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Abstract The crystal-chemical behaviour of tourmaline
from Araguai, Minas Gerais state, Brazil, when sub-
jected to heating in air atmosphere has been studied by
several techniques, including EMPA, UV-Vis, TGA,
and Mossbauer spectroscopy. The tourmaline samples
are typically intermediate members of the elbaite-schorl
series. The origin of colour and of its change after
treatment has been discussed in terms of local disorder,
presence of metal transition elements, oxidation of fer-
rous iron at the octahedral site, and simultaneous trap of
the excess electron. These findings may be used to
enhance the colour in tourmaline crystals or generate
wanted colour changes.

Keywords Tourmaline - Crystal chemistry - Colour -
Heat treatment

Introduction

Tourmaline is a group of structurally and chemically
complex borosilicate minerals with the general formula
XY3Z6816018(B03)3V3W where X = Nd Cd +
vacancy (0); Y = Mg>", Fe*", Mn>*, Al3+ Fe“,
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Mn3+, Cr3+, Li+, Ti4+; 7 = Al3+, Mg2+, Cl‘3+, V3+,

=0>,0H ,and W = O>*,0OH ", F~ (Hawthorne
and Henry 1999). In the structure, corner-sharing tet-
rahedra (T site) form hexagonal rings and are mainly
occupied by Si, although, minor amounts of Al are
found in some cases (Rosenberg and Foit 1979). Boron
is in triangular coordination and might be substituted by
Fe’ " (Ja 1972). More recent publications mention the
substitution of B for Si at the tetrahedron (Ertl et al.
2001; Hughes et al. 2000; Schreyer et al. 2000, 2002). The
Y and Z octahedral sites share edges to form brucite-like
fragments. The Z octahedra also share edges with other
Z octahedra in a helical linkage parallel to the ¢ axis
(Burns et al. 1994; Donnay and Barton 1972; Grice and
Ercit 1993; Hawthorne 1996). OH groups can occupy
two structurally distinct positions, viz., the centre of the
hexagonal rings (OH;), and the corner of brucite-like
fragments of three edge-sharing octahedra (OHj3) (e.g.,
Fig. 1 from Castaneda et al. 2000). These structurally
distinct positions have been assigned to two sites, viz.,
the W-site, which is dominated by OH™ [O(1)], F~ or
0% and the V-site, which is dominated by OH~ [O(3)]
or, more rarely, O°~ (Hawthorne and Henry 1999).

Tourmaline displays a unique splendour of colours
and is frequently used as a gem. Colour and transpar-
ency are the most important aspects of the beauty of a
gemstone and a significant contributor to a gemstone’s
value. Hence, gem treatment is a field of high potential
wherein less attractive gemstones are transformed to
more desirable stones by various methods such as
heating, chemical treatment, diffusion, fracture filling,
and irradiation.

Some studies on thermal treatments of tourmaline
have previously been reported (e.g., Bershov et al.
1969; Sinkankas 1981; De Camargo and Isotani 1988;
Nassau 1994), however, no successful enhancement was
obtained. This is due to the lack of qualitative results
in order to explain the physical processes involved. In
view of the complex tourmaline structure, which can
incorporate total or partial substitution a great variety
of elements, the slightest changes in the composition
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might result in completely different colours. For Mn-
rich tourmaline, the yellow (brown) colour has been
attributed to the presence of Mn?>" (Ertl et al. 2003)
and to Mn?'-Ti*" intervalence charge transfer
(Rossman and Mattson 1986), whereas the pink colour
has been related to the presence of both Mn®" and
Mn’* alone (Donnay 1969; Manning 1973), or in a
charge transfer process (Leckebusch 1978; De Camargo
and Isotani 1988). Furthermore, Dunn (1975) and
Chaudhry and Howie (1976) observed that some pink
tourmaline does not contain manganese. Optical
absorption spectroscopy revealed that the blue colour
in iron-bearing tourmaline is caused by Fe?™—Fe’*
(Faye et al. 1974; Leckebusch 1978; Mattson and
Rossman 1987; Taran and Rossman 2002) or Fe?'—
Ti** intervalence charge transfer (Rossman and
Mattson 1986). In Mossbauer spectra (MS), contribu-
tions representing electron delocalization between Fe
atoms in adjacent octahedra have been reported for
blue, green, and black tourmaline samples (e.g., Her-
mon et al. 1973; Saegusa et al. 1978; Burns 1982;
Mattson and Rossman 1987; da Costa et al. 1997,
1998; Dyar et al. 1998; Eeckhout et al. 2004; Ferrow
et al. 1988; Fuchs et al. 1995).

