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Abstract

Abstract

Biominerals are biogenic mineralized products casmpg both mineral and organic
components. Calcium-bearing minerals comprise ab0ué of biominerals with the most

common being polymorphs of calcium carbonatg,calcite and aragonite.

Abalone Haliotis asininaLinnaeus, 17584aliotis rufescen$Swainson, 1822 andaliotis
gigantea Gmelin, 1791) are marine snails, belonging to Btey/lum Mollusca, class
Gastropoda, family HaliotidagenusHaliotis. They can be easily recognized by the row
of apertures, which are closed, half-closed andhopees, along the spiral ridges and

towards the shell longitudinal growth directiontloé dorsal margin.

This study considers the microstructure and crigggedphy of three species of abalone
shells, Haliotis asinina from Australia, Haliotis rufescensfrom America andHaliotis
giganteafrom Japan; as well as the aperture infillHofasinina The microstructure and
crystallography are analysed through Scanning Eledlicroscopy (SEM) and Electron
Backscatter Diffraction (EBSD) respectively.

Abalone shells all have an outer prismatic andnaen nacreous layer. It is confirmed that
the shell ofH. asininais comprised of aragonite in both prismatic andreaus layers,
with c-axis orientation of crystals throughout fmsmatic and nacreous layers of shell.
Towards the prismatic-nacreous interface, cryggadiphic alignment of prismatic layer
becomes much more tightly constrained. In nacrgstallographic continuity persists
across several laminae. Along the longitudinal Istpelwth direction (from posterior part
to anterior), there is a trend of gradually thickentablets towards the shell interior. In
addition to this trend from exterior to interidnettablets formed at the anterior are thicker
than those formed earlier at the posterior. 11$® @onfirmed that the nacreous layeHn
rufescensand H. giganteais aragonite. The prismatic layer of. rufescensshell is
composed of calcite, the c-axis of which is nortoahe shell surface. The prismatic layer
of H. giganteashell consists of calcite and aragonite, the s-axiaragonite is normal to
the shell surface and that of calcite is paratbethe shell surface. In these three species,
there is higher crystallographic constraint in thacreous layer than in the prisms.
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Furthermore, the crystallographic continuity of thecreous layer persists across as many

as 40~50 laminae.

H. asininais about 800 um thicl]. rufescenss the thinnest at around 600~700 um Eind
giganteashell is the thickest at about 1 mm. Comparingthitee species, the prismatic
layer to the shell thickness of three speciesc#ieite prismatic layerH. rufescenstakes
up about 50% of the shell thickness compared widlg@nite prismatic layeHH, asining
of about 20~30%, and the prismatic layer with ¢al@and aragoniteH. giganted is

between the two at over 30% of total shell thiclenes

Aperture infill of H. asininais also composed of aragonite with both prismaiticl
nacreous layers. The crystallographic orientatibmfill prismatic layer is parallel to the
shell surface unlike that of the shell where thestallographic orientation of the prismatic
layer is perpendicular to the shell surface. Thera prism-like layer between aperture
infill and the shell. The contact with the shelvals occurs within the nacreous shell layer.
Aperture infill grows on this prism-like layer anlde growth rate of aperture infill is in-
keeping with that of the shell growth rate. Whediwduals reach six months and older,

shell growth and aperture infill occur at approxietathe same speed.
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Chapter 1 Introduction

1 Introduction

1.1 Biominerals

Biomineralisation, the formation of mineralized ew@ls by living organisms is
widespread in nature and occurs in all five taxoiwokmgdoms (Weiner & Traub, 1984).
The biomineral structures perform various functisnsh as shells providing protection in
bivalves, brachiopods, and foraminifera; skeletghport in vertebrates and embryonic

chambers in avian eggshells (Cusack & Freer, 2008).

The term “biomineral” refers to biogenic mineratizproducts comprising both mineral
and organic components. Living creatures producgeat variety of minerals, which
include bone, teeth, statoliths, otoliths, shetis¢ccolith scales, eggshells, sponge silica
skeletons, algal, radiolarian and diatom silicaroyghells, and a variety of transition metal
minerals by diverse organisms (Gilbettal, 2005). Lowenstam (1981) introduced terms
to describe two fundamentally different processemmeral formation, one of which is
characterised without organic matrix by bulk ex#étadar or intracellular mineral
formation, exemplified by some bacterial specied algae. The other is an “organic
matrix-mediated” mineralization process performed rhany animals. In general for
animals, a dedicated organ is often defined verly @a the embryological development
and contains an organic matrix which facilitatesl atirects the deposition of crystals
(Livingstonet al, 2006). Estimates indicate that there are oveatibérent minerals in the
biosphere (Lowenstam & Weiner, 1989) and the nurobé&iogenic minerals identified is
continuously increasing (Meyeet al, 2008). Table 1.1 from Weiner & Addadi (2002)
shows the principal biogenic minerals. Calcium-bepminerals comprise about 50% of
biominerals with the most common being polymorphgalcium carbonateg.g. calcite,
aragonite and vaterite (Lowenstam, 1981). Amorphcaisium carbonate (ACC) also
occurs as a transient precursor of more stableadlipe aragonite or calcite (Addaei al,
2003)

Du-Jiao GUO October 2010 1
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Chapter 1 Introduction
Calcite Protodolomite
Aragonite Hydrocerrusote
Carbonate Vaterite Amorphous calcium carbonate
Monohydrocalcite family
2 Francolite Carbonated apatite (dahllitg
g Phosphate Whitelogkite Octacalcium phosphate
c Strucvite Brushite
S Vivianite Amorphous pyrophosphate
Amorphous calcium phosphate family
Halides F_Iuori_te Amorphous fluorite
o Hieratite Atacamite
c Gypsum Jarosite
g Sulfates Celestite Calcium sulphate hemihydrat
) Barite Barite
= Silicates Silica (opal)
Magnetite Amorphous maganese oxide
. Goethite Amorphous ilmenite
Oxides and . . .
Hydroxides Lepm!ocroqte quotoklte
Ferrihydrite Bimessite
Amorphous iron oxide
Pyrite Galena
. Greigite Amorphous pyrrhotite
Sulfides Hydrotroilite Mackinawite
Shalcrite Wurtzite
Whewellite Uric acid
Weddelite Paraffin hydrocarbon
Wax Manganese oxalate
. . . Magnesiumoxalate
Organic Minerals Calcium tartrate (glushinskite)
Calcium malate Copper oxalate (moolooite
Earlandite Ferric oxalate anhydrous
Guanine Sodium urate

~

Table 1.1 Minerals in biological system
(Datafrom Weiner and Addadi, 20p2

Scientists have long been fascinated by how orgaiform their highly regulated

biomineral morphologies in agueous solutions atiantbconditions. From the materials

science perspective, biominerals, as compositesiinéral and organic molecules, are

compliant and fracture-resistant while inorganigstals are hard and brittle, and thus there

is an ambition to combine the best of these bialaigproperties such as hardness and
fracture resistance (toughness) (Currey 1977; dacksal, 1988; Schaffeet al, 1997,

Du-Jiao GUO

October 2010



Chapter 1 Introduction

Kamatet al, 2000; Gacet al, 2003). There are several factors relevant tgptoeerties:
structural arrangement, nano-size crystals and idatrmomposition. Materials scientists
have begun to learn how to mimic biosyntheses af heh-performance composite
materials that outperform each component takenratga (Heueeet al, 1992), such as for
nacre (Tanget al, 2003). However, natural biogenic composites pceduby living
organisms still surpass those of analogous sywthetaterials with similar phase

compositions in terms of physical and material praps (Rubner, 2003).
1.1.1 Mesocrystals

Biogenetic minerals may be amorphous, paracrys&llor crystalline (Lowenstam &
Margulis, 1980). At a given site, they may occumasngle unit (such as a single crystal),
numerous individual units, or aggregates. The ddtten structures of varying degrees of
complexity (Lowenstam, 1981). In recent years, olassical crystallization mechanisms
such as oriented aggregation have received incigadtention in the scientific literature
(Colfen & Antonietti, 2005; Penn, 2004; Zhamg al, 2009; Zeng, 2007). Oriented
aggregation involves the self-assembly of primargnactrystals, crystallographic
reorganization and conversion to oriented aggregatéich are new secondary crystals
(Pennet al, 2004; 1998). These new secondary structuresbeatomposed of a few to
hundreds of primary units. Colfen & Mann (2003) red the term “mesocrystal” to

describe a particle composed of such primary umitsystallographic register.

The formation of a mesocrystal has been suggested @equired intermediate step of
oriented aggregation (Schwabkhal, 2007) and represents a fundamental step forimard
our understanding of the growth mechanism of thiented aggregation of crystals
(Yuwono et al, 2010). Figure 1.1 shows a new single crystamfat via mesocrystal

intermediates eventually fusing into oriented aggtes with some organic components

being included and some excluded.

Du-Jiao GUO October 2010 3
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.rf ]
Crystallo- v
Crystal 1'I'-.'|1_1r_klr'.1lr3. Mesosca gr.'tr_ﬂn»: o
Nucleation P ® @ growth ismh'h“'“““i assembl fusion ",
clusters @ St P
® e @ Partially - i

ingluded L
Macno=
molecules

= w;w

Mesocrystal

Figure 1.1 Schematics of single crystal formation via mesocrya intermediate
(From Colfen& Antonietti, 2005)

Mesocrystals have potentially exciting applicatioegher in construction materials, as

exploited by nature for biominerals or as functioceramicsge.g.with colour or magnetic

properties (Cdlfen & Antonietti, 2005). Howevereth is still much to be learned about the

forces guiding mesocrystal assembly and the exachamisms of formation.

1.2 Mollusca

The invertebrate phylum Mollusca is composed of, DD species in ten classes of eight

living classes and two extinct ones (Haszprunad120The Mollusca is the second largest

phylum after the Arthropoda. Some authors comhmeeCGaudofoveata and Solenogasters

into one class, the Aplacophom@uppert et al.2004). The class gastropoda accounts for

75.5% classified species of the phylum and aredpyttie most abundant (Haszprunar,

2001). Figure 1.2 shows the relative abundanceapbniiving classes of the phylum.

Du-Jiao GUO October 2010 4
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Bivalvia (mussels, clams, oysters, scallopstc.)

] 21.6%

* Aplacophora (solenogastel, caudofoveat:)
» Scaphopoda (tusk shell o

. 2.9%
* Monoplacophora (trybidia)
» Polyplacophora (chitons
» Cephalopoda (squid octopus, nautilus

cuttlefish) 75.5%
. 0

Gastropoda (snails, slugs, limpets, nudibranchs

Figure 1.2 Relative abundance of the major living (asses of the Mollusca in terms of

number of species

(Data form Haszprunar, 2001 & Ruppert et al., 2004)

Gastropods are usually characterized by havingglescoiled shell. Bivalves possess two
valves, joined at one edge by a flexible ligameaited the hinge. Cephalopods have one
shell, although the shell is internal in squid audtlefish. Aplacophorans are worm-like

burrowing animals without a shell but with smalloifeed specules are embedded in the
skin. Class Monoplacophora have a single limpet-skell with a major distinguishing

characteristic being that all organ systems oceunultiples. Polyplacophora have eight
shells embedded in a broad mantle. Scaphopoda&hawgular tubular shell open at both

ends. Figure 1.3 presents examples of some classes.

Du-Jiao GUO October 2010 5
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* Gastropod (land snadl ) * Bivalve (mussel)

* Aplacophora (solenogastre) - Scaphopoda (tusk shell)  + Polyplacephora (chitons)

* Monoplacophoran

Figure 1.3 Examples of some classes of the Phylum Mollusca

Images from http://en.wikipedia.org/wiki/Mollusca

Allowing for exceptions such as octopus and solestay, the generalized gastropod has a
single "limpet-like" shell on top, and under shislla soft body, which consists of three
basic parts: a foot, a visceral mass, and a mé@Rtlppertet al, 2004; Figure 1.4). The
foot enables locomotion, burrowing and attachm&he visceral mass, located above the
foot, contains the digestive system, the heart @hér internal organs. The mantle is a
layer of tissue that covers the visceral mass amtins glands which secrete a hard shell
(Keeton & Gould, 1986).

Du-Jiao GUO October 2010 6
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gonail heart coelom pophridium
. : !

stomach #'_'-, = ey mantle

never ring

. gut X N foot
visceral hemaocoel
nerve cord pedal nerve cord

Figure 1.4 Schematic illustration showing the gemalized gastropod

(Modified from Ruppert et al., 2004)

Molluscs have more varied forms than any other ahphylum. The majority of species

live in the oceans, from the seashores to the abysse, but some form a significant part
of the freshwater fauna and the terrestrial ecesyst The majority of marine molluscs
begin their life as ciliated, free-swimming larvéeat later metamorphose into adult form.
Fresh water and terrestrial snails always develdpinvthe egg and emerge as tiny but
fully formed versions of the adult form (Keeton &@d, 1986).

1.2.1 Abalone

Abalone are marine snails, gastropod molluscs effamily Haliotidag genusHaliotis.
Common names for abalone include ear-shells, ses, @ well as muttonfish or
muttonshells in Australia, ormer in Great Britapgrlemoenand venus ears in South
Africa and Paua in New Zealand (Beeslegt al, 1998). There are about one hundred
species of abalone distributed worldwide, mainlythe South Western Pacific (around
Japan and Australia), at the Southern African &edQalifornian Coast. Abalone are slow-
growing single-shelled gastropods which live inkypand shallow waters near stands of
algae, where they can attach firmly on stony growitt their muscular foot. They simply
hide in a crevice or under a rock to avoid lightldhen come out at night, living from
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grazing algae (Leighton, 2000). The abalone slseltharacterized by having a row of
apertures located along the dorsal margin (Figutg, 2.1). The apertures are filled in and
new open one form as the animal grows. The operiuaps are used for respiration and as

outlets for waste products (Geiger & Poppe, 2000).

