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Introduction 

During the last decades, the composttton and 
growth of molluscan sheils have been extensively 
studied. These studies point out a serious dispro
portion in our knowledge of the shell structure and 
chemistry in different molluscan classes. For ins
tance, much research has been carried out of Bi
valvia, whereas Gastroporla seem to have been lar
gely neglected. Since the classical study of B0ggild 
(1930), this difference has become more and more 
apparent. We do not find many detailed structural 
analysis for gastropods, nor research devoted to 
processes of shell secretion and on relationships be
tween the shell structure and environmental pa
rameters. 

The sheils of the great majority of gastroporls 
consist of aragonite. Only a few gastropods, belong
ing to thirteen families (B0ggild, 1930) utilize ca!-
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cite, to form the whole shell (e.g. Patellidae), or se
parate layers. The separate layers are usually struc
turally and mineralogically uniform. Howeve r, in 
the archaeogastropod genus Haliotis, the externa! 
shell-layer may be exclusively calcitic or aragonitic, 
and in many species it contains both calcite and ara
gonite in proportionally varying mixtures. More
over, in the latter case, the two morphs are so 
closely associated that the aragonitic units may be 
entirely endosed within the calcitic units. However, 
they can be always recognized because of their dis
tinctly different crystal habit. The ability of the ha
liolitid mantie epithelium to secrete, simul
taneously, two CaC03 morphs has eaused some 
confusion in the literature concerning the minera
logy of the externa! shell-layer. 

The shell of Haliotis is of great importance for our 
understanding of the mechanism of shell secretion, 
the rote of organic matter in this mechanism, and 
the eauses which regulate the formation of the 
CaC03 morphs. 

The present paper summarizes the results of our 
studies on the mineralogy and structure of the exter
na! layer in haliolitid shells, based on ten species 
from the different regions of the world. The minera
logy of this layer covers the entire range of vari
ations which occur in this genus, to wit, calcite and 
aragonite, and various mixtures between these two 
morphs. In addition, aspects of the trace-element 
chemistry in these sheils was studied by means of 
the electron microprobe. 
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Material and methods 

The externa! shell-layer in Haliotis tuberculata 
Linne, and in its Mediterranean sub-species, Ha
liotis lamellosa Lamarck, was studied in our pre
vious paper (Mutvei et al., 1985). This species, 
tagether with its sub-species, is therefore ehosen as 
a basis of the present comparative study. The ma
terial of H. tuberculata, here dealt with, comprises 
numerous sheils of living and dead animals, ob
tained from the Station Biologique de Dinard, 
France, on the English Channel. 
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In addition, the following nine species were 
studied: 
H. asinina Linne, Komodo Islands, Indian Ocean. 
H. fulgens Philippi, Southern California, USA. 
H. rufescens Swainson, north of San-Francisco, Ca
lifornia, USA. 
H. glabra Swainson, Java. 
H. iris Martyn, New Zealand. 
H. rotundata Perry, unknown locality. 
H. roei Gray, unknown locality, but probably Aus
tralia. 
H. (Nordotis) cf. discus Reeve, Japan. 
H. kamtschatkana Jonas, San Juan Island, Washing
ton State, USA. 

Methods 

Mineralogical composition. Polished sections were 
cleaned by ultrasonic treatment and briefly etched 
in ditute hydrochloric acid, before staining with 
Feigl's solution. Aragonite is stained black, whereas 
calcite remains unstained. For SEM observations, 
the preparations were stained for a shorter period 
of time, in order to make the structural details dis
cernible (Schneidermann & Sandberg, 1971). 

Electron microprobe (energy dispersive X-rays) 
was also used for recognizing calcite and aragonite. 
The determination of the two morphs is based on 
the relative abundance of Sr, N a and K in aragonite, 
and Mg and Mn in calcite. The concentration of 
these elements is frequently at, or near, the limit of 
detection of this instrument. The analysis were 
made with a Link microprobe, using the AN 10000 
program. The use of the ZPB method (Peak to 
Background) allowed us to study rough surfaces, 
eaused by a slight etcbing of the polished prep
arations, made in order to reveal the structural de
tails. The positions of the analyzed points with re
spect to the structural features are therefore pre
cisely known. The latter is necessary, because of the 
imbrication between aragonite and calcite, and the 
small size of the individual aragonitic units within 
the calcitic prisms. 

Micro- and ultrastructures. Ultra-thin sections 
(5-6 !J.m), studied in polarized light, allowed us to 
observe the shape and crystallographic orientation 
of the calcitic components; the aragonitic com
ponents are too small and can therefore only be ob
served with the SEM. 

For studies of the structure of the mineral com
ponents with the SEM, the organic matter was re
moved either by enzymatic degradation (protease, 
chitioase), or bacterial activity. The protease was 
buffered at pH 7 .8, to minimize the dissolution
etfeet of the buffer ( Carriker, 1978). 
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Various methods for etcbing and decalcification 
were used. The most efficient methods were: (l) 
formic acid (5 % ), to reveal the periodic growth
pattern of the calcitic prisms, but without any in situ 
preservation of the organic matter; and (2) a mix
ture of glutaraldehyde, acetic acid and Aleian blue 
at various concentrations and temperatures, for 
decalcification combined with fixation of the organic 
matter in situ. Most preparations treated by method 
(2) were critical-point dried. 

