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COMPLEXLY ZONED FIBROUS TOURMALINE, CRUZEIRO MINE, MINAS GERAIS,
BRAZIL: A RECORD OF EVOLVING MAGMATIC AND HYDROTHERMAL FLUIDS
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Department of Geology and Geophysics, Louisiana State University, Baton Rouge, Louisiana 70803, U.S.A.
ABSTRACT

Silver-gray tourmaline fibers intergrown with a deep pink elbaite host from the Cruzeiro mine, Minas Gerais, Brazil, provide
evidence for the compositional evolution of magmatic and hydrothermal fluids involved in pegmatite formation. Optical and
back-scattered electron imaging, together with detailed microanalysis, establish that the fibers, 0.05-0.3 mm in width, are com
plexly zoned and developed in four distinct generations marked by discrete compositions and replacement textures. Fiber growth
is punctuated by periods of dissolution. The first generation, preserved in the fiber interior, is a dark blue foitite;gte blu
second generation varies from Fe-rich elbaite to Li-rich schorl, and the third generation is a yellowish-green “fluor-elbaite”.
Volumetrically the most abundant, generation-three fibers poikiloblastically replace the earlier generations as wellta8 the hos
fourth generation of fibrous tourmaline fills fractures that cut all previous generations and the host, but is unrelatéd b gro
the previous fibers. Compositionally, last generation is indistinguishable from the second-generation Li-rich schorléibers. Te
tural and compositional discontinuities of each generation record periods of stability followed by reaction(s) in whioméae tou
line was initially unstable, partially dissolved owing to interaction with fluids, and then redeveloped in response tiomsteract
with evolving orthomagmatic or hydrothermal fluids. The general progression of the first three generations implies tlgat reactin
fluids were generally undergoing fractionation, becoming successively enriched in Na, Li, Ca, and F during late crystsllization
the pegmatite. The composition was reset to a Li-rich schorl during late-phase fracturing. Crystal-chemical constraifits such as
— X-site vacancy avoidance control part of the compositional variability observed. In this multistage tourmaline sample, indi-
vidual fibers exhibit the most chemically complex compositions yet recorded, and reflect the dramatic complexity of fluid evo-
lution involved in their crystallization.

Keywords fibrous tourmaline, tourmaline dissolution, foitite, elbaite, fluids, Cruzeiro mine, Minas Gerais, Brazil.
SOMMAIRE

Des générations de tourmaline fibreuse en intercroissance avec une elbaite rose foncé, provenant de la mine Cruzeiro, prov-
ince de Minas Gerais, au Brésil, permettent de reconstruire I'évolution de la phase fluide orthomagmatique ou hydrothermale
accompagnant la cristallisation de la pegmatite. Les images optiques et les images résultant de la rétrodiffusion d\éectrons,
les résultats de microanalyses, montrent que les fibres, d’'une largeur de 0.05 a 0.3 mm, sont zonées de fagon complexe. Elles s
sont développées en quatre générations distinctes marquées par des sauts de composition et des textures de remplacement. La
croissance des fibres est ponctuée par des intervalles de dissolution. La premiére génération, préservée a l'intéegestes fibr
une foitite bleu foncé. La deuxieme génération, gris-bleu, varie d’elbaite ferrifere a schorl lithinifere, et la troisicatiergésgé
une “fluor-elbaite” vert jaunatre. Cette derniére est la plus volumineuse; elle englobe de fagon poecilitique les fibesseprécoc
la tourmaline héte. Une quatrieme génération de fibre remplit les fissures qui recoupent les trois générations antésieliees, mai
semble sans relation avec celles-ci. Du point de vue composition, la derniére génération rejoint la seconde (schoyl Lidsnifere
discontinuités texturales et compositionnelles marquant chaque génération témoignent de périodes de stabilité suivies de réacti
au cours desquelles la tourmaline, instable au départ, est en partie dissoute suite a une interaction avec la phasstitede, et
redéveloppée en réponse aux interactions avec la phase fluide en évolution, soit d’origine orthomagmatique ou bien hgdrothermal
La progression ordonnée en composition des trois premiéres générations fait penser que les fluides responsables étaient en voie
de fractionnement, devenant par ce fait progressivement enrichis en Na, Li, Ca, et F au cours des stades tardifs titencristallisa
de la pegmatite. La composition a ensuite été modifiée pour cristalliser un schorl lithinifere le long des fissures tesdives. D
contraintes cristallochimiques, par exemple I'incompatibilité de F et de lacunes suiXeesigzcent un contrble partiel de la
variabilité des compositions observées. Au cours de cette croissance épisodique, les fibres individuelles enregistreat les comp
sitions les plus complexes qui soient connues, et illustrent ainsi la complexité dramatique du schéma d’évolution de la phase
fluide accompagnant leur cristallisation.