Abalone are dioecious (separate male and femalkesy@nd they reproduce by releasing
gametes into the water column from April to Augussjng a process called broadcast
fertilization or spawning. The transitions duringe development are presented using
Haliotis asininaas an example (Figure 1.5). The initial differetia of biomineralising
cells is likely to include a localised thickening the dorsal ectoderm followed by an
invagination of cells to form the shell gland (Krath, 1981). Figure 1.5a shows that the
shell gland evaginates to form the shell field, eithexpands through mitotic divisions to
direct the precipitation of calcium carbonate Via secretion of organic molecules. In this
way the larval shell (protoconch) is formed as show Figure 1.5b and 1.5c. The
construction of the haliotid protoconch is complé&aowing torsion (Figure 1.5c¢), and
remains developmentally inert until the animal emtdé a specific cue that initiates the
process of metamorphosis (Jackstbral, 2005; Morseet al, 1979). The transition from
protoconch to teleoconch (juvenile/adult shelllsarly visible at metamorphosis (Figure
1.5d), and suggests the action of a different bi@malising secretome. The early postlarval
shell is more robust and opaque than the larvdl bbehas no pigmentation. Juvenhe
asinina begins to develop a complex colouration in thellskeveral weeks after
metamorphosis (Figure 1.5e, 1.5f). This pattergradually lost with growth as the shell

becomes thicker and more elongate (Figure 1.5¢,).1.5
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Figure 1.5 Major transitions during shell developmat of Haliotis asinina

a. A newly hatched trochophore larva 9h post fiediion during the initial stages of
biomineralisation; the shell field (sf) is evideht. The calcified protoconch (pc) is present
by 11h post fertilization. c. The completed largakll. d. Newly settled postlarvae on
coralline algal surface. An abrupt transition in elh morphology accompanies
metamorphosis (white arrows). This initial postlarghell is unpigmented and displays a
rippled texture (inset). e. 1-2 month old juveniteve developed a pigmented shell that is
initially a uniform maroon, but soon develops aisgrof blue and orange dots and cream
and maroon fields. f-g. Shell sizes of approxinyaielOmm maintain this complexity in
pigmentation with blue and orange dots (arrowheatiewing ridges). h. The shell of
sexually mature abalone showing a pattern of tarowh triangles of baring intensity now
patterns the shell. (From Jackson et al., 2007)

The studies on abalone growth and longevity reaealrge variation in growth rates and
size between species (Day & Fleming, 1992) , whighalso influenced by different areas,
seasons, and temperatures (Leighton, 2000). Abadpeeies that occur in temperate
regions are bigger than the species found in tbpias (Pollard, 2001). Abalone has
several predators including fish, sea birds, atterabs and starfish. They are also
vulnerable to boring sponges, which erode holethéir shells to open them up to other
predators (Leighton, 2000). Their only protectisnin their tenacity in clinging to rocks

and the protective camouflage of their shell arat tbeighton, 2000).
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1.3 Molluscan Shell

Molluscan shell structures reflect the long evanoéry history of molluscs since the
Cambrian (Kobayashi & Samata, 2005). Many marineefitebrate organisms possess
annual growth increments in their skeletons, amalego annual tree rings, which record
the marine environment and climatic conditions tina&t molluscs experience (Rhoads &
Lutz, 1980; Clark, 1974). Detailed analysis of edatcomposition of mollusc shells has
shown their relationship with environmental paraenet(Dodd, 1965; Lorens & Bender,
1980). As a result, the successively deposited sh&dium carbonate layers are potential
archives of the varying environmental conditions thollusc has experienced during its
life (e.g.Fugeet al.,1993; Stecheet al.,1996; Hart & Blusztajn, 1998).

Mollusc shells (especially in bivalves and gastag)dhave also been intensively studied as
biomineralisation models for a large variety of ragtructures (Carter, 1990; Taylet al.,
1969) and their high mechanical performance (Lull&o, 2009). The molluscan shell is
a composite biomaterial comprising polymorphs dtioan carbonate (95% to 99% per
weight) and organic components (1 to 5%) (Marin &gluet, 2004). The organic matrix is
secreted in the extrapallial space by specializdly of the calcifying mantle and is a
complex mixture of proteins, glycoproteins, protgogns, polysaccharides, and chitin
(Addadi & Weiner, 1992; Lowenstam & Weiner, 198%wér & Addadi, 1997; Weiner &
Traub, 1980), which provide a scaffold and coninaheral deposition and growth (Weiner
& Addadi, 1997). There have also been many advamcesir knowledge of the organic
components involved in nacre formation (section2).3in general, molluscs commonly
form shells that contain either one or both of thain calcium carbonate polymorphs
calcite and aragonite in the prismatic layer; wlatagonite comprises the inner nacreous
layer. In the bivalveMytilus edulis,calcite forms the outer prismatic layer and ardgon
forms the inner nacreous layer (Lorens & BendeB0)9Abalone gastropods have an inner
nacreous layer while outer prismatic layer is cosgubof either or both polymorphs. For
example H. rufescengontains calcite prisms]. glabracontains aragonite prisms, aHd
tuberculatahas a mixture of these two minerals in the prisrayer (Mutveiet al, 1985;
Dauphinet al, 1989).
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Recently, biogenic amorphous calcium carbonate (AG& been widely discussed and
suggested as a transient precursor of more staygtaltine aragonite or calcite (Addagti
al., 2003). ACC is one of six forms of calcium carbten (Table 1.1) and is the only
isotropic form in polarized light. ACC does noffidict X-rays and hence it is described as
being amorphous (Lippmann, 1973). As ACC is diffido detect and especially when it
co-exists with one of the crystalline forms of calo carbonate, it is easy to overlook the
presence and so ignore that it may well have a nbochader role to play in biology than
suspected (Addadit al, 2003). Raman spectroscopy is a particularly wiseethod for
investigating ACC, because ACC produces a chaiattteRaman Spectrum that is quite
different from the crystalline CaG@®hases (Razt al, 2000; Weineet al, 2003; Addadi

et al, 2003). With the properties of high solubility aisdtropy, ACC can easily be shaped
to any morphology prior to crystallization (Greeragyw1985). The main function of ACC
as temporary storage deposit in various vesicleghar tissues has been in this case. Such
as Beniashet al (1997) discovered that ACC is a transient premuphase prior to the
formation of the calcitic spicules of mature seehur larvae. Weisst al (2002) showed a
similar function for ACC in the larvae of molluscdivalves, except in the case it
transforms into aragonite. However, little is knoaimout the macromolecules associated
with biogenic ACC and whether some proteins arateel to the formation and/or
stabilization of the ACC components (Addadial, 2003). Deyet al. (2010) indicate that
although the involvement of amorphous phase bothivo andin vitro is well established,
the mechanism underlying the amorphous to crystaliiansformations is still a matter of

debate.
1.3.1 Nacre properties

The three main mollusc Classes are Bivalvia, Gpstta and Cephalopoda, all of which
produce nacre. Nacre has highly organized intestraicture with optical effectsg.g.
beautiful lustre (Figure 1.6-a) and mechanical props. Currey (1977) found that nacre is
3000 times tougher than pure aragonite. Jacksah (1988, 1990) have shown that nacre
Is superior to most other artificial composite ceies in stiffness, strength and toughness.
The aragonitic laminar structure consists of pohajoto rounded tablets with fairly
uniform thickness arranged in broad, regularly fednparallel sheets (Carter & Clark,

1985). The organic layer plays a role in deterngrtimre structure (Addadi & Weiner, 1997;
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Walterset al, 1997), acting as a powerful toughening comporérgnergy —absorbing
filler between the aragonitic layers (Jacksdral, 1988; Wanget al, 1995). For example,
when a crack travels down through and round thertapf crystals, the plates take apart
and, in doing so, extend the organic sheets, dothieaplates remain connected via the

aragonic components and thus cracks are defledtettgoret al, 1988).

The mechanical properties of nacre have attractachnmterest from material scientists,
prompting efforts to mimic nacre formation by inthied processes (Addadit al, 2006).
Historically, nacre has always been of great irstete the pearl industry (Cuif & Dauphin,
1996). Recently, there is a renewed interest faraieelated technique application such as
the fabrication of bio-inspired super-tough matsriand clinical implants. Another
fascinating property is that nacre from the bivaRiactada maximashows osteogenic
activity (Lopezet al, 1992; Silveet al, 1992). When nacre is implanted in bone, new bone
formation occurs without any inflammatory react(@tlan et al, 1999). It is amazing that
such a light and strong material is synthesizeahabient temperature and its formation is

still the best-studied example of calcium carborédenineralisation.
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Figure 1.6 The shell oHaliotisasinina

a. Shell interior with iridescent nacre layer. Thacreous layer is inside of shell, prismatic
layer forms the outer shell. b. Schematic represtem of the shell structure and the
overlying mantle of the animal. c. Secondary etecimage of fracture shell reveals the
stacks of nacreous tablets; each layer is aboutlLén thick.

1.3.2 Organic components of nacre

In mollusc shells, mineralisation appears to oaeitinin an organic framework that acts as
the template that provides the control of micrastnite and crystallography (Bevelander &
Nakahara, 1969; Wada, 1972; Schatfeal, 1997; Nudelmaret al, 2006). It is vital to
understand the structure of the organic framewadk @ particular, its macromolecular
layout such as the crystal nucleation. The orgaraterial of the nacreous layer assembled

into a 3-dimensional framework has three major comepts: (1)B-chitin, which is the
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main constituent of the inter-lamellar matrix, f&m scaffold where crystals nucleate and
grow (Weiner & Traub, 1980); (2) silk-like proteif@/einer & Traub, 1980; Weinat al,
1983), present in a hydrated gel-like state, presaynfulfil the task of space-fillers prior
to mineral deposition, also providing a hydrophamicro-environment that contributes to
the control of crystal formation (Addaédt al, 2006; Levi-Kalismaret al, 2002); (3) an
assembly of acidic glycoproteins (Crenshaw, 197Zin&, 1979), some of which
specifically nucleate aragonite when absorbed @amqiralini et al, 1996; Weiner, 1979).
These major components do not function in isolation vitro experiments have
demonstrated that the assembly of all the compsnsntmportant to induce preferred

nucleation of aragonite over calcite (Fakial, 1996).

Nudelmanet al (2006) identified four zones of different chemystbn the framework
surface of nacre from the cephalopeautilus pompiliusand bivalveAtrina rigida (Figure
1.7). There were no holes to facilitate “mineraidges” observed in the nucleation site
regions (including those of Levi-Kalismae al. (2001)). Bezarest al (2008) confirm the
general findings of Nudelmaet al. (2006) by working on gastropddaliotis rufescens
while observed multiple mineral bridges per tabfetstransmission as suggestedg( by
Cartwright & Checa, 2006). Based on direct obs@&wmafor gastropods, it has been
proved that such holes in the matrix exist betweameral layers, and all the crystals in a
stack are in fact a single crystals joined by mahéridges (Schaffeet al., 1997; Songet
al., 2002).
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B Carboxylates

Sulfates

Aragonite nucleating
proteins

Intertabular matrix

stained in all procedureas

3 um

Figure 1.7 Schematic of nacre tablet with zoned disbution of carboxylates,

sulphates, and acidic proteins

1. Central zone rich in carboxylates. 2. A zond iic sulphates (the aragonite-nucleating
proteins also map into this region). 3. The regadrcrystal overgrowth containing either
few or no characteristic acidic functional groupk. Interface between adjacent crystal
tablets, this zone may well contain matrix comptsahat are pushed ahead of the
growing crystal and are trapped between adjacegsials. The elaboration of these zones
not only provides insight into the mechanisms aftmbd of the matrix over crystal
formation, but can also be sued to assess potefitiattions of individual matrix
components based on their distribution over a edyisaprint (from Nudelman et al., 2006).

1.3.3Nacre formation, microstructure and crystallography

Nacre forms the inner layer of many mollusc shelfgl is composed of polygonal

aragonitic tablets about 5-15 um in diameter (Watal®65). These are arranged in
continuous parallel lamellae that are typically bend 0.5 pm thick (Figure 1.6-c),

separated by sheets of interlamellar organic nmegriGregoire, 1957, 1972; Wada, 1968).
Observations of growing nacre shows that eachttabldeates at a specific location on the
matrix surface (Checa & Rodriguez-Navarro, 200%rShaw & Ristedt, 1976; Rousseau
et al 2005). The newly formed crystal rapidly growsairdirection perpendicular to the

matrix surface and later extended sideways witHinpégane until impinging on one another,
no matter whether stacked in columns or layeredtsh®lutvei, 1977). The crystal tablets
in bivalve nacre have a staggered “brick wall” I&teucture. All crystal axes are aligned

and b-axis orientation is parallel with the direatiof shell growth (Hedegaard & Wenk,
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1998; Chateigneet al, 2000). In gastropods and to a certain extemejhalopods (e.qg.

