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Article history: Molluscan shells have always attracted the interest of researchers, from biologists to physicists, from
Received 25 April 2007 paleontologists to materials scientists. Much information is available at present, on the elaborate
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architecture of the shell, regarding the various Mollusc classes. The crystallographic characterization of
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the different shell layers, as well as their physical and chemical properties have been the subject of
several investigations. In addition, many researches have addressed the characterization of the biological
component of the shell and the role it plays in the hard exoskeleton assembly, that is, the
biomineralization process. All these topics have seen great advances in the last two or three decades,
Electron microscopy gxpanding our knowledge on the §hgll properties, in terms (?f struFture. fu_nctior}s and co_mposition. This
Infrared spectroscopy involved the use of a range of specialized and modern techniques, integrating microscopic methods with
X-ray diffraction biochemistry, molecular biology procedures and spectroscopy. However, the factors governing synthesis
Electron diffraction of a specific crystalline carbonate phase in any particular layer of the shell and the interplay between
organic and inorganic components during the biomineral assembly are still not widely known.

This present survey deals with microstructural aspects of molluscan shells, as disclosed through use
of scanning electron microscopy and related analytical methods (microanalysis, X-ray diffraction,
electron diffraction and infrared spectroscopy). These already published data provide relevant
information on shells and also contribute for better understanding the biomineralization process.

© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

Molluscan shells are typical biocomposites, essentially consisting
of calcium carbonate crystals associated with an organic matrix
resulting in a lightweight product of highly elaborate morphologies,
endowed with unique structural properties. The organic matrix is
synthesized in the extrapallial compartment of the animal and
provides the framework upon which the inorganic crystals nucleate,
become oriented and grow (Wilbur, 1972; Simkiss and Wilbur,
1989; Addadi et al.,2006; Nudelman et al., 2006). This crystallization
process of shell calcium carbonate is a lifelong incremental activity
that depends on several intrinsic and environmental factors.

It is well known that only two major phases of calcium carbonate,
aragonite and calcite are present in the structure of shells, which are
organized in three layers: the innermost layer is the aragonitic nacre
and the outer one, usually prismatic, is comprised of either aragonite
or calcite. In between, a layer of obliquely crossed crystals - the
crossed-lamellar layer, is frequently present. The entire structure is
externally covered with uncalcified periostracum. This is a general-
ized and oversimplified shell model, as there are many combinations
of structural patterns, characteristic of the several classes, as
detailed in Watabe (1984, 1988).

Molluscan shells act as a system of choice for biomineralization
studies. Compared to other composite materials, shell presents
superior mechanical properties (stiffness, fracture toughness,
tensile strength) due to a complex architecture and the involve-
ment of biological macromolecules (Weiner and Addadi, 1997;
Currey, 1999; Checa et al., 2005). At present, many reports are
available about the intricate organization of the mineral phases
(Grégoire, 1972; Carter, 1980a; Wilbur and Saleuddin, 1983); the
crystallographic orientation within individual layers (Chateigner
et al.,, 2000; Feng et al., 2000a; DiMasi and Sarikaya, 2004); the
influence of the biological phase on crystalline species (Grégoire,
1972; Pereira-Mouriés et al., 2002a) and on the properties of
biological components (Weiner and Traub, 1980; Simkiss and
Wilbur, 1989; Chateigner et al., 2000). Such knowledge is likely to
help the synthesis of materials for technological and biomedical
applications (Kaplan, 1998). As noted by several investigators
(Mann, 1996; Lin and Meyers, 2000), understanding the principles
and processes involved in mineralizing biological systems would
considerably contribute to the development of new “biomimetic”
materials. Many experimental approaches addressing these topics
are underway (Meldrum, 2003).

Besides this current interest, fossil molluscan shells are valued
markers in stratigraphic and paleoecological studies (Carter, 1990a).
Fossilized calcified parts present additional criteria for phylogenetic
studies on this group of animals (Salvini-Plawen, 1980). Structural
and microstructural features of shells (Carter, 1980b; Hickman,
2004; Checa et al., 2005; Taylor and Reid, 1990) are valuable in
ascertaining systematic and evolutionary relationships within the
phylum Mollusca. Comprehensive reviews are available on all the
above topics (Grégoire, 1972; Wilbur, 1972; Watabe, 1984, 1988).

More recently, important data relating structural details of the
shell to a biological activity were obtained, as resultant from the
application of modern techniques, some of which were formerly
restricted to biologists. It is well known that formation of the
mineral phase of the shell is closely associated with the biological

matrix, essentially comprised of polysaccharide (-chitin and
glycoproteins. The presence of chitin was demonstrated in several
instances, by different means: Weiner and Traub (1980) used X-ray
diffraction; Weiss et al. (2002a) applied chemical and biochemical
reactions and nuclear magnetic resonance; Weiss and Schonitzer
(2006) utilized confocal laser scanning microscopy to characterize
chitin during the larval shell developmental stages. Weiss et al.
(2002b) were also able to detect the presence of an amorphous
calcium carbonate phase in early developmental stages of bivalve
shells, using infrared and Raman image spectroscopy, polarization
microscopy, as well as scanning electron microscopy (SEM).

The distribution of macromolecules within the organic matrix
could be detected in nacre crystals of Nautilus by means of
immunotechniques and SEM (Nudelman et al, 2006). X-ray
diffraction and SEM were applied in texture analyses of shell layers
by Checa (2000). High resolution images of the biological matrix
were obtained in Atrina serrata, by cryo-transmission electron
microscopy (Levi-Kalisman et al., 2001). Atomic force microscopy
was used by Giles et al. (1995) in in situ experiments to locate sites of
aragonite overgrowth in the same genus, Atrina sp. Several matrix
proteins that are very important for the biomineralization processes
were identified in the various shell layers by Zhang and Zhang
(2006), using molecular genetic techniques. Similarly, proteins
isolated from Pinna nobilis were characterized by SDS-PAGE
techniques, molecular genetics and immunohistological methods
(Marin and Luquet, 2004, 2005). A comprehensive view of the
mineralizing role of these (very acidic) proteins in molluscs is
provided in Marin and Luquet (2007). The biological matrix as a
whole also was thoroughly characterized at the macromolecular
level by Bezares et al. (2008). All these new achievements to mention
just a selection, have considerably contributed to the understanding
of mechanisms involved in shell biomineralization. In this particular
process, known as biologically controlled (extracellular) miner-
alization, ions are nucleated outside the cell upon the matrix, i.e., the
organic framework comprised of (3-chitin and acidic macromole-
cules (Veis, 2003; Weiner and Dove, 2003). These biomineralization
topics have been reviewed in several books (Simkiss and Wilbur,
1989; Mann, 1996; Dove et al., 2003), and in reviews and chapters
(Carter, 1980a; Meldrum, 2003; Weiner and Dove, 2003). Carter
(1980a,b, 1990a), provided a nearly complete guide for the
identification of Bivalve shell structures. Gastropods shell organiza-
tion was reviewed by Bandel (1990). In all these studies, electron
microscopy has played a fundamental role, in the identification of
minute structural details at a resolution well beyond that of light
microscopy. An important landmark in the characterization of
molluscan shells was established early in 1930 by O.B. Beggild, who
pioneered the application of polarization microscopy to sectioned
specimens. However, this method is currently of limited use.
According to Carter and Ambrose (1989), the merits of using
polarization microscopy have been largely surpassed in favor of
scanning electron microscopy. Historically, a great progress was also
obtained with the use of X-ray diffraction techniques, followed by
transmission electron microscopy. Modern methods of investigation
also include other important tools, such as cryo-ultramicrotomy
(Levi-Kalisman et al., 2001), atomic force microscopy (Giles et al.,
1995; Weiner and Addadi, 1997; Sikes et al., 1998); high voltage TEM
(Rousseau et al.,2005) and several analytical routes, such as electron
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Table 1
Specimens used for morphological studies.

Taxon Class/source

Bivalvia: freshwater.
Itapecerica da Serra, SP
Bivalvia: Heterodonta, marine,
uncertain origin

Anodontites trapezialis
Lamarck, 1819

Macrocallista maculata
Linnaeus, 1758

Achatina fulica Bowdich, 1822 Gastropoda: Stylommatophora,
terrestrial, Sdo Paulo
Gastropoda: freshwater,
Heliario Modelo, Sdo Paulo
Gastropoda: freshwater,
Ribeirdo Pires, SP

Gastropoda: freshwater,
Ribeirdo Pires, SP

Pomacea lineata Spix, 1827

Melanoides tuberculatus
Miiller, 1774
Physa cubensis Pfeiffer, 1839

Dentalium (s.l.) Scaphopoda: marine (sand dweller)
uncertain origin

Scaphopoda: marine, 175 m deep mud,
Atlantic coast®

Scaphopoda: marine, 175 m deep mud,
Atlantic coast?

Scaphopoda: marine, 175 m deep mud,
Atlantic coast®

Scaphopoda: marine, 175 m deep mud,
Atlantic coast?

Coccodentalium Sacco, 1896("
Fustiaria Stoliczka, 1868"
Plagyoglypta

(+ two other unidentified shells)

@ Station 6606, W. Besnard ship 27°48.0'S; 47°24.1'W.

diffraction, microanalysis, chromatography, infrared (FTIR) and
Raman spectroscopy (Addadi and Weiner, 1992; Checa, 2000; Fu
et al,, 2005). Preparative procedures especially devised for micro-
structural studies of shells are discussed in Carter and Ambrose
(1989).

In 2 of this survey selected topics on shell microstructure and
properties are reviewed. Data obtained from analytical methods
are presented in 5. Original micrographs included throughout are
from our specimens of Conchifera: Bivalvia, Gastropoda and
Scaphopoda (Table 1). Shells of the bivalve and gastropods used
herewith are well documented in Simone (2006). Spectroscopic
essays were carried out with specimens listed in Table 2.

