
Introduction

The complexity of the crystal chemistry of tourmaline
is easily appreciated by examining its structural formula
with all of its possible site populations: XY3Z6[T6O18]
(BO3)3V3W, where: X = Ca, Na, K, ■; Y = Li, Mg, Fe2+,
Mn2+, 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. The presence of vacancies, common in the X site, as
well as light elements (Li, B, H) which cannot be deter-
mined by EMPA (Electron MicroProbe Analysis), and the
consequent uncertainty in establishing the correct Fe2+/Fe3+

ratio by stoichiometry, constitute the main difficulty in
precise chemical characterization. Moreover, the occu-
pancy of the same cation in different sites, as well as of
cations with various oxidation states, does not allow unam-
biguous assessment of site populations. As a consequence,
correct crystal-chemical characterization is achieved only
by combining information from different techniques such
as EMPA, MS (Mössbauer Spectroscopy) and SREF
(Structure REFinement). Site assignment of various cations
by means of bond distance and site scattering refinement
information (Hawthorne et al., 1993) allows complete

understanding of tourmaline structure (Foit, 1989) in terms
of geometrical relationships, intracrystalline cation distri-
bution, and corresponding site preferences.

When assessing site populations to tourmaline, it is
customary to assign Al to Y only after completely filling Z
octahedron. While generally accepted for most tourmaline
compositions, this procedure is not always considered to be
valid in the case of schorl-dravite samples, because of
inconsistencies between observed and calculated structural
parameters, that demonstrate extensive cation (mostly Al
and Mg) disorder (Grice & Ercit, 1993; Hawthorne et al.,
1993; Taylor et al., 1995; McDonald & Hawthorne, 1995;
Hawthorne, 1996; Bloodaxe et al., 1999). Instead, Pieczka
(1999, 2000) suggested that the influence of the second
coordination sphere should also be considered, particularly
between Y and Z octahedra, because they share a common
edge (O3-O6) and may mutually influence polyhedral
dimensions, thus “... excluding the possibility of significant
disordering of octahedral divalent ions and Al in Z site ...”
(Pieczka, 1999).

As octahedral cations like Al, Mg and Fe are expected
to be particularly important in establishing intracrystalline
disorder, this paper deals with the crystal chemistry of
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schorl-dravite samples, and develops a new model for opti-
misation of site populations that accounts for geometrical
parameters. To this aim, 19 tourmaline samples (Table 1) of
various provenances and geological settings were selected
to cover the range of the schorl-dravite series.

Methods

X-ray diffraction and structural analysis

The tourmaline samples were crushed, and suitable
equidimensional fragments (~ 0.2 mm) were handpicked,

cemented on a glass capillary and mounted on a Siemens
P4 four-circle single-crystal automated diffractometer for
X-ray diffraction study (Table 2). Cell parameters (Table 3)
were measured using 52 reflections (13 independent and
their Friedel pairs, on both sides of the direct beam). Scan
speed was variable (Table 2), 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 of the scan
time. Preliminary full reciprocal space exploration was
accomplished: no violations of R3m symmetry were found.

Data reduction was performed with the SHELXTL-PC
program. Intensities were corrected for Lorentz and polar-
ization effects. Absorption correction was accomplished
with a semi-empirical method (Table 2). Only reflections
with I > 2(σ) were used (Table 3) from the original set of
1819-1790 data, in a full matrix least-squares refinement,
with unitary weights, in the R3m space group. Absolute
configuration was evaluated according to Barton (1969)
and starting coordinates and atom labels were taken from
Foit (1989). During structural refinement, variable param-
eters were: scale factor, isotropic secondary extinction
coefficient, atomic coordinates, site scattering values
(expressed as mean atomic numbers, m.a.n.) of X, Y, Z, and
T sites, and displacement factors. Three cycles of isotropic
refinement were followed by anisotropic cycles until a
convergence to satisfactory R values (1.51–2.24 %;
Table 3). Selected interatomic distances and m.a.n. are
listed in Table 4. The complete set of atomic coordinates
and displacement factors is available from the authors on
request.

No chemical constraints were applied during refine-
ment. Scattering curves for neutral B, 50 % ionised Si, Al
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Table 1. Provenance of tourmaline samples.

Table 2. Parameters for X-ray data collection.

