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with traces of calcite (Medakovic & others, 
1989), although Weiss and others (2002) 
identified significant amounts of amorphous 
calcium carbonate in the larval shells of 
two bivalves that transformed subsequently 
into a crystalline phase (see discussion of 
precursor transient phases below). Together 
with proteins, chitin has been found to 
be an important component of the larval 
shell (Castilho & others, 1989; Weiss & 
Schönitzer, 2006).

Shells are made of superimposed layers, 
each of which can be monomineralic or 
bimineralic. When calcite is present, it is 
typically restricted to the outer shell, to outer 
and innermost layers, or it may comprise 
all subperiostracal shell layers except for 
myostracal prisms and ligament fibers, which 
are invariably aragonitic. Rarely, an outer-
most shell layer can have both aragonitic 
and calcitic components, either as distinct 
sublayers as in some mytilids (Carter 
& others, 1990) or as spatially isolated, 
calcitic, mineralogical aberrations—e.g., in 
some veneroids (Carter, 1980a; Carter, 
Barrera, & Tevesz, 1998). On these layers, 
shell-forming crystals organize according to 
different 3-D (three-dimensional) configu-
rations and arrangements that define the 
different microstructures. Particular micro-
structures are characteristic of calcite (e.g., 
foliated, chalky) or aragonite (e.g., nacre, 
crossed lamellar), whereas others (e.g., pris-
matic) have both calcitic and aragonitic 
counterparts. The shell protects the animal 

INTRODUCTION

Biomineralization in Bivalvia includes 
the periostracum and the major shell layers 
(outer, middle, inner), as well as deposits 
over the exterior of the shell (inductural 
deposits); adventitious structures such as 
accessory shell plates, callums, and calcar-
eous tubes; and calcareous boring linings 
and mineralized rods within ctenidia. This 
chapter focuses on the formation of the 
periostracum and the major shell layers. 
It also summarizes what little is known 
about inductural, adventitious, and ctenidial 
mineralization in this group. 

The bivalve shell consists of two calcar-
eous valves connected by a partially mineral-
ized ligament, covered by an outer, organic 
or sparsely mineralized layer called the 
periostracum. Shell secretion begins before 
gastrulation is complete, with the formation 
of the shell field, an area of ectodermal shells 
in the posterodorsal region of the devel-
oping embryo (Moor, 1983). The shell field 
secretes a typically D-shaped shell (prodisso-
conch I), which progressively covers the soft 
parts (Waller, 1981; Watabe, 1988). This 
primordial shell is divided into two valves 
that articulate through a protoligament. 
Later, prior to or at the initiation of the 
prodissoconch II (characterized by marginal 
growth lines), shell secretion activity is 
transferred to the mantle. Both the prodis-
soconch I and II are aragonitic (Stenzel, 
1964; Carriker & Palmer, 1979), in some 
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against certain environmental pressures and 
predators, and it provides a mechanism for 
burrowing, swimming, boring, or cementing 
to a hard substrate. Shell biomineraliza-
tion in the Bivalvia is largely biologically 
controlled, rather than merely biologically 
mediated (Lowenstam, 1981; Mann, 1983).

Bivalve and other mollusk shells are 
organo-mineral biocomposites, in which 
the mineral part constitutes 95%–99% and 
the organic fraction makes up 0.1%–5% of 
the shell weight (Hare & Abelson, 1965). 
Despite its small volumetric representation, 
the organic fraction is extremely complex, 
with hundreds of proteins, polysaccharides, 
and lipids, which can differ by molluscan 
group. The mineral part of the bivalve 
shell is typically made entirely of calcium 
carbonate, in particular of calcite and arago-
nite. Vaterite, a third anhydrous polymorph 
of calcium carbonate, is only found as part of 
pearls secreted by some freshwater unionids 
(Ma & Lee, 2006; Wehrmeister & others, 
2007) or as abnormal secretions in shells of 
Corbicula fluminea (O. F. Müller, 1774 in 
1773–1774) and Laternula elliptica (King, 
1832 in King & Broderip, 1832) (Spann, 
Ha r pe r, & Al d r i d g e ,  2010; Ne h r k e 
& others, 2012). Amorphous calcium 
carbonate has been described within the 
shells of some bivalves (Baronnet & others, 
2008; Nudelman & others, 2007), but it 
is regarded as a transient precursor phase. 
Some lithophaginids deposit crystalline 
calcium phosphate (e.g., as fluorapatite) in 
their periostracum (Carter & others, 1990).   

Calcite has a trigonal, aragonite an ortho-
rhombic, and vaterite a hexagonal structure 
(Kamhi, 1963; Behrens & others, 1995; 
Wang & Becker, 2009). All can be grown 
in vitro, and the formation of the different 
polymorphs in abiogenic conditions is influ-
enced by temperature (Carter, Barrera, & 
Tevesz, 1998; Vecht & Ireland, 2000), 
proteins (Lakshminarayanan & others, 
2005), pCO2, certain ions (e.g., Mg or the 
Mg/Ca ratio; Stanley, 2006; Stanley & 
Hardie, 1998), and organic acids (Meldrum 
& Hyde, 2001).

THE BIOMINERALIZATION 
COMPARTMENT

Formation of the shell is carried out by 
the adjacent mantle, which in most species 
has three marginal folds that Yonge (1957) 
called outer, middle, and inner, from exterior 
to interior (Fig. 1.1–1.2). In some Vener-
idae, four (Ansell, 1961; Neff, 1972b) and 
five mantle folds (Paillard & Le Pennec, 
1993; García-Gasca & García-Domín-
guez, 1995) have been observed (Fig. 1.3). 
The effective number of folds is some-
times reduced due to fusion of the mantle 
edges (Yonge, 1957; Fig. 1.4). Shell forma-
tion begins at the base of a groove between 
the outer and middle mantle folds, called 
the periostracal groove because it is where 
the periostracum is secreted. The calcified 
part of the shell is secreted by the outer 
epithelium of the outer mantle fold. Thus, 
periostracal mineralization, when present, is 
differentiated from biomineralization of the 
outer shell layer by secretion from the inner 
or outer surface of the outer mantle fold, 
respectively. The shell can also be repaired by 
the mantle. In many cases, the periostracum 
serves as a framework on which the outer 
shell layer is initiated. However, in bivalves 
with strongly reflected shell margins, such 
as many Veneroidea, new outer shell layer is 
deposited directly onto previously deposited 
outer shell layer, independently of the perio-
stracum. In either case, the periostracum 
seals the biomineralization compartment 
between mantle and shell, and allows this 
compartment to attain ion concentrations 
sufficient for crystallization to occur.   

Calcium ions are obtained from the organ-
ism’s environment through the gills, gut, and 
epithelium, and transported by the haemo-
lymph (blood) to the calcifying epithelium; 
the clearest evidence of this process comes 
from gastropods (Wilbur & Saleuddin, 
1983). Calcium is stored as granules within 
or in between cells (Neff, 1972a), ready to 
be dissolved and pumped into the site of 
shell production (i.e., the extrapallial space), 
when they are required (Fig. 2). The extrapal-
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lial space is the thin, fluid film between the 
growing shell and the biomineralizing mantle 
epithelium. It is isolated from the environ-
ment by the waterproof periostracum. In this 
way, supersaturation conditions necessary for 
the initiation and growth of the shell can be 
achieved and maintained. 

Shell formation occurs within the extra-
pallial space. Very little is known about the 
characteristics of the extrapallial space. Its 
dimensions are virtually unknown. The 
only relevant data in this respect are the 
exceptional transmission electron micros-
copy (TEM) sections of the shell-mantle 
complex in the nacre and in the calcitic 
prismatic layers of the pterioid Pinctada 
radiata (Leach, 1814 in 1814–1817) (Beve-
lander & Nakahara, 1969; Nakahara & 
Bevelander, 1971; Nakahara, 1991) (Fig. 

3.1). Adjacent to the nacre, the extrapallial 
space has a thickness of ~100 nm, whereas 
adjacent to the calcitic prismatic layer, the 
thickness is less precisely known, but also 
submicrometric. It is assumed that these 
dimensions of the extrapallial space were 
not altered as a result of sample preparation. 
The thickness of the extrapallial fluid (EPS) 
is more precisely known from TEM sections 
of the mineralized periostracal bosses of the 
bivalve Neotrigonia Cossman, 1912 (Checa, 
Salas, & others, 2014). These bosses begin 
as flat, aragonite platelets inside the initial 
periostracal dark layer, very deep within 
the spiral-shaped periostracal groove. At 
this position, the periostracal groove is a 
very narrow slit, where the periostracum 
is bounded by both the inner epithelium 
of the outer mantle fold and the outer 

Fig. 1. Optical micrographs of the mantle margins in various species. 1, Acanthocardia tuberculata (Linnaeus, 1758), 
with three folds; 2, Neotrigonia margaritacea (Lamarck, 1804), with three folds; 3, Gouldia minima (Montagu, 1803), 
with four folds; 4, Laternula valenciennesii (Reeve, 1863 in 1860–1863), with fused folds; cs, corpus spinosus (the 
structure responsible for the formation of ribs and knobs); imf, imf1, imf2, inner mantle fold; mmf, middle mantle fold; 

omf, outer mantle fold; po, periostracum (1, 3, new; 2, 4, adapted from Checa, Salas, & others, 2014). 
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epithelium of the middle mantle fold (see 
Fig. 7.1–7.2). The relative positions and 
dimensions of these structures were not 
affected during ultramicrotome sectioning 
for TEM. The observed thickness of the 
extrapallial space below the forming bosses 
is ~100 nm (Fig. 3.2–3.3), which agrees 
with the measurements derived from Beve-
lander and Nakahara’s (1969) illustrations 
of nacre. It has yet to be demonstrated that 
this is also the situation during calcifica-
tion by the external surface of the outer 
mantle fold—i.e., outside the periostracal 
groove. However, the fact that the bound-
aries between shell layers with different 
microstructures (and sometimes also with 
different mineralogies) are so well defined 
argues for a submicron-thick extrapal-
lial space (Cuif & others, 2012), which 
imposes strict limits on the lateral diffusion 
of organic and inorganic components.    

The fluid filling in the extrapallial space 
is the extrapallial fluid. Its composition has 
also attracted the attention of researchers, 
and, consequently, a number of studies 
were conducted on this issue, particularly 
during the 1960s to the 1980s (for a good 
summary, see Wilbur & Saleuddin, 1983). 
The extrapallial space contains Na+, K+, 
Ca2+ and Mg2+ as major cations and HCO3

-, 
Cl-, and SO4

= as anions (Crenshaw, 1972; 
Misogianes & Chasteen, 1979; Lorens & 
Bender, 1980; Lopes-Lima & others, 2012). 
In freshwater bivalves, the concentrations of 
these cations and anions are much smaller, 
although still greatly increased with respect 
to the external environment. The mean 
pH values vary between 7.4 and 8.3, with 

freshwater species displaying the highest 
values (Wilbur, 1964; Crenshaw, 1972; 
Pietrzak, Bates, & Scott, 1973; Wada & 
Fujinuki, 1976; Misogianes & Chasteen, 
1979; Richardson, Crisp, & Runham, 
1981). The extrapallial space also contains 
organic compounds, including amino acids 
(Misogianes & Chasteen, 1979), proteins 
(Kobayashi, 1964a, 1964b; Pietrzak, Bates, 
& Scott, 1973; Misogianes & Chasteen, 
1979), mucopolysaccharides (Kobayashi, 
1964a; Crenshaw, 1972; Misogianes 
& Chasteen, 1979), and organic acids 
(Wilbur & Simkiss, 1968). This organic 
fraction is presumably incorporated into the 
shell as intracrystalline and extracrystalline 
organic fractions, to which essential roles 
in the nucleation, growth, cessation, and 
shaping of crystals have been attributed (see 
next section).

THE PERIOSTRACUM

The periostracum is an entirely organic 
or discretely mineralized, thin, pliable, and 
fibrous layer composed of quinone-tanned 
proteins, mucopolysaccharides, and lipids. 
Fifteen amino acids were identified in the 
periostracum of each of twenty-seven species 
of marine and freshwater gastropods and 
bivalves by Meenakshi and others (1969). 
Glycine usually accounted for 40% or more 
of the amino acids, followed by tyrosin, which 
represents about 15%. There are also small 
amounts of inorganic ions, such as iron, lead, 
sulphur, or cadmium (Raith & others, 1996; 
Markich, Jeffree, & Burke, 2002; Kádár & 
Costa, 2006), which are incorporated from 
the environment. Besides its usual role as a 
matrix for the deposition of calcium carbonate 
crystals, the periostracum also protects the shell 
from dissolution (Tevesz & Carter, 1980). 
Other functions attributed to the periostracum 
include chemical defense against fouling (Bers 
& others, 2006), camouflage against predators 
(Savazzi & Sasaki, 2013), and reduction of 
scour around the shell of shallow, burrowing 
bivalves in some arcoids with periostracal hairs 
(Bottjer & Carter, 1980).

Fig. 2. The bivalve biomineralization system is composed 
of the mantle, extrapallial space, and shell (archetypical 
prismato-nacreous shell is used for the illustration); the 
outermost organic layer, the periostracum, is secreted by 

the mantle margin. eps, extrapallial space (new).
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The term periostracum, from the Greek 
peri- (around) and ostrakon (shard, shell), 
was originally defined by Gray (1825) as 
periostraca for a kind of web generally 
covering many mollusk shells. The correct, 
singular form, periostracum, was subse-
quently employed by Gray (1833). There 
is some discussion as to whether the term 
should be restricted to the proteinaceous 
organic cover of mollusk shells or include 
any discrete calcified structures (e.g., spicules 
and spikes) that are simultaneously produced 
by the inner surface of the outer mantle fold, 
as defined by Carter & Aller (1975).  