Nautilug, the crystal tablets exhibit a striking columagapearance and finally coalesce by
lateral growth (Figure 1.8; Wise, 1970). Laterapamsion ultimately brings crystals of
adjacent stacked into contact, forming the broadenal laminae which characterize the

nacre of all molluscs (Wise, 1970).

growth direction

—_—

Gastropod nacre Bivalve nacre

Figure 1.8 Schematic representation of the stackinmodels of gastropod and bivalve

nacre

a. Column nacre stacks in towers, the new tabletsiéd at the top of the stacks with
uniform thickness before the tablets underneattarapaterally to contact neighbours. b.
Sheet nacre stacks in “brick wall” pattern, new ketis form at the top surface just when
the underneath tablets form flat shebktdividual tablets (grey) are surrounded by an
organic envelope (green) and are laterally sepadalty organic sheet (black) (Arrow
shows the growth direction of the tablets) (fromnka2001)

Bivalve nacre is arranged in terraces, the thrgstalitographic axes of crystals are co-
oriented, with the c-axis perpendicular to the aasurface and the b-axis parallel to the
local growth direction of the shell margin (Wis&70; Wada, 1972). In gastropod nacre,
crystals of the same tower have their crystallogi@@mxes co-oriented, with the c-axis
along the stacking axis (Figure 1.9; Maeinal, 1994). Crystals in different towers have
their c-axis aligned but the a- and b-axes havazanuthally disorder (Gilbest al, 2008;
Metzleret al, 2007). It is interesting to observe that the d#jpm of organic matrix does
not seem to interrupt the epitaxial growth of caystfrom one layer to the next; there is
always continuity in the preferential orientatiohcoystals during the shell growth (Checa
& Rodriguez-Navarro, 2001). Pores found in orgamaterial are proved as mineral
bridges observed by atomic force microscopy (Sehneffal, 1997), transmission electron
microscopy (Song & Bai, 2003, Liet al, 2008), and scanning electron microscopy @tin
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al., 2008). Growth through the pores could explaiw lvoystal orientation of the aragonite
tablets is maintained between layers. Howeverthery is only proposed based on direct
observation for gastropods..abalone) not a universal growth mechanism fomalllusc
nacre €.g.Nudelmanet al. 2006 and Levi-Kalismagt al. 2001). Recently the possibility
of calcium carbonate precursors, such as amorphalesum carbonate (ACC) formed
elsewhere and transported to the sites of tile tirphas been intensively discussed (Nassif
et al, 2005, Addadet al,, 2006; Carwight & Checa, 2006; Bezasetsl, 2008). However,

it is generally considered that the alignment o #ragonite crystal c-axis is due to
microscopic chemical templating by the organic mafiMann, 2001; Addadi & Weiner,
1985).

Figure 1.9 Schematic drawing of plan-view of colummacre of abalone

The adjacent column nacre of abalone showing thmesac-axis crystallographic
orientation, each tile is smaller than the one belb(from Meyers et al., 2008)

Addadiet al (2006) proposed a growth model of nacre format&lging on the organic
matrix structure (Figure 1.10). It has been recpgghithat the microenvironment in which
mineralisation occurs is complete and there allenséiny gaps in our understanding of the

steps involved to achieve nacre formation (Adaddil, 2006).
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Silk hiydrogel
crystal tablat

mm trapped intertabular!
ntarlameallar matrix

chitin

& nucleation site

Figure 1.10 Schematic representations of the growtimodel for nacre formation

a. Before mineralisation. The assembled organiaimé prior to mineral deposition. The
microenvironment is formed by two layers M€hitin, with a gel comprising silk-like
protein filling the space in between. Part of thgper chitin layer (upper right) has been
removed to show the silk-like protein gel fillinhe gel phase may inhibit crystallization
and act as a space filler. The silk gel may alredmy loaded with colloidal mineral
particles. Nucleating proteins are adsorbed on fhehitin sheet. b. After mineralisation.
Nucleation of aragonite (from colloidal particles)induced on and by the acidic proteins.
As the mineral grows, water and silk are displacé&tie latter is eventually trapped
between adjacent tablets and between the tabletti@chitin layer. Part of the upper
chitin layer has been removed together with theeudythg interlamellar matrix layer
(upper right), to show the mineral tablet surfagetablet fragment was removed (front
corner) to allow visualization of the intertabuland interlamellar matrix (from Addadi et
al., 2006).

1.4 Abalone Shell

Abalone can be easily recognized by the flatternedl snd the row of apertures along the
spiral ridges and towards the shell longitudinadvgh direction. Among the apertures
there are closed ones, half-closed one and opex (bing 1.11). The number of apertures

increases during the growth of the shell (Sincle®63; Gerger, 1998a).
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Figure 1.11 Abalone shell oH. asinina with row of apertures (closed, half-closed and

open apertures) along the dorsal margin.
1.4.1 Shell morphology

Species identification is based on numerous cheniatits and more than 100 species
globally distributed. The terminology mostly useddiscussed in the following section and

illustrated in Figure 1.12.

The dorsal surface is described in terms of scrdptelements, ordered by their
prominence. Ridges are broad and continuous unodigagind are divided into spiral and
radial ones (Geiger & Poppe, 2000). The shell gaitton of most abalone species is
extremely variable, which is given in terms of ago® and patterns including large
uniformly coloured specimens, blotches, patchestalsgppands, tenting and mottling
(Geiger & Poppe, 2000). The ventral view showsitimer nacre layer, which has sheen in
a similar colour to the pigment colour. The ligleser darkness of the nacre is somewhat

species-specific. The muscle scar is found in arfigw species (Geiger & Poppe, 2000).
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Half closed aperture

Closed aperture .~ Upen aperture

X
-

w Radial ridge

- Spiral ridge
auture =
Apex Smm Anterior margin

Figure 1.12 Characteristic features of abalone

a. Dorsal view. b. Ventral view with axes of otation.

1.4.2 Previous work on abalone shells

The abalone shell consists of two main mineral fayenderlying the periostracum. The

internal layers comprise distinct microstructurdakaharaet al, 1982; Figure 1.13).

There is an inner aragonite nacreous layer, anolgar prismatic layer made of calcite or

aragonite or admixture of both (Mutvet al, 1985; Dauphiret al, 1989; Dauphin &

Denis, 1995). Periostracum refers to the outertaystr of shell and is always ignored in

the research work of abalone shell structure.

Nacreous growth
————r —7—, _______ —= surface

Prismatic calcite

Periostracum

Figure 1.13 Schematic structure of typical abaloa shell

(From Zaremba et al 1996)
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Abalone nacre is a layered composite biominerdl ¢batains crystalline aragonite tablets
confined by organic layers (Gilbest al, 2008). In red abalonél( rufesceng the organic
matrix layers are 30nm thick, and the aragonitéetatare 400-500nm thick and oriented
with their [001] crystal axes normal to the layéare (Metzleret al, 2008; Chateignest
al., 2000; Hedegaard & Wenk, 1998). X-ray diffractimeasurements demonstrate that c-
axes of different nacre tablets are not all pdratleeach other but with misorientation
varying +11°, and there is no long-range order {n arientation (Gilbertet al, 2008;
Metzler et al, 2007; Mann, 2001; Levi-Kalismaat al, 2001). Metzleret al. (2007)
revealed that there are tablets of co-oriented nopku varying between 2 and 40 and
provided an organic-mediated growth model for abalmacre formation. The model
thought to best resemble bulk columnar nacre hadoraly distributed nucleation sites,
preformed on organic matrix layers before tabletleation and growth. Gilberet al
(2008) identified and clarified another growth miodienacre formation based on oriented
tablets growing faster than misoriented ones, ithathe fundamental role played by the
mineral phase itself and its gradual ordering, Wwhgcnot directly controlled biologically
or organically. Based on the above work, Coppetsraital (2009) presents a more
detailed dynamic growth model, focusing on howdkiieamical development and eventual
degree of order depending on model parameters. Ywaere are still open questions on
the incompletely elucidated formation mechanisms.

As a result of the highly ordered hierarchical sfiwe, abalone nacre has remarkable
mechanical properties the same as that of othelusmo$peciese(g.Jacksoret al, 1988).
Researchers had performed various mechanicalitestsalone shelld. rufescensacre
has an eightfold increase in toughness over whiatlyganic CaC@(Sarikayaet al, 1994).
Meninget al (2000) and Bartheladt al (2006) found the remarkable strength of abalone
nacre when loading is perpendicular rather thaalighrto the tiles, which contributes to
the high mechanical strength of the whole shellaf€igneret d., 2000). It is also
indicated that the organic layer plays a role mittechanical strength. Meyetsal (2008)
observed that mineral bridges would result in cratélection to stop the crack
propagating through the composite and therefore dbmposite is superior to the
monolithic material which has no barriers to stbp propagating crack. The result is
consistent with the analyses by Gataal (2003), Ji & Gao (2004), &t al(2004). Due to
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the unique material properties and hierarchicaicstire, the formation of abalone shell as
a biomineralisation model does inspire materiaisrgists (Mann, 2001).

1.4.3 Aperture infill

From a biological point of view, the apertures ased for respiration, release gametes, and
waste material (Ino, 1952; Tissot, 1992; VoltzowC&llin, 1995). The larval shell has no
apertures and the new aperture forms in the ant@figure 1.12-b) of the shell as the
abalone grows. With the abalone grows, the oldertapes are sealed off one by one by
aperture infill when they are no longer used (Gerd®98a). The growth direction of
aperture infill is the same as the longitudinalllsgeowth direction, from posterior to
anterior (Figure 1.12-b). The mechanism of aperiof#l is unknown, as well as the

ultrastructure, mineralogy and crystallographyhe infill material.
1.5 Overall Aims and Objectives

Living systems exert exquisite control on biomihef@mation producing functional
structures that are light and strong. Much reseldas focussed on nacre because it has
such attractive material properties. Comparisorthef dynamic components involved in
nacre formation in gastropod and bivalves suggesisr differences in nacre formation in
these two classes (Checa & Rodriguez-Navarro, 2088wright & Checa, 2006).

This study aims to characterise the structure agsdtallography of gastropod nacre in
abalone in order to contribute to this knowledgguikzalent what could also be carried act
on bivalve nacre to determine the extent to whiah final product, nacre, is the same in
these two molluscan classes despite marked diffesen the protein involved in their

formation.

The infill of abalone apertures is intriguing fraammaterials science perspective since the
dynamism fills the apertures at a later time atndha same time, focus new shell at the
growth front. The infill is cohesive with the suamding shell. In this study, the structure

and crystallography of the aperture is investigatedorder to shed light on this

phenomenon.
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Scanning electron microscopy (SEM) is used to Ostaictural information and electron
backscatter diffraction (EBSD) used to extract alsgraphic data. This thesis builds on
previous work done on abalone shells. Here, eledrackscatter diffraction (EBSD) is
used for the first time to fully characterise thecmostructure and crystallography of
abalone prisms, nacre and aperture infill. The axede focuses primarily ordaliotis
asininaand also considetdaliotis rufescensindHaliotis gigantea.
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2 Materials and Methods

2.1 Materials

2.1.1 Abalone specimens

In this study, shells of three species of abalomeexamined (Figure 2.1). Féfaliotis
asinina(Linnaeus, 1758) shells, the mature and juveniepdas were from Australia (41°-
10.5° S, 113°-153.5° E) and provided by Profes3ackson and Professor Degans
(University of Queensland). Fétaliotis rufescengSwainson, 1822), the only one mature
shell was from United States of America (25°-49° I5°-73° W) and donated by
Professor Taylor and Professor Claverie (Universitygalifornia). ForHaliotis gigantea
(Gmelin, 1791), the one mature shell was from Ja@ri-46° N, 130°-145.5° E) and
kindly provided by Professor Endo (University ofkyo). Examples of shells of each of
these three species are depicted in Figure 2.1llsSkere cleaned using small brushes,
transferred to an ultrasonic bath and cleaned w#agnised water. Clean shells were then
air dried and each shell labelled with unique agamumber.
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H. asinina

10mm

H. rufescens

H. gigantea

5mm

Figure 2.1 Abalone shells of three species

Interior and exterior of shells of H. asinina, Hifescens and H. gigantea. Scale bars= 10,

5 and 5 mm respectively.
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Following figure 2.2 reveals the mainly distributof the three abalone species collected
separately, which are all living in the coast ohtweents.

H. axining

e

H. asinina
H. mrmmruf?f?‘:
s
v H. rufescens
L5
H. gigantea

Figure 2.2 The main distributions (the dots and sqare) of H. asinina, H. rufescens

and H. gigantea

Data from: http://www.discoverlife.org
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2.1.2 Chemical information of calcite and aragonite

Calcium carbonate is a chemical compound with thengcal formula CaCg) which
contains mainly two polymorphs calcite and aragomith different chemical structures.
Calcite is the most stable polymorph of calciumboaate. It is often the primary
constituent of the shells of marine organisms, plankton, the hard parts of red algae,
some sponges, branchiopods, most bryozoans, atsdgbdine shells of some bivalves such
as oyster (Harpest al, 1997). Aragonite forms naturally in almost alblinsc shells, and
as the calcareous endoskeleton of warm- and codderwcorals. In some molluscs, the
entire shell is aragonite; in others, aragonitenfoonly discrete parts of a bimineralic shell

(aragoniteplus calcite) (Runnegar, 1985).

2.2 Methods

2.2.1 Scanning electron microscopy (SEM) imaging

2.2.1.1Theory of scanning electron microscopy

Scanning electron microscopy (SEM) is one of thestmeersatile instruments for the
examination and analysis of the microstructuresadid specimens. Its main advantages
are high resolution and depth of focus, togethéin wase of instrument operation (Reimer,
1985). It is a type of electron microscope thatgemthe sample surface by scanning it
with a high-energy beam of electrons in a rastanguattern. The electrons interact with
the atoms that make up the sample producing sighatscontain information about the
sample’s surface topography, composition and otpesperties such as electrical

conductivity.

The signals result from interactions of the elettb@am with atoms at or near the surface
of the sample (Figure 2.3). The types of signatedpced by an SEM include secondary
electrons (SE), back scattered electrons (BSE)actexistic X-rays, and so on. Secondary
electrons originate within a few nanometres frorma #ample surface and they are low
energy. Backscattered electrons consist of highrggnelectrons originating in the electron

beam; that are reflected or back-scattered outhef dpecimen interaction volume by
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interactions with specimen atoms. X-rays are atedyced by the interaction of electrons
with the sample (Reimer, 1985).

D

Backscattered
electrons

Secondary
electrons

S S

Figure 2.3 Schematic representation of the electrobeam interaction with sample and
the types of signal generated

(Refer to Reimer, 1985

Secondary electron (SE) imagin§econdary electrons (SE) are produced when efectr
from the primary beam collide with electrons frome specimen and dislodge them. These
electrons dislodged from the sample are known esotsdary’ electrons. Due to the low
energy of secondary electrons, they originate withifew nanometres from the sample
surface (Goldsteiet al, 1981). Secondary electron imaging is most udefuexamining

surface structures and offers resolution down @0

Backscattered electron (BSE) imagirBackscattered electrons (BSE) consist of high-
energy electrons, originating when the electrombbdés the nucleus of the sample and are
returned to the detector. Backscatter electrongllysretain about 80% of their original
energy. The intensity of backscattered electronseases with increasing atomic number
of the specimen. Therefore, elements of a high@miat number produce more

backscattered electrons and will therefore appeghter in image than the elements of a
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lower atomic number. Thus BSE images can proviflanamation about the distribution of
different elements in the sample (Goldsteiral, 1981).