Calcite and aragonite have different solubilities. 
But even in the case of identical mineralogical com
position, the structural type of one and the same 
CaC03 morph influences the etcbing results. For 
example, the aragonitic nacre is dissolved more rap
idly than the aragonitic prisms and spherulites. Cal
citic prisms have the lowest solubility. The latter 
condition makes it difficult to observe the bound
aries between different CaC03 morphs in etched 
sections in the SEM. 

Previous studies 

H. tuberculata and H. lamellosa 

The first observation on the mineralogical vari
ability of the external layer in Haliotis seems to have 
been published by B!llggild (1930, p. 300) who noted 
that "the sheils of Haliotis . . .  are rather uniform", 
but they "possess, in some instances, a calcitic layer 
inserted between two aragonitic ones . . .  The calcite 
has a rather regularly prismatic structure with hor
izontal, radial prisms . . .  As to the extension of this 
layer, the different species are very variable . . .  in 
H. tuberculata there are only a few small spots of 
calcite". 

Kessel (1935) showed that calcite in H. tu
berculata and H. lamellosa seems to be located in 
the inner part of the externa! prismatic layer, 
whereas the aragonite occurs in the outer part. Ara
gonite and calcite are not separated into two distinct 
layers, but numerous small aragonitic spherulites 
are imbricated in calcitic prisms, and !arge calcitic 
spots occur in the aragonitic part. Kessel used a spe
cific staining method to determine the CaC03 
morphs. 

Stolkowski (1951) found less than l % calcite in 
the entire shell of H. tuberculata. Sabatier (1953) 
noted that the externa! layer is characterized by "la 
presence simultanee de calcite et d'aragonite, en 
proportion sensiblement equivalente". Philippon 
(1974) found that the entire shell of H. tuberculata, 
comprising both the nacreous and the prismatic 
layer, is aragonitic. However, he described some 
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"elements plus trapus qui pourraient bien etre des 
prismes de calcite". 

SEM studies were carried out on the shell struc
ture in H. tuberculata and H. lamellosa by Mutvei 
et al. (1985). In agreement with the observations by 
Kessel (1935) and Sabatier (1953), it was found that 
calcite occurs abundantly in the inner part of the 
externa! shell-layer, where i t forms !arge prisms, 
whereas aragonite occurs in the outer part of that 
layer as minute irregular radial units. 

Other Haliotis species 

In its most restricted sense, the genus Haliotis com
prises about 30 species, but only a few of them have 
been studied for their structural and mineralogical 
composition. Nakahara et al. (1982) noted that the 
externa! shell-layer in H. rufescens is completely cal
citic. Iwata (1980) found that the larva! sheils of H. 
discus hannai consist of aragonitic spherulites. 

Mutvei et al. (1985, tabl. l, fig. l) showed that the 
externa! shell-layer in H. asinina and H. glabra is 
aragonitic, but mixed aragonitic-calcitic in H. cf. 
discus, H. fulgens, H. roei and H. rotundata. In the 
latter group of species, aragonite occurs as small 
spherulites externa! to the !arge calcitic prisms. 

Structure of the externat shell-layer 

A. Species with mixed aragonitic-calcitic externa! 
shell-layer 

(l) Haliotis tuberculata and H. lamellosa 

The externa! shell-layer is composed of both ara
gonite and calcite, the ra tios of which largely vary in 
different individuals. As previously shown (Mutvei 
et al., 1985), aragonite occurs as small prismatic and 
spherulitic units, located in the outer part of this 
layer, whereas calcite forms !arge prisms in the in
ner part of the layer, adjacent to the nacre (Plate l, 
Fig. 1). 

Attempts to relate the location of the calcite with 
respect to the shell ornament (radial costae and ma
jor growth Iines), has not been possible. Therefore, 
in random sections, the calcite/aragonite ratios may 
exhibit considerable variation. The latter condition 
explains the contradietory results of the previous 
studies. 

Aragonitic part. The main aragonitic units are mi
nute and elongate, about 2 to 5 !lm wide and 5 to 
10 !lm Iong. Their externa! shape is highly variable. 
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In places, they appear as single rods, particularly 
near the shell surface (Plate l, Fig. 4). More fre
quently, the y are !arge r and show an ovoid or pris
matic shape with a more or less distinct costulate 
ornamentation (Plate l, Figs. 5, 6). The aragonitic 
units do not show any preterred orientation, and 
they are not connected or fused to each other. Be
cause of the small size of the aragonite units, it is 
difficult to obtain information on their interna! or
ganization. Transverse sections (Plate 2, Fig. l) 
sometimes show parallel crystallographic planes 
which may be interna! equivalents of the externat 
costulae. In other preparations, particularly in pol
ished and etched sections (plate 3, Figs. l, 2), the 
aragonitic u nits consist of fascicles of diverging crys
talline rods. Etching by means of bacterial activity 
demonstrates that the central part of these units is 
much more soluble than the outer cortical part 
(Plate 2, Fig. 3). The latter observation suggests 
that the outer and inner parts of these units have a 
different composition, although in transmitted 
polarized light they show a monocrystalline aspect. 

After dissolving most of the mineral phase with a 
glutaraldehyde-acetic acid solution, delicate filam
ents of intracrystalline organic matter become vis
ible (Plate 2, Fig. 2). lt was not possible to establish 
the relationship between the crystallographic orien
tation of the aragonitic units and the organization 
of the intracrystalline organic matter. The decalcifi
cation process probably induces a progressive col
lapse of this organic matter which, without fixation, 
is soluble. We have not observed any indication that 
the aragonitic units are surrounded by an organic 
envelope. 