2. Morphological aspects

In addition to the protective exoskeleton, a remarkable number
of mineralized structures occur in molluscs, like radula, operculum
and darts. Simkiss and Wilbur (1989) recognized at least 26 of such
structures, containing 20 mineral types. Other examples of
aragonitic and calcitic structures in Gastropoda were provided by
Bandel (1990). The shell itself is always composed of calcium
carbonate crystals, arranged in a particular layering, characteristic
for each of the six classes: Monoplacophora, Polyplacophora,
Gastropoda, Bivalvia, Scaphopoda, and Cephalopoda. According to
Carter (1990a), this crystals order constitutes the shell architecture,
i.e., the orientation of the main crystalline layers, relative to the bulk
of a shell. The basic arrangement of minor units is more significant
than the architecture, such as rods, tablets and blades, in any given
layer of the shell. These are the microstructures of a shell, clearly
resolved through scanning electron microscopy, and that represent

valuable criteria for shell identification. The following are major
microstructural groups established by Carter (1980a) for bivalves:

Microstructural groups Microstructural categories

1. Prismatic 1. Aragonitic prismatic

2. Spherulitic 2. Calcitic prismatic

3. Laminar 3. Nacreous, aragonitic

4. Crossed 4. Porcelaneous, aragonitic
5. Homogeneous 5. Foliated

6. Isolated spicules and spikes 6. Calcitic

7. Isolated crystal morphotypes

Each of these groups and categories is divided into subgroups,
all of them illustrated in Carter’s Appendix 2B (Carter, 1980Db).
These data complement and extend those of Bgggild (1930) in his
broad, light microscopic treatise on molluscan shells. In a
subsequent publication, Carter (1990b) presented a glossary of
terms and definitions pertaining to all mineralizing phyla,
excluding protozoa. In most cases, microstructures observed in
SEM coincide with the texture patterns characterized by X-ray,
except for some more complex crystalline arrangements (Cha-
teigner et al., 2000). A lack of uniformity is observed among
different authors, regarding the identification and nomenclature of
the various shell layers (see Watabe, 1984, 1988). Grégoire (1972)
presented a concise classification of structures, based on data
collected by scanning electron microscopy (SEM) and transmission
electron microscopy (TEM), namely:

. Homogeneous (HOM).

. Prismatic.

. Foliated.

. Nacreous.

. Grained.

. Crossed-lamellar (CLL).

. Complex crossed-lamellar (CCL).

N W =

In this review, Grégoire (1972) established a relation between
the crystalline categories and their distribution in molluscs
families or genera. A rather complete, and indeed valuable, table
of data relates investigators, materials studied and abstracts of
results regarding the organic components of shells, going back to
1900.

What follows is an attempt to review mollusc shell micro-
structure, as resultant from the application of microscopical
methods; these data are, as far as possible, also correlated with
available analytical investigations. In addition, incursions are
made on the tubular shells of Scaphopoda. Comparatively, this
smaller class of Molluscs has been given less attention, and will be
considered separately.

2.1. Methodology
The routine preparation for scanning microscopy followed

essentially that of Carter and Ambrose (1989): small shells or
fractured parts of larger ones, un-polished and un-etched, were

Table 2
Calcium carbonate polymorphs observed in specific locations of molluscan shells.
Class Species Structure Mineral References
Gastropoda Haliotis laevigata Nacreous Aragonite Nassif et al. (2005)
Amorphous
CaCOs3
Strombus gigas Lamellar Aragonite Kamat et al. (2000)
Cephalopoda Nautilus pompilius Shell powder Aragonite Velazquez-Castillo et al. (2006)

Monoplacophora Micropilina arntzi Nacreous

Aragonite Cruz et al. (2003)
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sonicated in water, dried and coated with gold sputtering. Whole
mounts of the insoluble organic matrix, isolated from shells of
gastropods Physa cubensis and Achatina fulica, were studied in the
light microscope, also using the conventional periodic acid-Schiff
(PAS) cytochemical staining. For SEM studies, the matrices of both
prismatic and nacreous layers of Anodontites trapezialis were
obtained by decalcifying the shell in EDTA (6% solution followed by
8% solution, 1 week duration). After washing in water, they were
impregnated with osmium tetroxide followed by tannin solutions,
dehydrated in ethanol, critical point dried and gold sputtered.
Except for Fig. 7C and D, SEM used throughout was a Jeol JSM 840-
A, operated at 25 or 12 kV.

Fragments of periostracum of the same bivalve were fixed in
glutaraldehyde/osmium tetroxide solutions, embedded in Epon
resin, sectioned and stained for observation in a Philips CM-200
transmission electron microscope (TEM), operated at 160 kV. The
hinge ligament of A. trapezialis was mechanically dissociated,
sonicated in ethanol and spread onto carbon films for TEM studies;
selected area electron diffractions (SAED) of these were obtained at
200 kV.

2.2. Microstructures

2.2.1. Prismatic structures

The outer crystalline layer of the molluscan shell, most
prominent in bivalves, consists of either aragonitic or sometimes
calcitic prisms. Carter (1980a) recognized four main categories of

. —

prismatic structures: simple prismatic, fibrous prismatic, spheru-
litic prismatic and composite prismatic. Grégoire (1972) reviewed
earlier data on the mineral composition, crystallography and
matrix-mineral relations of the prismatic layer, using X-ray
diffraction, polarization microscopy and TEM. In bivalves, prisms
align with their long axes perpendicular to the outer surface of the
shell, i.e., they are vertically oriented under the periostracum, in a
compact arrangement; however, in Mytilus edulis, a 45° inclination
occurs (Feng et al.,, 2000a). This is clearly demonstrated using
selected area electron diffraction and X-ray diffraction. In Mytilus
and Pinctada martensii, investigated by Checa et al. (2005), in
Pinctada radiata (Nakahara and Bevelander, 1971) and in other
marine bivalves, the prisms are calcitic. As a rule, prisms are
polycrystalline, created from longitudinally running units (Checa,
2000; Grégoire, 1967; Dauphin, 2003).

The scanning microscope shows “feather-like” surface struc-
ture in aragonitic prisms, due to variously oriented striations,
whereas calcitic prisms show transverse periodicities, as if
comprised of stacked disks (Grégoire, 1972; Checa, 2000).
Fig. 1(A-D) illustrates well-formed, aragonitic, simple prismatic
elements of A. trapezialis, also studied by Callil and Mansur (2005).
The prisms reach about 1 mm high, have polygonal bases, mostly
hexagonal, varying from 20 to 50 pwm on side; the fractured surface
is rough, demonstrating their polycrystalline character (Fig. 1B);
see also Grégoire (1961, Fig. 7). Periodic growth lines are present
on the prism faces of A. trapezialis (Fig. 1C, asterisks); a matrix
cements the prisms together (Fig. 1C and D). A similar coat is

Fig. 1. Prismatic layer of Anodontites trapezialis shell (Bivalvia), fractured in a plane perpendicular to its outer surface. (A) The aragonitic simple prisms, about 1 mm high, were
cut at different levels. (B) End-on view of the crystals showing hexagonal or pentagonal bases; their polycrystalline character is evident. (C) Periodic growth steps (*) and
remains of the biological matrix decorate the lateral surfaces of all prisms. (D) Underside of the periostracum of another shell, showing continuity of the thick interprismatic

matrix (arrowed). SEM, 25 kV.
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present on the calcitic prisms of P. nobilis and Pinctada margaritifera
(Dauphin, 2003). The prisms are embedded in a thick organic coat -
the conchiolin layer of Grégoire (1961, 1972). Gastropod prisms are
not so prominent, consisting of either calcite or aragonite, as
identified in X-ray analyses. Bandel (1990) recognized in
representatives of this class a number of transitions, for instance,
from acicular fibrous prismatic structures to simple lamellar,
crossed-lamellar, structures; from homogeneous to acicular
crystallites and spherulitic columns; from composite prismatic
to crossed-lamellar, etc. Other arrangements are to be found in
gastropodes, for example, helical, scaly, dendritic, structures. In
monoplacophorans, Neopilina hyalina (Weiner and Addadi, 1997)
and Micropilina arntzi (Cruz et al., 2003), both prismatic and
nacreous layers are aragonitic.

2.2.2. Crossed-lamellar structures

This is considered the most frequent shell arrangement, found
in classes Gastropoda, Bivalvia, Scaphopoda and in the Polypla-
cophora Chiton. It consists of layers of fine prismatic or sometimes
lath like, aragonitic crystals that interdigitate and cross along
opposite directions, at variable angles, along different layers.
Equivalent crossed structures of calcitic nature are referred to as
foliated layers, which have been reported in fossil specimens of
oysters and scallops by Runnegar (1984) and in several gastropods
by Taylor and Reid (1990).

A general scheme of crossed-lamellar layer (CLL) organization is
illustrated in Fig. 2 (Reprinted, with permission, from Dauphin
etal., 2003b. Copyright (2009) by EDP Sciences). The larger CLL units,
known as first order lamellae, are comprised of successively
smaller bundles of elongate prismatic units, known as the second,
third, forth, up to sixth order. Particularly well-formed crossed-
lamellar layers are aragonitic, according to several authors
(Boggild, 1930; Haas, 1972; Dauphin and Denis, 2000). The first
order lamellae pile up in layers, however, keeping their main axes
rotated at a fixed angle, more frequently at 45-60°, along
consecutive layers. As a result, this complex arrangement can
exhibit various aspects, according to the observation plane. Such
construction tends to impose difficult propagation of a crack wave
in a given direction in the shell (Currey, 1988).

A bulky CLL is present in the shell of Strombus gigas, similar to
“ceramic plywood”, which results in a high fracture toughness
(Kamat et al., 2000). Yet, other substructures of crossed-lamellar
layers are common in Gastropoda (Bandel, 1990; Taylor and Reid,
1990).

Fourth
\orcler unit

N
\

Third
krder unit
Fourth

\
\

—\ order
unit

Fig. 2. Schematic drawing to illustrate organization of the crossed-lamellar layer (CLL) in shell of Concholepas concholepas (Gastropoda). Five levels of crystalline arrangements
are recognized: the largest blocks, or 1st order lamellae, orientate at about 80°, relative to one another. Each lamella is made up of successively smaller units, down to the
individual rod-like crystals, which represent the sixth order units (from Dauphin et al., 2003b). Permission of ELS-OXF L.Gould@elsevier.com.