Characteristic X-rays are used to identify the cosmon and measure the abundance of

elements in the sample (Goldsteinal, 1981).
2.2.1.2Sample preparation for SEM imaging analysis

SEM samples must be of an appropriate size tonfithe specimen chamber and are
generally mounted rigidly on a specimen holderodder to obtain a good image of most
non-conductive specimens in the SEM, the samplet rfiest be covered with a thin
coating (few nm) of an electrically-conducting migte The low atomic number coating,
such as carbon, maximises signal and improves aspadisolution, especially for
backscattered electron imaging (BSE). The high aomumber coating materials,
commonly gold, maximises secondary electron yiebdnfwithin a surface layer of a few
nm thick, and suppresses secondary electrons gedeatigreater depths, producing high
topographic contrast and resolution in high-vacu@®M. Low-vacuum SEM with
differential pumping apertures allow samples toimaged without such coating, and
without the loss of natural contrast caused bydba&ting, but are unable to achieve the
resolution attainable by conventional SEM with esaspecimens. Secondary electron
images were generated from intact and fracturetissimeluding the shell apertures and
their infill.

As the backscatter electron (BSE) signal is stpniglated to the atomic number, the
iImaging can provide information on element distiity in samples. BSE imaging also has
a high resolution with polished samples and so $senpre polished as for electron
backscatter diffraction (EBSD) (Section 2.2.2.2).

2.2.1.3Scanning electron microscopy-conditions for imaging
In a typical SEM, an electron beam, which typicdilgs an energy ranging from a few

hundred eV to 40 keV, is focused by one or two emsér lenses to a spot about 0.4 to 5
nm of diameter (Figure 2.4). The beam passed thrqags of scanning coils or pairs of
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deflector plates in the electron column, typicafiythe final lens, which deflect the beam
in the x and y axes so that it scan in a rastdrnidasover a rectangular area of the sample

surface.

Figure 2.4 Schematic representation of basic prob®rming electron-beam used in the
Scanning Electron Microscopy (SEM)

(From Level 4 class of Focused Beam Techniques,ofafoGeographical and Earth
Sciences, University of Glasgpw

2.2.2Crystallographic analyses by Electron Backscatter

Diffraction

2.2.2.1Theory of Electron Backscatter Diffraction

Electron Backscatter Diffraction (EBSD) is a sigraht tool in the field of materials
science (Wright & Adams, 1991, 1992; Adastsal, 1993; Wrightet al, 1994; Schwartz

et al, 2000). EBSD analysis is conducted in a scanalagtron microscope (SEM) under
vacuum with a specialized camera integrated wipth@sphor screen detector (Figure 2.5a).
When an electron beam interacts with a crystalimaterial under low angle incidence, the
electrons are diffracted by the material beforekbeattering. These diffracted electrons
interact with the phosphor screen to produce distimands, termed ‘Kikuchi bands’
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(Figure 2.5b) that form a pattern unique to thasstal lattice in a particular orientation.
When the electron beam is scanned across the sudgaroduce point-to-point data, the
patterns of each point are collected to construapsnof orientation (Figure 2.5c¢), and
phase for a selected surface area (Schwarzer, 1999@b).

SEM incident Kikuchi Bands Crystal orientation map
B electron
beam =
&
£
v &
camera 2
v
phosphor 700
screen
forescatter
detector
a b c

Figure 2.5 Main features of Electron Backscatter Ofraction (EBSD) analysis

a. A polished and coated sample is tilted to 70amMthe phosphor screen and a focused
electron is directed at the sample surface. b. bhekscatter electrons diffracted by the
material interact with the phosphor screen to proeluKikuchi bands’. c. These Kikuchi
bands are used to determine crystallographic phas# produce crystal orientation map.
(From Orientation Imaging Microscopy User’'s Mani&ahway, 2005))

2.2.2.2Electron Backscatter Diffraction sample preparation

Sample preparation is crucial for electron backecatiffraction (EBSD) analysis,
especially for biogenic carbonates. Before grinding polishing procedures, the influence
of the choice of resin and the thickness of thé@arcoating is also very important (Pérez-
Huerta & Cusack, 2009).

Samples were cut and embedded in resin (EpoxiCpoayeresin/hardener with a mix
weight ratio of 5:1). Because diffracted electr@ssape from within only a few tens of
nanometres of the specimen surface, specimen piteépafor EBSD is critical to achieve

good results. If material near the surface is heédl, or has any surface contaminant,

Du-Jiao GUO October 2010 31



Chapter 2 Materials and Methods

oxide or reaction product layers present, then ER&tern formation may be suppressed.
Epoxy resin types generally have the best chaiattsr with respect to hardness and

shrinkage Qxford Instruments, http://www.oxford-instrumersxPages /home.aspx

After 20hs, the resin blocks are polished througleres of grinding and polishing steps
prior to analysis (Cusackt al, 2008b). Initially, samples are ground using fr&pers:
P180/220 (82/68um; 3 min), P320 (46pum; 3 min), PBO@O (21/18um; 3 min), P1200
(15um; 3 min), P2500 (8um; 3 min), and P4000 (<5 gmin). The polishing stages are
performed with alpha aluminium oxide at 1um andu@3with final 5 min treatment of
0.06um colloidal silica on a short nap disc. Thikoadal silica stage is essential for EBSD
analysis to remove any residual damage surfacedayéh local stress and deformity
produced by the harder compound grinding and polis(Prioret al, 1999; Nowellet al.,

2005). Finally, samples are cleaned in an ultrasbath and dried at room temperature.

Carbon coating is applied to reduce the sampleasertharging during EBSD analysis.
The coating thickness is critical with the requients, for sufficiently thin to enable the
diffracted beam to be backscattered while mustufgcently thick to dissipate charge
(Prior et al, 1999). The thickness of carbon coating was ollett using a Precision
Etching-Coating System (Model 682) by Gatan IncoTen guns sputter an ultrathin layer
of amorphous carbon on the sample, and an electnmoinitor measures the precise
thickness of the even carbon layer. Carbon cogthoyided further reduction of excess
surface charging. A sufficiently thin coat is regai to enable the diffracted beam to be
backscattered while the carbon coat must be seiffilyi thick to dissipate charge (Prietr
al., 1999). Pérez-Huerta & Cusack (2009) have dematest that a uniform layer of 2.5nm
thickness of carbon gives optimal results and thetintensity of diffraction begins to

decrease with more than 5nm in carbon thickness.

Carbonate materials are insulators and surfacegicigarof specimens during EBSD
analysis can result in weaker Kikuchi pattern gya$ilver paint is applied to the edges of
the sample and used as a strong adhesive betweesathple block and the aluminium
stub providing a conduit for charge dissipationinigiEBSD analysis@xford Instruments,

http://www.oxford-instruments.com/Pages /home.Jaspx
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2.2.2.3Electron Backscatter Diffraction analysis conditiors

EBSD analyses were carried out in the School of géaghical & Earth Sciences at
Glasgow University. Using a FEI Quanta 200F fiehdigsion scanning electron
microscope (SEM) in high (5%10° Torr) and low (5.X 10" Torr) chamber pressure
vacuum modes with an aperture and spot size ofirhllf¥ data were analyzed using
Orientation Imaging Microscopy (OIM) 5.2 softwarerih EDAX-TSL Company.

The angle of tilt is important for EBSD analysisowell & Wright (2005) demonstrated
the variation on Kikuchi pattern intensity at vamyi angles of tilt with a 70° angle
producing optimal pattern intensity. The distanédhe sample to the electron gun, the
working distance (WD), is another important fadtoEBSD analysis. The optimum range
is for pattern collection being established betweel?mm. The beam aperture is set with
spot size 4 and an accelerating voltage of 20k\s Jields a sufficiently strong beam but
with surface charge effects minimized resultingoptimal Kikuchi patterns. The Kikuchi
patterns are indexed using the OIM Data Collectiatabase, which contains structure

files of calcite and aragonite.

The phosphor screen camera control settings ate setlect the clearest Kikuchi patterns
that could be quickly indexed, therefore produangufficient frame rate for quicker scans
to be performed within reasonable time frames toegate sufficient detail, avoiding beam
damage to sample and excessive SEM time. Scanaestedependent on frame rate and
step size, both of which are dependent on magtiicaof the scanning area. At lower
magnifications, larger step sizes are employedoieicthe areas. Smaller step sizes are
used to produce high resolution maps at higher ifiegtions. This underlines the
importance of choosing appropriate step sizes JuEBBSD mapping, which depend on the

materials investigated (Wu & Jensen, 2008).
2.2.2.4Electron Backscatter Diffraction data processing

EBSD data and maps are interpreted and presentedapyof diffraction intensity, pole

figures (PF) and crystallographic orientation maps.
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Crystal orientation of the crystal lattice is depgd with respect to the sample reference
frame. Crystallographic orientation map and palgife plots (Figure 2.6) are all presented
with reference to three orthogonal reference diwast normal direction (ND, normal to
the sample surface), reference direction (RD, fertad the direction of sample tilt) and
transverse direction (TD, running horizontally &sdhe sample surface) (Figure 2.7). All

the pole figures in this thesis are relative toréference direction (RD).

TD

Figure 2.6 Principle of pole figures in crystallogaphy

The three symmetrically equivalent planes of acgbystal in 3D space each produces a
perpendicular pole to the crystallographic plane ieth plot as a single point on a
hemispheric projection (left). These are viewed @D stereographic projection (right).
(From Orientation Imaging Microscopy User’'s Mani{#ahway, 2005))

TO = Transvarsa Diraclion

RO = Reference Direclion

Figure 2.7 Schematic representations of three ortlgmnal reference directions, normal
direction (ND), reference direction (RD) and transerse direction (TD)

(From Schwartz et al., 2000)
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Crystal orientation map is produced using the saraference frame with the
crystallographic orientation reported here. Usihg tframe of reference, crystal faces
parallel to the field of view (poles normal to fiebf view) will be coloured according to

the crystal colour key (Figure 2.8).

[O01] c-axis [0D07 ] c-axis
010 0001
1210 ~
001 00 [o10] ¥ e S
Aragonite Calcite

Figure 2.8 Colour keys of aragonite and calcite wit reference to the normal direction
(c-axis)
The respective wire frames show a simplified viéwhe individual crystal faces of the

unit cells and how they are coloured in a crystaéntation map. ND[001], RD[100] and
TD[010 ] for aragonite; ND [0001] for calcite. (From Schwarét al., 2000)

2.2.3EBSD data analysis

EBSD data were interpreted and maps produced thr@ugentation Imaging Microscopy
(OIM) Analysis 5.2 software. OIM maps were subjdot two clean-up algorithm
procedures to ensure reliable data was displayedhivay, 2005). EBSD data processing
includes screening of the confidence index (Cleath. By imposing a Cl value.g.
CI>0.1), the user can efficiently filter points witbad quality patterns or uncertain
indexing. The intensity of the diffraction pattardicates the quality of diffraction such
that bright areas indicate good diffractions. Fectaffecting the quality of an EBSD
pattern in localized areas can be crystal inhomeigggnpresence of organic material, and
crystal edges (Dalbeck, 2008).

For the cleanup, Grain Dilation was applied witfGeain Tolerance Angle of 5° (the
default), minimum grain size of 5 and making sume $ingle Iteration box is checked on.

The Grain Dilation cleanup method essentially grgnans one point at a time around the
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perimeter. The dilation process casntinue to iterate until each point in the scaassociated
with an OIM grain.One different cleanup method of Grain Certificatitwrentity (CI)
Standardization was applied with a Grain Toleraficgle of 5°and minimum grain size of
2, with grains of C10.1 displayed in the result OIM map. This removedeliable data
from the final data set and points with unreliabtnfidence index were also removed
(OIM Analysis Tutoriglhttp://www.edax.coin

2.2.4 Sample preparation

The shells’ microstructure and crystallographi@ptation of three species are investigated
in Chapter 3 and 5, as well as the aperture iillH. asinina shell in Chapter 4.
Microstructure is determined using scanning electrocroscopy (SEM) and polymorph
distribution and crystallographic orientation amentified using electron backscatter
diffraction (EBSD) analysis. For SEM imaging, fraictd samples are gold coated with
7.5nm thickness. For EBSD analysis, samples arsheal firstly and carbon coated with

2.5 nm thickness.
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3 Structure and Crystallography of

Haliotis asinina

3.1 Introduction

3.1.1 Specific research questions

This chapter uses scanning electron microscopy (S electron backscatter diffraction

(EBSD) to address the following questions.

* What are the characteristic morphological featweghe external and interior
surface of the shell?

* Are the nacreous tablets of uniform thickness tghawt the shell?

« What is the mineralogy and crystallographic origota of the prismatic and

nacreous layer?
3.1.2Biological information

Haliotis asinina(Linnaeus, 1758)s common in the Pacific islands, southern Japah an
northern Australia (Poutiers, 1998; Figure 2.2)eY live from the lowest intertidal to 8 m
depth, on the edge of reefs, in reef flats andhénwicinity of living corals Acropora spp
and algae (Geiger, 200(.. asininaspecies are most active at night, but activitaleo
linked to low tide and they prefer peaceful envimemt (Geiger & Poppe, 2000;
McNamara & Johnson, 1995). Species mature at 3@u35shell length (Capinpiet al.,
1998) and grow to marketable size of 55-60 mm withme year, surpassing the growth

rates of other tropical and sub-tropical abalomésNamara & Johnson, 1995).

