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Abstract: A large number of different tourmalines are investigated by Raman spectroscopy in the spectral 
range 150-1550 cm-1. According to their chemical composition, the studied tourmalines can be classified into 
three main groups: buergerite-schorl, Gl; elbaite-type, G2; and dravite-buergerite-uvite, G3. It is shown that 
the same classification of tourmalines can be established on the basis of their Raman spectra. Bands for Gl are 
centred at about 230 and 670 cm-1, the spectra being characterized by a single peak at 238 ±2 cm"1 and three 
resolved peaks at 635 ±3 , 674±3 and 697 ±3 cm-1; G2 has a sharp peak at 224±2 and two well separated 
peaks, one at 638 ±3 cm-1 and the other higher than 707 cm-1; G3 is characterized by two peaks at 215 ±3 and 
237 + 3 cm-1, with a smoothed spectral band centred at about 670 cm-1. 
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Introduction 

Tourmalines have recently attracted much interest 
due to the significant variations observed in their 
composition within one and the same type of 
structure. The tourmaline group of minerals has 
been most generally described by the formula 
XY3Z6(BO3)3[(Si,Al)6O18](O,OH)3(OH,F), 
where X = Na,Ca,Mg,D; Y = Li,Mg,Fe2+/3+,Al, 
Ti,D and Z = Mg,Fe3+, Al, etc. 

Due to the large amount of substitutions in 
octahedral sites Y and Z, tourmalines have been 
usually considered in terms of the end-member 
components: 
schorl NaFe3Al6(BO3)3Si6O18(OH,F)4; 
elbaiteNa(Li,Al)3Al6(BO3)3Si6O18(OH,F)4; 
buergeriteNaFe|+Al6(BO3)3Si6O18(F,O3); 
draviteNaMg3Al6(BO3)3Si6O18(OH,F)4; 
uvite CaMg3(Al5Mg) (BO3)3Si6O18(OH,F)4. 

Although Raman spectroscopy has proved to 
be a powerful method for studying structural 
properties of minerals (especially the role of 

short- and intermediate-range ordering), it has 
been only sporadically applied to tourmalines. 
The reason is the complicated structure of these 
minerals, which requires sophisticated identifica­
tion of the spectral peaks. So far, only the study of 
Griffith (1969) has systematized Raman shifts in 
tourmalines in terms of the vibrational modes of 
rings of SiO4 tetrahedra. Alvarez & Coy-Yll 
(1978) have presented Raman spectra of four 
single crystals of tourmaline in the frequency 
range 100-1200 cm-1, suggesting that the Si6Oi8 

rings can hardly be considered as separate vibra­
tional units. On the contrary, a relatively recent 
study by Peng et al. (1989) reported polarized 
Raman spectra of tourmalines from three geologi­
cal occurrences in China, in which the major 
peaks in the spectral range below 1200 cm-1 were 
related to modes of hexagonal [Si6O18]

12~ rings. 
The present study presents the results of a de­

tailed study of tourmalines by Raman spectros­
copy in the frequency range 150-1550 cm-1, 
where cation-oxygen vibrational modes are Ra-
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Table 1. Crystallochemical formulae of the tourmaline samples in groups G l , G2 and G3 . 

Sample Crystal lochemical formula 

G I L Näi .oo(Mgo. i iMn 0 . i2FegJ 9 FeJJ 2 Ali . l β ) 
Al6.0()B2.85(Si5.93Alo.07)O28.66(OH)2.34 

G1M (Na0.86Ko.ioCao.o4)(Mgo.49Mn0.o2Fe2+6Fe?+0Tio.o40o.59) 
Al6.0oB3.0o(Si5.85Alo.l5)O28.48(OH)i.43 

G1Y (Nao.78Ko.02ao.20) ( M g o . s e F e ^ F e ^ A l o ^ T i o ,06α0.04) 
Al6.0oB3.0uSi6.00O28.76(OH)2.02Fo.02 

G 2 Q (Nao.9oKo.o2Cao.o8)(Lio.87Mgo.23Mno.i6Feg+5Feg+0Ali.59) 
Al6.00B3.00Si6.00O28.22 (OH) 2.38Fo.08 

