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ABSTRACT

Optical anomalies and crystal structures have been studied for an elbaite-liddicoatite tourmaline
specimen from the Malkhan pegmatite field (Transbaikalia region, Russia). The specimen is charac-
terized by a complicated zoning and sector zoning distribution of anomalous biaxiality, with the axial
angle 2V increasing from 3 up to 23° going from the first to the last growth zones of the most devel-
oped growth sector, 0{0221}. The crystal structures of three samples cut out from different growth
zones of that sector and characterized by the axial angles 11, 16, and 23° were refined in the trigonal
space group R3m as well as in its monoclinic and triclinic subgroups Cm, R1, and P1, respectively
(R=0.019-0.039). The final choice of the low symmetry space group R1 is based on the analysis of
the diffraction patterns and on the results of crystal structures refinements, which revealed ordered
Al/Li distributions over the Y octahedral sites. The degree of order at Y sites correlates with the axial
angle 2V, which implies a causal relationship. The Al/Li ordering reflects the geometrical differences
of the octahedral sites with respect to the growth front orientation. The results obtained suggest that
a growth dissymmetrization mechanism is the main reason for the observed cation ordering and opti-

cal anomalies.

Keywords: Optical anomalies, tourmaline crystal structure, elbaite, liddicoatite, growth ordering
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INTRODUCTION

Since the 19" century natural polychrome tourmalines have
been well known for their anomalous optical properties (Brauns
1891). The nominally uniaxial crystals (trigonal space group
R3m) often exhibit biaxiality with the axial angle attaining
values of 5-10° or even 30° (Foord and Cunningham 1978;
Foord and Mills 1978; Gorskaya et al. 1992; Akizuki et al.
2001). There are two main known reasons for optical anomalies
in crystalline solid solutions: (1) internal stress arising from a
compositional inhomogeneity of the crystal (e.g., Gorskaya et
al. 1992; Shtukenberg et al. 2001) and (2) kinetic ordering of
atoms as a growth dissymmetrization phenomenon related to the
selective attachment of isomorphous atoms to sites, which are
symmetrically equivalent in the bulk crystal but non-equivalent
at the crystal surface (e.g., Bulka et al. 1980; Kahr and McBride
1992; Shtukenberg et al. 2005). Both mechanisms can be pres-
ent in tourmaline and have been cited to explain the observed
biaxiality (Foord and Cunningham 1978; Foord and Mills 1978;
Gorskaya et al. 1992; Akizuki et al. 2001).

Usually, natural polychrome tourmalines are characterized
by relative small optical axial angles and exhibit mainly stress
induced optical anomalies (Foord and Mills 1978; Gorskaya et
al. 1992). However, as shown by Akizuki et al. (2001), crystals
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of the elbaite-liddicoatite composition can reveal strong biaxi-
ality (the axial angle attains values up to 30°) supporting that
growth ordering of atoms is the most probable reason for the
tourmaline biaxiality.

The main objective of the present contribution is to study
by means of single-crystal X-ray diffraction the symmetry and
crystal structures in sectors of an elbaite-liddicoatite tourmaline
exhibiting a strong biaxiality and hence to obtain new informa-
tion on the origin of the anomalous optical properties of natural
tourmaline.

EXPERIMENTAL METHODS

The investigated tourmaline specimen from the Malkhan pegmatite field
(Transbaikalia region, Russia) is pink and about 2 cm long and 0.5-1 c¢m in di-
ameter. The crystal has a prismatic habit and consists of growth sectors of prisms
(m{1010} and a{1120}) and pyramids (0{0221} and r{1011}). The crystal was cut
into six sections normal to the [0001] direction, which were then inspected with
polarized light. The value of the axial angle was measured by Mallard’s method
with a precision of 0.5°.

The chemical composition was determined by electron probe microanalysis
(EPMA) (Camebax SX-50). The following standards have been used: hornblende
for Si, Al, Ca, Fe, albite for Na, synthetic “fluorphlogopite” for F, pyrophanite
for Mn and Ti. The chemical formula was calculated on the basis of six Si atoms
assuming the idealized chemical composition (Ca,Na[J)(AlLLi,Mn,Fe,Ti);Al(Sis
05)(B0O;);(0,0H);(OH,F). The Li content was deduced assuming full occupancy
of the octahedral sites, and the O and OH contents were calculated from the
charge balance.

To perform crystal structure refinements, three tourmaline samples with sig-
nificantly different 27 values (S1, S5, and S6) were cut from different sections of
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the growth sector 0{0251 } (Table 1, Fig. 1). These samples were shaped to spheres
using an air grinder. For the samples S1 and S6, room-temperature diffraction data
were collected on an X-ray Bruker AXS Kappa X8 APEX II autodiffractometer
(MoK radiation, graphite monochromator) equipped with a CCD-detector (see
Table 1 for the experimental details). The sample S5 was studied on a Nicolet-
P3/R3 autodiffractometer (MoKo radiation, graphite monochromator) equipped
with a conventional scintillation counter. For all samples, reflections were mea-
sured in the full sphere up to the 20,,,, angles specified in Table 1. The measured
reflection intensities were then corrected for long-term fluctuations of the incident
beam. Absorption corrections for the spherical samples were carried out with the
MULTISCAN program (Blessing 1995). To obtain more accurate lattice constants
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FIGURE 1. (a) Sketch of studied crystal. Gray and white sectors
correspond to growth sectors of prisms and pyramids, respectively. The
locations of the samples chosen, S1, S6, S5, for X-ray diffraction analysis
are indicated. (b and ¢) Diagrams illustrating the chemical zoning in
Ca and Na along the growth direction [0001] in the growth sectors of
{0221} (filled squares) and in growth sectors of prisms (circles). Lines
are guides to the eye.
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the samples S1 and S6 were additionally studied on a four-circle diffractometer
RIGAKU, AFC6R (rotating anode, MoKo radiation, graphite monochromator) also
equipped with a conventional scintillation counter. The refinements of the respective
crystal structures were performed with the SHELXL program package (Sheldrick
1997) using neutral atom scattering factors, anomalous dispersion corrections /', /"
and absorption coefficients taken from the International Tables for Crystallography
(Wilson 1992) and applying the weighting schemes recommended by SHELXL.
Along with the atomic coordinates, anisotropic displacement parameters and occu-
pancies an extinction parameter was refined in the standard form used by SHELXL.
The initial atomic coordinates were taken from (Gorskaya et al. 1982).

RESULTS

Anatomy, chemical composition, and optical anomalies

According to the EPMA (Fig. 1, Table 2) the studied specimen
is a solid solution of elbaite Na(Li, sAl, 5)Als(SisO,5)(BO3);(OH),
(OH,F) and liddicoatite Ca(Li,Al)Al4(SicO:5)(BOs);(OH);(OH,F)
with minor rossmanite (J)(LiAly)Als(Sis0,5)(BO5);(OH);(OH)
(Hawthorne and Henry 1999). It is important to note a wide
variation of the chemical composition within the crystal: the
innermost growth zones are predominantly elbaite, whereas the
outmost are predominantly liddicoatite (Fig. 1). Compared to
the {0221} growth sectors, the growth sectors of the prisms are
slightly enriched in the elbaite component (Fig. 1), as was also
reported by Akizuki et al. (2001).

Atypical (0001) cross section of the investigated tourmaline
is shown in Figure 2. The crystal is optically biaxial, and the bi-
axiality is inhomogeneously distributed. The large growth sectors
{0221} display the highest values of the axial angle 2V, whereas
the growth sectors of the pyramid {1011} and of the prism faces
{1010} and {1120} are characterized by lower values of 2V (Figs.
2 and 3). Within a given growth sector the planes of the optical
axes exhibit similar orientations, varying within a range of 10°.
In comparison to the data reported by Akizuki et al. (2001), the

TABLE 1. Samples and X-ray diffraction experiments
Sample S1 S6 S5

Position in a crystal 11.6 14.5 16.5
(h, mm—see Fig. 1)

Axial angle 2V, ° 11(1) 16(1) 23(1)
Radius r, mm 0.16 0.16 0.125
Diffractometer APEXII APEXII Nicolet-P3/R3
w, mm-' 1.05 1.06 1.12
Penin:Pimax -24:25 -22:24 -25:21
Kenin:Kmax -24:25 -23:23 -25:15
Linthnax -11:10 -10:10 —11:11
2000 ° 70.74 65.75 70.06
No. reflections, meas. 77117 56187 16511
Lattice constants:

Trigonal setting (space group R3m)

Airigr A 15.845 15.840 15.833
Cuigr A 7.110 7.109 7.103
Triclinic (pseudotrigonal) setting (space groups R1 and P1)

Ay A 15.854(3) 15.853(3) 15.845(4)
bua A 15.843(3) 15.834(3) 15.822(4)
Corelr A 7.108(1) 7.109(1) 7.103(2)
aq,° 89.944(14) 89.989(14) 89.97(3)
B.° 90.045(15) 90.043(14) 90.07(3)
7 119.975(12) 119.949(12) 119.92(2)
Monoclinic setting* (space group Cm)

Ay A 27.467(10) 27.472(10) 27.466(16)
by A 15.843(3) 15.834(3) 15.822(4)
Conatr A 7.108(1) 7.109(1) 7.103(2)
B,° 90.045(15) 90.043(14) 90.07(3)

* Relationship between settings: dma = 2dya + bias B = bucs Cmat = Crrat (Fig. 5).
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TaBLE2. Chemical composition of samples studied with X-ray dif-
fraction methods, growth sector {0221}
Sample S1 S6 S5
Wt%
Na,O 0.99 0.79 0.82
Ca0 3.54 417 4.08
Sio, 39.1 39.15 38.72
Al,O, 41.94 41.71 42,02
MnO 0.85 1.46 1.68
FeO 0.18 0.12 0.09
TiO, 0.06 0.06 0.07
F 1.61 1.57 1.22
Formula units
Na 0.29 0.23 0.25
Ca 0.58 0.68 0.68
X 0.87 0.91 0.93
Al 1.58 1.53 1.67
Li 1.28 1.25 1.09
Mn 0.11 0.19 0.22
Fe 0.02 0.02 0.01
Ti 0.01 0.01 0.01
Y 3.00 3.00 3.00
XZ=Al 6.00 6.00 6.00
Si 6.00 6.00 6.00
or 0.77 0.85 1.21
F 0.78 0.76 0.60
OH 245 2.39 2.19

correlation between the optic axial plane orientation and the
growth front direction is less clear in our case; nonetheless such
a relationship is definitely present. The axial angle increases
markedly from the innermost to the outermost growth zones
(Fig. 3), suggesting a lowering of the symmetry.

