
Introduction

The structure of tourmaline is characterized by remark-
able flexibility (Foit, 1989) and this feature results in a wide
spectrum of constituent cations. This complex crystal chem-
istry, further complicated by extensive intracrystalline
disorder, may be appreciated when examining the general
formula and all the possible site populations:
XY3Z6[T6O18](BO3)3V3W, where: X = Ca, Na, K, ■; Y = Li,
Mg, Fe2+, Mn2+, Zn, Al, Cr3+, V3+, Fe3+, Ti4+; Z = Mg, Al,
Fe2+, Fe3+, Cr3+, V3+; T = Si, Al, B; B = B, (■); V = OH, O; W
= OH, F, O. Although most tourmaline findings are restricted
to the schorl–dravite–elbaite range, “exotic” compositions are
not rare, and cations which are usually in low concentrations
may reach significant contents: chromium is among such
cations. Chromium-rich tourmalines were already described
in the 19th century (Cossa & Arzruni, 1883) and are nowa-
days known in many regions throughout the world, in a
variety of geological settings. Chromdravite, a new mineral
species containing Cr3+ as major constituent, was discovered
in 1983 in Karelia, Russia (Rumyantseva, 1983). A few years

later, chromdravite and tourmalines of the dravite–chrom-
dravite series were found in metamorphic rocks of the
Sludyanka crystalline complex, on the southern shore of Lake
Baikal (Reznitskii et al., 1988). The chromdravite localities of
Karelia and Sludyanka are unique areas of the chromdravite
occurrence in the world so far.

Earlier crystal chemical studies on Cr-tourmalines are
very sparse (Nuber & Schmetzer, 1979, and references
therein) and their structural formula posed many problems
(Foit, 1989). However, recently Gorskaya et al. (1984)
published some structural data for chromdravite in which
most Cr3+ was located in the Z site. These tourmalines were
also characterized by significant amounts of Fe. Instead,
Sludyanka Cr-tourmalines (Reznitskii et al., 1988) contain
virtually no Fe (0.00-0.15 apfu) and are characterized by
stable concentrations of Mg (1.9-2.3 apfu), and variable
components (Al, Cr3+ and V3+) form strict negative corre-
lations between Al and Cr or Al and (Cr + V). So the
Sludyanka tourmalines provide the possibility of investi-
gating pure dravite–chromdravite series in which
Cr3+ ↔ Al3+ substitution is the only possible one.
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Study of the chromdravite end-member is not only
useful for clarifying the behaviour of Cr3+ but may also
help in understanding the main structural relationships of
tourmaline. This paper presents results on the chromium-
rich part of the Al-Cr series, i.e. Cr-dravite–chromdravite,
also in comparison with literature data on Cr-bearing
(Cr > 0.1 apfu) tourmalines (Foit & Rosenberg, 1979;
Gorskaya et al., 1984; Bosi, 2001; Bosi & Lucchesi,
2004).

Occurrence of Cr-tourmaline

The Sludyanka crystalline complex (southern shore of
Lake Baikal, Russia) is one of the high-grade metamorphic
terrains of the Central Asian mobile belt. The complex
includes sequences of interlayered gneisses, crystalline
shists, marbles and carbonate-silicate rocks metamor-
phosed in granulite facies at 480–485 Ma (Salnikova et al.,
1998). One of the typical lithologic sequences is the so-
called quartz-diopside rock suite, which is derived from
siliceous-dolomitic sediments. This suite includes several
rock types differing by quantitative ratios of three main
rock-forming minerals (quartz, diopside, calcite) from
essentially diopside rocks (diopsidite), diopside-bearing
and quartz-diopside-bearing calciphyre to quartz-diopside
rocks and quartzite. The metamorphogenic chromium-
vanadium mineralization is represented by a wide spectrum
of Cr-V opaque and silicate minerals, irregularly
distributed throughout the rock varieties of the suite
(Reznitskii & Sklyarov, 1996). Accessory tourmalines
occur in quartz-bearing rocks and form inclusions of euhe-
dral and subhedral prismatic crystals up to 0.3-0.8 mm in
quartz. Tourmalines make up complete ternary Al-V-Cr
series of dravite–chromdravite–vanadiumdravite solid

solutions (Reznitskii et al., 2001). Within the framework of
the series, crystals of binary Cr-V, Al-V and Al-Cr series
were also found. The most vanadium-poor tourmalines of
the dravite–chromdravite series coexist in some types of
mica-bearing quartzites, in paragenesis with chromphyllite
and other chromium-rich minerals such as escolaite,
chromite, uvarovite, Cr-phlogopite and pyroxenes of the
diopside-kosmochlor series (Reznitskii et al., 1997).