H. asininahas a pelagobenthic life cycle that includes a maiperiod of three to four
days in the plankton (Jacksenal, 2002; 2005). The first biomineralisation eveotsur
shortly after hatching, with the fabrication of tlaeval shell (protoconch) over about a 10h
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period (Figure 1.5b). These structures allow thiggge larva to completely retract into a
protective environment and rapidly fall out of tkeater column. The next phase of
biomineralisation does not commence until the cdereveliger larva contacts an
environmental cue that induces metamorphosis (dac&s al, 2002). Postlarval shell
(teleoconch) is laid down rapidly following metarmpbosis with marked variation between
individuals in the rate of its production. Whileethnitial teleoconch is not pigmented
(Figure 1.5d), it is textured and opaque such plost larval shell is easily discerned from
the larval shell (Figure 1.5¢hse). Subsequently, the teleoconch rapidly develops a
uniform maroon colouration similar to the crustasgalline algae that the larva settled

upon (Figure 1.5e).

H. asininais medium to large, growing up to 117mm (Hutsgllal, 1997). The shell is
lightweight, elongated along the axis of growtlghead and convex, in clear resemblance
to the ear of a donkey (Geiger & Poppe, 2000). Apes are medium size, somewhat
oblong, hardly elevated and usually 4-7 open (Gegd’oppe, 2000). As the abalone
grows, a new aperture forms in the dorsal margitmhefshell, while the older open aperture
will be filled in gradually when no longer usedvéunile (<35mm) shells always show the
spiral cords with rows of dots in combination ofiteh red and blue (Geiger & Poppe,
2000; arrows in Figure 3.1a). With further growitie ridge-valley structures fade and give
rise to a smooth adult shell structure, with irdegiorown-green triangles on a light brown
background (Geiger & Poppe, 2000; Figure 3.1b).o@emetic changes of pigmentation
and structure inH. asinina shell match changes in the habitats occupied durin
development (Jackscet al, 2007). The interior surface of the shell is stigngdescent,
with shades of pink and green (Geiger & Poppe, 26@fure 3.1).
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Figure 3.1 Exterior and interior of H. asinina shells

a. Juvenile shell (arrows show the spiral cord$). Mature shellScale bars are 5mm
and 10mm respectively

3.2 Results

3.2.1 Microstructure of juvenile shell

3.2.1.1External shell

Using scanning electron microscopy (SEM) to obséneeexterior surface of the juvenile
shell, it reveals pronounced series of spiral ridgied a row of apertures (Figure 3.2a). The
radial lines are smooth and thin, perpendiculardpieal ridges (Figure 3.2b). The most
elevated region of the shell (umbo) shows charesti@morphology of zig-zag spiral lines
with not uniform distances between them (Figurec)3.and the lines gradually grow flat
(Figure 3.2d). But have not being able to lookxdemal surface of other species, such as

H. rufescenandH. gigantea
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Figure 3.2 Secondary electron images of externjivenile H. asinina shell

a. Plan-view of shell surface showing pronouncetsef spiral ridges (arrow) and a row

of apertures (dashed line). Some new spiral ridgessent with the shell growth
(arrowhead). b. Radial lines (black arrows) are €sed with the spiral ridge (white arrow).
c. The ornament at the umbo comprising zig-zagatfimes with not uniform distance

between them. d. Interface (dashed line) betweg+zag spiral lines and flatter spiral

lines in umbo area of shell (arrow shows the groditiection). e. New aperture forming at
growing edge. Arrow indicates growth direction. Clpen aperture with the radial lines
(arrows) of shell on either side of aperture. Sdades for a-f=1mm, 200, 200, 100, 500,
500 um respectively.
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New aperture is formed along the longitudinal slgetiwth direction (Figure 3.2e). The
formed aperture is like a gap with the radial lioéshell on either side of it (Figure 3.2f).
The open apertures are gradually filled in one bg along the longitudinal shell growth

direction from the posterior to the anterior of #tell (Figure 1.12b).

The infill has the same growth direction as thdlgkegure 3.3a). The aperture infill grows,
showing the morphology of circular growth linesprfr start (Figure 3.3b, c) to the end
(Figure 3.3d). The growth lines of the aperturdliafe not contiguous with the shell radial
lines (Figure 3.3c). Figure 3.3e shows the detailgdtal morphology of aperture infill and

Figure 3.3f shows the final of infill being compdsef small granular crystals.
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Figure 3.3 Secondary electron images of aperturefill of juvenile H. asinina shell

a. Half-closed aperture (arrow shows the growthediiron of infill and shell). b. Higher
magnification image of boxed area in (a) showmmwth lines in circular arc form

(arrowheads). c. One closed aperture showing grolwths (arrow heads). d. Higher
magnification image of boxed area in (c) showing éimd part of aperture infill. e. Higher
magnification image of boxed area in (b) showing thystal morphology of growth lines.
f. Higher magnification image of final part of apere infill (d) showing the crystal

morphology. Scale bars for a-f=500, 200, 400, 50,3 um respectively.
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Details of aperture infill will dealt with in Chagt 4.

3.2.1.2Nacre surface of the shell

Scanning electron microscopy was used to obsemeatterior area of interior surface
(Figure 3.4).

Figure 3.4 Secondary electron images show the majtransitions of nacre growth of

H. asinina

a. The aragonite tablets in a “stack of coins” angement perpendicular to the shell
surface. b. Tablets start to grow laterally and &ese coherent with neighbours while new
crystals nucleate on top of the tablets. c. Organaterial grows to cover the top tablets’
surface. d. Mature nacre with polygonal tabletscontact with neighbours. Scale bars for
a-d=10, 5, 10, 10 um respectively.
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Nucleation sites have been described in nacre (Nakat al 1982; 1991). Nucleation
sites inH. asininaare indicated by black arrows in Figure 3.5a. iterface surrounding
each tablet is indicated by white arrows in Fig@rBa. There are nanoscale asperities
found on the surface of stacked nacre tablets (Ei§Lbb). Asperities were first found on
aragonite platelet surface by Waeg) al. (2001). Linet al (2008) used transmission
electron microscopy (TEM) to demonstrate that tepeaties are remnants of mineral

bridges. Between the tablet there is organic ‘g{uai & Meyers, 2009), which is evident
in Figure 3.5b.

Figure 3.5 Secondary electron images of nacre layef H. asinina shell

a. Plan-view of nacreous layer with nucleation sifelack arrows) on each tablet which is
surrounded by intra-crystalline matrix (light whitees indicated by white arrows). b.
Cross-section view of stacked tablets with nanesadperities (arrowheads) on the
surfaces and tablets are adhesive by ‘glue’ orgdarcows). Scale bars for a-b=10, 1 pm
respectively.

From cross-section view of the shell anterior edige,different crystal morphology of the
aragonite of the prismatic layer (Figure 3.6a) aadreous layer (Figure 3.6b) is evident.
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Figure 3.6 Secondary electron images of crystal mphology in prismatic layer and

nacreous layers oH. asinina shell

a. Prismatic layer image with an inset of magnifagstal morphology. b. Nacreous layer

image with an inset of magnified crystal morphold§yum scale bar in insets)

3.2.2 Microstructure of mature shell

3.2.2.1Morphology of prismatic layer and nacreous layers

SEM imaging of the fractured sample from the matdrasininashell clearly reveals the

different morphology of the prismatic and nacretayers (Figure 3.7). In the prismatic
layer, prisms are smaller torwards the shell estgffrigure 3.7b). In the nacreous layer,
tablets are stacked in columns (Figure 3.7a). Tiidases of tablets are not smooth

presenting nanoscale asperities (Figure 3.7¢)
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Figure 3.7 Secondary electron images of fractureHd. asinina shell

a. Different crystal morphology of prismatic andcreous layers. b. Prismatic layer with
arrow indicating the longitudinal shell growth dogon. c. Nacreous layer of stacked
tablets being not smooth surfaces with nanoscagberitges (arrows). Scale bars for a-c=
200, 50, 2 um respectively.

3.2.2.2Thickness of nacre tablets
Nacreous tablet of abalone are described of ab&uih thick (Nakaharat al, 1982,H.
rufescens The uniformity of nacreous tablet thickness wagestigated in three polished

samples from matund. asininashell from posterior to anterior (Figure 3.8a)ckEaample

Is chosen from three areas in nacreous layer: ¢ouéar the prismatic layer), mid and inner
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(near the interior surface of shell) (Figure 3.8)e thickness of 30~40 continuous tablets

was measured in each area.

10mim

Figure 3.8 Three polished samples dfi. asinina shell for measuring tablets thickness

a. Three samples were obtained from the longitudsteell growth direction (from
posterior to anterior, arrow). b. Detailed informah of chosen areas from three polished
samples separately, white squares showing the ohaseas at outer, mid and inner
regions.
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The tablets in the outer part (near the prismatieed) are thinner than mid and inner
regions (Figure 3.9).
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Figure 3.9 Average thickness of nacre tablets theghout H. asinina shell

Mean (and standard deviation) of tablet thickneseegion 1, 2 and 3 of the outer, mid and
inner regions. For each mean value, 30-40 tabletsewneasuredAlong the longitudinal
shell growth direction (from posterior part to ant®), there is the same trend of
gradually thickening tablets forwards the shelleinbr. In addition to this trend from
exterior to interior, the tablets formed the anterare thicker than those formed earlier at
the posterior (Figure 3.9). Thinnest tablets (450rmocur at the anterior posterior while

thickness tablets (700 nm) occur at the innermastréor.

3.2.3Crystallographic of mature shell

3.2.3.1Shell phase

Electron backscatter diffraction (EBSD) indicatbattboth prismatic and nacreous layers
of H. asininashell are composed of the same polymorph of aalaarbonate, aragonite
(Figure 3.10).
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Phase Map

Calcite I
Aragonite [0

Figure 3.10 Interface between prismatic and nacreaulayers inH. asinina shell.

a. Secondary electron image of polished interfastsvben prismatic (P) and nacreous (N)
layers. b. EBSD diffraction map of (a). c. EBSD gghanap with calcite in red (none seen)

and aragonite in green.

3.2.3.2Shell crystal orientation

EBSD was used to investigate the crystallography.afsininashell. Data are presented in
the form of pole figures (Figure 3.11c). Throughabe shell, c-axis tends to be
perpendicular to the shell exterior. In the initiphrt of the prismatic layer, the
crystallographic orientation is more poorly concatdad by the loose cluster in the pole
figure (Figure 3.11c). Towards the prismatic-naasemterface, crystallographic alignment
becomes much more tightly constrained. The c-axisvell constrained throughout the
nacreous layer (Figure 3.11c). In the crystal dagon maps, the nacre layer is composed

of columns which show crystallographic continuityr@ss laminae and the number of
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tablets with the same crystallographic orientatiroco-oriented columns varies between 2
and up to 50 (Figure 3.11c).
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T

Figure 3.11 Crystallographic orientation of crosssection sample oH. asinina shell

a. Secondary electron image of polished sectigprisfnatic (P) and nacreous (N) layers
with P=prism, N=nacre and I=interface. b. Schemailastration of (a) with five areas

analysed. c. Secondary electron images of thedigas according to (b), and including
corresponding crystal orientation map and pole feguaccording to aragonite crystal
colour key.
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3.3 Discussion

Scanning electron microscopy inquiring of the exteof the shell ofH. asininareveals
characteristic features (Figure 3.2).Hnasininashell, the spiral and radial lines are clear
(Figure 3.2b). The spiral lines are more raisedtareker compared to the radial ones. The
radial pattern at the umbo area shows two diffeneorphologies of zig-zig spiral lines and
flatter spiral lines (Figure 3.2d), which are neported before and may be uniqueHo
asinina shell. However, to know more on abalone protocpnhestigations including

other abalone species are required.

The interior of growth nacre exhibits the “Chriss¥teee-like” like growth fields of each
tile being smaller than the one below it (Figuréb3.Simkiss & Wilbur, 1989; Fritet al,
1994; Belcher, 1996), which is associated withdtiégagonite growth (Sheet al, 1997;
Zarembeet al, 1996; Fritzet al, 1994; Fritz & Morse, 1998).

One theory of heteroepitaxial nucleation, termmatof crystal growth by heteroepitaxial
capping followed by heteroepitaxial nucleation lo¢ thext crystal layer (Schaffet al,
1997), suggests that the organic layers coveriof @k layer and each tablet nucleates at
a specific location on the matrix surface (ChecRddriguez-Navarro, 2005; Crenshaw &
Ristedt, 1976; Rousseaet al 2005). Specifically, the ring shaped nucleatiotess
observed by Nudelmagt al (2006) would simply have pores at their centreulgh which
the underlying crystal grows (Addadi & Weiner, 199The nucleation sites on each
aragonite tablet are observed here in nacid.iasinina(Figure 3.5a). The deposition of
organic matrix does not seem to interrupt the gm@tarowth of crystals from one layer to
the next, indicating continuity in the preferent@iientation of crystals (Figure 3.11c;
Checa & Rodriguez-Navarro, 2001). It is suggesteat taragonite growth continues
through pores in the organic membrane, which supiher theory of “mineral bridges”
(Nakaharaet al, 1982; Schaffeet al, 1997). Atomic force microscopy (Schaffer al,
1997), transmission electron microscopy (Schadteal 1997; Song & Bai, 2003), and
scanning electron microscopy (Lt al, 2007) have also been used to observe the
existence of mineral bridges in abalone nacrehé&nicrostructure oH. asininanacre,
the nanoscale asperities are easily observed oardigonite platelet surface (Figure 3.5b,

3.7c); which are remnants of mineral bridges (kinal, 2008) and may explain how
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crystal orientation of the aragonite tablets isntaned between layers. On the other hand,
it was suggested by Evaasal.(2001) and Wangt al. (2001) that the rough nature of tile
surface’s asperities leads to inter-tile frictidimey hypothesize that friction is the principal

source of shear resistance between tiles.

Recently, the possibility of calcium carbonate preors has been intensively discussed,
with the suggestion that amorphous calcium carleor&CC) may be formed and
transported to the sites of tile growth where thgstal orientation is determined by a
separate templating mechanism (Nassifal, 2005, Addadiet al, 2006; Cartwright &
Checa, 2006; Bezares d, 2008). There is no direct evidence of the presesf ACC in
the nacreous or prismatic layers (Arcletral, 2009). However larval mollusc shells were
shown to from an ACC precursor (Weetsal, 2002).