Secretion of the periostracum begins at the 
base of the periostracal groove from a row of 
innermost cells, called basal cells by Kawaguti 
& Ikemoto (1962), of the outer mantle fold 
(Kawakami & Yasuzumi, 1964; Saleuddin, 
1974). Some authors have reported two rows 
of basal cells in some species—e.g., Nucula 
sulcata Bronn, 1831 (Bubel, 1973) and 
Cardium (=Cerastoderma) edule (Linnaeus, 
1758) (Richardson, Runham, & Crisp, 
1981)—a feature that we have observed in 

several protobranchs (Fig. 4.1–4.2). The 
basal cells are characterized by the absence 
of microvilli at their free surface, a much 
infolded apical plasma membrane (Fig. 4.3), 
and many electron-dense vesicles (Fig. 4.4). 
Bubel (1973) observed filamentous mate-
rial inside similar vesicles in Mytilus edulis 
Linnaeus, 1758, and stated that these micro-
filaments are later extruded to the periostracal 
groove, where they connect to form the 
beginning of the periostracum. Some authors 
have suggested that the middle mantle fold 
contributes to formation of the periostracum 
(Field, 1922; Tsujii, 1960; Saleuddin & 
Petit, 1983), whereas others (Kessel, 1944; 
Yonge, 1957; Beedham, 1958a; Bevelander 
& Nakahara, 1967; Wada, 1968; Rich-
ardson, Runham, & Crisp, 1981; Carter 
& others, 1990) have indicated that only 
the inner surface of the outer mantle fold is 
involved, even in species in which this clearly 
adheres to the outer surface of the middle 
mantle, as in the Astartidae (Saleuddin, 
1974; Salas & others, 2012) and Macrocal-
lista Meek, 1876 (Bevelander & Nakahara, 

Fig. 3. Dimensions of the extrapallial space. 1, Section through the mantle and nacre of Pinctada radiata (Leach, 
1814 in 1814–1817); note the short distance between microvilli and the forming interlamellar membranes; arrow 
indicates growth direction (new; original material from H. Nakahara). 2–3, Neotrigonia margaritacea (Lamarck, 
1804); 2, section through an aragonite plaque forming inside periostracal groove; 3, detail of view 2 ( framed ), 
showing the dimension of the extrapallial space; eps, extrapallial space; ilm, interlamellar membrane; mv, microvilli 

(adapted from Checa, Salas, & others, 2014). 
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1967). More recently, Taylor, Glover, and 
Williams (2005) suggested that the middle 
mantle fold is responsible for additional 
thickening and tanning of the periostracum 
in the crassatellid Eucrassatella donacina 
(Lamarck, 1818 in 1818–1822). The role of 

the middle mantle fold in the formation of 
the periostracum needs further study.   

A layered periostracum is the rule in 
marine and freshwater bivalves (Saleuddin & 
Petit, 1983). A thin (10–50 nm) membrane, 
termed the pellicle by Bevelander and Naka-

Fig. 4. Basal-cell area and initial periostracal groove in some bivalves. 1, Nuculana soyoae Habe, 1958, with two basal 
cells; 2, Solemya elarraichensis Oliver, Rodrigues, & Cunha, 2011, with two basal cells; 3, Nuculana pella (Linnaeus, 
1767 in 1766–1768), apical infolded membrane of the basal cell; 4, N. pella, with two basal cells having abundant 
glandular vesicles: 5, Digitaria digitaria (Linnaeus, 1758), with only one infolded basal cell; 6–7, Laternula valenciennesii 
(Reeve, 1863 in 1860–1863); 6, detail of the basal cell; 7, wide view of the periostracal groove and basal-cell area; all 
Laternula species studied have the inner and middle folds of both mantle sides fused; a dark and a translucent layer is 
visible between the outer and the fused inner and middle folds; 8, L. rostrata (G. B. Sowerby II, 1839 in Sowerby & 
Sowerby, 1832–1841), detail of the layered dark layer and nanolaminated translucent layer; 9, L. rostrata, TEM view of 
the translucent layer, showing nanolamination; bc, bc1, bc2, basal cell; dl, dark layer; imf + mmf, fused inner and middle 
mantle folds; mmf, middle mantle fold; mv, microvilli; omf, outer mantle fold; p, pellicle; pg, periostracal groove; tl, 
translucent layer (1–4, 8, new; 5, adapted from Salas & others, 2012; 6–7, 9, adapted from Checa & Harper, 2010). 
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hara (1967), is initially secreted at the inter-
cellular space between the basal cells and the 
first cells of the outer mantle fold and the 
middle mantle fold (Fig. 4.5–4.6). Across 
and along the periostracal groove, secre-
tions by usually columnar epithelial cells of 
the inner surface of the outer mantle fold 
are progressively added below the pellicle. 
These secretions form a dark, electron-dense 
layer immediately below the pellicle and a 
more internal, translucent layer (Fig. 4.7). 
In well-preserved specimens,  under high 
magnification, however, both appear inter-
nally layered (Fig. 4.8–4.9). This is due to the 
fact that, during periostracum growth and 
thickening along the periostracal groove, the 
translucent layer polymerizes and transforms 
into dense layer. Transformation drastically 
reduces the thickness of the translucent 
layer (Fig. 5) and is attributed to quinone 
tanning (i.e., cross-linking by quinones) 
brought about by secretions of the inner 
surface of the outer mantle fold. Among the 
tanning secretions, 3-4-dihydroxyphenyl 
alanine (DOPA) is probably the main sclero-
tizing (i.e., hardening) agent (Hillman, 
1961; Saleuddin & Petit, 1983). Waite, 
Saleuddin, and Andersen (1979) identified 
a basic hydrophobic protein, called perios-
tracin, in the periostracum of Mytilus edulis, 
that they considered to be later sclerotized by 
polymerization with DOPA, this being the 
precursor of the dense layer. Secretion of the 

translucent layer and its transformation into 
dense layer continues up to the end of the 
periostracal groove, where the entire trans-
lucent layer is usually, though not always, 
transformed into dense layer (Fig. 5).   

In the Protobranchia, the periostracum 
ranges in thickness from 3 μm in some 
nuculids to over 100 μm in some solemyids. 
The periostracum in this group is usually 
smooth, with no external ornamentation or 
indication of internal structures (Harper, 
1997). Two basal cells seem to be the general 
rule in this clade. Among the Nuculidae, two 
rows of basal cells are involved in the forma-
tion of the periostracum, as in Nucula sulcata 
Bronn, 1831 (Bubel, 1973). According 
to Bubel (1973), the pellicle is absent in 
this species, which could be the primitive 
condition of the nuculids. However, our 
electron microscopy observations of Nucula 
nitidosa Winckworth, 1930, point to the 
presence of a pellicle layer (Fig. 6.1), albeit 
less defined than in many other bivalves. 
The dense layer and translucent layer are 
also present in these species. Two rows of 
basal cells, with large amounts of electron-
dense vesicles, have been observed in the 
nuculanids Nuculana pella (Linnaeus, 1767 
in 1766–1768), Nuculana soyoae Habe, 1958 
(Fig. 4.1), and Saccella commutata (Philippi, 
1844), which are involved in the formation 
of a well-defined pellicle (Fig. 6.2). There-
fore, the periostracum in Protobranchia 

Fig. 5. Optical section through the mantle margin of Digitaria digitaria (Linnaeus, 1758), showing how, with periostracum 
growth, the dark layer thickens as the translucent layer thins. bc, basal cell; dl, dark layer; mmf, middle mantle fold; omf, 

outer mantle fold; pg, periostracal groove; tl, translucent layer (adapted from Salas & others, 2012).
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has three layers: pellicle, dense layer, and 
translucent layer.  

In the Solemyidae, the shell of Solemya 
Lamarck, 1818 in 1818–1822, exhibits 
considerable flexibility, which is further 
enhanced by the marked extension of the 
periostracum beyond the calcareous portions 
of the valves. We detected two rows of basal 
cells in S. elarraichensis Oliver, Rodrigues, 
& Cunha, 2011, which form a pellicle with 
a constant width of ~50 nm (Fig. 4.2); later, 
the periostracum widens by secretions of the 
inner epithelium of the outer mantle fold, 
reaching a thickness of more than 2 μm when 
extruded from the periostracal groove (Fig. 
6.3). Beedham and Owen (1965) identified 
four layers in the periostracum of Solemya 
parkinsoni E. A. Smith, 1874. However, 
we have found only three layers in S. elar-
raichensis. Beneath the pellicle, the dense layer 

thickens at the expense of the translucent 
layer; the latter disappears when the perios-
tracum is projected beyond the periostracal 
groove. The dense layer has a multi-layered 
appearance due to periodicity of the tanning 
process. Transverse sections (light-microscopy 
and TEM examinations) of the periostracum 
of S. elarraichensis show small folds that are 
projected from the surface of the perios-
tracum, producing microwrinkles (Fig. 6.4).

In the Pteriomorphia, the periostracum 
in arcoids is generally thick, persistent, and 
densely covered by hairs and/or shingles 
(Harper, 1997). Hair formation in arcoids 
has been described by Waller (1980), who 
argued that they are formed during matura-
tion of the periostracal sheet and not under 
direct mantle control. The periostracum 
of Glycymeris nummaria (Linnaeus, 1758) 
(Glycymerididae) is very thick and folded; 

Fig. 6. 1, Nucula nitidosa Winckworth, 1930, detail of the periostracum showing the slightly translucent pellicle 
and vacuolated dark layer. 2, Nuculana pella (Linnaeus, 1767 in 1766–1768), periostracal fold within the periostra-
cal groove, where the dark pellicle is evident. 3, Solemya elarraichensis Oliver, Rodrigues, & Cunha, 2011, detail 
of the laminated dark layer; no translucent layer is seen at this level. 4, S. elarraichensis, forming free periostracum 
showing a prong-like process, the base of which encloses a patch of translucent material. 5, Glycymeris nummaria 
(Linnaeus, 1758), view of the periostracum and mantle epithelium showing the extreme thickness of the laminated 
translucent layer. 6, G. nummaria, detail of the periostracum showing the presence of a dark pellicle. dl, dark layer; 

omf, outer mantle fold; p, pellicle; tl, translucent layer (new).
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there is a thin pellicle (less than 50 nm in 
thickness), subjacent to which is a dark 
layer that has a constant width (~100 nm) 
along the periostracal groove (Fig. 6.5). In 
contrast to Solemya, the translucent layer is 
extremely thick, reaching up to 25 μm (Fig. 
6.5–6.6). Barbatia cancellaria (Lamarck, 
1819 in 1818–1822) has a periostracum with 
radial sculpture that seems to correspond to 
radial undulations of the epithelial surfaces 
within the periostracal groove (Waller, 
1980). Numerous commarginal pleats occur 
at the edge of the shell as the outer mantle 
fold extends and retracts, thus dragging the 
periostracal sheet. These pleats give the perio-
stracum a thick, multilayered structure at the 
edge of the shell. 

The periostracum of non-arcoid Pterio-
morphia is extremely thin (<1 μm), except 
in the Anomiidae—e.g., Anomia ephippium 
Linnaeus, 1758, and Monia squama (Gmelin, 
1791 in 1791–1793) have periostraca ~10 μm 
thick (Harper, 1997)—and in many Myti-
loidea. In the pteriid Pinctada imbricata fucata 
(Gould, 1850), a synonym of P. martensii 
(Dunker, 1880), the periostracum originates 
as a folded or branch-like structure at the 
bottom of the periostracal groove (Kawakami 
& Yasuzumi, 1964). The latter authors indi-
cated the presence of a dense layer and another 
made of homogeneous material of intermediate 
density. The latter layer is covered by the inner 
surface of the outer mantle fold. Wada (1968) 
restudied the formation of the periostracum in 
juveniles of P. imbricata fucata. He described 
a thick and pear-shaped basal cell—devoid of 
microvilli and with an electron-dense, folded, 
and concave free surface—that exhibits the 
presence of secretory substances. This basal cell 
secretes a dark pellicle, below which the other 
layers of the periostracum are secreted along 
the periostracal groove, to a total thickness of 
60–100 μm.   

The periostracum of the Mytilida is gener-
ally thick and persistent, ranging in thickness 
from 5 μm in Ciboticola lunata (Hedley, 
1902) to 428 μm in Musculus laevigatus (Gray, 
1824) (Harper, 1997). Mytilus edulis has a 
three-layered periostracum. It originates from 

a row of basal cells (Bubel, 1973) that extrudes 
a pellicle into the periostracal groove. The 
middle dark layer is vacuolated and up to 80 
μm thick (Beedham, 1958b; Dunachie, 1963). 
This layer is neither continuous nor homoge-
neous in aspect over the entire periostracum. In 
addition to Mytilus, vacuolated periostracum 
has been reported in Perumytilus purpuratus 
(Lamarck, 1819) (Carter, 1990; Carter, 
Lutz, & Tevesz, 1990). Carter (1990, p. 282) 
suggested that these vacuoles represent modifi-
cations of ancestral periostracal mineralization, 
and their replacement by fluid might help 
retain flexibility in the marginal periostracum 
for hermetic closure of the valves during desic-
cating, subaerial exposure. Different types of 
projections, called hairs, cover the external 
surface of the periostracum in a number of 
mytilids—e.g., Modiolus modiolus (Linnaeus, 
1758), Modiolus barbatus (Linnaeus, 1758) 
(Ockelmann, 1983). Different functions have 
been proposed for these hairs, such as stabiliza-
tion, fouling, and epibiont avoidance. Bottjer 
and Carter (1980, p. 202) indicated that these 
“adventitious hairs” in mytilids are “probably 
not periostracal in origin.” Ockelmann (1983) 
proposed that they represent secretions of the 
pedal byssal gland.   

In the Palaeoheterodonta, TEM and 
optical microscopy of the trigonioid Neotri-
gonia Cossmann, 1912 (Trigoniidae) reveal 
a spiral-shaped periostracal groove (Fig. 7.1; 
Checa, Salas, & others, 2014). The perios-
tracum in N. margaritacea (Lamarck, 1804) 
is initiated by a row of basal cells as a thin, 
dark pellicle. A dense layer is progressively 
added below the pellicle by the inner surface 
of the outer mantle fold. One whorl after the 
initiation along the spirally coiled periostracal 
groove, a clearly laminated translucent layer 
begins to be evident (Fig. 7.1–7.2). Trans-
formation of the translucent layer into dense 
layer continues as discrete mineralization is 
added to the periostracum. Aragonitic crystals 
begin to form very early within the first half-
turn of the periostracal groove, immediately 
below the initial dense layer, before the start 
of the translucent layer, directly in contact 
with the microvilli of the outer mantle fold 
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surface (see discussion of periostracal miner-
alization below).   

The periostracum in the palaeoheterodont 
family Unionidae consists of two (Checa, 
2000b) or three (Petit, Davis, & Jones, 
1978, 1979, 1980; Petit & others, 1980; 
Petit, 1981) layers, of which the thin outer 
one is secreted within the periostracal groove, 
whereas the thicker, inner layer is secreted 
by the epithelium of the outer mantle fold 
(Checa, 2000b). In Unio elongatulus Pfei-
ffer, 1825, and Potomida littoralis (Cuvier, 
1798), the periostracum has an approximate 
thickness of 2–3 μm (Checa, 2000b) and 
25–50 μm in Amblema (Saleuddin & Petit, 
1983) upon extrusion from the periostracal 
groove. From this point, a new, non-tanned 
layer, composed of micron-thick sublayers, 
is secreted below the outer periostracum 

(Checa, 2000b). This latter layer corresponds 
with the middle periostracum of Petit, Davis, 
& Jones (1978, 1979, 1980) and can reach 
30–40 µm in thickness in Unio elongatulus.    

