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Abstract

The shell of the gastropod mollusc, abalone, is comprised of nacre with an outer prismatic
layer that is composed of either calcite or aragonite or both, depending on the species. A
striking characteristic of the abalone shell is the row of apertures along the dorsal margin. As
the organism and shell grow, new apertures are formed and the preceding ones are filled in.
Detailed investigations, using electron backscatter diffraction, of the infill.in three species of
abalone: Haliotis asinina, Haliotis gigantea and Haliotis rufescens reveals that, like the shell,
the infill is composed mainly of nacre with an outer prismatic layer.-The infill prismatic layer
has identical mineralogy as the original shell prismatic layer. In'H. asinina and H. gigantea,
the prismatic layer of the shell and infill are made of aragonite while in H. rufescens both are
composed of calcite. Abalone builds the infill material with the same high level of biological
control, replicating the structure, mineralogy and crystallographic orientation as for the shell.

The infill of abalone apertures presents us with insight into what is, effectively, shell repair.

Keywords: Abalone, aperture, shell repair, calcite, aragonite, EBSD
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1. Introduction

As a model organism for biomineral research, the gastropod mollusc, abalone, has provided
insights into many aspects of biomineralisation including gene expression (Degnan and
Morse, 1995; Jackson et al., 2006; Jackson et al., 2010) and the role of specific organic
components in shell formation (Bedouet et al., 2012; Falini et al., 2011; Jolly etal., 2004; Le
Roy et al., 2012; Mann et al., 2007; Mann et al., 2000; Marie et al., 2010; Shen et al., 1997;
Weiss et al., 2001; Weiss et al., 2000). Since nacre is the major component of the abalone
shell, the attractive material properties of nacre, being light yet strong and crack-resistant
(Jackson et al., 1988; Jackson et al., 1989; Jackson et al., 1990), accounts for the use of
abalone shells as model systems for the study of the material properties of nacre e.g. (Chen et
al., 2012; Espinosa et al., 2011; Lin and Meyers, 2009; Meyers et al., 2008). While nacre
accounts for most of the abalone shell, the outermost layer is prismatic and the structure and
crystallography of these two layers has also been investigated (Auzoux-Bordenave et al.,
2010; Coppersmith et al., 2009; DiMasi and Sarikaya, 2004; Gilbert et al., 2008; Gries et al.,

2009; Metzler et al., 2008).

A striking feature of abalone shell: the row of apertures along the dorsal margin (Figure 1)
provides us with another potential insight into the diversity of biomineralisation. As the
growing shell is formed new apertures are fabricated in a regular manner along the
longitudinal growth margin while the preceding apertures are simultaneously filled in. This is
a very interesting biomineralisation scenario since, not only is it creating a perfect hole
during shell fabrication (to expel waste material) and for chemotaxis, but also manages a
biomineral infill program, or, repair mechanism. The obvious question arises: is the
formation of the infill as well controlled as the original shell formation (biologically

controlled) or simply a rough plugging (inorganically) of a gap? This study examines the
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nacre and prismatic layer of the shell and infill of three species of abalone in terms of
mineralogy and crystallographic orientation in order to learn more about the aperture infill

and to determine the extent to which it mimics the original and surrounding shell.

2. Materials and methods

2.1. Abalone specimens

Three species of abalone were considered: Haliotis asinina, Haliotis gigantea and Haliotis
rufescens. Three adult specimens of each species were included in this study. Shells of H.
asinina Linnaeus, 1758 from Australia (41°-10.5° S, 113°-153.5° E) were kindly provided by
Professor Jackson and Professor Degnan. H. gigantea Gmelin, 1791 from Japan (31°-46° N,
130°-145.5° E) were kindly provided by Professor Endo (University of Tokyo). H. rufescens
Swainson, 1822 from North America (25°-49° N, 125°-73° W) were kindly donated by
Professor Taylor and Dr Claverie (University of California). Examples of the shells of these

three species are presented in Figure 1.

2.2. Scanning electron microscopy including electron backscatter diffraction

Shell and infill microstructure and crystallography are analysed through Scanning Electron
Microscopy (SEM) and Electron Backscatter Diffraction (EBSD) respectively. SEM imaging
and EBSD analyses were carried out on the Quanta 200 from FEI in the Imaging,
Spectroscopy and Analysis Centre (ISAAC) at the School of Geographical and Earth
Sciences of the University of Glasgow. For SEM imaging, fractured shell sections were fixed
to SEM stubs and gold-coated. For measurements of nacreous and prismatic layers, polished

sections were carbon-coated and measurements made on secondary electron images. For



72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

EBSD, shells were cut slowly under running water using an Isomet 5000 precision cutter from
Buehler. Sections through the shells and through infilled apertures were embedded in resin and
ground and polished through a sequence following a well-established method (Cusack et al.,
2008; Perez-Huerta and Cusack, 2009). In summary, sections are ground using the following
grit papers for 3 min each: P180 (82 um), P320 (46 um), P800 (21 um), P1200 (15 um) and P2500 (8
pm) and then P4000 (<5 pum) for 5 min. Followng grinding, polishing stages use alpha aluminium
oxide at 1 um and then 0.3 um and finally a 5 min polish using 0.06 um colloidal silica. Polished

blocks are then coated with a thin layer of carbon (2.5nm). Polished, counted samples are
mounted into SEM chamber, tilted to 70° and then EBSD data gathered using an accelerating
voltage of 20 kV, working distance of 10 mm, aperture of 50 nm and step size of 0.2 um. All
data points below a confidence index [CI] of 0.1 were removed and data analyzed using OIM
6 software from EDAX-TSL. Data are then presented as maps of diffraction intensity, phase

or crystallographic orientation.