Nacre tablets are described as 0.4~1.2um thicknebakaharaet al. (1991). While nacre
tablets of abalone are usually described as 0.8~ thickness, such & rufescens
(Nakahara, 1982; Mayer, 2005; Lin & Meyers, 2008b&t et al, 2008) andH. laevigata
(Chateigneret al, 2009). These studies do not provide any inforomatn the spatial
distribution of tablets of different thickness. ldemH. asining there is a pattern of more
recently formed tablets being thicker and the tathliekness increasing gradually between
0.45~0.70 pum from exterior to shell interior (FigL8.9). It is proposed that the growth rate
of nacre approximately 0.5um per day (kinal, 2008). Whether the different thicknesses
of nacre tablets ifd. asininareflect environmental factors or the ageing of dinganism

affecting shell growth needs more investigation.

In H. asining the prismatic layer comprises about one thirthefshell thickness (Figure
3.8c) with abrupt transition to the nacreous laf@gure 3.7a). The prismatic layer h
asinina is composed of aragonite as described by EBSDysisal(Figure 3.10c),
conforming the reports by Mutveait al (1985) and Dauphiet al (1989) using EDS
analysis. In Chapter 5, more detailed informatiérthe prismatic layer oH. asining H.

rufescenandH. giganteaas described by EBSD analysis are presented.

The c-axis of crystal orientation is perpendicutathe shell exterior in both prismatic and
nacreous layers (Metzlet al, 2008; Chateigneret al, 2000; Hedegaard & Wenk, 1998).
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Crystallographic orientation is more highly orderedthe nacreous layer than in the
prismatic layer (Figure 3.11c). It is also reveatledt the number of co-oriented columnar
tablets varies between 2 and 50 (Figure 3.11c),pemimg withH. rufescensf 2 and 40
varying co-oriented tablets (Metzlet al,, 2007). Unfortunately, these data have no spatial

context and whether this represents for the whoddl sequires further investigation.
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4 Aperture Infill of Haliotis asinina

4.1 Introduction

4.1.1 Specific research questions

In this chapter, following questions on aperturfdliare addressed.
* What is the growth rate of aperture infill, chanlglesor stable with the shell growth?
* What is the crystallographic orientation and mit@yg of aperture infill?
* How is the aperture infill cohesive with the shatid what is the relationship of
shell and infill in terms of crystallographic ortation?

4.1.2 Biology information of abalone

Abalone can be easily recognized by one row oftapes along the spiral ridge of the shell.
Some apertures are closed, those at the anteeapan and sometimes one is half-closed
between them. The open apertures are used foraBepi release of gametes and waste
(Ino, 1952; Tissot, 1992; Voltzow & Collin, 1995)s the abalone grows, new apertures
form at the anterior margin of the shell and thdeolapertures at the posterior are filled in
(Figure 4.1).
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Figure 4.1 Half-filled aperture of H. asinina

Secondary electron image of one half closed apersinowing the elevated encircle and
aperture infill with shell growth direction (arrow)

From the secondary electron image of Figure 4.4,gtowth direction of aperture infill

coincides with the longitudinal shell growth direct.

4.2 Results

4.2.1 Growth rate of aperture infill

McNamara & Johnson (1995) did researches on 45uirmahells and 68 juvenile shells
(2-36mm) to estimate th&t. asininagrows to 35 mm shell length in 6 months, to 55-60
mm in one year, and to approximately 70-75mm ireehyears. By measuring the shell
length of an ontogenetic series ldf asininashells, according to thel. asinina shell
growth rate equation (McNamara & Johnson, 199%) atpe of each one can be calculated.

The equation is as follows,
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y =4.27*12.03)*e” (-u)

y is the shell growth rate (mm/year), L is the Ehleigth (mm), u= 0.27* L" (0.88) (2.5mm
<L< 98.5mm)

Subsequently, by comparing with the number of apest (closed, half-closed and open) in
nearby shells of known age, the time period requit@ fill in one aperture can be

estimated (Figure 4.2).
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Figure 4.2 Time period of completely filling in ore aperture ofH. asinina

The length of most recently formed aperture inils compared with that of the nearby
ontogenetic shell and then divides the age gapeftwo comparing shells; in order to
determine the growth rate of aperture infill basedhe shell length (Figure 4.3). In young
H. asinina(<6 month) the shell growth is about 60% fastantthat of the aperture infill;
while in individuals older than 6 months, shell\gtbh and aperture infill occur at nearly
the same speed (Figure 4.3).

Du-Jiao GUO October 2010 56



Chapter 4 Aperture Infill of Haliotis asinina
< Infill growth rate = Shell Grow rate
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Figure 4.3 Growth rates of aperture infill and shd of H. asinina

4.2.2 Composition and ultrastructure

The aperture infill, like the shell, consists ofteuprismatic and inner nacreous layers

(Figure 4.4).
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Figure 4.4 Secondary electron images of fracturedperture infill of H. asinina shell

a. Different crystal morphology of prismatic (P)canacreous (N) layers (dash line shows
the interface). b. Magnified image of prismaticdayc. Magnified image of nacreous layer.

Scanning electron microscopy has been used to gwowetailed microstructure
information of aperture infill ofH. asininafrom transverse sections (Figure 4.5a) and
longitudinal sections (Figure 4.5b) separately.
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Figure 4.5 Graphical representations of aperturenifill sample of plane section of

aperture infill in H. asinina

a. Transverse section with prismatic (P) and naasee(N) layers. b. Longitudinal section
sample with prismatic layer (P) and nacreous lafi). (Arrow shows the growth direction
of infill and the shell).

4.2.2.1Transverse sections

In transverse section, the prismatic and nacremyex$ are evidently distinct (Figure 4.6).
In prismatic layer, the organic material shows rhofpgy of parallel layers and uniform
space between them (Figure 4.6d). In the initi@r@aus layer, large amounts of organic
material are observed (Figure 4.6e). In matureamas, the aragonite tablets are stacked in
the form of columns (Figure 4.6f) and a new strradtiayer of aragonite about 20pum thick

Is in the innermost region (Figure 4.69).
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inni_ ¢

B el

o -
Infill ¥

Figure 4.6 Secondary electron images of aperture fii of H. asinina shell in
transverse section

a. Aperture infill is cohesive with the shell, andth infill and shell including prismatic
and nacreous layers. a’. A sketch representatio@pfvith ‘b’ (in prismatic layer), ‘c’ (in
interface area) and ‘d’ (in nacreous layer; threagnified areas. b. Prismatic layer (P) of
area ‘b’in (a’). c. Interface of prismatic (P) anmtbcreous (N) layers of area ‘c’in (). d.
Magnified image of prismatic layer with organic rmaal in the form of parallel layers
(arrowheads). e. Magnified image of initiate naersdayer with organic material filling in
their space. f. Mature nacreous layer of area ’(a’) is composed of stacked tablets in
column form. g. A new structural layer is about @0thickness in the innermost region of
nacre. Scale bars for a-g=500, 50, 50, 2, 20, ZDu2n respectively.
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4.2.2.2Longitudinal section

In longitudinal section, the morphology of prisncatand nacreous layers of infill is
presented with the aperture rim evident and thevtjrairection indicated (Figure 4.7a). In
the infill prismatic layer, prisms firstly grow agat the shell nacreous layer
perpendicularly (Figure 4.7b), and from small caystdevelop to long cylinder shape
(Figure 4.7b, c). Near the infill prism-nacre irfitare, the prisms become a little disordered
(Figure 4.7d) and nacreous layer starts to grovthenprisms (Figure 4.7e). The mature
nacreous layer of the infill has columnar morphgl¢gigure 4.7f) and a new structural
layer about 20pum thickness is in the innermost (Fagure 4.7g).
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Figure 4.7 Secondary electron images of fracturedperture infill of H. asinina in

longitudinal section

a. Aperture infill is cohesive with the shell namus layer including prismatic and
nacreous layers. a’. A sketch representation ofw#h ‘b’ (in prismatic layer), ‘c’ (in
interface area) and ‘d’ (in nacreous layer) threagnified areas. (Arrow shows the growth
direction of infill and shell). b. Prisms grow olnet shell nacreous layer perpendicularly. c.
Prisms grow to be cylinder shape toward the growditection. d. Slightly disordered
prisms near the interface of ‘c’ area in (a’). @itlate nacreous layer grows on the prisms
perpendicularly. f. Mature nacreous layer with aoln morphology. g. New structural
layer is of about 20 um thickness in the innermegion. Scale bars for a-h= 400, 10, 20,
20, 20, 20, 50 um respectively.
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4.2.3 Crystallographic orientation

4.2.3.1Prismatic layer of aperture infill

In transverse section of aperture infill kh asinina (Figure 4.8a), electron backscatter
diffraction is used to identify the polymorph ofldam carbonate and crystallographic
orientation. The prismatic layer is composed ofjarste. The initial anterior most prisms
are small granules and gradually develop to polggahape (Figure 4.8b). Although
diffraction is poor, it is evident that the c-akiscomes preferentially oriented, parallel to

the shell surface and along the growth directiomff and shell (Figure 4.8c, d).
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Figure 4.8 Crystallography of prismatic layer of gerture infill of H. asinina in

transverse section

a. A sketch representation of transverse sectionpéa with an analysed area in the
prismatic layer (P). b. Backscatter electron imagjehe area in (a) shows that the initial
prisms are granules and develop to polygonal shap€rystal orientation map of area in
(a) according to the aragonite colour key. d. Pipire of the same area in (a) according
to the crystal orientation map (c). Scale barstier=5, 80 um respectively.

In longitudinal section of aperture infill id. asinina(Figure 4.9a), the prisms firstly grow
small crystals perpendicular to the aperture veait) develop to long polygons with larger
diameter (Figure 4.9b). By using electron backscatiffraction it is confirmed that the

infill prismatic layer is aragonite and the c-axik crystal orientation is parallel to the
growth direction of infill and shell (Figure 4.9d).
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Figure 4.9 Crystallography of prismatic layer of gerture infill of H. asinina in

longitudinal section

a. A sketch representation of longitudinal sectsample with an analysed square in the
prismatic layer (P). b. Backscatter electron imawgfearea in (a) shows that the prisms
grow granules firstly and then develop to polygostahpe with larger diameter. c. Crystal
orientation map of area in (a) according to the goaite colour key. d. Pole figure of the
same area in (a) according to the crystal orierdgatimap (c). Scale bars for b-c = 10, 60
pHm respectively.
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4.2.3.2Nacreous layer of aperture infill

Using EBSD to analyse the nacreous layer of apeinfill in H. asining the c-axis of
crystal orientation in the nacreous layer is pedpariar to the shell surface (Figure 4.10c,

d), which is in accordance with crystal orientatadmacreous layer in shell (Figure 3.11b).

RD

Aragonite

o010

Figure 4.10 Crystallography of nacreous layer of gerture infill of H. asinina in plane

section.

a. Backscatter electron image of a polished closgeérture showing the plan-view
nacreous layer of aperture infill with an obsena®a (arrow shows the growth direction
of infill and shell). b. Magnified backscatter ai®n image of the square area in (a)
showing nacreous layer (N) in plan-view. c. Crystalentation map of the area in (a)
showing the c-axis of crystal orientation is pergienlar to the shell surface according to
the aragonite colour key. d. Pole figure of the eaanea in (a) according to the crystal
orientation map (c). Scale bars for a-c=500, 50,4i# respectively.

Du-Jiao GUO October 2010 66



Chapter 4 Aperture Infill of Haliotis asinina

4.2.4 Cohesion between aperture infill and shell

Aperture infill occurs later than shell formatioa the apertures are back filled forming a
cohesive plug. The cohesion of this infill matexath the shell material is interesting from
a materials science perspective. Here the inteff@t@een shell and infill is investigated

in terms of microstructure and crystallography.
4.2.4.1Shell-infill interface microstructure

Both plan-view polished samples (Figure 4.11) amadttire of shell-infill interface (Figure
4.12) are preserved. In addition to one polislmadsiverse-section infill sample with shell

(Figure 4.13); it was polished twice along the gitodirection of infill and shell.

There is a prism-like layer (L) between aperturidliAl) and nacre of shell (S) (Figure
4.11b, c). The thickness of this intervening layaties according to location (Figure 4.11c,
f). It is presumed that the layer grows firstly ihe shell nacreous layer and then aperture

infill grows on it. The initiate aperture infill isbserved porous (Figure 4.11d).
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L mum

Figure 4.11 Backscatter electron images of apertarinfill and surrounding shell of H.

asinina in plan-view.

a. Aperture infill (Al) with ‘b’ and ‘c’ two detaéld observed areas. b. Observed area ‘b’in
(a) including shell (S), prism-like layer (L) and. &. Magnified image of prism-like layer
(L) of (b). d. Magnified image of porous area of. @ Magnified image of aperture infill of
(b). f. Observed area ‘c’in (a) including shell)(prism-like layer (L) and Al. Scale bars
for b-f=20, 5, 5, 5, 2 um respectively.
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Fracture section of aperture infill was observed SEM in order to view features
previously viewed in polished section, such asmpiiige layer (Figure 4.12b), initial area
(Figure 4.12c, d) and porous area of aperturd {ffigure 4.12e).

Figure 4.12 Secondary electron images of intact @a of aperture infill and shell of

fractured sample ofH. asinina in plan-view

a. Aperture infill (Al) with one square area indtoay area of fractured for images b-e
(Arrow shows the growth direction of infill and #heb. Square area in (a) including shell
(S), prism-like layer (L) and Al. c. Magnified ineagf Al of (b) showing pyramid crystal
morphology of initial Al growth. d. Magnified imagé interface of (c) showing the gap
area infilled by crystals. e. Porous area of inithl (inset shows the detailed morphology).
Scale bars for a-e= 400, 10, 5, 1, 0.5 um respelbtiv

Du-Jiao GUO October 2010 69



Chapter 4 Aperture Infill of Haliotis asinina

By viewing fractures section in middle of aperturdill and the polishing forwards

anterior and final aperture infill, it is clear stiag the aperture infill is always in contact
with the shell nacre (Figure 4.13). In the apertunfdl, the nacreous layer is of fairly

constant thickness in all section analysed, Figure 4.13a, b.

