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Abstract. This study compares the compositional evolution of a multi-coloured, zoned tourmaline crystal from
the Cruzeiro pegmatite, Brazil, with the compositions of homogeneous tourmaline crystals systematically col-
lected from the outer to the inner zones of the same pegmatite. Four representative fragments of the multi-
coloured, zoned tourmaline were thoroughly investigated using single-crystal X-ray diffraction; electron mi-
croprobe analysis; and >’Fe Mdssbauer, Fourier transform infrared, and optical absorption spectroscopies to
obtain the full composition and site occupancies. The fragments are classified, from core to rim, as " O-rich,
F-bearing schorl (black inner and outer core) and Fe>*-rich, W OH-bearing fluor-elbaite (blue inner and green
outer rim). A negative correlation between F and Fe?* contents was evidenced, approximated by the equation
F=1—0.33Fe?t (in atoms per formula unit) and consistent with the observed tourmaline evolution from schorl
to fluor-elbaite.

The evolution trend from core to rim mirrors the compositional variation exhibited by the homogeneous tour-
maline crystals collected across the Cruzeiro pegmatite, from the border zone to the intermediate zone. This
shows that the chemical variations in a zoned tourmaline, observed at the scale of single crystals, record not only
its crystal growth history, but also the chemical evolution of the host pegmatite. Moreover, in uncontaminated
granitic pegmatite systems such as that of Cruzeiro, the compositional evolution of tourmaline progresses from
schorl to fluor-elbaite, rather than from schorl to elbaite, to reflect co-enrichment in Li and F during fractional
crystallization.

ber, 2008; Cerny et al., 2012; Novak et al., 2012; Shaw et

Granitic pegmatites are strategically relevant because they
host a variety of rare-element-bearing minerals and con-
tain most of the world reserves of these elements (Gysi and
Williams-Jones, 2013; Shaw et al., 2016). Different hypothe-
ses have been proposed to explain how pegmatite-forming
melts are generated, although pegmatites may be classi-
fied regardless of the mechanism of formation (Martin and
De Vito, 2005; London, 2005, 2014; Simmons and Web-

al., 2016; London, 2018). Pegmatites enriched in incompati-
ble elements (high-field-strength and large-ion lithophile el-
ements) belong to the rare-element (REL) class, and among
them a particularly important subclass is that of REL en-
riched in Li, in turn affiliated to the LCT (Li—Cs-Ta) fam-
ily (Cerny, 1991; Cerny and Ercit, 2005; Cerny et al., 2012;
Linnen et al., 2012).

In the area of Governador Valadares, Minas Gerais,
Brazil, hundreds of pegmatites occur, being emplaced from
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syn-tectonic fractional crystallization of granitic magma at
582 Ma (de Mello and Bilal, 2012). The mineral assemblage
indicates that the pegmatites crystallized at temperatures
ranging from 360 to 570 °C and at pressures ranging from
1.1 to 3 kbar (Bilal et al., 1997, 1998). Boron isotope analy-
sis measured on tourmaline crystals that come from an area
south of Governador Valadares yielded §''B values in the
range of —16.3 %o to —11.3 %o for the pegmatites, —13.8 %o
to —11.5 %o for the host schists of the Sdo Tomé Formation,
and —14.0 %o to —13.1 %o for the tourmaline-bearing facies
of Cérrego do Onga that belong to the Urucum suite, sug-
gesting a common source for all the analysed rocks (Lima et
al., 2019). The granitic pegmatite of Cruzeiro (located north
of Governador Valadares, close to the small village of Sao
Joseé da Safira) is an LCT pegmatite that consists of three
sub-vertical, parallel, symmetrically zoned dikes intruded in
the quartzite of the Serra da Safira Sequence, and it is an ex-
cellent example of a pegmatite body where the pegmatitic
melt—fluid system crystallized virtually without any chem-
ical interaction with the surrounding host rock. The three
dikes of the Cruzeiro may be derived from a granitic plu-
ton (although granite was not found nearby), and their em-
placement seems to have been controlled by regional struc-
ture, as indicated by the concentration of many other peg-
matitic bodies in the surrounding area along lineaments ori-
ented N10-20° W (César-Mendes, 1995). The Cruzeiro peg-
matite is world-famous for having produced a large quantity
of gigantic and beautiful tourmaline crystals, ranging in size
from centimetres to decimetres and exhibiting a variety of
colours and chemical compositions (Bilal et al., 1997, 1998;
Federico et al., 1998).

