031
Li 0.043 0.175 0020 0.060 0054 0.027 008 0806 0958 1165 0.78 1.295 1243 1.051 1.047 0.817 0.143 0.067 0.034 0.066 0.154 0.047
Ytot. 3.058 3.075 3.146 3.027 3.075 3.054 3.143 2988 3.061 2934 3.024 2999 2991 2935 2943 2.884 3.165 3.059 3.102 3.095 3.133 3.117
Ca 0.061 0072 0.035 0.035 0032 0013 0000 0.007 0033 0075 0020 0.025 0.030 0023 0029 0021 0005 0.013 0028 0022 0031 0005
Na 0647 0617 0648 0680 0651 0653 0543 0785 0874 0609 0.712 0.558 0.620 0682 0766 0.788 0.607 0.583 0715 0.68 0.674 0.577
K 0.017 0006 0010 0.008 0009 0010 0015 0.003 0005 0002 0004 0.000 0003 0004 0005 0006 001! 0010 0010 0010 0014 0.006
Xtot, 0724 0696 0692 0.723 0693 0675 0559 0796 0912 0.687 0.73¢ 0.583 0.654 0710 0799 0.815 0624 0606 0753 0722 0719 0.588
OH 3410 3376 3403 3347 338 338 3385 3.281 3324 3346 3481 3716 3.576 3431 3449 3358 3372 3365 3349 3412 3363 3419
F 0293 0217 0144 0179 0204 0.171 0239 0696 0812 0563 0469 0455 0.529 0.588 0635 0604 0212 0233 0221 0225 0225 0.170

OH+F 3703 3593 3547 3527 3.590 3.557 3.624 3977 4.136 3909 3950 4171 4.106 4.019 4084 3962 3.583 3.598 3570 3.636 3.589 3.589

B-0s, Li;O and H,O from ion microprobe. Total iron as FeO. - : Below detection limit. See text for average experimental errors.
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TABLE 3. REPRESENTATIVE ELECTRON AND ION MICROPROBE DATA OF
TOURMALINES FROM THE ZONES OF THE CRUZEIRO PEGMATITE DYKE 3

Zones Bz Wz Elz 1z P
Samples 88 A 88 90 A 90 91 92F 92D 92E PARY
Si0, 3540 3471 3497 3448 3425 36.16 3650 3755 3748
TiO, 0.27 032 0.20 0.11 0.25 0.11 - - -

B,O; 1038 1023 1028 10.18 10.12 10.55 10.63 10.86 10.84
AL O, 3350 3346 33.89 3528 3499 3589 3763 40.15 37.81
FeO 13.40 11.70 14.21 12.2] 11.52 8.45 5.23 1.16 3.39
MnO 0.30 0.12 0.46 0.97 0.32 1.31 1.41 1.98 2.09
MgO 1.04 3.14 0.43 0.08 1.48 0.25 0.14 - -

Zn0 0.27 0.30 0.34 0.67 0.23 0.33 0.25 0.10 0.27
Ca0 0.19 0.13 0.07 0.12 0.53 0.09 0.15 0.28 0.34
Na,O 191 2.16 1.76 1.99 1.95 2.38 2.61 2.16 2.51
K,0 0.04 0.04 0.02 0.05 0.04 0.02 0.04 0.03 0.06
Li,O 0.15 0.02 0.13 0.45 0.41 0.88 1.31 1.86 1.58
F 0.43 0.40 0.45 0.49 0.62 0.99 1.26 1.33 1.49
H,0 2.96 3.11 3.08 3.03 2.88 2.94 2.99 3.07 3.34
Sum 10023 99.85 100.28 100.10 99.59 100.35 100.17 100.53 101.20
O=F -0.18 0.17 -0.19 -0.20 -0.26 -0.42 -0.53 -0.56 -0.63
Total 100.05 99.68 100.09 9990 9933 9993 99.63 9997 100.57

Number of ions on the basis of 31 (O,0H,F)

