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In the present paper, I report on the spectroscopic study for tourmaline color origin, performed red samples from Minas Geras
State, Brazil, by gemological routine testing, X-ray diffraction, Fourier transform infrared spectroscopy, ultraviolet-visible
spectroscopy, and X-ray photoelectron spectroscopy. The main goal was the analysis of the optical absorption spectra and the
chemical states of transition metal cations in order to better understand the effect of transition metal cations on color of
tourmaline. The results showed that the red color was confirmed by the symmetric broad absorption at 527 nm and the narrow
absorption at 400 and 450 nm, and the above three absorption bands were caused by the d-d electron transition of Mn>*, which
occupied the Y site in the crystal structure and coordinated with F to form bonds. In addition, in principle, the chemical states of
the chromogenic ions in tourmaline and their influence on coloration were confirmed, which would be beneficial to assessing the

color change and identifying the origin of tourmaline.

1. Introduction

Tourmaline is one of the most popular gem materials. It has
the appropriate combination of beauty, durability, and rarity
to make fine gemstones. Its moderate refractive index gives
significant return of light, its relatively high hardness makes
it less likely to be scratched, and its lack of cleavage makes it
unlikely to fracture during wear. Especially, its chemical
complexity produces a wide range of appealing colors.
Perhaps more than any other gemstone, tourmaline is re-
nowned for its spectrum of colors, even within individual
crystals. Its rich colors range from colorless, through red,
pink, yellow, orange, green, blue, and violet, to brown and
black. In the extensive range of colorful gem tourmaline, red
tourmaline is a particularly attractive one. Tourmaline is a
type of borate-silicate mineral with an extremely complex
chemical component and crystal structure. Its general crystal
chemical formula is: XY3Z4[SigO;5][BO3]5V3W, in which
X=Na, Ca, Y=Li, Mg, Fe’", Mn>*, Al, Cr’*, V", Fe’*,
Z=Mg, Al, Fe’*, V**, Cr’*, V=0H, O, and W=OH, F, O;
that is, there are extensive isomorphic substitution of ions at
X,Y,Z,V,and W sites [1]. The wide variety and intensity of

colors are related primarily to color-producing ions in the
structure and to exposure to natural radiation [2]. Colorless
tourmaline has no or minor transition metal ions [3]. Pink
may be caused by the d-d electronic transition of Mn>" in
octahedron in crystal structure [4]. Green may be caused by
the combined action of Fe** and Fe’* [5]. Blue is caused by
Cu?* and Mn®" [2, 6, 7]. Scholars are also very interested in
color causes of red tourmaline and have carried out a lot of
research. However, the detailed origin of the color is still
nonconclusive. Most of literature reported that the red color
in tourmaline has been ascribed to the presence of both
Mn** and Mn** or a Mn**-Mn’" charge transfer process
[8, 9]. In addition, if the octahedral Y site consists mostly of
Mn?" ions, the red color of tourmaline can be weakened [10].
However, some studies observed that some red tourmaline
did not contain any Mn [11]. As more studies show, apart
from ion species, the occupancy and coordination envi-
ronment of the same ion in the crystal lattice can also affect
the color of tourmaline [12-14]. However, as for the color
origin of red tourmaline, there are few in-depth studies on
ion occupation and coordination environment except the
determination of ion species in the current research work,
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which are very important to its color. This paper will take
Brazil red tourmaline as the object, study its spectral
characteristics using X-ray photoelectron spectroscopy and
other spectral methods, reveal its color causes from the
perspective of the chemical state of color-induced cations,
especially coordination ion and site occupancy, and provide
direction reference for its color enhancement.

2. Materials and Methods

The materials for the experiments were a faceted stone
(Figure 1(a)), tourmaline powder (Figure 1(b)), crystal sheet
(Figure 1(c)), and crystal blocks with freshly cut cross-
sections (Figure 1(d)). All samples were prepared from
natural red single-crystal raw tourmalines from Minas Geras
State, Brazil.

Faceted gemstone is used for refractive index and relative
density testing. The powder was used for powder X-ray
diffraction (XRD, Bruker D8 ADVANCE) over a scan range
from 5° to 65° 20 with a step size of 0.05°. Fourier transform
infrared (FTIR, Bruker Vertex 80) spectroscopy was per-
formed in transmission mode between 4000 and 400 cm™’,
with a resolution of 4 cm™" and 32 scans. The powder sample
was made into a KBr pellet for collecting the FTIR ab-
sorption spectra. The faceted stone was used for ultraviolet-
visible spectroscopy (UV-Vis JASCO MSV5200) in trans-
mission mode. The test range was 320-800 nm, with a
resolution of 1 nm and a scanning speed of 2000 nm/min.
Fresh cross-sections of the crystal were analyzed by X-ray
photoelectron spectroscopy (XPS). In order to avoid con-
tamination, the crystal sample was enwrapped with tinfoil
and was then broken by a pair of pincers, and the fresh
surface was subsequently used for XPS measurement. Test
conditions were as follows: Al Ka (E=1486.6eV) X-ray
radiation source, instrument vacuum better than 5 x 10~ Pa,
scanning step length of 0.05eV, and counting time of
500 ms. The charge displacement is fixed, and the Cls
electron binding energy value (284.8eV) was used for
equipment calibration. The range of energy spectrum was
0-1360eV. Because the subject of analysis was primarily
trace elements, we carefully scanned the photoelectron
spectra of these trace elements and repeated 32 times to
improve the resolution.