The unionid periostracum contains 
discrete mineralization in the form of arago-
nitic radial-fibrous aggregates within its inner 
part (see discussion of periostracal mineraliza-
tion, below). Below the periostracum, the 
outer surface of the outer mantle fold forms 
the underlying aragonitic composite prisms 
of the outer shell layer (Liu & Li, 2013). 
The existence of folds formed by the outer 
periostracum and reflected in the surface of 
the outer shell layer implies that calcifica-
tion of the outer shell layer is a periodic 
activity, interrupted by refractory episodes in 
which only the periostracum is secreted, thus 
forming folds at the exit of the periostracal 

Fig. 7. 1, Neotrigonia margaritacea (Lamarck, 1804), general view of the spiral periostracal groove; the translucent 
layer begins to be secreted one whorl after the initiation of the periostracum, and forming crystals can be seen as early 
as half a whorl after. 2, N. margaritacea, detail of a forming crystal; its growth surface is at the boundary between 
the dark and translucent layers. 3, Astarte montagui (Dillwyn, 1817); pitted external surface of the periostracum. 4, 
Digitaria digitaria (Linnaeus, 1758), initial part of the periostracum; the pits are formed by the templating action 
of the cells of the middle mantle fold. 5a–b, D. digitaria; periostracal pits are filled with bacteria; 5b shows detailed 
view of one such pit. 6, Cardita calyculata (Linnaeus, 1758), optical semi-thin section of the mantle edge, showing 
the periostracum layers. b, bacterium; bc, basal cell; cr, forming crystal; dl, dark layer; mmf, middle mantle fold; 
omf, outer mantle fold; p, pellicle; pg, periostracal groove; tl, translucent layer (1, adapted from Checa, Salas, & 

others, 2014; 2–3, 6, new; 4–5, adapted from Salas & others, 2012). 
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groove and leaving major growth lines. Layers 
of inner periostracum are added occasion-
ally to the outer part of the sub-periostracal 
shell during prolonged periods of inactivity 
in which the mantle is retracted (Checa, 
2000b). 

Among the Archiheterodonta, the Astart-
idae are characterized by an externally pitted 
periostracum (Fig. 7.3), first described 
by Ockelmann (1958), who used their 
morphology to discriminate species. The 
periostracum of several species of Astarte J. 
Sowerby, 1816 (in Sowerby & Sowerby, 
1812–1846) has been studied by Saleuddin 
(1965, 1974), although he did not address 
the formation of the pits. Salas and others 
(2012) observed that the periostracal pits of 
the astartid Digitaria digitaria are templated 
by cells of the outer surface of the middle 
mantle fold at the bottom of the periostracal 
groove (Fig. 7.4). The pits are furnished with 
bacteria (Fig. 7.5). The periostraca of Astarte 
castanea (Say, 1822) and Astarte elliptica 
(Brown, 1827) appear to consist of two 
layers under light microscopy (Saleuddin, 
1974), but three layers are visible under elec-
tron microscopy. Three layers have also been 
observed in D. digitaria (Salas & others, 
2012). In the carditid Cardita calyculata 
(Linnaeus, 1758), the periostracum is not 
pitted as in the Astartidae, but it is simi-
larly secreted by a single row of basal cells. 
The periostracum presents three layers: the 
pellicle, a thin dark layer, and a thick trans-
lucent layer. The latter continues onto and 
is conspicuous on the outer surface of the 
outer mantle fold (Fig. 7.6).   

The periostracum of the Euheterodonta 
has received comparatively little study, 
despite the diversity of the group. In the 
Cardioidea, it is thin (~1–2 µm) (Harper, 
1997). In Cerastoderma edule (Linnaeus, 
1758), the innermost part of the inner 
surface of the outer mantle fold is curved. 
Two rows of basal cells are present at the 
bottom of the periostracal groove (Rich-
ardson, Runham, & Crisp, 1981). A thin 
pellicle layer lies adjacent to the microvillous 
border of the middle mantle fold. Subjacent 
to the pellicle, two other layers are present: 

an electron-dense dark layer and a fibrous 
translucent layer. In their study of the perio-
stracum of the tellinid Nitidotellina hokkaid-
oensis (Habe, 1961), Kawaguti and Ikemoto 
(1962) indicated the presence of a row of 
basal cells and two layers, a solid (dark) and a 
diffuse (translucent) layer; however, a pellicle 
can be identified in the figures (Kawaguti 
& Ikemoto, 1962, fig. 3–4). In the tellinid 
Macoma balthica (Linnaeus, 1758), two 
layers of different electron density have been 
recognized within the periostracum (Bubel, 
1973). Members of the Veneridae have four 
mantle folds as a general rule. The forma-
tion and structure of the periostracum in 
the venerids Megapitaria (formerly Macro-
callista) maculata (Linnaeus, 1758) (Beve-
lander & Nakahara, 1967), Mercenaria 
mercenaria (Linnaeus, 1758) (Neff, 1972b), 
and Ruditapes philippinarum (Adams & 
Reeve, 1850 in 1848–1850) (Paillard & 
Le Pennec, 1993) is similar. It begins in a 
row of basal cells with large vacuoles, many 
cisternae, and an infolded free surface. Beve-
lander and Nakahara (1967) designated 
the term pellicle for the first time for the 
membrane secreted by the basal cells of M. 
maculata, beneath which a dark layer and a 
translucent layer are present. According to 
Paillard and Le Pennec (1993), the perio-
stracum of R. philippinarum is composed of 
three layers—two electron-dense granular 
layers separated by an electron-lucent homo-
geneous layer, which as a whole correspond 
to the dark layer of other bivalves. The 
electron-density differences found in this 
layer could be related to episodic tanning of 
the translucent layer. An additional fibrous 
(translucent) layer is present between the 
dark layer and the outer mantle fold.    

The Anomalodesmata have a moderate to 
thick, persistent periostracum ranging from 
2 to 80 µm in thickness (Harper, 1997). 
The formation of the periostracum has 
been studied only for Laternula valencien-
nesii (Reeve, 1863 in 1860–1863) (Checa 
& Harper, 2010). The periostracum and 
middle mantle fold show tissue-grade fusion, 
and the periostracal groove is located on 
both sides of the fused margins (Fig. 4.7). 
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The basal cells are located very close to the 
beginning of the two periostracal grooves 
and produce pellicles with an approximate 
thickness of 30 nm (Fig. 4.6). Each pellicle 
is later thickened by secretions from the 
inner surface of the outer mantle fold at the 
same time as it slides in a distal direction 
over the epithelium of the fused middle and 
inner mantle folds, while it adheres to the 
outer surface of the middle mantle fold (Fig. 
4.7). As usual, the dark layer thickens by 
tanning of the translucent layer. The internal 
nanolamination of the translucent layer and 
the layering of the dark layer (produced 
by episodic tanning) have also been recog-
nized in other species of Laternula—L. recta 
(Reeve, 1863 in 1860–1863) (Fig. 4.8–4.9). 
Members of this clade display a wide variety 
of noteworthy mineralized periostracal struc-
tures, such as spikes and plaques (Carter 
& Aller, 1975; Checa & Harper, 2014). 
They typically use the translucent layer as 
a calcifying medium to produce spikes and 
plaques, and in some cases they also use the 
translucent layer to initiate mineralization of 
the outer shell layer (see section on perios-
tracal mineralization).   

In summary, the basic structure of the 
periostracum of bivalves consists of a thin 
pellicle, produced by one or two rows of 
basal cells, that is underlain by a dark layer, 
which in turn is formed by the sclerotization 
of a transitory translucent layer. Differences, 
however, have been reported in the presence 
of the pellicle, the thickness of the layers, 
and the rate at which the translucent layer 
transforms into dark layer. A more in-depth 
study of the formation of the periostracum 
in a larger number of species of bivalves 
is needed in order to assess the role of the 
middle mantle fold in its formation.

PERIOSTRACAL MINERALIZATION

Mineralized periostracal structures are 
taxonomically widespread among non-
protobranch bivalves. In all well-known 
examples, this mineralization begins within 
the translucent layer and is comparable to 
crystallization within a gel matrix. Due to 

slow diffusion rates, intra-gel crystallization 
is a classic technique for the formation of 
large, euhedral crystals. Mineralized periostr-
acal structures are cemented to or imbedded 
within the outer part of the outer shell layer 
in many trigonioids, unionoids, Archihet-
erodonta, Anomalodesmata, Hiatelloidea, 
Modiomorphoidea, Kalenteroidea, Gastro-
chaenoidea, and Veneroidea, as well as in a 
few Actinodontida, Arcticoidea, Cardioidea, 
and Lucinida—in the latter, even excluding 
the pseudoperiostracal mineralization in 
Lucina pensylvanica (Linnaeus, 1758), which 
forms beneath the true periostracum, in 
the outer shell layer (see Taylor & others, 
2004). Periostracal mineralization that is not 
attached to the outer shell layer and, there-
fore, unlikely to be preserved in fossils, is 
present in some Mytiloidea, Astartidae, and 
Veneridae (J. Carter, personal communica-
tion, 2015; see also Aller, 1974; Carter & 
Aller, 1975; Carter, 1978, 1990; Prezant, 
1979; Callil & Mansur, 2005; Checa & 
Harper, 2010; Zieritz & others, 2011). 
Considering this wide taxonomic distribu-
tion, the propensity for periostracal miner-
alization might be a synapomorphy for the 
Autobranchia or at least the Heterocon-
chia, although this has probably been real-
ized convergently in various subgroups (see 
discussion in Checa & Harper, 2014). It is 
of particular interest that mineralized perio-
stracal spikes are always associated with the 
inner translucent layer of the periostracum, 
which appears susceptible to calcification. 
Further research is required to establish 
whether the translucent layer is homologous 
among heterodont taxa.

Periostracal mineralization in the Pteri-
omorphia is apparently restricted to the 
Mytilida. A thin, mineralized, amorphous 
crust is deposited in antimarginal rays on 
the inner surface of the periostracum in the 
arcoid Barbatia cancellaria, but these are 
clearly products of the outer mantle fold and 
are, therefore, initiation sites of the outer 
shell layer (Waller, 1980, p. 42, fig. 44). 
Aragonitic intraperiostracal granules and/
or spikes are present in the periostracum 
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of several mytilid genera (Carter, 1990, p. 
281). Some species of Lithophaga Röding, 
1798, have a densely mineralized periostracal 
sublayer with irregular or euhedral crystals of 
fluorapatite (Waller, 1983; Carter, 1990, 
fig. 53a, 54). As in the case of aragonitic 
periostracal needles in Veneridae, the miner-
alized sublayer in Lithophaga is connected 
with the inner surface of the periostracum 
by minute tubules (Carter, 1990, p. 281; 
Carter & others, 2012).

In the Palaeoheterodonta, the trigonioid 
Neotrigonia is unique in that the aragonitic 
periostracal plaques initiate at a very early 
stage of periostracum formation, within the 
particularly deep periostracal groove, imme-
diately below the initial periostracal dark 
layer (Checa, Salas, & others, 2014; Fig. 
7.1–7.2). During the crossing of the perio-
stracum from the periostracal groove to the 
shell margin, the translucent layer becomes 
sclerotized into dark layer (similar to the 
process discussed above for anomalodes-
matans). In coordination with the resulting 
thickening of the dark layer, the bosses 
first thicken and later extend towards the 
interior of the shell as incipient composite 
prisms with rounded cross sections. When 
they reach the mantle edge, periostracal 
mineralization is replaced by outer shell 
layer mineralization. In the inter-rib and 
internode spaces, this produces a much 
wider, polygonal composite prism directly 
beneath each boss, or a much different, 
granular microstructure in the ribs and 
nodes. In the outer part of the composite 

prismatic portion of the outer shell layer, 
the composite prisms are separated by dark, 
pseudoperiostracal walls secreted by the 
outer surface of the outer mantle fold. The 
number and position of composite prisms 
in the outer shell layer is predetermined at 
the free periostracum stage. As noted above, 
periostracal mineralization also occurs in the 
Unionida.

In the Euheterodonta, aragonitic periostr-
acal needles and pins have been described for 
several venerid genera (Glover & Taylor, 
2010; Fig. 8). These structures are progres-
sively extruded outward from the interior 
of the organic periostracum. Their proximal 
ends are intraperiostracal and commonly 
connect with the inner surface of the perio-
stracum by narrow channels. Mineralized 
periostracal spikes are rare in the Veneroidea, 
but they occur in Gafrarium divaricatum 
(Gmelin, 1791 in 1791–1793) (Glover & 
Taylor, 2010, fig. 10E–G, as short pins), 
and they are not associated with periostracal 
channels.

In the Anomalodesmata and in many 
Hiatelloidea and Gastrochaenoidea, discrete 
periostracal mineralization, usually in the 
form of granules or spikes, rarely as plaques 
(Fig. 9.1–9.3), begins to be produced as the 
periostracum moves along the inner surface 
of the outer mantle fold, at the boundary 
between the dark layer and the translucent 
layer (Fig. 9.4–9.7). These aragonitic struc-
tures typically consist of prisms with their 
c-axis mainly oriented perpendicular to the 
periostracum surface. The elements may be 

Fig. 8. Periostracal needles and pins. 1, Needles on the outer periostracal surface of Lioconcha castrensis (Linnaeus, 
1758). 2, Detail of the insertion of the needles within the periostracum of Tivela lamyi Dautzenberg, 1929. 3, 
Pins developed on the outer surface of the periostracum of Pitar trevori Lamprell & Whitehead, 1990 (adapted 

from Glover & Taylor, 2010). 
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irregularly or regularly arranged. During 
further growth, the dark layer thickens at 
the expense of the translucent layer, at the 
same time that the structures progressively 
protrude and push the dark layer outward 
while its base continues to grow inwards 
towards the inner surface of the translucent 
layer. In many Anomalodesmata, when 
the periostracum reaches the shell margin, 
the remainder of the translucent layer is 
mineralized by the outer surface of the outer 
mantle fold (Fig. 9.8), thereby initiating 
the outer shell layer, which is commonly 
granular in Anomalodesmata (Harper, 
Checa, & Rodríguez-Navarro, 2009; 
Checa & Harper, 2010) (Fig. 9.9) or pris-

matic in Spengleria Tryon, 1861, and some 
Anomalodesmata (Carter, 1978; Checa & 
Harper, 2010, 2014). In this way, the outer 
shell layers of these bivalves are formed 
and the previously formed spikes become 
imbedded within it. The complete process 
is summarized in Figure 10. This pattern of 
shell formation is also found in the anterior 
and ventral areas of Spengleria, but in the 
posterior area the spikes are separated from 
the rest of the calcified shell by a dark layer 
and by a substantial void (Carter, 1978; 
Checa & Harper, 2014).