The objective of this study is to document and dis-
cuss the heat treatment in pink, blue, and green tour-
maline samples from Araguai, Brazil. The mineralogical
study of the selected crystals was carried out with a
variety of techniques, in particular electron-microprobe
analyses (EMPA), UV-Vis spectroscopy, thermogravi-
metric analysis (TGA), and Mdssbauer spectroscopy.
The combination of these techniques allowed the
crystal-chemical characterization of the tourmaline
samples, the determination of the temperature at which
the samples undergo major modifications, the identifi-
cation of the origin of colour, and of the change in
colour after treatment.

Geological setting, materials and methods

Different populations of granitic pegmatites have been
defined in the northeast of the Minas Gerais state, Brazil
(Morteani et al. 2000). The pegmatites belong to the
Eastern Gemological Province and were formed by
partial melting of metasedimentary rocks during the
granitogenetic episode of the Neoproterozoic Araguai
Belt that occurred from 530 to 520 Ma (Pedrosa-Soares
and Wiedemann-Leonardos 2000; Pinto and Pedrosa-
Soares 2001). Tourmaline samples showing pink (MR2
and MR3), green (CAVG and CAVC), blue (CAAC),
and black (MR4) colours, were carefully collected from
the complex, zoned Morro Redondo and Jatoba peg-
matites, which belong to the Araguai Pegmatitic Dis-
trict, NE Minas Gerais state.

The chemical composition of the monocrystalline
tourmalines was previously determined by Castafieda
et al. (2000). FeO obtained by microprobe was converted

to FeO + Fe,Oj; based on the results of the Mdssbauer
study. For the elbaite members, the amount of Li™ was
calculated to fill the Y-site as described by Burns et al.
(1994). All Mn was assumed to be divalent, in accordance
with the UV-Vis, and EPR results (Krambrock et al.
2002).

For the UV-Vis spectroscopic measurements,
platelets oriented parallel and perpendicular to the c
axis were measured before and after treatment using a
Hitachi U3501 spectrophotometer in the spectral region
200-850 nm.

Simultaneous thermal analyses, TGA/DTA, were
performed on TA Instruments SDT2960 module using
powdered samples. All measurements were done in air
and under a N, stream of 50 ml/min between room
temperature and 1,200°C at a heating rate of 10°C/min.

In our heating treatments two types of experiments
were done on natural pink, blue, and green tourmaline
samples. The first one was performed on samples in an
air furnace for 2 h at 800 and 900°C, 12 h at 110, 450,
700°C, and 48 h at 700°C. The temperature was con-
trolled by a thermocouple and a Eurotherm 818S
instrument. For each experiment, the heating rate was
10°C/min, and temperature stabilized within ~5°C. The
cooling down, however, was slow and took about 12 h.
The second type of experiment the natural pink and blue
samples were also subjected to diffusion treatments, in
which the samples were involved in a powder consisting
of a colouring agent such as Mn, Cu, Cr, and Ti oxides,
put in an enclosed space and then placed in a tubular
furnace at 700°C for 12 and 48 h.

Méssbauer spectra were collected at room tempera-
ture on green and blue tourmaline samples, before and
after heat treatment, using standard transmission
equipment and a >’Co(Rh) source. A triangular source
motion was applied and counts were stored in 1,024
channels. Typically, the number of off-resonance counts
per channel (background) was 10°. The absorbers were
prepared by sealing hand-powdered sample in an iron-
free sample holder with a styrofoam—benzene mixture.
The velocity scale of the spectrometer was periodically
calibrated using a spectrum of «-Fe. The velocity
increment per channel was ~0016 mm/s. All centre-shift
values quoted hereafter are relative to o-Fe.