3. Results and Discussion

3.1. Gemological Characteristics. Tourmaline samples are
bright red in color and evenly distributed, just as shown in
Figure 1. The relative density of the crystal is 2.94. Re-
fractometer tests showed that crystal Ne was 1.624 and No
was 1.644.

3.2. X-Ray Diffraction Analysis. Figure 2 presents an XRD
pattern of the red tourmaline from Minas Geras State, Brazil.

The strongest observed XRD d-spacings of the powder
sample were 6.3190 (101), 4.9395 (021), 4.1932 (211), 3.9668
(220), 3.4436 (012), 2.9312 (122), 2.5610 (051), 2.3313 (511),
2.0255 (223), 1.9057 (342), and 1.4418 (713) A. The pattern
indicated that it is elbaite (a lithium-containing tourmaline)
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by a comparison with the XRD standard card (PDF49-1833).
The XRD peaks were sharp and symmetrical, indicating that
the crystallinity of the sample was good [15, 16].

3.3. FTIR Spectroscopy Analysis. FTIR spectrum of the red
tourmaline was shown in Figure 3.

The spectrum is consistent with the standard infrared
spectrum of elbaite [17], except for the slightly different
absorption peaks at 450 and 844 cm™.

The sample showed an FTIR absorption peak of
450 cm™'. However, this absorption peak is rare or weak
within 400-500cm™ in the common IR spectrum of
tourmalines. This peak was assigned to the vibration of the
[MOg¢] bond between the metal cations and oxygen.
Common metal cations include Fe, Mg, and Al in which the
vibration absorption of Mg-O is 470 cm™", and that of Fe-O
is 400 cm™" [18]; there is an obvious gap. Considering the
characteristics of Fe, Mg, and Al and their occupancy in the
crystal structure, the absorption peak at 450 cm™' may be
due to the vibration of the coordination polyhedron Al-O in
[AlO¢] [19].

In the range of 500-1110 cm™’, absorption peaks appear
at 506, 626, 719, 750, 786, 844, 980, 1025, and 1110cm ™', A
large number of symmetrical absorption peaks can be found
in this range, which reflects the vibration of the [SigO;s]
group in the tourmaline crystal structure. The absorption
peak at 506 cm ™" is caused by the bending vibration (8Si-O)
of Si-Oj; the absorption peaks at 626, 719, 750, and 786 cm ™"
are due to the symmetrical stretching vibration (v,Si-O-Si)
of Si-O-S§i in the [SigOg] group [20]. There is no widely
accepted conclusion regarding the 844cm™" absorption
peak, but it is generally still attributed to the symmetric
stretching vibration (v,Si-O-Si) of Si-O-Si. In addition, the
absorption peak at 980 cm ™" was assigned to the symmetric
stretching vibration (7,0-Si-O) of O-S§i-O, and the ab-
sorption peak at 1025cm™' was due to the asymmetric
stretching vibration (v,,0-Si—-O) of O-Si-O. The absorption
peak at 1110cm™' was attributed to the asymmetric
stretching vibration (v,,Si-O-Si) of Si-O-Si.

The absorption peaks at 1303 cm™" and 1352 cm™" were
assigned to the stretching vibration (vBO3) of (BO3) and the
bending vibration (§OH) of OH, respectively [21]. The vi-
brational absorption band of 3000-3800 cm ™" is generally
associated with the presence of constitution water and
adsorbed water. The sample showed double peaks at
3468 cm™' and 3586 cm ™', which were assigned to the vi-
bration (vO3H) of O3H. In addition, a weaker absorption
band at 3648 cm™" was attributed to the vibration (vO1H) of
O1H [22].

Moreover, the absorption peaks at 3468cm’,
3586cm™, and 3648 cm™' were assigned to vibrations of
H-OH by the presence of the hydrogen bond, which was
also confirmed by previous research [23-26].