Table 3. Data collection and structural refinement information.



and O, fully ionised V3+, Mg, Fe2+ and Na were used
because they furnished the best values of conventional
agreement factors over all sinθ/λ intervals. This combina-
tion also gave satisfactory agreement (within 1 %) between
values of total m.a.n. obtained by structural refinement and
chemical analysis.

Chemical analysis and 57Fe Mössbauer spectra

After X-ray data collection, the same crystals were
mounted on glass slides, polished and carbon-coated for
electron microprobe analysis (WDS-EDS method) on a
CAMECA CX827 electron microprobe, operating at
15 KV and 15 nA (sample current) and with a 5 µm beam.
Raw data was reduced using the ZAF and PAP (Pouchou &
Pichoir, 1984) corrections. Natural and synthetic standards
were used: anorthite (Al), rutile (Ti), olivine (Si, Fe),
rhodonite (Mn), diopside (Mg, Ca), sphalerite (Zn), ortho-
clase (Na, K), fluorite (F), synthetic metals (Cr, V). From
10 to 15 point analyses were performed for each specimen
along two orthogonal traverses. The chemical composition
data (Table 5) are the average of the spot analyses and their
standard deviations account for crystal homogeneity. Each
element determination was accepted after checking that the
intensity of analysed standard before and after each deter-

mination was within 1.00 ± 0.01. Precision for major
elements (Al, Mg, Si, Fe) was within ~ 1% of the actual
amount present; that for minor elements was within ~ 5%.

Iron speciation was determined by fitting Mössbauer
spectra collected at 25°C using a conventional spectrom-
eter system operating in constant acceleration mode with a
57Co source of 50 mCi in rhodium matrix. Absorbers were
prepared by pressing finely ground samples with a
powdered acrylic resin (transoptic powder) to self-
supporting discs. For the various samples, from 10 to
60 mg of tourmaline powder was used, depending on both
sample availability and total iron contents, so as to have
absorbers with an Fe thickness of 1-2 mg/cm2. Data collec-
tion time was usually 1-2 days, but in a few cases spectra
had to be collected for one week for good statistics.
Spectral data for the velocity range –4 to +4 mm/s were
recorded on a multichannel analyser using 512 channels.
After velocity calibration against a spectrum of high-purity
α-iron foil (25 µm thick), the raw data were folded to 256
channels. The spectra were fitted assuming Lorentzian
peak shape, using the Recoil 1.04 fitting program. Reduced
χ2 was used as a parameter to evaluate statistical best fit,
and uncertainties were calculated using the covariance
matrix. Errors were estimated at about ± 0.02 mm/s for
centre shift (d), quadrupole splitting (D) and peak width
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Table 4. Schorl-dravite series: selected bond distances (Å), site volumes (Å3), quadratic elongations and m.a.n.
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(G), and no less than ± 3 % for doublet areas. Inspection of
Mössbauer spectra indicates that all iron is in octahedral
coordination (Andreozzi et al., 2002). Based on previous
work with borosilicates, results are considered to be reli-
able within ± 20 % relative (Andreozzi et al., 2000).
Contents of FeO and Fe2O3 (Table 5) were obtained from
Fe2+/Fe3+ ratios measured by MS. In a few cases, there was
insufficient material to perform Mössbauer analysis and
Fe2+/Fe3+ ratios were calculated on the basis of stoichiom-
etry.

The unit formulas of Table 5 have been thus calculated
on 31 (O, OH, F) assuming: Fe2+/Fe3+ ratios from MS data,
stoichiometric B2O3 (on the basis of examination of struc-
tural data, see “Results” for discussion) and, consequently,
H2O contents could be calculated on the basis of charge
balance requirements.

For 4 samples (TMl2ap, TMl2al, TMl3l and TMl4aa),
Li, B and H have been also measured with an ion micro-
probe (Bosi, 2001).

Determination of cation distribution

Several procedures may be adopted to determine cation
distribution in minerals. Satisfactory results have recently
been obtained by combining data from SREF, EMPA and
MS (Lavina et al., 2002). This approach simultaneously
takes into account both structural and chemical data and
reproduces observed parameters by optimising cation

distribution. Differences between observed and calculated
parameters are minimized using the “chi-square” function
(Lavina et al., 2002):

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 coor-
dinate (zO6) and mean bond distances (<T-O>, <Y-O>,
<Z-O>) and m.a.n. of T, Y and Z sites, total atomic propor-
tions given by microprobe analyses, and constraints
imposed by crystal chemistry (total charge and T, Y and Z
site populations). As X site was considered to be populated
only by Na, K, Ca and vacancies, it was not included in the
minimization procedure.