Results and discussion
Chemical composition

Electron-microprobe analyses are given in Table 1, from
which it can be seen that all the samples are intermediate
members of the elbaite-schorl series. They contain sig-
nificant amounts of Fe and Mn, and minor quantities of
Mg and Ti. Other elements, such as Co (18 ppm in green
sample), and Zn (0.10-0.58 wt% in green and blue
samples, respectively) were detected in subordinate
concentrations in some samples.



Table 1 Microprobe analyses (wt%) of pink (MR3), blue (CAAC),
and green (CAVG and CAVC) tourmaline

Pink Blue Green Pale

(MR3) (CAAC) (CAVG) green (CAVC)
SiO, 38.02 3738 36.94 37.32
TiO, 0.01 0.01 0.08 0.01
Al,O3 44.16 38.74 38.57 39.53
FeO 0.02 2.64 3.23 1.26
Fe,03 0.00 0.00 0.00 0.00
MgO 0.00 0.01 0.45 0.00
MnO 0.25 2.01 1.32 2.32
ZnO 0.02 0.20 0.06 0.12
CaO 0.41 0.33 0.55 0.49
Na,O 1.63 2.51 2.45 2.32
K,O 0.01 0.02 0.03 0.01
Li,O 1.26 1.45 1.35 1.44
H,0* 3.56 3.70 3.69 3.69
F 0.53 ND ND 0.01
O=F 0.22 0.00 0.00 0.00
Total 89.67 90.03 88.72 88.51

ND not detected

Moéssbauer spectroscopy

Iron in each valence and site experiences a distinct elec-
tromagnetic distortion that is discernible through °’Fe
Mossbauer spectroscopy. Fe sites can be indicative for
the degree of ordering in the structure, since a high degree
of cationic ordering implies a low number of non-
equivalent Fe sites. The spectra of Fe’"- and Fe’™-
bearing tourmaline can be composed of several, strongly
overlapping, ferrous, mixed-valence and/or ferric dou-
blets (e.g., Dyar et al. 1998; Oliveira et al. 2002; Eeckhout
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et al. 2004;). As a consequence, they are very difficult to
fit, and no clear consensus on the appropriate fitting
model to be applied exists. For the present study, the MS
were fit using the Lorentzian model. More details are
reported elsewhere (Oliveira et al. 2002).

The hyperfine-interaction characteristics as reflected
in the MS are displayed in Fig. 1, for blue and green
tourmaline, before and after heat treatment at 700°C for
48 h in air. The deviations between the experimental
spectra and those adjusted to the data on the basis of
discrete doublets were found to be minor. The hyperfine
parameters for blue and green tourmaline are listed in
Table 2. They are in good agreement with those re-
ported in previous studies. Two and three ferrous con-
tributions were recognized for green and blue
tourmaline, respectively. Considering the results of
structure refinement and Mdssbauer spectroscopic data
of various members of the schorl-dravite series, which
do not prove the presence of Fe?" at the Z site (Pieczka
et al. 1997; Bloodaxe et al. 1999; Piezcka and Kraczka
2004), these doublets are ascribed to Fe’* at two and
three distinct Y sites with different nearest-neighbour
coordination environments, arbitrarily designated as
Y1, Y2, and Y3 (e.g., Dyar et al. 1998; Oliveira et al.
2002; Eeckhout et al. 2004). The smaller 4Eq at room
temperature points to the higher distortion of the Y3 site
as compared to Y1 and Y2. The Fe?" doublet with QS
equal 2.46-2.48 mm/s has been attributed to the
[04(OH),|R**(R?", Fe*")] neighbourhoods of Fe*™
that with QS in the range 2.15-2.30 mm/s to the
[O4(OH),/R* " Al] and [O4OH)F|R*"R?*] neighbour-
hoods that with QS in the range 1.80-1.90 mm/s to the