Diffraction pattern

As Wildner and Andrut (2001) and Shtukenberg et al. (2005,
2006) have shown for ugrandite garnets, the acquisition of reli-
able data on the symmetry of crystals with optical anomalies
requires the analysis of the diffraction pattern as well as refine-
ments of the crystal structure in a series of space groups (ideal
high-symmetry space group and all possible subgroups). In this
study, we also analyzed the crystal symmetry following this
procedure.

Although the unit-cell dimensions of the samples studied
are approximately trigonal there are significant differences
between the lattice constants « and b (up to 6 e.s.d.) as well as
less pronounced deviations of the angles o, B, and 7y from 90°
and 120°, respectively (up to 4 e.s.d., Table 1). These findings
suggest lowering of symmetry to triclinic or at least monoclinic.
The lattice distortions are close to those reported by Akizuki et
al. (2001) for a fragment of the biaxial {0221} growth sector
(2V = 30°), where the deviations of the unit-cell angles from
the ideal values were even more pronounced [z = 15.863(2) A,
b=15.851(12) A, c=7.107(1) A, 0. = 90.12(1)°, B = 89.88(1)°,
v=120.22(1)°].

The next test concerns the intensities of reflections, which
are equivalent with respect to the individual symmetry opera-
tions in the trigonal space group R3m. Such reflections were
grouped, and each group was analyzed separately. If the differ-
ence of the intensities (F2,, — F%;,) within a group exceeded a

FIGURE 2. (0001) section at 2 = 14.5 mm of the tourmaline crystal.
The dumb-bells indicate the orientations of the optic axial planes;
numbers are 2V values in degrees. The filled black circle gives the
location of sample S6.
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FIGURE 3. Variation of the axial angle 2/ along the growth direction
[0001] in growth sectors of {0221} (filled squares) and of prisms (circles).
Lines are guides to the eye.

certain threshold value, the group was considered to violate the
symmetry operation. We selected as threshold criteria both the
maximum value of the standard deviation (e.s.d.) of the reflec-
tion intensities and the largest intensity difference of a Friedel
pair of reflections found within a given group of reflections. The
results were similar for both criteria, e.g., F2. — Fain > 4|Fiy
— F%5| (Fig. 4). The percentages of groups of reflections (P)
breaking the symmetry operations are nearly the same except
for the mirror plane m, (Fig. 5a). In this case, only a very small
number of groups shows violations, so that m,can be considered
to be present in the crystal structure. Thus, the symmetry of the
samples has been lowered, i.e., the crystals are monoclinic or
possibly triclinic.

The analysis of the reflection conditions for the samples S1,
S6, and S5 revealed 74, 34, and 52 weak reflections with F? >
46(F3), respectively, which would be forbidden in space group
R3m. However, closer inspection of these reflections by means of
y scans carried out for sample S5 left only 3—5 reflections. The
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TaBLE 3.  Refinements of the tourmaline crystal structure in different
space groups
Sample S1 S6 S5
Space group R3m
no. unique reflections 1579 1307 1654
no. reflections > 4c(F,) 1570 1301 1644
no. l.s. parameters 91 91 91
Rint 0.0504 0.0509 0.0724
RI[F,>4c(F,)] 0.0220 0.0205 0.0270
Rw 0.0872 0.0785 0.0686
Goodness of fit 1.119 1.070 1.211
Extinction coefficient 0.010480 0.010736 0.000983
Weights, k;, k,* 0.0640 0.0571 0.0272
2.7360 3.9506 0.5702
Flack parameter -0.14(8) 0.06(9) -0.14(9)
Deepest hole and largest peak ~ 1.11 1.00 1.25
-0.84 -0.56 -0.93
Space group Cm (mirror plane m,)
no. unique reflections 11922 10258 13470
no. reflections > 46(F,) 4004 3404 5293
no. |.s. of parameters 723 723 638
Rine 0.0232 0.0255 0.0186
R[F, > 4c(F,)] 0.0211 0.0193 0.0388
Rw 0.0760 0.0905 0.1032
Goodness of fit 1.038 0.946 1.088
Extinction coefficient 0.002886 0.002831 0.000237
Weights, k;, k,* 0.0260 0.0400 0.0260
8.0217 11.0217 18.0217
Flack parameter -0.08(3) -0.06(4) -0.13(5)
Deepest hole and largest peak ~ 1.42 1.12 2.51
-0.97 -1.28 -1.81
Space group P1
no. unique reflections 22000 18760 16505
no. reflections > 46(F,) 7337 6206 6525
no. l.s. of parameters 1365 1365 1320
RIF, > 4c(F,)] 0.0211 0.0186 0.0315
Rw 0.0777 0.0749 0.0903
Goodness of fit 1.139 1.093 1.300
Extinction coefficient 0.003301 0.003186 0.000260
Weights, k;, k,* 0.0200 0.0200 0.0066
8.0000 8.0000 8.0217
Flack parameter -0.09(2) -0.05(3) -0.03(3)
Deepest hole and largest peak ~ 0.89 0.83 1.20
-0.84 -0.59 -1.06
Space group R1t
no. unique reflections 7246 6161 5653
no. reflections > 46(F,) 7230 6152 5615
no. |.s. of parameters 452 452 452
R[F, > 4c(F,)] 0.0214 0.0197 0.0281
Rw 0.0629 0.0621 0.0748
Goodness of fit 1.126 1.131 1.067
Extinction coefficient 0.010093 0.011401 0.001147
Weights, k;, k,* 0.0240 0.0280 0.0452
6.3787 5.5295 5.9190
Flack parameter -0.09(4) -0.04(4) -0.08(5)
Deepest hole and largest peak 1.66 1.44 3.21
-1.28 -1.16 -2.18

* Weighting scheme: weight = 1/{[c(F2)1*>+ (k;P)? + k,P}, where P = [max(F2,0)
+ 2F2/3.

tThe space group R1 was constructed using pseudohexagonal triclinic cell and
adding (1/3,2/3,2/3) and (2/3, 1/3, 1/3) translational equivalents to each of the
atoms in the asymmetric unit.

main part of observed forbidden reflections seems to originate
from the multiple scattering phenomenon as well as from the
A/2 contribution, which is strong for the data obtained with the
Bruker diffractometer.

In summary, the analysis of the diffraction patterns showed
lowering of symmetry either to the monoclinic space group Cm
(@met = 2@ict T Dusict, Pct = Duicty Cmet = Curicr; S€€ Fig. 5a) or to the
pseudotrigonal triclinic space groups R1 or P1. The space group
R1 seems to be more appropriate choice among triclinic space
groups, since according to analysis of the reflection conditions

40
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FIGURE 4. Percentage of groups of reflections (P) breaking the
indicated symmetry operations, threefold axis, and mirror planes (Fig.
Sa). Black, gray, and white bars correspond to samples S1, S6, and S5,
respectively.

P, %

the R-lattice is likely to be present in the non-trigonal tourmaline
crystal structures.

Crystal structure refinement

To determine the crystal symmetry and to elucidate the
origin of the symmetry reduction the crystal structures of the
three samples were refined in space group R3m as well as in its
subgroups: monoclinic Cm (with orientation corresponding to
the mirror plane m,, for which the least number of violations of
reflection equivalence were observed; see Fig. 4), and triclinic R1
and P1 (Table 3). A non-standard space group R1 was constructed
taking a psuedohexagonal triclinic cell and adding (1/3, 2/3, 2/3)
and (2/3, 1/3, 1/3) translational equivalents to each of the atoms in
their asymmetric unit, as though it were actually a rhombohedral
lattice in a hexagonal setting. That is, R1 means that even though
this is a triclinic cell, each atom has translational equivalents at
(x+1/3, y+2/3, z+2/3) and (x+2/3, y+1/3, z+1/3). Introduction of
this space group turns out to be very useful for description of the
dissymmetrized tourmaline crystal structures and its comparison
with the ideal trigonal crystal structure. The cation distributions
found in the course of the refinements in R1 and P1 were consistent
with the ordering scheme revealed for space group Cm.