Si 5982 5859 5924 5829 5798 5975 5945 5956 5.984
AKD) 0.018 0.141 0076 0171 0202 0.025 0.055 0044 0.016
B 3.027 2980 3.006 2970 2956 3.008 2987 2973 2986
Al(Z) 6.000 6.000 6.000 6.000 6000 6.000 6000 6000 6.000
Al(Y) 0.656 0.517 0.693 0.861 0.781 0.966 1.169 1.464 1.099
Fe 1.894 1651 2013 1726 1631 1168 0712 0.154 0.452
Ti 0.034 0.041 0025 0014 0.031 0.013 0.000 0.000 0.000
Mn 0.043 0.017 0.066 0.139 0046 0.183 0.194 0266 0.283
Mg 0262 0791 0.108 0.020 0373 0060 0.035 0.000 0.000
Zn 0.033 0.038 0.043 0.084 0.029 0040 0.031 0.012 0.032
Li 0.100 0.014 0087 0303 0288 0.58 0.860 1.188 1.014
Ytot. 3.023 3.069 3.035 3146 3.178 3.018 3.000 3.083 2.879
Ca 0.035 0.023 0014 0.022 0.095 0015 0.026 0048 0.058
Na 0.626 0.708 0579 0.652 0.640 0764 0.824 0664 0.777
K 0.008 0.009 0.005 - 0011 ' 0009 0005 0009 0.005 0.011
Xtot. 0.669 0.740 0598 0.684 0.745 0.784 0.859 0.718 0.847
OH 3336 3.502 3478 3417 3252 3241 3247 3252 3.557
F 0.227 0215 0241 0.259 0332 0518 0.651 0666 0.751
OH+F 3563 3.717 3719 3.676 3.584 3758 3.898 3917 4.308

B,0;, Li;O and H,0 from ion microprobe. Total iron as FeO. - : Below detection limit. See text for
average experimental errors.

evidence of almost homogeneous compositions within
each single fragment of tourmaline. Locally, however,
chemical variations were found among samples
belonging to the same pegmatite zone owing to the
presence of large zoned crystals, which subsequently
fractured. This is indirectly confirmed by a clearly
visible color zoning in euhedral tourmaline found in
the zones and in the pockets. Inspection of Figure 3
allows two areas to be identified, schorl-dravite, related

to crystals from Bz to MIz, and schorl—elbaite for 71z
and pockets tourmaline. This is in accord with the
distribution of unit-cell dimensions (Fig. 2).
Thirty-five samples of tourmaline were chosen
as representative of the chemical variation in dykes 1
and 3, and their compositions are presented in Tables 2,
3 and 4. The cation distribution was accomplished
according to the general formula [Deer et al. (1986),

‘Foit (1989), and references therein; MacDonald et al.
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TABLE 4. REPRESENTATIVE ELECTRON AND ION MICROPROBE DATA OF ZONED
TOURMALINES FROM THE CRUZEIRO PEGMATITE DYKES

84 93

Samples 62 64

core rim core rim core mantle rim core mantle rim
Si0, 3528 3636 34.85 36.65 3740 3762 3834 3780 3776 38.80
TiO, 0.04 0.06 0.12 0.05 0.08 0.14 0.09 - 0.22 0.07
B0 10.35 10.59 10.26 10.64 10.83 10.87 11.04 10.91 10.91 11.14
AlLO; 3637 3774 3404 3673 3806 39.15 40.10 3857 3865 39.65
FeO 8.86 5.56 13.12 6.03 1.45 233 1.15 0.97 2.56 0.93
MnO 1.44 1.42 0.80 1.12 3.55 1.83 0.87 3.38 135 092
MgO 0.40 0.20 - 0.16 - 0.36 0.42 - 0.41 0.16
ZnO 033 0.27 0.64 0.25 0.16 - - - - -
CaO 0.02 0.09 0.05 0.22 0.43 0.17 0.19 0.45 0.28 0.30
NaO 2.29 2.57 1.94 2.67 237 2.29 2.08 233 238 2.01
K20 0.03 0.02 0.05 0.04 0.04 0.03 0.03 0.04 - 0.03
LiO 0.95 146 0.52 1.24 1.61 1.64 1.80 1.82 1.84 1.87
F 1.03 141 0.76 133 1.49 1.26 0.99 1.26 1.11 1.05
H.0 3.13 3.12 3.00 3.00 3.16 3.22 3.43 3.28 333 3.52
Sum 100.53 100.86 100.16 100.12 100.63 100.90 100.53 100.82 100.80 100.45
O=F -0.43 -0.59 0.32 -0.56 -0.63 -0.53 -0.42 -0.53 0.47 -0.44
Total 100.10 106027 99.84 99.56 100.00 100.37 100.11 100.29 100.33 100.01