Fig. 1 Experimental (dots) and T T T
fitted (solid lines). Mdssbauer 100
spectra at room temperature of
blue (CAAC, top) and green
(CAVC, bottom) tourmaline,
before (left) and after (right)
treatment at 700°C for 48 h in
air
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Table 2 Hyperfine parameters

at room temperature for blue Sample 4Eq 0 r RA Assignment
(CAAC) and green (CAVC)

tourmaline before and after CAAC 2.40 (4) 1.08 (4) 0.36 (1) 86 (2) Fezi in Y1

heat treatment in air at 700°C 2.12 (4) 1.22 (4) 0.27 (1) 92 Fe . in Y2

for 48 h: quadruple splitting 1.50 (4) 112 (4) 0.28 (1) 5(2) Fe’* in Y3

AEq (mm/s), centre shift o CAAC (after treatment) 2.44 (4) 0.96 (4) 0.33 (1) 19 (2) Fe’z)+ in Yl

(mm/s, relative to a-Fe), full 2.39 4) 1.10 (4) 0.33 (1) 63 (2) Fe?" in Y2

width at half maximum I (mm/ 0.55 (4) 0.47 (4) 0.44 (1) 18 (2) Fe! " in oct

s), and relative area RA (%) CAVC 2.43 4) 1.08 (4) 0.34 (1) 73 (2) Fe" in Yl

2.07 (4) 1.18 (4) 0.59 (1) 27 (2) Fe* in Y2

CAVC (after treatment) 2.53 (4) 1.07 (4) 0.31 (1) 31 (2) Fe* in Y1

2.35 (4) 1.10 (4) 0.30 (1) 45 (2) Fe’t in Y2

1.71 (4) 1.09 (4) 0.56 (1) 24 (2) Fe" in Y3

[O4OH)FIR**Fe’*] and  [O4(OH),[(R*"R*")Ti]
neighbourhoods and that with QS changing from 1.55 to
1.40 mm/s to the [O4OH)O/R*"(R*",Fe’*")], and
[O4(OH)F|R** Al] neighbourhoods (Pieczka and Kra-
czka 2004). No contributions representing electron
delocalization among adjacent Fe’" and Fe’", nor
doublets corresponding to tetrahedrally coordinated
ferric iron ions were observed in the MS of the tour-
maline samples presently studied (Burns 1982; Dyar
et al. 1998).

Heat treatment of the (Fe* ", Mn?") bearing varieties
of tourmaline initiates oxidation above 500-550°C and
modifies all the structural polyhedra. The Y octahedra
shrink proportionally to the initial content of Fe’* or
Fe?™ + Mn?", whereas the thermally induced changes
of the mean size of the Z octahedron are less significant.
At the final stage of oxidation the transfer of a certain
amount of the oxidized Fe*" as well as other ions with
larger effective ionic radii than Al from the Y to the Z
sites and the equivalent amount of Al in the opposite
direction weakens the bonds within the octahedral
cluster, leading to the gradual breakdown of the struc-
ture between 880 and 920°C (Pieczka and Kraczka
2004). After heat treatment at 700°C (48 h) in air, the
overall appearance of the MS for green (CAVC) tour-
maline, which consists of a single asymmetric doublet,
remains unaltered, whereas an additional contribution is
clearly recognized in the blue (CAAC) sample (Fig. 1).
The former MS could be satisfactorily fit with three
ferrous doublets, viz., Fe> " at Y1, Y2, and Y3, the latter
with Fe?" at two distinct Y sites and Fe’ ™ at the
octahedral coordination (Table 2). The observed asym-
metry within the inner parts of the spectra results from
the presence of Fe?" at the Y sites and the temperature-
or oxygen fugacity-induced changes in occupancy of the
W site by hydroxyl, fluorine, and oxygen, which affect
the OH/O ratio as well as the second coordination shell
of the Fe?" (Pieczka and Kraczka 2004). Our results
imply that heat treatment on green tourmaline produces
additional local disorder in the crystal structure, leading
to three different ferrous Y sites. Considering the very
low iron content of the green sample, no oxidation of the
ferrous iron after heat treatment has been observed. For
the blue sample, the relative area of Fe*™ at Y1 and Y2

