Eur. J. Mineral., 37, 709-731, 2025 European Journal of e
https://doi.org/10.5194/ejm-37-709-2025 1 gt
© Author(s) 2025. This work is distributed under Inralogy » '\/@
the Creative Commons Attribution 4.0 License. RENERECESS

S

Crystal chemistry and trace-element behaviour in
tourmalines from Minas Gerais, Brazil

Florent Bomal', Frédéric Hatert', Simon Philippo?, Maél Guennou’, Martin Depret!, Hao Wang*,
Pierre Lefévre*, and Muriel Erambert’

ILaboratory of Mineralogy, University of Liege B18, 4000 Liege, Belgium
Natural History Museum of Luxembourg, Miinster street 25, 2160 Luxembourg, Luxembourg
3Materials Research and Technology Department, Luxembourg Institute of Science and Technology, rue du
Brill 41, 4422 Belvaux, Luxembourg
4Swiss Gemmological Institute SSEF, Aeschengraben 26, 4051 Basel, Switzerland
5 Department of Geosciences, University of Oslo, P.O. Box 1047 Blindern, 0316 Oslo, Norway

Correspondence: Florent Bomal (florent.bomal @doct.uliege.be)

Received: 4 April 2025 — Revised: 13 July 2025 — Accepted: 21 July 2025 — Published: 14 October 2025

Abstract. A series of 17 museum tourmaline samples from several pegmatites of Minas Gerais, Brazil, were
investigated by several techniques including single-crystal X-ray structure refinements, electron microprobe,
and laser ablation inductively coupled plasma time-of-flight mass spectrometry (LA-ICP-TOF-MS). Chemically,
most samples are Na-dominant on the X site and therefore belong to the alkali group. They correspond to fluor-
elbaites or elbaites, where similar proportions of Al and Li share the Y positions. Elbaites are located close
to the elbaitic end-member, with Fe?T strongly depleted and the schorlitic component negligible, while fluor-
elbaites tend to align along the fluor-elbaite to fluor-schorl solid solution. One sample, with vacancies dominant
on the X site, is identified as a rossmanite close to the foitite compositional field. Besides the classical schorlitic
substitution, several other mechanisms were observed, evolving towards rossmanite (X Nat+0.5YLit=X0+0.5
Y A13), towards liddicoatite (YNat +0.5" A3+ =X Ca2*40.5" Li*), or towards oxy-foitite (0.5 *Nat+Y Fe?+ 4
0.5"(OH)~ = 0.5¥0+Y A’ + 0.5 0%7). Single-crystal data indicate a unit-cell parameters varying between
15.8187(3) and 15.9309(3) A and ¢ parameters ranging from 7.0924(2) to 7.1279(2) A. These values are similar
to those obtained for Brazilian tourmalines of the elbaite—schorl solid solution. A detailed cation distribution has
also been established, indicating that the B site is fully occupied by boron, that the T site is mainly occupied by
Si and sometimes by minor amounts of B, and that the Z site is mainly occupied by Al with sometimes minor
amounts of Fe3*. The X site contains vacancies, Na, K, and Ca, and the Y site is occupied by Li, Al, and Fe2™ and
minor amounts of Mn2t, Ti, Mg, and Zn. In two samples, a significant disorder between Li and Ca on the X and
Y sites has been observed. The position of our samples in a diagram correlating the fluorine and the Fe?* contents
of tourmalines indicates that they are below the trend admitted for primary pegmatitic tourmalines. This feature
can be explained by their occurrence in miarolitic cavities, where fluid circulations may affect the tourmaline
composition. Finally, the trace-element contents, including rare earth elements (REEs), are discussed in detail
and appear to be influenced by both the geochemical pegmatitic context and crystal-chemical constraints.
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1 Introduction

Tourmalines are accessory minerals occurring in most crustal
environments. They mainly appear in igneous, metamor-
phic, or metasomatic contexts and occasionally in sedimen-
tary settings. Very common in granitic pegmatites, tourma-
line crystals often reach pluri-centimetric to metric sizes, un-
matched qualities, and beautiful colours, therefore making
them highly prized on the gemstone market. But, beyond
this economic value, their real interest lies in their ability
to provide a wide range of information about the geologi-
cal context from which they originate. Some tourmaline solid
solutions like the schorl-elbaite series can, for example, be
used as differentiation markers within lithium-enriched peg-
matites. Moreover, being the most widespread borosilicate
phase in nature, they allow extensive comprehension of the
phenomenon leading to the formation of their geological de-
posits.

The nomenclature and classification of the tourmaline su-
pergroup, developed by Hawthorne and Henry (1999) and
approved by the Commission on New Minerals, Nomen-
clature and Classification of the International Mineralogi-
cal Association IMA-CNMNC), define tourmalines as trig-
onal borosilicates with a R3m space group (Buerger and
Parrish, 1937; Hamburger and Buerger, 1948) and with a
general formula XY3Z¢[T6013](BO3)3 V3 W (Hawthorne and
Henry, 1999), where X =Na, Ca, K, 0; Y =Li, Mg, Fe>*,
Mn**, Zn, Al, Cr3t, V3, Fe3T, Ti*t; Z =Mg, Al, Fe?™,
Fe3t, Cr’t, V3*; T =Si, Al, B; B=B; V =0H, O; and
W =OH, F, O (Henry et al., 2011). The tourmaline structure
allows a wide range of substitutions, leading to numerous
end-members. Most of the compositional variations occur on
the X, Y, Z, W, and V sites, whereas the 7 and B sites
are less likely to accept different cations (Ertl et al., 2018).
Amongst the anionic sites, the O3 and O1 positions are oc-
cupied by anions from the V and W groups, respectively.
Hydrogen atoms H3 and H1 are chemically bonded to the
oxygen atoms of these O3 and O1 sites, respectively (Bosi,
2018; Henry and Dutrow, 2018).

Due to their capacity to generate strong economic and sci-
entific interests, tourmalines rank amongst the most exten-
sively studied minerals in the world. The understanding of
their highly complex crystal chemistry is refined day by day.
This is especially the case for pegmatitic tourmalines from
Minas Gerais (Brazil), as the region has proven itself to be a
particularly fertile field of experimentation to work on these
minerals. This is explained mainly by the wealth in terms of
high-quality crystals and in terms of various geological con-
texts in the region but also by the ease of access to samples
formed in these deposits. However, gaps remain concerning
some aspects of these minerals, since most publications have
been dedicated to the determination of major-element con-
centrations in crystals from the main deposits of the country.
This implies not only that the majority of small deposits are
very poorly known in terms of tourmaline crystal chemistry,
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but also that the trace-element concentrations and behaviours
have almost never been studied in most deposits from Minas
Gerais.

With the present paper, we attempt to fill this gap by inves-
tigating 17 tourmaline crystals from eight pegmatite deposits
in Minas Gerais. These samples will be analysed by electron
microprobe (EMP) and by laser ablation inductively coupled
plasma time-of-flight mass spectrometry (LA-ICP-TOF-MS)
to determine their major- and trace-element concentrations
and by single-crystal X-ray diffraction (SCXRD) to assess
their structural features. Relationships between these data
and the geological context will also be discussed.

2 Geological context

Covering about 589 000 km? of south-eastern Brazil, the
mining state of Minas Gerais (Fig. 1) has been a major tour-
maline producer worldwide since the end of the 17th cen-
tury. Amongst the wide diversity of geological contexts en-
compassed in this Brazilian state can be found four major
units: the tectonic belts of Tocantins and Mantiqueira that
are mainly composed of Proterozoic granites and granitoids
as well as metamorphic rocks; the Sdo Francisco Craton, de-
fined by sedimentary rocks from the Neoproterozoic and Cre-
taceous periods; and the Parand Basin, which gathers sedi-
ments from the Ordovician to the Cretaceous (Moreira and
Camelier, 1977; Pedrosa-Soares et al., 1994; De Souza et al.,
2015).

Minas Gerais owes most of its opulence to the Eastern
Brazilian Pegmatite Province (EBPP) (Fig. 1), defined by
Paiva (1946) and which mainly extends east of the Sdo Fran-
cisco Craton in an orogenic unit called the Araguai Oro-
gen (Fig. 1). The 150000km? EBPP is therefore character-
ized by granitic rock formations dating from the late Neo-
proterozoic to the early Ordovician into which a series of
pegmatites are inserted. These rocks are gathered into super-
suites named G1, G2, G3, G4, and G5 on the basis of the
relation between their establishment and the advancement of
the orogeny. G1 includes the pre-collisional formations (630
to 585 Myr), G2 is syn-collisional (585 to 560 Myr), G3 is
late- to post-collisional (545 to 520 Myr), and G4 and G5
are post-collisional (535 to 490 Myr) (Pedrosa-Soares et al.,
2001a, 2009). The EBPP is itself subdivided into a series of
pegmatitic districts, and the main ones are given in Fig. 1.

These pegmatite districts are where most of the gemstone
production in Minas Gerais is concentrated. A wide vari-
ety of mineral species can be found in important quantities,
like beryl, tourmaline, topaz, chrysoberyl, or quartz. In minor
quantities, spodumene, amblygonite, brazilianite, or garnets
are also represented as well as a multitude of other rarer min-
erals (Barreto and Bittar, 2010).

