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INTRODUCTION

In terms of numbers of species, Mollusca is the second 
largest phylum of modern invertebrates (between 50 000 and 
200 000 species). The Mollusk shell is produced by the mantle, 
a soft shell-like outer cover, and is commonly composed of one 
or two common polymorphic varieties of calcium carbonate: 
calcite and/or aragonite, the structure and arrangement of which 
are taxonomically dependent (Boggild 1930; Taylor et al. 1969, 
1973). It is now well known that these exoskeletons, which 
formed by an organic matrix-mediated process, have morpho-
logical, chemical, and physical properties that are not shown by 
the corresponding abiotic aragonitic and calcitic crystals. The 
microstructures of the aragonitic layers are diverse (crossed 
lamellar, prismatic, nacre, etc.) whereas chemically they are 
characterized by low Sr contents. The microstructures of the 
calcitic layers are also diverse, as well as their chemical com-
positions. These shells are biocomposites containing inorganic 
and organic phases, and dealing only with the mineral phases is 
restrictive. Much of what is known about carbonate biominerals 
and biomineralization processes and models is deduced from 
the nacre, an aragonitic structure only known in Mollusk shells 
(Nakahara 1983; Weiner and Traub 1984; Levi-Kalisman et al. 
2001; Gotliv et al. 2003).

The biomineralization process of Mollusk shells involves 
an organic matrix composed of acidic macromolecules. These 
macromolecules are said to control the morphology, mineral-
ogy, and chemical composition of the shell layers. Since the 
Þ rst evidence of the presence of organic matrices, most studies 
have focused on the protein content. Much of what is known 
about the intraskeletal organic matrices is based on analyses 
of the components released by the decalciÞ cation of the shells. 
Consequently, data on the presence, abundance, and location of 

the organic matrices and their role in biomineralization processes 
are still scarce. In situ analyses of the organic matrices in car-
bonate skeletons are not so easy to perform. Among the possible 
chemical elements, C and O also are present in the minerals, H 
is too light to be detected by most analytical systems, and N is 
present only in proteins. Calcium sulfate is not known to occur 
in the carbonate skeletons of mollusk shells (Lowenstam and 
Weiner 1989), but S is potentially present in both proteins in 
the form of the S-containing amino acids (cysteine, cystine, and 
methionine), and acidic sulfated sugars respectively (Dauphin et 
al. 2003; Dauphin 2003).

As early as 1960, Watabe and Wilbur (1960) showed the role 
played by organic matrices in the crystallization of biominerals. 
In 1964, Wada (1964) detected the presence of S in biocrystals, 
and subsequently proposed that sulfated groups, as polysac-
charides [a form of carbohydrates: molecules made up of C, O, 
and H arranged in a ring structure; general formula Cm(H2O)n], 
play a major role as active sites and nucleation centers (Wada 
1980). SpeciÞ c stains showed the presence of sulfate in the na-
creous layer of the cephalopod Nautilus: the central part of the 
interlamellar membrane of each aragonitic tablet contains high 
SO4 levels (Crenshaw and Ristedt 1976). Since then, sulfated 
mucopolysaccharides have been proposed to play important 
roles in the formation of mineralized tissues (Kitano and Hood 
1965; Addadi et al. 1987; Constantz and Weiner 1988; Arias 
et al. 2004). Despite these pioneering works, studies of S in 
invertebrate shells are few in number, and there is still very 
little direct in situ evidence of the presence, distribution, and 
composition of these S-containing macromolecules. Because 
of the technical improvements in protein characterization, most 
studies are dealing only with the analysis of proteins (e.g., 
clonage, sequencing), even though their potential role in the 
biomineralization processes is not yet determined. Among the 
thousands of living organisms that secrete a carbonate skeleton, 
the presence of sulfated sugars has been established in less than * E-mail: dauphin@geol.u-psud.fr
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ABSTRACT 
The microstructure and composition, including chemical speciation of S, of the calcitic and arago-

nitic shell layers of two mollusc shells were investigated using a combination of thermogravimetric 
analyses, scanning electron microscopy, electron probe microanalyses, and X-ray absorption near-edge 
structure spectroscopy. Microprobe analyses show the different chemical contents of the shell layers, 
whereas in situ XANES maps and spectra show the dominance of organic sulfate over S aminoacids 
(cysteine, cystine, and methionine). Also, the distribution of S species is different for different structures 
within the shell. Growth lines are clearly seen in the chemical species maps. These results suggest that 
studies focussing exclusively on the protein contents of biominerals are not sufÞ cient to understand 
the role of the organic matrices in the biomineralization and diagenetic processes. 