Number of ions on the basis of 31 (O,0H,F)

Si 5.835 5886 5905 5989 5992 5971 6.0i8 6.006 5987 6.077
Al(D) 0.165 0.114  0.095 0.011 0.008 0.029 0.000 0.000 0.013 0.000
B 2954 2959 3000 3.000 2994 2978 2991 2992 2985 3.011
AlZ) 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6000 6000 6.000
Al 0927 1.089 0703 1.063 1179 1297 1421 1226 1213 1322
Fe 1226 0.752 1.859 0.823 0.194 0309 0.151 0.129 0339 0122
Ti 0.005 0007 0015 0.007 0010 0017 0010 0000 0026 0.008
Mn 0202 0.195 0.115 0155 0482 0246 0115 0456 0.182 0.122
Mg 0.098 0.049 0000 0040 0000 0084 0099 0000 0096 0.037
Zn 0.040 0.033 0.081 0.030 0.018 0000 0.000 0000 0.000 0.000
Li 0632 0951 0354 0815 1039 1047 1138 1164 1174 1179
Ytot. 3.130 3.076 3.128 2932 2922 3.001 2935 2975 3.031 2.790
Ca 0.004 0.015 0.009 0.038 0.074 0.029 0.031 0.077 0.047 0.050
Na 0.735 0.808 0638 0.847 0.735 0705 0.633 0718 0732 0610
K 0.006 0.004 0010 0007 0.008 0.006 0006 0.008 0.000 0.006
Xtot. 0.746 0827 0658 0892 0.817 0740 0670 0803 0.779 0.666
OH 3449 3366 3390 3270 3377 3410 3.592 3477 3.522 3.683
F 0.537 0722 0.407 068 0754 0.632 0494 0.634 0.555 0.520
OH+F 3986 4.088 3.797 3955 4.131 4.042  4.085 4110 4077 4202

B103, Li>O and H>O from ion microprobe. Total
experimental errors.

(1993)] of the tourmaline group: XY,ZB;T,0,,(0,0H),
(O,0H,F), where X = ¥)(Na, K, Ca, [1), Y = [©i(Mg, Fe?*,
Mn, Zn, Al + Li, Fe*, Ti), Z = 6)(Al, Al + Mg, Fe*) and
T =11(8i, Al).

In Tables 2, 3 and 4, iron content is referred to as
FeO,,, because the results obtained show that, for the
most part, Fe is in the ferrous state. The few analyses
done indicate that Fe,O; varies in schorl from zero
(sample 92) to 2.0 wt.% (sample 91), whereas in the
Fe-rich elbaite, Fe,0,is undetectable. The shortage of
material available for analysis and, above all, the
difficulties in preventing oxidation during the long
dissolution times required for tourmaline, did not allow
FeO to be determined for the whole sample set.

iron as FeO. - : Below detection limit. See text for average

Composition of tourmalines from dykes 1 and 3

The most significant chemical variations of
tourmaline from both sides of dyke 1 (Fig. 4) are
shown by the Y-site cations (Fe, Mg, Al, Li, Zn, Mn)
and the anions (OH, F). The same element variations
occur for the tourmaline crystals of the western side
of dyke 3 (Fig. 5). Inspection of elemental trends of
Figures 4 and 5 shows common similarities and
differences between dykes 1 and 3. In particular:

(i) the aluminum content is high in schor]l composition
for dykes 1 and 3, whereas in pockets of dyke 3 it does
not reach the values observed in dyke 1;

(ii) the content of iron is particularly high in the inner
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FIG. 4. Compositional variation trends of tourmaline-group minerals at Cruzeiro with respect to their position from western (left)
to eastern zones (right) of dyke 1. Data from the representative compositions of Table 2.
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zone of dyke 3, where large amounts of huge crystals of
schorl are found. In addition, the elbaitic rim of these
crystals (as in sample 93) does not show the high Li
content and Zn enrichment of the elbaite crystals from
dyke 1;