changed after heating. At the same time, ferrous iron is
no longer present at Y3, and some Fe?" oxidized to
Fe*". It is tempting at this point to ascribe the ferric
iron to the highly distorted Y3 site; however, site
assignment for Fe’" based on Mdssbauer results might
be questionable (e.g., Dyar et al. 1998). Furthermore,
former Mossbauer results on oxidation in tourmaline
show the Fe’ " doublets with QS >2 mm/s to be the first
to disappear and the doublets with QS <2 mm/s to
disappear later (e.g., Perfilyev et al. 1973). Such behav-
iour could indicate faster oxidation of Fe*" at Y sites in
which the Fe’"—OH bonds are weaker. However, con-
sidering the complex composition of tourmalines, which
is the result of numerous coupled substitutes, the ob-
served changes in MS can properly be explained by a
progressive evolution of the octahedral clusters involv-
ing the coupled exchange of ions at the Y, Z, W, and V
sites (Pieczka and Kraczka 2004). In order to determine
the Fe?" /Fe®" ratio for heat-treated blue tourmaline,
one needs to know the mean difference in Mdssbauer
fractions, f, for the Fe*" and Fe*" species. Since the
calculation of the magnitude of the corrections has not
yet been reported for tourmaline, a correction of the
areas of ~5% in favour of the Fe?" content has been
taken into account. This procedure to calculate the rel-
ative populations of the proposed Fe*" and Fe®* sites
from the adjusted values of the relative areas of the
respective doublets (Table 2) is thought to be reasonable
(De Grave and Van Alboom 1991; Eeckhout and De
Grave 2003), and results in a Fe> " /Fe ™" ratio for heat-
treated blue tourmaline of 6.69.

UV-Vis spectroscopy

The absorption bands in the visible spectrum (Fig. 2)
were fit using Gaussians, without imposing any addi-
tional restrictions. The optical absorption spectrum of
green tourmaline (E L ¢) shows two small bands at 450
and 470 nm, and a broad, more intense band centred
around 720 nm. Blue tourmaline (E||c) displays very
weak bands at 415, 470, 550, and 600 nm, and a broad,
somewhat more intense band centred around 720 nm.
The major features of the optical absorption spectrum of
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pink tourmaline (E||c) are clearly resolved, rather broad
bands around 385, 680, and above 720 nm, together
with a dominant, slightly asymmetric band at 520 nm.
Several different interpretations for the band at
~715 nm have previously been suggested. Some authors
(Manning 1969; Faye et al. 1974) assigned this band to
the °T,, — °E, transition of Fe** at the Y site, while
others attributed it to the presence of Fe’ " at the Z site
(Burns 1982; De Camargo and Isotani 1988). Alternative
interpretations include Fe’*—Fe®" intervalence charge
transfer (Taran et al. 1993; Mattson and Rossman 1987)
or  even Mn’* - Mn’", Mn®" — Fe’™,
Fe>* — Fe’" electronic transitions, as well as the
presence of Ti*" and Fe’" (Bakhatin et al. 1975). For
green and blue tourmaline, the band centred at 720 nm
could successfully be fitted using two (at 680 and
745 nm) or three (at ~650, ~700, and ~750 nm)
Gaussian lines, respectively. In view of the above-men-
tioned Mossbauer results, where two or three distinct
doublet contributions have been attributed to Fe*" at
two or three different Y sites in green and blue tour-
maline, respectively, the Gaussian components are
caused by Fe’" electronic transitions at two or three
different Y sites. Furthermore, the somewhat larger

Wavenumber [nm]

intensity of the band centred at 720 nm in the green
sample, as compared to the blue sample, can be related
to its slightly larger iron content (Table 1). The addi-
tional, weak bands, observed at lower frequency in green
(at 470 nm) and blue tourmaline (at 415, 470, 550, and
600 nm) can be attributed to Mn?" (Reinitz and Ross-
man 1988). The lack of bands at about 520 nm in the
green sample can be attributed to the absence of non-
magnetic equivalent Mn>" Y sites, impeding the gen-
eration of Mn?"-Mn*" colour centres (Krambrock
et al. 2002). This might be related to the smaller number
of non-equivalent Y sites, as compared to the blue
sample. In the latter, the presence of three different,
sufficiently distorted Y sites gives rise to the degeneracy,
hence, allowing the several iron transitions. These
transitions increase the transmission window in the vis-
ible area and impede the green transmission, which re-
sults in the blue colour. In conclusion, the green colour
in Mn-Fe elbaites is related to a smaller degree of dis-
order as compared to the blue species. Furthermore, this
hypothesis might permit to understand the discrepancies
that frequently exist between Md&ssbauer results of blue
tourmaline, which only show the presence of ferrous
iron, and UV-Vis spectroscopy, where the bands
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contributing to the blue colour are attributed to Fe?*—
Fe*" charge transfer.