Calcitic part. There is a considerable difference in 
the shape between the aragonitic and calcitic units 
in the externa! shell-layer. The calcite forms regular 
prisros elongate structures, polygonal in cross-sec
tions, and with growth-surfaces more or less perpen
dieular to the axial direction. They are much targer 
than the aragonitic units, sometimes more than l 
mm in length and 100 to 200 f.liD in width. They are 
arranged in complex and irregular groups (Plate 2, 
Fig. 4). Polished and etched sections show numer
ous harizontal growth-lines associated with abun
dant intracrystalline organic matter (Plate 2, Figs. 
5, 6). 

Contact between aragonite and calcite. The ara
gonite units are often embedded in calcitic prisms, 
without being separated from these by organic mat
ter. It seems, therefore, that pre-formed campart
ments of the organic matter in which aragonite or 
calcite would be subsequently precipitated do not 
exist (compare e.g. with Nakahara & Bevelander, 
1971). 

A total mixture between the two CaC03 morphs, 
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and the arrangement of the growth-lines, as seen in 
Plate l, Figs. 2, 3, indicate an unusual secretory 
function of the mantie cells. These cells must have 
secreted simultaneously both aragonite and calcite. 
At successive growth-stages, the amounts of these 
two morphs show !arge variations (Plate l, Fig. 2). 
This means that one and the same part of the seere
tory epithelium is capable of secreting both categor
ies. 

Transition between the aragonitic externa! layer 
and the nacreous layer. At the boundary to the 
nacreous layer, rods in the aragonitic units become 
elongate and oriented transversall y to this boundary 
(Plate 3, Fig. 1). The distal parts of the rods are tra
versed by harizontal paraHel organic sheets which 
are discontinuous, and variably spaced (Plate 3, Fig. 
2). In the nacreous layer, these organic sheets be
come continuous and regularly spaced, forming the 
interlamellar organic sheets (right-lower corner in 
Plate 3, Fig. 2). Thus, there is a gradual transition 
from the prismatic-spherulitic structure of the exter
nat layer to the nacreous structure. In some 
nacreous ta biets at this boundary, on e ma y still rec
ognize the crystalline rods which are directly con
tinuous from the externat layer. 

Transition between calcitic externa! layer to the 
nacreous layer. A direct contact between calcitic 
prisros and true nacre has not been observed. The 
basal parts of the calcitic prisros are always lined by 
aragonitic rods (Plate 2, Fig. 5). lt seeros that in the 
present species, a productian of aragonitic rods is 
needed before the secretion of the organic interia
meliar sheets which are characteristic for the 
nacreous layer. 

(2) Haliotis (Nordotis) cf. discus 

As is the case in H. tuberculata, the externa! shell
layer is here composed of an inner calcitic and an 
outer aragonitic part (Plate 3, Fig. 3). 

Aragonitic part. The aragonitic units of H. cf. dis
cus and H. tuberculata show a similar shape and dis
tribution: small crystalline rod-shaped units occur 
near the shell surface, and targer ovoid units, with 
costulate ornament, occur in the rest of the layer 
(Plate 3, Fig. 4). 

In oblique fracture-planes, the ovoid units show a 
thick outer cortical part, composed of !arge crys
talline rods, and an inner part, composed of parailet 
or slightly diverging crystalline laminae (Plate 3, 
Fig. 6). These laminae, which are elongated along 
the major axis of the unit, consist of paraHel crys
talline rods of smaller size. In some specimens, the 
ovoid units lack the outer cortical part. In polished 
and etched sections, the latter units often appear as 
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diverging crystalline rods arranged in fascicles (Plate 
3, Fig. 5). The regularly shaped ovoid units are 
camposed of three to four fascicles (Plate 4, Fig. 1), 

whereas the irregularly shaped units consist of a 
single fascicle. After prolonged etching with glu
taraldehyde-acetic acid solution, numerous arganie 
filaments were seen to appear between the crys
talline rods. The arrangement of these filaments is 
independent of the orientation of the crystalline 
rads. 

Calcitic part. The variations in the shape of the 
calcitic prisms, and their camplex arrangement are 
shown in Plate 4, Fig. 2. In contrast to H. tu
berculata, the calcitic prisms in the present species 
have strongly protruding basal ends which are in 
direct contact with the succeeding nacreous layer. 
The first deposited nacreous laminae are therefore 
secreted between the protruding basal ends of the 
prisms. The deposition of the nacreous layer re
mains interrupted at these places until the nacreous 
laminae completely fill up the interspaces between 
the basal ends of the prims (Plate 4, Figs. 3, 4). 

(3) Haliotis roei 

In this species, the outer aragonitic parts and the 
inner calcitic part of the externa! shell-layer are ap
proximately of equal development. 

Aragonitic part. The aragonitic units have about 
the same shape and arrangement as in the two spe
cies described above. Thus, the size of the units de
creases from the nacreous boundary towards the 
outer shell surface. Most of the targer units have a 
regular ovoid shape and a regular hexagonal outline 
in axial view (Plate 4, Figs. 5, 6). They are cam
posed of parallel, prismatic sub-units of polygonal 
cross-seetians (Piate 4, Fig. 5). After treatment with 
enzymatic solutions, these sub-units reveal a cam
plex structure (Piate 5, Fig. 2). In other prep
arations, treated with enzymes, the interna! region 
of the ovoid units shows a composition of small, dis
tinct granular elements, sometimes arranged 
radially (Piate 5, Fig. 1). 