Mineralized periostracal structures might 
be considered cases of remote biominer-
alization when there is a translucent layer 

Fig. 9. Periostracal mineralization in Anomalodesmata; all SEM images, except for 5 (optical micrograph). 1, Lyonsiella 
abyssicola (G. O. Sars, 1872), spikes of the posterior area; 2, Thraciopsis angustata (Angas, 1868), wide spikes in the 
posterior area; 3, T. angustata, plaques in the anterior area; 4, Laternula rostrata (G. B. Sowerby II, 1839 in Sowerby 
& Sowerby, 1832–1841), progressive formation of spikes within the free periostracum; 5, L. rostrata, thin section 
through decalcified free periostracum, showing growing prisms (note that the part of translucent layer that has not 
yet mineralized has split from the rest of periostracum); 6, L. rostrata, growing spike within the translucent layer; 7, 
L. rostrata, showing nanomembranes of the translucent layer incorporated within a forming spike (7 ) and progressive 
mineralization of the translucent layer towards lower part of the image, as seen from its internal surface (8) (new). 9, 
L. rostrata, appearance of the prismatic granular layer, with horizontal laminae; dl, dark layer; fp, forming prism; tl, 

translucent layer (1–2, 4–6, 9, adapted from Checa & Harper, 2010; 3, 7–8, new). 
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between the mantle and the mineralized 
periostracal structure, which is usually the 
case. However, the term remote biominer-
alization was originally applied by Chinzei 
and Seilacher (1993) to situations in which 
the biomineralization does not occur within 
an organic layer secreted for this purpose. 
Such examples of remote biomineraliza-
tion are rare in the Bivalvia. They include 
calcite crystals within the attached valves of 
several ostreoids after closure of intra-shell 
chambers; aragonitic pillar-like structures 
reported by Grégoire (1974) in analogous 
cavities of the unionoid Etheria Lamarck, 
1807, remote deposits in the valleys of the 
divaricate ribs of some tellinoideans, formed 
between the periostracum and the shell 
(Checa, 2000a); external crusts on the shells 
of the venerids Granicorium Hedley, 1906, 
and Samarangia Dall, 1902, composed 

of cemented sediment grains (Taylor, 
Glover, & Braithwaite, 1999; Braith-
waite, Taylor, & Glover, 2000), formed 
within a mucus extruded by the outwardly 
reflected mantle margin; and acicular arago-
nite deposits below the posterior perios-
tracum in Spengleria (Carter, 1978; Checa 
& Harper, 2014). 

THE MAJOR SHELL LAYERS
THE ORGANIC FRACTION 

The organic fraction of the major shell 
layers is mainly proteins, acidic polysac-
charides, and chitin (presumably the β 
polymorph) (Low e n s ta m & We i n e r , 
1989; Levi-Kalisman & others, 2001; 
Pereira-Mouriés & others, 2002). Some 
of the organic fraction assembles into a 
3-D organic-matrix framework, which 
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Fig. 10. Model for the formation of spikes and the outer granular prismatic shell layer in Laternula Röding, 1798. 
Spikes nucleate within the translucent periostracal layer, immediately below the dark layer. With growth, spikes 
protrude and push the dark layer outwards, at the same time as they extend towards the base of the periostracum. At 
the shell margin, an extensive mineralization of the translucent layer occurs, with the formation of many prismatic 
granules. In this way, the spikes become incorporated within the outer prismatic granular layer. dl, dark layer; fsp, 
forming spike; ome, outer mantle epithelium; omf, outer mantle fold; pg, prismatic granule; sp, spike; tl, translucent 

layer (adapted from Checa & Harper, 2010, fig. 12A). 
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provides the scaffold for mineral nucle-
ation and growth (Weiner, Traub, & 
Lowenstam, 1983). Additionally, some 
macromolecules function as soluble addi-
tives and are absorbed by crystals during 
growth, forming an intracrystalline organic 
phase (Berman & others, 1993; Weiner & 
Addadi, 1997) that is presumably involved 
in polymorph selection and in crystal 
nucleation, growth, and morphology 
(Addadi & Weiner ,  1985; Addadi & 
others, 1987; Falini & others, 1996). 
Isolation of macromolecules and regrowth 
of calcium carbonate in their presence 
has demonstrated selectivity for specific 
crystal planes (e.g., Addadi & others, 
1987). In 1996, two different research 
groups (Belcher & others, 1996; Falini 
& others, 1996) demonstrated that poly-
morph secretion is controlled by macro-
molecules associated with either calcitic 
or aragonitic shell layers. In particular, 
the first team, employing a variety of taxa 

including four bivalve species, precipi-
tated calcium carbonate in the presence 
of soluble proteins extracted from either 
calcitic or aragonitic shells preabsorbed on 
a substrate of squid chitin and silkworm 
fibroin. They consistently found that the 
precipitated polymorph coincided with 
that of the original shell. Belcher and 
others (1996) extracted soluble polyanionic 
proteins from the nacre and prismatic 
calcite of the gastropod Haliotis Linnaeus, 
1758. Their results were similar to those of 
Falini and others (1996), although their 
work also had implications regarding influ-
ence on crystal nucleation and orientation. 
They concluded that these aspects of shell 
formation do not require pre-organized 
organic arrays. Other studies also included 
the action of the ethylenediaminetet-
raacetic acid (EDTA)-insoluble fractions, 
with the conclusion that they can influence 
nucleation density and crystal size (Feng & 
others, 2000).

Fig. 11. Classification of proteins extracted from molluscan shells, according to their molecular weight (MW ) 
and isoelectric point (pI ); proteins associated with aragonite indicated with square boxes and those associated with 
calcite with solid black diamonds. Ar, Atrina rigida (Lightfoot, 1786); Bg, Biomphalaria glabrata (Say, 1818); Hl, 
Haliotis laevigata Donovan, 1808; Hr, Haliotis rufescens Swainson, 1822; Pf, Pinctada fucata (Gould, 1850); Pm, 
Pinctada maxima ( Jameson, 1901); Pn, Pinna nobilis Linnaeus, 1758; Py, Patinopecten (=Mizuhopecten) yessoensis 

(Jay, 1857); Tm, Turbo marmoratus Linnaeus, 1758 (adapted from Marin & others, 2008, fig. 5). 
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The organic fraction of the shell has tradi-
tionally been separated into soluble and 
insoluble, by using EDTA, acetic acid, or 
hydrochloric acid aqueous solutions to 
distinguish the acidic proteins from the 
hydrophobic glycine-alanine–rich mole-
cules (Hare ,  1963; Hare & Abelson, 
1965; Watabe, 1984; Mann, 1988; Kono, 
Hay as  h i,  & Sa m ata, 2000) .  Pe r e i r a-
Mouriés and others (2002) challenged this 
definition when they decalcified nacre with 
ultra-pure water and showed that there were 
significant differences in amino acid compo-
sition of the nacre EDTA-soluble fractions. 
According to them, the property-related 
difference between both fractions is not so 
straightforward.

Due to the important functions attributed 
to molluscan shell proteins and despite the 
fact that they are present in small amounts 
(0.03–0.5% by weight in the soluble frac-
tion), efforts have been made to isolate and 
characterize them (for an account on the 
repertoires of proteins and their functions, 
see reviews by Cusack & Freer, 2008; 
Marin & others, 2008). Most proteins have 
been extracted from bivalves, mainly from 
the calcite of members of Pinctada Röding, 
1798, and Atrina Gray, 1842, and from the 
nacre of Pinctada. Regarding gastropods, 
most proteins that have been extracted and 
identified come from the nacre of Haliotis. 

Molluscan shell proteins have been classi-
fied by Marin and others (2008) according 
to isoelectric point (pI) and molecular 
weight (MW) (Fig. 11). Three groups can 
be distinguished according to pI: highly 
acidic (pI < 4.5), moderately acidic (pI = 
4.5–7) and basic (pI > 7) proteins. Highly 
acidic proteins are exclusive to calcitic shells 
and, due to the preponderance of negatively 
charged Asp-rich residues, are Ca-binding 
proteins. They are particularly suited for 
control over crystal growth and interaction 
with crystal faces. The second group forms a 
disparate collection, with most being associ-
ated to aragonite and some to nacre. Some 
nacreins have a diversity of functions, from 
Ca-binding to carbonic anhidrase activity. 

Pearlins inhibit calcium carbonate precipita-
tion and induce the formation of platy arago-
nite platelets. Others (e.g., caspartin) induce 
changes in crystal shape. Basic proteins 
have been extracted both from calcitic and 
aragonitic layers. Some of them have been 
extracted from the nacre of abalone and 
display interesting in vitro activities, like the 
nucleation of calcium carbonate (perlucin) 
or its inhibition (perlwappin); perlinhibin 
inhibits the growth of calcite and induces 
the formation of flat platelets of arago-
nite. However, the molecular aspects of the 
shell-building process are still far from fully 
understood because soluble and insoluble 
organic molecules synergistically control 
the nucleation, growth, polymorphism, 
and orientation of biomineral deposition. 
For this reason, it is difficult to mimic the 
biomineralization process and to distinguish 
the precise roles played by these soluble and 
insoluble organic phases. 

In the past decade, attention has been 
paid to the relationship between bivalve 
genomics and shell biomineralization. The 
interest is to identify transcripts (i.e., RNA 
molecules transcribed from DNA) encoding 
secreted shell proteins, proteins specific to 
the pallial space, and proteins implicated in 
calcium regulation in mantle cells, as well 
as transcription factors responsible for the 
regulation of the process. Only a few such 
studies have been performed on bivalves 
and gastropods (Duplat & others, 2006; 
Jackson & others, 2006, 2010; Joubert & 
others, 2010), which have yielded general 
conclusions about the high complexity of 
the calcifying mantle transcriptome (i.e., the 
collection of all the transcripts present in a 
given cell, and which reflects the genes that 
are being actively expressed at any given time) 
and the substantial differences between major 
molluscan groups. Despite the small amount 
of genomic data presently available, this line 
of research is particularly promising since it 
opens the door for future genomic manipula-
tion with the aim of obtaining biomaterials 
with desired mechanical and biomedical 
properties.   
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SHELL MICROSTRUCTURES AS 
CRYSTAL AGGREGATES

Shell microstructures are aggregates of crys-
tals that have defined, recurrent morpholo-
gies and mutual relationships. Probably due 
to mineral-organic constraints, not every 
morphology (or arrangement) is possible, and 
there is a limited number of microstructures 
(Carter & others, 2012). At the same time, 
homeomorphic microstructures (e.g., nacre, 
crossed-lamellar, foliated) have developed inde-
pendently in and within the different classes. 
The most extreme example of convergence is 
crossed lamellar microstructure, which devel-
oped independently in all extant molluscan 
classes with the exception of the Cephalopoda 
and Aplacophora. Crossed lamellar microstruc-

ture probably also developed independently in 
certain extinct groups (i.e., the Bellerophon-
tida) in the extinct molluscan class Rostrocon-
chia and in the Hyolitha.

One of the most distinctive features of 
microstructures is their high degree of crys-
tallographic ordering. The best way to show 
this is through the construction of pole 
figures derived from diffraction methods: 
X-ray diffraction (XRD) and electron back-
scatter diffraction (EBSD). Pole figures plot 
the distribution (usually as density curves) 
of the poles of particular faces or crystallo-
graphic directions in stereographic projec-
tion. When most values are concentrated in 
one or several (depending on the symmetry 
of the crystal) reduced areas (each called a 

Fig. 12. Bivalve microstructures displaying fiber (1–3) and sheet textures (4–7 ). In each, the left (001, 002, or 
006) pole figures represent the orientation of the c-axes, whereas the right (104 of calcite, and 111, 010, and 112 
of aragonite) pole figures represent the orientation of the axes perpendicular to the c-axis (a-axes of calcite or a- and 
b-axes of aragonite). In all, there is a single, discrete maximum for the left pole figures, implying that the c-axes of 
crystals are co-oriented. Fiber textures (1–3) are characterized by a ringlike distribution in the right pole figures, 
implying that the axes perpendicular to the c-axis are disoriented. Sheet textures (4–7 ), on the other hand, have 
discrete maxima for the same pole figures, implying that those axes are co-oriented. An apparent ringlike distribution 
(in view 7 ) for the 112 pole figure of Eucrassatella decipiens (Reeve, 1842) is, in fact, a six-rayed distribution of the 
a- and b-axes of aragonite, typical of {110} twinning. This is clearly also the case of the 010 pole figure of Pteria 
hirundo (Linnaeus, 1758), with a predominance of the orientations parallel to the local growth direction (arrow). 

1–3, 5, 7, XRD data; 4, 6, EBSD data; arrows indicate local growth directions of the shells (new). 
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maximum), the different crystals within the 
analyzed area have a common orientation for 
that crystallographic direction. The degree of 
alignment is inversely related to the spread 
of the maxima.

All analyzed microstructures show a more 
or less defined maximum for the c-axis 
of either calcite or aragonite, which indi-
cates that the c-axes of crystals are relatively 
co-oriented (Fig. 12). In some the maxima 
for the rest of the axes is ringlike (Fig. 12.1–
12.3). This pattern is the so-called fiber 
texture, with the c-axis as the fiber axis. This 
texture is displayed by aragonitic and calcitic 
prismatic microstructures and aragonitic 
granular prismatic microstructures; outside 
bivalves, the nacre of gastropods is arranged 
likewise. Other microstructures display 
a higher degree of ordering, with all axes 
co-oriented. This is called a sheet texture and 
is found in bivalve and Nautilus Linnaeus, 
1758, nacre, the crossed lamellar layers of 

all extant molluscan classes, the foliated 
aragonite of monoplacophorans, the foliated 
calcite of bivalves, and the fibrous calcite of 
Mytilidae (Fig. 12.4–12.7). 

Discussion of crystal orientation have 
traditionally focused on nacre, which is the 
classical example of a biomineral comprised 
of 3D-oriented crystals. The mechanism 
was originally described as an epitaxial rela-
tionship between crystals and a preformed 
organic matrix (Weiner & Traub, 1980, 
1984). Nevertheless, Nassif and others 
(2005) found an ACC cortex (3-5 nm) 
around nacre tablets, which would make 
the epitaxial explanation impossible. Alter-
natively, selection of specific nucleation faces 
could be achieved by charge interaction 
with the organic substrate (i.e., negatively 
charged proteins sheets) across the thin ACC 
cortex, as proposed by Nassif and others 
(2005). However, we know that nacre tablets 
communicate across the lamellae through 

Fig. 13. 1, Theoretical model of competition between prismatic units, which have their highest growth rate along 
the central axis; in this model, the units having axes at a high angle to the main growth direction of the aggregate 
(perpendicular to the substrate) progressively disappear. 2, In Ostrea edulis Linnaeus, 1758, the spread of the c-axes 
(measured by the relative width of the 006 maximum) becomes increasingly reduced with the thickness of the outer 
calcitic prismatic layer; this implies that the c-axes of the prisms become progressively aligned. 3–5, Fractures in the 
calcitic prismatic layers, showing progressive disappearance of units during growth (growth direction is towards the 
bottom in all); 3, Pinctada margaritifera (Linnaeus, 1758); 4, Isognomon legumen (Gmelin, 1791 in 1791–1793); 

5, Pinna nobilis Linnaeus, 1758 (new).
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mineral bridges (see section on nacre growth 
through mineral bridges), so that nucleation 
is not necessary for the initiation of nacre 
tablets.