3.4. UV-Vis Spectroscopy. The red color is a distinctive
feature of red tourmaline from Minas Geras State, Brazil.
The color structure and absorption bands for the red color
were observed in the UV-Vis absorption spectrum of the
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FIGURE 1: Samples of tourmaline crystal. (a) Faceted stone. (b) Powder. (c) Sheet. (d) Crystal blocks.
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FIGURE 2: XRD pattern of the tourmaline sample.

sample. Crystals form three typical absorption peaks in the
visible region (320-800 nm), namely, the symmetrical wide
absorption peak formed at 527 nm in the yellow-green re-
gion and the narrower absorption peaks at 400 and 450 nm
in the blue-violet region.

Green and blue wavelengths are typically absorbed, and
red wavelengths are transmitted, resulting in a red color.
However, researchers have disagreements regarding the
cause of the absorption peaks at 527, 450, and 400 nm. For
example, Wilkins et al. [5] attributed the peak near 520 nm
to the combined action of Mn** and Fe’* by chemical
analysis, while more and more studies have shown that the
absorption peaks of 527, 450, and 400 nm originate from the
d-d electron transitions of Mn>* ions [27-29]. Nevertheless,
considering the extensive isomorphic substitution in tour-
maline crystals and the vital contribution of variable-valence
elements to tourmaline coloration, more chemical data on
tourmaline are needed before these peaks can be assigned,
especially fine characterization of the chemical states of

transition metal cations using XPS. Figure 4 shows the UV-
Vis spectrum of the tourmaline sample.

3.5. X-Ray Photoelectron Spectroscopy Analysis. The sample
with a fresh cross section was characterized by XPS under a
broad-spectrum scan for the element determination in
Figure 5. A narrow-spectrum fine scan of the sample was
then performed to determine the chemical states of the
transition metal elements in Figure 6.

The analysis results showed that the red tourmaline
contains mainly Na, Al, Si, O, F, B, and other elements.
Through further slow scanning, a small amount of Li and Mn
was found, as shown in Figure 6.

The color of tourmaline is often affected by trace
transition metal cations [30]. Factors, such as the chemical
states of these metal cations and their coordination envi-
ronment with anions, will change the color of tourmaline
[14]. Figure 6 shows the characteristic energy spectrum of
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FIGURE 3: FTIR spectrum of the tourmaline sample.

2.0

Abs

1.0 |

0.5 I 1 1 1
300 400 500 600 700 800

Wavelength (nm)

FIGURE 4: UV-Vis spectrum of the tourmaline sample.

transition metal cations. Figure 6(a) presents the XPS
spectrum of Lils. It shows that the sample contains Li
element. This is consistent with the previous XRD and
FTIR analysis results. Figure 6(b) presents the XPS
spectrum of Mn2p. Mn2p has a highly symmetric peak at
642.3 eV. The electronic binding energy of Mn2ps, in the
sample was comparable to that (642.6 eV) of Mn2p;,; in
MnF; [31], indicating that Mn in the sample exists in the
form of divalent Mn>*, and mainly coordinates with F to
form a bond.

In the tourmaline crystal structure, F can only occupy the
W site, and the ions at the W lattice site can only coordinate
and bond with ions at the Y site instead of the Z site [32].
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FIGURE 5: X-ray photoelectron spectrum of the tourmaline sample.

Therefore, Mn>", which coordinates and bonds with ions at
the F side, occupies the Y site, not the Z site. The color of the
tourmaline crystal is related mainly to the absorption caused
by the d-electron transition of ions at the Y and Z sites and
the charge transfer between the ions sharing edges at the Y
and Z sites [30]. Some studies believe that the color is more
associated with the nature of ions at the Y site [9]. According
to the spectral characteristics of red tourmaline from Brazil,
the ion species, and their occupancy in the crystal structure,
the color of the red tourmaline was attributed to d-d electron
transitionofMn>" occupying the Y site and coordinating
with F.
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FIGURE 6: XPS spectra of Lils and Mn2p. (a) Lils. (b) Mn2p.

4, Conclusion

The red tourmaline from Minas Geras State, Brazil, is elbaite,
exhibiting purple crystal structure from XRD results. The
structure of metallic oxide was confirmed by IR spectrum
including Mg-O, Fe-O, and the coordination polyhedron
Al-O in [AlOg]. The [SisO1g] group as well as the [BO;]
group was verified by the IR spectrum. The crystal had
obvious symmetrical broad absorption at 527nm in the
yellow-green region and vice narrow absorption at 400 and
450nm in the blue-violet region resulting in present red
color. Moreover, the crystal had strong transmission after
630 nm, which brought special optical property for the gem.
The XPS results verified d-d electron transition of Mn>" and
specified the exact position of Mn>" ion, which occupied the
Y site and mainly coordinate with F ions to form bonds.
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The data set is presented directly in the present study.
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