Figure 4.13 Backscatter electron images of polisdesample including aperture infill
and shell ofH. asinina in transverse section

a. The first polished section through middle oiiliivicluding aperture infill (Al) and shell
(S) b. Second time polished sample forwards antenmt #nal aperture infill including Al
and S. (Black arrows show the thickness of shedtewus layer; white arrows show the
thickness of Al nacreous layer; dash lines showahnege of Al).

4.2.4.2Crystallographic viewpoint

Using EBSD to analyse the contact areas includhwgl,sprism-like layer and aperture
infill in plan-view, the crystal orientation relatiship of the cohesive structure can be
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determined. Although the three areas did not gnevesssively in a continuous time period,
their c-axis of crystal orientation gradually cheago become parallel to the shell surface
(Figure 4.14).
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Figure 4.14 Crystallographic orientations of the catact areas including shell (S),

prism-like layer (L) and aperture infill (Al) of H. asininain plan-view

a. Secondary electron image showing the conta@savéth rectangle indicating region of
electron backscatter diffraction analysis. b. Qafftion intensity map of square area of (a).
c. Crystal orientation map of the square area gfgecording to the aragonite colour key.
d. Pole figures of S, L and Al separately accordmgc). Scale bars for a-c=35, 45, 45 um
respectively.
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4.3 Discussion

In abalone, the initial formation of shell take gdain the contact zone between a layer of
epithelial cells (the outer epithelium) and a lay#rhighly cross-linked proteins (the
periostracum) (Figure 1.13). In molluscs, the egith cells secrete all of the components
required to form the CaGOshell: the crystal precursors TaHCO;, and possibly
amorphous calcium carbonate (Addaati al, 2006), as well as several proteins and
polysaccharides (Kréger, 2009). First, a layernglitty stacked elongated prisms is formed
and the prisms are oriented perpendicular to thgitodinal shell growth direction; then,
the crystallization mode switches, and many laydrat aragonite tablets are deposited
(Figure 3.7). The aperture infill (Figure 4.4) hassimilar structure to the shell. The
prismatic layer consists of cylinder shape cryspagendicularly grow on shell nacreous
layer and parallel to the longitudinal shell growtiiection (Figure 4.7b, c). Then, the
aragonite tablets stacked along the c-axis the sentbe shell nacre (Figure 4.7f). There
are different volume ratios of prismatic layes. nacreous layer between shell structure
(3:7) and aperture infill (7:3) (Figure 4.13). Whet aperture infill contains different
mechanical properties from the shell is still unknaat the moment.

The environmental factors (such as temperatur@itgalionic concentrationsgtc) have
been reported to affect the crystal morphology Bl 1964). Another possible factor
producing the observed difference between the nloshall and aperture infill is the
periostracum, which is the outer covering of thellsand serves as the substratum of the
outermost crystalline layer of shell (Beedham, 1938genset al, 1967). It is a quinone-
tanned protein (Degeret al, 1967) and present during normal shell growth,lacking in
shell regeneration after mechanical damage (Meéneksal, 1973). Whether abalone
provides an equivalent of periostricum for the grgyvof aperture infill is to be
investigated. According to calculate the growtle rait aperture infillH. asinina(<6 month)
shell grows about 60% faster than that of the aperinfill; while when individual was
older than 6 months, the growth rate of shell goertare infill occurs at nearly the same
speed (Figure 4.3). However, it is also viewed thatchangeable growth rate of aperture
infill is in according with the growth rate of shelVhether the infill has the same growth

mechanism of shell or is also effected by environtalefactors have not been known yet.
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Both the aperture infill (Figure 4.9c; Figure 4.1@ad shell (Figure 3.10) ¢f. asininaare
only found one polymorph aragonite in prismatic aratreous layers. However, there is
different crystallographic orientation of the prigtic layers in aperture infill and shell
separately. The c-axis of crystal orientation a$ipiatic layer in aperture infill is parallel to
shell exterior surface, and c-axis of crystal da#ion of shell prismatic layer is
perpendicular to the longitudinal shell growth dtren. The elongated crystal shapes may
reflect a faster growth rate such as in shell paigstriayer reported by Checat @l, 2001),
and so compared with aperture infill, which shoblave a different direction of faster

growth rate.

The crystal orientation relationship of the cohesstructure of shell, prism-like layer and
aperture infill is investigated. Although the thraeeas did not grow successively in a
continuous time period; their c-axis of crystaleniation shows continuity (Figure 4.14). It

may be one reason to explain why the aperturd iafdo cohesive with the shell.

Based on the results of the microstructure andtaiggraphy of aperture infill, there is
still a lot of interesting work to do, such as é&sttthe mechanical properties of the infill,
analysis of crystallography of infill in other spes and whether there is organic ‘glue’

effecting the cohesive property of infill.
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5 Prismatic and Nacreous layers of H.

asinina, H. rufescens and H. gigantea

5.1 Introduction

5.1.1 Specific research questions

In this chapter, the ultrastructure and crystabpiyy of H. asinina, H. rufescenand H.
gigantea three species (Figure 2.1) are investigated by EBSialysis. Samples
preparation is the same as described in Chaptesf@r (o 2.2.4). This section focuses on

the following questions.
* What is the mineralogy of the prismatic layersta three species?
* Is the proportion of prismatic: nacreous layerkhess the same in all three species?

* What is the crystallographic orientation of thesss@ection of shells of the three

species?
5.1.2 Abalone shell structure

The abalone shell consists of two main layers, ameag of calcium carbonate crystals
with distinct microstructures (Nakahaea al, 1982). It can be summarised by the outer
prismatic layer and inner nacreous layer (referCloapter 3). Since nacre is always
composed of aragonite, focus is placed on the patisntayer. It has been reported that the
prismatic layer oH. rufescensandH. kamtschatkan@&onsist of calcite, while that ai.
asininaconsists of aragonitél. tuberculata, H. lamellosandH. rotundatahave a mixture

of various proportions of calcite and aragonite {kuet al, 1985; Dauphiret al, 1989;
Dauphin & Denis, 1995). These studies used enespetsive X-ray spectroscopy (EDS),
which provides indirect evidence for the calciunrbcmate polymorph with higher
concentrations of strontium, sodium and potassimgicating aragonite, and higher

concentrations of manganese and magnesium indicaticite. Here, EBSD is used to
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provide direct evidence of the mineralogy of thisipatic layer oH. asining H. rufescens
andH. gigantea

5.1.3Biological information

The composition of the prisms of three species fdiffierent locations is captured heké.
asininais from Australia provided by Professor Jacksod Brofessor Degans (University
of Queensland}l. rufescenss from American provided by Professor Taylor &rdfessor
Claverie (University of California), and. giganteais from Japan provided by Professor
Endo (University of Tokyo) (Figure 2.1, 2.2). Désaof H. asinina are presented in
Chapter 3 (Refer to 3.1.1), so the following settiwovides background information éh

rufescenandH. gigantea
5.1.3.1H. asinina

Haliotis asininais common in the Pacific islands, southern Japahramthern Australia
(Poutiers, 1998; Figure 2.2). Details biology imf@tion ofH. asininahas been presented
in Chapter 3 (refer to 3.1.1).

5.1.3.2H. rufescens

H. rufescenss known under the common name of “red abalortels the largest species
growing up to 313mm (Hutsekt al., 1997) and mostly found in the northern part of
California, U.S.A. (Figure 2.2). Red abalone liviesrocky areas with kelp; and they
primarily feed on bull kelp and giant kelp (Cox,629 Mclean, 1966). The shell is heavy,
somewhat oblong, arched and convex. The spirabiselevated and hardly visible in
dorsal view (Figure 5.1). Apertures are mediunmatgé, oval, raised, and usually 3-5 open.
Colours in variable width bands are red, pink, eh#tnd green. Edges of bands are usually

fuzzy (Geiger & Poppe, 2000).
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Figure 5.1 Dorsal view ofH. rufescens shell

5.1.3.3H. gigantea

H. giganteaare distributed along the southwest coast of Japah are common and
commercially important shellfish in the countrydire 2.2)H. giganteais large, growing
up to 220mm (Hutsekt al., 1997). The shell is elliptical, arched, and somatwdonvex.
Spire lines are depressed and barely visible irsaloview (Figure 5.2). Apertures are
medium size, round to oval, considerably raisedh wsually 2-6 open. The dorsal surface
is somewhat uneven with bumps and with low rounsj@cal cords. Colour mostly is dull
orange-red with radical bands in green, creamvarite (Geiger & Poppe, 2000).
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Figure 5.2 Dorsal view ofH. gigantea shell

5.2 Results

5.2.1Mineralogy of prismatic layers of H. asinina, H.

rufescens and H. gigantea
By EBSD analysis, the prismatic layertdf asininais composed entirely of aragonite, that

of H. rufescensonsists of calcite whilél. giganteahas both aragonite and calcite in the

prismatic layer (Figure 5.3).
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H. asinina

H. rufescens

- —

100 um

H. gigantea

Phase Map

Calcite
Aragonite -

Figure 5.3 EBSD analysis of prismatic layer ofH. asinina, H. rufescens and H.
gigantea shells

(i) Secondary electron images of prismatic regi@i,Diffraction intensity maps and (iii)
Phase maps of three species separately. Diffractitamsity maps (i) and phase maps (iii)
are shown corresponding to the blue box of secondbactron images (i). According to the
colour key, the prismatic layer of H. asinina isygmosed entirely of aragonite, that of H.
rufescens consists of only calcite while H. gigarttas both aragonite and calcite in the
prismatic layer Scale bar for ii and iii = 40 pm.
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5.2.2 Relationship between thickness of prismatic layer and
that of the whole shell of H. asinina, H. rufescens and H.

gigantea

The prismatic regions of the three species haverdiit mineralogy (Figure 5.3). Here, the
thickness percent of the prismatic layer compacedhole shell has been investigated in
the three species in order to determine whethethilckness of the primatic layer simply
relates to overall shell thickness. Figure 5.4 shdlve thickness relationship of prismatic
layer and the corresponding shell thicknéssgiganteashell is the thickest at just under 1
mm, H. rufescenss the thinnest at around 600~700 um &hdasininais about 800 pum
thick (Figure 5.4a). The calcite prismatic layet. fufescenstakes up about 50% of the
shell thickness compared with aragonite prismatyet (. asining of about 20~30%, and
the prismatic layer consisting of calcite and aragpoH. gigantea is between the two at
over 30% of total shell thickness (Figure 5.4b).
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Figure 5.4 Thickness relationships of prismatic ger and the corresponding cross-

section shell in three abalone specied, asinine, H. rufescensand H. gigantea

a. The average (n of 24) thickness and standarchtiem (S.D.) of cross-section shell and
prismatic layer. b. The average (n of 24) thicknekgrismatic layer as a percentage of
whole shell thickness and S.D.
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5.2.3 Crystallographic orientation of prismatic and nacreous

layers of H. asinina, H. rufescens and H. gigantea

The crystal orientation dfl. asininashell has been investigated in Chapter 3. Thd ehel
H. asininais comprised of aragonite in both prismatic andreaus layers, with c-axis of
crystal orientation throughout the prismatic andreaus layers of the shell. Towards the
prismatic-nacreous interface, crystallographic rahgnt becomes much more tightly
constrained. The c-axis is more tightly constraimedthe nacreous layer than in the
prismatic layer (Figure 5.5). Using the same apghoaf EBSD to analysél. rufescens
and H. giganteashells, it reveals that both species contain arégmacreous layer and
there is also the same higher crystallographic tcaim$é in nacreous layer than in the
prisms (Figure 5.5). The prismatic layertbf rufescenshell is composed of calcite, with
preliminary analyses indicating that the c-axicyfstal orientation is perpendicular to the
shell surface. The prismatic layer ldf giganteashell consists of calcite and aragonite. A
small number of preliminary analyses suggest thatctaxis of aragonite is perpendicular
to the shell surface and that of the calcite of phiems is parallel to the shell surface
(Figure 5.5).
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Figure 5.5 Crystallographic orientations of prismdic and nacreous layers inH.
asinina, H. rufescens and H. gigantea shells

Crystallographic orientation maps and pole figumdsstatements and innermost regions of
prismatic and nacreous layer according to the colkey for aragonite and calcite. There
are wire frames in the calcite prismatic layer of Hifescens and H. gigantea. Arrow
shows the direction from exterior to interior ofoss-section shell samples, which are
divided to prismatic (P) and nacreous (N) layers.

5.3 Discussion

The prismatic layer ifH. asininais composed of aragonite, kb rufescenghe prismatic
layer consists of calcite, while . giganteathe prismatic layer contains both calcite and
aragonite (Figure 5.3). The fact that the prismiayer inH. asininais aragonite and iHl.
rufescensis calcite has proved before report by Muteeial (1985) & Dauphinet al.
(1989) usingenergy dispersive X-ray spectroscopgdS) analysis method. The calcite
prismatic layer . rufescengis about 300um thick accounting for ~ 50% of ltctaell
thickness, compared with that of aragonite prismktyer {. asining is about 200um
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thick which is about 20~30% of shell thickness, #mat of the prismatic layer composed
of two polymorphs, calcite and aragonité. (Qiganted is over 300um thick, accounting
for 30% of shell thickness (Figure 5.4b). It rewe#hat the calcite prismatic layeH.(
rufesceny takes more shell volume percent than that of ariig prismatic layerH.
asining. However, whether it is applicable in other spsaiequires more investigations.
Whether the prismatic layer of different mineraloggpssesses different mechanical

properties need further investigation.