Since the atomic arrangements in the low-symmetry space
groups are almost the same as in R3m, their refinements become
less stable. Therefore, we failed to refine positional and displace-
ment parameters of the hydrogen atoms and they were omitted.
Also we could not refine reliably fractions of F and OH at OW1
sites and only site occupancies by F are given. We neglected small
admixture of Mn (up to 0.08 apfu, Table 2) and assumed the Y
sites to be fully occupied by Al and Li. The final values of the
atomic coordinates, displacement parameters, and site occupan-
cies are listed in Table 4 for the initial space group R3m along
with those obtained for the space groups Cm and R1 (Tables 5-6).
We do not present data on the space group P1, since the crystal
structure distortions found for this space group are reproduced
for the more symmetrical space group R1 (see below).
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g
a b
TABLE4. Occupancies, fractional atomic coordinates and equivalent
isotropic displacement parameters for the samples S1 (up-
per line), S6 (middle line) and S5 (lower line) with e.s.d.s in
parentheses in space group R3m
Site Composition/ X y z Ueq, A?
Site occupancy
X NagynpCaozewy O 0 0.23764(18) 0.0165(4)
Nao.192Caosi2) 0 0 0.2381(2) 0.0186(5)
NaosoCaossy O 0 0.23855(17) 0.0108(4)
Y Alpssobiosse  0.12400(11) x/2 0.6343(2)  0.0084(5)
Aloassoliosise  0.12413(12) x/2 0.6339(2)  0.0079(5)
Aloasonliossiy  0.12432(11) x/2 0.6349(2)  0.0068(4)
z Al o 0.29679(4) 0.25969(4) 0.61176(10) 0.00512(14)
Alo 0.29675(4) 0.25965(4) 0.61145(12) 0.00528(16)
Al 0.29680(4) 0.25967(4) 0.61180(9) 0.00578(11)
B 1 0.10906(9) 2x 0.4548(4)  0.0054(4)
1 0.10898(11)  2x 0.4544(4) 0.0055(4)
1 0.10909(10)  2x 0.4553(3)  0.0062(3)
T Sioo71)Boos) 0.19212(3) 0.19013(33) 0 0.00356(16)
SipssBosay  0.192103)  0.19012(4) 0 0.00332(19)
SioosBoost) 0.19208(3) 0.19004(3) 0 0.00393(13)
oW Foos) 0 0 0.7892(7) 0.052(2)
Fossa 0 0 0.7877(7)  0.049(2)
Fosew) 0 0 0.7878(6) 0.055(2)
02 1 0.05982(8) 2x 0.4810(3)  0.0167(4)
1 0.05972(8) 2x 0.4801(4) 0.0159(5)
1 0.05959(7) 2x 0.4804(3) 0.0163(4)
03 1 0.26907(16) x/2 0.5094(3) 0.0096(3)
1 0.26893(18) x/2 0.5101(3) 0.0099(4)
1 0.26944(16) x/2 0.5100(3)  0.0101(3)
04 1 0.09223(7) 2x 0.0748(3) 0.0074(3)
1 0.09230(8) 2x 0.0750(3)  0.0080(4)
1 0.09223(7) 2x 0.0748(2) 0.0079(3)
05 1 0.18395(14) x/2 0.0966(2)  0.0078(3)
1 0.18399(16) x/2 0.0964(3) 0.0083(4)
1 0.18372(14) x/2 0.0959(2) 0.0086(3)
06 1 0.19606(9) 0.18617(10) 0.7758(2) 0.0067(2)
1 0.19596(10)  0.18618(11) 0.7758(2) 0.0072(3)
1 0.19603(9) 0.18608(9) 0.77598(16) 0.0073(2)
o7 1 0.28600(9) 0.28539(9) 0.08139(17) 0.0059(2)
1 0.28594(10)  0.28535(10) 0.08155(19) 0.0059(3)
1 0.28604(9) 0.28522(8) 0.08147(15) 0.0067(2)
08 1 0.20937(9) 0.26982(10) 0.44136(19) 0.0068(2)
1 0.20955(11)  0.26990(10) 0.4413(2) 0.0067(3)
1 0.20951(9) 0.27013(9) 0.44175(18) 0.00751(19)

FIGURE 5. (a) Relationship between trigonal
(space group R3m), pseudotrigonal (triclinic,
space groups Pl and R1), and monoclinic (space
group Cm) cells. (b) Schematic projection of the
tourmaline structure on the (0001) plane. The
different Al,Li occupancies of the Y octahedra
corresponding to refinements in the space group
R1 are indicated by different gray scales. The white
and black triangles represent SiO, tetrahedra and
BO; groups, respectively.

Crystal structure distortions

The main unit of the tourmaline crystal structure is an antig-
orite fragment XY;TO,5 (Belov 1976) consisting of three layers
parallel to (0001). As viewed in Figure Sb, the lowermost layer is
composed of three edge sharing Y-octahedra in a closest-packed
arrangement. In the analyzed crystals, the Y sites are occupied
by Al, Li, and minor amounts of Fe, Mn, and Ti. A ring of six
Si0, tetrahedra is located above the Y-octahedra. The uppermost
layer contains the nine coordinated X site variably occupied by
the large cations Na and Ca. The trigonal unit cell of tourmaline
contains three such antigorite fragments that are related by R-
translation symmetry and therefore located at different heights
(Fig. 5b). Each antigorite fragment is cross-linked to other frag-
ments by six Z octahedra sharing edges with the Y octahedra.

This general topology of the crystal structure is preserved
in the biaxial elbaite-liddicoatite tourmalines, where the sym-
metry reduction mainly results from partial cation ordering at
the octahedral Y sites. In the monoclinic space group Cm, the
Y site splits into six independent sites (Table 5). However, oc-
cupancies of these six sites can be grouped into two groups with
significantly different occupancies x,, = Al/(Al + Li) (differences
in occupancies equal 0.14, 0.14, and 0.29 for the samples S1, S6,
and S5, respectively), whereas differences within these groups
are small (for the samples S1 and S6 less than 0.004 or 2 e.s.d., for
the sample S5, however, up to 0.034 or 17 e.s.d.). In the trigonal
setting, the sites, which belong to the same group, are related
to each other by means of R translations. Thus, the R symmetry
appears still present in the crystal structure in conformity with the
analysis of the diffraction pattern. More significant violations of
R translations found for the sample S5 seem to be a result of an
imperfect crystal structure refinement process in this case, and
these violations were not confirmed by the subsequent refinement
in the less symmetrical triclinic space group P1.

For space group P1 nine non-equivalent Y sites must be
considered. In this case, however, the occupancies of the sites
related by R symmetry varied at most by 0.016. This difference
corresponds to 3 e.s.d.s, which also confirms the presence of R
translations. This conclusion is further supported by Y-O cation-
oxygen bond lengths, for which in space group P1, the maximum
difference between Y octahedra related by R translation does not
exceed 0.005 A (i.e., less than 1 e.s.d.) for all three samples. Thus,
we describe the tourmaline crystal structures in space group R1,
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for which preservation of R translation significantly reduces the
number of independent atomic sites.

In the triclinic space group R1, the Y site splits into three
independent sites, so that the three Y sites in one and the same
antigorite fragment can acquire different occupancies (Fig. 5b).
The observed occupancies of these Y sites correlate well with
the mean octahedral cation-oxygen distances <Y-O> (Tables
6-7, Fig. 6).

As can be seen from Tables 5-6 and Figure 6, the Y1 site
contains significantly more Al than the two other sites, Y2 and
Y3, respectively, whose Al occupancies are very close to one
another. The difference between the former and the mean of the
latter two occupancies increases with the value of the axial angle
2V, attaining 0.32 for sample S5 (Fig. 7). Thus, neglecting the
small differences in the occupancies of the Y2 and Y3 sites, the
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FIGURE 6. Mean cation-oxygen bond lengths <Y-O> vs. x,, the
proportion of Al on the Y sites in the samples S1, S6, and S5. Squares
= refinements in space group R3m, circles = in Cm, and triangles = in
R1. The solid lines present corresponding mean data from four samples
of the elbaite-liddicoatite solid solution with minor (in sum less than
0.08 apfu) impurities of Mn, Mg, Fe, and other elements occupying the
Y sites (Nuber and Schmetzer 1981; Burns et al. 1994; MacDonald and
Hawthorne 1995).

TABLE 5.

SHTUKENBERG ET AL.: CRYSTAL STRUCTURE OF BIAXIAL ELBAITE-LIDDICOATITE TOURMALINE

Occupancies, fractional atomic coordinates, and equivalent
displacement parameters for the samples S1 (upper line),
S6 (middle line) and S5 (lower line) with e.s.d. values in
parentheses in space group Cm