Tourmaline is well known as a valuable indicator of chem-
ical changes in crystallization environments and of physi-
cal conditions, in particular temperature, and the retention
of that information over time has led to the concept of tour-
maline being a “geologic DVD”, even on the scale of sin-
gle crystals (e.g. Dutrow and Henry, 2011; van Hinsberg
et al., 2011; Lussier et al., 2011; Lussier and Hawthorne,
2011). A comprehensive survey of tourmaline compositional
variation across the Cruzeiro dikes was made by Federico
et al. (1998), and representative samples belonging to the
dravitic—schorlitic—elbaitic series were investigated by Bosi
and Lucchesi (2004), Bosi et al. (2005, 2015), Andreozzi et
al. (2008), and Skogby et al. (2012). Previous studies found
that tourmaline is abundant in border, wall, and intermedi-
ate zones of the pegmatite and that its chemical composition
varies, from outer to inner zones, from Mg-bearing schorl
to schorl to elbaite. In detail, schorl and elbaite may show
W(O, OH, F) at the O1 site according to the main substitu-
tional mechanism Fe** + Fe’t + 0 — Li+ Al+ (OH +F).
Furthermore, the fluor-elbaite from Cruzeiro was recognized
as a new mineral species by Bosi et al. (2013).

At Cruzeiro, due to the absence of contamination with the
quartzite host rock, it was reasonable to assume that the evo-
lution of both tourmaline composition and its paragenesis re-
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flected the physico-chemical evolution of the pegmatitic melt
(Federico et al., 1998; Bosi et al., 2005). Chemical evolu-
tion of the Cruzeiro tourmaline composition is highlighted
by the colour shown by the homogeneous crystals, which
varies from black in the schorl crystals occurring in the outer
zones to blue and green in the elbaite crystals occurring in the
inner zones of the pegmatite (Federico et al., 1998). In addi-
tion, single crystals showing distinctly colour-zoned schemes
(black—blue, black—green, blue—green, or even green—pink)
are occasionally observed in the inner zones of the Cruzeiro
dikes. In these crystals, colour zoning is commonly horizon-
tal relative to the c¢ axis (i.e. concentric), but it may also be
vertical, following the tourmaline prismatic growth. Further-
more, distinct colour change (from dark blue to yellowish
olive green) was observed in three different generations of
fibrous tourmalines hosted in a pink elbaite crystal (Dutrow
and Henry, 2000). More rarely, within inner zones there is
the occurrence of multi-coloured, zoned single crystals that
show a colour sequence mirroring the colour sequence ex-
hibited by the homogeneous tourmaline crystals occurring
across the pegmatite, from outer to inner zones. This last ob-
servation leads to the hypothesis that at Cruzeiro, the vari-
able composition of multi-coloured, zoned tourmaline single
crystals may have recorded the melt chemical evolution dur-
ing the pegmatite differentiation.

To test this hypothesis, selected fragments of a multi-
coloured tourmaline crystal were examined in detail us-
ing an integrated approach, which includes single-crystal
X-ray diffraction and structure refinement, electron micro-
probe analysis, Mossbauer spectroscopy, Fourier transform
infrared spectroscopy, and optical absorption spectroscopy.

2 Materials and methods

2.1 Cruzeiro pegmatite internal zoning and tourmaline
sample occurrence

The Cruzeiro pegmatite is a Li-, Be-, B-, Nb-, Ta-, and Zn-
enriched miarolitic pegmatite located near the municipality
of Sdo José da Safira, Governador Valadares, Minas Gerais,
Brazil. The granitic pegmatite is included in a metamorphic
series of Proterozoic age known as the schist—quartzite se-
quence. This sequence crops out with thick layers of coarse-
grained quartzite containing the lens-shaped dikes of the
Cruzeiro pegmatite (Bilal et al., 1997, 1998; Federico et
al., 1998). The Cruzeiro pegmatite consists of three sub-
vertical, parallel dikes, showing sharp boundaries with the
host quartzite. Dike 1 is 1300 m long and up to 60 m wide;
dike 2 is 900 m long and about 20 m wide; dike 3 is 700 m
long and 8 m wide. The three dikes show clear horizon-
tal zoning and perfect symmetrical development around a
quartz core (Fig. 1a). The zoning description includes a bor-
der zone, a wall zone, and an intermediate zone, locally
divided into external, medium, and internal. The different
zones are defined by relative abundance of coexisting min-
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eral assemblages: in the outer zones (border and wall zones),
there is the occurrence of quartz, K-feldspar, muscovite,
black schorl, prismatic blue beryl, almandine-rich garnet,
and columbite—tantalite (Nb > Ta); in the inner zones (inter-
mediate zone), there is the occurrence of Li-bearing mica,
quartz, platy albite (cleavelandite), multi-colour elbaite, tab-
ular pink beryl, spodumene, spessartine-rich garnet, ambly-
gonite, Mn-apatite, tantalite—columbite (Ta > Nb), gahnite,
and cassiterite. Tourmaline crystals are ubiquitous but are
particularly abundant in the wall and intermediate zones as
well as in the miarolitic pockets that are randomly distributed
around the quartz core (Bilal et al., 1997, 1998; Federico et
al., 1998).