(Traduit par la Rédaction)

Mots-clés tourmaline fibreuse, dissolution, foitite, elbaite, fluides, mine Cruzeiro, Minas Gerais, Brésil.
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INTRODUCTION partitioning among tourmaline sites (Hawthorne &
Henry 1999). Fibrous tourmaline falls into several of
The tourmaline group is characterized by extensitbese categories. Table 1 summarizes the end-member
chemical substitutions, and thus compositionally diverspecies that are most important for this investigation.
members. This chemical complexity makes tourmaline Earlier investigators of fibrous tourmaline referred
a valuable indicator of changes in its local chemicab them by various descriptive names such as “bugs
environment. In addition, it is a relatively stable minnest”, “whiskers”, “filiform”, “mountain leather” or
eral that preserves much of the textural and chemictburmaline asbestos®(g.,Coelho 1948, Bantly 1964,
signatures of earlier periods of growth. Consequentlijitchell 1964, Furbish 1968, Novak &ak 1970,
tourmaline is exceedingly useful for tracking the comBietrich 1985). Fibrous tourmaline has been shown to
positional evolution of igneous and metamorphic rocksucleate on a wide variety of substrates in many of geo-
and can often serve as a monitor of fluid infiltrationlogical settings. For example, fibrous tourmaline has
Numerous studies have demonstrated the utility of touseen found associated with coarse-grained elbaite and
maline in these environments as a petrogenetic indicgehorl in miarolitic cavities in granitic pegmatitesqd.,
tor mineral €.g, Henry & Guidotti 1985, Henry & Bantly 1964, Pezzottat al. 1996, Novak 1998), with
Dutrow 1992, Dutrowet al. 1999, London 1999, and quartz veins cutting schists, gneisses, or pegmatites
many others). (e.g.,Rama Swamy & lyengar 1937, Mitchell 1964,
Although tourmaline commonly exhibits a prismatidNovak & Zék 1970,Sreinet al. 1997), within tourma-
morphology, it is also one of the nearly 400 mineralinized vugs in low-grade pyrophyllite deposits (Furbish
that form fiberssensu strictdSkinneret al. 1988). Fi- 1968), as patches in altered and mineralized volcanic
brous tourmaline has long been recognized, but thewks €.g.,Foitet al. 1989) or, most commonly, as frac-
are relatively few studies that define its compositioriure fillings in previously broken tourmaline crystals,
and even fewer that investigate its petrogenetic potemhere the fibers act as a sealing agerd.(Mitchell
tial. Many examples of fibrous tourmaline develop ir1964, Lyckberg & Hawthorne 1997). Typically, the fi-
granitic pegmatites, a geological environment noted ftyers are distinctly different in color than the host tour-
evolving fluids. These occurrences provide an opportmaline; in some cases, they exhibit a color change over
nity to investigate the composition of tourmaline fiberghe length of the fiber that reflects compositional varia-
in a changing environment of growth and to evaluatén (e.g.,Pezzotteet al. 1996).
their utility in monitoring this environment. In one of the earliest studies, lyengar (1937) used
A detailed micro-analytical investigation was underwet-chemical techniques to show that the fibrous to
taken on a sample from the Cruzeiro mine, Governadsemi-fibrous tourmaline from an undefined locality in
Valadares, Minas Gerais, Brazil, in order to chemicallylysore State corresponds to alkali-deficient, aluminous
characterize the fibrous tourmaline, to define the comsehorl. Novak &Z&ak (1970) found that white asbesti-
plexity of zoning present in single fibers, to provide inform tourmaline from a quartz vein cutting graphite
formation on growth history of the fibers, and to
evaluate the role of tourmaline as a monitor of fluid

evolution in pegmatitic environments.
TABLE 1. IMPORTANT TOURMALINE SPECIES

ASSOCIATED WITH FIBROUS TOURMALINE
BACKGROUND INFORMATION

i Species (X) [¢8] (Zy 70, (BOy), 18 w
The general formula for tourmaline can be expresseé
as XY3Zg(Ts01g)(BO3)3V3W (Hawthorne & Henry
1999). The relatively larg¥ site contains Na, Ca, K,
and vacancies{(J); the two distinct octahedral sit@s, Elbaite Na  LijsAls Al SiOy  (BOy);  (OH), (O(fFI;

1 : H . o -Elbaite”* i, sAl Al Si0 BO. OH
andz, are occupied by a variety of divalent, trivalenforozone,” o et e S0t GoX Gm ©

Alkali tourmaline

and tetravalent cations, and Si with lesser Al dominatesor Na  Fe, A, Si0Oy 2383;3 Egg; Egg
i i i R Dravite Na Mg Al SigO4 BO,), 5

the tetrahedrally coordinatddbite. The triangula site  Jo° Na AL AL S0 BOY  (0) (O

is occupied exclusively by B, whereas the two anionic

sites,V andW, contain OH, F- and G~. Of particular Calcic tourmaline

importance to the proper classification of tourmaline igyaicoarite Ca LAl AL Si0. (BO), (O) ®

the fact that F exclusively enters tésite, and & Uviee Ca Mg Al SOy (BO),  (O) ®)

tends to partition into this site. In turn, the presence of
dominant G- in theW site mandates local order in the