Why do the prisms of abalone shells have differamteralogy? The distribution of shell
mineralogy among biomineralising taxa has long goaepuzzle to paleontologists and
biologists alike ¢.g Boggild, 1930; Lowenstam & Weiner, 1989; WeineA&dadi, 1997).
This may be determined by biology, environment ocambination of the two. The
evolution success of mollusca can be attributeghtability to assemble a wide diversity of
mineralised structures (Weiner & Dove, 2003; Lowans& Weiner, 1989). The capacity,
in combination with environmental changes at the ehthe Proterozoic (Brennaat al,
2004; Feng & Weiner, 2003), has been proposed asobthe biological characters that
aided the Cambrian radiation (Knoll, 2003). Howevelis still unknown if the genetic
programming directing the biofabrication of caledi and other mineralised structures in
disparate animals is homologous (Knoll, 2003). &0(R010) indicates that calcite and
aragonite seas may initially play a primary role determining carbonate skeletal
mineralogy, but after carbonate skeletons have vedpl their influence on skeletal
mineralogy is limited. This reflects that the disersuite of proteins involved in shell
mineralisation, many of which are polymorph-spec{é.g. Belcheret al, 1996; Faliniet
al., 1996; Zarembat al, 1996; Zhang & Zhang, 2006). Although a numbepuiteins
implicated in the calcification process have begsmtified from the abalone shells (Et
al., 2005; Shemt al, 1997; Weist al.,2001; Manret al, 2000); only a handful of genes
are currently known to play a role in the biominisation (Himanet al, 2003; Jacksost
al., 2007).

The shell ofH. asininais comprised of aragonite in both prismatic andreaus layers,

with c-axis orientation throughout the shell. Tod&arthe prismatic-nacreous interface,
crystallographic alignment becomes much more tygbtnstrained. The c-axis is tightly
constrained in the nacreous layer than in the m@igmlayer. In many cases,
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crystallographic continuity persists across seviarainae (Figure 5.5). The prismatic layer
of H. rufescenshell is composed of calcite, the c-axis of crystéentation is normal to
the shell surface. The prismatic layerbfgiganteashell consists of calcite and aragonite,
the c-axis of aragonite is normal to the shell acefand that of calcite analysed area is
parallel to the shell surface (Figure 5.5). Whetllee c-axis of the calcite layer in
H.giganteaalways parallel to the shell surface or not needd further analysis. In these
three species, there is higher crystallographicstaimt in the nacreous layer than in the
prisms. Furthermore, in the nacreous layeroésining it has been revealed that there are
tablets of co-oriented column varying between 2 BddFigure 3.11c). . rufescensand

H. giganteathey are observed to compose of 2 and 40 vagargriented tablets (Figure
5.5). The same result &f. rufescendhas been presented by Metziral (2007). These
observations support the possible formation meshasiof “mineral bridges” for nacre
growth (Schafferet al, 1997) that best resembles bulk columnar nacrgphotogy as
presented by Gilbesdt al (2008).

Unfortunately, the external shells of the samplesufescensand H. giganteawere not
clean and encrusted with their calcium carbonatentsierals which can not be removed
without damaging the shell and thus removing tHermation being sought. There were
no special and clear findings on the protoconclase the two species like that Hf
asininaand so there is no compare among them. Howewuwgefuwork need to do on the

protoconch patterns of different abalone species.
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6 Discussion and Future Work

6.1 Nacreous Layer of Abalone Shells

In H. asining the non-uniformity of nacreous tablet thicknessswinvestigated in three
polished samples from matuke asininashell from posterior to anterior (Figure 3.8a).
Each sample is chosen three regions in nacreoas layter (near the prismatic layer), mid
and inner (near the interior surface of shell) (ifgg3.8b) and measuring the thickness of
30~40 continuous tablets separately. It is foursateths a pattern of more recently formed
tablets being thicker; and the tablet thicknesseiasing gradually between 0.45~0.70 pm
from the exterior to the shell interior (Figure 3.9here are still many further questions
such as whether the changeable thickness of nalslets inH. asininacould interpret the
environmental factors affecting shell growth, oretiter there is a characteristic thickness
of nacre tablets in different species.

In H. asininashell, the interior shell of nacre is associatdth wiled aragonite growth
(Shenet al, 1997; Zarembat al, 1996; Fritzet al, 1994; Fritz & Morse, 1998; Figure
3.4b). In the microstructure &f. asininanacre the nanoscale asperities are easily observed
on the aragonite platelet surface (Figure 3.5bg)3ahd they were confirmed being
remnants of mineral bridges by transmission electnicroscopy (TEM) (Liret al, 2008).
Between the tablet there is organic ‘glue’ (Lin &iers, 2009), which is evident in Figure
3.5b. In the nacreous layer df asining it has been revealed that there are tablets -of co
oriented column varying between 2 and 50 (Figuté@®. InH. rufescensandH. gigantea

they are observed to compose of 2 and 40 co-odetablets. The same result bif
rufescendas been provided by Metzletrral. (2007).

6.2 Prismatic Layer of Abalone Shells
The distribution of shell mineralogy among biomaleing taxa has long posed a puzzle
to palaeontologists and biologists alilkkeg Boggild, 1930; Lowenstam & Weiner, 1989;

Weiner & Addadi, 1997). This mineralogy and propors of calcium carbonate

polymorphs produced in bimineralic systems havenbstidied and it showed that
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environmental variation in salinity and temperatesuld produce distinct variation in
proportions of calcite and aragonite between speetand ontogenic stages (Lowenstam,
1954; Dodd, 1964; Eisma, 1966; Chetal, 2007). Since the initial recognition of calcite
and aragonite seas, there has been abundant dmetwhout their effects on skeletal
mineralogy (Porter, 2010). The primary driver oésk oscillations is generally thought to
be changes in the ratio of magnesium to calciurseswaterd.g. Hardie, 1996; Morset
al., 1997; Stanley & Hardie, 1998; Lowensteash al, 2001). Morseet al. (1997) has
indicated that both the Mg/Ca ratio and temperatorgrol the calcium carbonate mineral
that forms from seawater. Such as calcite fornes awide temperature range (83) in
Mg-free seawater, but only below aboUf 8in seawtawer of normal Mg/Ca ration (~5/1).
However, Porter (2010) still indicate that calciied aragonite seas may initially play a
primary role in determining carbonate skeletal mafegy, but after carbonate skeletons
have evolved, their influence on skeletal minerglag limited. This reflects that the
diverse suite of proteins involved in shell minaaion, many of which are polymorph-
specific €.g.Belcheret al, 1996; Faliniet al, 1996; Zarembat al, 1996; Zhang & Zhang,
2006).

Prismatic layer oH. asininais composed of aragonite, thattéf rufescenss calcite, and
in H. giganteathe prismatic layer contains both calcite and an#&g (Figure 5.3). The fact
of the aragonite prismatic layer . asininaand calcite prismatic layer iH. rufescens
had been confirmed by EDS analysis method (NakakaBavelander, 1982; Dauphigt
al., 1989; Mutveiet al, 1985). Prisms of some other abalone speciesalsm been
identified with EDS analysis method, suchtaskamtschatkang calcite (Dauphiret al.,
1989), H. tuberculata, H. lamellosand H. rotundatahave a prismatic layer of various
proportions of calcite and aragonite (Mutwial, 1985; Dauphin & Denis, 1995). The
EDS analysis method indirectly recognized eachrhganite containing relative abundant
Sr, Na and K; and calcite containing relative atamdvig and Mn separately. This method
is different from the direct EBSD analysis methathg in my study.

The calcite prismatic layeH( rufescenpgis accounting for ~ 50% of total shell thickness,
compared with that of aragonite prismatic layer @sining is about 20~30% of shell
thickness, and the prismatic layer composed ofiteaéd aragonite two polymorph.(
giganteg is accounting for ~ 30% of shell thickness (Fegb.4b). However, whether it is
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applicable in other species, such as the calcigmatic layer takes more shell volume
percent than that of aragonite prismatic layerdimegfurther investigation. On the other
side, whether the prismatic layers of different endogy contain different mechanical

properties also need further investigation.

6.3 Crystallography of Prismatic and Nacreous Layers of
Abalone Shells

The shell ofH. asininais comprised of aragonite in both prismatic andreaus layers,
with c-axis orientation throughout the shell. Todsarthe prismatic-nacreous interface,
crystallographic alignment becomes much more tygbtnstrained. The c-axis is tightly
constrained in the nacreous layer than in the m@iemlayer. In many cases,
crystallographic continuity persists across sevialinae (Figure 5.5). Using the same
approach of EBSD to analys$é¢. rufescensand H. giganteashells, it reveals that both
species contain aragonite nacreous layer and thalso the same higher crystallographic
constraint in nacreous layer than in the prismguyfé 5.5). The prismatic layer &f.
rufescensshell is composed of calcite, with preliminary lgsas indicating that the c-axis
of crystal orientation is normal to the shell sugaThe prismatic layer ¢i. giganteashell
consists of calcite and aragonite. A small numbgreliminary analyses suggest that the
c-axis of aragonite is normal to the shell surfatgle c-axis of calcite area is parallel to
the shell surface (Figure 5.5), whether it is umfan the whole calcite layer needs more
analysis. In all, there is higher crystallograptamstraint in the nacreous layer than in the
prisms in the three species.

Mann (1988) indicated that to produce a certainymokph, a matrix surface must be
present to provide the optimum orientation geométny nucleation of a crystal face.
Thompsonet al. (2000) and Belcheet al. (1996) demonstrated that aragonite can be
produced without the need for the initial proteemplate; the soluble proteins would
facilitate the direct growth of polymorph calciurarbonate. Other researchers (Leval,
1998; Faliniet al, 1996; Addadiet al, 2006; Cartwright & Checa, 2006) show the
insoluble fractions to be of significant importarateleast for controlling the nucleation of
crystallisation. Although a number of proteins imated in the calcification process have
been identified from the abalone shells @ual, 2005; Sheret al, 1997; Weisst al.,
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2001; Manret al, 2000); only a handful of genes are currentlyvndo play a role in the
biomineralisation (Himamt al, 2003; Jacksoat al, 2007). There is still a lot work to do

on the transition process from prismatic layerdoreous layer.
6.4 Comparison of Aperture Infill and Abalone Shell

The aperture infill (Figure 4.4) has a similar sttre to the shell. The prismatic layer
consists of cylinder shape crystals growing perpritar to the shell nacreous layer and
parallel to the longitudinal shell growth directi¢Rigure 4.7b, c). The aragonite tablets
stacked along the c-axis as in the shell nacreu(Eig.7f). It is also found the different
volume ratios of prismatic layevs. nacreous layer between shell structure (3:7) and
aperture infill (7:3) (Figure 4.13). Whether apeetunfill contains different mechanical
properties is still unknown at the moment. One fdssfactor producing the observed
difference between the normal shell and apertdiisithe periostracum, which is present
during initial shell growth, but is lacking in sheegeneration after mechanical damage
(Meenakshet al, 1973) and presumably in aperture infill. Theigpgtracum is a quinone-
tanned protein, outer covering and serving as tibstsatum of the outermost crystalline
layer of shell (Beedham, 1958; Degees al, 1967). Whether abalone provides an
equivalent of periostracum for the growing of apegtinfill is to be investigated. One
possible approach would be to dissolve away itdilfeveal organic components such as
analysis the matrix surfaces of mollusc shdtsina and Nautilus by Nudelmanet al.
(2006).

In H. asining both the aperture infill (Figure 4.9c; Figure @) and shell (Figure 3.10)
contain only aragonite. It is interesting to firek tdifferent crystallographic orientation of
the prismatic layer between aperture infill andlisiiéhe c-axis of the prismatic layer of
aperture infill is parallel to shell exterior anldat of shell is perpendicular to the shell
exterior. Analysis of infill in other abalone spesiis required to determine how the infill
mineralogy and crystallographic orientation companeaddition to this suggestions for

further work are presented below.
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6.5 ldeas for Further Work

Jacksoret al (2007) have investigated the development of niaatle genes during the
life of the abaloneHaliotis asinina It is still unknown if ontogenetic changes in Igital
construction are the result of the expression @fedint batteries of biomineralisation
genes. Ultrastructure analysis of ontogenetic stageughout shell developmerds H.
asininamay shed light on the shell construction throughaniogeny. Identifying changes
in shell chemistry and crystallography and anytreteship between them will contribute to
our understanding of biomineralisation as well las interpretation of climate proxies.
Furthermore, investigation into the mineralisindgragallial fluid through ontogeny would
provide a better insight to understand the biongili@ng process. This would entail a
detailed study of the chemistry of the fluid atfeliént stages of ontogeny and protein

composition.

Mutvei et al. (1985) and Dauphiet al (1989) studied a range of abalone species and
demonstrated that the prismatic layers consistetagfonite or calcite, or both minerals in
different proportions. Why do the prisms of abal@tells have different mineralogy?
Whether the proportion of aragonite and calciteslated with the environments, such as
trace elements, salinity, and temperature requit@ér investigation. The Mg/Ca ratio and
temperature influence the calcium carbonate minta forms from seawater (Morse et
al., 2007). Calcite and aragonite seas may ingtiplay a primary role in determining
carbonate skeletal mineralogy and little effectafter carbonate skeletons have evolved
(Porter, 2010). Thus, the selection of crystal payph or the ‘calcite-aragonite’ problem
(Mann, 2001) is still unresolved at present. Anialys the shell chemistry of the three
speciesKl. asinina. H. rufescensndH. giganted may reveal a relationship between trace
elements and the polymorph switch. Whether or m@taroportion of aragonite and calcite

is related to the mechanical properties of thenpaitic layer should be investigated.

Aperture infill brings research into molluscs ib@ domain of material science. The infill
has different proportions of prismatic and nacretayers compared to the shell, and
contains different crystallographic orientationpmnsmatic layer. It would be interesting to

measure the mechanical property of aperture irddimpared with shell nacre which has
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excellent properties of stiffness, strength andjhmess (Curry, 1977; Jacksenal, 1988;
Wanget al, 1995).
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