These observations show that (l) the ovoid units 
are, in fact, aragonitic prims; this concept (e.g. 
Philippon, 1974) is in agreement with their mono
crystalline optical characteristics when studied in 
uttra-thin seetians under polarized light; and that 
(2) the frequent radial arrangement of the crys
talline rods indicate a spherulitic nature of the ovoid 
units (e.g. Kessel, 1935); the spherulitic structure is 
often seen in polished and etched sections. Conse
quently, both terms, the prismatic and the spheruli
tic, can be applied to be ovoid units. This condition 
demonstrates the inadequacy of current crystallo
graphic terminology. 
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Calcitic part. The camplex polycrystalline struc
ture of the !arge calcitic prisms is clearly visible 
(Plate 5, Figs. 3, 4). After enzymatic treatment, the 
intracrystalline arganie matter is removed and the 
growth lamellatian of the prisms becomes distinct. 

( 4) H aliotis iris 

The aragonitic units in the ou ter part of the externat 
layer show similar features to those in the species 
dealt with above. 

The growth surfaces of the calcitic prisms at the 
sheii-margin are similar to those in H. (Nordotis) cf. 
discus. They have a rhomboid shape and an imbri
cated arrangement (Piate 5, Figs. 5, 6; Plate 6, Figs. 
l, 2). The lateral faces of the prisms have a regu
larly spaced growth-lamellation (PI a te 6, Figs. 3, 
4).The prisms endase isolated aragonitic units, 
same of which are !arge and have a radial structure. 

(5) Haliotis fulgens 

As shown in Plate 7, Figs. l, 2, the structure of the 
externa! shell-layer in this species agrees to that in 
the species dealt with above, both in the shape and 
arrangement of the calcitic prisms and the aragonitic 
units. 

(6) Haliotis rotundata 

The externa) sheii-Iayer in this species differs from 
that in the species dealt with above, in the following 
respects: (l) this layer is predominantly aragonitic; 
in each aragonitic units, the crystalline rads are of
ten arranged parall el to each other, bu t the orien
tation is different in adjacent units (Plate 6, Figs. 5, 
6); and (2) the calcitic prisms occur on ly occasion
ally in the inner part of the layer (Mutvei et al., 
1985). 

B. Species with an exclusively aragonitic externa! 
sheii-Iayer 

(l) Haliotis asinina 

This is the type species of the genus Haliotis. In con
trast to other species dealt with here, the outer 
sheii-surface is green and devoid of enerusting or
ganisms. In the numerous seetians made of four 
specimens, the externa) shell-layer is entirely ara-
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gonitic, except for a minute calcitic spot observed in 
one specimen. 

The size of the aragonitic units decreases towards 
the shell-surface. Most units differ from those in the 
species dealt with above in having a much more reg
ular structure: the crystalline rods are arranged par
alle! to each other, or they form fasciculate bundles, 
oriented almost perpendicular to the surface of the 
she Il (Plate 7, Figs. 3, 4, 5). Decalcified sections 
show thin organic filaments, the orientation of 
which is independent of that of the crystalline com
ponents (Plate 7, Fig. 6). After a prolonged decalci
fication with glutaraldehyde-acetic acid solution, or
ganic sheets composed of these filaments can be oc
casionally seen. 

At the transition to the nacreous layer, the crys
talline rods of the aragonitic units continue into the 
adjacent nacreous tablets (Plate 7, Figs. 4, 5). 

(2) Haliotis glabra 

The crystalline rods in the aragonitic units are 
oriented approximately perpendicular to the shell
surface, in the same manner as those in H. asinina 
(Plate 8, Figs. l, 3, 4). lt is only in some units that 
the orientation of the crystalline rods can instead be 
seen to be approximately parallel to the sheil
surface (two units in the middle height of Plate 8, 
Fig. l, one of which is magnified in Plate 8, Fig. 2). 

C. Species with an entirely calcitic externa! shell
layer 

(l) Haliotis rufescens 

In all preparations, the externa! shell-layer is com
posed entirely of calcitic prisms (Plate 8, Fig. 5). On 
the growth surface at the shell margin, the prisms 
form !arge imbricated blocks, similar to those des
enbed by Nakahara et al. (1982). The growth 
surface of each block shows parallel, diamond
shaped edges. 

In polished vertical sections, etched for several 
days with glutaraldehyde-acetic acid solution, the 
calcitic prisms show a distinct subdivision into 
growth lamellae. Each Iamella consists of vertical 
crystalline rods arranged in fasciculate bundles 
(Plate 9, Figs. l, 2, 3). The etcbing also reveals that 
the consecutive crystalline growth lamellae are se
parated by parallel, perforated organic sheets (Plate 
9, Fig. 3). Such continuous organic sheets do not 
appear if the period of etcbing is short. 
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(2) Haliotis kamtschatkana 

As in H. rufescens, the externa! shell-layer is here 
entirely composed of calcitic prisms (Plate 9, Fig. 
4). The size of the prisms decreases towards the ou
ter shell surface (Plate 9, Fig. 5). All prisms show a 
distinct growth lamellation in polished vertical sec
tions etched with glutaraldehyde-acetic acid so
lution. Etcbing also reveals abundant intracrys
talline organic matter. 

The boundary between the calcitic prisms and the 
adjacent nacreous layer displays a variable pattern 
of development. In some places, aragonitic rods are 
formed between the basal parts of the calcite prisms 
and the nacreous tablets. In other places, the prisms 
are in direct contact with the nacreous layer, as in 
H. (Nordotis) cf. discus (plate 9, Fig. 6). 