G 2 C (Nao.86Ko.o9Cao.o5)(Lio.99Mgo.27Mn0.23Fe^0Al1.4i) 
Al6.0oB2.93Si6.00O27.26(OH)3.64Fo.l0 

G2Z (Na0.98Ko.o2)(Lio.8oMgo.28Mno.34Fe2+0Feg+8Ali.oo) 
Al6.00B3.00(Si5.82Al0.18)O27.54(OH)3.32 

G3G (Na0.60K0.10Ca0.30) (Mg2.ioFe'+5Feg+2Tio.i3) 
(Mg0.08Al5.92jB2.84Si6.00O28.21 (OH)2.io 

G3V (Nao.2iCao.44Mgo.o5αo.3o)(Mg1.39Fe2+0Feg+1Tio.2o) 
(Mgo.36Feo^1Al4.73)B3.0o(Si5.92Tio.08)O28.47(OH)2.20 

G 3 T (Nao.64Ko.o6Ca0.oiαo.29)(Mg1.72Fe2+2Feg+0Alo.56) 
Al6.OoB3.ooSie.OOO28.6O (OH) 1.68 

man-active. The aim of the study is to propose 
criteria for classifying these minerals on the basis 
of Raman spectroscopy data. For this purpose, 
Raman spectra of various types of tourmaline 
samples studied in the same experimental geom­
etry and, on the other hand, the set of polarized 
Raman spectra of one of the samples are presented 
in order to interpret them in terms of the normal 
vibrational modes of clusters forming the tour­
maline structure. 

Experimental 

Analytical techniques 

The chemical composition of the samples were 
determined by wet chemical analysis for most ele­
ments, but by means of atom absorption spectros­
copy for Li, flame photometry for Na and K, ther­
mal analysis for OH content and, electron 
microprobe analysis for zoned crystals (scanning 
electron microscope Philips 515 SEM equipped 
with an EDS system). The unit cell parameters of 
the samples were measured using a powder X-ray 
diffractometer (DRON-20) with filtered cobalt 
radiation operating at an angular velocity of 
1 deg.min-1 in the angular range from 7 to 30°. 

Table 2. Unit cell parameters of the tourmaline samples 
in groups G l , G2 and G 3 . 

ao(Å) 

16.017 
15.913 
15.842 

15.794 
15.837 
15.903 

15.922 
16.031 
15.967 

CO (Å) 

7.150 
7.153 
7.327 

7.133 
7.101 
7.115 

7.189 
7.242 
7.202 

Volume (Å3) 

1588.543 
1570.640 
1592.490 

1540.944 
1542.396 
1558.345 

1578.317 
1611.797 
1590.121 

Raman spectroscopy 

The experiments were performed at room tem­
perature by a Raman microspectrometer Microdil-
28 (Dilor Co.) with intensified diode-array detec­
tor in back-scattering geometry at 488.0 and 514.5 
nm. The Ar+ laser beam was focused to a spot of 
about 1 µm diameter by a small numerical aper­
ture microscope objective, thus making it possible 
to study different homogeneous parts of the 
samples without any inclusions or cracks. The 
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Raman frequencies were carefully calibrated to 
l cm-1 using standard Ne emission lines. Integra­
tion time constants in the range 10-50 s were 
used to eliminate the experimental fluctuations. 

