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Abstract
Dark blue lazurite from the Malo-Bystrinskoe lazurite deposit, Baikal Lake area, Eastern Siberian 

region, Russia, was analyzed by electron microprobe and revealed an unusually high content of total 
sulfur corresponding to 8.3 wt% S. The relative content of sulfur in sulfate and sulfur in sulfide form 
was determined by wet chemical analysis. The H2O content was measured by means of differential 
thermal analysis in combination with mass spectrometry and infrared (IR) spectroscopy. The charge-
balanced empirical formula of lazurite calculated on the basis of 12 (Al+Si) atoms per formula unit 
was (Na6.97Ca0.88K0.10)Σ7.96[(Al5.96Si6.04)Σ12O24](SO4)2–

1.09(S3
–)0.55S2–

0.05Cl0.04·0.72H2O. The presence of H2O 
molecules and (S3)– and (SO4)2– groups was confirmed by the combination of IR, Raman, electron 
paramagnetic resonance (EPR), and X-ray photoelectron spectroscopy (XPS) methods. The idealized 
formula of lazurite is Na7Ca[Al6Si6O24](SO4)2–(S3)–·H2O, and it is believed that extra-framework cat-
ions and anions are grouped into clusters of [Na3Ca·SO4]3+ and [Na4(S3)–]3+. The types of isomorphous 
substitutions in nosean and haüyne are discussed. Lazurite is a clathrate-type mineral, which may be 
an effective (S3)– sensor due to the stability of the trisulfur radical anion in isolated cages of the crys-
tal structure. This specific feature makes it possible to study the behavior of this ubiquitous radical 
anion over larger T and P ranges as compared to free species. This kind of lazurite, with oxidized and 
reduced sulfur species, seems to be appropriate for the estimation of the fugacity of SO2 and O2 in 
metasomatic systems forming lazurite-containing rocks. The systematic presence of incommensurate 
modulations is a unique structural feature of Baikal lazurite and may be an important marker indicat-
ing provenance of the mineral.
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Introduction
The mineral lazurite belongs to the large family of feld-

spathoids (so-called cancrinite-sodalite family) whose frame-
works contain six-membered rings of Si- and Al-centered 
tetrahedra. These rings form different strata denoted by the letters 
A, B, and C. Every ring is linked to three rings of the preceding 
layer and to three rings of the succeeding layer. The stacking 
sequence of the A, B, C layers determines the topological type 
of framework. Minerals and synthetic materials with sodalite-
type framework topology (the ABC∞ stacking sequence) are 
characterized by specific microporous structures with so-called 
sodalite cages (β-cages) hosting different cations, anions, and 
neutral molecules. In the current International Mineralogical 
Association (IMA) list of minerals, the idealized formula of 
lazurite is given as Na3Ca(Si3Al3)O12S.

Lazurite is one of the main components of the rock lapis 
lazuli, which has long attracted attention as a beautiful orna-
mental gemstone. Well known are ancient lazurite artifacts, 
such as vases, boxes, statues, amulets, and carved art products. 
The State Hermitage Museum (St. Petersburg, Russia) exhibits 
lazurite-lined countertops and a vase carved from a monolithic 

stone. In addition to using the material for stone-cutting products 
and jewelry, lazurite powder was used in painting. Renaissance 
artists produced ultramarine, an excellent blue paint prepared 
from the powder of the “heavenly stone,” wax, and oil. The 
paint did not fade in the sun and was not damaged by dampness 
or fire. Ultramarine was used to paint the blue sky, the blue sea, 
and even the robe of the Virgin Mary. It was applied by Raphael, 
Leonardo da Vinci, Michelangelo, and many other painters. 
The paint was considered indispensable, not only for painting 
but also in dyeing expensive clothes (Ivanov and Sapozhnikov 
1985; Gadiyatov 2012).

It was supposed that the blue color of the stone is associated 
with molecular radical ions (S3)– and (SO4)– within its structure 
(Samoilovich 1971). Most researchers have accepted the rela-
tionship between the blue color of lazurite and the radical ion 
(S3)– as an indisputable fact (Platonov et al. 1971). Nevertheless, 
it has been noted that sulfur is present mainly in the form of 
sulfate in both synthesized and natural S-bearing blue sodalite-
type compounds, with the polysulfides concentrated below the 
detection limit of X-ray absorption near-edge spectroscopy 
(XANES) and XPS methods (Fleet et al. 2005). According to the 
EPR data, the color centers observed in lazurite and ultramarine 
have a “hole” nature, in other words, they form by the loss of an 
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