Chemical composition 

Each shell-layer ( aragonitic prismatic-spherulitic, 
calcitic prismatic, and aragonitic nacreous), was 
studied with regard to the concentration of some 
minor elements. We have obtained data on the fol
lowing thirteen elements: Na, Mg, Al, Si, P, S, C!, 
K, Mn, Fe, Sr, Ba, and Pb. The concentrations of 
four of the m (Mg, N a, Sr, S) are dealth with below. 

The elementary composition of gastroporl sheils 
has been given little attention in the extant litera
ture. The review of Milliman (1974), including pre
vious results from Vinogradov (1953) to Seger et al. 
(1971), is one of the most extensive and precise for 
both taxonomical and numerical data. lt concerns 
rnaini y aragonitic she Ils. Unfortunately, in sheils 
with mixed mineralogy, analyses have been made 
without separating the different shell-layers. For 
this reason, we have had to compare our data with 
those recently published by Masuda & Hirano 
(1980) for Bivalvia. These authors present compre
hensive results with details on the mineralogy and 
microstructure of the analyzed shell-layers. The 
data for bivalves on the relationship between the 
environmental parameters and the elementary earn
position of the shell are, moreover comprehensive 
than for gastroporls (e.g. Rosenberg, 1980; Carter, 
1980). 

Mean values 

The mean values (Figs. 1,2) of Mg, Sr, Na and S 
contents in the sheils of all ten analyzed haliotid 
species are in good agreement with the means ob-
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Fig. l. Histograms of the mean values (in ppm) of the contents of Na, Mg, Sr and S, in the aragonitic 
nacreous layer (nacre) and the mixed aragonitic-calcitic externa! layer (arag. ext, calcite): H. tu
bercu/ata, H. (Nordotis) cf. discus, H. roei, H. iris, and H. rotundata. 

tained by Masuda & Hirano (1980) for the corres
ponding structural types in bivalves. The content of 
Mg in the haliolitid calcitic layer is similar to that of 
the bivalvian fibrous calcite, whereas the N a content 

is doser to the bivalve prismatic calcite. However, 
the haliolitid aragonite (externat spherulitic-pris
matic and nacreous layers) shows a higher Mg-con
tent than the aragonitic layers in bivalves. The dif-
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Fig. 2. Histograms of the mean values (in ppm) of the contents of N a, Mg, Sr and S, in the aragonitic 
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and H. glabra; in the aragonitic nacreous layer (nacre) and the aragonitic external layer (nacre, arag. 
ext): H. asinina; and in the aragonitic nacreous layer (nacre) and the calcitic external layer (calcite): 
H. rufescens and H. kamtschatkana. 

ferences in the means do not indicate any obvious 
interpretation, and have to be explained by a more 
detailed examination of each shell-layer. 

For each analyzed shell-layer, we present first the 

possible significance of the direct values, then the 
ratios between the minor elements, as they have 
been supplied by various authors (e.g. Loreau, 
1982). 
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Table l. Summary of the mean composition (in ppm) and rations in all analysed species of Haliotis. 
Mg/Ca, Sr/Ca = weight ratios 10·2; mMglmCa, mSr/mCa = atomic ratios 10·2; mSr/mMg = ratio 
defined by Loreau (1982) as substitution rates of Sr++ and Mg++ to ca++; K' A Mg= partition coef
ficient of Mg 10·3; K' A Sr = partition coefficient of Sr10·2. 
a: aragonitic nacreous layer; b: aragonitic externa( layer; c: calcitic externa! layer. 

a tuber. disens roei iris 
N a 6900 6900 7100 7900 
Mg 600 500 400 800 
Sr 1700 1600 1700 1700 
s 400 500 500 800 

Mg/Ca 0.15 0.13 0.10 0.20 
Sr/Ca 0.43 0.40 0.43 0.43 

mMglmCa 0.25 0.21 0.33 0.33 
mSr/mCa 0.19 0.18 0.19 0.19 
mSr/mMg 0.78 0.88 0.58 0.58 
K'A Mg 0.48 0.40 0.64 0.64 
K'A Sr 0.23 0.21 0.23 0.23 

b tuber. disens 
N a 6300 5000 
Mg 500 600 
Sr 2300 1500 
s 900 50() 

Mg/Ca 0.13 0.15 
Sr/Ca 0.58 0.38 

mMg/mCa 0.21 0.25 
mSr/mCa 0.26 0.17 
mSr/mMg 1.26 0.69 
K'A Mg 0.40 0.48 
K'A Sr 0.31 0.20 

c tuber. discus roei 
N a 3800 3800 2900 
Mg 2700 1000 2200 
Sr 1300 1400 l 000 
s 1100 1300 1200 

Mg/Ca 0.68 0.25 0.55 
Sr/Ca 0.30 0.35 0.25 

mMg/mCa 1.12 0.42 0.92 
mSr/mCa 0.14 0.16 0.11 
mSr/mMg 0.12 0.38 0.12 
K'A Mg 2.17 0.80 1.77 
K'A Sr 0.16 0.19 0.13 

(1) Aragonitic nacreous layer 

Numerical values. In bivalves the highest concen
trations of the minor elements are those of N a (6700 

ppm) and Sr (1400 ppm) . In haliotids, we obtained 
only slight differences in the content of these el
ements from those in bivalves (see Table la) . The 
content of Sr is in doser agreement with the general 
values of molluscan aragonitic layers, to wit, be
tween 1500 and 2100 ppm, but without any clear 
earrelation with the concentration of Na. 