Site Composition/ X y z Ueqs A?
Site occupancy
X1 NagsiCagseny O 0 0.23813(12) 0.0136(2)
NagssmCagsray O 0 0.23827(12) 0.0153(2)
NagamCaossny O 0 0.23951(7) 0.01419(10)
X2 NagsomCagsiy  0.16655(3) 0.5 0.90485(12) 0.0124(2)
NaossCaosrny 0.16658(3) 0.5 0.90497(12) 0.0151(2)
NagsonCagsony 0.16620(2) 0.5 0.90592(6) 0.00975(10)
X3 NagsonCaoeony 0.83322(3) 0.5 0.57159(12) 0.0134(2)
NagssnCageray  0.83328(3) 0.5 0.57165(13) 0.0154(2)
NagssnCagaray  0.83313(2) 0.5 0.57283(6) 0.00724(9)
Y11 Alpseslioasswy 0.06246(5) 0 0.6351(2)  0.0067(3)
Alogiswbiossae 0.06260(5) 0 0.6351(2)  0.0089(4)
Algssspliossry 0.06284(3) 0 0.63566(10) 0.00484(14)
Y12 Algsesilioassay 0.22914(5) 0.5 0.3015(2)  0.0058(4)
Alpgrswliozsssy 0.22924(5) 0.5 0.3017(2)  0.0082(4)
Alpgispliossan  0.22974(3) 0.5 0.30348(11) 0.00574(15)
Y13 Algssiwliossow 0.89589(5) 0.5 0.9682(2)  0.0083(4)
Alogi7abiosssm 0.89594(5) 0.5 0.9684(2)  0.0088(4)
Alogsoliosas 0.89667(3) 0.5 0.96943(10) 0.00757(16)
Y21 Alpaspliosssey —0.03086(4) 0.09290(8) 0.63471(18) 0.0085(3)
Algazsaliosase —0.03068(4)  0.09274(9) 0.63469(19) 0.0119(3)
Alpssoliosisa —0.03073(3)  0.09246(6) 0.63539(13) 0.01126(18)
Y22 Alpagaliosrns  0.13583(4)  0.59283(9) 0.30126(19) 0.0080(3)
Alpsrraliosse  0.13601(4)  0.59280(9) 0.30136(18) 0.0118(4)
Algsssoliosssy  0.13622(3)  0.59273(5) 0.30388(11) 0.00471(15)
Y23 Algaspliosrss 0.80248(4)  0.40707(9) 0.96795(19) 0.0087(3)
Algar7aliosse  0.80265(4)  0.40720(9) 0.96804(19) 0.0114(4)
Algszamliosssy  0.80283(3)  0.40686(5) 0.96672(12) 0.00651(17)
Z1 Al -0.01828(2) 0.27766(4) 0.61194(9) 0.00572(13)
Al -0.01814(2) 0.27757(5) 0.61192(9) 0.00534(15)
Al -0.017996(13) 0.27699(2) 0.61290(5) 0.00578(7)
Z2 Al 0.14891(2) 0.88816(4) 0.61228(9) 0.00571(13)
Al 0.14905(2) 0.88815(5) 0.61241(9) 0.00521(15)
Al 0.149577(13) 0.88750(2) 0.61349(5) 0.00501(7)
73 Al 0.87053(2) 0.83273(4) 0.61199(9) 0.00563(13)
Al 0.87070(2) 0.83276(5) 0.61202(9) 0.00520(15)
Al 0.871025(13) 0.83240(2) 0.61273(5) 0.00523(7)
Z4 Al 0.14840(2) 0.77764(5) 0.27858(9) 0.00567(14)
Al 0.14852(2) 0.77759(5) 0.27860(9) 0.00535(15)
Al 0.148931(13) 0.77713(2) 0.27908(5) 0.00502(7)
Z5 Al 0.31558(2) 0.38815(4) 0.27891(9) 0.00574(14)
Al 0.31571(2) 0.38816(5) 0.27906(9) 0.00535(15)
Al 0.316111(13) 0.38761(2) 0.27974(5)  0.00623(7)
76 Al 0.03720(2) 0.33274(4) 0.27861(9) 0.00564(14)
Al 0.03737(2) 0.33273(5) 0.27867(9) 0.00532(15)
Al 0.037741(13) 0.33262(2) 0.28000(5)  0.00489(7)
Z7 Al 0.81505(2) 0.77765(5) 0.94524(9) 0.00577(14)
Al 0.81519(2) 0.77757(5) 0.94528(9) 0.00541(16)
Al 0.815349(13) 0.77709(2) 0.94579 (5) 0.00589(7)
Z8 Al -0.01776(2) 0.38820(5) 0.94561(9) 0.00577(15)
Al -0.01762(2) 0.38813(5) 0.94575(9) 0.00534(16)
Al -0.017213(13) 0.38772(2) 0.94692(5) 0.00504(7)
79 Al 0.70387(2) 0.33274(5) 0.94527(9) 0.00568(15)
Al 0.70404(2) 0.33275(5) 0.94531(9) 0.00528(16)
Al 0.704299(14) 0.33260(2) 0.94584(5) 0.00616(7)
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TABLE 5. —CONTINUED

Site Composition/ X y z Ueq, A? Site  Composition/ X y z Ueq, A2

Site occupancy Site occupancy
B1 1 0.05504(8) 0.16340(14) 0.4556(3) 0.0059(4) 022 1 -0.05969(7) 0 0.4790(3) 0.0161(6)

1 0.05515(8) 0.16336(17) 0.4551(3)  0.0059(5) 1 -0.05947(8) 0 0.4794(3) 0.0149(6)

1 0.05610(4) 0.16379(8) 0.45790(17) 0.00522(17) 1 -0.05895(5) 0 0.4774(2) 0.0190(4)
B2 1 0.89133(10) 0 0.4547(4)  0.0064(6) 023 1 0.19793(6) 0.58864(12) 0.1484(2) 0.0166(4)

1 0.89151(12) 0 0.4546(5)  0.0060(7) 1 0.19814(6) 0.58852(12) 0.1489(2) 0.0167(5)

1 0.89156(6) 0 0.4560(2) 0.0060(3) 1 0.19971(4) 0.58713(7) 0.14851(15) 0.0206(2)
B3 1 0.22172(8) 0.66339(16) 0.1222(3)  0.0061(5) 024 1 0.10694(8) 0.5 0.1454(3) 0.0157(6)

1 0.22182(8) 0.66329(17) 0.1219(3) 0.0054(6) 1 0.10721(8) 0.5 0.1462(3) 0.0155(6)

1 0.22222(4) 0.66318(8) 0.12222(18) 0.00653(18) 1 0.10702(5) 0.5 0.14566(18) 0.0138(3)
B4 1 0.05795(11) 0.5 0.1213(5) 0.0062(7) 025 1 0.86460(6) 0.58870(12) 0.8150(2) 0.0171(4)

1 0.05816(12) 0.5 0.1208(5)  0.0050(8) 1 0.86472(6) 0.58849(12) 0.8155(2) 0.0163(5)

1 0.05931(6) 0.5 0.1204(3)  0.0067(3) 1 0.86607(3) 0.58736(7) 0.81801(14) 0.01359(17)
B5 1 0.88835(8) 0.33657(17) 0.7889(3)  0.0057(5) 026 1 0.77373(7) 0.5 0.8123(3) 0.0166(6)

1 0.88854(8) 0.33658(18) 0.7886(3)  0.0059(6) 1 0.77384(8) 0.5 0.8128(3) 0.0156(7)

1 0.88896(4) 0.33741(8) 0.78994(18) 0.00593(18) 1 0.77389(4) 0.5 0.81083(19) 0.0118(3)
B6 1 0.72461(11) 0.5 0.7875(5)  0.0051(7) 031 1 0.13399(8) 0 0.5104(3) 0.0107(5)

1 0.72480(12) 0.5 0.7877(5) 0.0050(8) 1 0.13390(8) 0 0.5112(3) 0.0095(5)

1 0.72411(6) 0.5 0.7897(2)  0.0047(2) 1 0.13322(5) 0 0.51091(19) 0.0110(3)
T SigssoBosay  -0.00071(2)  0.19087(3) 0 0.00456(12) 032 1 ~006727(5)  0.20242(10) 0.5096(2)  0.0101(3)

SiooomBooiy  —0.00059(2) 0.19083(4) 0 0.00426(14) 1 -0.06710(5) 0.20239(11) 0.5101(2) 0.0103(4)

SiggamBomy  —0.000322(12) 0.190633(19) 0 0.00520(6) 1 -0.06737(3) 0.20278(6) 0.50986(12) 0.00988(18)
T2 Sig99mBooin 0.096359(19) 0.90585(4) 0.00090(8) 0.00441(13) 033 1 0.30065(8) 0.5 0.1771(3) 0.0103(5)

Sios9@Booin 0.09653(2) 0.90586(4) 0.00101(8) 0.00418(15) 1 0.30054(8) 0.5 0.1778(3) 0.0101(6)

Siz0001) 0.096886(11) 0.906056(19) 0.00266(4) 0.00466(6) 1 0.30070(4) 0.5 0.17849 (17) 0.00790(19)
T3 SiogomBooin 0.905096(19) 0.90293(4) -0.00011(8) 0.00451(13) 034 1 0.09940(5) 0.70244(11) 0.1762(2) 0.0102(4)

Sivon 0.90522(2) 0.90289(4) -0.00002(8) 0.00419(15) 1 0.09957(5) 0.70238(11) 0.1768(2) 0.0102(4)

Sig99mBooin 0.905317(11) 0.90287(2) 0.00058(4) 0.00399(6) 1 0.09955(3) 0.70362(6) 0.17775(12) 0.01136(19)
T4 Sio.081Bo.02r) 0.16596(2) 0.69087(4) 0.66668(8) 0.00455(13) 035 1 -0.03268(8) 0.5 0.8437(3) 0.0102(5)

Sig.99Bo.o2r) 0.16608(2) 0.69085(4) 0.66676(9) 0.00424(15) 1 -0.03271(8) 0.5 0.8445(3) 0.0102(6)

SiogomBooin 0.166377(12) 0.690740(19) 0.66713(5) 0.00433(6) 1 -0.03289(5) 0.5 0.84534(17) 0.0107(3)
T5 Sio9amBooin 0.26302(2) 0.40585(4) 0.66758(8) 0.00445(14) 036 1 0.76606(5) 0.29761(11) 0.8428(2) 0.0102(4)

SiogomBooin 0.26317(2) 0.40587(4) 0.66768(8) 0.00405(16) 1 0.76623(5) 0.29767(11) 0.8434(2) 0.0101(4)

Siz0001) 0.263468(11) 0.40573(2) 0.66871(4) 0.00459(6) 1 0.76629(3) 0.29725(6) 0.84240(12) 0.00845(18)
T6 SiogomBooin 0.07177(2) 0.40290(4) 0.66657(8) 0.00440(14) 041 1 0.04638(5) 0.13818(10) 0.0752(2) 0.0083(3)

Siz0001) 0.07190(2) 0.40289(4) 0.66660(8) 0.00457(15) 1 0.04647(5) 0.13805(11) 0.0753(2) 0.0079(4)

Siv000) 0.071962(12) 0.402759(19) 0.66684(4) 0.00450(6) 1 0.04664(3) 0.13772(7) 0.07674(13) 0.0128(2)
T7 Sio.081Bo.02cr) 0.83262(2) 0.69086(4) 0.33331(9) 0.00438(14) 042 1 -0.09243(7) 0 0.0746(3) 0.0083(4)