There are two types of pegmatites in these Eastern Brazil-
ian Pegmatite Province districts: the anatectic ones which
formed by partial melting of the parent rocks (DPA peg-
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Figure 1. Geology of the Eastern Brazilian Pegmatite Province, showing the main pegmatitic districts (modified from Pedrosa-Soares et al.,

2001b, 2009). The inset gives the location of the Minas Gerais province.

matites, direct products of anatexis; Wise et al., 2022) and
the residual ones that crystallized from the residual silicate
melts left by the fractional crystallization of the parent gran-
ite (RMG pegmatites, residual melts of granite magmatism;
Wise et al., 2022). Most of the pegmatites from the Araguai,
the Ataléia, the Conselheiro Pena, the Espera Feliz, the Padre
Paraiso, the Pedra Azul, and the Sdo Jose de Safira districts
(Fig. 1) are of RMG type. The Caratinga, Santa Maria de
Itabira, and Espirito Santo districts (Fig. 1) are dominated
by DPA pegmatites resulting from the partial melting of
gneisses. Finally, some hydrothermal deposits from Malaca-
cheta and Santa Maria de Itabira are gathered under the peg-
matite term despite the fact that they are not pegmatites s.s.
(Correia-Neves et al., 1986; Pedrosa-Soares et al., 2009).
Most of the DPA pegmatites formed during the collisional
phase of the Araguai Orogen. They are usually associated
with migmatites and granulites, and often they constitute
corundum and beryl deposits (Correia-Neves et al., 1986;
Morteani et al., 2000; Pedrosa-Soares et al., 2009). RMG
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pegmatites, more abundant in the EBPP, have as parent rocks
the different syn- (G2) and post-collisional (G4, G5) gran-
ites. They can be called “intragranitic” if, as in the Araguai,
the Ataléia, the Conselheiro Pena, and the Sao Jose de Safira
districts, they are hosted inside the parent granite or “extra-
granitic” if they are surrounded by the host rocks, as in the
Espera Feliz, the Padre Paraiso, and the Pedra Azul districts.
Extragranitic pegmatites are usually considered better gem-
stone deposits than intragranitic pegmatites (Pedrosa-Soares
et al., 2009).

The granitic super-suite G2 mainly encompasses peralu-
minous (Type S) and some metaluminous granites. Their
setup followed the superposition of continental margins dur-
ing the collisional phase of the Araguai Orogen. This super-
position led to a thickening of the crust followed by a rise in
the temperature conditions at the origin of the production of
huge quantities of magmas. Two types of granites were gen-
erated: a superficial two-mica granite and a deep granite host-
ing biotites and garnets. The first of these granites, despite

Eur. J. Mineral., 37, 709-731, 2025
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being less abundant than the later one, was favourable to the
production of pegmatites like those of Conselheiro Pena. In
the meantime, a migmatization of the paragneiss complexes
is at the origin of the genesis of pegmatites in the Caratinga,
Espirito Santo, and Santa Maria de Itabira districts (Pedrosa-
Soares et al., 2009).

The granitic super-suite G4 consists of a series of balloon-
shaped plutons with zonations ranging from granites with bi-
otites in the core to muscovite-bearing granites towards the
rim. These plutons are capped with pegmatoidic domes. The
peraluminous (Type S) granites, sometimes slightly metalu-
minous, appeared during the post-collisional phase of the
Aracuaf Orogen. Several pegmatites from the Aracguai, Sao
Jose da Safira, and Malacacheta districts derive from these
plutons (Pedrosa-Soares et al., 1987; Basilio et al., 2000;
Pinto et al., 2001; Pedrosa-Soares et al., 2009).

The granitic super-suite G5 is characterized by granitic,
charnockitic, or dioritic balloon-shaped intrusions located at
depth (25 km). These plutons, which were established dur-
ing the post-orogenic phase, are the source of residual peg-
matites in the Ataléia, Espera Feliz, Padre Paraiso, Pedra
Azul, and Espirito Santo districts (Fig. 1). These pegmatites
are usually enriched in biotites but poor in lithium minerals.
They form veins of a few metres thick inside the granites and
the charnockites (Gandini et al., 2001; Ferreira et al., 2005;
Pedrosa-Soares et al., 2009).

3 Sampling and analytical methods

Samples were selected in the collections of the Laboratory
of Mineralogy, University of Liege (prefix “U” in the sample
number), and of the Natural History Museum of Luxembourg
(prefixes “WR”, “KM”, and “KF”). Selected tourmalines are
constituted by single crystals carefully extracted from larger
collection pieces. They were chosen on the basis of their
quality, their colour, and their occurrence. Their respective
origins, which are known with variable degrees of precision,
as well as their macroscopic descriptions and the associated
mineral assemblages, are detailed in Table 1. Accurate lo-
calization of most pegmatites can be found in Cassedanne
and Philippo (2015). A preliminary optical description has
been conducted for each sample under a binocular micro-
scope coupled with a microscope-adapted numerical camera
for capturing images. Magnifications used vary between 6x
and 9x, depending on the sample. Results are gathered in
Table 1 and Fig. 2.

Tourmaline fragments of about 2 to 3mm in diameter
were then handpicked, sealed in epoxy resin, and polished
to perform electron-microprobe analysis (EMPA) at the Geo-
sciences Department of Oslo University. The instrument used
was a CAMECA SX100 electron microprobe, working under
an acceleration voltage of 15kV, a beam current of 15nA,
and a beam diameter from 5 to 10 pm and equipped with five
WDS (wavelength-dispersive X-ray spectroscopy) spectrom-
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eters with the following diffracting crystals: PET (pentaery-
thritol), LPET (pentaerythritol — large crystal), TAP (thallium
acid phthalate), LTAP (thallium acid phthalate — large crys-
tal), and LLIF (lithium fluoride — large crystal). Standards
used for the calibration were wollastonite (Si, Ca), pyrophan-
ite (Ti, Mn), orthoclase (K), albite (Na), fluorite (F), and a
series of synthetic standards — Al,O3, MgO, and Fe. All an-
alytic lines were Ko, and detection limits were 2000 ppm
(F), 615 ppm (Fe, Mn), 400 ppm (Ca), 335 ppm (Na, Si, Al),
265ppm (Mg, Ti), and 235 ppm (K). Five measurements
were performed on each sample, and their average value was
used during data treatment.

Since boron and lithium are not determined by the EMP
analyses, they were analysed by LA-ICP-TOF-MS (see be-
low). In order to verify the reliability of these values, they
were compared to the BoO3 concentrations calculated by
considering an ideal value of three atoms per formula unit
(apfu) on the B site and to the LioO concentrations neces-
sary to fill the 3 apfu on the Y site. The populations of the
different crystallographic sites were calculated on the basis
of 15 Y 4+ Z + T cations (Table 2) based on the method de-
veloped by Henry et al. (2011). The totals on the X site did
not reach the ideal value, which can be explained by the pres-
ence of vacancies in the crystal structure. The H>O levels
were calculated assuming that the V site was filled by 3 OH
groups pfu and that the W site was occupied by 1 (OH,F,0)
anion pfu. Considering that iron is mostly divalent (except in
sample KM132), the OH content was calculated as 62 — total
cationic charges — F, taking into account the positive charges
corresponding to the ideal boron content.

The polished sections used for EMP analyses were sent to
the Swiss Gemmological Institute SSEF of Basel to quantify
trace elements. A LA-ICP-TOF-MS instrument, also nick-
named GemTOF, has been used for this purpose. It includes
an ArF excimer laser of 193 nm equipped with a TWoVol2
ablation chamber (NWR193UC, Elemental Scientific Lasers,
USA). The laser is coupled with a commercial ICP-TOF-
MS unit (icpTOF, Tofwerk AG, Switzerland), modified from
an ICP-Q-MS (Q denotes quadrupole) optimized unit GCAP
Q, Thermo Fisher Scientific). The ICP power ranges from
1300 to 1350 W, and the instrument is able to measure a
complete mass spectrum from 'Lit to 233U, thus allow-
ing the determination of all elements of the periodic table,
except hydrogen and elements heavier than uranium. Mea-
surements have been conducted under the following analytic
conditions: two points have been measured in each fragment,
and the average value of the two measurements will be used
in the discussion below. Each point underwent laser ablation
of 50 um in diameter with a repetition rate of 20 Hz and a
fluence of 5.6Jcm™2. Helium has been used as carrier gas
(0.8 to 0.85 L min~1). Five pre-ablation cleaning shots were
realized before each measurement (30 s of background mea-
surement, 30s of ablation). Every element between lithium
and uranium was measured simultaneously. The quantifica-
tion was realized with a MATLAB script developed at the
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Table 1. Description of the studied samples and their occurrence.