For other elements, our analysis shows relatively 
high contents of Mg and S in H. rotundata. A com-

rotun. fulgens asinina glabra rufes. kamtsch. 
6100 6400 6900 6700 7100 8400 
1200 400 600 600 700 600 
2300 1300 1500 1500 2000 1600 
1500 300 1300 1400 600 400 
0.30 0.10 0.15 0.15 0.18 0.15 
0.58 0.33 0.38 0.38 0.50 0.40 
0.50 0.17 0.25 0.25 0.29 0.25 
0.26 0.15 0.17 0.17 0.23 0.18 
0.53 0.89 0.69 0.69 0.78 0.73 
0.96 0.32 0.48 0.48 0.56 0.48 
0.31 0.17 0.20 0.20 0.27 0.21 

roei iris rot u n. fulgens asinina glabra 
6900 4900 5000 6900 6900 6400 

500 2100 300 600 l 000 900 
2200 1600 1800 2300 1900 2100 

600 1300 600 600 1100 1100 
0.13 0.53 0.07 0.15 0.25 0.23 
0.55 0.40 0.45 0.58 0.48 0.53 
0.21 0.87 0.12 0.25 0.42 0.37 
0.25 0.18 0.20 0.27 0.22 0.24 
1.21 0.21 1.64 1.05 0.52 0.64 
0.40 1.69 0.24 0.49 0.80 0.72 
0.29 0.21 0.24 0.31 0.25 0.28 

iris rotun. fulgens glabra rufes. kamtsch. 
4200 2400 3500 3400 4400 4200 
1200 3800 1500 4000 l 000 900 
1400 1100 1400 600 1800 l 000 
1200 1100 l 000 1400 800 l 000 
0.30 0.95 0.37 1.00 0.25 0.23 
0.35 0.28 0.35 0.15 0.45 0.25 
0.50 1.58 0.62 1.67 0.42 0.37 
0.16 0.13 0.16 0.07 0.21 0.11 
0.32 0.08 0.26 0.04 0.49 0.30 
0.96 3.05 1.19 3.21 0.80 0.72 
0.19 0.15 0.18 0.08 0.24 0.13 

parison of the concentrations of these two elements 
for the ten analysed haliolitid species seems to show 
a rather good correlation. Very low in some species 
(H.fulgens: 2001300 ppm), the Mg and S concen
trations rise simultaneausly to 400/600 ppm (H. ru
fescens, H. tuberculata, and others), and reach 1000 
to 1200 ppm in H. rotundata. 

Ratios. The content of Na and Sr in the nacreous 
layer of H. tuberculata is most similar to the values 
given by Masuda & Hirano (1980) for the nacre of 
bivalves. Since the Mg-content is generally higher in 
Haliotis, all the ratios based on the Mg-content are 
different from those obtained from the data pub-
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lished by those authors. However, the Mg-content 
of the aragonite in bivalves, given in Loreau (1982), 
without any distinction between structurally differ
ent layers, is higher than that of Masuda & Hirano 
(1980), and lower than that in Haliotis. Large vari
ations in the Mg-content have also been noted by 
Kinsman (1970) in experimental studies on aragon
ites. 

Comparative diagrams on all analyzed species 
show that the content of Sr is relatively stable, and 
that H. tuberculata displays average values (Table 
la). The two extreme values are represented by H. 
iris (the lowest) and H. rotundata (the highest). No 
clear differences can be noted between the species 
with uniform and mixed mineralogy. Diagrams 
based on Mg confirm the !arge variations of the con
tent of Mg. H. fulgens shows the lowest content, 
whereas H. rotundata shows the highest content. All 
the ratios of mSr/mCa : mMg/mCa, which indicate 
the substitution rates of sr++ and Mg++ to ca++, 
are clearly lower than those obtained by Masuda & 
Hirano (1980) and Loreau (1982). 

(2) Aragonitic prisms and spherulites m the 
externa! layer 

Numerical values. In the aragonitic units of the ex
terna! layer, Na is also the most abundant of the 
minor elements (Table lb). lt is in some cases very 
close in concentration to the succeeding nacreous 
aragonite (H. asinina, H. glabra, H. roei), but in 
other cases markedly different (H. iris). In one spe
cies on! y, the Na-content in the externa! layer ap
pears to be higher than in the nacre (H. fulgens). 

The content of Sr represents approximately the 
mean value for this element in molluscan sheils in 
general: i. e. between 1000 and 2000 ppm (Table 
l b). 

Ratios. The content of Na, Sr and Mg in the ara
gonitic units of H. tuberculata are slightly higher 
than those in the aragonitic fibrous Iayer of bi valves 
(Masuda & Hirano, 1980). The Loreau ratios based 
on our data and those of Masuda & Hirano are simi
lar, and Iower than the average ra tios given for the 
aragonite in bivalves by Loreau (1982). 

The Sr-content in all haliolitid species reported on 
here is more stable than that of Mg. H. fulgens and 
H. tuberculata show a high content of Sr; H. discus 
has the Iowest value. H. iris has the highest Mg
content and the lowest Loreau ratio. Concerning 
the latter ratio, H. roei is similar to H. tuberculata 
and to bivalvian fibrous aragonite. Diagrams of the 
Loreau ratios show !arge irregularities in com
parison with the nacreous layer. The two aragonitic 
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Iayers, the spherulitic-prismatic and the nacreous, 
differ not only in structure but also in the content 
of minor elements. Both layers have a high content 
of Mg in comparison with bivalvian aragonite. The 
entirely aragonitic and the mixed aragonitic-calcitic 
externa! shell Iayers cannot be distinguished on the 
basis of their Sr- and Mg-contents. 