Sig99mBooin 0.83277(2) 0.69082(4) 0.33334(9) 0.00460(16) 1 -0.09227(8) 0 0.0747(3) 0.0078(5)

SiogomBooin 0.833103(12) 0.690434(18) 0.33423(5) 0.00424(6) 1 -0.09232(4) 0 0.07576(17) 0.0072(2)
T8 Sig99mBooin 0.92971(2) 0.40585(4) 0.33425(8) 0.00442(14) 043 1 0.21307(5) 0.63815(11) 0.7417(2) 0.0079(3)

SiogomBooi 0.92984(2) 0.40585(4) 0.33435(9) 0.00394(16) 1 0.21314(5) 0.63808(11) 0.7420(2) 0.0077(4)

Siz.000) 0.930136(12) 0.40578(2) 0.33543(4) 0.00421(6) 1 0.21364(3) 0.63834(5) 0.74346(12) 0.00645(13)
T9 SiogomBooi 0.73845(2) 0.40290(4) 0.33323(8) 0.00452(14) 044 1 0.07426(7) 0.5 0.7413(3) 0.0080(5)

Sivon 0.73858(2) 0.40288(4) 0.33330(9) 0.00466(16) 1 0.07445(8) 0.5 0.7414(3) 0.0079(5)

Sig99mBooin 0.739077(12) 0.40291(2) 0.33367(5) 0.00491(6) 1 0.07397(5) 0.5 0.74201(18) 0.0117(3)
OT1W Fy 050y 0 0 0.7891(3) 0.0537(13) 045 1 0.87973(5) 0.36188(11) 0.4084(2) 0.0080(4)

Fi200) 0 0 0.7888(3)  0.0579(14) 1 0.87980(5) 0.36194(11) 0.4086(2) 0.0077(4)

Foorn) 0 0 0.7899(3)  0.0499(5) 1 0.87979(3) 0.36307(5) 0.40881(11) 0.00420(12)
O12W Fy g5y 0.16822(15) 0.5 0.4554(4)  0.0524(11) 046 1 0.74097(7) 0.5 0.4080(3) 0.0084(5)

Fi100) 0.16823(15) 0.5 0.4578(4)  0.0673(10) 1 0.74107(8) 0.5 0.4081(3) 0.0078(5)

Fiown 0.17384(6) 0.5 0.4560(3) 0.0347(4) 1 0.74180(4) 0.5 0.40801(16) 0.0049(2)
O13W Fi 301 0.83500(15) 0.5 0.1222(4)  0.0531(11) 0o51 1 0.09285(8) 0 0.0972(3) 0.0081(5)

Fi100) 0.83495(14) 0.5 0.1223(4) 0.0670(12) 1 0.09290(8) 0 0.0974(3) 0.0082(5)

Foosn 0.84030(7) 0.5 0.1227(3)  0.0363(4) 1 0.09385(5) 0 0.09842(17) 0.0102(3)
021 1 0.03129(6) 0.08863(11) 0.4816(2) 0.0170(4) 052 1 -0.04572(5) 0.13772(10) 0.0960(2) 0.0084(3)

1 0.03147(6) 0.08845(12) 0.4822(2)  0.0166(4) 1 -0.04553(5) 0.13768(11) 0.0960(2) 0.0083(4)

1 0.03274(3) 0.08759(6)  0.48234(13) 0.01178(15) 1 -0.04532(3) 0.13736(6) 0.09596(12) 0.00929(17)
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TABLE 5. —CONTINUED

Site  Composition/ X y z Ueq, A2 Site  Composition/ X y z Ueq, A2

Site occupancy Site occupancy
053 1 0.25950(7) 0.5 0.7638(3)  0.0086(5) 077 1 0.83322(5) 0.78549(10) 0.4153(2)  0.0064(3)

1 0.25957(8) 0.5 0.7641(3)  0.0078(5) 1 0.83337(5) 0.78549(11) 0.4153(2)  0.0061(4)

1 0.26006(4) 0.5 0.76602(18) 0.0094(3) 1 0.83357(3) 0.78536(5) 0.41565(11) 0.00533(16)
054 1 0.12095(5)  0.63780(11) 0.7626(2)  0.0084(3) 078 1 ~0.02343(5) 0.35715(10) 0.4149(2)  0.0068(3)

1 0.12117(5) 0.63761(11) 0.7627(2) 0.0081(4) 1 -0.02324(5) 0.35723(11) 0.4149(2) 0.0059(4)

1 0.12150(3)  0.63764(6) 0.76305(12) 0.00913(18) 1 0023383) 035703(5) 0.41628(11) 0.00424(16)
055 1 0.92611(7) 0.5 04303(3)  0.0081(5) 079 1 0.69095(5 0.35655(10) 0.4152(2)  0.0064(3)

1 0.92623(8) 0.5 0.4307(3)  0.0083(6) 1 0.69113(5) 0.35652(11) 0.4152(2)  0.0059(4)

1 0.92664(4) 0.5 0.43148(17) 0.0067(2) 1 069139(3) 0.35645(5) 0.41649(12) 0.00518(16)
056 1 0.78763(5)  0.36231(11) 0.4293(2)  0.0083(4) 081 1 003040(5) 0.23908(10) 04414(2)  0.0077(3)

1 0.78780(5)  0.36236(11) 0.4293(2)  0.0080(4) 1 0.03053(5) 0.23891(11) 0.4413(2)  0.0076(4)

1 0.78805(3)  0.36320(5) 0.42983(12) 0.00626(13) 1 003063(3) 0.23841(5) 044118(12) 0.00741(13)
061 1 ~0.00436(4)  0.19103(10) 0.77639(18) 0.0075(3) 082 1 0.10531(5) 0.83437(10) 04426(2)  0.0075(3)

1 -0.00420(4) 0.19080(12) 0.77638(19) 0.0076(4) 1 0.10545(5) 0.83442(11) 0.4426(2) 0.0070(4)

1 ~0.00351(3)  0.19146(5) 0.77681(11) 0.00633(16) 1 0.10607(3) 0.83348(5) 044439(11) 0.00632(16)
062 1 0.09822(5)  0.91229(10) 0.7764(2)  0.0075(3) 083 1 086516(5) 092536(10) 04418(2)  0.0072(3)

1 0.09825(5)  0.91243(11) 0.7766(2)  0.0076(4) 1 086538(5) 092530(11) 04417(2)  0.0068(3)

1 0.09871(3)  0.91294(5)  0.77741(12) 0.00705(16) 1 0.86554(3) 0.92528(5) 0.44191(12) 0.00716(17)
063 1 0.90691(5)  0.89698(10) 0.7764(2)  0.0075(3) 084 1 0.19706(5) 0.73903(10) 0.1079(2)  0.0077(3)

1 0.90713(5)  0.89695(11) 0.7764(2)  0.0072(4) 1 0.19719(5) 0.73892(11) 0.1079(2)  0.0076(4)

1 0.90683(3) 0.89642(5) 0.77646(12) 0.00759(17) 1 0.19725(3) 0.73883(5) 0.10820(12) 0.00724(16)
064 1 0.16236(5)  0.69093(10) 0.4431(2)  0.0076(3) 085 1 0.27199(5) 0.33432(10) 0.1092(2)  0.0076(3)

1 0.16246(6) 0.69084(10) 0.4431(2) 0.0068(4) 1 0.27211(5) 0.33443(11) 0.1093(2) 0.0070(4)

1 0.16275(3)  0.69063(6) 0.44319(12) 0.00845(14) 1 02723203) 033434(6) 0.10981(12) 0.00912(18)
065 1 0.26491(5) 0.41222(11) 0.4431(2) 0.0074(3) 086 1 0.03184(5) 0.42535(10) 0.1085(2) 0.0072(3)

1 0.26492(5)  0.41243(11) 0.4432(2)  0.0075(4) 1 0.03206(5) 042537(11) 01084(2)  0.0070(4)

1 026524(3)  041262(6) 0.44416(12) 0.00900(18) 1 0.03188(3) 0.42529(6) 0.10978(12) 0.00850(18)
066 1 0.07358(5)  0.39701(10) 0.4432(2)  0.0076(3) 087 1 086374(5) 0.73899(11) 07747(2)  0.0078(4)

1 007381(5)  039697(11) 0.4431(2)  0.0075(4) 1 0.86386(5) 0.73892(11) 0.7746(2)  0.0076(4)

1 007375@3)  0.39710(6)  0.44389(12) 0.00849(17) 1 0.86405(3) 0.73764(6)  0.77570(12) 0.00769(17)
067 1 0.82901(6) ~ 0.69096(10) 0.1096(2)  0.0073(3) 088 1 0.93863(5) 0.33438(11) 07759(2)  0.0072(4)

1 0.82913(6)  0.69083(10) 0.1099(2)  0.0070(4) 1 093879(5) 0.33449(11) 0.7759(2)  0.0070(4)

1 0.82973(3)  0.69029(5) 0.11016(12) 0.00772(14) 1 093903(3) 033350(5) 0.77891(12) 0.00655(14)
068 1 093156(5)  0.41225(11) 0.1098(2)  0.0073(4) 089 1 0.69849(5) 0.42539(10) 07752(2)  0.0073(3)

1 0.93161(5)  0.41238(11) 0.1098(2)  0.0070(4) 1 069873(5) 042537(11) 07751(2)  0.0067(4)

1 093177(3)  041264(5) 0.11004(11) 0.00576(16) 1 0.69867(3) 0.42547(5)  0.77620(12) 0.00613(13)
069 1 0.74028(5)  0.39691(11) 0.1097(2)  0.0076(4)

1 0.74048(5)  0.39697(11) 0.1099(2)  0.0073(4)