The tourmaline sample under investigation is from the in-
termediate zone of dike 3 and is a prismatic, multi-colour-
zoned single crystal, ca. 8 cm wide and 10 cm long. The pris-
matic crystal exhibits an evident horizontal zonation relative
to the ¢ axis, like many other crystals from the same peg-
matite. The sample under investigation exhibits a large ho-
mogeneous black core in sharp contact with a narrow blue
inner rim, which in turn shows clear contact with a green
outer rim (Fig. 1b, ¢). Four homogeneous fragments of mil-
limetre size were extracted from the crystal, and they are rep-
resentative of the green outer rim (T1), the blue inner rim
(T2), the black outer core (T3), and the black inner core (T4).
The vividly coloured crystal fragments are of gem quality
(Fig. 2). Fragment T3 and partly fragments T1 and T2 were
previously investigated by Bosi et al. (2015).

2.2 57Fe Mdssbauer spectroscopy

The selected fragments were powdered in an agate mortar
under acetone; then the Mossbauer absorber was prepared
by pressing the finely ground powder with an acrylic resin
into a self-supporting disc (1.0cm diameter). To obtain an
absorber with an Fe thickness of ~4 mgcm™2, the amount
of tourmaline used to make the absorber varied from 40
to 100 mg, depending on the chemical composition. Sev-
eral 3’ Fe Mossbauer spectra were collected at room temper-
ature in transmission mode using a conventional constant-
acceleration spectrometer with a >’Co source of 0.99 GBq
(25 mCi) in a 7mm Rh matrix. Data collection time was up
to 5d to attain optimal statistics. Spectral data for the veloc-
ity range 4 mm s~! were recorded in a multi-channel anal-
yser using 512 channels. Results were calibrated against a
foil (0.025 mm thick) of high-purity «-Fe, and raw data were
folded to form 256 channels. Each spectrum was fitted as-
suming Lorentzian peak shapes using the Recoil 1.04 fitting
program (Lagarec and Rancourt, 1998). To obtain the best
fit (evaluated using the reduced x? parameter), several fit-
ting models with unconstrained hyperfine parameters were
tried. The best fitting model consisted of four doublets for
ferrous iron with unconstrained centre shift (§), quadrupole
splitting (AEp), and peak width (I') parameters and one
doublet for ferric iron with fixed § and AE . Uncertainties
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were calculated using the covariance matrix and estimated at
+0.02mms~! for 8, AEp, and T and at ~ £3 % for absorp-
tion areas. A representative absorption spectrum is shown in
Fig. S1 in the Supplement, and the hyperfine parameters of
fitted spectra are reported in Table S1 in the Supplement.
These data reveal that the Fe3+ /Fetor ratio for all fragments
is zero or very close to zero (within experimental error).

2.3 Single-crystal structural refinement (SREF)

X-ray diffraction data from the selected crystal fragments
were acquired on a Bruker KAPPA APEX II single-
crystal diffractometer equipped with a CCD area detector
(6.2 x 6.2cm? active detection area, 512 x 512 pixels) and
a graphite crystal monochromator, using MoK« radiation
from a fine-focus sealed X-ray tube. The sample-to-detector
distance was 4 cm. A total of 3265 exposures (step=10.2°,
time per step =20s) were collected, and a completeness of
about 95 % was achieved. Unit-cell parameters were refined
using the Bruker AXS SAINT program on reflections with
I > 1007 in the range 6° < 26 < 74°. The intensity data were
processed and corrected for Lorentz, polarization, and back-
ground effects with APEX2 software program of Bruker
AXS. The data were corrected for absorption using the multi-
scan method (SADABS). The absorption correction led to a
significant improvement in Rjy.. No violations of R3m sym-
metry were noted.

Structure  refinement was performed with the
SHELXIL.2013 program (Sheldrick, 2015). Starting co-
ordinates were taken from Bosi et al. (2015). The scale
factor, the extinction coefficient, atom coordinates, site-
scattering values, and atom-displacement factors were the
variable parameters. In detail, the X site was modelled using
the Na scattering factor, the Y site was modelled considering
the presence of Li versus Fe (for samples T1 and T2) and Al
versus Fe (for sample T4), and the Z site was modelled con-
sidering the presence of Al (for samples T1 and T2) and Fe
versus Al (for sample T4). The T and B sites were modelled
with Si and B scattering factors, respectively, and with a
fixed occupancy of 1 because refinement with unconstrained
occupancies showed no significant deviations from this
value. The O1 site was refined with occupancies of O and
F fixed to the value of the structural formula. The position
of the H atom bonded to the oxygen at the O3 position in
the structure was taken from the difference Fourier map
and incorporated into the refinement model; the O3-H3
bond lengths were constrained to be 0.97(3) A. Three
full-matrix refinement cycles with isotropic-displacement
parameters for all atoms were followed by anisotropic cycles
until convergence was attained. There were no significant
correlations over 0.7 between the parameters at the end
of refinement. Table S2 lists crystal data, data-collection
information, and refinement details; Table S3 gives the
fractional atom coordinates and equivalent-displacement
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Figure 1. (a) Internal zoning of the Cruzeiro pegmatite. The multi-coloured, zoned tourmaline crystal investigated occurred on the left-hand
side of the internal intermediate zone. (b) Simplified representation of the multi-coloured zoning in the tourmaline crystal investigated here.
From rim to core: T1, green outer rim; T2, blue inner rim; T3, black outer core; T4, black inner core. (¢) Tourmaline rim fragment showing

the sharp contact between the blue and the green portions.