713

Sample  Locality Sample description District and Observed SizeP, family and Parent and host
age? mineral class® of the pegmatite  rocks?
associations
WRO044  Cruzeiro Pluri-centimetric (14 cm) “watermelon” tourmaline on quartz. Sdo José da Quartz, Very laIged, LCT, G4 granites
Pink to grass-green zonation along the ¢ axis, transparent to Safira bertrandite, Li-, Be-, B-, Nb-, Ta-, -
translucent, euhedral with green termination. Presence of a ca. 535 Myr cookeite Zn-enriched miarolitic ~ Mica schist,
fibrous chatoyancy in smaller associated crystals. pegmatite metawacke,
quartzite, meta-
KMO066  Cruzeiro Cluster of pluri-centimetric (10 cm) green tourmalines. Quartz, ultramafic
Light-green to dark-green zonation along the ¢ axis, bertrandite, rock
transparent to translucent, euhedral with bottle-green, almost cookeite
black, terminations.
KMO058  Santa Rosa Cluster of pluri-centimetric “watermelon” tourmalines Quartz, Very larged, LCT,
associated with a 20 cm bi-terminated quartz. “lepidolite”, miarolitic pegmatite
Pink to green to blue zonation along the ¢ axis, transparent, bertrandite,
euhedral with a dark termination. albite
KMO076  Santa Rosa Pluri-decimetric (30 cm) green tourmaline, in cluster of Columnar
parallel-growth crystals. micas,
Green, transparent to translucent, euhedral with dark “lepidolite”
terminations.
U20662  Golconda, Pluri-centimetric (8 cm) green tourmalines associated with Quartz Very larged, LCT,
Governador quartz. miarolitic pegmatite
Valadares Green, translucent, euhedral.
WRO037  Pederneira Pluri-centimetric (10 cm) acicular bottle-green tourmaline. - Larged, LCT, miarolitic
(Keke’s Bottle-green, transparent, euhedral terminated. pegmatite
Pocket)
WRO065  Jonas, Itatiaia Cluster of pluri-centimetric (5-8 cm) intense pink to red Conselheiro Columnar Mediumd, LCT, G2 granites
tourmalines associated with columnar micas. Pena “lepidolite” miarolitic pegmatite -
Red-pink, transparent, euhedral terminated. ca. 582 Myr Mica schist,
metawacke,
WR045  Urucum Cluster of centimetric to pluri-centimetric dark-green acicular “Morganite”, Very larged, LCT, quartzite, meta-
tourmalines inside the border of a decametric “morganite”. “cleave- miarolitic pegmatite ultramafic
Dark-green, opaque to translucent, euhedral acicular. landite”, rock
fluorapatite,
stokesite
KM117  Urubu Pluri-centimetric greenish-blue tourmaline with bottle-green Araguaf Albite Very larged, LCT, G4 granites
pinacoidal termination. 525-500 Myr miarolitic pegmatite -
Greenish-blue, transparent, gem quality, euhedral with Mica schist,
bottle-green pinacoidal termination. Small white hexagonal metawacke,
crystals in association on the termination. quartzite, meta-
ultramafic
KM118  Urubu Pluri-centimetric pale-pink zoned tourmaline with “achroite” - rock
termination.
Pale-pink, transparent, euhedral terminated with flat colourless
termination.
KM119  Urubu Cluster of centimetric tourmalines with a zonation across the “Lepidolite”,
¢ axis ranging from pink in the centre to greenish-yellow in the columnar
rim. zinnwaldite,
Zonation from pink to greenish-yellow, transparent to albite,
translucent, euhedral with flat termination, associated with quartz
columnar yellow micas.
KFO081 Urubu Centimetric pale-pink tourmalines associated with albite and Quartz,
Hf-bearing zircon. albite,
Pale-pink, translucent, subhedral. Hf-bearing
zircon
KM120 Baixdo Pluri-centimetric pale-pink tourmaline zoned along the ¢ axis - Larged, LCT,
towards a colourless termination with pale-green and corrosion miarolitic pegmatite
traces.
Pale-pink to colourless, transparent, euhedral terminated.
KMO075 Barrada Pluri-millimetric (3 mm) dark-green well-shaped crystal “Goshenite” Very la.rged, LCT,
Salinas, associated with “goshenite”. miarolitic pegmatite
Coronel Murta Dark-green, transparent, euhedral.
KM132  Clementino, Cluster of pluri-centimetric purple-blue, sometimes greenish Quartz, Mediumd, LCT,
Jenipapo, tourmalines with variable morphologies ranging from euhedral micas, miarolitic pegmatite
Itinga to fibrous crystals. albite
Translucent to opaque, euhedral terminated.
U13757 Minas Gerais Cluster of centimetric pink tourmalines associated with - Quartz, - -
“lepidolite” and quartz. “lepidolite”

Pink, translucent, subhedral.

2 Pedrosa-Soares et al. (2009). P Pegmatite size is defined according to its thickness: very small < 0.5 m, small 0.5 to 5m, medium 5 to 15m, large 15 to 50 m, and very large > 50m. ¢ Cerny and Ercit (2005). ¢ Cassedanne and

Philippo (2015).
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Table 2. Chemical compositions of tourmalines samples from Minas Gerais, Brazil (from EMPA and GemTOF analyses).

WRO037 WRO044 WRO065 KMO058 KMO066 KMO076 KM117 KM118 KM119 KM120 KM132 KFO081 WRO045 KMO075 U13757 U20662
SiOy (Wwt%)  37.33(15)  38.16(13) 39.21(6) 3831(17) 38.30(12) 37.56(10) 38.24(9) 39.26(7) 38.74(11) 38.69(9) 36.04(7) 38.48(17) 37.14(10) 37.62(5) 38.73(13) 37.67(19)
TiO, 0.07(7) 0.06(6) - 0.01(5) 0.16(6) 0.02(1) 0.01(6) - 0.01(2) - 0.01(3) - 0.25(11) 0.12(5) - -
AlLO3 37.23(34) 40.45(17) 41.00(34) 40.37(25) 38.68(13) 37.65(19) 40.98(29) 42.00(18) 42.12(13) 40.52(17) 35.83(31) 43.71(32) 36.87(33) 36.72(16) 41.77(16) 39.74(18)
FeO 5.86(1) 1.20(1) 0.02(1) 1.65(1) 1.39(1) 2.35(1) 1.20(1) 0.07(1) 0.15(1) 0.16(1) 11.57(1) 0.01(1) 4.18(1) 6.12(1) 0.03(1) 1.96(1)
MnO 1.21(4) 1.22(2) 0.24(9) 0.57(4) 2.19(4) 2.06(2) 0.96(6) 0.28(10) 0.22(1) 0.45(6) 0.26(1) 0.08(7) 1.29(22) 0.83(3) 0.54(5) 1.62(6)
MgO 0.21(6) 0.09(2) - 0.07(1) 0.03(2) - 0.01(1) 0.01(1) - - 0.02(1) - 0.20(11) 0.19(1) - 0.02(1)
Zn0O? 0.10(1) 0.05(2) - 0.03(1) 0.02(1) 1.5109) 0.07(2) 0.05(1) 0.02(1) 0.02(1) 0.94(1) - 0.06(1) 0.06(1) - 0.09(1)
CaO 0.13(48) 0.34(25) 0.15(2) 0.35(11) 0.37(13) 0.33(5) 0.36(15) 0.15(2) 0.05(2) 1.23(3) 0.01(11) 0.05(1) 1.90(55) 0.16(6) 0.12(4) 0.34(45)
Na,O 2.65(43) 2.10(26) 1.90(16) 2.03(29) 2.33(28) 2.50(12) 2.01(14) 1.83(36) 1.83(16) 1.69(19) 1.24(17) 1.70(53) 1.87(47) 2.63(10) 1.88(39) 2.20(76)
K>O 0.04(11) 0.03(3) 0.02(1) 0.03(2) 0.02(1) 0.04(1) 0.03(1) 0.03(1) 0.02(1) 0.02(1) 0.02(1) 0.01(1) 0.03(5) 0.04(2) 0.04(1) 0.03(2)
F 1.35(10) 0.99(10) 0.89(3) 1.03(7) 1.24(12) 1.36(7) 1.14(1) 0.95(2) 0.83(3) 1.28(2) 0.21(3) 0.46(6) 1.32(8) 1.34(4) 0.89(18) 1.25(42)
Li, 0% 1.52(14) 1.74(17) 2.41(7) 2.13(7) 1.98(4) 1.71(3) 1.90(7) 2.20(4) 2.17(4) 2.43(8) 0.22(1) 1.70(42) 2.14(14) 1.46(1) 2.23(6) 1.91(8)
B,03? 9.89(1)  10.10(23) 10.41(5) 10.50(3) 10.43(9) 10.18(32) 10.05(1) 10.56(7)  10.35(27) 10.49(2) 9.78(1) 10.22(5) 10.23(18) 10.25(38)  10.35(21) 10.30(1)
ENO_u 2.65 2.58 3.19 3.03 2.75 241 2.71 3.00 3.08 2.87 2.50 2.76 2.90 2.49 3.11 2.82
0=2pF" —-0.57 —0.42 —-0.37 —0.44 —0.52 —0.57 —0.48 —0.40 —-0.35 —0.54 —0.09 —0.20 —0.56 —-0.57 —-0.37 —0.52
Total 99.68 98.68 99.07 99.70 99.37 99.30 99.18 99.99 99.24 99.31 98.69 98.99 99.82 99.47 99.33 99.44
Calculated ion numbers (apfu)©
Si 5.98(3) 6.02(2) 6.04(3) 5.96(2) 6.04(1) 6.02(2) 5.97(3) 6.01(2) 5.96(1) 6.00(2) 6.02(3) 5.96(3) 5.91(3) 6.07(2) 5.96(1) 5.93(2)
Ti 0.01(1) 0.01(1) - - 0.02(1) - - - - - - - 0.03(1) 0.01(1) - -
Al 7.03(4) 7.53(2) 7.44(1) 7.40(3) 7.193) 7.11(1) 7.54(1) 7.58(3) 7.64(1) 7.40(2) 7.06(2) 7.97(5) 6.91(5) 6.98(1) 7.58(3) 7.37(7)
Fe'ot 0.79(6) 0.16(3) - 0.21(1) 0.18(2) 0.32(1) 0.16(2) 0.01(1) 0.02(1) 0.02(1) 1.62(1) - 0.56(7) 0.83(1) - 0.26(6)
Mn 0.16(1) 0.16(1) 0.03(1) 0.08(1) 0.29(2) 0.28(1) 0.13(1) 0.04(1) 0.03(1) 0.06(1) 0.04(1) 0.01(1) 0.17(1) 0.11(1) 0.07(2) 0.22(5)
Mg 0.05(3) 0.02(1) - 0.02(1) 0.01(1) - - - - - - - 0.05(1) 0.05(1) - 0.01(1)
Zn 0.01(1) 0.01(1) - - - 0.18(2) 0.01(1) 0.01(1) - - 0.12(1) - 0.01(1) 0.01(1) 0.01(1)
Ca 0.02(1) 0.06(1) 0.02(1) 0.06(1) 0.06(1) 0.06(1) 0.06(1) 0.03(2) 0.01(1) 0.20(1) - 0.01(1) 0.32(4) 0.03(1) 0.02(1) 0.06(1)
Na 0.82(2) 0.64(2) 0.57(2) 0.61(2) 0.71(2) 0.78(1) 0.61(2) 0.54(1) 0.55(1) 0.51(1) 0.40(1) 0.51(1) 0.58(3) 0.82(1) 0.56(1) 0.67(4)
K 0.01(1) 0.01(1) - 0.01(1) - 0.01(1) 0.01(1) 0.01(1) - - - - 0.01(1) 0.01(1) 0.01(1) 0.01(1)
F 0.68(7) 0.49(6) 0.43(3) 0.51(8) 0.62(6) 0.69(5) 0.57(4) 0.46(3) 0.41(5) 0.63(4) 0.11(4) 0.23(8) 0.66(5) 0.69(2) 0.43(6) 0.62(9)
Li 0.98(8) 1.10(10) 1.49(4) 1.34(4) 1.26(2) 1.10(2) 1.19(4) 1.35(2) 1.34(2) 1.52(5) 0.15(1) 1.06(24) 1.37(8) 0.95(1) 1.38(4) 1.21(5)
B 2.72(1) 2.74(5) 2.75(1) 2.81(1) 2.83(2) 2.80(7) 2.70(1) 2.78(2) 2.74(6) 2.79(1) 2.81(1) 2.72(1) 2.80(4) 2.84(8) 2.74(5) 2.79(1)
ob - 0.24 - - - - 0.04 - - - 0.37 0.36 - 0.09 - -
OHP 3.32 3.27 3.57 3.49 3.38 3.31 3.40 3.54 3.60 3.37 3.52 342 3.34 323 3.57 3.38
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Notes: uncertainties for oxides are standard deviations (in brackets) of repeated analyses on individual crystals. Standard deviations for the ions were calculated by error propagation.  Values measured by GemTOF. b Values calculated in order to maintain the charge balance. © Ton numbers
were calculated on the basis of 15 cations (Y + Z +T).
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Figure 2. Photographs of the investigated tourmaline samples, under the binocular lens. The scale bar is 5 mm on each picture.