X-site-vacant tourmaline

fotr ; ; ; Rossmanite O LiAL Al S0, (BOy,  (0)  (OH)
distribution of cations at th¥ andZ sites (Hawthorne Zo®" O Rl AL SOn (BO),  (On  (OH)
1996). The chemical diversity and structural requir@uagnesiofoitite: = MgAl Al Si0,, (BO), {0 (OH)

ments of tourmaline produce a large number of possible —
e_nd-_rnember SpeCIes_ that have recently been reCIaS%;;ecies in quotation marks are not currently recognized as valid end-members by
fied in accordance with current knowledge of elememia. but are suggested as being appropriate by Hawthorne & Henry (1999).
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schist is dravite with Mg/(Mg + Fe) = 0.95. Hyalophaneyor beryl, almandine garnet and niobotantalates at the
magnesian chlorite and pyrite, reflecting a local Mg-richorder zone and spodumene, lepidolite, amblygonite,
environment, accompany this asbestiform dravite. spessartine garnet and beryl at the intermediate zones
More recently, investigators have begun to charaand pockets (Cassedaneeal. 1980, Federicet al.
terize the compositional variability developed in fibrou4998). With the exception of minor garnet, no other fer-
tourmaline. Foitet al. (1989) described fibrous zonedromagnesian minerals appear to develop coevally with
tourmaline associated with dumortierite in altered votourmaline. Many of the minerals in the pegmatite ex-
canic rocks as alkali-deficient schorl to foitifereinet  hibit warping or fracturing (Cassedanatal. 1980).
al. (1997) found that hair-like tourmaline occurring inTourmaline is typically black at the border zone of the
late hydrothermal quartz veins is oscillatorily zoned Fgegmatite and becomes color-zoned to green, green-blue
rich dravite with significant amounts of Ca and Tiand pink in the intermediate zones and pockets.
Modreskiet al. (1997) established that acicular to fi-Cassedannet al. (1980) described massive deep rose
brous tourmaline from the Brumado magnesite deposit red elbaite locally with “asbestos-like” tourmaline in
in Brazil has a range of compositions from dravite tthe pockets (see their Fig. 5), similar to those of our
uvite to magnesiofoitite. Novak (1998) characterizedample. The general compositional trends of the tour-
fibrous blue dravite that forms a subsolidus reactant maline in the pegmatite bodies are along the dravite—
the margins between Li-poor pegmatites and Ca-, Mgehorl join at the border, wall and external to medium
rich rocks such as marbles and serpentinites in thrgermediate zones, and along the schorl—elbaite joins
Moldinubicum, Czech Republic. Pezzo#ial. (1996) at the internal intermediate zones and pockets. Relative
noted that in a pegmatite pocket from Elba, tourmalirte the outer zones of the pegmatite, tourmaline of the
fibers nucleated exclusively at the analogous pole of ti@ernal intermediate zones and pockets exhibits a sig-
elbaite—schorl substrate, where they crystallized intificant increase in LiYAl, F, Mn and Zn, and a de-
miarolitic cavities of the pegmatite dike, a growth paterease in Fe and Mg. Color-zoned tourmaline of the
tern that suggests a genetic relationship between thegeckets typically features chemical zoning such that
bers and late-stage fluids. These fibers are unzongdpportions ofAl and*] increase, and Mn and F de-
alkali-deficient and Fe—Al-rich, and classified as foititerease toward the rim. Federieal. (1998) considered
(Lo.6Nag.36Ca0.01) (LigaFe15Mgo19Tio.0iAlogg) the compositional trends of the tourmaline to reflect the
Al6SigO15(BO3)3 (OH),. Aurisicchioet al. (1997) de- chemical evolution of the pegmatite melt—fluid system.
scribed similar fibers oK-site-deficient schorl and
foitite nucleating on the analogous poles of coarse CHARACTERIZATION OF THE SAMPLE
elbaite—olenite crystals from other bodies of pegmatite
on Elba, and attributed fiber development to growth The sample of fibrous tourmaline consists of abun-
during late-stage fluid evolution, and to fluid infiltra-dant silver-gray tourmaline fibers aligned parallel to the
tion associated with subsequent fracturing. Lyckberg & axis of the host pink tourmaline crystal (Fig. 1). The
Hawthorne (1997) found dark orange-brown fibers dfbers are typically 0.05-0.30 mm in width and 5.0-20.0
tourmaline associated with quartz, albite, muscoviteam in length. Locally, the host and fibers are cut by
beryl and garnet in a gem pegmatite from the Alabashkactures that contain a later generation of dark gray fi-
Pegmatite Field, Ural Mountains, Russia. These fibebsous tourmaline. Nucleation points for the fibers are
also have a foitite composition, and are related to tladong the margin of the pink tourmaline, or at fractures
latest stage of pegmatite pocket formation. where reactive fluids gained access to the crystal.

GEOLOGY OF THE TOURMALINE-BEARING PEGMATITE Analytical techniques

The fibrous tourmaline sample used in this study is Thin sections were made both parallel and perpen-
from the Cruzeiro granitic pegmatites of Minas Geraislicular to thec axis of the fibers in order to establish the
Brazil (R. Van Wagoner, pers. commun.). This worldtextural and chemical relationships between the fibers
famous locality has produced gem-quality elbaite crysnd the pink tourmaline host. Optical and back-scattered
tals and sheet muscovite (Cassedastred. 1980). The electron (BSE) imaging establishes the complex nature
deposit consists of three subvertical dikes of granitaf these fibers (Figs. 2—4). These images, in turn, were
pegmatite that have sharply defined contacts with thised as a base map for the position of detailed micro-
host quartzite of the Serra da Safira sequence (Feder&mlyses.
et al. 1998). The dikes, ranging from 8 to 60 meters Electron-microprobe analyses were done on the fi-
wide, exhibit symmetrical mineralogical, textural anders and the host tourmaline by wavelength-dispersion
chemical zoning around a quartz core. The mineralogipectrometry (WDS) using an automated JEOL 733
cal and textural zonation consists of a border zone, walkectron microprobe at Louisiana State University. Ana-
zone, intermediate zone, pockets and a core zone. Miytical conditions were: accelerating potential 15 kV,
eralogically, the pegmatite is comprised predominantgnd beam current 5-10 nA, 1g2n focussed electron
of quartz, feldspar, muscovite and tourmaline, with mbeam. Well-characterized synthetic and natural silicates
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Fic. 1. Silver-gray fibrous tourmaline replacing and cutting the pink elbaite host. Darker
gray fibrous tourmaline veins cut all earlier generations of fibrous tourmaline and the
host.