Samples 

Twenty-five natural tourmaline samples from 
various occurrencies all over the world were in­
vestigated in this work. According to their Raman 
spectra, they were classified into three clear cat­
egories (see below), in which the spectra vary 
only slightly from one another. According to their 
chemical composition, these categories can be 
defined as follows: Gl - intermediate between 
buergerite and schorl, G2 - close to elbaite, and 
G3 - belonging to the solid solution series drav-
ite-buergerite-uvite. Tables 1 and 2 list the crystal-
lochemical formulae and the unit cell parameters 
for three representative samples of each category. 
The main characteristics of these samples are as 
follows: 
GIL - a long-prismatic crystal, black in colour, 
found in the quartz-microcline zone of a peg­
matite vein intruded into high-grade orthogneisses 
at Latinka, Central Rhodopes, Bulgaria, 
G1M - a short-prismatic black crystal from gran­
ite pegmatite at Markova Trapeza, Plana pluton, 
W Bulgaria, 
Gl Y - a short-prismatic and brownish-black crys­
tal of metasomatic origin from Omsukchan, Yaku­
tia, NE Siberia, 
G2Q - a long-prismatic green transparent crystal 
from Quebec, Canada, 
G2C - a single placer crystal, dark-blue in colour 
and transparent, from granite pegmatites in the 
Southern California batholith, 
G2Z - a short-prismatic, indigo-blue and transpar­
ent crystal from a rare-metal granite pegmatite, 
Mudzi-Rushinga, NE Zimbabwe, 
G3G - a short-prismatic black crystal from a peg­
matite vein intruded into leucogneisses, Oasis 
Schirmacher, Queen Maud Land, E Antarctica, 
G3V - a short-prismatic black crystal from peg­
matite veins in a calc-alkaline pluton, Vitosha 
mountain, Bulgaria, 
G3T - a short-prismatic black crystal found in a 
lens-like quartz-tourmaline body intruded into 
mica schists, Topolovgrad, SE Bulgaria. 

The spectra were recorded on well-developed 
natural (1120) and (10T0) prism faces and on 
polished (0001) surfaces. 

Results and discussion 

Symmetry arguments 

The rhombohedral structure of tourmaline has 
R3m symmetry (Z = 3) (Buerger et al, 1962) and 
consists of linked SiO4 tetrahedra sharing two 
oxygen atoms to form hexagonal Si6018 rings. In 
the centre of each ring, and X-cation is positioned 
which is slightly offset from the plane of the ring 
along the c-axis. In addition, two types of cation-
oxygen octahedra are present in the structure form­
ing various clusters, three of which, of a larger 
size, contain F-cations, while the other six, with 
Z-cations and being smaller in size, are linked in 
pairs by apices. These octahedra form spiral 
chains along the 3i screw axes. On the other hand, 
the two types of octahedra are edge-linked in such 
a way that each ring of tetrahedra shares the apical 
oxygen atoms. Boron ions are surrounded by three 
oxygen atoms forming planar triangular clusters. 
The y-centred octahedra contain two hydroxyl 
groups at their opposite corners. In addition, the 
presence of numerous substitutional atoms and 
vacancies complicates the tourmaline structure 
(Foit, 1989; Foit & Rosenberg, 1977; Hawthorne 
etal, 1993; etc.). 

The factor group analysis of tourmalines pre­
dicts 28 A\ and 49 E Raman active modes, but it 
is impossible experimentally to detect all of them. 
The character table of the tourmaline point group 
determines the kind of phonons (transverse (7) or 
longitudinal (L)) expected in the different geomet­
ries. The corresponding polarizability tensor ele­
ments contributing to the Raman spectra are given 
in Table 3. In this table and in the following, we 

Table 3. Modes of vibrations of the 3m(C3V) point group 
in back-scattering geometry. 

xiyyjx 
x(zz)x 
x(zy)x 
y(xx)y 
y(zz)y 
y(zx)y 
z(xx)z 
z(yy)z 
z(xy)z 

Ai(7) 

αf,y 
αiz 

air 
«|Z 
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1500 

Fig. 1. Experimental 
Raman spectra of 
tourmaline G2C in 
various geometries: 
z(xx)z (curve 1), 
x(yy)x (curve 2), 
x(zz)x (curve 3), 
z(xy)z (curve 4) and 
x(zy)x (curve 5). 

make use of the conventional "Porto's notation". 
It can be seen in Table 3 that the polarizability 
tensor elements are equal for the scattering geom­
etries z(xx)z and z(yy)z, x(zy)x and y(zx)y as well 
as x(zz)x and y(zz)y since axx = αyy and axz = ayz. 
According to Table 3, the spectra in x(yy)x and 
y(xx)y geometries should differ only in the type of 
generating E modes. As a result, we consider only 
five polarized Raman spectra. 