(iii) the levels of magnesium and titanium (Tables 2
and 3) reach their highest values in Wz of both dykes;

(iv) the levels of lithium, as of aluminum, do not reach
in dyke 3 the values shown in dyke 1;

(v) zinc enrichment is characteristic of the strictly
elbaitic composition of the western side of dyke 1;

(vi) manganese enrichment is common to inner zones
of both dykes;

(vii) fluorine reaches its highest values in Iz of dyke 1
and in the pockets of dyke 3;

(viii) hydroxy! reaches its highest values in pockets of
both dykes.

Finally, the Na content of the X site does not show a
definite trend, its values ranging from 0.54 to 0.87 apfu
(atoms per formula unit). Since the Ca and K contents
are negligible and no other cations are of importance at
this site (Lucchesi et al., in prep.), the proportion of
vacancies becomes significant in Na-depleted samples.

Figure 4 also allows comparison between tourmaline
compositions from western and eastern sides of dyke 1.
In particular, in spite of the symmetry shown by most
of elements, compositions of western-side tourmaline
from the IIz have higher Li, Zn, Mn and F than those of
the opposite side (Table 2). Zn reaches values up to
2.02 wt.% ZnO (0.25 apfu), among the highest values
recorded in the literature. Because of their Fe content
and lack of Zn, eastern-side elbaite, therefore, shows
significant similarities with the pocket elbaite of dyke
3 (Table 3, Fig. 5).

Composition of color-zoned crystals

Euhedral centimetric crystals with marked color-
zoning occur in dykes 1 and 3. Sample 84, from Elz,
and samples 62 and 64, from a pocket, were collected
from dyke 1, and sample 93 was collected from the Ilz
of dyke 3. Both samples 93 and 84 (Table 4) show a
predominant schorl component in the black core and a
significant amount of elbaitic component in the rim.
The Y-cation trends show a sharp drop in Fe from core
to rim, with simultaneous increase in YAl (Fig. 6a) and
Li. Moreover, in sample 93, Zn decreases sharply from
core to rim, whereas Mn increases more subtly
(Fig. 6b). No well-defined trends for Zn and Mn are
observed in sample 84. Inspection of the data in
Table 4 shows that fluorine and hydroxy! behave in an
inverse manner: F increases and OH decreases from
core to rim.

Core—mantle-rim trends of samples 62 and 64 (Table
4, Fig. 6¢) show enrichment in elbaitic component
toward the rim, whereas their core and mantle, respec-

THE CANADIAN MINERALOGIST

tively, are characterized by high Mn and Fe values: up
to 3.55 wt.% MnO (0.48 apfu Mn) and up to 2.56 wt.%
FeO (0.34 apfu Fe). Regarding F and OH, the opposite
behavior with respect to samples 93 and 84 is observed:
F is high in the core, whereas OH is typically enriched
in the rim (Table 4).

The composition of zoned crystals of tourmaline
shows characteristics that allow comparison between
their core—rim trends and the elemental trends along the
pegmatite dykes. In particular, core-to-rim trends of
schorl samples 84 and 93 (Table 4, Fig. 6a) reflect the
elemental variation from the Bz to the IIz (Figs. 4, 5),
whereas those of elbaite samples 62 and 64 (Table 4,
Fig. 6¢) reflect the chemical evolution from the IIz to
the pocket in dyke 1 (Fig. 4), especially in terms of F
and OH.

DiscussioN
(OH + F) excess and bond-valence sum calculations

In Tables 2, 3 and 4, the (OH + F) contents in some
cases exceed the ideal value of 4.00 apfu (Fig. 7). The
H,0 excess was already pointed out by Foit &
Rosenberg (1977) in a systematic study of tourmaline
chemistry based on literature data.

For tourmaline, bond-valence sum (BVS)
calculations on anion sites (Donnay & Allmann 1970)
yield values close to 2.0 vz (valence units) where the
sites host oxygen atoms, and values of less than 2.0 vu
in the presence of other anions such as OH and F.