SSEF (Wang and Krzemnicki, 2021). NIST610 and NIST612
glasses were used as standards and underwent 75 um laser
ablation in the same conditions as previously described.
Data obtained through LA-ICP-TOF-MS analyses, concern-
ing trace elements and rare earth element (REE) concentra-
tions in tourmalines from Minas Gerais, are given in Tables 3
and 4, respectively. Elements with concentrations below the
detection limit in all samples are not included in the table for
ease of reading.

The samples finally underwent structural analyses by
single-crystal X-ray diffraction methods. Fragments were
carefully handpicked for each tourmaline and were then
glued on a glass capillary using a transparent polish. The
whole mounting was introduced in a Rigaku Xcalibur
4-circle diffractometer using a kappa geometry, a CCD
(charge-coupled device) EOS detector, and MoKa (A =
0.7107 A) radiation. Several pre-experiments were some-
times necessary to choose the best single crystal. Data reduc-
tion was performed with the RED program (Oxford diffrac-
tion, 2007) by subtracting the background from the raw in-

https://doi.org/10.5194/ejm-37-709-2025

tensities and correcting the Lorentz and polarization fac-
tors, as well as the absorption. Structure refinements were
achieved with the OLEX? suite of programs, which uses
SHELXS to solve the structure (direct methods) and then
SHELXL to refine the model (Sheldrick, 2015). The VESTA
program was finally used to obtain a drawing of the three-
dimensional structural models. The KM058 tourmaline sam-
ple was zoned from the core (pink) to the rim (green), and
an analysis was conducted for each zone. Selected fragments
were named KMO058_R and KMO058_V, respectively. More
details concerning data collection and crystal structure re-
finements are given in Table 5.

4 Chemical composition

Average major-element compositions for the tourmaline
samples, calculated from the electron-microprobe and LA-
ICP-TOF-MS analyses, are shown in Table 2. The totals
reach values close to 100 wt % (98.68 wt % to 99.99 wt %),
which attests to the reliability of the calculation method. The

Eur. J. Mineral., 37, 709-731, 2025
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Table 3. Average trace-element concentrations (except REEs) in tourmalines from Minas Gerais, measured by GemTOF (PPM).

Element WRO037 WRO044 WRO065 KMO058 KMO066 KMO076 KM117 KM118 KM119 KM120 KM132  KF081 WRO045 KMO075 U13757 U20662
Be 7.662 9.109 4.600 12.639 34.826 16.559 19.780 22.001 11.163 21.694 2.148 18.864 8.854 5.885 16.394 12.063
Mg 1320.611 861.429 - 345.700 201.782 8.388 18.732 1.379 5.471 - 106.616 - 876.255  1149.029 - 263.889
P 88.107 68.200 102.962 101.259 375.818 140.173 106.947 90.095 120.196 143.587 100.999  226.102 90.108 105.603 96.257 103.885
K 213.104 150.099 28.798 101.108 50.936 179.299 95.882 63.869 82.606 34.789 100.876 53.125 88.632 206.488 96.954 144.931
Ca 942556 1793.763  1238.349  2541.300 3004.458 2567.494  2812.180  961.816 1368.830 5764.946 283.616 888.951 16456.143 1138.714 1133.736 2412.954
Sc 5.899 6.569 6.290 6.123 6.229 5.689 5.340 5.123 6.225 5.409 5.182 6.246 8.893 5.520 4.741 5.511
Ti 244887 809.181 - 45213 1014.003 113.554 78.912 15.906 45.227 10.910 19.395 - 458.182  705.718 8.142 91.155
\% 0.308 8.909 - - 2.858 - - - - 0.086 - - 4.102 8.477 - 0.197
Cr - 0.483 - - - - - - - - - - - - - -
Mn 8769.253  8435.760 1701.776  4442.564 16626.887 15234.706 6917.498 2270.478 1698.730 2584.209 1586.912 525.088 10817.836 5836.310 4220.732 10380.455
Co - 0.996 - - 0.095 - - - - - - - 0.113 3.832 - 0.664
Ni - - - - - - - - - - - - - 1.627 - -
Cu 0.103 0.276 0.368 0.542 0.096 - - 0.428 - - 0.075 - - 0.086 0.124 0.431
Zn 828.500  429.778 0.317 209.955 175757  12125.283 559.127 377.664 176.603 188.471  7513.357 1.012 478.133 461.328 20.117 679.561
Ga 116.550 126.357 155.909 119.722 111.557 135.421 162.673 168.966 188.033 137.115 146.302  332.787 78.994 112.874 154.024 130.861
Ge 15.226 24.959 26.846 29.597 7.417 13.206 9.313 25.755 4.815 10.095 14.857 13.877 10.309 20.281 33.048 26.540
As - - - - 1.544 - - - - - - - - - - -
Sr 2.067 10.375 1.361 3.763 121.396 0.313 12.110 0.315 8.714 6.004 - - 115.498 10.456 0.230 19.924
Y - - - - 0.037 - 0.078 - 0.046 - - - 0.254 - - -
Nb 0.729 1.447 3.733 4.470 2.370 1.255 3.203 4.495 2223 4.548 0.397 4.611 1.216 0.644 2273 2.639
Cd 0.341 0.556 0.195 0.798 - 1.128 - 0.606 - - 0.671 - - - 2.756 2.373
In 0.281 0.320 0.120 0.226 0.069 1.094 0.781 1.309 0.247 0.646 0.200 0.937 0.126 0.358 0.391 0.892
Sn 80.320 89.472 34.761 65.545 20.197 318.585 217.667 377.817 74.231 185.480 58404  265.648 29.049 98.230 110.117 261.890
Sb - 1.395 1.061 2274 3.536 - 0.405 0.361 0.428 3.156 - - 5.107 - 0.491 0.513
Cs - - 0.074 0.174 0.276 - - - - - - - 0.092 - - -
Ba - - - - 0.703 - - - - - - - - - - -
Ta 0.787 2.121 5.263 3.665 18.681 3.137 2.151 8.043 2.194 2.223 0.413 7.303 2.028 2.924 10.295 4.252
Pb 134.346 332.721 62.344 206.435 379.267 586.366 142.646 44.775 125.176 167.754 0.550 27.562 202.356 372.700 279.066 1153.702
Bi 0.014 0.157 0.061 0.636 - 0.088 0.080 0.152 0.041 0.208 - 0.095 0.058 - 1.134 0.059
Th 0.035 0.029 - 0.065 3.381 0.328 0.054 - 0.105 0.869 - 0.495 0.021 - 0.029 0.067
U - 0.032 - - 0.182 0.041 - - - 0.020 - - - - - 0.009

Values below detection limits have been removed.

https://doi.org/10.5194/ejm-37-709-2025
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Values below detection limits have been removed. Contents of Ho, Er, Tm, Yb, and Lu are below the detection limit.

major-element compositions (Table 2) are very close to those
usually given in the literature for tourmalines from the East-
ern Brazilian Pegmatite Province (Bilal et al., 1998; Federico
et al., 1998; Bosi and Lucchesi, 2004; Bosi et al., 2005; An-
dreozzi et al., 2025).

In order to accurately determine the cation populations on
each crystallographic site of the tourmaline samples, cations
were distributed among those sites in order to reach the best
fits between several structural (see below) and chemical pa-
rameters: the calculated site scattering (CSS) and the refined
site scattering (RSS) values, the mean bond lengths (MBLs)
and the calculated bond lengths (CBLs), the bond-valence
sums (BVSs), and the theoretical valence (TV). The results
of these distributions are shown in Table 6, and generally,
the good agreement between those parameters confirms the
validity of the assigned site populations (Table S1 in the Sup-
plement). The B site is fully occupied by boron, the T site is
mainly occupied by Si and sometimes by minor amounts of
B, and the Z site is mainly occupied by Al with sometimes
minor amounts of Fe3*t (sample KM132). The X site con-
tains vacancies, Na, K, and Ca, and the Y site is occupied by
Li, Al, Fe>*, and minor amounts of Mn?*, Ti, Mg, and Zn. In
the two samples KM 120 and WR045, a significant disorder
between Li and Ca on the X and Y sites has been observed,
necessary to reach a good fit between the RSS and the CSS
values (Table S1).

Occupancies of the X crystallographic sites (Table 6) show
that they are dominated by large amounts of Na in almost
every sample. These crystals therefore belong to the alkali
group (Fig. 3a) defined by the new classification of tour-
malines developed by Hawthorne and Henry (1999) and re-
viewed by Henry et al. (2011). These results are coherent
with those obtained by Bosi and Lucchesi (2004), Bosi et
al. (2005), and Andreozzi et al. (2025) on tourmalines from
the Cruzeiro mine. In most of our samples, significant num-
bers of vacancies occur on the X site, leading to an align-
ment of the compositions along the solid solution between
the alkali and the X-vacant group (Fig. 3a). Three crystals,
however, escape this rule: first, the KM 132 sample from the
Clementina mine, in which vacancies (0.59200 pfu) exceed
the proportion of (Na+ Ca+ K) on the X site — this sam-
ple consequently belongs to the X-vacant group (Table 6);
secondly, the WR045 tourmaline from Urucum, which is
still Na-dominant but displays a strong enrichment in Ca
(0.216 apfu) and a very low number of vacancies; finally, the
sample KM120 from Baixao, which shows an intermediate
behaviour characterized by an enrichment in Ca (0.150 apfu)
and in vacancies (0.288 pfu), coupled to a slight depletion in
Na (Fig. 3a).