Mode assignment 
Fig. 1 presents the polarized Raman spectra of 
sample G2C in the frequency range 150-1550 
cm-1, while Table 4 shows the positions of the ob­
served peaks and the type of generating modes. 
The type of vibrations is determined on the basis 

Table 4. Positions of observed peaks in the range 150-1550 cm 
sample G2C, with types of vibrational mode. 

obtained by experimental Raman spectra of the 

Peak 
label 

PI 
P2 
P3 
P4 
P5 
P6 
P7 
P8 
P9 

P10 
P l l 
P12 
P13 
P14 
P15 
P16 
P17 
P18 
P19 
P20 
P21 
P22 
P23 
P24 
P25 

z{xx)z 

M(L) 

1412 
1190 

1077 

760 
731 

693 
641 

407 
373 

222 

E(Γ) 

340 

x(yy)x 

Ai(T) 

1412 

1105 

1059 
989 

850 
760 

717 

632 
508 
407 
373 

244 
222 

E(Γ) 

340 

x{zz)x 

Ai(T) 

1442 
1412 

1105 

1059 
989 
860 

760 

717 

637 

508 
407 
373 

244 
222 

z(xy)z 

E(T) 

1190 

1077 

731 

373 

x(zy)x 

E(Γ) 

717 
700 

373 
350 

286 

Type of modes* 

B-0 str 
B-0 str 
Si-O^r str ** 
Si-0&Γ str 
Si-0&r str 
Si-On0n Str 
Si-0 str 
B-O-Al bend 
B-O-Al bend 
Si-0 str k Si-O-Si bend 
B-0 str k O-B-0 bend 
" breathing" of Obr in Si-0 rings 
B-0 str k B-O-Al bend 
B-0 str k B-O-Al bend 
Si-0&Γ Γck 
Si-0{,Γ Γck 
Si-06 r Γck 
oxygen vibrations in Si-0 rings 
Oncm-Si-Onon bend 
Al-0 str 
Si-Onon rck 
Si-Onon rck 
O-Al-0 bend 
O-Al-0 bend 
Mg-0 str, Fe-0 str 

str, bond stretching; bend, bond bending; rck, bond rocking. 
* Obry bridging oxygens in the Si-0 rings, which link two Si04 tetrahedra; 

On0nj non-bridging oxygens in the Si-0 rings. 
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Table 5. Experimental frequencies (in cm {) of the observed peaks in the Raman spectra of the three representative 
samples (peaks are labelled as in Table 4). 

Peak label GIL G2C G3V Type of modes* 

P4 
P6 
P7 

P10 
P l l 
P12 
P14 
P16 
P18 
P19 
P20 
P21 
P24 
P25 

1056 
1020 
969 
777 
780 
701 
765 

674,637 
437 
403 
369 
349 
ov 

237 

1105 
1059 
989 
760 
731 
727 
693 
637 
508 
407 
373 
350 
244 
222 

1050 
1024 
973 
753 
765 
699 
741 

661,640 
481 
409 
365 
356 
ov 

238,215 

Si-O&r str ** 
Si-Onon str 
Si-0 str 
Si-0 str k Si-O-Si bend 
B-0 str k O-B-0 bend 
"breathing" of Oor in Si-0 rings 
B-0 str k B-O-Al bend 
Si-06r Γck 
oxygen vibrations in Si-0 rings 
Onori-Si-Onon bend 
Al-0 str 
Si-Onon Γck 
O-Al-0 bend 
Mg-0 str, Fe-0 str 

* str, bond stretching; bend, bond bending; Γck, bond rocking; ov, overlaped. 
** 0&r, bridging oxygens in the Si-0 rings, which link two Si04 tetΓahedra; 

On o n , non-bridging oxygens in the Si-0 rings. 

of calculated spectra of small clusters with im­
posed boundary conditions (Mihailova et al, 
1994, 1996). According to our calculations, the 
Si6O18 ring can be considered as a separate unit 
whose internal vibrational modes are sensitive to 
the neighbouring cations of the ring, i.e. to the 
type of X-, Y- and Z-positioned cations. On the 
other hand, boron-oxygen and aluminium-oxygen 
vibrations should be treated as modes of a com­
bined B-Al-O network and, as a result, the modes 
which include symmetric B-O stretching give rise 
to peaks at about 750 cm-1. 

