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INTRODUCTION

Since the 19th 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 

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 Þ eld 

(Transbaikalia region, Russia) is pink and about 2 cm long and 0.5�1 cm in di-
ameter. The crystal has a prismatic habit and consists of growth sectors of prisms 
(m{1010} and a{1120}) and pyramids (o{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 �ß uorphlogopite� 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,■■)(Al,Li,Mn,Fe,Ti)3Al6(Si6

O18)(BO3)3(O,OH)3(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 reÞ nements, three tourmaline samples with sig-
niÞ cantly different 2V values (S1, S5, and S6) were cut from different sections of * E-mail: sasha@as3607.spb.edu
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ABSTRACT

Optical anomalies and crystal structures have been studied for an elbaite-liddicoatite tourmaline 
specimen from the Malkhan pegmatite Þ eld (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 Þ rst to the last growth zones of the most devel-
oped growth sector, o{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 reÞ ned 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 Þ nal choice of the low symmetry space group R1 is based on the analysis of 
the diffraction patterns and on the results of crystal structures reÞ nements, 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 reß ects 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. 
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