In order to calculate the W-site populations, the V -site oc-
cupancies were constrained to 3 OH™ pfu, following the con-
sensus from the literature (Grice and Ercit, 1993; Hawthorne
and Henry, 1999). The occupancies of the W sites are rel-
atively heterogenous, with F concentrations ranging from
0.111 to 0.689 apfu and OH contents between 0.228 and

Eur. J. Mineral., 37, 709-731, 2025
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Table 5. Data collection for the single-crystal X-ray diffraction measurements, and structure refinement details. GooF denotes goodness of fit.

WR037 WRO044 WRO065 KMO058_R KMO58_V KMO66 KMO76 KM117 KM118
a(A) 15.8962(3) 15.8585(4) 15.8446(5) 15.8451(4) 15.8566(5) 15.8333(4) 15.8859(3) 15.8662(5) 15.8294(5)
b (A) 15.8962(3) 15.8585(4) 15.8446(5) 15.8451(4) 15.8566(5) 15.8333(4) 15.8859(3) 15.8862(5) 15.8294(5)
c(A) 7.12052(17) 7.1091(2) 7.1019(3) 7.1040(2) 7.1034(3) 7.09473(19) 7.11314(16) 7.1119(2) 7.0972(2)
v (A% 1558.21(6) 1548.35(8) 1544.08(9) 1544.64(7) 1546.75(9) 1540.31(7) 1554.60(5) 1550.46(8) 1540.11(8)
w (mm~1) 2.859 2.888 2885 0918 2614 3.407 1.137 2.877 2.893

Dimensions (mm)

0.410 x 0.362 x 0.234

0.393 x 0.295 x 0.131

0.826 x 0.623 x 0.236

0.443 x 0.390 x 0.268

0.399 x 0.310 x 0.202

0.397 x 0.269 x 0.218

0.380 x 0.291 x 0.235

0.507 x 0.257 x 0.225

0.408 x 0.348 x 0.130

Space group R3m R3m R3m R3m R3m R3m R3m R3m R3m

z 3 3 3 3 3 3 3 3 3

Operating conditions 40kV, 40 mA 40kV, 40 mA 40kV, 40mA 40kV, 40mA 40kV, 40 mA 40kV, 40mA 40kV, 40mA 40kV, 40mA 40kV, 40mA

Scan mode ¢/w scan ¢/w scan ¢/w scan ¢/w scan ¢/w scan ¢/w scan ¢/w scan ¢/w scan ¢/w scan

26 range (°) 5.12-58.08 5.14-58 5.14-57.6 5.14-57.66 5.14-57.74 5.14-57.34 5.12-58 5.14-57.68 5.14-57.72

Reflection ranges (/kl indices) —19<h<21 —20<h<21 —-21<h<20 —-21<h<19 —20<h <21 —-19<h<18 —12<h<20 -20<h<19 —20<h <21
—20<k<21 21 <k=<17 =21 <k<2l —19<k<18 —-20<k<19 =21 <k<2l —21<k<20 =21 <k=<17 —20<k<17
-9<1<9 -9<1<9 -9<1<3 -7<1<9 -9<1<8 —-8<1<9 —-8<1<9 -9<1<8 -9<1<8

Number of collected reflections 3963 3695 3831 3783 4046 3929 3956 3798 3807

Independent reflections 916 916 643 860 889 911 886 915 833

Refined parameters 90 93 93 90 92 92 90 92 93

Rint (%) 1.53 1.88 1.43 1.20 1.42 1.87 2.17 2.36 3.92

GooF 1.136 1.084 1.203 1.187 1.092 1.102 1.222 1.267 1.338

wRy, all data (%) 5.52 4.45 5.07 4.93 7.02 6.74 7.30 8.27 11.31

Ry, F2 > r20(F?) (%) 2.17 1.83 2.07 1.85 278 2.50 2.93 338 5.00

Ry, all data (%) 2.17 1.85 2.07 1.85 2.79 2.51 2.93 3.38 5.00

Residuals (e/A%) +0.70/—-0.54 +0.56/—0.25 +0.39/-0.57 +0.37/—-0.42 +0.47/-0.27 +0.45/—-0.30 +0.59/—-0.86 +0.73/—1.49 +1.00/-2.19

https://doi.org/10.5194/ejm-37-709-2025
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Table 6. Final assigned site populations for the tourmalines from Minas Gerais, Brazil.

WRO037 WR044 WR065 KMO58-R KMO058-V KMO066 KMO076 KMI117 KMI118 KMI119 KMI120 KMI132 KF081 WR045 KMO075 UI13757 U20662
Species* Felb Felb Elb Felb Felb Felb Felb Felb Elb Elb Felb Rsm Elb Felb Felb Elb Felb
X site
Ca 0.023 0.057 0.024 0.058 0.058 0.062 0.056 0.060 0.025 0.009 0.150 0.002 0.009 0.216 0.028 0.020 0.058
Na 0.821 0.641 0.566 0.611 0.611 0.713 0.776 0.609 0.544 0.545 0.508 0.402 0.511 0.578 0.822 0.562 0.671
K 0.009 0.006 0.005 0.006 0.006 0.005 0.007 0.006 0.005 0.004 0.004 0.004 0.002 0.006 0.008 0.008 0.005
Li 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.050 0.000 0.000 0.200 0.000 0.000 0.000
O 0.147 0.296 0.405 0.325 0.325 0.220 0.161 0.325 0.426 0.442 0.288 0.592 0.478 0.000 0.142 0.410 0.266
>X 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Y site
Titt+ 0.009 0.006 0.000 0.000 0.000 0.018 0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.030 0.015 0.000 0.000
Al 1.065 1.548 1.473 1.353 1.380 1.200 1.170 1.521 1.599 1.608 1.404 1.317 1.929 0.915 0.981 1.542 1.299
Fe?t 0.726 0.159 0.003 0.216 0.216 0.183 0.300 0.156 0.009 0.018 0.021 1.377 0.003 0.555 0.825 0.003 0.258
Mn2+ 0.165 0.165 0.033 0.075 0.075 0.291 0.264 0.126 0.036 0.027 0.060 0.036 0.009 0.174 0.114 0.069 0.216
Mg 0.048 0.021 0.000 0.018 0.018 0.009 0.000 0.000 0.003 0.000 0.000 0.006 0.000 0.048 0.045 0.000 0.006
Zn 0.000 0.000 0.000 0.000 0.000 0.000 0.165 0.000 0.000 0.000 0.000 0.117 0.000 0.000 0.000 0.000 0.000
Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.054 0.000 0.000 0.105 0.000 0.000 0.000
Li 0.975 1.101 1.491 1.335 1.308 1.260 1.098 1.191 1.353 1.344 1.461 0.147 1.059 1.173 0.945 1.386 1.212
>y 2.988 3.000 3.000 2.997 2.997 2.961 3.000 2.994 3.000 2.997 3.000 3.000 3.000 3.000 2.994 3.000 2.991
Z site
Al 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 5.700 6.000 6.000 6.000 6.000 6.000
Fe3t 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.300 0.000 0.000 0.000 0.000 0.000
>z 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
T site
Si 5.970 5.850 5.910 5.958 5.850 5.880 5.880 5.940 5.700 5.982 5.910 5.940 5.940 5.940 5.910 5.700 5.940
B 0.030 0.150 0.090 0.042 0.150 0.120 0.120 0.060 0.300 0.018 0.090 0.060 0.060 0.060 0.090 0.300 0.060
>T 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
B site
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
V site
OH 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
W site
(¢} 0.000 0.238 0.000 0.000 0.000 0.000 0.000 0.035 0.000 0.000 0.000 0.366 0.357 0.000 0.087 0.000 0.000
OH 0.317 0.270 0.569 0.492 0.492 0.381 0.311 0.400 0.542 0.594 0.372 0.523 0.416 0.337 0.228 0.566 0.380
F 0.683 0.493 0.431 0.508 0.508 0.619 0.689 0.565 0.458 0.406 0.628 0.111 0.227 0.663 0.685 0.434 0.620
>wW 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

* Mineral symbols according to Warr (2021).
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Figure 3. (a) Classification of tourmaline samples of this study into the different groups, based on their dominant occupancy at the X sites
(Henry et al., 2011). (b) Classification of tourmaline analyses in the different series, based on the anion occupancy of the W sites (Henry et
al., 2011). (¢) Ternary AT+ Lit-Mg?*+-Fe?t diagrams showing the Y-site occupancy of the tourmaline samples, used to determine the

species in the alkali and X-vacant groups (Henry et al., 2011).

0.594 apfu (Table 2). A majority of our samples belong to
the fluor series, whereas many other samples can be clas-
sified in the hydroxy series (Fig. 3b). It is noteworthy that
these OH-rich tourmalines show a composition very close to
that of pure elbaite and therefore occur on the same point
in Fig. 3c. KM132, KF081, and WR044 show different be-
haviours, since they contain significant amounts of O?~ on
the W sites (between 0.238 and 0.366 O pfu, Fig. 3b). The
presence of the three types of tourmaline series amongst the

https://doi.org/10.5194/ejm-37-709-2025

samples from Minas Gerais had already been highlighted by
previous studies (Bosi and Lucchesi, 2004).

Previous authors also agree on the fact that in most tour-
malines from the Eastern Brazilian Pegmatite Province, the
boron contents on the B sites can be considered very close
to 3 apfu. However, in our case, boron has been directly
measured by LA-ICP-TOF-MS, and the resulting data (Ta-
ble 2) are consistently below the stoichiometric values (2.70
to 2.84 B pfu). Similar results were obtained by Bosi et
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al. (2005) when they measured, by secondary ion mass spec-
trometry (SIMS), the B>O3 contents of tourmalines from
Cruzeiro. According to these authors, such low B contents
can be attributed to analytical errors, which is also certainly
the case in our study. This assumption is further supported by
the fact that the (B—O) bond lengths measured in our samples
(see below) are within the range of those calculated for boron
in triangular coordination in tourmalines (Pieczka, 1999). In
the final assigned site populations (Table 6), we consequently
considered the theoretical occupancy of 3 B pfu on the trian-
gular sites.