Two main arrangements are possible. More frequently, the
crystals intersect at 45-60°, as found in several gastropods
(Fig. 3A), or the crystals cross at right angles, forming a square
grid, as seen in Conus virgo (see Simkiss and Wilbur, 1989) and
Pomacea lineata (Fig. 3B). Scaphopoda have a very prominent
aragonitic, complex, crossed-lamellar layer (Fig. 3C and D). This
arrangement (CCL) has already been demonstrated by Shimek and
Steiner (1997) and by Reynolds and Okusu (1999). Reynolds (2002,
Fig. 7) described the existence of two (unequal) CCLs in a shell of
Dentalium laqueatum. Carter (1990b) listed up to eight varieties of
crossed-lamellated microstructures that occur in molluscs. The
obliquely crossing CLL, quite prominent in Scaphopoda shells, may
account to about half the thickness of their walls, as is the case in
Dentalium and Coccodentalium, Fig. 3C and D, respectively. Alzuria
(1985) described “acicular” prisms in D. vulgare. Crystals in shells
of gastropods P. cubensis and A. fulica form lozenges, with
complementary angles of 60° and 120°, whereas in another
gastropod, ill-shaped elongate crystals are arranged in a rather
loose packing (Fig. 3E).

2.2.3. Nacreous structures

This is the innermost furrow of the shell, always aragonitic in
nature, exclusive to Mollusca, found in bivalves, Gastropods and in
the septal chambers of Cephalopod Nautilus. Nacre crystals are
always aragonitic, laminated, usually presenting sharp edges. The
crystals are about 500 nm thick, and they form stacks along a fixed
spacing of some 30 nm, filled with biological matter (Addadi et al.,
2006). Two arrangements are known: the sheet nacre model of
Bivalvia and Cephalopoda, in which the individual tablet-like
crystals are slightly displaced along subsequent rows, mimicking a
“brick-and-mortar wall” when in profile view; and the “columnar
stacking” model, characteristic of Gastropoda (Watabe, 1988).
Accordingly, the vertical piling-up of crystals in these shells
promotes the formation of columns or pyramids. The regular
interspacing of crystals with the organic matrix builds up a rather
strong material, whose physical properties - high tensile strength,
compressive strength and bending strength - surpass those of a
number of others. Mechanical properties of different molluscs shell
components were determined by Currey (1988); of these, nacre
ranks first. Very recent studies of Bezares et al. (2008) on shell
biomineralization in Haliotis rufescens relate its mechanical
properties to the presence of chitin in the organic framework of
the matrix. These authors used an extensive list of immunochem-
ical and cytochemical procedures, combined with atomic force and

Secqnd
orden unit
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order unit
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\ \ unit
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scale)

\\ unit


mailto:L.Gould@elsevier.com

674 S.M. de Paula, M. Silveira/Micron 40 (2009) 669-690

Fig. 3. SEM images of different crossed lamellar layers (CLL) occurring in shells of Gastropoda (A, B and C) and Scaphopoda (D and E). (A) Transversely fractured, hand polished
shell of a freshwater pulmonate gastropod, in which consecutive layers of first order lamellae (1, 2, 3) are rotated at angles of about 30°. These lamellae are neatly formed by
needle-like prismatic subunits. (B) Pomacea lineata CLL. The plate-like crystals pile up in columns about 50 pm thick, with an orthogonal arrangement. (C) Shows elongate,
lath like, irregular, thin prisms from a CLL of Achatina fulica (Gastropoda). (D) Transversely fractured, hand polished shell of Dentalium sp., showing superimposed first order
lamellae, obliquely oriented at about 60° relative to each other; this layer forms the bulk of the shell’s wall. (E) Shell of Coccodentalium sp., in a transverse fracture. Thinner
lamellar elements are less distinct; they intersect in arcs at about 120°, so as to form lozenge patterns (*). The individual prisms are unclear (Refer also to Fig. 11G).

scanning microscopies, to obtain a “molecular mapping” of the
individual nacre platelet. A comparative study of the two
distinctive arrangements, their microstructures and mode of
formation, is presented by Wise (1970). These various depositional
arrays seem related to the shell calcification mode and would
represent useful criteria to studies on phylogeny of the Mollusca.

Axes a and b of the aragonitic tabular crystals coincide with the
depositional direction in the shell, i.e., parallel to the outer surface
of the shell. Their smooth surface - “mother of pearl” - gives a
characteristic luster to many bivalve shells, due to light diffraction

in the micro-laminate crystals (Tan et al., 2004). The outstanding
properties of the nacreous layer are related to the insoluble
biological matrix, known to be consisted of a chitin-protein
complex that would guide the mineral deposition (Levi-Kalisman
et al., 2001; Weiss and Schoénitzer, 2006). The same evidence was
obtained by Cartwright and Checa (2007), who identified that the
matrix contains (3-chitin molecules, possibly in a liquid-crystal
phase, plus silk-fibroin and some glycoproteins, originated in the
extrapallial liquid. These macromolecules bind and stabilize the
chitin layer, forming the membrane, a fibrous composite. Then, the
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mineral phase, calcium carbonate, occupies the space between the
interlamellar sheets. Upon crystallization, a composite material of
outstanding mechanical properties is obtained (Song et al., 2003;
Cartwright and Checa, 2007). This biological layer extends along
the surfaces of the individual crystals (interlamellar sheets) and
between the individual crystals (inter-crystalline sheets). Weiss
et al. (2002b) showed that calcium carbonate is deposited upon
this organic framework, initially in the amorphous phase and
subsequently converted to crystalline aragonite. Nassif et al.
(2005) documented in situ this crystallization process, using a
sectioned nacre platelet of Haliotis laevigata, originally coated with
amorphous CaCOs; (ACC). Following irradiation of high energy
electron beams (200 and 400 keV) in the HVEM, a phase
transformation of amorphous to crystalline nacre could be
documented. The application of selected structural techniques,
such as cryo-sectioning for transmission electron microscopy
(Levi-Kalisman et al., 2001); high resolution TEM (Nassif et al.,
2005); atomic force microscopy (AFM) (Giles et al., 1995; Sikes
et al.,, 1998; Dauphin et al., 2003b) and X-ray diffraction methods
(Checa and Rodriguez-Navarro, 2005) has considerably contrib-
uted to a better characterization of nacre as a biomineral, at a
nanoscale dimension (Rousseau et al., 2005). Hou and Feng (2003)
investigated the interface between aragonite tablets of M. edulis
and the intervening organic matrix, using chemical and ion-milling
etching methods: they concluded that both mineral bridges and
heteroepitaxial phenomena are involved in the growth of nacre. In
either case, it seems that the formation of the structural (biologic)
matrix containing [3-chitin, precedes the crystal nucleation, which
involves the participation of silk-fibroin and acidic macromole-
cules.

A nacreous layer is apparently absent from Scaphopoda and
Polyplacophora shells. In Gastropoda, nacre is of columnar type,
comprised of small crystalline units, “stacked-up” in pyramids
(Wise, Jr., SW., 1970). The typical “brick-wall” arrangement as
found in shells of Cephalopoda and Bivalvia is illustrated in Fig. 4A.
At higher magnification (Fig. 4B and C), the surface of the crystals
seems rough, likely representing residues of the interlamellar
matrix. A quite distinct pattern of nacreous layer was described by
Cruz et al. (2003), in the shell of monoplacophoran M. arntzi. Field
emission TEM images also show rough surface, and electron
diffractograms confirmed the aragonitic nature of nacre. Other
interesting microstructures of this shell require further identifica-
tion.

Addadi et al. (2006) recently proposed a new “working model”
for the nacreous layer growth in bivalves and cephalopods, which
involves the following steps: first, the matrix is assembled, which
is followed by the deposition of a transient amorphous calcium
carbonate in colloidal form; then, the controlled nucleation of
individual aragonite platelets upon the matrix occurs. Thickening
of the deposit is most prominent along the c-axis (vertical
direction). This way, hydrophobic silk proteins are pushed
sideways to prevent from incorporating into the aragonitic
structure. Comparative studies on nacreous layer arrangement
and formation in different molluscs were carried out by Wise
(1970), who correlated it with ecological adaptations; the author
claims the usefulness of such details for studies on Mollusc
phylogeny. The nacreous layer formation, according to Cartwright
and Checa (2007), begins with chitin molecules, secreted in the
extrapallial space, that join to form sheets or very long liquid-
crystal chains, whose diameter is around 20-30 nm. These chains
form a discontinuous sheet or mesh of B-chitin, with which
glycoproteins and silk-fibroin molecules associate. Calcium
carbonate ions are then deposited upon this chitinous mesh.
Formed crystals are likely to have defects, such as screw or edge
dislocations, that may guide the mineral deposition. In Gastropoda,
the nacre crystallites pile up into columns, vertically aligned,

Fig. 4. Nacreous layer of the bivalve, Anodontites trapezialis. (A) In a transverse
fracture, the nacre shows the typical “brick-wall” arrangement of stacked plate-like
crystals. Note the uniform thickness of crystals, about 0.5 wm. In oblique views (B
and C), the crystals seem foliated, with polygonal edges. (C) This enlarged view
demonstrates that the surfaces of the tablets are rough, with irregular patches,
likely representing residues of the interlamellar biological matrix.
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whereas in Bivalvia, they are slightly displaced along contiguous
rows, to assume the brick and wall arrangement. Briefly, these
authors compare aragonite crystals to a “mineral that incorporates
organic fibers” and the biological membrane to a “composite of
chitin crystals embedded in a proteinaceous matrix”.

Shells of cephalopod Nautilus pompilius consist of a nacreous
layer, externally covered with an even harder material, described
by Mitchell and Phakey (1995) as the porcellaneous outer layer
that has a granular structure (also referred to as a spherulitic
prismatic layer). A periostracum covers the shell surface. Nudel-
man et al. (2006) demonstrated that the nacre of this same species
is very thick, comprising hundreds of stacks of layered aragonitic
crystals. The complete shell decalcification provided a clear view of
the hexagonal arrangement of the biological matrix around the
aragonite plates (intertabular matrix). Histochemical and immu-
nolabelling studies allowed mapping four specific functional zones
under the surface of each platelet, which would correspond to the
successive stages of crystal development. The experimental
success of these studies is attributable to the decalcification of
the samples in ion exchange resin to avoid the conventional use of
EDTA.

Recently, Dauphin et al. (2008) identified a transitional layer
between the calcitic prismatic and the nacreous layers, in shells of
P. margaritifera, a species of “pearl oyster”. The interface between
the two quite distinct layers would consist in a very thin stratum
(less than 20 wm thick) of a “fibrous aragonite” that can be
characterized neither as aragonite nor as calcite. This is resolvable
only with AFM. A combination of selected structural and spectro-
scopic techniques was used in that investigation (micro-X-ray
absorption; FTIR; confocal microscopy and AFM), in addition to
SEM, that allowed the precise mapping of elemental locations in
this reduced (mineralizing) area.