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

<T-O> = ΣXi <T-O>i (2)

<Y-O> = ΣXi <Y-O>i (3)

<Z-O> = ΣXi <Z-O>i (4)
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Table 5. Schorl-dravite series: chemical composition (wt. %) based on EMPA and MS.



In this way a, c and zO6 can be expressed as functions of
<T-O>, <Y-O> and <Z-O>, the observed values of selected
bond distances and atomic coordinates (see Appendix 1). It
should be noted that equations of Appendix 1 make up a
robust mathematical model, which constrains function (1)
to determine the topochemistry compatible with the
topology of tourmaline, finding the best “match” between
the crystallographic and chemical information.

The following assumptions were made:
1) T site was populated by Si and, subordinately, by Al;
2) Li, Zn and Mn2+, given their low quantities and their

general preference (Hawthorne, 1996; Hawthorne &
Henry, 1999), were fixed in the Y site;

3) Cr3+ and V3+, when in quantities lower than 0.02 apfu,
were fixed in Y site.
Because Ti4+ was almost always ordered in the Y site,

particularly in the Ti-richest samples (e.g., TM9840c,
TM9840f), it was fixed, in all samples, in Y during final
minimization runs.

Optimal site assignments have been executed by a
quadratic program solver (Optimise tool in Quattro Pro). A
first cycle of minimization of equation (1) was performed
using bond distances obtained with ionic radii of Shannon

(1976). The F(Xi) values ranged from 3 to 46 (with average
value of 19), suggesting a reproduction of the structural
and chemical parameters qualitatively acceptable, but not
within the experimental error. In a second cycle of mini-
mization specific bond distances have been optimised for
the major elements. A main routine controlled the Di vari-
ables (<T-Oi>, <Y-Oi> and <Z-Oi>) of Eqs. (2), (3) and (4),
to minimize the function:

G(Xi,Di) = 

These optimised empirical bond distances (Table 6) are
valid only for schorl-dravite samples. Final F(Xi) values
ranging from 0.10 to 3.10 (with average value of 0.92) were
obtained, confirming that almost all (99 %) chemical and
structural parameters were reproduced, 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
given in Table 7. The final results have been further recon-
firmed by different optimisation routine performed using
the MINUIT program (James & Roos, 1975).

ΣF(Xi)
(number samples)
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Table 6. Optimised specific mean bond distances (Å) for schorl-dravite series.

Table 7. Final assigned site populations for schorl-dravite series.
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Results

According to Hawthorne & Henry’s (1999) classifica-
tion, all examined tourmalines belong to the Alkali group,
except TM84a, which shows an X-site vacancy content of
0.53 (Fig. 1a). Samples belong to the Oxy- and Hydroxy-
subgroups (WOH up to 0.6 apfu; F is lower than 0.4 apfu)
as may be observed in Fig. 1b. The main substitutions
involve the alkali defect (R+ + R2+ ↔ R3+ + ■) and the
proton deficient (OH- + R2+ ↔ R3+ + O2-) types (Foit &
Rosenberg, 1977), with correlation coefficients of r = -0.96
and r = -0.99, respectively. Among divalent cations,
YMg ↔ YFe2+ (Fig. 2) leads to the two end-members dravite
and schorl. In most cases, Fe2+ was the dominant form of
iron, ranging from 55 to 95 % of total Fe, with one excep-
tion, which contained 98 % ferric iron.

As already pointed out, B content was set at stoichio-
metric values. The hypothesis of B deficiency in B site was
discarded because the mean bond distance between all
examined crystals, <<B-O>> = 1.375(1), is the bond
distance typically observed for B in planar triangular coor-
dination in inorganic structures (Hawthorne et al., 1996)
and is almost identical (within its standard deviation) to
that obtained for tourmaline by Pieczka (1999). Excess B,
substituting for Si in T, was also discarded on the basis of
the observed T m.a.n. values and <T-O> bond distances,
both consistent with Si, Al T-site population. This is further
verified by the results of the minimization procedure.

Ion microprobe results have highlighted very low
contents of Li (< 0.03 apfu), as observed for tourmalines of
similar compositions by Dutrow et al. (1986). Measured B
and H contents resulted identical, within experimental
error, to the corresponding calculated ones, confirming the
correctness of the previously-described stoichiometric
assumptions.