Fic. 2. Photomicrograph of fibrous tourmaline displaying the texture of the host elbaite (Elb) and three distinct generations of
tourmaline growth in the fibers as observed in sections cut parallel to the fiber length. Gen. 1: Generation 1. Gen. 2: Genera-
tion 2, Gen. 3: Generation 3.
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Fic. 3. Photomicrographs in plane light of sections cut perpendicular toatkie of the
fibers, which display host elbaite, and three generations of fiber growth. Note distinct
replacement and cross-cutting relations of the three generations of fibers. (a) Tourma-
line fibers exhibit a poikiloblastic relation with the elbaite host. (b) Details of earlier
generations of fiber replaced by later generations. Elbaite host is colorless, Gen. 1 is
dark peacock blue, Gen. 2 is lighter blue-gray, and Gen. 3 is yellowish olive green.

were used as standards. Energy-dispersion scans w@re) for selected oxides is estimated to be 0.21%,SiO
done initially to define the important elements prese®13% ALOs, 0.03% TiQ, 0.06% FeO, 0.03% MnO,

in the tourmaline (wittZ = 5). Tourmaline was quanti- 0.11% MgO, 0.02% CaO, 0.03% & 0.03% KO,
tatively analyzed for K, Na, Ca, Fe, Mn, Mg, Ti, Al, Si,0.02% F and 0.01% CI.

F, and CI. The data were corrected on-line using a modi- In order to calculate the stoichiometry of the tour-
fied Bence—Albee correction procedure. On the basismialines and make estimates of the amounts of undetect-
replicate analyses of several secondary standards, #ie light elements (Li, B, H), several assumptions were
analytical precision associated with counting statistiegeade. (1) The amount of,83; necessary to produce
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Fic. 4. Generation-4 tourmaline cuts all previous generations of fibrous growth. (a) Pho-
tomicrograph in plane light of Generation-4 tourmaline in diagonal blue vein cutting all
earlier generations of tourmaline. Blue bands in upper left corner are epoxy. (b) Back-
scattered electron image of the same area as shown in (a). The lighter gray tourmaline
(Gen. 4), richer in Fe, clearly cuts the earlier generation. Note also the poikiloblastic
nature of Gen. 3 tourmaline.

three B cations in the structural formula was calculategeneral, is a reasonable assumption in this case. On the
from stoichiometry constrainte.@., Hawthorne 1996, basis of a large number of high-quality wet-chemical
Bloodaxeet al. 1999). (2) The structural formula isanalyses, Povondet al.(1985) demonstrated that data
based on a normalization scheme such that the propfar elbaite from a variety of granitic pegmatites cluster
tion of Si equals 6 atoms per formula u@ipfu). This very close to 6 Sapfu Furthermore, a number of com-
assumption, although likely not valid for tourmalines iplete analyses (including B, Li, H analyses) of the
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elbaitic tourmalines from the Cruzeiro pegmatites comen charge-balance calculations (see Henry & Dutrow
firm that Si= 6.0 apfu is a reasonable assumptionl996). If some of the iron is actually in the ferric state,
(Federicaet al.1998). (3) Li was estimated by subtractthe H estimate is reduced. This estimate of H, and con-
ing the sum of th&-site cations from 3,e.,assuming sequently the estimate \0t-site G-, is subject to a large
no vacancies in the octahedral sites (Henry & Dutrowncertainty because it reflects a combination of errors
1996). This assumption is supported by complete chemaissociated with assumptions regarding normalization
cal data obtained for other tourmalines from Cruzeirand the sum of analytical uncertainties of all measured
in which theY sites are typically completely filled elements. Nonetheless, this exercise is useful because
(Federicoet al. 1998). (4) Fg: is assumed to be essen-one can place general limits on Mésite occupancy,
tially all Fe?*. The minor optical pleochroism present irrather than simply assume a composition in terms of the
all generations of tourmaline suggests that the Fe ksOH binary ¢f. Henry & Dutrow 1996). (6) F is as-
mostly in a single oxidation state.g.,Henryet al. sumed to be exclusively accommodated in\Wsite,
1999). Determinations of Fe oxidation states in tourmand any & in theV andW sites is preferentially parti-
lines from other pegmatite occurrences suggest the géioned in thew site (Hawthorne & Henry 1999).
eral dominance of ferrous over ferric irend.,Povondra
et al. 1985, Dyaret al. 1998, Federicet al. 1998). (5) ResuLTs
An estimate of the maximum H content is made by cat-
Growth and chemical complexity of the tourmaline
fibers was initially indicated by optical properties ob-
TABLE 2. AVERAGE COMPOSITION OF EACH GENERATION served in thin sections cut parallel and perpendicular to
OF TOURMALINE, CRUZEIRO MINE, MINAS GERALS, BRAZIL the fibers. In thin sections parallel to the fiber axis, the
fibers are patchy blue to yellowish green in plane light,

Hos Gen ! G2 Ge3 Gt in contrast to the colorless host (Figs. 2, 4). The five
generations of tourmaline are in optical continuity, with
fiber growth parallel to the axis of the host. Nucle-

B0, (wi%) 10.89 10.46 10.51 10.52 10.42 . R . .