Another advance in the understanding of nacre formation is
provided by Bezares et al. (2008), who used a wide spectrum of
methodologies, including fluorescence microscopy, enzymatic
digestion, immunolabelling, amino acid analysis, the tapping
operational mode in AFM and SEM. As a result, it was possible to
provide a macromolecular mapping of the interlamellar layer for a
single aragonite platelet having nano-dimensions, and determine
the mechanical forces related to the chitin fibers that represent up
to 6.9% of the insoluble framework. This study confirms and
extends previous results of Nudelman et al. (2006): it allowed the
identification of structural chitin and specific sites of other
macromolecular groups within each nacre tablet of aragonite.

2.2.4. Homogeneous structures

This microstructural category — the HOM structure — according
to Carter (1980a) would form various deposits or layers of fine
grained material, whose diameter is less than 5 pm, of uncertain
mineralogical characterization. Such aragonitic or calcitic particles
look homogeneous under SEM and they may occur at specific
regions (Chateigner et al., 2000; Kobayashi and Samata, 2006;
other examples in Watabe, 1988). In scaphopod Coccodentalium,
the outermost longitudinal ribs of the shell seem to be filled with
such finely structured mineral, as detectable in SEM, in cross-
fractured shells.

2.2.5. Spherulitic structures

Spherulites are aggregates of needle-like or foliated crystals
that, radiating from a common center, assume a mushroom-
shaped or spherical volume; they are frequently found in shells of
Bivalvia and Gastropoda, usually linked with growth or regenerat-
ing steps. In Cephalopoda, spherulites were reported in Nautilus
macromphalus (Meenakshi et al., 1974), Cepea nemoralis (Watabe,
1981) and N. pompilius (Addadi and Weiner, 1992). These
aggregates may not constitute a compact layer, unless under

competition growth, when they form a spherulitic prismatic layer.
Meenakshi et al. (1974) demonstrated compact spherulitic
prismatic layers formed under experimental conditions in shells
of Nautilus. The prisms grew associated with an organic membrane,
completing the layer within 30 days. Checa (2000) studied
biomineralization of the periostracum in Unionidae bivalve shells
that also begins in association with fibrous spherulites, promoting
the formation of both prismatic and nacreous layers. The
morphological data were complemented with polarization micro-
scopy and X-ray texture analyses. Important data on shell
formation and organization of microstructures of bivalves are
further provided in a series of subsequent studies by Checa and
collaborators (Checa and Rodriguez-Navarro, 2001, 2005; Checa
et al., 2005, 2006).

In A. fulica (Gastropoda), spherulites occur in close relation to a
smooth (biological) membrane. At first, spindle-shaped crystals
are found, that seemingly join together at one extremity to assume
a stellate aggregate, then thicken and originate solid crystals
(Fig. 5A and B). Involvement of the organic membrane is clearly
documented (arrowed, Fig. 5A).

Disk-shaped deposits of calcium carbonate frequently asso-
ciated with organic matter occur on some nacreous surfaces, such
as in Pinctada (Wada; see Wilbur, 1972); they might correspond to
sites of crystals nucleation and growth. Similar images are found
for instance on the periostracal inner surface of bivalve A.
trapezialis, where circular patches of mineralized/mineralizing
material are seen (Fig. 5C); their diameters (5-10 m) match those
of the aragonitic “banded” prisms, shown in the profile in Fig. 5D.

Early studies on the formation and growth of prisms were
carried out by Nakahara and Bevelander (1971), using thin
sectioned material and TEM. The authors concluded that the
formation of both nacreous and the prismatic layers in the shell of
P. radiata are very similar. Calcitic prisms and aragonitic nacre
seem to have a common origin within the proximal region of the
mantle fold, in the pallial space. The essential point is that
synthesis takes place in a defined and restricted mineralizing
compartment; in shells, this is limited by the periostracum and the
mantle epithelium. Crystallization will occur only after a super-
saturated solution is achieved there and crystal nucleation starts.

Investigations on shell structure and composition are essential
for complete clarification of the biological phenomena involved in
shell formation, growth mechanisms and biomineralization
(Weiner and Dove, 2003). This subject has been thoroughly
addressed in several excellent reviews: Wilbur (1972); Lowenstam
and Weiner (1989); Simkiss and Wilbur (1989). Important recent
researches focus on the direct involvement of biological macro-
molecules in the biomineral assembly: Addadi and Weiner (1992);
Addadi et al. (2001, 2006); Nudelman et al. (2006); Marie et al.
(2007); Marin and Luquet (2007).

According to Checa (2000), the inner face of the periostracum of
different Unionidae bivalves is directly involved in the synthesis of
the prismatic layer. Mineralization initiates there, from fibrous
spherulites, which grow towards the shell interior and by
competition aggregate into prismatic crystals. These studies were
supported by texture analyses and careful polarization microscopy
methods.

2.3. Biological components of the shell

2.3.1. The shell matrix

The mineral phase of the mollusc shell is intimately associated
with a biological material, or matrix, that binds the crystals
together from their early stages of assembly, in both prismatic and
nacreous layers. This biological component represents less than 5%
of the entire shell volume (Marxen et al., 1998; Marin and Luquet,
2004; Dauphin, 2006); however, it is an integral part of the shell
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Fig. 5. Spherulitic structures that occur in Achatina fulica (A and B); and Anodontites trapezialis (C and D). (A) Clusters collected from the surface of the columella. At this early
stage of development, spindle-shaped crystallites (arrowed) make close contact with a smooth, organic membrane (*). In a more advanced growth stage (B), crystalline
aggregates take on a radial distribution, with thickened crystals (central part, arrowed). (C) Concentric spherulitic patches that occur under the surface of the periostracum of
A. trapezialis. The central region of each unit is depressed, from where incipient prisms likely originate. In (D), vertical fracture passing through a similar area as in (C),
illustrates the contact region between the homogeneous periostracum (PE) and the growing prisms (arrowed). The apical portion of prisms has neat transverse striations;

downwards, a rough matrix covers the surface of all prisms.

and is responsible for crystal nucleation, growth and physical
properties. Therefore, knowing how this is achieved is extremely
important to understand the whole mineralization process. Levi-
Kalisman et al. (2001) examined vitrified sections of the matrix of
the bivalve Atrina, at high resolution TEM. The presence of 3-chitin
was clear, forming a highly ordered periodic arrangement; a silk-
gel phase is found between these sheets. This model is reproduced
here, in Fig. 6 (from Levi-Kalisman et al. (2001); with permission of
Elsevier) and demonstrated a layering of the organic matrix within
which mineralization could take place. The organic matrix is
formed by [3-chitin, silk-like proteins and acidic glycoproteins, rich
in aspartic acid. These results contrast with the pioneer images of
“conchiolin” obtained in dry samples by Ch. Grégoire (for instance,
in Grégoire, 1960, 1972, 1974).

A fraction of biological material is also present in the
periostracum and the ligament of bivalves (see below). Therefore,
both are considered only partly mineralized components of the
shell.

The matrix has been frequently investigated. Two fractions are
present, one is the (water)-soluble fraction, and the other is the
insoluble component. Although convenient, this solubility criter-
ion is questionable, as both fractions share some common features
in their amino acid sequences. Structural aspects of the insoluble
fraction have been carefully studied by transmission and scanning

.— [-Chitin
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Fig. 6. Three-dimensional model for the biological matrix of nacre from A. serrata, as
proposed by Levi-Kalisman et al. (2001). In this model, based on cryo-microscopy
results of demineralized samples, the matrix would consist mainly of layered (-
chitin fibrils interspaced with silk-fibroin gel layers. The surfaces of the chitin layers
would be in contact with a “discontinuous” covering of aspartic acid-rich
glycoproteins, embedded in the silk-gel of fibroin (from Levi-Kalisman et al.,
2001). By Permission of Elsevier/Copyright Clearance Center.
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electron microscopy; it forms a distinct envelope around the
crystals, showing variable patterns (Grégoire, 1961). It is
essentially inter-crystalline, and acts as the framework upon
which crystals are deposited. Therefore, the dissolution of the
crystalline matter of the shell allows not only a clear three-
dimensional view of the insoluble matrix, but also a means of its
biochemical characterization (Tong et al., 2002; Dauphin et al.,
2003a,b). The matrix basically contains proteins, carbohydrates,
polysaccharides and lipids. The soluble fraction is essentially
associated with the surface of the insoluble and structured matrix,
and also found within the crystals (Tong et al., 2002).

The insoluble matrix isolated from fully decalcified shells of two
gastropods, A. fulica and P. cubensis, respectively, Fig. 7A and B, as
examined in the light microscope, demonstrates the presence of
filaments arranged in a reticulate pattern. The fibrillar system gave
a positive reaction of carbohydrates, using the conventional PAS
method, being unreactive in the controls; at this low magnification,
it was not possible to distinguish whether the filaments could
correspond to collagen-like fibrils. Matrices from bivalve A.
trapezialis, isolated, respectively, from the nacreous layer
(Fig. 7C); and from the prismatic layer (Fig. 7D), following
complete shell demineralization in EDTA, also demonstrate fine

periodicities (about 10-15 nm thick) embedded in the membrane
(Fig. 7C), that likely correspond to the framework of chitin fibrils.

Similar “beads” are also recognized in the isolated prismatic
matrices that form a quite structured “honeycomb” arrangement
(Fig. 7D). Several repeat bandings can also be identified in these
“molds” of the dissolved aragonitic prisms. Tong et al. (2002) and
Checa et al. (2005) had previously demonstrated these unusually
thick interprismatic membranes in other molluscs shells. The
mineral deposition dynamics and the biological and chemical
reactions underlying it have not been completely explained.
Recent studies by Cartwright and Checa (2007) emphasize the
complexity of the phenomena involved, of biological and physical-
chemical nature. The matrix is present between each crystalline
layer and also within the crystals, comprised of crystalline subunits
(Grégoire, 1961; Checa and Rodriguez-Navarro, 2001; Tong et al.,
2002; Cartwright and Checa, 2007).