1 0.74067(3)  0.39686(6) 0.11080(11) 0.00639(17) 083 ———— 7
o071 1 ~0.00013(5)  0.28551(9) 0.08194(19) 0.0064(3) | + 0.3

1 0.00001(5)  0.28549(10) 0.0819(2)  0.0058(4) ) )

1 ~0.00008(3)  0.28546(5) 0.08325(11) 0.00587(16) —= T ]
072 1 0.14323(5)  0.85718(10) 0.0815(2)  0.0065(3) - Y —40.2

1 0.14341(5)  0.85719(10) 0.0817(2)  0.0062(3) Q L s >

1 0.14392(3)  0.85753(5) 0.08121(12) 0.00688(16) (IU /o 1 S
073 1 0.85762(4)  0.85654(10) 0.0818(2)  0.0065(3) 0.0} - ' 40.1 <

1 0.85779(5)  0.85652(11) 0.0818(2)  0.0065(3) PR

1 0.85803(3)  0.85659(5) 0.08314(11) 0.00587(16) L | <

_

074 1 0.16656(5)  0.78554(10) 0.7486(2)  0.0062(3) 0.00 P U I T 0.0

1 0.16668(5)  0.78558(10) 0.7486(2)  0.0063(4) 0 5 10 15 20

1 0.16698(3)  0.78502(5)  0.75018(12) 0.00739(17) 2Vo

)

o075 1 0.30988(5)  0.35714(10) 0.7481(2)  0.0064(3)

1 0.31008(5)  0.35722(11) 0.7484(2)  0.0062(4)

1 0.31011(3)  0.35590(6) 0.74858(12) 0.00813(17) FIGURE 7. The difference between the lattice constants @ and b

(triangles) and the mean difference of the Al concentrations in the Y

076 1 0.02428(5)  0.35661(10) 0.7484(2)  0.0064(3) . . o -

1 002448(5)  0.35651(10) 0.7485(2)  0.0060(4) octahedra in thet monoclinic al?proxlmatlpn, AAL = xy; — (xy; + Xy2)/2,

1 0.02458(3)  0.35646(6) 0.74749(12) 0.00781(17) (squares) vs. axial angle 2. Lines are guides to the eye.
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TaBLE6. Occupancies, fractional atomic coordinates and equivalent displacement parameters for the samples S1 (upper line), S6 (middle
line), and S5 (lower line) with e.s.d.s in parentheses in space group R1*

Site  Composition/ X y z Ueq, A2 Site Composition/ X y z Ueq, A2
Site occupancy Site occupancy
X NagsCageony O 0 0.23724(10)  0.01543(19) T6  SioosnBoosny  0.99873(6)  0.19022(5) -0.00100(10) 0.00385(16)
NagsonCaozon O 0 0.23736(11) 0.0165(2) SioosnBoozny  0.99886(6)  0.19021(6) -0.00108(10) 0.00429(18)
NagaryCaossny O 0 0.23734(13)  0.0108(2) SiooanBoossy  0.99961(7)  0.19029(7) -0.00184(12) 0.00379(17)
Y1 Alpssasblioass 0.12508(8)  0.06264(7)  0.63408(15) 0.0072(3) O1W  Fyos0) 0 0 0.7879(3) 0.0559(9)
Algssrelioass 0.12527(8)  0.06264(8)  0.63388(16) 0.0076(3) F1 08 0 0 0.7874(3) 0.0573(9)
Algsaoeliosng 0.12648(9)  0.06322(9) 0.63391(18) 0.0064(3) Fr00m) 0 0 0.7879(4) 0.0561(12)
Y2 Algasssliossasy  0.93855(10)  0.06204(9)  0.63349(18)  0.0097(4) 021 1 0.06269(15)  0.11992(11)  0.4807(2) 0.0167(3)
Algaseliosrae 0.93865(10)  0.06199(11) 0.6335(2) 0.0102(4) 1 0.06327(13)  0.12005(15)  0.4808(3) 0.0163(3)
Algsseeliossie  0.93888(13)  0.06221(13) 0.6333(3) 0.0074(5) 1 0.06583(17)  0.12040(15)  0.4813(3) 0.0163(4)
Y3 Algusasbliossssy 0.93842(9)  0.87634(9) 0.63378(18) 0.0095(4) 022 1 0.88106(13)  0.94009(13) 0.4777(3) 0.0158(3)
Algarseliosne 0.93856(10) 0.87639(10) 0.6336(2) 0.0106(4) 1 0.88108(15) 0.93987(15) 0.4782(3) 0.0155(3)
Alossoeliosso  0.93900(13)  0.87681(13) 0.6332(3) 0.0078(5) 1 0.88189(15) 0.94070(17) 0.4757(3) 0.0150(4)
Z1 Al 0.29802(6)  0.26085(6) 0.61144(11) 0.00563(10) 023 1 0.06243(15)  0.94251(14) 0.4808(2) 0.0167(3)
Al 0.29821(6)  0.26094(6) 0.61135(11) 0.00546(11) 1 0.06250(15) 0.94245(13)  0.4814(3) 0.0167(3)
Alio 0.29934(7)  0.26196(7) 0.61113(13) 0.00588(12) 1 0.06578(18) 0.94516(18) 0.4811(3) 0.0162(4)
72 Al 0.74136(6)  0.03789(5) 0.61101(11) 0.00550(10) 031 1 0.26810(13)  0.13407(11)  0.5096(2) 0.0102(3)
Alio 0.74160(6)  0.03797(6)  0.61098(11) 0.00549(11) 1 0.26790(12)  0.13390(12)  0.5098(2) 0.0101(3)
Alio 0.74240(7)  0.03855(7) 0.61054(14) 0.00577(12) 1 0.26767(15)  0.13368(14)  0.5092(3) 0.0101(3)
Z3 Al 0.96367(6)  0.70413(6)  0.61101(10) 0.00562(10) 032 1 0.86551(12)  0.13534(11)  0.5088(2) 0.0101(3)
Alio 0.96382(6)  0.70418(6) 0.61093(12) 0.00556(11) 1 0.86555(12)  0.13532(14)  0.5086(2) 0.0105(3)
Al;o 0.96444(7)  0.70504(7) 0.61037(13) 0.00582(12) 1 0.86596(14) 0.13607(14) 0.5078(3) 0.0106(3)
Z4 Al 0.74117(6)  0.70330(6)  0.61116(10) 0.00550(10) 033 1 0.86567(12)  0.73066(12) 0.5089(2) 0.0102(3)
Alio 0.74127(6)  0.70329(6)  0.61101(12) 0.00545(11) 1 0.86608(14) 0.73086(12) 0.5089(2) 0.0104(3)
Alio 0.74230(7)  0.70352(7)  0.61064(13) 0.00569(12) 1 0.86577(14)  0.72993(16) 0.5078(3) 0.0100(3)
75 Al 0.29793(6)  0.03715(5) 0.61138(11) 0.00571(10) 041 1 0.09303(11)  0.18469(11)  0.0743(2) 0.0081(2)
Alio 0.29805(6)  0.03713(6) 0.61137(12) 0.00556(12) 1 0.09302(12)  0.18462(11)  0.0742(2) 0.0080(3)
Alio 0.29924(7)  0.03713(7) 0.61112(13) 0.00568(12) 1 0.09372(13)  0.18450(14) 0.0741(3) 0.0083(3)
26 Al 0.96356(6)  0.25936(6) 0.61100(11) 0.00563(10) 042 1 0.81547(12)  0.90778(10) 0.0739(2) 0.0084(2)
Alio 0.96364(6)  0.25928(6) 0.61085(11) 0.00555(12) 1 0.81554(11)  0.90772(11)  0.0737(2) 0.0083(3)
Al 0.96450(7)  0.25920(7) 0.61042(13) 0.00597(12) 1 0.81581(14) 0.90771(14) 0.0732(3) 0.0082(3)
B1 1 0.11029(16)  0.21846(15) 0.4543(3) 0.0058(3) 043 1 0.09281(11)  0.90839(10) 0.0747(2) 0.0082(2)
1 0.11051(17)  0.21844(17) 0.4539(3) 0.0058(3) 1 0.09286(12)  0.90842(12) 0.0746(2) 0.0082(3)
1 0.11137(19) 0.2188(2)  0.4539(4) 0.0064(4) 1 0.09364(13)  0.90907(13)  0.0740(3) 0.0083(3)
B2 1 0.78296(16) 0.89139(14) 0.4536(3) 0.0060(3) 051 1 0.18576(12)  0.09287(11)  0.0964(2) 0.0081(2)
1 0.78329(17) 0.89142(17) 0.4535(3) 0.0059(3) 1 0.18597(12)  0.09300(12)  0.0965(2) 0.0083(3)
1 0.78386(19) 0.89179(19) 0.4531(4) 0.0061(4) 1 0.18743(15)  0.09374(14)  0.0960(3) 0.0087(3)
B3 1 0.11012(16)  0.89164(14) 0.4545(3) 0.0059(3) 052 1 0.90897(11)  0.09211(10)  0.0950(2) 0.0083(2)
1 0.11026(17) 0.89188(17) 0.4543(3) 0.0060(3) 1 0.90911(12)  0.09206(13) 0.0947(2) 0.0083(3)
1 0.11152(19)  0.89251(19) 0.4543(4) 0.0060(4) 1 0.91004(14)  0.09213(14) 0.0942(3) 0.0084(3)
T1 SioormBoos) 0.19296(6)  0.19063(5) 0 0.00384(16) 053 1 0.90876(11)  0.81664(11)  0.0955(2) 0.0085(2)
SioosmBooa 0.19313(6)  0.19070(6) O 0.00403(18) 1 0.90890(13) 0.81665(12)  0.0954(2) 0.0085(3)
SioorBoos) 0.19393(7)  0.19104(7) 0 0.00414(17) 1 0.91001(14) 0.81760(15) 0.0943(3) 0.0087(3)
T2 SioernBoos 0.81041(6)  0.00228(5) -0.00111(10) 0.00384(16) 061 1 0.19663(11)  0.18599(10)  0.7756(2) 0.0074(2)
Sis000) 0.81054(6)  0.00231(6) -0.00123(11) 0.00453(18) 1 0.19672(12)  0.18597 (12) 0.7755(2) 0.0073(3)
SioosmBoosc) 0.81114(7)  0.00260(7) -0.00180(13) 0.00416(18) 1 0.19744(13)  0.18576(13)  0.7752(3) 0.0073(3)
T3 SioosnBoos 0.99872(6)  0.80850(5) -0.00073(10) 0.00393(16) 062 1 0.81406(11)  0.01001(11)  0.7752(2) 0.0076(2)
SioosmBoosa) 0.99885(6)  0.80855(6) -0.00080(11) 0.00362(18) 1 0.81422(12)  0.01005(12)  0.7754(2) 0.0075(3)
SiooamBoos) 0.99960(7)  0.80913(7) -0.00168(13) 0.00392(18) 1 0.81449(13) 0.01048(14) 0.7749(3) 0.0076(3)
T4 SioernBoos) 0.81037(6)  0.80806(5) -0.00085(9)  0.00395(16) 063 1 0.99138(12)  0.80479(10) 0.7755(2) 0.0075(2)
Sioos1Booan) 0.81046(6)  0.80804(6) -0.00090(11) 0.00360(18) 1 0.99148(12) 0.80497(12) 0.7753(2) 0.0075(3)
SioosBooac) 0.81109(7)  0.80831(7) -0.00179(12) 0.00389(17) 1 0.99276(14) 0.80547(14) 0.7752(3) 0.0079(3)
T5  SiossnBooa 0.19287(6)  0.00232(5)  0.00005(10) 0.00412(16) 064 1 0.81408(11) 0.80393(10) 0.7755(2) 0.0076(2)
SioorBoos) 0.19302(6)  0.00239(6)  0.00001(10) 0.00363(18) 1 0.81431(12)  0.80401(12) 0.7753(2) 0.0075(3)
SioosmBoosc) 0.19391(7)  0.00275(7)  0.00008(13) 0.00392(17) 1 0.81444(13) 0.80388(14) 0.7752(3) 0.0080(3)