The dominant, slightly asymmetric band at 520 nm in
pink tourmaline was successfully decomposed into four
Gaussian components, viz., at 450, 470, 520, and
580 nm. These bands, together with the smaller broad
bands at 385, 400, and 680 nm can be attributed to the
presence of Mn?* ions at the octahedral site (Rossman
and Mattson 1986; Reinitz and Rossman 1988). No
bands previously assigned to Mn’>*, were observed in
the presently studied tourmaline samples (Manning
1969, 1973; De Camargo and Isotani 1988).

The UV-Vis spectra after heat treatment at 450 and/
or 700°C are depicted in Fig. 3. Pink, green, and blue
tourmaline become colourless after heat treatment at
450°C, hence, the corresponding peaks disappear. The
increase in relative intensity of the peak at ~500 nm for
blue tourmaline after heat treatment at 700°C is in
agreement with the red colour change.

Thermal analyses

The TGA curves, as well as their derivatives (DTG), of
pink, green, and blue tourmaline are displayed in Fig. 4.
The TGA/DTA curves for pink and green tourmaline
are similar. They show a minor endothermic loss of
weight of 0.50 and 0.16%, respectively, at low temper-
ature and a major endothermic loss of weight of 4.29
and 3.81%, respectively, at high temperature. The TGA
curve for the blue sample is characterized by three re-
gions, corresponding to the endothermic losses of weight
of 1.87, 2.67, and 3.73% when going from room tem-
perature to 1,200°C. The major, high-temperature loss
of weight occurs in one step in the green sample and in
two overlapping steps without forming a real plateau in
the blue sample. The same features are observed in the
DTG curves with maxima at 953°C for green tourma-
line, at 964°C for pink, and at 901°C in blue tourmaline.
In addition, the high temperature derivative is very

Fig. 3 UV-Vis spectra of pink
(MR3), blue (CAAC), and dark
green (CAVG) tourmaline after
heat treatment in air
atmosphere

Absorption [a.u.]

CAVG 450°C

CAVG untreated

narrow for green tourmaline, slightly asymmetric for
pink tourmaline, and has a shoulder for the blue sample.
Similar behaviours were observed in air and under a N,
stream of 50 ml/min. The TGA data recorded in air for
black tourmaline shows a smaller loss of weight, viz.,
0.08% at low temperature and 2.11% at high tempera-
ture. The maximum of the DTG curve occurs at
1,000°C.

The drop in mass of 0.50 and 0.16% occurring at low
temperature in pink and green tourmaline, respectively,
can be ascribed to the expulsion of free, adsorbed water.
In blue tourmaline, the drop in mass at similar temper-
atures is much higher, viz., 1.87%, and followed by
another loss of weight of 2.67% situated between 200
and 400°C. These are interpreted as a result of the
presence of small fluid inclusions in the mineral, together
with some minor amounts of adsorbed water. For all
studied tourmaline samples, the major drop in mass of
~4% in the 800-1,000°C temperature interval is most
likely due to the release of structurally bound H,O and
OH groups. This proposition is based on the fact that at
temperatures close to 1,000°C, tourmaline breaks down
completely, generating mullite (AlgSi,O;3). Although
this explanation is quite plausible, the inexistence of any
other literature data requires further work to fully
understand the mechanism of the thermal decomposi-
tion of tourmaline.