T3
' )

0.2 mm
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s
Figure 2. Selected fragments extracted from the multi-coloured,
zoned tourmaline crystal from the Cruzeiro pegmatite. From rim to
core: T1, green outer rim; T2, blue inner rim; T3, black outer core;
T4, black inner core.
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parameters; and Table S4 gives selected bond distances and
mean atomic numbers (m.a.n.’s).

2.4 Electron microprobe (EMP) analysis

The chemical composition of the selected tourmaline frag-
ments used for SREF analysis was obtained by electron
microprobe. A wavelength-dispersive spectroscopy (WDS)
mode with a Cameca SX50 instrument operating at an ac-
celerating potential of 15kV, a sample current of 15nA, and
10 um beam diameter was used. Reference standards were
minerals and synthetic compounds: wollastonite (Si, Ca),
magnetite (Fe), rutile (Ti), corundum (Al), vanadinite (V),
fluorphlogopite (F), periclase (Mg), jadeite (Na), K-feldspar
(K), sphalerite (Zn), metallic Cr, Mn, and Cu. The PAP rou-
tine was applied (Pouchou and Pichoir, 1991). The oxide
weight percent of V, Cr, and Cu was below the detection limit
(0.02 wt %). For each fragment, mean values of 10 spot anal-
yses are reported in Table 1.

2.5 Fourier transform infrared (FTIR) absorption
spectroscopy

The tourmaline fragment T4 was measured by FTIR spec-
troscopy to characterize the OH vibrational bands (Fig. S2).
A Bruker Equinox 55 spectrometer with a Bio-Rad in-
frared microscope, operating with a Globar source, a KBr
beam splitter, a wire-grid polarizer, and an MCT (mercury—
cadmium-telluride) detector, was used. Polarized spectra
parallel to and perpendicular to the crystallographic c-axis
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Table 1. Chemical composition of selected fragments of a multi-
coloured, zoned tourmaline crystal from the Cruzeiro pegmatite
(Minas Gerais, Brazil).

T1 T2 T3* T4
SiO, wt% 37.32(17)  36.34(9) 34.71(19) 35.58(21)
TiO, 0.06(2) 0.08(2) 0.30(3) 0.30(1)
B,03? 10.80 10.64 10.27 10.38
Al O3 37.27(16) 36.40(25) 34.07(13)  33.41(6)
Fe, 03P - - 0.47 0.53
FeQP 5.81 8.11 13.77 11.35
MnO 1.13(9) 1.48(7)  0.38(10) 0.16(6)
MgO 0.10(1) 0.17(3) 0.72(4) 2.80(3)
ZnO 0.09(5) 0.19(9) 0.41(6) 0.22(5)
CaO 0.12(2) 0.15(1) 0.10(2) 0.14(1)
Na,O 2.69(7) 2.49(6) 1.99(6) 2.07(5)
K,0 0.03(1) 0.04(1) 0.06(1) 0.05(1)
Li,0¢ 1.47 1.01 - -
F 1.35(14)  1.18(13)  0.52(12)  0.40(10)
H,04 3.07 3.03 2.96 3.04
—O=F —0.57 —0.50 —0.22 —0.17
Total 100.75 100.83 100.50 100.25
FeOpMmp 5.81(15)  8.11(24) 14.19(20) 11.82(16)
Atomic fractions
Si apfu 6.004 5.937 5.870 5.961
Titt 0.008 0.010 0.040 0.038
B 3.000 3.000 3.000 3.000
Al 7.065 7.009 6.790 6.596
Fe3t - - 0.060 0.066
Fe2t 0.782 1.108 1.950 1.590
Mn 0.154 0.205 0.050 0.023
Mg 0.025 0.041 0.180 0.700
Zn 0.011 0.023 0.050 0.027
Ca 0.020 0.027 0.020 0.026
Na 0.838 0.789 0.650 0.672
K 0.006 0.009 0.010 0.010
Li 0.952 0.667 - -
F 0.687 0.612 0.280 0.211
OH 3.291 3.300 3.340 3.395

Errors for oxides and F (in brackets) are the standard deviations of 10 analyses.
Atomic fractions are normalized to 31 anions (O, OH, F); apfu denotes atoms per
formula unit. * Data from Bosi et al. (2015). 2 Calculated by stoichiometry, assuming
3 B apfu (see text). b Determined by Mdssbauer spectroscopy. ¢ Calculated by
stoichiometry and IR information (see text). d Calculated by bond valence relation
(see text).

direction of the T4 sample were acquired in the wavenumber
range 2000-8000 cm ™! with a resolution of 2cm™! using a
rectangular measurement area of ~ 50 um x 50 um. The dou-
bly polished crystal plate had a thickness of 42 um. The frag-
ments T1, T2, and T3 had previously been studied using the
same methodological approach, and the spectra are published
in Bosi et al. (2015).