*The space group R1 was constructed using pseudohexagonal triclinic cell and adding (1/3, 2/3, 2/3) and (2/3, 1/3, 1/3) translational equivalents to each of the
atoms in the asymmetric unit.
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TABLE 6. —Continued TABLE7. Cation-oxygen bond lengths (A) in Y octahedra for the
Site Composition/ X y 7 Ueqr A2 tourmaline crystal structures refined in R3m, Cm, and R1
Site occupancy Sample S1 Sample S6 Sample S5
065 1 0.19654(11)  0.01054(11)  0.7756(2)  0.0073(2) Space group R3m
1 0.19650(12)  0.01058(12) 0.7753(2)  0.0074(3) Y-06x2 1.9849(18) 1.9835(19) 1.9787(16)
1 0.19724(13) 0.01131(14) 0.7753(3)  0.0074(3) -02x2 1.9963(18) 1.9961(19) 1.9986(16)
-01W 2.0270(32) 2.0222(33) 2.0213(27)
066 1 0.99147(12)  0.18670(10)  0.7755(2)  0.0075(2) -03 2.1797(27) 2.1710(30) 2.1785(27)
1 0.99170(12) 0.18678(12) 0.7755(2)  0.0073(3) <Y-0> 2.028(31) 2.025(30) 2.026(31)
1 0.99283(14) 0.18715(14)  0.7751(3)  0.0080(3)
Space group Cm
071 1 0.28671(11)  0.28615(10)  0.0806(2)  0.0065(2) Y11-021x%x2 1.9722(20) 1.9673(20) 1.9477(11)
1 0.28685(11) 0.28618(12)  0.0807(2)  0.0063(2) -062x2 1.9750(17) 1.9727(19) 1.9710(10)
1 0.28738(13)  0.28683(13) 0.0802(3)  0.0069(3) -01w 2.0348(19) 2.0369(19) 2.0449(14)
- 031 2.1552(25) 2.1471(26) 2.1269(15)
072 1 0.71562(11)  0.00128(10) 0.0810(2)  0.0065(2) <Y11-0> 2.014(30) 2.011(29) 2.002(29)
1 0.71573(12)  0.00131(12) 0.0808(2)  0.0064(3)
1 0.71632(13)  0.00160(14) 0.0806(2)  0.0065(3) Y12-023%x2 1.9714(20) 1.9678(21) 1.9482(12)
-065x2 1.9772(18) 1.9727(19) 1.9656(11)
073 1 -0.00006(11)  0.71439(10)  0.0812(2)  0.0063(2) -012wW 1.9990(41) 2.0016(40) 1.8797(19)
1 0.00003(12)  0.71439(11) 0.0810(2)  0.0063(2) -033 2.1539(26) 2.1475(26) 2.1421(14)
1 0.00068(13) 0.71488(14) 0.0810(2)  0.0067(3) <Y12-0> 2.008(29) 2.005(29) 1.975(36)
074 1 0.71541(11)  0.71427(10)  0.0809(2)  0.0065(2) Y13-025%2 1.9735(21) 1.9691(21) 1.9434(11)
1 0.71551(12)  0.71422(12) 0.0808(2)  0.0063(2) - 068 x2 1.9751(19) 1.9732(19) 1.9597(10)
1 0.71626(13)  0.71448(13) 0.0805(2)  0.0066(3) -013W 1.9986(41) 2.0003(38) 1.8933(21)
-035 2.1524(27) 2.1485(26) 2.1265(16)
075 1 0.28662(11)  0.00052(10)  0.0806(2)  0.0064(2) <Y13-0> 2.008(29) 2.006(29) 1.971(33)
1 0.28679(11)  0.00060(11)  0.0805(2)  0.0064(2)
1 0.28737(13)  0.00043(14) 0.0799(3)  0.0068(3) Y21 -061 1.9889(20) 1.9879(21) 2.0063(12)
- 063 1.9901(18) 1.9896(19) 1.9945(12)
076 1 -0.00011(11)  0.28543(10) 0.0812(2)  0.0064(2) -022 2.0033(20) 1.9995(21) 2.0006(14)
1 0.00007(11)  0.28549(12) 0.0809(2)  0.0062(2) -021 2.0252(20) 2.0231(21) 2.0563(13)
1 0.00061(13)  0.28545(13) 0.0811(3)  0.0065(3) -01w 2.0209(18) 2.0155(18) 2.0152(15)
- 032 2.1899(20) 2.1903(22) 2.2044(13)
081 1 0.21085(11)  0.27106(11)  0.4415(2)  0.0071(2) <Y21-0> 2.036(31) 2.034(32) 2.046(33)
1 021110(12)  0.27111(12) 0.4414(2)  0.0070(3)
1 0.21233(13)  0.27226(14) 0.4417(3)  0.0077(3) Y22 - 064 1.9894(20) 1.9873(21) 1.9782(12)
- 066 1.9912(19) 1.9898(19) 1.9902(12)
082 1 0.73080(11)  0.93991(10)  0.4408(2)  0.0072(2) -024 2.0039(20) 1.9999(21) 2.0156(12)
1 0.73099(12)  0.93997(12)  0.4406(2)  0.0071(3) -023 2.0234(21) 2.0226(21) 2.0661(13)
1 0.73102(14)  0.94001(14) 0.4406(3)  0.0074(3) -012W 2.0370(27) 2.0357(27) 2.0958(15)
-034 2.1911(21) 2.1897(22) 2.2136(13)
083 1 0.06089(11)  0.79145(10)  0.4403(2)  0.0077(2) <Y22-0> 2.039(31) 2.038(31) 2.060(36)
1 0.06109(12) 0.79156(12) 0.4403(2)  0.0077(3)
1 0.06177(14)  0.79258(14) 0.4394(3)  0.0079(3) Y23 - 067 1.9880(21) 1.9878(22) 1.9875(12)
- 069 1.9896(19) 1.9895(20) 1.9973(12)
084 1 0.73040(11)  0.79055(10) 0.4410(2)  0.0070(2) -026 2.0025(20) 2.0004(21) 2.0083(12)
1 0.73060(12)  0.79052(12) 0.4411(2)  0.0072(3) -025 2.0240(21) 2.0216(22) 2.0354(13)
1 0.73104(14)  0.79088(14)  0.4405(3)  0.0077(3) -013wW 2.0402(28) 2.0359(27) 2.1127(16)
-036 2.1894(22) 2.1891(22) 2.1907(12)
085 1 0.21066(11)  0.93980(10) 0.4414(2)  0.0074(2) <Y23-O0> 2.039(31) 2.037(31) 2.055(33)
1 0.21081(12)  0.93985(12) 0.4415(2)  0.0072(3)
1 0.21215(13)  0.93989(14) 0.4419(3)  0.0077(3) Space group R1
Y1-021 1.9708(20) 1.9668(22) 1.9445(25)
086 1 0.06087(11)  0.26930(11)  0.4402(2)  0.0076(2) - 065 1.9768(16) 1.9734(18) 1.9633(20)
1 0.06103(12) 0.26924(12) 0.4400(2)  0.0076(3) - 061 1.9761(16) 1.9774(18) 1.9633(20)
1 0.06179(14)  0.26900(14) 0.4391(3)  0.0078(3) -01w 2.0366(16) 2.0350(16) 2.0538(18)
*The space group R1 was constructed using pseudohexagonal triclinic cell and -023 1.9770(20) 1.9763(22) 1.9492(25)
adding (1/3,2/3, 2/3) and (2/3, 1/3, 1/3) translational equivalents to each of the - 031 21545(21) 2.1459(20) 21327(23)
atoms in the asymmetric unit. <Y1-0> 2.015(30) 2.012(29) 2.001(31)
. . . Y2 -062 1.9915(20) 1.9887(20) 1.9904(24)
crystal structure could be considered monoclinic. This mono- 06 1.9925(17) 1.9954(20) 1.9920(24)
clinic approximation agrees with the analysis of the intensities ~022 2.0081(21) 2.0098(23) 2.0079(27)
of the equivalent reflections (Fig. 4) and seems to be justified. -o1w 20182(17) 2.0145(19) 20151(23)
. - . -021 2.0228(24) 2.0256(23) 2.0534(28)
However, a more detailed analysis shows that the site Y2 always _032 2.1944(20) 2.1964(23) 2.1995(28)
contains less Al than site Y3 (Tables 5-6, Fig. 6). For the samples ~ <Y2-0> 2.038(32) 2.038(32) 2.043(33)
S1, S6, and S5, the differences are equal to 0.028, 0.052, apd V3 063 1.9880(17) 1.9865(19) 1.9931024)
0.011, corresponding to 5, 9, and 2 e.s.d.s, respectively. The dif- _064 1.9895(20) 1.9861(19) 1.9940(24)
ferences in occupancies also correlate with the mean Y-O bond - 822 1-9979520; 1-9941222; 2-0003227;
. -01W 2.0206(17 2.0200(18 2.0152(23
lengths (Tables 67, Fig. 6), so that for the samples S1 and S6 —o23 20218(24) 20160(23) 20516(28)
the best fitting model corresponds to triclinic symmetry. For the - 033 2.1881(20) 2.1875(22) 2.2025(28)
<Y3-0> 2.034(31) 2.032(32) 2.043(33)