The samples are characterized by a disordered cation
distribution (Table 7). Y octahedron is mainly populated by
Mg (from 0.08 to 1.66 apfu), Fe2+ (up to 1.52 apfu), Al
(from 0.62 to 1.55 apfu) and, for samples TM507 and
TM504, by V3+ (from 0.46 to 0.71 apfu). In fact, m.a.n.
(from 14.3 to 20.0) and mean bond distance (from 2.004 to
2.046 Å), show that Y is occupied, at least partly, by cations
smaller than Mg or Fe2+, because the latter have octahedral
cation-to-anion bond distances of 2.08 and 2.14 Å, respec-
tively (Shannon, 1976; see also Table 6 for comparison). As
already described, the main substitution involves
YMg ↔ YFe2+, while no clear substitution was noted
between YAl and YMg or YFe2+. The Z-octahedron is mainly
populated by Mg (from 0.41 to 1.14 apfu) and Al (from
4.54 to 5.39 apfu). In fact, Z m.a.n. (from 12.9 to 13.5) and
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Fig. 1. Diagrams showing the classification of tourmaline
according to the principal constituents: a) X site; b) W site.

Fig. 2. Relationship between YFe2+ and YMg shows a replacement
next to 1:1, and identifies the tourmalines along the schorl-dravite
series.



<Z-O> (from 1.918 to 1.939 Å) values are too high to
justify full Al occupancy: <Z-O> in octahedra entirely
occupied by Al, as in elbaite, rossmanite and foitite, ranges
from 1.90 to 1.91 Å (Grice & Ercit, 1993; Burns et al.,
1994; MacDonald et al., 1993; Selway et al., 1998). Thus,
both Z-site structural parameters suggest substitution of Al
by other larger cations, such as Mg, to account for the
longer mean bond distance, and Fe, which may also be
responsible for the increase in m.a.n.. Figure 3 shows the
relationship between <Z-O> and its site population: Z-size
increases with ZMg and decreases with ZAl.

Cation intracrystalline distribution has many effects not
only on the geometry of Y and Z but on the entire structure
of tourmaline. Octahedral dimensions act on unit cell
parameters; a depends on Y size: a = 13.045 + 1.437 <Y-O>
(Fig. 4), whereas c is correlated with Z size: c = 0.886 +
3.272 <Z-O> (Fig. 5). The same holds for Y and Z volumes
(a = 14.932 + 0.096 VY, r = 0.97 and c = 5.026 + 0.232 VZ,
r = 0.96).

Discussion and conclusions

In schorl-dravite series, major elements (Al, Fe, Mg) are
distributed, with different degrees of preference, among the
Z and Y octahedra: Al populates both sites, with a marked
preference for the smaller Z octahedron; Mg shows nearly
equal distribution between Y and Z sites. Fe2+ and Fe3+

populate both Y and Z sites, but show a strong preference
for Y. In samples where Al content exceeds 6 apfu, the Z
site should not be assumed to be fully occupied by Al.

Y size is dependent on the cooperative effect of the
various cations populating the site. This effect results in a
size contraction due to YAl content, along different trends

characterized by: YFe2+, YMg and YV3+ (Fig. 6). The size
decrease of this octahedron with progressive increase in
YAl, is evidenced by the contraction of its edges (e.g.,
<Y-O> vs. O1-O2B, r = 0.99) and O3-O6 (r = 0.84). As a
quantitative measure of the octahedral and tetrahedral
distortion, quadratic elongation <λ>, was adopted because
it is the “true measure of polyhedral distortion” (Robinson
et al., 1971). Octahedral distortion <λY> is inversely corre-
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Fig. 3. Relationship between <Z-O> and Z-site population. An
increase in ZAl results in a contraction of the polyhedron.

Fig. 4. Variation in a cell constant as a function of <Y-O> mean
bond length.

Fig. 5. Variation in c cell constant as a function of <Z-O> mean
bond length.
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lated with YMg, the less covalent cation (r = –0.95) - that is,
to the dravite component. Despite its dependency on YMg
content, quadratic elongation does not depend on polyhe-
dral dimensions. Unlike the situation for Y, Z dimensional
variation is well described by its bond distances, except for
Z-O7D, which is independent of Z size and sensitive only
to YAl content (r = –0.86), and thus does not reflect Z

topochemistry. Z size is correlated to Z edges, except
O3-O6 and O3-O8. The former edge, O3-O6, is the only
parameter inversely correlated with Z distortion <λZ> (r =
–0.94). The two octahedra mutually interact by means of
their common edge O3-O6, any decrease in which, being
dependent on Y size and thus on YAl content, results in
larger Z distortions. Instead, Y distortion is correlated with
ZAl content (r = 0.93) - that is, Z size.