(3) Calcitic prisms in externa! layer 

Numerical values. As we have seen for the mean 
values, the content of Mg in the calcitic prisms of 
H. tuberculata is between that of bivalvian prismatic 
and fibrous calcite, whereas the content of Na is 
close to bivalve prismatic calcite (1420 ppm). The 
content of Sr in the calcitic prisms is similar to that 
of bivalvian fibrous and prismatic calcite (see Table 
le). 

Ratios. The Mg/Ca ratio in H. rufescens, H. 
kamtschatkana, H. fulgens, H. iris and H. discus is 
similar to that in the fibrous calcite of bivalves, 
whereas in H. glabra and H. rotundata, it is the 
same as that in the prismatic calcite of bivalves. H. 
tuberculata and H. roei occupy an intermediate po
sition. The ratio of Sr/Ca is more stable, and with 
the exception of H. glabra, it is higher than that in 
the bivalvian fibrous and prismatic calcite. Thus, the 
Loreau ratio is extremely variable and more than 
that of the aragonitic prisms-spherulites. The calcitic 
prisms in H. glabra and H. rotundata are similar to 
the bivalvian calcitic prisms with regard to this ratio, 
whereas in H. kamtschatkana and H. fulgens, they 
are similar to the fibrous calcite of bivalves. There 
is no clear difference in this ratio between species 
with entirely calcitic, and mixed aragonitic-calcitic 
externa! sheii-Iayers. 

Discussion 

We describe here the mineralogy and structure of 
the externa! shell-layer in ten Haliotis species. In six 
of these species: H. tuberculata, H. lamellosa, H. 
(Nordotis) cf. discus, H. iris, H. rotundata and H. 
fulgens, the externa! Iayer has a mixed aragonitic
calcitic composition; in two species, H. asinina and 
H. glabra, this Iayer is exclusively aragonitic, and in 
two species, H. rufescens and H. kamtschatkana, it 
is exclusively calcitic. In species with a mixed ara
gonitic-calcitic externa! sheii-Iayer, the mantie epi
thelium secretes simultaneously the two CaC03 
morphs. Consequently, there exists in Haliotis a 
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unique opportunity to study the factors which influ
ence the precipitation of these two morphs. 

In previous papers, it has been suggested that 
some inorganic ions may promote the precipitation 
of aragonite or calcite (for a review see, for exam
ple, Wilbur, 1972). Therefore, our studies on the 
distribution of minor elements in haliolitid sheils are 
of importance for elucidating this question. The dis
tributions of Mg,Na and Sr allow us to conclude that 
the're do not seem to exist any significant differences 
in the contents of these elements between the ara
gonitic and calcitic shell-layers in Haliotis. Our 
results confirm those of the previous analysis on 
molluscan shells. Moreover, no distinct difference 
could be found between the external layer com
posed of aragonite or calcite, and that composed of 
mixed aragonite-calcite. Much more information is 
still needed on the distribution of trace-elements 
and minor elements, particularly in gastropod 
shells. Such information should be associated with 
the mineralogical and structural composition of the 
shells. 
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PLATES 



Plate l 

H a/iotis tuberculara 

l .  Vertical fracture-plane of the externa( shell-layer; outer 
aragonitic part (A) and inner calcitic part (C) are distinctly 
separated; untreated. x 355. 

2. Vertical polished and etched section to show highly 
mixed distribution of small aragonitic units and large cal
citic prisms; direction of growth increments indicated by 
arrows. x 150. 

3. Detail of Fig. l to show inclusions of aragonitic units 
(white) in calcitic prisms (dark). x 550. 

4. Rod-shaped aragonitic units near the outer shell
surface; untreated. x 5500. 

5. Ovoid aragonitic units in the inner part of the externa( 
shell-layer, to show their irregular arrangement; un
treated. x 1200. 

6. Details of ovoid aragonitic units and their rod-like sub
units. x 5500. 



Plate l 



Plate 2 

H aliotis tuberculata 

l .  Slightly etched oblique section of an aragonitic unit, 
endosed within a calcitic prism; note sector-like arrange
ment of the crystalline sub-units. x 10400. 

2. Similar aragonitic unit as in Fig . l ,  after prolonged 
etcbing with glutaraldehyde-acetic acid solution ; note dis
tinct filaments of organic matter within the unit and the 
absence of an arganie envelope around the unit. x 13000. 

3. Aragonitic units etched by bacterial action; note than 
the central part is more soluble than the outer cortical 
part . x 12000. 

4. Vertical polished and etched section of the calcite 
prisms in the externa) shell-layer. x 185 . 

5 .  Vertical section of a calcite prism and its boundary to 
the succeeding nacreous layer, etched with glutaralde
hyde-acetic acid solution; note the occurrence of parallel 
harizontal growth lamellae in the prism; arrows indicate a 
thin layer of prismatic aragonite at the boundary between 
the calcite prism and the nacre . x 2500. 

6 .  Detail of the vertical section in Fig . 5, to show vertical 
crystalline rods associated with organic matter. x 11000. 



Plate 2 



Plate 3 

H aliotis tuberculata 

1,2 .  Vertical polished and etched sections to show the 
gradual transition between the aragonitic units in the ex
ternat layer and the nacreous layer; note that the crys
talline rods in the aragonite units become elongated and 
traversed by parailet organic sheels which, in the nacre, 
form interlamellar sheets. x 1200 and x 3300, respect
ively. 