Si0, 3767(0.28) 36.00(0.19) 36.60(0.40) 3681 (043 3622  ation sites of the fIbE_rS are exclusively along the mar-
ALO, 42.59 (0.45) 36.25(0.88) 36.56(0.45) 36.69 §0-7ﬂg 3642 gins of the host, or within fractures.

TiO. 0.01 (0.00) 0.04(0.02) 0.11(0.03) 0.25 (0.08 0.08 . . . -

FeO 009(0.06) 10.68(0.97 T81(0.63) 569055 825 Thin sectlons.cut perpendlcular. to the flber$ more

MnO 090(0.19) 070(0.27) 094009 o893 o7  clearly reveal their developmental history, as defined by
Ve 9% QAB(O1n 048009 031 94¢ distinct color-zones and cross-cutting relations (Fig. 3).
Ca0 032(0.12) 004002 024045 116(.39 o014  Fourdistinct textural and compositional types comprise
E%O égg(gz? (l)g} (3-355) (1)32(3(1)7) 3};“;;? (l)gg the fibrous tourmaline. In plane light, generation-1 tour-

F 0.73 Eu:u; 0.02 50103; 047 Eoiwg 1:1920:08; 045 Maline is peacock blue at maximum absorption, gen-
a 0.00 0.00 0.00 0.00 000 eration 2 is lighter blue, generation 3 is yellowish green,
Total 06.06 0501 06.45 0679 oss2  and generation 4 is blue. Relative growth relationships
0=F 031 0.01 020 0.50 019 among the different generations are also distinct in BSE
TOTAL 9575 95.90 96.25 9629 933 images (Fig. 4). Each succeeding generation partially

cannibalizes and replaces the preceding generation(s)
(Figs. 2, 3). A fourth generation of tourmaline cuts all

Atomic proportions based on 6 Si cations

B (apfu)  3.000 3.000 3.000 3.000 3.000  previous generations remaining in optical continuity and
si 6.000 6.000 6.000 6,000 o0 IS related to late fracture-filling event (Fig. 4).
“Al 6.000 6.000 6000 6.000 6.000 The four generations of fiber growth, with their dis-
Al 1995 (0.126)% 1121 (0.177) 1064 (0.111) 1.05140.177) 1.110 tinct colors anq_ textures, g_enerally have_ mgrkedly dif-
Ti 0.001 (0.000) 0.005 (0.002) 0.014(0.004) 0.031(0.070) 0010  ferent compositions. Chemical analyses indicate that all
Fe?, 0.012 (0.008) 1489 (0.138) 1.070(0.08%) 0.775(0.070) 0.143 generations belong to either the alkali or vacancy-domi-
Mn?*' 0.121 (0.019) 0.099 (9.038) 0.131 (0.043) 0.123 (0.043) 0.100 . Table 2 Fig. 5 cl if . he basi
Mg 0,001 (0.000) 0119 (0.027) 0.117(0.040) 0.094 (0.032) 0114 ~ nant Se“e_s( anle 2, Fig. a). _lassitication on the basis
LS 0870 (0.123) 0.174(0.125) 0.604 (0.13/) 0.927(0.169) 0.523  of theW-site anion occupancy is more problematic be-
Ca 0,055 (0.021) 0.007 (0.004) 0.043 (0.019) 0.195(0.065) 0,025 ~ CAUSE of uncertainty n the inferred amounts of H, but,
Na 0.544 (0.021) 0.328 (0.080) 0.604 (0.057) 0.688 (0.062) 0540  ON average, the host is part of the oxy-subgroup, gen-
K 0.003 (0.002) 0.003 (6.002) 0.003 (0.002) 0.004 (0.002) 0.004 ; ; _
jml 0.398 (0.019) 0.663 (0.084) 0.345 (0.068) 0.113 (0.021) 0.431 eratlons_ 1,2 and 4 are in the hydroxy Sl_"bgrOUp’ and
generation 3 is in the fluor-subgroup (Fig. 5b). The
F 0.367 (0.056) 0.009 (0.013) 0.243 (0./00) 0.615 (0.042) 0.236 magnitude and types of additional compositional
Cl 0.000 0.000 0.001 (0.001) 0.000 0.000 h d d b | I inf .
OH? 2852 (0.259) 3651 (0.304) 3.54 (0.191) 1020(0.375) 3563 Changes documented subsequently reveal information
of 0.781 (0.259) 0.340 (0.304) 0.212(0.191) 0.365(0.315 0201 about the changing chemical environment during
growth of the tourmaline. Compositional trends within
 Nurber of analyses of each generation of tourmaline. and between these generations were deduced on the