Tetrahedral T sites often display stoichiometric amounts
of Si (6.000 apfu), but a careful examination of Si—O aver-
age bond lengths (see below) indicates that minor amounts of
boron certainly occupy this site, as already described by Ertl
et al. (2018). Starting from these observed Si—O mean bond
distances, we recalculated the B contents of the tetrahedral
sites, according to the correlation proposed by these authors,
and we obtained values ranging from 0.020 to 0.300 B pfu
(Table 6).

Most of the major compositional variations affecting the
tourmalines of this study take place on the Y crystallographic
sites, which can incorporate various types of cations (Ta-
ble 6). Ti and Mg are almost absent from our samples, with
Ti appearing sporadically in very small proportions (up to
0.03 apfu) and Mg reaching maximum values of 0.21 wt %
MgO, indicating that the dravitic component is low amongst
tourmalines from the EBPP (Fig. 3c). Higher values are ob-
tained for ¥ Mn2+ (Table 6), with concentrations from 0.009
to 0.291 apfu. Although manganese does not become the
dominant cation on the Y sites of these Mn% T -rich samples,
its presence indicates a non-negligible tsilaisitic component
(samples KM066, KM076, WR037, WR044, WR045, and
U20662).

Al, Li, and Fe? are, by far, the most represented cations on
the octahedral sites (Table 6). The dominant cation on these
sites is Al in most samples, with values ranging from 0.915
to 1.608 apfu. In some cases (WR065, KM066, KM120,
WRO045), Li can also be the dominant cation, sometime
reaching 1.491 apfu. KM132 is the only example of ! Fe-
dominant (Fe=1.377 apfu) tourmaline amongst our sam-
ples; this Fe enrichment is accompanied by strong deple-
tion in lithium (Li=0.147 apfu). Based on these data, the
tourmaline species of this study have been identified using
the ternary (A3t 4+LiT)-Mg?t—Fe?* diagram developed by
Henry et al. (2011) to classify the tourmaline species from
the alkali and X-vacant groups.

The results are given in Fig. 3c, and the identified species
are given in Table 6. Most of our tourmalines are fluor-
elbaites or elbaites, where similar proportions of Al and
Li share the Y positions. Elbaites are located close to the
elbaitic end-member, with Fe?>* strongly depleted and the
schorlitic component negligible (Fig. 3c). On the other hand,
fluor-elbaites tend to align themselves along the fluor-elbaite
to fluor-schorl solid solution. The only exception is sample
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KM132, which shows a dominance of vacancies on the X
site (Fig. 3a), as well as of Fe>* on the Y site (Fig. 3c). Such
a composition indicates that this sample can be considered a
rossmanite close to the foitite composition field (Fig. 3c).

5 Structure refinements

Crystal structure refinements were performed in the R3m
space group. Cation occupancies for Si on the T site, as well
as for B on the B site, were constrained to 1, as well as oxy-
gen occupancies. Occupancies for Na on the X site, for Al
or Fe on theY site, and for Al on the Z site, were generally
refined, except for the Z-site occupancies, which were con-
strained to 1 when the preliminary refinements indicate that
this site was fully occupied. For the last refinement cycles, all
atoms except hydrogens were refined with anisotropic dis-
placement parameters. Atomic coordinates and occupancy
factors and anisotropic displacement parameters, as well as
bond length distances and interatomic angles, are available
in the Supplement (Tables S2 to S4). Average bond lengths
are given in Table 7.

Unit-cell parameters (Table 5) are in the ranges usually
admitted for tourmalines (15.7A <a<16.2 A; 7.05<c<
7.25 10\; Hawthorne and Dirlam, 2011), and they are similar to
the values obtained for Brazilian tourmalines of the elbaite—
schorl solid solution (Bosi et al., 2005; Gatta et al., 2012;
Bosi and Lucchesi, 2004). The a parameters of our samples
vary between 15.8187(3) and 15.9309(3)A, whereas their ¢
parameters range from 7.0924(2) to 7.1279(2) A. None of the
sample reaches the schorl-dravite solid solution reference
values. The KM 132 crystal is, by far, the sample showing the
most important schorlitic component. KM117 and WR045
are located in the centre of the schorl—elbaite solid solution,
whereas WR037, KMO075, and KM076 have weak schorlitic
components but still keep their distances from the elbaitic
pole. The rest of the samples are relatively close to the el-
baite end-member (Fig. 3). The specific case of the zoned
KMO58 crystal is interesting as it displays an evolution of
the ¢ parameter. The pink part of the sample shows unit-cell
parameters close to those of the elbaitic end-member, while
the green part of the sample shows unit-cell parameters close
to those of an elbaite, with a strong schorlitic component.
Four tourmalines (U13757, KF081, KM118, and KM066)
also display particularly low a and ¢ parameters, below the
reference values of elbaites. In the case of the first three sam-
ples, this behaviour can be explained by the presence of high
amounts of aluminium, with a small ionic radius, on the Y
site of tourmaline, but this explanation does not apply to the
KMO66 crystal, which is enriched in Mn?* and Fe?* on this
site.

The main feature of the tourmaline structure (Fig. 4) is the
presence of six [TO4] tetrahedra linked by their corners to
form [7013] rings, perpendicular to the ¢ axis. The presence
of these rings implies that tourmalines belong to the cyclosil-
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Table 7. Mean bond length (MBL) and bond length distortion (BLD) values for the cationic sites of Brazilian tourmalines.
WR037 \ WR044 \ WR065 KMOS8_ R | KMO58_V | KMO066
Site MBL BLD | MBL BLD | MBL BLD MBL BLD | MBL BLD |  MBL BLD
B 1.371(3) 143 | 1372(3) 084 | 1.375(3) 074 | 13743) 0.1 | 1.374(4) 049 | 1.369(4) 0.94
T 1.619(14) 070 | 1.617(11) 0.72 | 1.618(10) 0.75 | 1.619(12) 0.58 | 1.617(8) 0.87 | 1.618(11) 0.71
X 2.6753) 586 | 2671(2) 567 | 26703) 544 | 2676(3) 552 | 2671(4) 572 | 2.6743) 5.19
Y 2.036(12) 2.14 | 2.017(11) 226 | 2.007(2) 251 | 2.000(12) 240 | 2.012(3) 246 | 2.0032) 2.84
4 1.907(16)  1.93 | 1.906(13) 1.75 | 1.906(16) 1.69 | 1.908(14) 1.66 | 1.908(4) 1.75 | 1.906(10) 1.67
KM076 | KMI117 \ KM118 \ KM119 \ KM120 \ KM132
Site MBL BLD | MBL BLD | MBL BLD | MBL BLD | MBL BLD | MBL BLD
B 1.372(4) 107 | 1.376(6) 0.74 | 1.376(5) 1.07 | 1.3753) 0.68 | 1.376(3) 0.87 | 1.373(6) 0.58
T 1.618(12)  0.95 | 1.621(3) 0.49 | 1.614(10) 0.68 | 1.620(10) 0.64 | 1.618(13) 0.66 | 1.619(7)  0.60
X 2.6753) 575 | 2.690(7) 535 | 2.666(5) 542 | 2.677(3) 552 | 2.672(3) 541 | 2712(9) 4.70
Y 2.026(3) 231 | 2.033(5) 206 | 2.004(4) 253 | 1.997(2) 233 | 2.002(13) 2.44 | 2.033(4) 2.24
Z 1.908(4) 1.82 | 1.9094) 197 | 1.906(3) 1.59 | 1.908(16) 1.69 | 1.907(15) 1.67 | 1.913(4) 2.02
KF081 \ WRO045 \ KMO75 \ U13757 \ U20662

Site MBL BLD | MBL BLD | MBL BLD| MBL BLD| MBL BLD

B 1.376(3) 090 | 1371(3) 1.10 | 1.372(4) 1.10 | 1.3744) 139 | 13723) 087

T 1.619(10) 0.56 | 1.619(14) 0.80 | 1.619(8) 0.67 | 1.613(11) 0.72 | 1.619(11) 0.64

X 2.675(4) 529 | 2.669(3) 544 | 2.670(3) 5.69 | 2.672(4) 531 | 2.672(2) 5.86

Y 1.990(2) 242 | 2.040(13) 220 | 2.034(3) 228 | 1.998(2) 2.57 | 2.022(11) 2.23

4 1.906(17) 1.69 | 1.909(16) 1.93 | 1.907(4) 2.00 | 1.904(7) 1.76 | 1.907(14) 1.80

icates sub-class (Mills et al., 2009). The rings are linked to
three [Y Og] octahedra bonded together by their edges to form
trimers. The second type of octahedra hosts the Z sites and
is bonded to the periphery of these trimers by the edges. B
sites are in triangular coordination, therefore forming [ BO3]
groups that are linked by their corners to the two types of
octahedra. This arrangement therefore leaves cavities in the
crystal structure that are occupied by the X sites, in 9-fold
coordination. These positions are located along the ¢ axis,
outside the plan containing the [T¢O;g] rings. The [XOg]
polyhedra are usually occupied by cations with large ionic
radius such as Na or Ca, but they are also often empty. These
polyhedra are strongly distorted (Fig. 5a). The W anions oc-
cupy the Ol sites, located along the c¢ axis, in a central po-
sition, and every V anion located in O3 is shared between
a [YOg] and a [ZOg] octahedra (Hawthorne and Dirlam,
2011). The unidirectional orientation of the [T Q4] tetrahe-
dra constituting the rings implies that tourmalines are both
non-centrosymmetric and polar. These minerals are, there-
fore, pyroelectric and piezoelectric (Hawthorne and Dirlam,
2011). The structural formula, deduced from these data,
can be written XY3Z¢[T6013](BO3)3V3W (Hawthorne and
Henry, 1999).