2.6 Optical absorption spectroscopy (OAS)

Polarized optical absorption spectra of the tourmaline frag-
ments T1, T2, and T4 were recorded at room temperature
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in the spectral range 270—1100 nm (37 037-9091 cm™!) on
double-sided (100 um) polished single-crystal sections. The
spectral resolution was 1 nm using an AvaSpec-ULS2048x16
spectrometer attached via a 400 um UV fibre cable to a Zeiss
Axiotron UV microscope. The light source was a 75 W xenon
arc, and Zeiss Ultrafluar 10x lenses served as the objec-
tive and condenser. The size of the circular measuring aper-
ture was 64—-200 um in diameter. The polarizer was a UV-
quality Glan—Thompson prism with a working range from
250 to 2700 nm (40 000 to 3704 cm™"). The wavelength scale
of the spectrometer was calibrated against standards doped
with HopO3 and Pr,O3/Nd,O3 (Hellma glass filters 666F1
and 666F7). The accuracy was better than 15cm™! in the
wavelength range 300—1100 nm. A Bruker Equinox 55 FTIR
spectrometer equipped with a halogen lamp source, a CaF;
beam splitter, a wire-grid polarizer, and an InSb detector was
used to collect the polarized near-infrared spectra. The sam-
ples were masked by a circular aperture of 64—200 um diam-
eter, and a total of 512 scans were acquired over the spectral
range 2000—13 000 cm ™! at a resolution of 4 cm™!. The UV-
Vis—NIR spectra were fitted using the PeakFit 4.12 software
(Jandel) assuming Gaussian peak shapes and are shown in
Fig. S3. The fragment T3 had previously been studied using
the same methodological approach, and the spectra are pub-
lished in Bosi et al. (2015).

3 Results

Tourmaline is a mineral characterized by an intermediate
structural complexity (100-500 bit per unit cell; Krivovichev,
2013). Nonetheless, for an effective classification to be ac-
complished, actual contents of H, Li, B, Fe’*, and Fe3* need
to be quantified or at least well constrained. In the present
case, Fe?™ and Fe’* proportions were quantified via >'Fe
Mossbauer spectroscopy and H, Li, and B were estimated
exploiting the well-tested multi-analytical approach based on
the integrated combination of structural, chemical, and spec-
troscopic data, which gave excellent results on tourmaline
and other borosilicates (e.g. Andreozzi et al., 2000, 2004,
2008; Bosi et al., 2013, 2015, 2018).

3.1 FTIR and OAS results

FTIR spectra of fragment T4 recorded in polarized mode per-
pendicular and parallel to the ¢ axis are reported in Fig. S2
and consist of a set of absorption bands with different intensi-
ties in the OH-stretching region (3300-3800 cm™!). The ab-
sorption bands in the c-axis direction are strongly polarized,
as previously noticed in polarized-FTIR studies on tourma-
lines (e.g. Gebert and Zemann, 1965). Unfortunately, it was
not possible to thin the sample sufficiently to avoid off-scale
absorption intensity for the strongest bands.

The ?'OH stretching modes are affected by the X-site
constituents, with the bands of ~ 3600-3700cm ™! normally
assigned to X[, whereas bands above 3700 cm™! are consid-
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ered to be associated with ¥ Na (e.g. Gonzalez-Carrefio et al.,
1988; Berryman et al., 2016). The two absorption peaks at
36303643 cm~! are probably related to the atomic arrange-
ment Y(Fe,Fe,Al)—OlOH—XEI, in agreement with Gonzalez-
Carrefio et al. (1988) and Watenphul et al. (2016). Their in-
tensities decrease from the inner core to outer rim (T4 — T1),
and this is consistent with a corresponding decrease in
Fe?" content (Table 1). Comparing the spectra of T4 with
those of T1, T2, and T3 published in Bosi et al. (2015),
the peaks at 3670-3682cm™! are clearly evident in the
T1 fragment and disappear in T3 and T4. These peaks are
related to Li content and can be assigned to the atomic
arrangement ¥ (ALLALL1)-?'OH—*0 (Gonzalez-Carrefio et
al., 1988). Moreover, the peak at ~ 3720 cm~! becomes ev-
ident only in the T4 fragment and can be assigned to the
atomic arrangement ¥ (Fe,Fe,Al)——2!OH-*Na (Watenphul
et al., 2016).

The optical spectra in the UV-Vis—NIR region of the T4,
T2, and T1 crystal fragments are reported in Fig. S3. Spec-
tra recorded in polarized mode perpendicular to the c-axis
direction (E || @) show two main strong absorption bands at
~ 13800 and ~9000cm~! that are due to Fe?>T absorption
(e.g. Mattson and Rossman, 1987). An additional broad band
can be observed in the range of 24 000-23 000 cm™! ascrib-
able to Fe?T—Ti intervalence charge-transfer (IVCT) tran-
sitions (e.g. Mattson and Rossman, 1987). A weak absorp-
tion band at ~ 18000 cm™!, only visible in the T4 fragment,
can be instead ascribed to Fe>T—Fe3* IVCT transitions (e.g.
Mattson and Rossman, 1987).