¥ Calculated using stoichiometric constraints (see Analytical Techniques). . . X
+ Numbers in parentheses are standard deviations of the mean (10). The standard basis of numerous plOtS of chemical data, Only aselected

deviation with "Al s for total Al subset is shown here.
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a category of an “oxy-elbaite” (Table 1, 2, Figs. 5, 6).
However, owing to the significant proportionsX6Eite
vacancies and F, and the roughly 1:2 ratio of Li to Al,
there is almost 50% of the rossmanite component in
solid solution with the “oxy-elbaite”. Occurrence of this
roughly binary mixture of end-member components is
consistent with the supposition that owing to local bond-
valence constraints, an “oxy-elbaite” tourmaline end-
member is unlikely to be stable, but nevertheless can
exist as a mixture with other tourmaline components up
to a level of about 50% (Hawthorne 1996). The pres-
ence of significant Mn (0.12pfu) and the paucity of Fe
02 and Ti are largely responsible for the deep pink color of
o A the elbaite ¢f. Fritsch & Rossman 1987).
y o p RS 8 00 The elbaite host displays relatively minor composi-
oo 02 04 06 08 10 tional variability (Table 2, Figs. 7, 8). The most impor-
Xesite vacancy Na (+K) tant elemental ranges involve Al (7.69-84%u) and
F (0.25-0.44pfu) (Fig. 8). Because Al is the dominant

b. measuredy-site cation, calculated Li values are posi-
tively correlated with Al. This correlation is most con-
Subdivisions based F sistent with the exchange vector [Li(QHAIO ,)_q (cf.

on Wsite anion 00,10 Burt 1989).

Principal groups
of tourmaline

Host
Generation 1
Generation 2
Generation 3
Generation 4

XoProno

Alkali §

ER>
0.8 group \‘T‘:Q‘
<

R

Generation 1

The generation-1 tourmaline fiber, characterized by
irregular peacock blue patches in the fiber interior
(Figs. 2-4), has a dramatically different composition
than the host (Figs. 5-8). Average composition of this
generation of fiber is (N&zCa.0rlo.60 (Lio.17 €140
A 02 Mno.10Ti0.04Al1.12) AleSicO18 (BO3)s (OH)z (Fo.0100.34

2 OHg g9, which is classified as foitite (Table 2, Figs. 5,
o . o 6). _Relati\_/e to the host, the generation-1 tourmaline is
A o o oe 0 T enriched in Fe (1.48pfu), OH (O.SOapfu) andX—sng

o* oH- vacancy (0.2apfu) and depleted in Al (0.8&@pfu), Li

(0.70apfu), O (0.44apfu), F (0.36apfu), and Na (0.22
Fic.5. General chemical groups and subdivisions of the to a.l_pfu). The Cgmppsitional transjtion from thg host to the

.m.aline generations. (a) Classification of the principa”fSt'generatlon fiber can be_prlmarlly described in terms

groups of tourmaline based ofsite occupancy (from of the exchange vectors FeiAl) _; and OH(F); (Figs.

Hawthorne & Henry 1999). Note that generation 1 iXan 7a, b).- . . . o

site-vacant tourmaline, whereas other generations are al- This first generation of fibrous growth exhibits mod-

kali-group tourmalines. Each symbol represents an indérate compositional variability. Among the elements

vidual composition. (b) Tourmaline-group subdivisionsought, the greatest ranges are observed for Al (6.81—

based on anions occupying We_site. The host_ is r_estrict_ed 7.35apfu), Fe (1.35-1.76apfu) and Na (0.18-0.42pfu

to the “oxy” subgroup, generation-3 Fourmahne is conﬂneqtig& 5-8). Comparable variability is developed in cal-

Eﬁ;gﬁ);y,ogﬁé‘?ggﬂ%Uggsogggefrﬂgﬁié gf”(cj)ﬁ Zﬂg”otﬁﬁlated Li values (0.00-0.2pfu) andX-site vacancies

calculated in th&V site are susceptible to significant uncer—.(0'57_0'81.)' Consequ_ently, c_omp_osmonal hEtemgene'

tainty (see section on analytical techniques). ity of the first generation of fiber is best descrlbed by
the exchange vectors NalifFe); and [Li(OH)]

(AlOy)_1 (Figs. 7a, b, 8a). A notable feature in this gen-

eration of alkali-deficient tourmaline is the paucity of F

Host in an environment that was otherwise F-rich (Fig. 8b).

The composition of this early-formed tourmaline fiber

The average composition of the host isdN&a.0s is similar to that of fibrous foitite described from other
"To.40) (Lio.s7e.0tMNo 1271200 AleSisO1s (BO3)s pegmatite localitiesg.g., Pezzottaet al. 1996,
[(OH)2.500.19 (Fo.3/00.69, Which falls in the general Aurisicchioet al. 1997).

Sbgroup 4 subgroup
A
o]

=]
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Fic. 6. Classification of the host tourmaline and Generations 1 to 4 fibers. Lines dividing
the diagram represent 50% of the end-member components. The host falls within the
elbaite field but, on the basis of the dominance of O iMtisée, it is best classified as
an “oxy-elbaite”. Generation-1 tourmaline falls entirely in the foitite field. Generations
2 and 4 fall on the boundary between elbaite and schorl and are, on average, hydroxy-
tourmalines, and can be classified as Fe-rich elbaite to Li-rich schorl. Generation-3
tourmaline, in the F-subgroup, falls within the elbaite field and is best termed a “fluor-
elbaite”. The dashed arrow represents the general compositional trend followed by fibers
of generations 1 to 3.