3. Results

3.1. Shell structure

The shell of abalone is composed mainly of nacre with an outer prismatic layer (Figure 2).
The prismatic layer thickness is different in the three species studied and bears no
relationship to the overall shell thickness (Figure 3). While H. gigantea is the thickest shell in
this study, the prismatic layer was no thicker than that of H. asinina. H. rufescens has a
relatively thin shell where the prismatic layer accounts for almost 50% of the shell thickness

(Figure 3).

Dauphin et al., (1989) used shell chemistry to determine the mineralogy of the

prismatic shell layer in ten species of abalone using higher relative abundance of Sr, Na and
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K to indicate aragonite and higher concentrations of Mg and Mn to indicate calcite. Of their
survey, two species, including H. asinina have a prismatic layer composed of aragonite only,
two others, including H. rufescens, have a prismatic layer of calcite only and the prismatic
layer of the other six species have both calcite and aragonite. Dauphin et al., (1989) point out
that concentrations of these elements that signature the calcium carbonate polymorphs, are
close to detection limit. In this study, electron backscatter diffraction (EBSD) is used to
compare the prismatic layer of shell and infill since EBSD readily distinguishes between

calcite and aragonite and provides insight into crystallographic orientation in context.

3.2. Mineralogy of prismatic layer of the shell

EBSD analyses of the shell indicate that the prismatic layer of H. asinina and H. gigantea
consists of aragonite while that of H. rufescens is comprised of calcite (Figure 4). The
prismatic layer of H. asinina‘and H. gigantea are similar, consisting of fine-grained aragonite
structures. In contrast, the calcite of the shell prisms of H. rufescens consists of large crystals,

often well over 100 pm.

3.3. Mineralogy of prismatic layer of the aperture infill

Apertures are infilled in the same direction as shell growth (Figure 5). The banding of the
infill (Figure 5B) suggests a pulsed process of regular increments. EBSD analyses of the
aperture infill indicate that the prismatic layer of H. asinina and H. gigantea consists of
aragonite while that of H. rufescens is comprised of calcite (Figure 6). The similarity between
shell and infill prismatic layers is clear with H. asinina and H. gigantea having small

aragonite crystals in both and H. rufescens having large calcite crystals in the prismatic layer
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of the shell and aperture infill. The material in the outermost region of the prismatic layer of
shell (Figure 41) and aperture infill (Figure 61) of H. rufescens is very fine-grained suggesting
that the material in this outermost region is either too fine or too porous to diffract, in contrast

to the large calcite crystals which diffract well (Figures 41, 6l).

3.4. Interface between aperture in-fill and shell

The image in Figure 7 is that of a completely flat surface and the apparent raised aperture rim
is an optical illusion. The surface of H. asinina shell has been polished in the area of a
completely filled-in aperture, in a downward direction from the outside towards the interior.
Thus Figure 7 depicts a bird’s eye view of the interior of an aperture that has been filled in
completely and the interface between the infill and the shell. The interface between the infill
and shell aperture is flawless with no gaps or ragged edges apparent (Figure 7). The
crystallographic orientation of the infill and shell is well constrained as depicted in Figure 7.
The phase map in Figure 7B confirms the presence of aragonite only. The crystallographic
orientation map (Figure 7C) with corresponding pole figure (Figure 7D) demonstrates the
strict control on crystallographic orientation of the infill and shell which cannot be

distinguished in terms of crystallographic orientation.

4. Discussion

In the three species of abalone studied here, there is no evidence that back-filling of shell
apertures is a rough ‘plugging-in’ of a gap. Instead, exquisite biological control is exerted in
all aspects with the aperture infill sharing the mineralogy, structure and crystallographic

control with the shell in a species-specific manner. A wider study may be required before
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concluding that this is a generality for abalone but there is nothing here to suggest that it may

be otherwise.

There is active interest in understanding shell repair (Fleury et al., 2008; Kijima et al., 2011)
by first of all, inducing damage e.g. by etching (Kijima et al., 2011) or drilling out a plug
(Fleury et al., 2008) from the shell. Fleury et al (2008) drilled plugs of 7mm diameter about
0.5 -1 cm from the shell edge of adult specimens of H. tuberculata and analysed the repaired
plugs using scanning electron microscopy. In contrast to the developmental aperture infills
that consist of outer prismatic and inner nacreous layers, these repaired holes were stratified
with several microstructural types: spherulitic, thin prismatic, blocklike, sub-nacreous,
nacreous and foliated-like microstructures. The prismatic and nacreous layers of
developmental infills form generally continuous layers while the more numerous
microstructures of the repaired holes tend to be discontinuous and more lenticular in
occurrence. These differences in developmental and experimentally-induced infills suggest a
more ad-hoc, yet effective, route to repair of holes beyond the usual developmental stages
and processes.