A comparison of the OAS spectra of the crystal frag-
ments (including T3, previously published in Bosi et al.,
2015) reveals a decrease in the intensity of the bands at
~ 13800 and ~ 9000 cm ™!, consistent with a corresponding
decrease in the Fe>* content from core to rim (T4 — T1) (Ta-
ble 1). Moreover, the strong polarization of the ~ 13 800 and
9000 cm™~! absorption band in the T4 and T3 crystal frag-
ments, as well as the occurrence of the ~ 18 000 cm~! band,
is attributable to the presence of minor Fe3*, in agreement
with Mossbauer analysis (Table S1).

In the four crystal fragments, the position of the Fe>*—
Ti IVCT band shows a significant variation, being shifted
from ~23000cm~! in the T4, T3, and T2 fragments to
~24000cm™"! in the T1 fragment (Fig. S3). Additionally,
the intensity of this band seems not to be related to the Ti
and Fe?t contents, which decrease from core to rim. The
shift to high energy of the Fe>*—Ti IVCT band could be ex-
plained by differences in local cation ordering, as previously
observed in a tourmaline sample from the island of Elba (Al-
tieri et al., 2022). Indeed, Mossbauer analysis revealed that
in the T4, T3, and T2 fragments, a lower percentage of Fe>*
occupies the Y 3 local configuration (in comparison to Y 1 and
Y2), while in the T1 fragment Fe?T is approximately equally
distributed over the Y 1, Y2, and Y 3 local configurations (Ta-
ble S1).
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3.2 Atomic fractions and site populations

The chemical composition of the studied tourmaline frag-
ments includes B, the contents of which were assumed to be
stoichiometric (i.e. B =3 atoms per formula unit (apfu)) in
agreement with the SREF results. In fact, both the site scat-
tering and the bond-length results of the B and T sites are
consistent with previous studies where the B site is fully oc-
cupied by B and the T site is B-free (e.g. Bosi and Lucch-
esi, 2007). The Mn oxidation state was assumed to be Mn?t
based on OAS results. The OHtor contents were determined
through bond valence analysis using parameters from Brown
and Altermatt (1985). This analysis yielded a bond valence
sum (BVS) at O3 of 1.10-1.15 valence units, which is con-
sistent with YOH =3.00apfu (e.g. Grice and Ercit, 1993).
BVSs at O1 were 0.81, 0.87, 1.13, and 1.16 valence units
for samples T1, T2, T3, and T4, respectively. The equation
of Bosi (2013) [NOH =2 — 1.01 - BVS(O1) — 0.21 — F] was
used to estimate the WOH, which was 0.29, 0.30, 0.34, and
0.40 apfu for samples T1, T2, T3, and T4, respectively. Ac-
cordingly, the amounts of WO were retrieved at the end of
this procedure.

The presence or absence of Li was determined from FTIR
spectra, and the final Li;O contents were calculated on the
assumptions of (T+Y +7Z)=15.00apfu and there being
31 anions. This procedure was validated by the excellent
match between the number of electrons per formula unit
(epfu) derived from chemical and structural data (devia-
tions < 0.4 epfu). Site populations for the X, B, T, O3 (=V
anions), and O1 (=W anions) sites follow the standard site
preference for tourmaline (Henry et al., 2011), whereas the
Y and Z site populations were optimized by the procedure of
Bosi et al. (2017) and Wright et al. (2000) and by fixing Li
and the minor elements Ti, Mn2t, and Zn at the Y site. The
resulting empirical crystal chemical formulae are reported in
Table 2.

In the studied samples, the main substitution is
2Fe?" <> (Al +Li), typical of the schorl-elbaite series. Yet
the fragments of the multi-coloured crystal examined can be
further classified as hydroxy-, fluor- and oxy-species (Henry
etal., 2011). According to the empirical crystal chemical for-
mulae, the core fragments T4 and T3 are W O-rich, F-bearing
schorl, whereas the rim fragments T2 and T1 are Fe2*rich,
WOH-bearing fluor-elbaite (Table 2).

4 Discussion

Based on the results obtained from the four crystal fragments
examined here, the multi-coloured, zoned tourmaline crystal
from the Cruzeiro pegmatite shows a well-defined chemical
evolution from core to rim. In detail, concerning the X-site
cations, all fragments belong to the alkali group, with Na
contents slightly increasing from core to rim paralleled by
a vacancy content X[ decrease (Fig. 3a). Concerning the Y-
site cations, Mg contents are at their maximum in the inner

https://doi.org/10.5194/ejm-37-1-2025
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Table 2. Empirical crystal chemical formulae of the selected fragments of a multi-coloured, zoned tourmaline crystal from the Cruzeiro
pegmatite (Minas Gerais, Brazil).