Experimental

X-ray diffraction and structural analysis

Five Cr-dravite–chromdravite samples were selected,
representative of the high-chromium part of the composi-
tional field observed in tourmalines occurring in rocks
surrounding Lake Baikal (Fig. 1). Crystals were crushed,
and suitable equidimensional fragments (~ 0.2 mm) were
hand-picked, cemented on glass capillaries, and mounted
on a Siemens P4 four-circle single-crystal automated
diffractometer for X-ray diffraction study (Table 1). Cell
parameters (Table 2) were measured using 52 reflections
(13 independent and their Friedel pairs, on both sides of the
direct beam). Scan speed varied, depending on reflection
intensity, estimated with a pre-scan. Background was
measured with a stationary crystal and counter at the begin-
ning and end of each scan, in both cases for half the scan
time. Three standard reflections were monitored every 47
measurements. Preliminary full reciprocal space explo-
ration was accomplished: no violations of R3m symmetry
were noted.

Data reduction and structural refinement were
performed with the SHELXTL-PC program package
furnished by Siemens Analytical, X-ray Instruments, Inc.
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Fig. 1. Al-Cr-V ternary diagram for dravite–chromdravite series
from Sludyanka rocks. Full circles: composition of tourmalines
studied in the present paper.

Table 1. Parameters for X-ray data collection.



X-ray diffraction intensities were initially corrected for
Lorentz and polarization effects. Absorption correction
was performed using a semi-empirical method (Table 1).
Reflections with I > 2(σ) were used (Table 2) from the orig-
inal set of 1862-1829 data, in a full-matrix least-squares
refinement, with unitary weights, in space group R3m.
Absolute configuration was evaluated according to Barton
(1969) and starting coordinates were taken from Foit
(1989). The scale factor, isotropic secondary extinction
coefficient, atomic coordinates, mean atomic numbers
(m.a.n.) of X, Y, Z, and T sites, and displacement factors
were variable parameters. No chemical constraints were
applied during refinement. Scattering curves for neutral B,
partially ionised Si, Al, Cr and O, and fully ionised Mg and
Na were used because they proved to furnish the best
values of conventional agreement factors over all sinθ/λ
intervals. This combination also gave satisfactory agree-
ment between values of total m.a.n. obtained by structural
refinement and electron microprobe analysis (within 1σ of
the latter). Three cycles of isotropic refinement were
followed by anisotropic cycles until convergence to satis-
factory R values (1.69-2.02 %; Table 2). Atomic coordi-
nates and displacement factors are shown in Table 3.
Selected interatomic distances, polyhedral volumes, poly-
hedral distortion <λ> (Robinson et al., 1971) and m.a.n.
are listed in Table 4.

Chemical analysis

After X-ray data collection, the structure crystals were
mounted on glass slides, polished and carbon-coated for
electron microprobe analysis (WDS-EDS method) on a
CAMECA CX827 instrument, operating at an accelerating
potential of 15 kV and a sample current of 15 nA. For raw
data reduction, ZAF and PAP (Pouchou & Pichoir, 1984)
programs were applied. The following natural and synthetic
standards were used: anorthite (Al), rutile (Ti), olivine (Si,
Fe), rhodonite (Mn), diopside (Mg, Ca), sphalerite (Zn),
orthoclase (Na, K), fluorite (F) and synthetic metals (Cr,
V). No less than 10 point analyses were performed for each
specimen. All iron was calculated as Fe2+. Each element
determination (Table 5) was accepted after checking that
the ratio between intensity of the analysed standard before
and after each determination was within 1.00 ± 0.01.
Precision for major elements (Al, Cr, Mg, Si) is within
~ 1% of the actual amount present; that for minor elements
is within ~ 5 %.

Chemical composition

Chemical composition assessment

According to recent investigations in Mg-poor tourma-
lines, boron may be > 3 apfu with excess in the T site
(Hughes et al., 2001). In the present case, this hypothesis
was discarded on the basis of the observed T structural
parameters (m.a.n. and <T-O>), both consistent with
IVSi ↔ IVAl substitution. Also boron deficiency has been
discarded since the mean bond distance, <<B-O>> =

Crystal chemistry of the dravite–chromdravite series 347

Table 2. Data collection and refinement information for the crystals
studied.

Table 3. Atomic coordinates and displacement parameters
(x 104 Å2) for the crystals studied.
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1.375(1) Å, is that observed for B in planar triangular coor-
dination both in inorganic structures and in tourmaline
(Hawthorne et al., 1996; Pieczka, 1999). As a consequence,
B was considered stoichiometric.

As OH turned out to be the only variable, its contents
could be calculated on the basis of charge balance require-
ments.

