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aBstract

Tourmalines form the most important boron rock-forming minerals on Earth. They belong to the 
cyclosilicates with a structure that may be regarded as a three-dimensional framework of octahedra ZO6 
that encompass columns of structural “islands” made of XO9, YO6, BO3, and TO4 polyhedra. The overall 
structure of tourmaline is a result of short-range and long-range constraints resulting, respectively on the 
charge and size of ions. In this study, published data are reviewed and analyzed to achieve a synthesis 
of relevant experimental results and to construct a crystal-chemical model for describing tourmalines 
and their compositional miscibility over different length scales. Order-disorder substitution reactions 
involving cations and anions are controlled by short-range structural constraints, whereas order-disorder 
intracrystalline reaction involving only cations are controlled by long-range structural constraints. The 
chemical affinity of a certain cation to a specific structural site of the tourmaline structure has been 
established on the basis of structural data and crystal-chemical considerations. This has direct implica-
tions for the tourmaline nomenclature, as well as on petrogenetic and provenance information. Some 
assumptions behind the classification scheme of tourmaline have been reformulated, revealing major 
agreement and significant improvements compared to earlier proposed scheme.
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introduction

The tourmaline supergroup minerals are chemically complex 
cyclosilicates rich in boron. They are the most common and the 
earliest boron minerals formed on Earth (Grew et al. 2016). 
Tourmalines are widespread in Earth’s crust, typically occurring 
in granites and granitic pegmatites but also in sedimentary and 
metamorphic rocks (Dutrow and Henry 2011; van Hinsberg et 
al. 2011). Tourmalines also preserve important records of the 
geological conditions in which they form in the lithosphere, thus 
it is important that we understand how to read these records (e.g., 
Dutrow and Henry 2011). The general formula may be written as: 
XY3Z6T6O18(BO3)3V3W, with X = Na+, K+, Ca2+, o (= vacancy); 
Y = Al3+, Cr3+, V3+, Fe2+/3+, Mg2+, Mn2+, Li+, Ti4+; Z = Al3+, Cr3+, 
V3+, Fe2+/3+, Mg2+; T = Si4+, Al3+, B3+; B = B3+, V = (OH)–, O2–; W 
= (OH)–, F–, O2– being the most common constituents. The letters 
in the formula (X, Y, Z, T, and B, not italicized) represent groups 
of cations at the [9]X, [6]Y, [6]Z, [4]T, and [3]B crystallographic sites 
(letters italicized). The letters V and W represent groups of anions 
at the [3]O3 and [3]O1 sites, respectively. The H atoms occupy the 
H3 and H1 sites, which are related to O3 and O1, respectively.

Since the publication of the nomenclature of the tourmaline-
supergroup minerals (Henry et al. 2011), several new members 
of tourmaline have been approved by the Commission on New 
Minerals, Nomenclature and Classification (CNMNC) of the 
International Mineralogical Association (IMA). These include 
oxy-species characterized by high contents of Al3+, Cr3+, V3+, 
and Fe2+/3+, which have provided a better understanding of the 
tourmaline crystal chemistry. This paper will present a general 

picture of the tourmaline structure and crystal chemistry, showing 
major factors controlling stability and chemical constraints from 
a short- and long-range structural viewpoint. The critical recogni-
tion of the importance of charge and size of atoms in determin-
ing crystal-chemical properties and miscibility behavior will be 
emphasized as well as critical comments on the assumptions 
behind the classification scheme of tourmaline. The importance 
of the crystal-chemical control of the tourmaline composition has 
direct implications on nomenclature as well as on the petrogenetic 
and provenance information (e.g., Hawthorne and Henry 1999).

tourmaline constituents and species

The compositional range of tourmaline is remarkable, includ-
ing important constituents with more than one oxidation state 
(e.g., Fe2+-Fe3+ and Mn2+-Mn3+) and other characterizing synthetic 
tourmalines (e.g., Ag+, Co2+, Ni2+, Cu2+, and Ga3+; London et al. 
2006; Rozhdestvenskaya et al. 2012; Vereshchagin et al. 2013, 
2015, 2016). A total of (at least) 26 relevant constituents, in terms 
of concentration or occurrence, have been unambiguity identified 
in tourmaline (Table 1). These constituents are very different in 
charge and size and accommodate into 7 crystallographic sites 
(X, Y, Z, T, B, O1, and O3); the other sites (O2, O4, O5, O6, O7, 
and O8) are solely occupied by oxygen. Moreover, the number 
of constituent-coordination environments is relatively large, 
compared to most other minerals: [3], [4], [6], and [9] coordi-
nation. Thus, tourmaline violates the Pauling’s parsimony rule, 
which emphasizes that the number of topochemically different 
environments in a structure tends to be small (Hawthorne 2006). 
In theory, this relatively large number of substantially different 
sites would decrease the stability, but tourmaline exists over 
environments that extend from the surface of the crust to the 