2.3.2. Periostracum

The periostracum is the outermost, protective covering of
mollusc shells; it is essentially organic, proteinic, but in part
mineralized and it is also involved in shell formation. For certain, a
periostracum occurs in Bivalvia and in Gastropoda. Its presence in

Fig. 7. Insoluble fraction of biological matrices isolated from shells of two gastropods and one bivalve, following complete dissolution of their crystalline phase. (A) Achatina
fulica (terrestrial gastropod): a reticulate organization is seen, due to obliquely crossing, thin striations. Light microscopy, unstained preparation. (B) Physa cubensis
(freshwater gastropod). Similar preparation as in (A), followed by staining in the periodate-Schiff reagent (PAS). Light microscopy. Reactive sites correspond to organic matrix
fibrils, randomly distributed within the pellicle. (C and D) SEM images of the insoluble matrix from A. trapezialis (freshwater bivalve). Shell fragments were fully
demineralized in 8% EDTA for several days, extensively washed in water and fixed with OsOg4, followed by impregnation with 1% tannin, dehydrated, critical point dried and
gold sputtered. (C) Profile view of the nacreous layer matrix, that is somewhat folded; particulate structures are seen throughout the folds (arrowed), very likely representing
the chitin scaffold. (D) The prismatic layer matrix, similarly prepared, shows a typical honeycomb-grid organization. Note periodic bands within every compartment, which
might correspond to imprints of growth steps of the (dissolved) prisms. Strings of beads are also apparent along the various levels within each hexagonal unit (arrows). Zeiss

SEM, 15 kV. (*) (B) from De Paula (2006).
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Scaphopoda is recognized by some authors (Haas, 1972; Alzuria,
1985), but it is still doubtful to others (see Reynolds, 2002). Crystal
formation in the absence of a periostracum - thin as it may be,
would require a conceptual revision of its effective role. In
Aplacophora and Polyplacophora, the true periostracum would be
substituted for a kind of cuticular structure (see Watabe, 1984); in
Nautilus, a 1-5 pm thick, sometimes iridescent, periostracum is
present and provided with holes.

The periostracum results from the activity of special cells
located within the periostracal groove, at the mantle edge. The
formation process varies according to the taxon under considera-
tion (Jones and Saleuddin, 1978; Saleuddin and Petit, 1983). Fig. 8
is from the study of Jones and Saleuddin (1978) (Fig. 1, Reproduced
with permission, from NRC Research Press). It illustrates elements
involved in the periostracum synthesis in Physa spp.: specialized
cells opening at the periostracal groove secrete lamellar units that
are transported to the outer surface of the groove, where they fuse
together and contribute to the extracellular periostracal lamellae;
mucus and other secretion materials are also produced by different
cell types in the groove. Tall mantle edge gland cells from the
dorsal epithelium thicken the forming periostracum, other
epithelial cells being responsible for initializing the calcium
deposition. More important than its protective function is the
role the periostracum plays in organizing shell layers, acting as a
matrix, in particular, for the prismatic layer (Watabe, 1984, 1988;
Checa, 2000).

The periostracum is essentially composed of tanned fibrous
proteins, carbohydrates and lipid. 3-4-Dihydroxyphenyl alanine
(DOPA) is the possible sclerotization agent. The chemical
composition of this layer has been investigated by, among others,
Meenakshi et al. (1969): about 40% of the total amino acids in the
periostracum are glycin, followed by tyrosin, which represents
about 15%. Some low percentage of inorganic ions (sulphur, iron,
lead and cadmium) has also been reported to occur (Watabe,
1984). The actual composition varies anyway, according to
environmental conditions.

Ultrastructural and cytochemical studies on the periostracum
forming tissue have been described for Macrocallista maculata
(Bevelander and Nakahara, 1967); Littorina littorea (Bevelander
and Nakahara, 1970); some marine bivalves (Bubel, 1973a,b); and
for species of gastropod Physa (Jones and Saleuddin, 1978).

There are variations regarding the periostracum structure in
different organisms. It usually comprises two layers in freshwater
molluscs and a single one in the terrestrial forms, as studied in thin
sections by Saleuddin and Petit (1983). The outer layer is
proteinaceous; the innermost layer is calcified, frequently brittle.

Fig. 8. A diagram reproduced from Jones and Saleuddin (1978), depicts the location
of periostracal (p) forming cells (pc1, pc2, pc3) in the periostracal groove (pg), at the
mantle edge of Physa. The shell (s) emerges above the mantle edge gland (meg).
Shell mineralization results from the activity of cells of the thinner dorsal
epithelium (de) (from Jones and Saleuddin, 1978). By permission of NRC Research
Press.

Folds, corrugations, micro-ridges and spikes may occur on its outer
surfaces, for instance, in bivalves (Callil and Mansur, 2005). These
authors described in details the multitude of surface projections
that occur in juveniles and in adult shells of two species of
Anodontites.

Fig. 9(A-D) illustrates the general aspects of the periostracum
from shells of a bivalve and a gastropod. The broken periostracum
(approximately 10 wm thick) may look quite smooth; the
fragments are light translucent, sometimes dark-tanned, according
to the degree of “sclerotization”, due to the content of DOPA
(dioxy-phenyl-alanine), cross-linked with the proteins. At higher
magnification (Fig. 9B), the periostracum continuity with the
structured prismatic matrix is clear. Internal lamellate structures
are seen in thin sectioned periostraca of some shells (Jones and
Saleuddin, 1978), as also in P. cubensis, a freshwater snail (Fig. 9D).
The effective participation of the periostracum in the prismatic
layer formation seems clear, both in gastropods (Jones and
Saleuddin, 1978) and bivalvians. In Unionidae bivalves, growth
of prisms is directly associated with spherulits present within the
inner face of the periostracum (Checa, 2000).

2.3.3. Ligament of Bivalvia

The ligament is a special system, peculiar to Bivalvia, whose
microstructure has not been extensively studied. It is considered a
partly organic component of the shell; along with hardened teeth,
the ligament forms the hinge system that holds the two shell
valves together and allows the shell movements. There are two
distinct components: one inner portion that is partly mineralized
with aragonite fibers and an outer organic region composed of
fibrous glycoprotein (Bevelander and Nakahara, 1969; Grégoire,
1974; Watabe, 1984). There is a matrix, similar to that of the shell,
which, in addition, contains methionine and cystein (see Watabe,
1984). Kadhler et al. (1976) provided data from X-ray diffraction,
chemical analysis and ultrastructural features of the ligament
system of Spisula solidissima, indicating a content of 62% glycin.

The inner portion of the ligament is also known as “resilium”;
its fibrillar character assures the necessary flexibility like a hinge in
motion, where the movement direction is controlled by the
mineralized teeth. Mya arenaria uses the ligament to help the
unusual behavior of burrowing, that includes a rocking of the shell,
as detailed by Checa and Cadée (1997).

Relatively few information has been available on this system, at
the ultrastructural level, since the initial light microscopic studies of
Trueman (1950, 1951), who first recognized the two zones.
Bevelander and Nakahara (1969) examined in thin sections the
inner part of the ligaments of M. edulis and P. radiata, with emphasis
on its formation process. Kdhler et al. (1976) studied that of S.
solidissima, confirming the protein-mineral composition of the
system. Marsh et al. (1976) and Marsh and Sass (1980), using
electron diffraction (SAED), demonstrated that aragonite fibers are
twinned. Scanning electron microscopy investigations by Mano
(1980) point to the presence of spherulitic aggregates in the basal
part of the hinge system of bivalves Mercenaria mercenaria and
Brachidontes exustus. In A. trapezialis, two distinct phases are
observed: the mineralized component, comprised of thin aragonitic
prisms (Fig. 10A), is easily dissociated by sonication; and the organic
component, that is rather compact and reacts strongly with OsO4
(Fig. 10B). It is also fibrillar in nature and contains small punctures.
Isolated fibrils from the mineralized components exhibit Bragg
reflections and provide diffractograms that identify its aragonitic
nature (Fig. 10Cand D). These ligament structures of A. trapezialis are
very similar to those of Aetherea elliptica studied by Grégoire (1974),
who also obtained diffractograms from isolated crystals.

A detailed model for the ligament of Pinctada maxima is given by
Zhang (2007), who analyzed the ultrastructure and light reflectiv-
ity of dry and wet samples. The author arrived at a model of
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Fig. 9. Periostracal structures. (A-C) SEM views of vertically fractured shells of A. trapezialis. Small shell fragments were cleaned by sonication in water, dried and gold
sputtered. In (A) the periostracum (arrowed) was partly detached from the prismatic layer (PR). The organic component of the periostracum would correspond to the (less
emissive), dark band. (B) Higher magnified view of a periostracal layer (PE), about 5 wm thick, from another shell. The lacelike prismatic matrix (M) extends downwards from
this, to envelope the prisms. (C) Folds within a fractured periostracum show a smooth surface. (D) Is a thin-section of an OsO4 fixed, resin-embedded periostracum of Physa
cubensis (gastropod); section stained with uranyl acetate/lead citrate. A thin line (arrowed) demarcates two different regions in this periostracum, the left one containing
three parallel lamellae. Outer surface of periostracum is to the right side (*). TEM, 160 kV. (D) From De Paula (2006).

lamellate structure, about 35 um thick; aragonite fibers (ca.
78 nm), are regularly embedded at 127 nm spacing in the protein
matrix, in such a way to behave as a photonic crystal. Normal dry
ligaments are black, but if wet, they emit a blue structural color,
demonstrated through infrared spectroscopy.

3. Shells of Scaphopoda

This is a small class of Mollusca, exclusive of marine, mostly
benthonic, habitats. Scaphopoda comprises 1000 species at most;
about half is fossil representatives (Reynolds, 2002). Their “tusk-
shaped” shells are of reduced size and have two open ends, the
anterior end is broader than the distal one, or apex, that is used for
water inflow/outflow. Scaphopoda may bear affinities with
Bivalvia, according to Fischer-Piette and Franc (1968) and
Salvini-Plawen (1980). Ultrastructural information about these
molluscs and their shells are relatively scanty, compared to the
other classes; however, there is a recent growing interest in these
organisms, which are seen as evolutionarily advanced by some
investigators.

According to Reynolds (2002), scaphopodans are one of the
smallest mollusc classes, although having a significant worldwide
distribution. They are “among the least understood molluscs”.
Also, their body anatomy has been poorly investigated so far (Haas,
1972; Alzuria, 1985; Shimek and Steiner, 1997; Ruthensteiner
et al,, 2001); and its systematics and classification have not been
firmly determined (Salvini-Plawen, 1980; Reynolds and Okusu,
1999).