The reasons for co-orientation of micro-
structural elements are not clear in all 
cases. In the prismatic calcite of pterioids 
(Ubukata, 1994) and the prismatic arago-
nite of unionids (Ubukata, 1994; Checa 
& Rodríguez-Navarro, 2001), the foli-
ated calcite of bivalves (Checa, Esteban-
Delgado, & Rodríguez-Navarro, 2007), 
the foliated aragonite of monoplacophorans 
(Checa, Sánchez-Navas, & Rodríguez-
Navarro, 2009), and the fibrous calcite of 
mytilids (Checa, Pina, & others, 2014), 
crystal selection by competition has been 
invoked. This happens when an aggregate of 
elongate crystals grows with a well-defined 
growth front. Those crystals within the 
aggregate with their fastest growth axis 
perpendicular to the growth front will 

intercept those growing oblique and will 
outcompete them (Fig. 13.1). In this way 
the survivors will have their fastest growth-
axes progressively co-oriented in the growth 
direction of the aggregate (Fig. 13.1–13.2). 
Crystal selection may account for cases in 
which crystals are elongate (fibers, prisms) 
and grow with their long axes perpendicular 
or at a high angle to the common growth 
front (Fig. 13.3–13.5). As a result, only the 
axis of elongation becomes co-oriented and 
a fiber texture is finally obtained. If crystals 
are lath-like and distribute into lamellae, a 
sheet texture will develop.

Recently, Bayerlein and others (2014) 
provided good evidence that prism evolution 
(including prism extinction; Fig. 13.3–13.5) 
during growth of the external layer of Pinna 
nobilis Linnaeus, 1758, can be interpreted on 
the basis of the normal grain-growth theory 
(von Neumann, 1952; Mullins, 1956), 
which predicts that those elements with a 

Fig. 14. Prism features and evolution in pteriomorph bivalve species. 1, Pinctada margaritifera (Linnaeus, 1758); 
oblique view of a fracture through a prismatic lamella, with prisms growing towards bottom of image; prisms that 
disappear or are close to disappearing (black arrows) have fewer sides (new). 2, Chama arcana F. R. Bernard, 1976; 
internal surface of the calcitic prismatic layer; prisms are devoid of organic membranes, and their outlines are com-
plex pseudodendritic (new). 3, Isognomon legumen (Gmelin, 1791 in 1791–1793); external surface of the calcitic 
prismatic layer; calcitic units are polycrystalline, and boundaries between crystals are evident upon slight etching 
(adapted from Checa & others, 2016). 4, Ostrea edulis Linnaeus, 1758; internal surface of the prismatic layer of 
a specimen kept in artificial seawater with a high magnesium content; the new, abnormal shell consists solely of 
an organic network (new). 5––6, P. margaritifera; internal surface of the calcitic prismatic layer of P. margaritifera, 
showing multiple instances of receding organic walls; every three complete walls meet at 120° (as in view 3), only at 
the junction with incomplete walls do the angles tend to be much wider (black arrows); note the trifid organic wall 
(white arrow) that remains isolated within one prism upon recession of its formerly complete organic walls (new).

20 μm20 μm

4

10 μm10 μm

1

65

50 μm

10 μm

2 3



21Periostracum & Shell Formation in Bivalvia

number of sides greater than six will grow 
at the expense of those that have fewer than 
six sides (Fig. 14.1). In theory, for surface 
tension to remain constant through the aggre-
gate, the angles between prisms are 120° at 
triple junctions (Plateau’s law). Alternatively, 
we proposed that these dynamics can be 
attributed to the organic envelopes of the 
prisms typical of these layers. This organic 
network would evolve with time as an emul-
sion, in which the fluid precursor of the 
organic web would constitute the contin-
uous phase (Checa, Rodríguez-Navarro, & 
Esteban-Delgado, 2005; Checa & others, 
2016). Emulsions belong to the same kind 
of phenomena that include foams and grains, 
and to which the von Neumann-Mullins 
topological law can be applied. The control 
of prism evolution by the organic phase is 
supported by the facts that (1) the outlines 
of biogenic calcite crystals are not simple 
polygons, but much more complex in the 
absence of organic membranes (Fig. 14.2); (2) 

in many instances, calcite units enclosed in 
single cavities are polycrystalline (Fig. 14.3); 
(3) cavities can exist in the absence of mineral 
infilling (Fig. 14.4); and (4) the outlines of 
the prismatic units change with growth or 
disappearance of organic walls (Fig. 14.5–6). 

The instances in which short prismatic 
crystals develop into a fiber texture or fibers 
develop into a sheet texture, however, argue 
for a different explanation. The granular 
prismatic units of the outer shell layer of 
Entodesma (Fig. 15.1) grow within the trans-
lucent layer of the periostracum, which is 
composed of parallel nanolaminae. Upon 
growth, they absorb the nanolaminae, which 
is revealed upon decalcification of the gran-
ular units (Fig. 15.2–15.3). The granular 
prisms are oriented with their c-axes perpen-
dicular to the periostracum (i.e., the shell 
surface; Fig. 15.5). This orientation is most 
probably determined by the interaction of 
the negatively charged protein sheets making 
up the laminae with the positively charged 

Fig. 15. Hypothetical interaction between organic membranes and growing aragonite crystals in the granular 
prismatic layer of Entodesma navicula (Adams & Reeve, 1850 in 1848–1850); 1, SEM view of the layer in verti-
cal fracture; 2–3, two TEM views of the decalcified layer, showing the internal horizontal membranes; 4,atomic 
structure of aragonite viewed from the b-axis; note calcium planes perpendicular to the c-axis; 5, XRD pole figures 
for the granular, homogeneous layer, made on a surface similar to that shown in view 1; the c-axis shown is ap-
proximately perpendicular to the shell surface (horizontal direction) (1–3, 5, adapted from Harper, Checa, & 

Rodríguez-Navarro, 2009; 4, new).
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calcium planes of the aragonite structure 
(which are perpendicular to the crystallo-
graphic c-axis; Fig. 15.4) (Harper, Checa, 
& Rodríguez-Navarro, 2009). The same 
applies to mineralized spikes and plaques 
that form intraperiostracally in many anom-
alodesmatans (see section on periostracal 
mineralization) and always grow with their 
c-axes perpendicular to the periostracum 
surface (Checa & Harper, 2010).

The mineralization compartment of 
the outer, anvil-type, calcitic, fibrous shell 
layer of Mytilus Linnaeus, 1758, is covered 
by a proteinaceous layer called the surface 
membrane. This membrane is internally 
nanolaminated. Experiments with precipita-
tion of synthetic calcite both on the unal-
tered material and after decalcification have 
demonstrated that (1) the surface membrane 
is transparent to ions and (2) synthetic calcite 
crystals nucleate on the underside of the 
membrane on their (104) faces. Additionally, 
the calcite fibers of Mytilus have been shown 
to be able to twist and bend. When, during 
growth, a twisting/bending fiber places one of 
its (104) rhombohedral faces parallel to the 
surface membrane, the horizontal protein-
aceous nanolaminae are able to lock that 

face during further growth. In this way, the 
aggregate of fibers finally acquires a sheet 
texture through a combination of interaction 
between crystals (competition) and between 
these crystals and the surface membrane 
(Checa, Pina, & others, 2014).    

In many instances, a coherent explana-
tion cannot be provided for the high degree 
of microstructural ordering. For example, 
the nacre of many bivalves, unlike that 
of gastropods, has a sheet arrangement, 
with the b-axes of tablets co-oriented in the 
local growth direction of the shell (Wada, 
1960, 1961, 1972; Wise, 1970; Weiner & 
Traub, 1981, 1984; Checa & Rodríguez-
Navarro, 2005) (Fig. 12.6). Co-ordering 
appears gradually with the accumulation 
of nacre lamellae (Checa, Okamoto, & 
Ramírez, 2006). A model of co-orientation 
by competition was proposed by the latter 
authors, but it might only hold for tablets 
elongated in the b-axis direction and not for 
the most common case of equidimensional 
(e.g., pseudohexagonal) platelets (Fig. 16.3) 
or for those which elongate in the direction 
of the a-axis (Fig. 16.4–16.5). How the most 
common microstructure, crossed lamellar, 
can be so well organized crystallographically 

Fig. 16. Morphologies of nacre platelets under SEM and their inferred crystallographies; the c-axis is approxi-
mately parallel to the viewing direction; main faces have been indexed. 1, Pinna nobilis Linnaeus, 1758; rect-
angular platelets elongated along the b-axis. 2, Pteria hirundo (Linnaeus, 1758); rhombic, truncated platelets. 
3, Atrina pectinata (Linnaeus, 1767 in 1766–1768); pseudohexagonal platelets. 4, Isognomon legumen (Gmelin, 
1791 in1791–1793); rectangular platelets elongated along the a-axis. 5–6, Pinctada martensii (Dunker, 1880); 
5, oval platelets elongated along the a-axis, with incipient {110} faces; 6, round, pseudo-dendritic platelet with 

crystallography unknown (new).
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(Fig. 12.7) is still a mystery, particularly 
due to the incomplete understanding of 
its genesis (Hedegaard & Wenk, 1998; 
Chateigner, Hedegaard, & Wenk, 2000; 
Chateigner & others, 2010; Rodríguez-
Navarro & others, 2012).

CRYSTALLOGRAPHY OF 
INDIVIDUAL CRYSTALLITES

Present day high resolution techniques, 
like EBSD, allow us to map sections or 
surfaces of individual crystals, and thus, to 
unveil their crystallography. Many micro-
structure-constituent crystals have been 
mapped with EBSD. Additionally, it is 
interesting to know the relationship of indi-
vidual crystals with their neighbors. This is 
particularly relevant when one microstruc-
ture grades into another. 

The most well known microstructural 
units, nacre tablets, may be composed of 
one or several crystals—bivalve nacre being 
an example of the former and polycrystal-
line gastropod nacre tablets an example of 
the latter (Mutvei, 1978). The first crys-
tallographic data on nacre tablets comes 
from Schmidt (1922), who concluded with 
optical microscopy that the c-axes of arago-
nite were perpendicular to the main surfaces 
of the nacre platelets. Olson, Blonsky, and 
others (2013) have recently shown that the 
c-axis is not exactly perpendicular, though 
situated at a high angle. The different tablet 
morphologies are obtained by the relative 
abundance and development of partic-
ular crystal faces (Schmidt, 1924a, 1924b; 
Wada, 1972) (Fig. 16.1–16.5), although no 
crystal faces appear at all in some (Fig. 16.6).

Prismatic crystals tend to elongate along 
the c-axis, in both calcite and aragonite. In 
aragonite, pseudohexagonal prisms may 
consist of monocrystalline fibers that tend 
to diverge from a central axis (Checa & 
Rodríguez-Navarro, 2001). Calcite crystals 
also grow along the c-axis and are sometimes 
terminated in typical {104} rhombohe-
dral faces—i.e., fibrous calcite of mytilids 
(Checa, Pina, & others, 2014). They are 

similar to their inorganic equivalents, but 
in other cases the crystallography is unex-
pected. For example, the foliated calcite 
of Ostreina and Pectinina is constituted of 
laths with pointed terminations. Their main 
surfaces have been found to be {108} rhom-
bohedral faces (Checa, Esteban-Delgado, 
& Rodríguez-Navarro, 2007), which are 
unknown in inorganic calcite. Pokroy and 
others (2007) identified a new {108} twin 
in the prismatic calcite of Pinna nobilis 
Linnaeus, 1758, which is also never found in 
inorganic calcite. Their existence in bivalves 
is probably due to the action of organic 
molecules, which stabilize such unusual faces 
and planes.  

In some instances, the relationships 
between neighboring crystals  may be 
informative. In bivalve nacre, the lamellae 
generally grow in a stair-like manner. TEM, 
EBSD, and polarization-dependent imaging 
contrast (PIC) maps show that there are sets 
of staggered tablets that are in exactly the 
same orientation (Dalbeck & others, 2006; 
Olson, Blonsky, & others, 2013) (Fig. 17), 
which argues for a crystallographic connec-
tion between them (see section on nacre 
growth through mineral bridges).

EBSD analysis of the boundary between 
an outer aragonitic prismatic shell layer and 
nacre shows that the fibers comprising the 
composite prisms in the unionid Anodonta 
Lamarck, 1799, are crystallographically 
continuous with the underlying nacre tablets 
(Freer & others, 2010), the only differ-
ence being the initiation of the interla-
mellar membranes typical of nacre. Using 
XRD, Esteban-Delgado and others (2008) 
showed how outer, calcitic, prismatic layers 
are structurally and crystallographically 
continuous with the underlying foliated 
layer in pectinoids and ostreoids.  