For the Cruzeiro suite of tourmaline crystals,
bond-valence calculations were accomplished using
the parameters from Brese & O’Keeffe (1991) and
the interatomic distances obtained from 18 structure
refinements with R values from 1.9 to 3.0% (Lucchesi
et al., in prep.). Calculations gave values close to 2.0 viu
for anion sites from O(4) to O(8), and values lower
than 2.0 vu not only for O(1) and O(3), as would be
expected from the literature, but also for O(2). In the
tourmaline structure, the O(3) site hosts only OH
(except in buergerite, olenite, and povondraite), and
O(1) can host O, OH and F (Grice & Ercit 1993, Grice
et al. 1993, Gorskaya er al. 1982, Barton 1969). The
BVS calculations for the Cruzeiro tourmaline crystals
of dyke 1 (Fig. 8a) confirm the occupancy of the O(3)
site by OH, as the mean value obtained is 1.10 vx, and
the occupancy of the O(1) site mainly by F and OH,
with values ranging from 0.95 to 1.33 vu for elbaite and
schorl samples, respectively.

The O(2) site should be occupied by an oxygen
atom, so its BVS should approach 2.0 vu. The calculated
BVS values decrease from schorl and Fe-rich elbaite to
elbaite, with less than 2.0 vu for almost pure elbaite.
For tourmaline crystals with (OH + F) higher than 4.00
apfu, the values reach a minimum of 1.88 vu and are
inversely correlated with (OH + F) contents (Fig. 8b).
This suggests a partial occupancy of the O(2) site



COMPOSITION OF TOURMALINE, CRUZEIRO MINE, BRAZIL

B w x n PC
240
200 =
=
-
1.60 - -
g
@llﬂ -
&
0.80
-
040 "
-
0.00 v T T T T T T
0 20 40 60 80 100 120 140 160 180 200
Zones (cm)
B 14 44 I PC
1.80
-
1.20 -
L
g -
&
>z - - -
0.60
-
0.00 v T T T T v T
0 20 40 60 80 100 120 140 160 180 200
Zones (em)
B | 4 ) 4 PC
050
040
goao
&
So20
0.10
-
- L] = ] -
0.00 . : : . ; — =
0 20 40 60 8 100 120 140 160 180 200
Zones (¢m)
B w &I n PC
400
3.80 -
%::.so .
1 [ ]
O 3.40 -
-
L] [ ]
3.20
3.00 . T - r v T r
0 20 40 6 80 100 120 140 160 180 200
Zones (cm)

425

B w B n Id
1.20
0.80 -
-
g
040 -
=
-
0.00 T " T T T T !.
0 20 40 60 8 100 120 140 160 180 200
Zones (cm)
B W E I P
1.80
120 -
a [
& -
3
0.60 -
- -
- -
0.00 —R T T v T T
0 20 40 60 8 160 120 140 160 180 200
Zones (em)
B | 4 & n P
0.50
040 -
030
E -
-
&
$ 0o .
-
0.10 -
- -
0.00 —— —————
0 20 4 60 80 100 120 140 160 180 200
Zones (cm)
B w .14 " P
1.00
0.80
-
B
. 0.60 -
g -
&
- 049 1
-
020 4™ !
0.00 T T T T T ™ T
6 20 40 60 80 100 120 140 160 180 200
Zones (cm)
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by OH, a hypothesis already proposed by Hawthorne
(1996) on the basis of stereochemical considerations.
As OH-rich tourmaline crystals come mainly from
pockets formed in the late stages of crystallization,
the presence of OH at O(2) could be a response to the
growth environment,

Mechanisms of substitution

Compositional variations in tourmaline from the
Cruzeiro granitic pegmatites are shown in Figure 3.
Coupled substitutions that refer either to the schorl or
to the elbaite across the pegmatite dykes, are defined as
“general”, whereas those that characterize the features
of tourmaline from a single pegmatite zone are defined
as “specific”. They are written as suggested by Henry
& Dutrow (1990, Table IT) and Burt (1989). The varia-
tion of monovalent cations and anions (R* + OH + F)
with trivalent cations (R3*) for all samples allows
identification of two clusters alongside end-member
trends (Fig. 9a).