Table 7 indicates that the measured mean bond lengths are
relatively coherent for each site, among the different sam-
ples. In the B sites of these tourmalines, the B—O bond
lengths show variations of a few thousandths of angstroms,
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indicating that these sites are geometrically stable. Their co-
ordination polyhedra are slightly distorted, compared to a
perfect triangle, as one of the three B—O bonds (Table S3)
is 0.020 to 0.040 A shorter than the two other bonds. This
distortion also produces a significant tightening of the O8-
B-08 interatomic angle (Table S3). Bond length distortion
values (BLD, Table 7), allowing an estimation of the crys-
tallographic site deformation based on the measured bond
lengths, were calculated using a method similar to the one
used by Hatert et al. (2004) and based on the Renner and
Lehmann (1986) approach. For the triangular BOj3 sites, the
BLD factors vary between 0.49 % and 1.43 %, which con-
firms the low deformation degree of the polyhedra. These
parameters are even lower for the tetrahedral 704 positions,
thus implying that these sites are close to the perfect tetra-
hedral shape. Based on their BLD values of around 2.37 %
and 1.79 %, respectively, the Y and Z sites appear to be more
distorted (Fig. 5b, c; Table 7). The XOg coordination polyhe-
dron, with BLD values above 5.19 %, appears to be the most
distorted in the tourmaline structures of our samples (Fig. Sa,
Table 7).

6 Trace-element behaviour
The trace-element contents of tourmalines from Eastern

Brazilian Pegmatite Province (Table 3) were normalized to
the Upper Continental Crust (Rudnick and Gao, 2014). Varia-
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Figure 4. Crystal structure of a tourmaline from Minas Gerais
(sample WRO037). (a) View of the structure along the ¢ axis. 704
tetrahedra are blue, BOs3 triangles are green, ZOg octahedra are
grey, and Y Og octahedra are brown. Yellow spheres represent Na
atoms located on the X crystallographic sites. (b) General view
of the structure. Drawings were created using the Vesta 3 program
(Momma and Izumi, 2011).

tions in these element ratios are shown in Fig. 6a, where they
are gathered based on their dominant valence states (mono-
valent to pentavalent) and then by increasing ionic radii (VI
coordinated to O; Shannon, 1976), according to a procedure
defined by Trumbull et al. (2018). These variations are rela-
tively strong, since the diagram obviously shows a sawtooth
pattern. Such a pattern is difficult to decipher, but certainly
both the pegmatitic fractionation and the crystal-chemical
constraints influence the observed variations.

Twelve elements generally show concentrations above
those of the Upper Continental Crust, namely Be, Mn, Zn,
Cd, Pb, Ga, In, Bi, Ge, Sn, Sb, and Ta (Fig. 6a). Some of
these elements are clearly enriched by pegmatite fractiona-
tion, for example Be, Ga, Sn, and Ta (Simmons and Web-
ber, 2008). On the other hand, divalent cations such as Mn
(effective ionic radius, e.i.r.=0.830 10\; Shannon, 1976), Zn
(e.ir.=0.740 A), or Cd (e.i.r.=0.95 A), as well as trivalent
cations such as In (e.i.r. = 0.800 A), could easily substitute
for Fe2T (e.i.r. =0.780 A) on the octahedral Y site. Larger
cations such as Bi (e.i.r. = 1.17A) and Pb (e.ir.=1.19A)
could substitute for Na (e.i.r. = 1.24 A) on the X [9]-fold
site, and smaller cations such as Ge (e.i.r. = 0.530 A) could
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replace Al (e.ir.=0.535A) on the Z site. The incorpora-
tion of Sb (e.i.r. = 0.60 A) could take place on the Z site, but
recent studies on melt inclusions by Thomas and Davidson
(2016) have shown that this element was also enriched by
fractionation in pegmatites.

It is extremely difficult to unravel the behaviour of inde-
pendent samples in Fig. 6a due to a strong overlap of their
geochemical trends. Sample WRO045, which appears to be
particularly enriched in Ca due to its evolution towards the
calcium-rich end-member liddicoatite (Tables 2, 6), is also
the richest in other elements such as Sr, Sc, Y, and Sb. The
substitution of Ca [9] (e.i.r. = 1.18 A) by Sr (e.i.r. = 1.31 A)
and Y (e.i.r. = 1.075 A) is relatively easy due to their close
ionic radii, and this steric effect also allows the incorporation
of light REEs from La (e.i.r. = 1.216) to Dy (e.i.r. = 1.083)
in this tourmaline sample (Fig. 6b). The presence of REEs
in the crystal structure of tourmalines is certainly mostly
constrained by geochemical factors, explaining the positive
correlation between the Ca and REE contents of tourma-
lines. As shown in Table 6 and Fig. 6b, the most calcic sam-
ple WR045 (1.90 wt % CaO) is the richest in REEs and the
less calcic sample KM132 (0.01 wt % CaO) is the poorest in
REEs (except sample KMO076, which is basically depleted in
REEs; Table 3). The calcium and REE enrichment of sample
WRO045 is obviously linked to a late calcium metasomatic
stage, well known to affect some granitic pegmatites (Martin
and De Vito, 2014; Pieczka et al., 2019) and responsible for
the crystallization of other Ca-rich species associated with
these samples, such as fluorapatite and stokesite (Table 1).

7 Discussion

7.1 Major substitution mechanisms

Most tourmalines investigated here are of the fluor-elbaite to
fluor-schorl solid solution (Fig. 3, Tables 2 and 6). This is
relatively different from the samples previously investigated
in the EBPP, which are generally composed of members of
the schorl—elbaite solid solution (Bilal et al., 1998; Federico
et al., 1998; Castafieda et al., 2000; Bosi and Lucchesi, 2004;
Bosi et al., 2005; Andreozzi et al., 2025). KF081, WRO065,
KM118, KM119, KM132, and U13757 are the only samples
belonging to the hydroxy series and corresponding to elbaite,
but KM132 and KF081 show compositions relatively close
to the oxy series (Fig. 3b). Sample KM132 is the first oc-
currence of rossmanite in Minas Gerais, but this species has
already been reported in several pegmatites of the state of To-
cantins, Brazil (Queiroz et al., 2011). Its composition is close
to foitite, which is known from the Cruzeiro deposit (Dutrow
and Henry, 2000).

Several substitution mechanisms are involved to explain
the chemical variations observed for our tourmaline sam-
ples. In most fluor-elbaites and elbaites, an increasing schor-
litic component can be observed as 3Fe?T progressively re-
places (1.5A13* 4 1.5LiT) on the Y octahedral sites. The ex-
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Figure 5. Morphologies of the (a) [XOg], (b) [YOg], and (¢) [ZOg] polyhedra in the crystal structure of a tourmaline from the Eastern
Brazilian Pegmatite Province (sample WR037). Drawings were performed using the Vesta 3 program (Momma and Izumi, 2011).
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Figure 6. (a) Trace-element variations in tourmalines from the Eastern Brazilian Pegmatite Province, normalized to the Upper Continental
Crust (Rudnick and Gao, 2014). (b) Rare-earth-element mean concentrations in tourmalines, obtained through LA-ICP-TOF-MS. Data were
normalized to chondrites, based on the values published by Taylor and McLennan (1985).
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cellent correlation between Fe?* pfu and (Li + Al) pfu, with
a slope close to —1 (Fig. 7a), confirms this schorlitic mech-
anism, which is the main substitution highlighted by Bosi et
al. (2005) for the pegmatitic tourmalines from the Eastern
Brazilian Pegmatite Province.

As explained earlier, another mechanism observed in
our samples is the replacement of the Y-site cations by
Mn>*, which leads to the presence of a tsilaisitic component
amongst some of the crystals. KFO81 and WRO045 also show
peculiar behaviours. In the KF081 elbaite, strong Al enrich-
ment, Li depletion, and replacement of ¥Na by X0 pull the
composition towards the rossmanite pole, according to the
substitution mechanism ¥Na* +0.5YLit=X0+0.5Y A+
(Table 6). In WRO045, an inverse phenomenon affects the
Y sites, while the X positions are progressively filled with
Ca; such substitutions indicate an evolution towards a lid-
dicoatite component, according to the mechanism XNa* +
0.5Y AP+=XCa’* +0.5YLiT (Table 2). The composition
of sample KM132 can be obtained starting from a schorl
composition and applying the complex substitution mech-
anism 0.5 *Nat+YFe?t +0.5%(OH)~ = 0.5X0+Y AP+ +
0.5V 0.

Recently, Andreozzi et al. (2025) investigated a zoned
tourmaline crystal from the Cruzeiro mine and observed an
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tourmalines from Minas Gerais, Brazil.

inverse correlation between the F and Fe?* contents, accord-
ing to the mechanism F = 1 — 0.33 Fe?*. These authors com-
piled a significant dataset from the literature and concluded
that the negative correlation between F and Fe?™ is due not to
the Fe2t—F avoidance rule known in some silicates (Rosen-
berg and Foit, 1977) but to an increase in the fluorine con-
centration of the residual melt during pegmatite crystalliza-
tion. The tourmaline samples investigated in our study do
not show this negative correlation, and their compositions
are mostly localized below the trend defined by Andreozzi et
al. (2025) (Fig. 7b). As underlined by these authors, such a
behaviour can be explained by a fluorine depletion in tourma-
line samples found in miarolitic cavities, in which aqueous
fluids play an essential role. It is indeed obvious that most
of our samples were collected in such pockets, which give
colourful, gemmy, and well-developed crystals suitable for
museum collections (Fig. 2). Three samples are closer to the
F=1—0.33Fe?* trend (Fig. 7b), thus indicating that they
were less strongly affected by late fluorine depletion. One of
them appears to be very dark in colour and without any vis-
ible crystal face (KM 132, Fig. 2), thus indicating that it cer-
tainly corresponds to a rock-forming tourmaline rather than
to a pocket sample.