Some crystals display particular behaviors. 
The calcitic, prismatic units of Pinctada are 
(as in most pteriomorphs) enclosed within 
thick organic sheaths. Several studies have 
shown that the orientations of those units 
are not constant and change during growth 
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of the units (Okumura & others, 2010; 
Checa, Bonarski, & others, 2013; Olson, 
Metzler, & others, 2013) (Fig. 18.1). In 
addition, at some growth stages, crystals may 
split into independent crystalline domains, so 
that what was initially a single calcite crystal 
progressively becomes a dendritic entity, 
with the branches being independent crystal-
line domains (Checa, Bonarski, & others, 
2013) (Fig. 18.1). In contrast, the prisms of 
Pinna Linnaeus, 1758, which may be several 
hundreds of microns long, do not show any 
degree of misorientation or splitting, thus 
being crystallographically invariant (Fig. 
18.2). This may be related to the fact that 
the crystals of Pinctada are patterned into 
nanodomains delineated by high contrast 

lines (Okumura & others, 2010, 2012, 2013; 
Checa, Bonarski, & others 2013), which 
are absent in Atrina (Okumura & others, 
2012, 2013) (which together with Pinna, 
belongs to the Pinnoidea) (Fig. 18.3). It has 
been suggested that the recorded misorien-
tations in Pinctada are produced by dislo-
cations or distortions of the calcite lattice 
due to the incorporation of organic mole-
cules (Okumura & others, 2010; Checa, 
Bonarski, & others, 2013). But the expla-
nation is not so simple because pinnoideans 
and pterioideans have similar amounts of 
intracrystalline organic molecules (Okumura 
& others, 2012), although the distortion of 
the crystal lattice is much higher in the latter 
(Fig. 18.4). Significantly, the intracrystalline 

Fig. 17. 1–2, Neotrigonia margaritacea (Lamarck, 1804); Polished section (1) and corresponding EBSD map (2) 
of the nacre; the section is approximately at 40° to the c-axis; the crystallographic domains uninterruptedly cross 
the interlamellar boundaries and are delineated on both the section and orientation map; the orientation reference 
triangle is also shown (bottom right) (new). 3–5, Polarization-dependent imaging contrast (PIC) maps of the na-
cres of Atrina rigida (Lightfoot, 1786) (3), Lasmigona complanata (Barnes, 1823) (4 ), and Mytilus californianus 
Conrad, 1837 (5 ); the gray levels represent the orientations of the c-axes of nacre platelets; note that groups of 
evenly oriented platelets consist of superposed and commonly offset platelets (adapted from Olson & others, 2012; 

reprinted with permission, copyright © 2012, American Chemical Society).  
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Fig. 18. 1–2, EBSD maps of the calcitic prismatic layers in two bivalve species (outer shell surface at the 
top); 1, Pinctada margaritifera (Linnaeus, 1758); the changing colors within prismatic units imply chang-
ing crystallographic orientations, with prismatic units sometimes splitting into sub-grain crystallographic 
domains; 2, Pinna nobilis Linnaeus, 1758; the crystallographic orientations are constant throughout and 
splitting processes absent (adapted from Checa, Bonarski, & others, 2013). 3, Bright-field TEM image with 
contrast diffraction for Pinctada fucata (Gould, 1850) and Atrina pectinata (Linnaeus, 1767 in 1766–1768); 
crystallographic nanodomains are delineated in P. fucata (though not in A. pectinata) by black contrast lines 
(Okumura & others, 2013; copyright © 2013, with permission from Elsevier). 4, Variance of lattice spacing 
for the prismatic calcitic layers of the aforementioned species and Iceland spar (adapted from Okumura & 
others, 2012; reprinted with permission; copyright © 2012, American Chemical Society). 5, Amino-acid 
composition of the intracrystalline organic matrices of P. fucata and A. pectinata (Okumura & others, 2013; 

copyright © 2013, with permission from Elsevier).   
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proteins in pinnoideans contain a much 
higher percent of acidic aminoacids (glutamic 
and aspartic acids) (Okumura & others, 
2013) (Fig. 18.5). Therefore, the differ-
ence can probably be traced to how organic 
molecules are initially incorporated within 
the crystal lattice.

Misorientations have also been found 
in aragonite. Olson, Blonsky, and others 
(2013) found, by PIC-mapping, changes in 
the c-axis of nacre columns in gastropods, 
and Checa, Mutvei, and others (2013) 
found misorientations in single tablets of 
Pinna nacre, as well as in the fibers consti-
tuting the prisms of the external layer of 
Neotrigonia.

EBSD data indicate the existence of nano-
crystals twinned on {110} which appear 
scattered both on the surface and within 
the interior of nacre tablets (Fig. 19.1–
19.3). Nanocrystals of the external surface 
of tablets with the aspect of being twinned 
have been recognized in the bleached nacre 

of Nautilus pompilius Linnaeus, 1758, and 
Pinctada margaritifera (Linnaeus, 1758) 
under scanning electron microscopy (SEM) 
(Fig. 19.4). Nacre tablets, and biocrystals 
in general, are made of crystallographi-
cally oriented nanoparticles. Li and Huang 
(2009), Huang and Li (2012), and Zhang 
and Li (2012) identified nanoparticles using 
TEM and observed that, despite the fact 
that tablets of nacre diffract as single crys-
tals, the constituent nanoparticles (which 
they implied are aggregation units) showed 
noticeable degrees of mutual misorientation 
(pseudo-single-crystal effect).

The nanostructure of nacre and of biocrys-
tals in general has been typically identified 
as corresponding to a mesocrystal—that is, 
a composite crystal in which small units 
are embedded in a matrix of noncrystalline 
material. It is a form of oriented aggrega-
tion, in which the nanocrystals are mutually 
aligned crystallographically but are spatially 
separated (Cölfen & Antonietti, 2005). 

Fig. 19. 1–2, EBSD analysis of rectangular nacre platelets in Pinna nobilis Linnaeus, 1758; 1, secondary electron 
image of the mapped area; 2, orientation map, with indication of the main crystallographic microdomains (platelets, 
a–c) and nanodomains (scattered dots, d–e) recognized (adapted from Checa, Mutvei, & others, 2013). 3, 001 and 
010 pole figures with the positions of domains indicated; the c-axis in the 001 pole figure is common for all domains, 
irrespective of their size and position; in the 010 pole figure, nanodomain poles (d–e) are at 60° of those of the platelets 
onto which they settle, which is indicative of {110} twinning (adapted from Checa, Mutvei, & others, 2013; copyright 
© 2013, with permission from Elsevier). 4, Nanotwins (arrows) recognized with SEM on the surface of nacre platelets 

of Pinctada margaritifera (Linnaeus, 1758) (adapted from Checa, Cartwright, & Willinger, 2011).
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According to Song and Cölfen (2010), the 
sole criterion for recognizing a material as 
a mesocrystal is its unique crystallographic 
hierarchical structure, not its formation 
mechanism. The recognition of nanotwins 
between component nanounits in biogenic 
aragonite suggests that this criterion has to 
be modified if we want to define them as 
mesocrystals.   

NANOSTRUCTURE OF 
BIOCRYSTALS

The nanostructure of biocrystals secreted 
by bivalves differs widely according to the 
techniques of observation used—SEM, 
TEM, atomic force microscopy (AFM)—so 
it is not always easy to reconcile differing 
sources of information. Nevertheless, the 
available evidence shows that biocrystals are 
nano-patterned, although the size and shape 

of the nano-units differs according to the 
technique employed.

Okumura and others (2012), by means 
of TEM, showed that the prismatic calcite 
of Pinctada fucata (Gould, 1850) and 
Crassostrea nippona (Seki, 1934) is composed 
of nanodomains (several hundred nm in 
length) separated by diffraction contrast 
lines (Fig. 20.1–2). This implies that the 
nanodomains are slightly disoriented with 
respect to each other. This pattern was not 
found in Atrina pectinata (Linnaeus, 1767 
in 1766–1768) (Fig. 20.3). These authors 
interpreted the boundaries between nanodo-
mains as the sites of occlusion of organic 
molecules, which would cause dislocations, 
leading to misorientations between nanodo-
mains (see section on crystallography of 
individual crystallites). The 3-D distribu-
tion of such occluded molecules has been 

Fig. 20. 1–3, Bright-field TEM images of calcite prisms of Pinctada fucata (Gould, 1850) (1), Crassostrea nippona 
(Seki, 1934) (2), and Atrina pectinata (Linnaeus, 1767 in 1766–1768) (3); spherule-like contrasts are interpreted 
as intracrystalline organic molecules (adapted from Okumura & others, 2012). 4, Tomographic reconstruction 
(three different views) of biomolecules occluded within the calcitic prisms of Atrina rigida (Lightfoot, 1786); the 
nanopatches are disklike, with their maximum dimensions approximately perpendicular to the c-axis, and arranged 
in planes roughly perpendicular to the same axis (adapted from Li & others, 2011; reprinted with permission, 

copyright © 2011, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim). 
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recently imaged by Li and others (2011) 
(Fig. 20.4). This fits in with the fact that the 
calcite of pterioideans (Pinctada) and ostre-
oideans (Ostrea Linnaeus, 1758) displays 
misorientations and splitting processes (Fig. 
18.1), whereas that of pinnoideans (Pinna) 
does not (Fig. 18.2) (Checa, Bonarski, & 
others, 2013). 

A different nanostructural picture is 
revealed by examination with SEM (Fig. 
21.1–21.3) and AFM (Fig. 21.4–21.7), 
which provides only surface views. AFM 
observations show that in all biocrystals 
examined so far there is a nanostruc-
ture composed of amalgamated granules 
(50–150 nm in diameter); this feature is 
easily confirmed with SEM, although the 
resolution achieved with AFM is far higher. 
Another feature, which can be observed 
only with AFM, is that the nanogranules 
are in turn surrounded by nanometer-sized 
pellicles (Fig. 21.6–7). This substructure 
was revealed for the first time by Dauphin 
(2001) in the nacre of Nautilus, and these 
AFM results were later confirmed with the 
same technique on the nacre of bivalves 
and gastropods (Li, Zhu, & Wang, 2006; 

Li & others, 2004; Bruet & others, 2005; 
Rousseau & others, 2005; Wolf & others, 
2012). Dauphin (2008) found this to be a 
general property of calcitic and aragonitic 
materials secreted by mollusks, and this was 
later recognized in a variety of other inverte-
brate animals, including sponges (Sethmann 
& others, 2006), corals (Przeniosło & 
others, 2008), echinoderms (Seto & others, 
2012), and even in fish otoliths (Dauphin & 
Dufour, 2008).The great contrast in AFM 
tapping mode (phase imaging) between 
the calcium-carbonate granules and the 
enveloping pellicles has led some authors to 
hypothesize that the former are organic in 
nature (e.g., Dauphin, 2001, 2006; Bruet 
& others, 2005; Rousseau & others, 2005; 
Li, Zhu, & Wang, 2006; Baronnet & 
others, 2008) (Fig. 21.7). Li, Zhu, and 
Wang (2006) even showed how rotation 
of nanoparticles in the nacre of Haliotis 
Linnaeus, 1758, was favored by the inter-
vening polymer biofilms when the material 
was subjected to tension. Based on previous 
TEM data for nacre by Nassif and others 
(2005), Seto and others (2012) alternatively 
proposed that similar pellicles in the sea 

Fig. 21. Nanogranular substructure of nacre platelets, as seen in SEM (1–3) and AFM (4–6 ). 1, Pinctada mar-
garitifera (Linnaeus, 1758), oblique view of fractured platelets. 2–3, Pteria hirundo (Linnaeus, 1758), platelets 
deproteinized with Protease (0.2 g/ml.1h). 4–7, Platelet surfaces of P. hirundo; amplitude (4–6 ) and phase (7 ) 
images show the pellicles surrounding the nanogranules; boxes indicate enlarged areas; note dark brown pellicles in 

view 7 (1, 3, new; 2, 4–7, adapted from Checa, Mutvei, & others, 2013).
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urchin test might consist of ACC. Results of 
bleaching experiments (A. Checa & C. M. 
Pina, unpublished observations) conducted 
with AFM are consistent with the, at least 
partly, organic nature of pellicles.   

In many examples of biogenic aragonite, 
the nanogranules tend to be preferentially 
aligned, thus forming vermiculations several 
µm in length (Checa, Mutvei, & others, 
2013) (Fig. 21.5–21.6). Analyses of nacre 
tablets by EBSD (Checa, Mutvei, & others, 
2013) and TEM (Wang & others, 2013) 
imply that the vermiculations consistently 
align with the a-axis of aragonite. According 
to the former authors, the vermiculations 
appear because, during growth of the tablet, 
organic molecules are expelled from the 
a-axis, where the Ca–CO3

= bonds are the 
shortest and absorbed preferentially along 
the b-axis. In this way, the subunits forming 
nacre and other bioaragonites—similar 
etching lineations along the a-axis have 
also been reported in foliated and pris-
matic aragonite (Checa, Sánchez-Navas, 
& Rodríguez-Navarro, 2009)—merge 
uninterrupted and form chains parallel to 
the a-axis, whereas the organic molecules are 
expelled to the sides of these chains.

PRECURSOR AND TRANSIENT 
MINERAL PHASES

Since the pioneer work of Towe and 
Lowenstam (1967), who described the 
first transient amorphous phase in chiton 
teeth, increasing evidence indicates that 
biominerals, both in vertebrates and inver-
tebrates, form from amorphous precursors 
(see reviews by Gower, 2008; Weiner & 
others, 2009). In particular, amorphous 
calcium carbonate has been recognized in 
many groups of organisms (see review by 
Addadi, Raz, & Weiner, 2003). In some 
groups it may serve as a structural compo-
nent (e.g., plant cystoliths, calcitic sponge 
spicules, ascidian spicules) or as a reservoir 
for calcium carbonate availability (e.g., 
earthworms, arthropods; Ziegler, 1994; Raz 
& others, 2002; Dillaman, Hequembourg, 
& Gay, 2005; Ziegler, Fabritius, & Hage-

dorn, 2005; Akiva-Tal & others, 2011). In 
many cases, amorphous calcium carbonate 
is used as a precursor for the formation of 
crystalline calcium carbonate: for example, 
in mollusks (Hasse & others, 2000; Weiss 
& others, 2002; Marxen & others, 2003; 
Nassif & others, 2005; Baronnet & others, 
2008; Jacob & others, 2008, 2011) and 
in sea urchins (Beniash & others, 1997; 
Beniash, Addadi, & Weiner, 1999; Wilt, 
2002; Raz & others, 2003; Politi & others, 
2004, 2006, 2008; Ma, Weiner, & Addadi, 
2007; Killian & others, 2009).

The transformation of  amorphous 
calcium carbonate into a crystalline calcium 
carbonate phase (high-Mg calcite) was first 
proposed for the larval spicules of sea urchins 
(Beniash & others, 1997). This was later 
verified by the detection of granules of amor-
phous calcium carbonate in spiculogenic 
cells, which could subsequently be trans-
ported to the mineralization site (Beniash, 
Addadi, & Weiner, 1999).

Subsequent Studies
The transformation of amorphous calcium 

carbonate into aragonite was implied by 
Hasse and others (2000) and Marxen and 
others (2003) for the gastropod Biomphal-
aria, Preston, 1910; Weiss and others 
(2002) for larval bivalve shells (although 
Kudo & others, 2010, did not find amor-
phous calcium carbonate in the larval shell of 
a Crassostrea), and Jacob and others (2008) 
for cultured pearls in freshwater mussels. 
These authors observed that, during growth, 
the ratio of crystalline calcium carbonate to 
amorphous calcium carbonate increased. 
This, however, does not necessarily indi-
cate transformation of amorphous calcium 
carbonate into crystalline calcium carbonate, 
because direct deposition of crystalline 
calcium carbonate might occur in more 
advanced growth stages.  

The first direct evidence of amorphous 
calcium carbonate transformation into 
crystalline calcium carbonate came from the 
study of sea urchins and mollusks. Politi 
and others (2004) found that amorphous 
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calcium carbonate of regenerating sea 
urchin spines occurs in a 100–200 nm-thick 
outer layer (see also Gilbert & Wilt, 2011; 
Seto & others, 2012). These authors also 
triggered the transformation of amorphous 
calcium carbonate into calcite through irra-
diation under the TEM. Nassif and others 
(2005) found a 3–5 nm amorphous calcium 
carbonate layer coating the surface of mature 
nacre tablets in Haliotis. A similar, though 
thicker (25–75 nm) and more continuous, 
amorphous front was found in the prismatic 
calcitic layer of the pearl oyster Pinctada 
margaritifera (Baronnet & others, 2008) 
(Fig. 22.1–22.2). Since all these structures 
grow by the addition of material at the 
growth front, the only possibility is that 
the amorphous calcium carbonate cortex 
transforms into the corresponding crystal-
line phase. According to Addadi, Raz, and 

Weiner (2003), transformation of amor-
phous calcium carbonate into crystalline 
calcium carbonate would proceed in three 
stages: (1) formation of hydrated amor-
phous calcium carbonate, which rapidly 
transforms into (2) short-lived anhydrous 
amorphous calcium carbonate, which 
changes into (3) calcite or aragonite (see 
review by Cartwright & others, 2012b). 
According to experimental data (Radha & 
others, 2010), this sequence is energetically 
downhill. 