In the schorl-dravite series, structural variations mostly
appear to be due to Y and Z interactions. These effects are
conspicuous over the entire structure, as Y dimensions
directly affect the a cell parameter, while Z is similarly
correlated with c. The dimensions of both octahedra are
correlated with their respective chemical contents. This is
particularly evident for Z, for which linear relationships
were observed between Al or Mg contents and <Z-O>. In
the case of Y, these interactions were less obvious because
site populations are extremely variable. Instead, both octa-
hedra interact reciprocally influencing their distortions:
conspicuous correlations exist between <Y-O> and <λZ>
(Fig. 7) and <Z-O> and <λY> (Fig. 8). As a general rule, the
effects of the octahedral second coordination sphere are
confined to polyhedral distortions instead of dimensional
variations, which only depend on site populations.
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Fig. 6. Y size decreases with YAl content, evidencing different
trends linked to the other cations populating the site: YFe2+–bearing
(1.52 – 1.09 apfu), YMg–bearing (1.30 – 0.49 apfu) and
YV3+–bearing (0.71 – 0. 47 apfu).

Fig. 7. Relationship between <λZ> and <Y-O>, showing the influ-
ence of the second coordination sphere on the Z-polyhedron distor-
tion.

Fig. 8. Relationship between <λY> and <Z-O>, showing the influ-
ence of the second coordination sphere on the Y-polyhedron distor-
tion.
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Appendix 1: Geometrical relations in
tourmaline structure.

From the definition of mean bond distance for Z, Y and T polyhe-
drons of tourmaline:
<Z-O> = (ZO3 + ZO6 + ZO7D + ZO7E + ZO8 + ZO8E)/6 (1)
<Y-O> = (YO1 + 2·YO2 + YO3 + 2·YO6)/6 (2)
<T-O> = (TO4 + TO5 + TO6 + TO7)/4 (3)
The bond distances ZO6, YO6 and TO6, can be expressed as a func-
tion of fractional coordinates (x, y, z) and unit cell parameters (a, c):
(ZO6)2 = [(xZ – xO6)2 + (yZ – yO6)2 – ( xZ – xO6) (yZ – yO6)] a2

+ (zZ – zO6)2 c2

(YO6)2 = [(xY – xO6)2 + (1/2 xY – yO6)2 – ( xY – xO6) (1/2 xY – yO6)] a2

+ (zY – zO6)2 c2

(TO6)2 = [(xT – xO6)2 + (yT – yO6)2 – ( xT – xO6) (yT – yO6)] a2

+ (1 – zO6)2 c2

Considering constants zZ, zY and the quantities:
ZZZ = [(xZ – xO6)2 + (yZ – yO6)2 – ( xZ – xO6) (yZ – yO6)]
YYY = [(xY – xO6)2 + (1/2 xY – yO6)2 – ( xY – xO6) (1/2 xY – yO6)]
TTT = [(xT – xO6)2 + (yT – yO6)2 – ( xT – xO6) (yT – yO6)]
SZ = ZO3 + ZO7D + ZO7E + ZO8 + ZO8E
SY = 1/2 (YO1) + YO2 + 1/2 (YO3)
ST = TO4 + TO5 + TO7
we can replace these terms and express equations (1), (2) and (3) in
the following way:
(ZZZ) a2 + (zZ – zO6)2 c2 = [6 <Z-O> – (SZ)]2 (4)
(YYY) a2 + (zY – zO6)2 c2 = [3 <Y-O> – (SY)]2 (5)
(TTT) a2 + (1 – zO6)2 c2 = [4 <T-O> – (ST)]2 (6)
Equation (4), (5) and (6) make up a system in three unknowns (a, c,
zO6), whose solution is:

where: zo6 = zO6, zy = zY, zz = zZ, TO = <T-O>, YO = <Y-O>, ZO =
<Z-O>.
Only the relation concerning zO6 is totally explicit, whereas the
others, for the sake of brevity, are reported in terms of zO6 param-
eter, and must be developed in sequence.
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