Due to the different optical parameters of the 
tourmalines in the studied groups, their Raman 
spectra differ substantially in intensity from each 
other. The best quality polarized Raman spectra in 
all geometries are obtained for tourmalines of 
group G2 (elbaite type), and only in this case it is 
possible to detect low-intensity peaks at about 
1400 cm-1 arising from anti-symmetric B-O 
stretching vibrations. On the contrary, because the 
diagonal elements of the polarizability tensor are 
much larger than the non-diagonal elements, the 
measured parallel-polarized spectra are at least 
one order of magnitude more intense than the 
corresponding cross-polarized spectra. Our ex­
perimental results indicate that, for all samples, 
the most intense Raman spectra are those deter-

Gl 

JH I I I 

AL 1 i 

GIL 

M Λ 
G1M 

500 1000 500 1000 
Raman s h i f t (cm-1) 

Fig. 2. Experimental Raman spectra of tourmalines in 
groups Gl , G2 and G3 in x(zzjx and x(zy)x polarization 
geometry. 

mined by the α^ component of the polarizability 
tensor. Thus, such spectra are most suitable for 
obtaining structural information on tourmalines 
and can be recorded on (10T0) or (1120) prism 
faces with laser beam polarization parallel to the 
c-axis of the crystal. Fig. 2 shows the spectra of 
samples from the three groups recorded using 
such an experimental scattering geometry (on 
(10T0)); as seen in Table 5, the observed peak fre­
quencies are different in the three groups of tour­
malines. The Raman spectra contain four intense 
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spectral bands centred at about 230, 370, 670 and 
1020 cm-1. The first band originates mainly from 
Mg-O and Fe-O bond stretching, while the second 
arises from Al-O bond stretching modes, the third 
from symmetrical Si-O-Si vibrations and the 
fourth from Si-O bond stretching. The most 
marked differences between the three groups of 
tourmaline are observed for the low-frequency 
band (LFB) at about 230 cm-1 and for the mid-fre­
quency band (MFB) and about 670 cm-1. The lat­
ter arises from Si6O18 ring vibrational modes, lo­
calized in the bridging oxygen atoms, whose 
frequencies are strongly influenced by the Y-ca-
tions (Mihailova et al., 1996), while the band at 
230 cm-1 is directly controlled by Y-O bond 
stretching. Therefore, using these two bands, one 
can estimate the type of predominant cations in Y-
positions: 
- tourmalines of buergerite-shorl type (Gl), in 

which more than a half of the 7-positions are 
occupied by Fe. Their spectra are charac­
terized by a single peak at 238 ± 2 cm - in 
the LFB and three resolved peaks at 635±3, 
674 + 3 and 697 ±3 cm"1 in the MFB. 

- tourmalines of elbaite type (G2), characterized 
by a sharp peak at 224 ±2 in the LFB, and two 
well-separated peaks in the MFB with fre­
quencies at 638 ±3cm"1 (asymmetrical) and 
higher than 707 cm" (sharp symmetrical). 

- tourmalines close to the dravite type (G3), in 
which more than a half of the F-positions are 
occupied by Mg. Their spectra are charac­
terized by two peaks in the LFB, at 215+3 
and 237 ± 3 cm-1, while only one peak, at 698 
+ 4cm , can be resolved in the MFB. The 
type of y-positioned cations also influences 
the O-H bond stretching modes which gener­
ate peaks with frequencies above 3000 cm - , 
a problem that is to be considered in future 
research. 

Thus, Raman spectroscopy, in addition to X-ray 
diffraction and other methods for studying the 
structure, can be successfully used for obtaining 
valuable information on the short- and intermedi­
ate-range ordering in tourmalines. 
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