Contrary to classical models of crystalliza-
tion, which imply nucleation and growth by 
the assembly of ions from solution, there is 
experimental evidence that nucleation and 
growth proceeds via pre-nucleation clusters. 
Gebauer, Völkel, and Cölfen (2008) and 
Pouget and others (2009) observed the 
formation in solution of clusters of amor-

Fig. 22. 1–2, TEM views of the growing front of a prism of the outer calcitic layer of Pinctada margaritifera (Lin-
naeus, 1758), showing an outer amorphous cortex; 2, detail of framed area in view 1, showing the contact between 
the calcite lattice and amorphous cortex (adapted from Baronnet & others, 2008). 3–4, SEM views of growth 
surfaces of the calcitic prisms of Atrina rigida (Lightfoot, 1786), showing presumed amorphous calcium carbon-
ate particles (note increased density in view 4 ), together with organic fibers, deposited on a previous mineral layer 

(adapted from Nudelman & others 2007). 
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phous calcium carbonate, which varied in 
size from >1 nm to 4 nm, depending on 
the maturation stage. Pouget and others 
(2009) observed that these nano-clusters 
later assembled to form amorphous calcium 
carbonate particles up to 30 nm in diameter. 
These subsequently crystallized into different 
mineral species. Nudelman and others (2007) 
observed the presence of amorphous calcium 
carbonate granules (50–100 nm in diameter) 
attaching to the surface of the calcitic prisms 
of the bivalve Atrina rigida (Lightfoot, 
1786) (Fig. 22.3–22.4). In combination with 
the experimental evidence described above, 
these authors suggested that the calcitic 
prisms of Atrina grow by precipitation of 
amorphous calcium carbonate particles, 
which subsequently crystallize epitaxially 
upon contact with the crystalline surface. 
Politi and others (2008) were the first to 
propose that the short-lived anhydrous amor-
phous calcium carbonate of sea urchin larvae 
transforms into calcite by secondary nucle-
ation, in which crystallization of amorphous 
calcium carbonate stimulates the crystal-
lization of the domains in contact. In this 
process, the two phases (ordered and disor-
dered) are both solid and in contact with each 
other, and the transformation involves solid-
state transformation (Weiner & Addadi, 
2011). The crystallographic orientation is 
determined by the central initial crystal of 
the larval skeleton. The secondary nucleation 
hypothesis has experimental support (Pichon 
& others, 2008).

Based on all the available evidence, Weiner 
and Addadi (2011) proposed a synthetic 
model for calcification in molluscs and 
other organisms by which ions or seawater 
droplets extracted from the environment are 
transported into specialized vesicles, where 
the formation of an initial disordered phase 
(amorphous calcium carbonate) occurs. 
The amorphous calcium carbonate clusters 
(either free or encapsulated within their 
vesicles) are later expelled to the extrapallial 
fluid and move and adhere to the crystal-
lization front, where they later change to an 
ordered phase (calcite or aragonite). This 

process is summarized in Figure 23 for a 
forming molluscan biomineral. The growth 
process by cluster aggregation fits in with the 
granular aspect of biocrystals under AFM 
(see Fig. 21). An issue still under debate is 
whether the granules making up the biocrys-
tals are crystallization units (as implied by 
Nouet, Baronnet, & Howard, 2012). If 
nanoclusters have to traverse the small spaces 
between the fibers making up the interlam-
melar membranes, whether they are empty 
(as in gastropods) or not (bivalves) (Checa, 
Cartwright, & Willinger, 2011, fig. 6), 
they should be significantly smaller than 
the constituent nanogranules (as depicted in 
Fig. 23), but this still requires confirmation. 
Likewise, they cannot exceed the dimensions 
of the extrapallial space (see section on the 
biomineralization compartment). 

These exceedingly small sizes contrast 
with the findings of Mount and others 
(2004), who reported the presence of granu-
locytes containing calcite crystals at the 
mineralization front in Crassostrea virginica 
(Gmelin, 1791 in 1791–1793), following 
experimentally induced shell regeneration. 
Some cells were observed releasing crystals 
that were subsequently remodeled. Never-
theless, Kádár, Guerra-Tschuschke, and 
Checa (2008) found that shell repair in 
Bathymodiolus azoricus Cosel & Comtet, 
1999 in Cosel, Comtet, & Krylova, 1999, 
involved the presence of calcium-bearing 
haemocytes, whose density decreased with 
repair time; therefore, this is not the mecha-
nism during normal (non-induced) shell 
calcification.  

Distinct, short-range order has been 
observed in amorphous calcium carbonate. 
The amorphous calcium carbonate of the 
aragonitic freshwater snail Biomphalaria 
glabrata (Say, 1818) was found to have 
a short-range order similar to aragonite 
(Hasse & others, 2000; Marxen & others, 
2003). Other orders relating, respectively, to 
aragonite and calcite were found in arago-
nitic larval mollusk shells and in calcitic sea 
urchin structures (Addadi, Raz, & Weiner, 
2003; Raz & others, 2003). Therefore, as 
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stated by Addadi, Raz, and Weiner (2003), 
biogenic amorphous calcium carbonate is 
structurally not one mineral phase, but a 
family of phases—that is, a case of poly-
amorphism (Cartwright & others, 2012b). 

SELF-ORGANIZATION:  
THE NACRE MODEL

Formation of Interlamellar Membranes 
The shells of mollusks are created across 

the extrapallial space. Therefore, all the basic 
components of crystals and the associated 
organic matter have to be assembled outside 
the soft body—that is, they have to be self-
organized materials. 

The importance of self-organization 
processes can be seen in nacre. Nacre 
commonly has a brickwall-tablet stacking 
mode in which the bricks are aragonitic 
tablets and the mortar is horizontal, inter-
lamellar membranes and vertical, inter-

tabular membranes. The interlamellar 
membranes consist of a feltlike arrange-
ment of chitin (probably β-chitin) crys-
tals in the form of nanorods of fibrils, 
surrounded by protein (Levi-Kalisman & 
others, 2001). In bivalves, before tablets in 
a given lamella begin to form, an interla-
mellar membrane is laid down on the body 
side. In excellent TEM sections across 
the shell and mantle of Pinctada radiata 
(Leach, 1814 in 1814–1817), Bevelander 
and Nakahara (1969) and Nakahara 
(1991) showed how at the distal end, 
every new interlamellar membrane is at a 
very reduced distance from the preceding 
interlamellar membrane, estimated at 
~100 nm (Cartwright & Checa, 2007) 
(Fig.  3.1).  Towards the interior,  this 
distance increases progressively to the 
usual distance in mature nacre (300–500 
nm). Later, nacre platelets begin to emerge 
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Fig. 23. Diagram of the growth process of molluscan biocrystals from an amorphous precursor. 1–3, Progressive 
close-up views of the shell-mantle system; in the closer view (3) amorphous calcium carbonate (ACC ) prenucleation 
clusters are formed within the extrapallial fluid and, with time, attach to the surface of the forming biocrystal, 
producing an amorphous calcium carbonate cortex; slightly deeper within the forming unit, the amorphous calcium 
carbonate transforms into a mineral phase (aragonite or calcite), typically consisting of nanogranules surrounded by 
organic pellicles (diagram assumes that organic pellicles form by exsolution from the amorphous calcium carbon-
ate upon crystallization). A detailed view (4–5 ) of two consecutive stages of the growth process shows amorphous 
calcium carbonate particles attaching and fusing to the amorphous calcium carbonate cortex; small arrows in view 

4 indicate the progress of the crystallization front (new).
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and grow at the interspace of the two 
interlamellar membranes. 

How the animal is able to precisely 
control the distance between interlamellar 
membranes at such a nanometric scale is 
difficult to comprehend, unless we look for 
a physical process operating at a molecular 
or nanoparticle level. In particular, such 
behavior occurs during the formation of 
liquid crystals. In liquid crystals, polar 
fibers or molecules align due to electrostatic 
interactions. Of the several possible config-
urations, a common one is the so-called 
cholesteric or chiral-nematic phase in which 
fibers or molecules are arranged in planes, 
with the fibers in each plane being parallel 
to each other and slightly rotated with 
respect to those of the preceding plane. 
After a certain distance or pitch, the orien-
tation of the fibers is exactly the same (Fig. 
24.1).

Liquid-crystal self-organization has been 
postulated to explain the plywood structures 

of many fibrous biocomposites ranging 
from plant cell walls to bone, including 
invertebrate skeletons (Neville, 1993). A 
well-known example is that of the arthropod 
exoskeleton, which is made of α-chitin fibers, 
occasionally impregnated with calcium 
carbonate (Bouligand, 1972). In mollusks, 
patterns typical of cholesteric phases have 
been recognized in the periostracum of some 
gastropods (Neville, 1993), the squid pen 
(Levi-Kalisman & others, 2001), and shells 
of the cephalopods Spirula Lamarck, 1799 
(e.g., lamello-fibrillar microstructure; Erben, 
1972, p. 28) and Sepia Linnaeus, 1758 
(Checa & others, 2015). Lamello-fibrillar 
microstructure is approximated by the step-
wise texture of certain Early Cambrian, 
stenothecid tergomyan monoplacophorans 
(Kouchinsky, 1999, p. 177).

In liquid crystals formed in vitro, all layers 
develop at once from a suspension, provided 
that enough time is allowed for formation. 
In nacre, we face the case of a layer-by-layer 

Fig. 24. Fibrous interlamellar membranes. 1, Ideal helical distribution of nanoparticles or molecules in a cho-
lesteric (chiral-nematic) phase of a liquid crystal. 2, Proposed model for the distribution of fibrillar particles 
in the interlamellar membranes of nacre; the particles are distributed into layers, but they are not arranged in 
parallel within each membrane. 3–4, Fibrous disordered aspect of the interlamellar layers; 3, Pteria hirundo 

(Linnaeus, 1758); 4, Anodonta cygnea (Linnaeus, 1758) (new).
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liquid crystal, in which new layers are added 
during growth at the same time as the preex-
isting layers extend at their edges. The process 
would be as follows. A new layer is initiated 
at ~100 nm from the top of the preceding 
membrane. At this stage it should consist of 
just the chitin core. Contrary to the typical 
cholesteric phase, the fibers in a layer are 
disorganized (Fig. 24.2). This may happen 
because either they have not had sufficient 
time to assemble in parallel or the observed 
length of the fibers (tens of microns; Fig. 
24.3–24.4) hinders a parallel arrangement. 
With time, acidic proteins should adhere on 
both sides of the chitin framework (to form 
the structure hypothesized by Levi-Kalisman 
& others, 2001). The repulsive forces between 
the forming protein covers and those of the 
preceding layer would progressively increase 
the separation between layers to the distance 
of 300–500 nm usually observed in fully 
mineralized nacre. A certain distance back 
from the growth front of the interlamellar 
membrane, estimated at ~20 µm in one 
specimen of Pinctada radiata by Cartwright 
and Checa (2007), nacre crystals begin to 
grow in the interlamellar spaces. The cells of 
the mantle surface are never in contact with 
the forming nacre platelets because there is 
always an interlamellar membrane in between 
(Fig. 3.1). This process implies that the inter-
lamellar membranes necessarily have to be 
transparent to the aggregation units (either 
ions or nanoclusters); see previous discussion 
of precursor transient phases.   

The liquid-crystal hypothesis for the 
formation of the interlamellar membranes 
is an easy way to understand how such a 
complex structure is secreted via a simple 
physical mechanism and explains some 
features of nacre for which there is not 
presently an alternative explanation. For 
example,  how can nacre tablets  grow 
when they are never in contact with the 
soft body? This is particularly striking in 
gastropod nacre, in which the soft body 
is also separated from the forming inter-
lamellar membranes by the intermediate 
surface membrane (Checa, Cartwright, 

& Willinger, 2009). This calls to mind 
the persistent, extremely thin, organic 
membrane closely adhering to the inner 
surface of the outer shell layer in arcoid 
bivalves, apparently during growth of the 
underlying crossed lamellar shell layer 
(Waller, 1980).

As with crystals, defects are also common 
in liquid crystals. Screw and edge disloca-
tions are both typically developed in choles-
teric liquid crystals (Kléman, 1989), with 
layers of crystallites or molecules being 
analogous to atomic or molecular terraces 
in crystals. Comparable features are also 
found in the interlamellar membranes of 
bivalve nacre. Screw dislocations manifest 
themselves as the typical spiral patterns seen 
in the nacre of bivalves (Fig. 25.1–25.2) and 
some gastropods, which are resolved at their 
very axis in a single tablet with screw growth 
(Fig. 25.3). Bivalve nacre also forms target 
patterns on its growth surface (Fig. 25.4). 
This is comparable to the typical nucleation 
and growth process by two-dimensional 
nucleation (Chernov, 2003), in which the 
formation of growth hillocks and islands 
during the formation of new atom planes 
is the common pattern. Accordingly, the 
formation of target patterns in nacre is the 
way in which the nucleation and growth 
of new interlamellar membranes proceeds. 
Spiral and target patterns have been modeled 
theoretically by assuming that the nacre 
formation system is an excitable medium 
which conforms to a layer-by-layer liquid 
crystal (Cartwright & others, 2012a). The 
template function of the surface membrane 
described in gastropods, which protects 
the nacre biomineralization compartment 
(Checa, Cartwright, & Willinger, 2009), 
most probably reduces the incidence of 
defects in gastropod nacre. 

However, for this hypothesis to be fully 
accepted, some additional information is 
needed. For example, the chitin nanocrys-
tals reported by Levi-Kalisman and others 
(2001), were not observed in situ, and the 
detailed structure of the fibers shown to 
form the chitin core (Osuna-Mascaró & 
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others, 2015) and their 3-D arrangement 
are unknown.

Nacre Growth Through Mineral Bridges

The concept of mineral bridges was origi-
nally developed by Schäffer and others 
(1997) as an alternative to the heteroepi-
taxial hypothesis of nucleation of nacre 
platelets directly onto the organic scaffolding 
(Weiner & Traub, 1980, 1981). Schäffer 
and others (1997) observed nanopores (5–50 
nm in diameter) in the decalcified interla-
mellar membranes of the gastropod Haliotis 
rufescens Swainson, 1822, and proposed that 
a new platelet would initiate as an offshoot 
of an underlying platelet through the nano-
pores, with no need for a new nucleation 
event each time a platelet is formed. The 
existence of mineral bridges was reinforced 
when several authors (DiMasi & Sarikaya, 
2004; Metzler & others, 2007; Gilbert & 
others, 2008; Olson, Blonsky, & others, 
2013; Gries & others, 2009; Dalbeck & 
others, 2006; England & others, 2007) later 
showed that superposed platelets in gastro-
pods and bivalves are strictly co-oriented 
(Fig. 17), which implies that they somehow 

communicate. Since the early proposal of 
Schäffer and others (1997), the discussion 
has focused upon the true nature of mineral 
bridges. 