Generation 2 greatest ranges include Al (6.85-7&%u), F (0.11—
0.47apfu), Fe (0.86—-1.28pfu) and Na (0.50-0.68&pfu)

The second generation of fibrous tourmaline, deve(Figs. 5-8). Comparable variability is developed in the
oped as blue-gray patches that locally cross-cut and oalculated Li values (0.29-0.3®fu) andX-site vacan-
place generation-1 tourmaline, is compositionallgies (0.21-0.48). Variability within generation-2 tour-
distinct from the latter. With an average composition aghaline is best described by the exchange vectors
(Nao'eocajlo4x|:|0,36) (Lio'eoFel'(ﬁM no'lgMgollzTi()'()l NaLi(DFe)_l, (LI(OH)Z)(A|02)_1 and F(OH)l (FIgS 7a,

Al .08 AlgSisO18 (BO3)s (OH)s (Fo.2400.210H0 59), it is b, 8a, b).

best classified as Fe-rich elbaite to Li-rich schorl (Fig. 6,

Table 2). Relative to generation-1 tourmaline, the aveGeneration 3

age composition is enriched in Li (0.4pfu), Na (0.28

apfu), and F (0.2&pfu) and depleted in Fe (0.4®fu), The third generation is a yellowish to olive green
X-site vacancies (0.3#fu), O (0.13apfu) and OH (0.11 poikiloblastic tourmaline that replaces earlier genera-
apfu). Changes from generation 1 to generation 2 atiens of fibers as well as the host, and is composition-
most consistent with operation of the exchange vectaally distinct from all other generations. Generation-3
NaLi(CJFe); and F(OH); (Figs. 7a, b) similar to gen- tourmaline has an average composition ofp(§¥a& 20
eral evolutionary trends developed in many pegmatit€lo.11) (Lig.od . 7dMNo.1MJo.09Ti0.09A1.09) AlgSigOrg
systems€.g.,London 1999). (BO3)3 (OH)3 (Fo.600.360H0.02), and is best classified

The amount of compositional variability of generaas Fe-rich “fluor-elbaite” (Figs. 5, 6, Table 2). It is the
tion-2 tourmaline is similar to that observed within genmost F-rich of the four generations of fiber, reaching
eration-1 tourmaline. Among the elements sought, tmearly a full complement of F atoms in thé site
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Fic. 7. Relationship between Fe and LdGsite vacancy for Fic. 8. Al-Fe andX-site vacancy — F relations in all genera-

all generations of tourmaline. Arrows labeled with the ex- tions of tourmaline. Arrows labeled with the exchange vec-
change vectors represent directions of the vector but not tors represent the direction (not the magnitude) of the vec-
the magnitude. (a) Reersuscalculated Li. Reference line tor. (a) YAl versusFe. Separation of Generations 1-3 is
has a slope of -1, consistent with the exchange vector generally consistent with the exchange vector (NaLi)
(NaLi)(LJFe)4. The compositional progression of genera-  ([JFe)4, but there is also dispersion of the data within each
tion-1 to generation-3 tourmaline generally follows this generation roughly parallel with [Li(OHYAIO 2)_;. (b) X-
exchange vector. (b) ReersusX-site vacancy. Reference  site occupancyersusk. Reference line has a slope of —1.
line has a slope of +1, consistent with the exchange vector All generations of tourmaline, including the pink tourma-
(NaLi)([JFe), with the progression of generations 1 to 3.  line host, generally follow this line, suggesting Xusite
vacancy — F avoidance. The line also implies that F should
be essentially absent in tourmalines with more thaaifib
X-site vacancy.
(Fig. 8b). It is also the most Fe-poor of the four genera-
tions (Figs. 7a, b, 8a, b), and contains a nearly ffled
site, having substantial variability with respect to Ca arthese general changes from generation 2 to generation
Na (Figs. 5, 7b). The constant but lawsite vacancy is 3 are most consistent with the exchange vectors
commensurate with an increase in F (Figs. 5, 7b, 8NaLi((CJFe) ; and F(OH);.
Relative to generation-2 tourmaline, the average gen- Generation-3 tourmaline is the most heterogeneous
eration-3 composition displays an increase in F (0.3f the four generations, with the greatest ranges involv-
apfu), Li (0.32apfu), Ca (0.15apfu), Na (0.08apfu), ing Al (6.67—7.42apfu), Fe (0.64—0.94pfu), Ca (0.03—
and O (0.15apfu) and a decrease in OH (0.8pfu), 0.31apfu), Na (0.58-0.82pfu), and F (0.50-0.68pfu)
Fe (0.30apfu), andX-site vacancy (0.23) (Figs. 5-8).(Figs. 5-8). Comparable variability is developed in cal-
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culated values for Li (0.56-1.24pfu), OH (0-0.50 matite fluids in the late stages of crystallizatiaf (
apfu), and O (0—0.44pfu). As such, chemical variabil- Londonet al. 1996). In general, this tourmaline must
ity within this generation is primarily due to thehave been in equilibrium with an agueous magmatic
[Li(OH)2](AlO)_; substitution, with minor CaFe fluid that not only was enriched in Li and F, but also