General substitutions: For schorl compositions (in
addition to YMg <> YFe), the general substitutions are

YAP* + O & "Fe* + OH-  AlO(FeOH)_; (1)
X+ YA+ <> XNa*+ YFe>*  *[JAl(NaFe),, (2).

The first substitution produces “proton-deficient
schorl”, whereas the second substitution produces foitite,
C[Fe?t,(Al,Fe¥)]AleSic0,5(BO,;)s(0OH), (MacDonald et
al. 1993). The following substitution (Foit e al. 1989)
is also present, although to a lesser extent:

YAIR+ + TAI3 ¢ YFe?* + TSi*  Aly(FeSi)._ 3).

Starting from the elbaite end-member, the main
general substitution is 2YR?+ <> YAl + YLi (with R** =Fe,
Mn, Zn). Another general mechanism to be emphasized
is

2X0+ YA+ <> 2*Na++ "Li+  *[,AlNa_Li, (4),

which implies the presence of the “alkali-free elbaite”
component. It accounts for the Al excess with respect
to Li at the Y site and the lack of Na at the X site. As
mentioned by Foit & Rosenberg (1977), this substitution
is not commonly found in elbaite.

Specific substitutions: In the Bz, Elz, and Mz the
tourmaline substitutions can be fully described with
the general mechanisms indicated above for schorl.

In the Wz, the dravite substitution reaches its
highest extent (Mg up to 0.99 apfu), and the presence
of Ti (even if in a small quantity) requires the specific
mechanism

T4 + 2 TAI® ¢ YFe2+ + 27Si*+  TiAlFe_ Si, (5)

which could be considered simply a variation of
mechanism (3) (Foit et al. 1989).



COMPOSITION OF TOURMALINE, CRUZEIRO MINE, BRAZIL

427

B W E M I P C I MI EIW B
5.00
4.60
— 4
& 420 - .
“ o
~ e E 2
: i :
% 380 4 X N
k8 ® o o big H
3.40 -
300 T T T T T T T T T T T T T T T T

0 100 200 300 400

500 600 700 800 900

Zones (cm)

FIG. 7. Variation in (OH + F) in tourmaline crystals from dyke 1 (open squares) and dyke
3 (full triangles) with respect to their position in the pegmatite zones. Tourmaline
samples from the 17z and pockets show the highest (OH + F) values, locally exceeding
the stoichiometric value of 4.00 apfu. Owing to differences in relative dimensions
between the zones of the two dykes, the position of data from tourmalines of dyke 3

are indicative only.

In the IIz, the general substitution 2YR?+ <> YAl + YLi
reaches its highest extent (Fe + Mg + Mn + Zn = 1.45
apfu) and, in addition, the specific mechanism

YAP* +20%> < Li*+20H-  AIO,Li_,OH,, (6)

generates a variable content of the “proton-deficient
elbaite” end-member.

In pocket elbaite, several mechanisms are operative:
(i) in crystals 62 and 64:

OO+ OH-¢ "Lit + 0% YWOH(LIO)., (7

(ii) in sample 635, the proton-deficient substitution (6)
was found, as was the case for elbaite from the Iiz;

(iii) for samples 60, 61 R, 62 mantle, and 64 mantle, in
addition to known end-members, the OH excess could
be related to X-site vacancy by the following mechanism:

*O + OH- ¢> *Na* + O*- *JOH(NaO)_; (8)

trending toward an “alkali-free proton-rich elbaite”
end-member (Fig. 9b);

(iv) sample 95, in particular, exhibits (OH + F) excess
(0.31 apfu) corresponding to its Y- and X- site vacancies:
therefore, it is reasonable to assume that the octahedral-
cation-deficient elbaite (7) and alkali-free proton-rich
elbaite (8) end-members act together to produce the
OH excess.

Tourmaline composition related to internal evolution
of the Cruzeiro dykes

The composition of toumaline in granitic pegmatites
is related to melt composition (London 1986) and inter-
actions between pegmatite-forming melt and country
rock (Henry & Guidotti 1985, Shearer ez al. 1986). At
Cruzeiro, country-rock interactions can be considered
negligible, as the bodies of pegmatite are emplaced in
quartzite. The chemical variation of tourmaline is thus
due to the internal evolution of the melt—fluid system.