An excellent negative correlation between F and the num-
ber of vacancies pfu has also been observed (Fig. 8a), which
was previously described by Henry and Dutrow (2011).
These authors demonstrate that the fluorite anions, exclu-
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Figure 9. Correlation between (Li+ Al) pfu and the Y-O mean
bond length (10%), for tourmalines from Minas Gerais, Brazil.

sively localized at the Ol position, are strongly influenced
by the occupancies of the X and Y sites. Indeed, O1 is linked
to three neighbouring Y -site cations and to one X -site cation.
As a consequence, the fluorine content of tourmalines is posi-
tively correlated with the average X -site charge, thus explain-
ing the negative correlation between F and the number of
X vacancies observed in the present paper (Fig. 8a). Another
positive correlation between Al and the X-vacancy content
pfu is also shown in Fig. 8b, which could be explained by a
replacement of Fe>* by A>T on the Y site, compensated by
the incorporation of vacancies on the X site according to the
substitution mechanism XNa®+YFe>*=X0+Y AP+,

7.2 Crystal-chemical correlations

Examination of mean bond lengths (Table 7) indicates that
most crystallographic sites of the tourmaline structure do
not show significant volume variations, except the Y site,
on which the major schorlitic substitution occurs (Fig. 7a).
A good negative correlation between the (Li -+ Al) contents
and the mean bond length on the Y site confirms this hypoth-
esis (Fig. 9). This correlation can be explained by a decrease
in the mean ionic radii of cations occurring on the Y site,
which evolve from 0.780 A in schorl (e.i.r. Fe>*) to 0.648 A
in elbaite (e.i.r.0.5Li™ +0.5 APP™).

Unit-cell parameters of our samples were also correlated
with the mean bond lengths of the different crystallographic
sites of the tourmaline structure (Fig. 10). The a and ¢ pa-
rameters are not correlated with the mean X-O and Z-O
bond lengths, which are scattered along constant values of
2.67 and 1.907 A, respectively. The mean Y—O bond length
is, however, positively correlated with the unit-cell parame-
ters, since the main 0.5 LiT +0.5 A3 =Fe?t substitution
occurs on that site. Similar correlations were established by
Bosi et al. (2005) on the elbaite—schorl series, but approach-
ing the schorl end-member composition, they observed a sta-
bilization of the ¥—O bond lengths around 2.040 A. Such
a behaviour is not observed in our samples, thus indicating
that the substitution mechanism affects the iron-rich compo-
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sitions and the replacement of Al by Fe’™ on the Z site do
not take place herein. It is noteworthy that sample KM 132,
corresponding to a rossmanite (Fig. 3), systematically falls
beyond the observed correlations (Fig. 10), thus confirming
that this tourmaline does not belong to the elbaite—schorl se-
ries.

By considering the strong influence of the schorlitic sub-
stitution mechanism on the unit-cell parameters of our tour-
malines, it seems logical to observe good correlations be-
tween those parameters and the (Li 4 Al) contents obtained
from the chemical analyses (Tables 2, 6). The equations re-
ported in Fig. 11 could consequently be used to determine
the (Li+ Al) contents of tourmaline samples belonging to
the elbaite—schorl series, using their measured unit-cell pa-
rameters.

Finally, observations of BLD values (Table 7) show signif-
icant variations among the different crystals, particularly for
the YOg (BLD 2.14 % to 2.84 %) and for the ZQOg octahe-
dra (BLD 1.59 % to 2.02 %). An inverse correlation has been
observed between Y BLD and £BLD (Fig. 12), which can be
explained by the close geometrical relationships between the
Y and Z sites, which share several of their edges, as shown
in Fig. 4. According to Bosi and Lucchesi (2007), who ex-
plored in detail the compressional and expansion behaviours
of tourmaline crystallographic sites, distortion variations of
the Z octahedral site occur with constant Z—O mean bond
lengths and are produced by a displacement of the O7 atom
induced by volume variations of the adjacent Y Og octahe-
dron.

7.3 Geochemical fingerprint of the geological context

In Minas Gerais pegmatites, as in other pegmatitic bodies
around the world, compositional and mineralogical zonings
are frequently observed, from the core to the rim of the intru-
sion. Therefore, the chemical compositions of the minerals
hosted by these pegmatites vary depending on their position
in the magmatic body. The outer pegmatite rim is usually
less differentiated and therefore enriched in Fe, whereas in-
termediate and core zones are more differentiated and con-
sequently enriched in Li and Mn (Castafieda et al., 2000;
De Oliveira et al., 2002). From a general point of view, the
most differentiated zones of pegmatites show a progressive
increase in the Ta/Nb, Mn/Fe, Cs/Li, Rb/K, and Hf/Zr
atomic ratios.

Chemical analyses of trace elements in the tourmalines in-
vestigated in the present paper (Table 3, Fig. 6a) show that
Ta is always higher than Nb, indicating a very high dif-
ferentiation degree. Thirteen elements show highly variable
amounts, some of which probably occur on the crystallo-
graphic sites where the most significant substitutions take
place. These elements are Ca, Sr, and Pb, which replace Na
on the X site, as well as Mn, Mg, Zn, and Co, which replace
Fe?t and (Li, Al) on the Y site.
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Figure 10. Correlations between the unit-cell parameters and the mean bond lengths of the X, Y, and Z sites, for tourmalines from Minas

Gerais, Brazil.

The most Ca-rich sample, WR045 from the Urucum mine,
corresponds to a late tourmaline, formed during the calcic
metasomatic pegmatite stage; this hypothesis is confirmed
by the occurrence of fluorapatite and stokesite in associ-
ation with this sample (Table 1). In the Santa Rose peg-
matite, two tourmalines were analysed, one of which show-
ing an enrichment in Zn (KM076) and the other one being
poor in this element (KMO058). Due to the close ionic radii
of Zn (e.i.r. =0.740 A) and Mg (e.i.r. = 0.720 A), we could
consider Zn an element indicating a low pegmatite differ-
entiation degree, and consequently, sample KM076 would
originate from a less differentiated zone compared to sam-
ple KMO58. This is confirmed by the visual appearance of
sample KMO058, which is a nice “watermelon” tourmaline,
which typically forms in albitized zones. The same argu-
ment could indicate that the Zn-rich rossmanite—foitite sam-
ple KM132, from Clementina, originated from a poorly dif-
ferentiated pegmatite zone. This conclusion is in agreement
with the tourmaline evolution path described by Dutrow and
Henry (2000) in Cruzeiro, where foitite appears in the first
generation, followed successively by elbaite—schorl and by
fluor-elbaite.

In the Cruzeiro mine, sample KMO066 is particularly rich in
Sr, U, Th, and As, as well as in Be and Ta, which indicates its
high differentiation degree compared to sample WR044 from
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the same locality. Finally, in the Urubu pegmatite, the three
samples KM117, KM118, and KM119 show similar trace-
element contents, while KF081 is poorer in Ca, Mn, Zn, and
Pb but richer in Ga. The high Ga content of this sample, as
well as its low Zn content, indicates a high differentiation
degree, confirmed by the presence of Hf-rich zircon in close
association (Table 1).

REE contents observed in our tourmaline samples (Ta-
ble 4, Fig. 6b) are mostly depleted compared to chondrites,
except for the Ca-rich sample WR045. Light REEs (LREEs)
are well represented, but heavy REEs (HREEs) are absent
or very close to the detection limit of the GemTOF instru-
ment. These REE contents are comparable to those of the
literature but close to the higher reported values (Marks et
al., 2013; Trumbull et al., 2018). The concave profile of the
LREE pattern, oriented upwards, has already been reported
by Marks et al. (2013) and Trumbull et al. (2018), and the
positive Eu anomaly observed for sample KM 119 has already
been described by Marks et al. (2013) in hydrothermal crys-
tals but not in their pegmatitic tourmalines. The marked posi-
tive anomaly in Sm, observed in some samples (Fig. 6b), has
never been reported in the literature.

The two samples KM076 and KM 132 originate from two
different pegmatites, but they show very low REE contents
and are very rich in Zn, thus indicating their poor differentia-
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Figure 11. Correlations between the unit-cell parameters and the
(Li+ Al) contents (pfu), for tourmalines from the Eastern Brazilian
Pegmatite Province, Brazil.

tion degree. The calcium-rich sample WRO045 is very rich in
REEs and shows a linear decreasing tendency not previously
described in the literature. Its REE profile is relatively similar
to the pegmatitic profile described by Marks et al. (2013), but
the REE amounts are globally much more important here.

8 Conclusions

The present paper gives a detailed crystal-chemical in-
vestigation of 17 tourmaline samples from different peg-
matites of Minas Gerais, Brazil. The combined approach, in-
cluding single-crystal X-ray data, electron-microprobe, and
GemTOF analyses, gives new insights in the complex crystal
chemistry of this mineral group.
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The samples generally belong to the schorl-elbaite and
the fluor-schorl to fluor-elbaite series, but some samples
clearly show different chemical compositions, for exam-
ple sample WRO045, which is particularly enriched in cal-
cium, and sample KM132, which corresponds to a ross-
manite. Major observed substitution mechanisms are from
elbaite to schorl (0.5 YAt + 0.5 Lit=Y"Fe?"), from el-
baite to rossmanite (¥*Nat +0.5YLit=X0+0.5VAPH),
from elbaite to liddicoatite (YNat +0.5" AP+=XCa?* +
0.5YLi™), or from schorl to oxy-foitite (0.5 XNat+Y Fe?t +
0.5%(OH)~ = 0.5%0+Y AI** 4+ 0.5 0?7). The mechanism
XNat+YFe?t="0+Y A3+ explains the observed positive
correlation between Al and the vacancy content of the X site.

Most chemical and crystal-chemical correlations had al-
ready been established in the abundant literature on tour-
malines. However, the detailed interpretations of the trace-
element behaviours and comparison with their crystal-
chemical data allow a better understanding of the bound-
aries between the pure geochemical pegmatitic influence and
the crystal-chemical constraints. Simple correlations, such
as those between the (Li 4 Al) contents and the unit-cell pa-
rameters, will certainly be useful to semi-qualitatively deter-
mine the lithium content of these minerals using simple X-
ray powder diffraction data.
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