A classification of Scaphopoda based on shell sculptures has
been presented by Emerson (1962), who considered it the “most
useful taxonomic criteria”. Some points of Emerson classification
have been questioned by Palmer (1974). Shimek (1989) proposes a
morphometric index for the identification of Cadulus species.
Reynolds (1997) reviews data on phylogeny from a cladistic
approach. SEM has also proved quite useful for studies of
scaphopods classification and phylogenesis (Haas, 1972; Reynolds,
2002). Most shells are rather fragile and their surface sculptures, as
well as microstructures and number of layers, seem helpful
characters for classification and phylogenetic studies (Emerson,
1962; Reynolds and Okusu, 1999). Specimens illustrated here
came from 175 m deep, South Atlantic mud (see Table 1).

As a whole, the Scaphopod shell is three-layered, entirely
aragonitic. The periostracum may be 1.5 pwm thick, according to
Haas (1972), although it is frequently worn away, mainly due to
the animals burrowing way of life. An outer crystalline prismatic
layer (usually very thin) is followed by a thick, complex crossed-
lamellar layer. This CLL may have a “regular or irregular structure”
(Reynolds and Okusu, 1999). Shimek and Steiner (1997) described
an “inner aprismatic layer” lining the shell interior. In Abbot’s
Handbook on American Sea shells (Abbott, 1974), the classification
is based on morphological characters of the shell. Internal
ultrastructure of the animals is addressed by a few publications
(Shimek and Steiner, 1997; Ruthensteiner et al., 2001; Reynolds,
2002).

SEM shows rich surface ornamentations, as illustrated here.
Some shells are shiny, smooth-surfaced, and unstructured, like
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Fig. 10. Hinge ligament of A. trapezialis: (A and B) SEM views; (C and D) TEM images. In (A), aragonite needles from the inorganic part of the ligament are shown at low
magnification. The crystals were teased apart and gold sputtered. (B) Is a compact bundle of organic fibers, directly impregnated for 24 h. with 0sO,, ethanol dehydrated,
critical point dried, then fractured and gold sputtered. (C) Thin fibrous crystals directly isolated by sonication in ethanol and deposited onto a carbon film. Note the diffraction
bands along each fiber. (D) Corresponding electron diffraction diagram (SAED), showing the characteristic pattern of aragonite: the distances and the angles between spots
(002) and (2 1 0) identify the crystal parameters of aragonite (orthorhombic system: a # b # ¢; & = B =y =90°). TEM, at 200 kV.

Fustiaria sp. (Fig. 11A); others are finely striated, as seen in a
(likely) Plagyoglypta sp. (Fig. 11B); or a complex system of
longitudinal ribs and cross-striations is present, as in Coccodenta-
lium sp. (Fig. 11G and H). The tube shape, straight or curved, open
at both ends, varies from conical to prismatic. Details of the shell
apex are also variable, from a perfect circular opening (Fig. 111) to
others rather elaborate, with slits, notches, etc. (Fig. 11C, D, I, and J).
Definitions of sculptures like these are less evident in light
microscopic images (see Baggild, 1930); therefore, further
application of SEM can be of great help for their better
characterization.

4. Shell and bone—a comparative approach
From several viewpoints, mollusc shell can be compared with

bone of vertebrates, for being biomaterials that share important
mechanical properties: they are tough and stiff composites, also

endowed with mechanical strength, but prone to undergo oriented
fractures. These properties have been reviewed in a comprehensive
way by Weiner et al. (1999) - for bones; and by Currey (1988,
1999); Kamat et al. (2000); Cortie et al. (2006) - for shells. In both
materials, these characteristics result from an intimate association
between biological and mineral components, in which the mineral
phase develops directly under control of the organism to form
unique crystal habits. This characterizes a process of “biologically
controlled mineralization”, as conceived by Mann, 1983; Weiner
and Dove, 2003. In bone, the building blocks are mineralized
collagen fibrils arranged in a variety of hierarchical levels, starting
with unitary dahllite crystals and collagen molecules; these are
packed in tendons, osteons, even spongy and compact bones
(Weiner and Wagner, 1998). In bone, collagen type I makes up 70-
90% of the non-mineral component, and water amounts to about
15% (for humans). Collagen I is a triple-helix coiled molecule
(about 300 nm long x 1.5 nm wide), typically banded at 67 nm
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Fig. 11. SEM images of Scaphopoda shells. All specimens were cleaned by sonication, dried, mounted onto the stubs and gold sputtered. (A-D) are low magnification views of
apical portions from four different genera, respectively: (A) “Fustiaria sensu lato” Palmer (1974); (B) Plagioglypta sp.; (C and D) are two as yet unidentified, shells. In Fustiaria
the shell is almost straight, and has a smooth and shiny outer surface; only sinuous sutures and growth lines are present (see E); (B) Plagioglypta sp. presents neat oblique
striations likely forming a shallow spiral, all along its surface. Line spacing is at 1 jum, illustrated in (F) and also visible around the shell apex (I). (C) Shows the distal portion of
another scaphopodan shell. It has a cylindrical terminal region, somewhat broadened at the sub-apical end; a series of undulations (between arrowheads) follows, behind
which the shell shape changes to that of a 6-sided, broad prism. The apex has a circular opening (J). (D) Is another rather voluminous shell - shown at same magnification as in
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periods. Other 2-5% of biological matter containing phospho-
proteins, glycoprotein, sialo-protein, proteoglycans and some lipid
form the matrix that cements together the inorganic phase and
admittedly participates in the calcification process (Hoshi et al.,
2001).

The mineral phase consists of plate-like crystals of calcium
phosphates, mostly dahllite or carbonate-hydroxyapatite (HA)-
Cas(PO4C053)3(0H), that are deposited in restricted and specific
sites along the collagen fibers. These crystals are continuously
reabsorbed and deposited at different rates. X-ray diffraction and
high resolution cryo-TEM studies demonstrate that these minute
crystals (50-25 nm) also are very thin, about 4-6 nm; low angle X-
ray scattering (SAXS) data still gives a smaller value of 1.5-4.0 nm,
so HA likely represents the smallest biologically formed crystals
(Weiner and Wagner, 1998). Stiffness of bone is very likely related
to the amount of HA, to the geometric arrangement and the
amount of organic matrix present (Fratzl and Gupta, 2007). In
addition to collagen, bone matrix contains other proteins and lipid.

In Mollusc shell, calcium carbonates (aragonite and calcite
polymorphs) are interspaced with an organic, hydrated and firmly
structured matrix that has been demonstrated to precede crystal
nucleation (Veis, 2003).

Nacre has been used as a natural material for bone replacement,
with biocompatible, osteoinductive and osteogenic properties
(Kim et al, 2002; Pereira-Mouriés et al., 2002a). Thermal
decomposition of biological matrices of the two materials is quite
different; that of nacre being much more thermally stable than that
of bone (Balmain et al., 1999). Despite these differences, both are
biological tissues with a crystallization process mediated by a
macromolecular matrix. Westbroek and Marin (1998) followed in
vivo, the interaction between nacre and bone of a female patient,
which resulted in the formation of osteoblasts; no evidence of
inflammatory process was verified, and nacre had been incorpo-
rated into the tissues. The nacreous coating was bioactive,
biodegradable and resistant to the propagation of the cracks.

Other recent studies reinforce the compatibility between these
two materials, such as the capacity of nacre to induce mineralized
tissue formation by osteoblasts (Liao et al., 2002; Berland et al.,
2005; Duplat et al., 2007). The results have indicated that nacre
implants in the living body provide adequate condition for bone
formation (Delattre et al., 1997, Liao et al., 2000; Liao et al., 2002;
Milet et al., 2004).

5. Analytical studies
5.1. Fourier transform infrared spectroscopy (FTIR)

Infrared spectroscopy is usually applied in the investigation of
the composition of both inorganic and organic materials (Hasse
et al., 2000; Wang et al.,, 2003). It allows the identification of
characteristic functional groups in molecules that correspond to
specific molecular vibrations (Conley, 1966). In addition, sampling
is easy and requires a small amount of materials (about 1 mg). FTIR
has also been applied for comparing the organic composition of
different molluscan shells (Dauphin, 1999; Dauphin et al., 2008).

5.1.1. Inorganic and organic components
FTIR has proved to be very useful in studies of molluscan shells
(Dauphin, 1999; Schladitz et al., 1999; Brugnerotto et al., 2001).

With this technique, it has been possible to investigate shell
calcification from the embryonic to the adult phase and determine
the functional groups involved in the shell composition. Studies on
molluscan shell composition using FTIR provide spectra with an
excellent spatial resolution that discriminates between carbonate
and phosphate groups. The process of shell formation, starting
from the embryonic phase in molluscs, is not yet completely
understood. The mechanisms involved in shell formation studied
by Hasse et al. (2000) using FTIR, established that the organic
matrix can be detected at about 60 h and being totally developed
after 6 days. The spectrum bands of aragonite were only observed
in the adult shells.

It is well known that the nacreous layers of molluscan shells are
comprised of aragonite with just a low proportion of calcite.
Balmain et al. (1999) and Tan et al. (2004), clearly demonstrated
the composition of Haliotis glabra through use of FTIR and SEM.
This information corroborates previous data of Compere and Bates
(1973) on several molluscan shells. Some shells have traces of
calcite and a few species essentially have calcite. Vaterite is a rare
polymorph (Watabe, 1983). The mineralogy of the crossed-
lamellar layer of three bivalves (Dosinia ponderosa, Tridacna sp.,
Cardium sp.) and of some gastropods (Cypraea leviathan, Phalium
granulatum and S. gigas), examined by Dauphin and Denis (2000)
using FTIR, showed spectra with strong bands corresponding to
aragonite plus some unidentified bands. The nacreous layer of
these gastropods has a similar structure to that of D. ponderosa.

FTIR analyses of shells from gastropods P. cubensis, A. fulica and
P. lineata, indicate only the presence of aragonite (Figs. 12-14,
respectively), resulting in similar FTIR spectra for all of them. The
differences observed on the absorption peaks can be correlated
with the interaction among the organic matrix, inorganic ions and
calcium carbonate.

The biogenic crystal growth is controlled by an organic matrix
responsible for defining: (a) crystal nucleation; (b) crystal size; (c)
crystal orientation; (d) crystal morphological characteristics
(Wilbur and Saleuddin, 1983). The use of infrared spectroscopy
has identified the functional groups responsible for organic matrix
composition in molluscan shells, an important insight to under-
stand the correlation involving the organic matrix and the crystal
growth.