The ubiquitous assemblage of muscovite and
tourmaline indicates the peraluminous character of
the early pegmatite-forming melt. The high Li content
in the elbaite of the I/z and pockets, and the presence of
abundant spodumene in dyke 1, suggest that the parent
melt of dyke 1 was slightly more evolved than that of
dyke 3. A disequilibrium fractional-crystallization
process through liquidus undercooling (London 1992)
is considered responsible for internal zoning of the
pegmatite. The compositional variations of tourmaline
observed in the Cruzeiro suite from the Bz inward
reflect the thermal history of the pegmatite system. In
particular, the behavior of the Y-site cations (including
Zn and Mn) shows strong similarities with the ideal
covariation of these elements in response to both
decreasing temperature and increasing fractionation
of the melt (Jolliff e al. 1986). The “compositional
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from pure elbaite.

asymmetry” in tourmaline from the western and eastern
sides of dyke 1 can be explained by upward movement
of an evolved melt rich in H,O, Li, B, F, Mn and Zn
during the late stages of the solidification process.
This is in accord with the enrichment of Li-, F- and
OH-minerals in the upper part of the pegmatite dyke
(César-Mendes et al. 1993a), and could have produced
the concentration of incompatible elements toward the
western side of the solidifying dyke because of its
southwesterly dip.

The relation between the stability of Li-minerals
and F activity implies the crystallization of spodumene
in F-poor environments (Cerny & Burt 1984) and the
deposition of lepidolite in the case of high activity of F
(Heinrich 1967). In dyke 1 at Cruzeiro, the high Li and
low F contents in the melt are recorded by ubiquitous
F-poor tourmaline and large amounts of spodumene
near the core.

THE CANADIAN MINERALOGIST

CONCLUDING REMARKS

With continuous crystallization of pegmatite,
general substitutions produce proton-deficient schorl
(eq. 1) and alkali-free schorl (eq. 2) in the outer zones,
and alkali-free elbaite (eq. 4) in the inner zones.

Specific substisutions characterize the Wz schorl,
in which TAl balances 'Ti (eq. 5), and the /Iz and
pocket elbaite, in which compositions trend toward
proton-deficient elbaite (eq. 6). Moreover, in pocket
elbaite, distinct crystals exhibit particular substitutions
such as the octahedral-defect type (eq. 7), which
explains OH excess and vacancies at the Y-site, and the
proposed alkali-free proton-rich type (eq. 8), which
explains OH excess and vacancy at the X-site. These
latter mechanisms characterize tourmaline from
particular environments, in which a supercritical
aqueous fluid was plentiful (e.g., pegmatite pockets).
This OH excess in tourmaline structure occurs at the
0O(2) site. It should also be noted that, via the proposed
mechanism (8), the deficit of Na at the X site seems to
be related to the partial occupancy of O(2) by excess
OH. Finally, the compositional trends of zoned crystals
from both intermediate zones and pockets record the
chemical variations in tourmaline across the whole
pegmatite.

Assuming the “disequilibrium fractional-crystalliza-
tion model” (London 1992) to account for the internal
zoning, the evolutionary features shown by the
composition of tourmaline from the Bz to pockets
suggest the following features of melt evolution:

(1) Tourmaline crystals display Al enrichment,
reflecting the abundance of this element in the melt.
(2) Systematic changes in Y-site cations from the Bz to
the pockets indicate that Mg, Fe, Zn, Mn and Li
reached their maximum in activity at different stages of
pegmatite evolution.

(3) Crystallization of large quantities of tourmaline in
the 11z removed large amounts of boron from the melt
and lowered the solubility of H,0. This accounts
for the exsolution of an H,O-rich fluid, responsible for
pocket formation and late crystallization of OH-rich
tourmaline.

(4) The “compositional asymmetry” displayed by the
tourmaline crystals from the western and the eastern
sides of dyke 1 enabled the late stages of melt consoli-
dation of the pegmatite to be reconstructed.

(5) The low F content of tourmaline in this suite reflects
limited F activity in the volatile phase and in the melt,
further confirmed by the stability of spodumene both in
the IIz and in the pockets.
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