The observation that this loss of weight occurs in one
single step in pink and green tourmaline, and in two
overlapping steps in blue tourmaline can be related to
the measured FTIR bands in the O—H stretching region
performed on these samples (Castafieda et al. 2000). For
pink and green tourmaline, three well-defined OH bands
were observed, which were assigned to one OH; and two
OHj; sites with different surroundings, whereas blue
tourmaline was characterized by four sharp, OH bands,
consisting of two OH; and two OHj sites with different
environments. This interpretation is corroborated by the
behaviour of the black tourmaline sample. The mark-
edly smaller drop in mass of 2.11%, when compared to
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Fig. 4 TGA/DTG curves of

213

Pink (MR3) - air

pink (MR3), blue (CAAC), and 964,07°C
green (CAVC) tourmaline 100 ] 0.50% 0,12
99 1
— -0,091
X 98-
= 4,29% -0,06
e 0,03
2 9 -
05 0,00
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Blue (CAAC) - air
-0,06
X -0,04+ 906,66°C
£ .
2 -0,021 ~330°C
S
0,00
0 200 400 600 800 1000 1200 O 200 400 600 800 1000 1200
Green (CAVC) - air
100, 0.16% 0.25] 952,90°C
08 -0,201
= -0,157
= 96 3,812%
S -0,107
S 94-
ES -0,051
92+ 0,001*
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200

Temperature [°C]

the other studied tourmaline samples, can be related to
the observed, broad O-H stretching bands. The latter
feature can be attributed to order—disorder phenomena,
which are governed by charge balance and bulk chem-
istry and, hence, by the geological environment (Oliveira
et al. 2002). This interpretation is further corroborated
by Fuchs et al. (2002), who reported that the oxidation
of Fe’" is linked to the deprotonation of the OH,
group. The drop in mass can thus be related to con-
comitant deprotonation and oxidation phenomena, both
favoured by order—disorder phenomena. In addition, all
tourmaline samples show two FTIR bands, assigned to
structural H>O (Castafieda et al. 2000).

Heat treatment

The results of the heat treatments on pink, blue, and
green tourmaline are mentioned in Table 3. In air
experiments, pink and blue tourmaline become colour-
less when heated at 110 or 450°C for 12 h. The original
pink colour, with minor variations of its intensity at
surface fractures, is recovered after heat treatment at
700°C for both 12 and 48 h, whereas the blue sample
becomes greyish, violet and red, respectively. With the
increasing temperature, the green sample labelled
CAVG changes after 12 h to pale green (at 110°C), to
brown (at 450°C), and dark brown (at 700°C), whereas
sample CAVC passes from yellowish green to colourless,

Temperature [°C]

and grey, respectively. With increasing duration (48 h)
at 700°C, CAVG remains dark brown, whereas CAVC
becomes bluish grey. In order to verify whether the
different behaviours upon heat treatment imply that
subtle crystal chemical variations might affect the ob-
served colour changes, a pink tourmaline from Gov-
ernador Valadares with unknown crystal chemistry, was
subjected to heat treatment at 700°C for 48 h. This pink
sample turned to green, hence confirming the effect of
crystal chemistry and, thus, of geological environment.
Pink, blue, and green tourmaline subjected to thermal
treatments at 800 or 900°C for 2 h become milky and
show a large amount of surface fractures. These obser-
vations are completely in line with the TGA/DTG data,
where a major drop in mass of ~4% in the 800-1,000°C
temperature interval has been observed, which can be
ascribed to the release of structurally bound H,O and
OH groups.

Furthermore, the duration of heat treatment is a
controlling parameter in the heat treatment of tourma-
line, where durations exceeding 48 h favour the frac-
turing of the crystals, producing milky features and
colour change in the blue sample.

Diffusion treatment

In an attempt to produce a specific colour enhancement
by diffusion heat treatment (Table 4), pink tourmaline
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Table 3 Results of the heat

treatments in air atmosphere on ~ Sample T Time Results Products
pink (MR3), blue (CAAC), and
green (CAVG and CAVC) MR3 110 12 Lightness Colourless
tourmaline, with 7T the CAAC Lightness Almost colourless
temperature in °C and time the CAVG Lightness Pale green
duration in hours CAVC Lightness + colour Yellowish green
change
MR3 450 12 Clear up Colourless
CAAC Clear up Colourless
CAVG Lightness + colour Pale brown
change
CAVC Clear up Colourless
MR3 700 12 Lightness + colour Pale pink with dark
change pink shadow
CAAC Colour change Greyish violet
CAVG Colour change Dark brow
CAVC Colour change Greyish
MR3 700 48 Lightness + colour Pale pink with dark
change pink shadow
CAAC Colour change Dark red
CAVG Colour change Dark brown
CAVC Darkness Bluish grey
MR3 800 or 900 2 Milky samples with high
CAAC amounts of fractures and
CAVG new products
CAVC