Crystal fragment  Empirical formula

2 . 2 4
Tl X(Nag g400.14Ca0.02K0.01)51.00 ¥ (Feg g Al1 o7Lio.o5sMng ¥ sMgo.02Zng 01 Tig §1)53.00
ZAlg 00(TSi6.00018)(BB0O3)3 Y (OH)3 W[(OH)) 29F0.6900.02151.00
2 . 2 4
T2 X(Nag 7900.17Ca0.03K0.01)x1.00 ¥ (Fey |4 Alg.99Lio.67Mng b Zng 01 Tig §1)53.00
Z(Als.96Mg0.04)36.00L T (Sis.04Al0.06) 56.000181(BBO3)3 Y (OH)3 W [(OH)) 30F0.6100.09151.00
2 3 2 4
T3* X (Nag 6500.32Ca0.02K0.0)x1.00 ¥ (Fej £sAly 15Feq b Mng . Zng 0sTig ) x3.00

Z(Als.steggoMgo.18)26.00[T(Sis.87A10.13)26.00018](31303)3 V(OH)3 W[(OH)( 34F0.2300.38]5:1.00

2 2 4
T4 X(Nag 6700.20Ca0.03K0.01)51.00 ¥ (Fe] g Al1 2oMng §, Mg 21Zng.03Tig §4)5:3.00 Z(Als 34Mgo 49
24 1.3 .
Feg ! Feg h)56.00 T (Sis.06A10.04) 56,00 0181(BBO3)3 VY (OH)3 W[(OH)0 49F0.2100.39151.00

* From Bosi et al. (2015).

(a) Ca?*

X cations

Calcic group

X-vacant group Alkali group

Y cations

W anions
Oxy
Intermediate species
zone
Border
i T4 zone
Dravite Fluor O Hydroxy
species species
Wall o
zone A,
~ Bordero Intermediate
_Z0Nne. o zone . J
4 ‘@ 5 ASSSSSSAS s o
Fe2t 1 T4 Mgz+ F- Pockets OH-

Figure 3. Ternary diagrams for tourmaline illustrating the dominant occupancy at the X site (a), at the Y site (b), and in terms of W anions (c).
Filled red circles: T1, T2, T3, and T4 selected fragments of the multi-coloured, zoned tourmaline crystal studied from the Cruzeiro pegmatite.
Empty circles: compositionally homogeneous crystals occurring in the various zones of the Cruzeiro pegmatite (from Federico et al., 1998).
The grey arrows represent the evolutionary compositional trend from the border zone to the intermediate zone, pockets included.

core (T4) and strongly decrease from core to rim and Fe?* and then significantly rises in the rim (Fig. 3b). With ref-
reaches a maximum in the outer core (T3) and then signifi- erence to W anions, OH contents are at their maximum in
cantly drops in the rim, whereas Li is almost zero in the core the core (with T4 > T3), even though they are also relatively

https://doi.org/10.5194/ejm-37-1-2025 Eur. J. Mineral., 37, 1-12, 2025



8 G. B. Andreozzi et al.: Insights from the compositional evolution of a multi-coloured, zoned tourmaline
1C T T T 10 T T T T
(a) (b)
0.8+ - 0.84 4
Intermediate O O Intermediate
zone o ) zone

0.6 4 4
2 2
Q Q
& 8
[T [T

0.4+ E -

Wall
0.2 zone n .
Border,
Zoney
0.0 T T T T 0.0 T T Y T
0.0 0.4 0.8 1.2 1.6 2.0 0.0 0.2 0.4 0.6 0.8 1.0
X-site charge X0 (apfu)
@ This work

[0 Bosi and Lucchesi (2004)
QO Bosi et al.(2005)
trend line

(from Henry and Dutrow, 2011)

Figure 4. Binary plots showing the relations of F content (apfu) with (a) X-site charge, and (b) X-site vacancy (X 0) (apfu) for tourmalines
from the Cruzeiro pegmatite (pockets excluded). The solid lines represent the reference trend lines reported by Henry and Dutrow (2011).
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Figure 5. Distribution of tourmalines from the Cruzeiro pegmatite
on the F~(Fe2 T + Mg) diagram. Filled red circles represent selected
fragments of the studied multi-coloured, zoned crystal. The three-
band-coloured arrow provides a visual representation of the colour
change observed in the studied crystal fragments. Empty circles
represent compositionally homogeneous crystals occurring in the
various zones of the Cruzeiro pegmatite (pockets excluded). The
dashed line represents the ideal F=1 — 0.33(Fe2t + Mg) relation
(with Mg « Fe).

high in the rim. The main difference between the two regions
is that in the core the Y OH contents are almost paired by WO
contents, whereas in the rim the Y OH contents are doubled
by VF contents (Fig. 3c).

Based on a global database of tourmaline compositions,
Henry and Dutrow (2011) identified a positive correlation of
F contents with X-site charge and a negative correlation with

Eur. J. Mineral., 37, 1-12, 2025

X0. Fluorine contents of the fragments studied generally fol-
low the same trends, increasing from core to rim (Fig. 4a, b).