Repair of natural environmental damage (Harper et al., 2012) is another aspect of interest. In
the fossil record, it is important to be able to identify damage that occurred while the animal
was alive and any repair that may have taken place. Such interest in shell damage in the fossil
record includes calcium carbonate shells (Harper, 2003; Kroger, 2011) as well as calcium
phosphate shells (Freeman and Miller, 2011). Although abalone apertures are not areas of
true damage caused by accident or injury since the apertures are part of the shell
development, nonetheless, the mechanism by which abalone fills in the apertures deserves
further investigation to seek insight into how biomineral repair might be achieved. Viewing
the shell exterior, it is clear that the aperture infill consists of a series of bands (Figure 5) of

quite uniform thickness (about 20 pm), suggesting that the bands are emplaced in stages as
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the aperture in-filling proceeds. These bands can sometimes be seen in cross—section (see
Figure 6G to top right of EBSD area). Elucidating the mechanism by which these bands are
emplaced will be key to understanding how abalone fills in shell apertures with such

exquisite control.
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Figure descriptions

Figure 1 Shells of three species of abalone: H. asinina, H. gigantea and H. rufescens.

Exterior (A, C, E) and interior (B, D, F) of shells of H. asinina, H. gigantea and H. rufescens

respectively. Scale bars = 10, 5 and 5 mm respectively.

Figure 2 Prisms and nacre of H. asinina shell.

Secondary electron images of fractured shell section of H. asinina revealing (A) outer

prismatic (P) layer and inner nacreous (N) layer with interface between the two layers
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indicated by dashed white line. Higher magnification images of (B) prismatic layer and (C)

nacreous layer. Scale bars = 200 pum, 50 pum and 2 pm respectively.

Figure 3 Thickness relationships of prismatic layer and the corresponding cross-section

in H. asinina, H. gigantea and H. rufescens shells.

(A) The average (n = 24) thickness and standard deviation (S.D.) of cross-section shell and
prismatic layer of individual shells of three species of abalone. (B) The average (n = 24)

thickness of prismatic layer as a percentage of whole shell thickness and S.D.

Figure 4 Mineralogy of prismatic layer of H. asinina, H. gigantea and H. rufescens shell.

(A, D, G) Secondary electron images of polished sections of the prismatic region, (B, E, H)
diffraction intensity maps and (C, F, I) phase maps of H. asinina, H. gigantea and H.
rufescens respectively. Diffraction intensity maps (B, E, H) and phase maps (C, F, 1) are
shown corresponding to the blue box in the secondary electron images (A, D, G). Scale bar =
100,50 and 100 um for H. asinina, H. gigantea and H. rufescens respectively. In each case,
section is from the mid region of the shell, parallel to the shell length, with shell exterior to

the top of the image.

Figure 5 Half-filled aperture of H. asinina

(A) Secondary electron image of half-filled aperture of H. asinina with arrow indicating

growth direction and coincident direction of in-fill growth. White box in A indicates area
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presented in (B) at higher magnification to show the banding of the infill as the infill

develops in stages. Scale bars = 500 pum and 100 pum for A and B respectively.

Figure 6 Mineralogy of aperture infill of H. asinina, H. gigantea and H. rufescens shells

(A, D, G) Secondary electron images of polished sections of aperture infill, (B, E, H)
diffraction intensity maps and (C, F, I) phase maps of H. asinina, H. gigantea and H.
rufescens respectively. Diffraction intensity maps (B, E, H) and phase maps (C, F, 1) are
shown corresponding to the blue box in the secondary electron images (A, D, G). Scale bar =
(A) =80 pum (B, C) =35 um, (D) = 200, (E, F) =80 (G) = 1 mm (H, 1) = 40 pm for H.
asinina, H. gigantea and H. rufescens respectively. In each case sections were cut,
perpendicular to growth direction, through infilled apertures with anterior margin towards

right of image.

Figure 7. Mineralogy and crystallographic orientation of aperture infill and

surrounding shell of H. asinina.

The surface of H. asinina shell has been polished in the area of a completely filled-in
aperture, in a downward direction from the outside towards the interior. (A) Diffraction
intensity map of aperture infill (left) and surrounding shell (right) of H. asinina polished top
down. Scale bar = 70 um. Dashed white line indicates interface of infill (left) and shell (right)
with white arrow indicating direction of infill and shell growth. (B) Phase map of same area
with aragonite in red (if calcite were present, it would be indicated in green). (C) Map of
crystallographic orientation with corresponding pole figure (D). Colour in (C) and (D)

correspond to colour key (E).
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