FTIR performed with shells of P. cubensis (De Paula, 2006)
demonstrated that the insoluble organic matrix (Fig. 15) is
characterized by bands corresponding to amide I (at 1690 and
1670 cm™1); bands of amide II (at 1553 and 1420 cm~') and some
lower intensity bands probably corresponding to amide Il (at 1380
and 1328 cm™!). The 1240 cm™! peak probably corresponds to
sulphate absorption. Polysaccharide bands were observed between
1157 and 1000 cm~ . A low intensity band at 1157 cm~! probably
corresponds to phosphate. These vibration modes are frequent in
the organic composition of other shells (Marxen and Becker, 1997;
Pereira-Mouriés et al., 2002b; Dauphin, 2003). Sulphate was
usually present in the organic matrix of various other species
(Watabe, 1981; Saleuddin and Petit, 1983). Phosphate is also a
common component of the prismatic and lamellar layers of
gastropod Concholepas concholepas (Dauphin et al., 2003b).

Marxen et al. (1998) demonstrated that the insoluble matrix
extracted from shells of snail Biomphalaria glabrata has a strong
protein peak at 1656 cm~! (amide I), and a medium band at
1528 cm™! (amide II). The band at 1228 cm~! was ascribed to

(C).Italsois a 6-angled tube in overall shape; the apex contains a secondary tubular structure in eccentric position. Fine transverse striations cover all the 6 outer facets. (E and
F) Are enlarged images of outer surfaces, respectively, from (A, Fustiaria) and (B, Plagyoglypta) shells. (G and H) Shells of Coccodentalium sp., in transverse and longitudinal
views, respectively. (G) Shows a hand-polished, transverse fracture of a shell near its distal apex. Characteristic longitudinal ribs (black arrow points to one of these) are
regularly distributed on the outside. The wall is about 80 pm thick, almost entirely formed by crossed-lamellar crystals. The inner “aprismatic” layer, some 2 pm thick (white
arrowhead), is almost undistinct. (H) Shows an enlarged outside view of another Coccodentalium specimen, pointing to its complex substructure. The salient longitudinal ribs
are equally spaced, at about 50-70 um. Among these, secondary longitudinal and transverse striations make up a geometric arrangement on surface view. (I and J) Are end-on
images of the apical apertures of shells discriminated above, respectively (B) and (C). SEM, 25 kV; (C) and (J), taken with a Zeiss DSM 940 SEM, at 15 kV.
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Figs. 12-14. FTIR spectra of samples ground in KBr pellets, of mineral phase extracted from shells of Physa cubensis (Fig. 12); Achatina fulica (Fig. 13); and Pomacea lineata (Fig.
14). The mineral phases are demonstrated by the internal vibration modes of the carbonate ions, ascribed to aragonite characteristic absorption peaks.

sulphate and that at 1073 cm~' to carbohydrates. The presence of
chitin was also investigated by these authors, but no peak was
obtained.

According to Dauphin and Denis (2000), the mineral compo-
nents extracted from lamellar layers of bivalves and gastropods are
similar, infrared spectra confirming the aragonitic composition,
whereas the organic matrices diverge in their organic bands. In
addition, analyses from several bivalves showed that the organic
matrix of the lamellar layer differs from that of the prismatic
layers. Amide I bands are numerous in gastropod shells, but less
abundant or absent in bivalve shells. The amide II bands are
present only in gastropods. Low content of sulphur, glycoproteins
of high molecular weights and strong acidity are common
characteristics of soluble organic matrix. Soluble and insoluble
matrices of cephalopod N. macromphalus L. shell studied by
Dauphin (2006) are also distinct. Both matrices have traces of
sulphur, bands characteristic of sugars, higher in the soluble
fraction.

Lipids are the third component of the biological matrix of
biominerals, although analyses dealing with this component in
molluscan shells are scarce. Recently, Farre and Dauphin (2009)
verified through spectrometry and thin layer chromatography the
difference in lipids content between prismatic and nacreous layers
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Fig. 15. FTIR spectra of powdered samples ground in KBr pellets, of biological
insoluble matrix extracted from Physa cubensis shells. There are bands
corresponding to amide I, amide II and lower intensity bands associated with
the amide III. Smalls peaks nearby 1240 and 1157 cm~! likely correspond to
sulphate and phosphate absorptions, respectively.
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of P. nobilis (Mytiloidea) and P. margaritifera (Pterioida, Pteriidae);
both organisms contain lipids, but there are compositional
differences. The knowledge of the organic composition is crucial
to understand the biomineralization process; few information
about the action of lipids during this process have been described.

In general, the main features of biological matrices extracted
from some mollusc species differ markedly. The organic matrix
extracted from the nacreous layer of the oyster P. maxima, using
two different methods, provided different results (Wilbur, 1964;
Pereira-Mouriés et al., 2002b). Further studies and investigations
on the characterization of the soluble and insoluble matrices are
needed.

5.2. Selected area electron diffraction (SAED)

Electron diffraction is the phenomenon resulting from the
interaction between electrons and crystalline materials, producing
a pattern of rings or spots that characterize the sample (Glauber
and Schomaker, 1953). The diffraction diagram produced by a
single crystal provides information about its crystalline structure,
lattice parameters and crystal orientation.

A single crystal can be selected and its electron diffraction
pattern directly related to the image of the sample. Polycrystalline
samples comprised of many unoriented tiny crystals provide a
pattern of concentric rings (Hirsch et al., 1965). Both modalities of
electron diffraction can easily be carried out in TEM and are
extremely useful in the study of molluscan shells.

5.2.1. Electron diffraction

Electron diffraction performed with TEM allows elucidation of
the interrelationship among the shape, size, phase of minerals,
crystallographic orientation and texture of biominerals in specific
locations (Watabe, 1956). This technique has been used by Wilbur
(1964) for studying regeneration processes. Results obtained from
the several layers of Helix shells are typical of aragonite, while
crystals resulting from regenerated shells usually show the calcite
pattern (Saleuddin, 1971). This transformation, aragonite-calcite,
can be associated with the fact that the biological matrix
composition of the original shell differs from that of regenerated
shell (Saleuddin and Hare, 1970). The advantage of this technique
is the possibility to relate the diffractograms directly with the
observed region of the sample.

Living organisms are able to deposit a great variety of
crystalline materials Molluscs synthesize in their shells about 20
different minerals that have been identified through X-ray
diffraction and/or electron diffraction. The structures of shells
are extremely diverse (Wilbur, 1964); calcium carbonate growth
and polymorphism are affected by different combinations of
macromolecules, as experimentally demonstrated by Albeck et al.
(1993), Fritz et al. (1994) and Addadi et al. (2001). Several types of
CaCOs crystals are deposited along different locations during
growth. Table 2 summarizes the polymorphism of CaCO5 observed
in a specific location of various molluscan shells, as demonstrated
through electron diffraction. Therefore, the crystallographic
analysis is carried out with TEM using electron diffraction to
identify the crystal type at the ultrastructural level (Simkiss and
Wilbur, 1989).

Crystal orientation may be relatively uniform for a particular
layer of a given molluscan shell, but different in another layer of
the same organism. In some animals like Tectus and Pinctada,
Simkiss and Wilbur (1989) have demonstrated a correlation
between biological matrix and crystals; these shells include the
crystal a axis aligned with the chitin and the b axis aligned with the
polypeptide chains.

Morphological results obtained with horizontal sections from
nacreous layers of the bivalves P. martensii and Elliptio compla-

natus demonstrated that these layers contain polygonal crystals of
aragonite with their axes oriented in the same direction (Watabe,
1965). A similar result was found for crystals in the nacreous layers
of bivalve M. edulis, which presents two types of tablets. Type I has
almost the same orientations of a or b axes, and type II is
characterized by a secondary preferred orientation (Hou and Feng,
2003). Although some molluscs have the nacreous layer char-
acterized by a similar crystallographic orientation, divergences
have been reported, even for the same species. In some bivalves, for
example Cristaria plicata and Hyriopsis cumingii, the angles
between the a axis of adjacent tablets have random crystal-
lographic orientation (Feng et al., 2000a). The nacreous—prismatic
interface of gastropod H. rufescens described by DiMasi and
Sarikaya (2004) is characterized by different relative orientations.

The crystallographic orientation in shells of bivalve M. edulis
was investigated by Weiss and Schénitzer (2006) and by Feng et al.
(2000b). The Laue spots in the diffraction patterns of three adjacent
crystals demonstrated that they correspond to single crystals of
calcite, having the same three-dimensional orientation. The SAED
pattern of the prismatic layer of C. plicata shells demonstrated that
each region contains crystalline material and a substructure of
organic matrix. The intergranular boundary of this layer shows
amorphous diffraction rings, thus, demonstrating the presence of
organic material, which can possibly influence the crystal growth,
direction, spatial orientation and size (Tong et al., 2002).

The SAED patterns obtained via transmission electron micro-
scopy of the species A. trapezialis (Fig. 16) and M. maculata (Fig. 17)
are characteristic of aragonite with orthorhombic unit cell
parameters (a=4.962 A, b=7.970 A and c=5.739 A). The crystal
directions are (3, 1,4) for A. trapezialis and (1,2,0) for M.
maculata. These diffraction patterns showed that, although both
crystalline phases obtained are characteristic of aragonite, the
crystal orientation associated with different molluscan shells are
different, suggesting the organic composition of these organisms
directly affect the calcium carbonate formation.

5.3. X-ray diffraction (XRD)

Material analysis using diffraction techniques can be performed
with neutrons, X-rays or synchrotron light. XRD is one of the most
important techniques used for the characterization of materials at
the atomic level in Materials Science, Solid State Chemistry
(Warren, 1969; Winick and Doniach, 1980) and in studies of
protein structure (Von Dreele, 2007).

For further characterization of the sample properties, it is
indispensable to apply a method of structural analysis. The
Rietveld method (Rietveld, 1969) has been employed to determine
the crystalline structures of inorganic materials (Von Dreele, 1999;
Toraya, 2000). The structure refinement obtained provides
information about symmetry, site occupancies, atomic positions
and unit cell (Pokroy et al., 2006). Some free software programs as
GSAS (Larson and Von Dreele, 2001; Toby, 2001) or MAUD
(Lutterotti et al., 1997) are available for structural refinement
analysis.