(NaAl)_; (Figs. 7a, 8a). was deficient in Na and Fe. Federatal.(1998) noted
that the ubiquitous assemblage of muscovite and tour-
Generation 4 maline indicates the peraluminous character of the early

pegmatite-forming melts at the Cruzeiro mine. They
The fourth generation of tourmaline appears as a latensidered the compositional variations of the tourma-
fracture-filling unrelated to the earlier generations. Thikne from the margin to the core to reflect a disequilib-
fracture filling cuts all previous generations of fibers asum fractional crystallization process through liquid
well as the host. Compositionally, generation-4 tourmamndercooling at decreasing temperature.
line is a lithian schorl with an average composition in- Development of the initial fibers of tourmaline (gen-
distinguishable from that of generation-2 tourmalineration 1), now preserved only in the fiber interiors,
(Table 2, Fig. 6). Relative to generation-3 tourmalindpllowed a dramatic change in tourmaline composition
the generation-4 tourmaline exhibits an increase in Rbat must reflect a complementary modification in the

X0 and a decrease in F. fluid phase, relative to the original magmatic fluids.
Most likely these tourmaline-forming fluids were re-
Discussion stricted to a pegmatite pocket where fluid influx could

dramatically alter the equilibrium tourmaline composi-

The complexity of the fiber zoning, the alternatingion. This generation of tourmaline shifts composition-
periods of chemically distinct growth interrupted byally such that Fe and OH substantially increase at the
periods of dissolution and the radical change in compexpense of Al, Na, Li, F, and O, roughly in accordance
sitions between growth stages, are suggestive of opevith the exchange vectors KeiAl) _; and OH(F);.
system behavioe(g.,Orlandi & Pezzotta 1996, London Remarkably small amounts of F in the foitite do not
1999). This pattern, coupled with the overall composiecessarily reflect low F in the fluid. Instead, they more
tions of Cruzeiro tourmaline, is most consistent witlikely are a function of crystal-chemical constraints in-
tourmaline growth in a pegmatite pocket. volving significantX-site vacancies that preclude abun-

The punctuated optical and chemical progression dént F in the tourmaline structure (Robetrtal. 1998,
different generations of tourmaline marks distinct evddenry & Hawthorne 1999). Compositionally distinct
lutionary periods in the chemical history of the cavityluids derived from the evolving magmet.(Aurisicchio
that hosted the tourmaline system. Tourmaline fibeet al. 1997) may have infiltrated during rupture of an
appear to record changes in fluid composition in thisolated pegmatite pocket to cause the generation-1 fi-
local environment of the growing and dissolving tourbers. There must have been an influx of reactive fluid
maline. Initially, the fibrous tourmaline nucleated andicher in Fe and poorer in Na into the local region to
partially replaced the host tourmaline. This was follter the tourmaline composition. A decrease of Na in
lowed by three periods of partial dissolution prior to newthe fluid could be attained with the crystallization of
growth. Local dissolution of the fibers must represermtlbite in the pocket. An increase in Fe could be due to
periods when the existing tourmaline was no longer the breakdown of other Fe-bearing phases, although
equilibrium and became destabilized by the fluid, likelgarnet and tourmaline are the only major Fe-bearing
by a more alkaline fluidg(g.,Londonet al. 1996) or a phases recorded in the pegmatite. This is the mechanism
fluid with different relative concentrations of ions (esthat Aurisicchioet al. (1997) proposed to explain the
pecially N&) (e.g.,Dutrow et al. 1999). An influx, or formation of late-generation fibrous foitite in Elba
multiple influxes, of new out-of-equilibrium fluids pegmatites. They noted that the biotite breaks down to
would drive dissolution. Alternatively, other mineralform muscovite and clay minerals. However, in the case
reactions in the pegmatite pocket, such as growth of alfthe tourmaline fibers in this study, the fiber composi-
bite, could change the local composition of the fluidjons continued to change following the formation of
thus destabilizing pre-existing tourmaline. When fluidoitite, incorporating the complexity of a late fraction-
were saturated with components necessary for tournaing fluid phase.
line precipitation, growth once again commenced. The Successively later generations (1-3) of tourmaline
growth of markedly different compositions suggests thaisplay a discontinuous but progressive enrichment in
a compositionally distinct fluid was associated with eadNa, Li, F, and late Ca, implying that reacting fluids were
stage of tourmaline growth. At least some of the bor@uccessively enriched in these components during crys-
required for new growth was likely provided by dissotallization. Na enrichment could be due to the break-
lution of the destabilized tourmaline. down of albite coincident with other Na, Li-bearing

The “oxy-elbaite” — rossmanite host is a relativelphasesd.g.,amblygonite). This increase is suggestive
homogeneous Li-, F-, and Al-rich tourmaline, whictof fractionation and is analogous to the overall magmatic
reflects extensive fractionation typical of granitic pegfractionation trend of the pegmatite. This finding also
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in the pocket during growth of generations 1-3, allowable job in making thin sections containing mineral fi-
ing fractionation to proceed. It is possible that local fratsers. An especially thorough and helpful review by John
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