sample S5, however, differences in occupancies are too small to
be unambiguously confirmed and formally the symmetry should

Note: The e.s.d.s for the mean values <Y-O> are calculated from the scatter of
the individual bond lengths.
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be considered as monoclinic. We believe that the symmetry of
this sample is nevertheless triclinic but with a very small devia-
tion from monoclinic.

Thus, the crystal symmetry should be basically considered
as monoclinic with different degrees of triclinic distortions. To
characterize the degree of triclinic distortions, we introduce the
value & = (xy| — xy,)/(xy; — Xy,), which is close to 0 for monoclinic
symmetry and is about 1 for the triclinic crystal structure without
any pseudomonoclinicity. This value is equal to 0.20, 0.37, and
0.04 for the samples S1, S6, and S5, respectively, suggesting
significant triclinic distortions for the samples S1 and S6 and
slight or even negligible distortions for sample S5. A similar
symmetry variability was observed for isomorphous series of
ugrandite garnets (Wildner and Andrut 2001; Shtukenberg et al.
2005) and sodium chlorate-bromate (Shtukenberg et al. 2004).

In the refined structures, the Z sites are fully occupied by AI**,
and the mean cation-oxygen bond lengths <Z-O> ranges only
from 1.903 to 1.907 A for the three samples (Table 8). Hence, the
<Z-0O> distances are essentially the same and consistent with the
mean <Z-O> bond lengths reported for five elbaite-liddicoatite
tourmalines with Z sites fully occupied by Al and Y sites nearly
fully occupied by Al and Li (Nuber and Schmetzer 1981; Burns et
al. 1994; MacDonald and Hawthorne 1995; Rozhdestvenskaya et
al. 2005). The same applies to the mean <T-O> and <B-O>bond
lengths: 1.615-1.620 and 1.372—1.380 A, respectively (Table 8)
as compared to 1.616-1.621 and 1.370-1.379 A reported by the
above authors. Only the <X-O> vary between 2.623-2.633 A
(Table 8) and are thus somewhat shorter than the reported 2.645—
2.675 A. This suggests minor amount of vacancies at X sites in
our samples (0.07-0.13 apfu (Table 2) compared with 0.26-0.44
apfu in four from five samples, whose crystal structures were
refined in the above mentioned papers; amount of vacancies in
the fifth sample is only 0.01 apfu, and it is characterized by the
minimal <X-O> distance equal to 2.645 A).

The <T-O> bond lengths observed are somewhat shorter than
the typical Si-O bond length. The possible explanation is partial
occupancy of the T sites by B that was found in several papers
(Hughes et al. 2000; Schreyer et al. 2002; Marshall et al. 2004;
Ertl et al. 2005). Indeed, refinement of corresponding occupan-
cies (Tables 4-6) argues for a minor (up to 0.06 apfu) admixture
of B at the T sites in all samples studied.

Selected mean bond lengths (A) with e.s.d.s calculated from
the scatter of the individual bond lengths for the tourmaline
crystal structures refined in R3m, Cm, and R1

TABLE 8.

Space group  Sample S1 Sample S6 Sample S5
<X-O> R3m 2.628(123) 2.624(127) 2.623(128)
Cm  2.629(63)-2.630(63) 1.629(63) 2.624(61)-2.633(65)
R1 2.629(63) 2.629(63) 2.627(63)
<Z-O> R3m 1.906(17) 1.903(17) 1.904(17)
Cm 1.905(18) 1.905(16)-1.906(18) 1.904(16)-1.907(19)
R1  1.906(18)-1.907(17) 1.905(16)-1.907(18) 1.904(18)-1.905(19)
<B-O> R3m 1.375(6) 1.376(7) 1.377(4)

Cm  1.375(6-1.377(10)
R1  1.376(6)-1.377(10)
<T-O> R3m 1.620(11)

1.376(5)-1.377(9)
1.376(6)-1.376(12)  1.374(7)-1.377(11)
1.618(11) 1.617(11)
Cm 1.617(10)-1.619(12) 1.617(10)-1.619(12) 1.615(9)-1.620(15)
R1  1.618(12)-1.620(10) 1.618(12)-1.620(10) 1.617(13)-1.618(12)
Note: The ranges given for the mean bond lengths <Z-O>, <B-O>, and <T-O>
(space group R1) indicate that the individual ZO,, BO;, and TO, coordination
polyhedra remain essentially unaffected by the symmetry reduction.

1.372(3)-1.380(6)

685

DISCUSSION

The growth ordering of the Li and Al atoms results from the
reduction of the bulk crystal symmetry to that of the growth front
(i.e., to the symmetry of a face or of a step in the cases of normal
or tangential growth, respectively). The {0221} tourmaline faces
have the point group symmetry m, and steps on these faces have
the symmetry 1 (or m if the step is perpendicular to the mirror
plane in the trigonal crystal structure). This means that the dis-
symmetrization should lead either to monoclinic symmetry when
the crystal grows by normal mechanism or to triclinic when it
grows by step motion on the face. In the first case, the three
initially equivalent Y octahedra are divided into two groups: Y1
located on the mirror plane, and Y2 and Y3, linked by a mirror
plane and having equal occupancies. In the second case, all three
Y octahedra of the same triad are non-equivalent and can have
different occupancies. However, due to the preservation of the
R-lattice actually only two different occupancies are to be consid-
ered for Cm (rather than six as allowed by Cm) and likewise only
three for R1 (rather than nine as allowed by P1). This is because
in R3m, the triads of the Y octahedra are related by translation
symmetry and therefore have to be equally occupied, even in
the course of growth dissymmetrization (Bulka et al. 1980). It is
exactly this result that has been experimentally observed.

Finally, one can compare the distribution of the site occupan-
cies with the atomic structure of the growth front. Figure 8 shows
a projection of the tourmaline crystal structure onto the (2021)
face. With respect to this growth face the Y2 and Y3 octahedra
possess the same orientations and environments. The orientation
and surroundings of the remaining Y1 octahedron differs from
those of Y2 and Y3 so that a basis for an ordered distribution
of the cations over the two types of Y sites is established. With
respect to any growth step on the (2021) faces (which is not
parallel to the [T210] direction), all three types of octahedra Y1,

FIGURE 8. Projection of the tourmaline crystal structure on the
(2021) growth face, ([1210] horizontal). Light gray tetrahedra denote
Si0, groups, black triangles BO; groups, gray circles X (Na, Ca) sites,
and black circles Z (Al) sites. Variation in Y-site occupancy is shown
by different gray levels.
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Y2, and Y3, are different and allow for three different occupan-
cies. Like other minerals of pegmatite veins, tourmaline crystals
are formed by tangential growth due to step motion along the
crystal face. Since this can explain the triclinic symmetry and
the different occupancies of the three Y octahedra, the growth
dissymmetrization hypothesis correctly predicts the crystal sym-
metry and the relative distribution of occupancies.

As seen from Figure 7, differences in the lattice constants,
a — b, as well as the differences in the occupancies of the Y
sites, AAl = xy; — (Xy, + Xy3)/2, correlate with the axial angle
2V. This suggests that the cation ordering is the main reason
for the anomalous biaxiality of the tourmaline samples studied.
Certainly, other reasons for optical anomalies such as internal
stress can also affect the observed optical pattern; however, such
contributions are not expected to be significant. On the other
hand, an internal stress originating from the zoning and sector
zoning compositional inhomogeneities might be a reason for the
variation of the optic axial plane orientations within the growth
sectors (Fig. 2).

The growth induced ordering found is also supported by the
strong increase of the axial angle going from S1 to S5 and S6
(Fig. 3). Since the overall chemical compositions of all samples
are nearly the same (Tables 2 and 4), the marked axial angle
variations as well as the degrees of Al/Li ordering (Fig. 6) can be
ascribed to changes of the growth conditions, e.g., to a decrease
of the growth temperature and/or of the growth rate in the late
stages of the crystal growth.
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