Moreover, the increase in F contents is negatively corre-
lated with Fe>* contents, as approximated by the equation
F=1-0.33Fet (in apfu), and the observed correlation im-
proves even further when the minor amounts of Mg in the
schorl samples are added to FeZt contents (Fig. 5).

The negative correlation between Fe?* and F could be
attributed to the Fe?t—F avoidance in silicates, for which
Fe’t tends to avoid F-coordinated sites (Rosenberg and
Foit, 1977). However, Boukili et al. (2002) have shown that
the Fe’T—F avoidance rule may not play the determining
role in the F content of the micas that is generally agreed
upon, and the occurrence of fluorannite, KFe§+ (SizAD)OoF;
(Shen et al., 2000), aligns with this hypothesis. A simi-
lar conclusion is also supported by the occurrence of fluor-
schorl, NaFe§+Al6Siéolg(B03)3(OH)3F, in granitic peg-
matites (Jolliff et al., 1986; Ertl et al., 2016).

At Cruzeiro — owing to the absence of contamination of the
pegmatitic melt by the quartzite host rock — the observed in-
crease in F in tourmalines throughout the pegmatite up to the
intermediate zone could be attributed to progressively greater
F concentration in the residual melt during pegmatite crystal-
lization. Notably, a very similar trend is also shown by other
granitic pegmatites worldwide (Fig. 6).

In the same figure (Fig. 6) it appears that, after a peak
in fluor-elbaite, F content drops in elbaitic crystals grown
within (or close to) miarolitic pockets. Besides crystalliza-
tion of F-bearing phases in the inner zones of the pegmatites
that depleted the melt of F, the observed drop is likely due
to the typical partitioning behaviour of F in the presence of
aqueous fluid and silicate melt, for which F preferentially re-

https://doi.org/10.5194/ejm-37-1-2025
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Figure 6. Distribution of compositions of tourmalines found in uncontaminated granitic pegmatites in the F—(Fe2+ + Mg) diagram. The
samples contained in the region outlined by the dashed line are fluor-elbaite and elbaite crystals grown within (or close to) miarolitic pockets.
The solid line represents the F=1 — O.33(Fe2+ + Mg) relation (with Mg « Fe).

mains in the melt (Hards, 1976; Fuge, 1977; Burnham, 1979;
Manning, 1981; Jolliff et al., 1986).

5 Conclusions

Cruzeiro tourmalines exhibit overlapping compositions be-
tween the core—rim-zoned tourmalines and the homogeneous
tourmalines found along the pegmatite, from outer to in-
ner zones. Consequently, the initial hypothesis — i.e. that the
chemical variations recorded by the multi-coloured, zoned
tourmaline crystal reflect the compositional evolution experi-
enced by the homogeneous tourmalines during the pegmatite
differentiation — is fully supported. In particular, the pres-
ence of maximum Mg content in the black inner core of the
zoned crystal closely matches the composition of the homo-
geneous black dravite-rich schorl occurring in the border and
wall zones of Cruzeiro. Likewise, the presence of maximum
Fe?" content in the black outer core of the zoned crystal
closely matches the composition of schorl occurring in the
wall and external intermediate zones of Cruzeiro. Similarly,
the maximum (Al 4 Li) and minor Mn observed in the blue—
green rim of the zoned crystal closely match the composition
of the homogeneous blue and green fluor-elbaite occurring
in the internal intermediate zone, where the multi-coloured,
zoned crystal was collected. Furthermore, the chemical evo-
lution of both the zoned crystal and the homogeneous crys-
tals reflects the ideal covariation of cation distribution at the
tourmaline Y -site in response to decreasing temperature and
increasing fractionation of the melt (Jolliff et al., 1986).
Tourmaline is well known for its ability to record environ-
mental changes (e.g. Dutrow and Henry, 2011). The Cruzeiro
granitic pegmatite provides a fascinating example of this phe-

https://doi.org/10.5194/ejm-37-1-2025

nomenon. Overall, the parallel evolution of zoned and homo-
geneous tourmalines from the same pegmatite reveals that
a zoned tourmaline, observed at the scale of single crys-
tals, can record and document not only its growth history,
but also the chemical evolution of its host pegmatite, effec-
tively storing the information within its multi-coloured zones
and preserving it through time. Moreover, in uncontaminated
granitic pegmatite systems such as that of Cruzeiro, the com-
positional evolution of tourmaline actually progresses from
schorl to fluor-elbaite, rather than directly from schorl to el-
baite. Notably, the decrease in Fe coupled with the increase
in F up to the fluor-elbaite holds for both the multi-coloured
chemically zoned and the homogeneous tourmaline crystals
across the pegmatites. After the F peak, OH-rich fluor-elbaite
and elbaite eventually crystallize only where HyO-rich en-
vironments occur (e.g. within miarolitic pockets formed af-
ter the exsolution of an aqueous fluid prior to complete peg-
matite solidification).
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