According to Hawthorne & Henry’s (1999) classifica-
tion, all examined tourmalines belong to the Alkali group.
Regarding the W site, samples fall within the Oxy-subgroup
(WO content ranges from 0.61 to 0.74 apfu; F does not

exceed 0.4 apfu). The main divalent cation is Mg. The most
striking feature of these crystals is the exceptionally high
Cr content (from 3.2 to 4.41 apfu), which substitutes for Al,
and, in sample TMt3b, reaches the highest value, so that all
samples may be defined as belonging to the Cr-
dravite–chromdravite subseries.

Determination of cation distribution

As already pointed out, cation distribution in tourma-
line may be extremely complex, so that site assignment is
not always straightforward. Several different procedures
may be adopted to determine cation distribution, and very
satisfactory results (e.g. Lavina et al., 2002) may be
obtained by combining data from EMPA (Electron
MicroProbe Analysis), SREF (Structure REFinement) and
MS (Mössbauer Spectroscopy).

This approach simultaneously takes into account both
structural and chemical data and reproduces observed
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Table 4. Bond distances (Å), polyhedral volumes V (Å3), polyhedral
distortions <λ> and m.a.n. for the crystals studied.

Table 5. Chemical composition (wt. %) of the crystals studied.



parameters by optimising cation distribution. Differences
between observed and calculated parameters are mini-
mized using the “chi-square” function:

F(Xi) = 1–nΣ
n

j=1
Oj—

– Cj

σj
—

(Xi)
2

(1)

where Oj is observed quantity, σj its standard deviation, Xi
variables, i.e., cation fractions in tetrahedral and octahedral
sites, and Cj(Xi) the same quantity as Oj calculated by
means of Xi parameters. The n Oj quantities taken into
account were: unit cell parameters (a, c), O6 oxygen z
coordinate (zO6) and mean bond distances and m.a.n. of T,
Y and Z sites, total atomic proportions given by microprobe
analyses, and constraints imposed by crystal chemistry
(total charges and T, Y and Z site populations).

Mean bond distances may be calculated as the linear
contribution of each site cation (Xi) multiplied by its
specific bond distance (<T-Oi>, <Y-Oi> and <Z-Oi>)
according to:

<T-O>calc. = ΣXi <T-O>i

<Y-O>calc. = ΣXi <Y-O>i

<Z-O>calc. = ΣXi <Z-O>i

In this way a, c and zO6 can be expressed as functions of
<T-O>, <Y-O> and <Z-O>, the observed values of some
selected bond distances and atomic coordinates. Full
details of the minimization procedure may be found in Bosi
& Lucchesi (2004). The T site was populated by Si and,
subordinately, Al; Zn and Ti4+, given their low quantities
and following their general preference (Hawthorne, 1996;
Hawthorne & Henry, 1999), were fixed in the Y site. As the
X site was considered to be populated only by Na, K, Ca
and vacancies, it was not included in the minimization
procedure.

Optimal site assignment was executed by a quadratic
program solver. Several minimization cycles of equation
(1) up to convergence were performed using a home-devel-
oped calculation routine. Final F(Xi) values ranging from
0.21 to 2.70 were obtained, confirming that almost all
(> 96 %) chemical and structural parameters were repro-
duced, on average, within their experimental error (a table
containing the differences between observed and calculated
parameters may be obtained from the authors or through
the E.J.M. Editorial Office - Paris); the corresponding site
populations are collected in Table 6.

Empirical specific bond distances for YCr3+-O and
ZCr3+-O (1.978 Å and 1.970 Å, respectively), valid for
schorl–dravite–chromdravite samples, were optimised after
a minimization procedure with the starting specific bond
distances reported in Table 6.

Crystal chemistry

Site populations (Table 6) indicate that the crystals are
characterized by quite disordered cation distribution
between Y and Z octahedra. Cr3+ and Mg populate both




sites but show opposite behaviour: Mg has a marked pref-
erence for the Z octahedron and Cr3+ for Y. Al almost
exclusively populates the Z site and V3+ the Y site. This
scheme follows the cation site preferences already
observed in schorl-dravite – particularly for some Cr3+-
bearing (0.16-0.31 apfu) dravite samples (Bosi, 2001; Bosi
& Lucchesi, 2004) – except for Mg, which shows the oppo-
site behaviour. Intracrystalline disorder was also shown by
the chromdravite refined by Gorskaya et al. (1984):
X(Na0.85K0.07Ca0.03) Y(Cr1.22Fe1.03Mg0.64Mn0.06Ti0.02V0.01)
Z(Cr3.90Mg2.08Al0.02) B3 Si6 O27 (O1.14OH2.86). This general
behaviour is in line with the restrictions on Y and Z cation
distribution imposed by the OH- ↔ O2- substitution on W
site (Hawthorne, 1996).