was put in contact with Cr, Mn, and Cu oxides, the
latter to try to create the attractive colour of Paraiba
tourmaline. Blue and green species were put in contact
with Cr oxide to increase the green hues, and with Ti
oxide to reverse the yellow colour.

The diffusion treatments at 700°C on blue tourmaline
resulted in a variety of colour changes in the presence of
Cr or Ti oxide, depending on the duration of the treat-
ment. After 12 h, a greyish-violet colour was observed,
which changed to red after 24 h and became dark red
after more than 72 h. On the other hand, similar treat-
ments on pink tourmaline in Cr, Mn, or Cu oxide pro-
duced no remarkable colour changes, and only slight
variations on the intensity of the pink colour were re-
vealed at surface fractures. These colour changes for
both blue and pink tourmaline are comparable to the

ones observed after heat treatment in air and are ob-
served through the whole crystal. As a consequence, they
cannot be attributed to diffusion. In addition, these
preliminary results point to the lack of any relation be-
tween colouring agent and observed colour change.

Concluding remarks

The origin of colour in pink tourmaline can be attrib-
uted to the presence of Mn?" at different, magnetically
non-equivalent, distorted octahedral sites. No enhance-
ment colour changes were observed after heat treatment,
implying that this ion remains divalent. Concomitantly,
the ferrous iron ions did not oxidize upon heating. The
green colour in tourmaline is related to the presence of

Table 4 The results of the heat treatments in air in an enclosed space filled by Mn, Cu, Cr, and Ti oxides on pink (MR3), blue (CAAC),
and green (CAVG) tourmaline. Temperature (7)) is expressed in °C and time in hours

Sample Oxide T Time Results Products
MR3 Cr 700°C 12 Lightness + colour change Pale pink with dark
pink shadow
24 Colour change Dark pink located
in grooves
72 Colour zonation Dark pink located
in grooves
CAAC Cr 700°C 12 Colour change Greyish violet
24 Colour change Red
48 Colour change Red
>72 Colour change + darkness Dark red
MR3 Mn or Cu 700°C 12 The same change as in air
48 experiments
CAAC Ti 700°C 12 Colour change Greyish violet
48 Colour change Red
CAVG Cror Ti 700°C 12 The same change as in air
48 experiments




ferrous iron at the octahedral site. Heating produces
additional local disorder in the crystal structure, result-
ing in three different ferrous Y sites and causing the
change in colour from green to brown or bluish grey.
Furthermore, the green colour in Mn—Fe elbaites is re-
lated to a smaller degree of disorder as compared to the
blue species.

The transformation of blue tourmaline into red
tourmaline after heat treatment in air at 700°C for 48 h
involves two phenomena: (1) structural adjustments of
the tourmaline crystal accompanied by the part oxida-
tion of ferrous iron at the octahedral site, and (2)
simultaneous trap of the excess electron. This electron
can be captured by the H" ion of the molecular H,O
present, involving the breakdown of the water molecule,
and the liberation of OH™. This is completely in line
with the TGA/DTG data, where the major loss in weight
of ~4% occurs less abruptly in the blue tourmaline than
in green tourmaline (Fig. 2).

In conclusion, the physico-chemical mechanisms of
colour transformations in tourmaline from Araguai,
Brazil, induced by heating, have been unambiguously
demonstrated by combining several techniques. More-
over, these findings may be used to enhance the colour in
tourmaline or generate wanted colour changes. Dark
green and dark blue tourmaline can benefit from heating
at low temperatures in air by producing lighter colou-
rations. Furthermore, after a long heat treatment at
700°C in air, blue tourmaline transforms to red. Pink
tourmaline does not profit from any heating procedure.
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