Haliotis (Nordotis) cf. discus 

3. Growth-surface of the externat layer at the shell 
margin; lower part shows irregularly shaped and sized cal
citic prisms, upper part shows small aragonitic units; un
treated. x 600. 

4. Prismatic aragonitic units composed of parailet subunits 
with costulate ornament; untreated. x 300. 

5. Vertical polished and etched sectiori of the outer part 
of the externat layer, to show fascicles of diverging crys
talline rods in the aragonitic units. x 1500. 

6. Oblique fracture-plane through a prismatic aragonitic 
unit ; note that the outer cortical part is made up of large 
crystalline rod-shaped subunits, whereas the inner part 
consists of parailet or slightly diverging lamellae of smaller 
crystalline rods . x 10500. 



Plate 3 



Plate 4 

Haliotis (Nordotis) cf. discus 

l .  Polished and slightly etched section of a weil defined 
aragonitic unit which shows a complex radial structure. x 

4500. 

2. Polished and etched section of calcitic prisms to show 
their imbricated arrangement. x 800. 

3, 4 .  Vertical polished and etched sections at the bound
ary between a calcite prism and the adjacent nacreous 
layer; note the protruding distal ends of the prisms, and 
their direct contact with the nacreous layer. x 4700 and x 

4300, respectively. 

Haliotis roei 

5 ,  6. Regularly developed prismatic aragonitic units in the 
externa! shell-layer; untreated. x 6500 and x 3500, re
spectively . 



Plate 4 



Plate 5 

H aliotis roei 

l .  Etched oblique fracture plane of an aragonitic unit to 
show the structural difference between the outer cortical 
part and the inner part. x 5200. 

2 .  Lateral view of an aragonitic unit after etching with en
zymatic solutions; note that the outer surface is composed 
of numerous polygonal plates. x 9500. 

3, 4 .  Fractured calcitic prisms to show their imbricated 
and complex structure. x 410 and x 700, respectively. 

H aliotis iris 

5 ,  6. Growth-surface of the calcitic prisms at the shell 
margin ; note that the adjacent prismatic groups in Fig. 6 
have a different crystallographic orientation. x 350. 



Plate 5 



Plate 6 

H aliotis iris 

l ,  2. Growth-surfaces of the calcitic prisms at the shell 
margin in two specimens; note the paraHel arrangement of 
the rhombohedral faces of the prisms; untreated. x 600 
and x 825, respectively. 

3, 4. Lateral surface of a calcite prism to show dislinet 
growth-lamellae; untreated. x 1300 and x 6800, respect
ively. 

Haliotis rotundara 

5, 6. Vertical polished and etched seetians of the externa! 
layer; the aragonitic units are camposed of numerous crys
talline rods; close to the nacreous layer (Fig. 6) the rods 
are in places traversed by parallel, horizontal, organic 
sheets. x 2300 and 3200, respectively. 



Plate 6 



Plate 7 

Haliotis fulgens 

l .  Vertical section of the externa! layer to show distri
bution of the aragonitic units (A) and calcitic prisms (C). 
x 80. 

2. Vertical polished and etched section (formic acid) to 
show numerous aragonitic units within the calcitic prisms. 
x 850 . 

Haliotis asinina 

3. Vertical fracture-plane of the external layer, composed 
exclusively of aragonitic units; untreated. x 80. 

4 .  Vertical fracture-plane at the boundary between the 
externa! layer and the nacreous layer ; note the gradual 
appearance of the nacreous laminae (right hand side) 
within the prismatic externa! layer; untreated. x 850. 

5 .  The same shell region as in Fig. 4 in vertical polished 
section, etched with chromium sulphate. x 1200. 

6 .  Detail of Fig. 5 ;  the aragonitic rods, partially dissolved 
by etching, are embedded into an organic matrix. x 1 1000. 
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Plate 8 

Haliotis glabra 

l .  Vertical polished and etched section of the externat 
layer; note the vertical orientation of the crystalline rods 
in the aragonitic units, except in two units. x 2500. 

2 .  Detail of the aragonitic unit in the central position in 
Fig. l. x 8300. 

3 ,  4. Vertical polished and etched sections to show the 
gradual transformation between the external layer and the 
nacreous layer. x 2300 and x 3400, respectively. 

H aliotis rufescens 

5 .  Vertical fracture-plane of the calcitic prisms to show 
their growth-lamellation. x 100. 

6 .  Growth-surface of the calcitic prisms at the shell 
margin; note that the adjacent prisms are imbricated; un
treated. x 260. 
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Plate 9 

H aliotis rufescens 

l ,  2, 3 .  Vertical polished sections of the externat layer, 
etched with glutaraldehyde-acetic acid solution; note that 
the organic matrix appears as filaments and regularly spa
ces sheets within the calcitic prisms. x 2200, x 1 100 and 
x 4300, respectively. 

Haliotis kamtschatkana 

4. Vertical fracture-plane of the external layer, composed 
exclusively of calcitic prisms, and the succeeding nacreous 
layer; untreated. x 120. 

5. Oblique vertical polished and etched section of the cal
citic prisms showing their decreasing size towards the ou ter 
shell-surface. x 350. 

6 .  Vertical fracture-plane at the boundary between the 
calcitic prisms (bottom) and the nacreous layer (top). 
x 4200. 
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