In the Cr-dravite–chromdravite subseries, most struc-
tural features are related to variations in Z (bond distances
and polyhedral edges), whereas the dimensions of other
polyhedra remain almost constant. As expected, in all
samples Z polyhedral dimensions depend on site popula-
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Table 6. Final assigned site population.
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tions and, in particular, sample TMt3b (chromdravite) is
characterized by the largest <Z-O> (1.979 Å), due to its
lower content in ZAl with respect to larger cations such as
ZMg and ZCr3+ (Table 6). ZCr3+ ranges from 2.21 to 0.97
apfu, and is substituted essentially by ZAl, because ZMg is
relatively constant (1.86-1.52 apfu). This behaviour is
common also in the chromdravite studied by Gorskaya et
al. (1984) and in the above described Cr-bearing dravites
(Fig. 2). Z polyhedral distortion, <λZ>, is larger – average
value of 1.0151(1) – than in schorl–dravite samples (Bosi
2001; Bosi & Lucchesi, 2004; Bloodaxe et al., 1999), for
which an average value of <λZ> = 1.0139(5) was observed.
Despite these differences are almost within the 2σ, they
seem significant.

Y does not actively participate in structural variations,
as <Y-O> (which ranges from 1.999 to 2.002 Å, reaching
the highest value for chromdravite) does not show signifi-
cant correlations with the single bond distances and poly-
hedral edges. The minimal dimensional variations are due
to the cooperative effects of the various cations populating
the site. Apart from the very minor contents of Ti4+, Fe2+

and Zn, the Y site is dominated by Cr3+ (2.30-1.74 apfu),
which is mainly substituted by V3+ (0.78-0.06 apfu). Also
in this case, YMg is quite constant (0.65-0.36 apfu).
Because YCr3+ and YV3+ dimensions are comparable and
YAl content is minimal (< 0.10 apfu), the uniformity of Y
polyhedral dimensions is easily justified. Unlike the case of
Z, Y distortion, <λY>, decreases from Cr-dravite to chrom-
dravite (1.0194 - 1.0180), in line with the inverse correla-
tion (r = –0.90) between <Z-O> and <λY> observed in
schorl–dravite samples (Bloodaxe et al., 1999; Bosi, 2001;
Bosi & Lucchesi, 2004). The same considerations also
apply to the <Y-O> and <λZ> correlation: Z distortion is

almost constant, because Y volume variation is minimal. As
Y and Z interact by the O3-O6 edge, the latter is correlated
only to <Z-O> and not to <Y-O>, as observed in the schorl-
dravite series.

T is characterized by low TAl contents (0.01-0.13 apfu),
which are responsible for the slightly larger dimensions
(<T-O> from 1.618 to 1.621 Å) compared with 1.616 Å,
values characteristic of full tetrahedral Si occupancy in
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Fig. 2. Z site chemical variations in dravite–chromdravite series:
ZAl ↔ ZCr3+. Full circles: Sludyanka samples; full square: chrom-
dravite (Gorskaya et al., 1984); full triangles: low-Cr dravites (Bosi,
2001; Bosi & Lucchesi, 2004). Regression line for all samples.

Fig. 3. Variations of structural parameters in dravite–chromdravite
series. Full circles: Sludyanka samples; full square: chromdravite
(Gorskaya et al., 1984); full triangles: low-Cr dravites (Bosi, 2001;
Bosi & Lucchesi, 2004); cross: low-Cr V-dravite (Foit &
Rosenberg, 1979). (a) <Z-O> vs. c. Regression line for all samples.
(b) <Z-O> vs. a. Regression line only for chromdravite samples.



tourmaline (Hawthorne, 1996); see also Table 6 for
comparison.

X is almost totally populated by Na (0.83-0.89 apfu) and
this compositional constancy is reflected in its dimensions
which are almost identical among samples (Table 4), within
the limits of experimental uncertainty. The same holds for
the B site, whose chemical contents were fixed to full B
occupancy, on the basis of the considerations listed above.

In the dravite–chromdravite series, the unit cell param-
eter c is strongly and positively correlated with Z dimen-
sions (Fig. 3a) whereas a positive a vs. <Z-O> correlation
is evident only within the Cr-dravite–chromdravite
subseries (Fig. 3b). No significant correlation was
observed between Y dimensions and unit cell parameters.

Concluding, and differently from the schorl–dravite
series (Bosi, 2001; Bosi & Lucchesi, 2004), most structural
variations are thus due to Z, whereas the effects of Y are
negligible. This behaviour stands out when examining the a
vs. c plot (Fig. 4) in the whole series. A strong correlation
(c = 0.9226 a – 7.4809; r = 0.997) between the two unit cell
parameters was obtained in the Cr-dravite–chromdravite
subseries, but the dravite samples collected from the litera-
ture plot over a large area and, in particular, the Cr-bearing
dravite samples (low-Cr) do not lie on the regression line.
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(Bosi, 2001; Bosi & Lucchesi, 2004); cross: low-Cr V-dravite (Foit
& Rosenberg, 1979).
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