5.3.1. Diffraction patterns

The X-ray diffraction method has significantly contributed to
the development of molecular biology in the characterization of
proteins of living organisms (Falini et al., 2002, 2003). The interface
between protein and inorganic material provides information
about the developmental processes involving calcium carbonate
crystallization (Lutts et al., 1960; Weiner and Hood, 1975; Pokroy
et al., 2006).

Biogenic minerals occur in more than 40 different types of living
organisms. Molluscan calcareous shells have a complex micro-
structure in which different types of calcium carbonate crystals are
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Figs. 16-17. SAED patterns corresponding to aragonite having selected reflections and d spacings, respectively for Anodontites trapezialis: (04 1) (1.88 A)and (11 1) (3.9 A)

(Fig. 16); for Macrocallista maculata: (041) (1.88 A) and (2 1 0) (2.37 A) (Fig. 17).

deposited (Beggild, 1930; Lowenstam and Weiner, 1989). X-ray
diffraction provides information about mineral identity, thickness,
roughness, rate of growth, density and crystallinity. With this
method, detailed information can be obtained at high resolution
(Checa et al., 2005). Medakovié (2000) also demonstrated that
diffraction patterns provide extensive information about the
mineralization processes that occur during the shell develop-
mental stages, showing how the calcium carbonate phase is
modified from the larval stage to the adult age.

X-ray diffraction spectra showed the occurrence of amorphous
calcium carbonate in the embryonic developmental stage. During
shell growth, this content decreases whereas the proportion of the
aragonite phases increases. Calcite traces were only detected in
some organisms (Medakovié et al., 1997). These results indicated
that the amorphous calcium carbonate is a precursor phase of
aragonite (Marxen et al., 2003). Crystal morphology and poly-
morphism are intimately correlated with the organic composition
during the calcium carbonate crystallization (Watabe, 1984), just
as during the regeneration steps (Wilbur and Watabe, 1963; Su
et al., 2004).

The use of XRD allowed to identify the crystallographic
orientation in terms of localization of crystals. Some organisms
showed a similar crystalline phase, but lattice parameters a, b and ¢
had different values (Pokroy et al., 2006); and preferential
orientation presented considerable differences according to the
evaluated section (Zhu et al., 2006). Lutts et al. (1960) identified the
calcium carbonate phase for 19 mollusc species, using X-ray
diffraction (Table 3). The authors verified that aragonite was not
observed in several samples of prismatic material, which were rich
in “conchiolin” fibrils. These results provide relevant information
on the correlation among the crystalline phase, organic composi-
tion and morphological aspects.

Wilbur and Watabe (1963) have studied the regeneration
process in a series of molluscan species. Some of them did not alter
their crystalline phase during regeneration, whereas other species
contain all the three polymorphs of calcium carbonate. The fossil
species of cephalopods studied by Voss-Foucart and Grégoire
(1971) present a correlation between the “conchiolin” matrix and
the calcium carbonate polymorphs. In this case, aragonite is
recrystallized into calcite.

The crystallographic structure of nacre layers from 50
molluscan species differ among bivalves, cephalopods, gastropods

and monoplacophorans (Chateigner et al., 2000). This information
shows that although molluscan shells are constituted of aragonite
with similar microstructures, there is a difference in the
preferential orientation according to the species. A fibrous texture
occurred only in gastropods and cephalopods; double twin
textures appeared only in bivalves and cephalopods. It should
be noted that the correlation between microstructure and
crystallographic orientation is not simple, and other features
should be taken into account, such as biological composition, the
molluscan shell layer and species.

Mapping of individual crystallite structure, performed by
DiMasi and Sarikaya (2004), with synchrotron X-ray diffraction
in the nacre-prismatic region of red abalone, confirmed the
presence of millimeter-long calcite grains with preferential
orientation in the (1 0 4) plane. Similar orientations were obtained
by Runnegar (1984), who investigated the structure of foliated
layers based on crystal faces of the calcite of some bivalves. On the
other hand, results obtained for bivalves Pecten albicans and

Table 3
CaCOs crystallization types in some molluscan shells.

CaCO5 polymorphs Organisms

Calcite with traces of aragonite . Turbo sp.
. Mytilus edulis L.

Pinctada mazatlanica Hanley

. Vulsella vulsella L.

. Malleus daemoniacus Reeve
. Malleus regula Forskal

. Pinctada margaritifera L.

. Pinctada galtsoffi Bartsch

. Ostrea edulis L.

10. Pinna nobilis

11. Atrina nigra Durhenn

12. Pteria pengin

Calcite

Aragonite 13. Margaritana margaritifera L.
14. Unio rectus Lamarck
15. Anodonta cygnaea L.
16. Metaptera laevissima Lea
17. Metaptera fragilis R.F.G.
18. Anodontites trapezialis Lamarck
19. Iridina spekii SP Woodward

From Lutts et al. (1960).
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Amusium japonicum balloti showed strong peaks at the (108)
orientation.

The process involving biogenic crystal formation is not fully
understood yet. In fact, information on matrix-crystal correlation
is essential to understand shell formation. The XRD provides
information about the development of the crystalline structure,
which is mediated by an organic matrix composed of proteins and
glycoproteins.

Weiner and Traub (1980) have contributed with data on
Nautilus rupertus. The nacreous layer has organic matrix (a, b and ¢
axes) and an unoriented diffuse pattern, which was attributed to
the prismatic layer. The X-ray pattern obtained for Mytilus
californianus prismatic layer was characterized by a partial
orientation, indicating that the protein [(3-pleated sheet had a
and b axes randomly oriented in the plane of the specimen and ¢
axis is perpendicular to this plane. Chitin was not observed in any
of the following bivalves: Crassostrea iridescens (foliated layer), P.
radiata (nacreous layer) and M. californianus (nacreous and
prismatic layers). On the other hand, the X-ray patterns from
the prismatic layer of Tectus dentatus were characteristic for chitin.
The X-ray diffraction results have shown that the organic matter in
individual layers has a different orientation. These characteristics
may influence the crystallization process of calcium carbonate.

5.3.2. The Rietveld method

Some aspects involved in the molluscan shell formation, as
quantification of the calcium carbonate crystalline phase, have not
been extensively investigated. The Rietveld method is widely used
as a tool for crystal structure analysis, quantitative phase analysis
and, when needed, information about texture and material
characteristics, like crystallite size and microstrain. This is a
refinement method for a model of parameters involving crystal
structure, instrumental and physical characteristics of the
material. The objective is to refine this model to minimize the
sum of the squared difference between the observed and
calculated points of the diffractograms. Parameters of the unit
cell, atom displacement (thermal parameters) and occupation
factor can be adjusted using the Least-Square Method. When the
refinement is completed, the results provide the quantitative
phase analysis, precise cell parameters, preferred orientation
information and chemical compositions. Considering that this is a
parameter refinement method, an initial model is required and,
subsequently, it is important to know the crystal structures of the
crystalline phases (Young, 1995).

The Rietveld method has also contributed to information about
calcium carbonate phase during shell development. Gomez-
Martinez et al. (2002) have demonstrated that bivalve Ischadium
recurvum contains aragonite internally and calcite externally. Both
polymorphs are characterized by strong preferential orientation
with high variation during shell growth. The X-ray diffraction
results show evidence of the reliance on texture in the growth
stage of this bivalve. Hasse et al. (2000) investigated the crystalline
nature of B. glabrata shells: in the initial stage, the samples were
completely amorphous, at 120h age, they were constituted
exclusively of pure aragonite, whereas in the oldest part of the
shell (the center of the snail), little vaterite content was found, both
phases were detected through Rietveld refinement. This method
has proved to be an excellent tool to distinguish the different
phases of calcium carbonate during the shell growth.

We used gastropods A. fulica, P. cubensis and bivalve M. maculata
to investigate the mineral phase and analyze the orientation
planes. Data were refined with the Rietveld method using GSAS
software. According to our results, these shells are comprised of
orthorhombic aragonite. Although the refinement shows the same
polymorph for both samples, the diffraction peaks show different
preferential orientation. The results for A. fulica shell present
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Figs. 18-19. Fitting result of Rietveld refinement demonstrating the typical
spectrum of aragonite. Squares and triangles represent the observed and calculated
profile intensities, respectively. The difference between calculated and observed
intensities is given at the bottom of the diagram. The results show intense
diffraction peaks in the (1 0 2) plane for Achatina fulica (Fig. 18); for Macrocallista
maculata (Fig. 19). Intense peaks occur in (11 1) and (0 1 2) planes.

intense diffraction peaks in the (1 0 2) plane (Fig. 18), while for M.
maculata this peak has low intensity (Fig. 19). Diffraction patterns
from P. cubensis shells showed predominance of aragonite,
although small amounts of calcite were present (0.6%) (De Paula
and Silveira, 2005). Results obtained for this organism (Fig. 20)
show diffraction peaks with similar orientation to those obtained
for M. maculata. These results suggested that, although these
molluscan shells are comprised of aragonite, lattice parameters a, b
and c obtained differs from their geological aragonite and their
crystalline arrangement has presented some morphological
differences.

Comparing electron diffraction and X-ray diffraction, we can
conclude that both provide important data about crystal structures
and are complementary techniques. Both approaches present
advantages and disadvantages: (a) the interaction of electrons with
the sample is much stronger than with X-rays; consequently, the
resolution in d spacing is better; (b) using electron diffraction in
TEM it is possible to directly relate the diffractogram with the
image of the sample. Samples must be of the order of 100 nm and
should be electron transparent; only a single crystal or particle
may be selected for analysis while X-ray diffraction provides
overall information of the crystalline phase. When using the
Rietveld method, for example, the results obtained from X-ray
diffraction can be quantified, while electron diffraction is a
qualitative technique; (c) time consuming and careful sample
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Fig. 20. X-ray diffraction pattern of powdered shell of adult Physa cubensis reveals
that this molluscan shells mainly contain aragonite with intense peaks for (11 1)
and (01 2) planes. There is no indication of a preferential orientation.

preparation may therefore be needed to prepare samples for the
analysis by electron diffraction, while sample for X-ray diffraction
experiments requires simple procedures. Despite these features, X-
ray diffraction and electron diffraction are complementary
techniques; their information can be added to understand crystal
structures.
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