Many authors have illustrated what may 
be mineral bridges in SEM and TEM images 
(Song & Bai, 2001, 2003; Song, Zhang, 
& Bai, 2002; Su & others, 2002; Song, 
Soh, & Bai, 2004; Rousseau & others, 
2005; Barthelat, Comi, & Espinosa, 2006; 
Velázquez-Castillo & others, 2006; Lin, 
Chen, & Meyers, 2008; Meyers & others, 
2008; Espinosa & others, 2009; Fengzhang 
& others, 2009; Li & Huang, 2009; Saru-
watari & others, 2009). Width ranges of 
36–54 nm (Song, Soh, & Bai, 2004) and 
25–55 nm (Gries & others, 2009) have 
been observed. A few authors (Gries & 
others, 2009; Saruwatari & others, 2009) 
have shown that the crystal lattice of the two 
superposed tablets is apparently continuous 
across the mineral bridge (Fig. 26.1). Never-
theless, TEM tomography in the abalone 
Haliotis laevigata Donovan, 1808, has shown 
that what seemed to be true mineral connec-
tions are but the end of a continuum that 
initiates with hillocks (or nanoasperities; 
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Fig. 25. Morphological patterns on the growth surfaces of bivalve nacre. 1, Digitiform pattern developed on the 
internal nacre surface of Pteria avicular (Holten, 1802); 2, double-spiral pattern developed on the internal nacre 
surface of Pteria hirundo (Linnaeus, 1758), 3, Initiation of a spiral growth front in P. hirundo, with a platelet that 
extends on two levels by producing a spiral dislocation. 4, Target-like patterns on the internal nacre surface of P. 

avicular (1–2, 4, adapted from Cartwright & Checa, 2007; 3, new).
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Barthelat & others, 2006) that protrude 
slightly from both tablets and which clearly 
do not connect (Gries & others, 2009) (Fig. 
26.2–26.3). Additionally, the seemingly 
continuous connections seen under TEM 
are, in fact, invariably discontinuous when 
seen under STEM (Checa, Cartwright, & 
Willinger, 2011) (Fig. 26.4). The interla-
mellar boundaries between tablets are densely 
studded with purported mineral bridges and 
hillocks (Song & Bai, 2001, 2003; Song, 
Zhang, & Bai, 2002; Su & others, 2002; 
Song, Soh, & Bai, 2004; Lin, Chen, & 
Meyers, 2008; Fengzhang & others, 2009; 
Gries & others, 2009; Li & Huang, 2009; 
Saruwatari & others, 2009), such that a 
3D estimate from their TEM or SEM views 
would imply hundreds of mineral bridges 
for a single platelet. The precise calculations 
of Song, Soh, and Bai (2004) yielded 1600 
mineral bridges per platelet. This number 
is evidently not possible, since each platelet 
produces at most three filial platelets, which 
can be seen in some bivalves.   

Alternatively, Checa and others (2009) 
and Checa, Cartwright, and Willinger 
(2011) reported large bridges (150–200 
nm in diameter) in the nacre of gastro-
pods and the cephalopod Nautilus, which 
are strictly aligned with the axes of the 
columns of tablets. These bridges run across 
similarly sized circular holes in the interla-
mellar membrane. In bivalves, where nacre 
usually grows in terraces, the bridges are 
much more irregular in shape and size (>100 
nm in diameter), and the crystal lattice is 
continuous through them (Fig. 27.1–27.4). 
Discontinuities have also been revealed in 
3-D reconstructions of the interlamellar 
membranes (Fig. 27.5). These same authors 
developed models for the origin of such 
structures. In gastropods and Nautilus, the 
growing nacre is covered and separated from 
the outer environment by a proteinaceous 
surface membrane (~100 nm thick), and it 
has been observed that the tablets begin to 
grow within this surface membrane, before 
the corresponding interlamellar membrane 

1 2

3 4

Fig. 26. Hillocks between superposed nacre platelets of Pinctada margaritifera (Linnaeus, 1758). 1–3, TEM views showing 
several degrees of development of hillocks protruding from superposed plates; in some, the hillocks even connect with 
an apparent continuity of the crystal lattice (particularly in views 1, 3) (new). 4, STEM view illustrates opposing hillocks 

that are in contact, but not continuous across (adapted from Checa, Cartwright, & Willinger, 2011).
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detaches from it. When a new interla-
mellar membrane detaches from the surface 
membrane, it extends from the periphery 
of the central axis outwards. In this way, 
a continuous, central mineralized axis is 
formed, so that superimposed nacre tablets 
are crystallographically continuous across it. 
However, in bivalves, the mechanism is not 
so clear. Checa, Cartwright, and Will-
inger (2011) hypothesized that pores form 
during an advanced stage of tablet growth 
by rupture of the interlamellar membrane 
due to osmotic pressure. When the compart-

ment between growing tablets becomes 
reduced, it is progressively isolated from the 
surrounding extrapallial fluid, particularly 
since the overlying interlamellar membrane 
also acts as a lid. In such a closed space, as 
crystallization proceeds, the concentration 
of organic molecules must increase. This 
is possible if the interlamellar membrane 
is semipermeable, with the flux of water 
and calcium carbonate ions or nanoclusters 
being allowed through (Schäffer & others, 
1997), while organic molecules are not. 
The increasing concentration of organic 

1 2 3 4

5

2 4

6a 6b 6c

Fig. 27. 1–4, Mineral bridges in Pinctada margaritifera (Linnaeus, 1758); 2, 4, close-up views of outlined areas in 
views 1 and 3, respectively; note that crystal lattice is continuous in all. 5, 3-D reconstruction of the interlamellar 
membranes in P. margaritifera; reconstruction was made by repeatedly slicing and imaging a small volume of nacre 
(right photograph) by means of FIB-SEM; white arrows indicate position of interruptions in both the sectioned and 
the reconstructed interlamellar membranes. 6, Diagram of the mineral bridge formation in bivalves; as the platelets 
grow, the volume between them is progressively reduced; with calcification, the concentration of organic molecules 
in the restricted compartment also increases, raising the osmotic pressure and, thus, causing an increasing bulging 
of the interlamellar membrane (6a, 6b), until the membrane tears (6b) and releases the osmotic pressure; the first 
platelet to reach the tear produces a new platelet, which emerges to the next lamella (6c) (all adapted from Checa, 

Cartwright, & Willinger, 2011; copyright © 2011, with permission from Elsevier).  
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molecules in the isolated compartment 
must cause an osmotic pressure difference 
across the interlamellar membrane, with 
the pressure being bigger on the isolated 
compartment side. The difference in the 
osmotic pressure across the membrane leads 
to its bowing upwards, and, eventually, to 
its rupture (Fig. 27.6). The tablet that first 
reaches the hole will grow to the interla-
mellar level above and produce a filial tablet. 
Such a process can be reproduced at the 
contacts of a single tablet with several of its 
neighbors, so that, by chance, a single tablet 
may produce not just one (as in gastro-
pods), but from zero to three filial tablets. 
The free-floating organic molecules at the 
interlamellar spaces are finally trapped at the 
junctions between tablets, forming typical 
intertabular membranes. Upward bowing 
and downward bending of the interlamellar 
membrane (upon subsequent release of the 
osmotic pressure) is noted in slices through 
areas supposedly close to the mineral bridges 
(Checa, Cartwright, & Willinger, 2011, 
fig. 9). This mechanism explains why, 
despite the fact that the number of filial 
tablets is variable, the average number of 
tablets remains constant across the lamellae, 
and why pores form preferentially at the 
edges of tablets.

INDUCTURAL DEPOSITS

Inductural deposits, or inductura, are 
calcareous shell layers or elements of shell 
sculpture that are deposited exterior to the 
periostracum by a temporary of more persis-
tent, outward reflection of the outer mantle 
fold. Inductura are common in certain 
gastropod groups, such as the Cypraeidae, 
but they are rarely seen in the Bivalvia. 
Inductural spines are cemented to the exte-
rior of the periostracum in the cardiid Cteno-
cardia virgo (Reeve, 1845 in 1844–1845), 
and smooth, flat inductura are deposited 
over the entire exterior of the shell in some 
Late Cretaceous cardiids, such as Proto-
cardia (Pachycardium) stantoni (Wade, 1926) 
(Schneider & Carter, 2001; Carter & 
others, 2012, p. 78). Inductural deposits in 

the Bivalvia show microstructures typical of 
the normal outer and middle shell layers—
that is, the cited examples are mostly finely 
prismatic and crossed lamellar (Schneider 
& Carter, 2001).   

The formation of an inductural deposit 
have never been observed in vivo. However, 
the prismatic/crossed-lamellar microstruc-
ture and the lack of a periostracal covering 
suggests that only the outer surface of the 
outer mantle fold is involved. This indicates 
that bivalves are capable of secreting normal 
shell-layer microstructures without the 
periostracum sealing off the margin of the 
biomineralization compartment.   

ADVENTITIOUS MINERALIZED 
STRUCTURES

Adventitious structures include and acces-
sory plates, callums, calcareous tubes, and 
calcareous boring linings. Accessory shell 
plates and callums are largely restricted to 
the Pholadoidea, Gastrochaenoidea, and 
the family Corbulidae in Myoidea. Acces-
sory shell plates generally include a medial, 
unpaired hypoplax, mesoplax, metaplax, 
and/or protoplax in Pholadoidea; a medial, 
unpaired protoplax in rare Gastrochae-
noidea (e.g., Jurassic Carterochaena Fürsich, 
Palmer, & Goodyear, 1994); paired or 
only right-valve siphonoplaxes in Phola-
doidea; and siphonal plates in some Corbu-
lidae (for definitions and illustrations, see 
Carter & others, 2012). As far as presently 
known, mineralized accessory shell plates 
are invariably aragonitic (Carter, 1980b). 
The siphonoplax in the pholad Jouannetia 
cumingii (G. B. Sowerby II, 1849) is present 
only on the right valve, where it appears to 
be a spiked extension of normal shell secre-
tion (Morton, 1986). The hypoplax and 
metaplax are both joined to the margins of 
the valves by periostracum, so they prob-
ably represent extensions of normal shell 
secretion. The mesoplax in Pholadidae and 
Teredinidae originates ventral to an exter-
nally shifted anterior adductor muscle, and 
it protects its posterior, outer surface from 
abrasion. The protoplax covers the more 
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anterior portion of an outwardly shifted 
anterior adductor muscle, and it varies 
from calcareous to entirely periostracal, and 
from one piece to longitudinally divided. 
In Pholas campechiensis Gmelin, 1791 in 
1791–1793, the protoplax consists of an 
outer layer of well-defined crossed lamellae; a 
thin, middle layer of irregular simple prisms; 
and a thick, inner layer of coarsely textured, 
irregular, complex crossed lamellae, much 
like the normal shell valves (Joe Carter, 
2015, personal communication). Siphonal 
plates in the Corbulidae are formed on 
the inner surface of a thick periostracum 
on the posterior end of the left valve, and 
they fit into a rostrate projection from the 
posterior margin of the right valve. Other 
than by periostracum, the siphonal plates 
are not attached to the shell (Yonge, 1946). 
They are presumably aragonitic, but their 
microstructure is yet unstudied. In summary, 
accessory shell plates appear to be extensions 
of normal shell secretion beyond the original 
shell margins, and they tend to replicate its 
shell microstructures. 

Calcareous tubes and boring linings in the 
Bivalvia typically show irregularly prismatic 
microstructures that suggest less-direct 
mantle control than accessory shell plates. 
The pholadoidean callum is a more or less 
smooth wall, or left and right walls, closing 
or partially closing a pedal gape at sexual 
maturity. The callum may also cover the 
entire dorsal regions of the shell (Turner, 
1969; Morton, 1986; Carter & others, 
2012, p. 28, fig. 24, 48–49). In some cases, 
the left and right halves of the callum do not 
meet, and they are joined by a periostracal 
fold with a minute pore remaining between 
them. In other cases, a left callum overlaps a 
right one to allow rocking of the shell valves 
about a dorsoventral axis, as, for example, 
in Jouannetia cumingii (G. B. Sowerby 
II, 1849) (Morton, 1986). Callums vary 
from mostly periostracal to mostly calcium 
carbonate (Turner, 1969), and they have 
an aragonitic, irregular, simple prismatic 
microstructure (Carter, 1980b; Morton, 
1986). The callum is separated from the 

exposed mantle tissues by periostracum, 
so its mineralizing fluids are presumably 
extruded through the pedal mantle aperture 
from pallial glands positioned within the 
mantle cavity (Morton, 1986). 

The  advent i t ious  ca l ca reous  tube 
protecting the siphons in gastrochaenids 
is clearly secreted by the siphonal epithe-
lium (Carter, 1978; Morton, Peharda, 
& Petrić, 2011). Morton, Peharda, and 
Petrić (2011) suggested that the source 
of the mineralizing fluid is glands in the 
internal, posteroventral regions of the 
mantle cavity, presumably exiting, volcano-
like, from the aperture of the incurrent 
siphon. This is unlikely, because in vivo 
observations of siphon-tube mineraliza-
tion in this family indicate that it begins as 
small patches on the lateral surface of the 
siphons, not at their tips (Joe Carter, 2015, 
personal communication). The source 
of these mineralizing solutions must be 
the siphonal epithelium itself. For the 
more anterior parts of calcareous tubes 
and calcareous boring linings, secretion in 
gastrochaenids is probably accomplished by 
glands in a reflected middle mantle fold or 
by the exposed outer surface of the largely 
fused, inner mantle fold. Anterior boring 
lining secretion in gastrochaenids without 
a strongly reflected middle mantle fold has 
been observed in vivo by Carter (1978, p. 
44). Repair of a broken boring was initi-
ated by inflation of the anteroventral inner 
mantle fold and secretion of an adherent 
mucous sheet. As this initial mucous sheet 
became mineralized, additional mucous 
sheets were secreted to extend its coverage. 
In gastrochaenids incapable of rotating in 
their tube or boring, such as Cucurbitula 
Gould, 1861, a greatly extended middle 
mantle fold must also be involved in tube 
and boring lining secretion. Thus, tube and 
boring lining secretion in at least gastro-
chaenids is accomplished by all exposed 
mantle tissues. We can only surmise that 
similar mechanisms are involved in other 
boring and/or calcareous tube-dwelling 
bivalves, such as the Clavagelloidea.
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