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Abstract

Abstract

The structure of mollusc shells is of major interest in the field of biomineral research due
to its potential application in bionic materials. In order to understand the physical/chemical
background of their outstanding biomechanical properties, in this study topological and
material features were revealed using several morphological, crystal orientational and

spectroscopic methods.

Three shells from different habitats were selected as the main experimental subjects: a
bivalve named Pinctada fucata from South China Sea, another bivalve named Anodonta cygnea
from the Volga River in Russia and a gastropod Phorcus turbinatus from the Mediterranean

Sea on the coast of France.

By applying scanning electron microscope, the structures of the shells were studied in
detail. By using electron backscatter diffraction and Raman spectroscopy, the variation of the
crystal orientation in different crystallites was investigated comprehensively. Furthermore,
microprobe and electron microscopy provided insight into the compositional and

morphological differences between the three species.

Shells of the three species have similar mesoscopic structure, which consists of two types
of layers: nacreous layer and prismatic layer. From the crystallographic arrangement, such as
the distribution of domain structure and mesoscale twining, differences of nacreous layers in
three species were compared. Based on differences in compositions, mesostructures and
crystallographic features, the structural information of prismatic layers is enhanced. Finally, the
transition between two layers and possible growth modes have been discussed in this work.

In the three species, the inner part of the shell is an aragonitic nacreous layer composed of
nacre tablets in ‘brick-and-mortar’ arrangement. The c-axis of aragonite crystallites of the three
species has identical orientation, the a- or b-axis is however arranged in different domain
structures. Cross sections of all investigated species show experimental evidence that the
aragonite particles with similar crystallographic orientation grow through several organic
boundaries forming larger clusters. Besides, the nacreous layers from the three species show

different degrees of co-orientation and different distribution of mesoscale twinning.

The prismatic layers of the three species contain compact prisms with their elongated axes
often perpendicular to the surface of the shell. They do however possess different
microstructures. In Pinctada fucata, each prism is an assemblage of highly co-oriented calcite
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crystallites. This high degree of co-orientation bundles the c-axis of crystallites within each
prism mainly along one direction with a small dispersion. Different calcitic prisms can still have
different orientations of their c-axis. In contrast, the prisms of Anodonta cygnea and Phorcus
turbinatus are assembled by aragonite crystallites and within each prism, there is a high amount
of mesoscale twinning. Although the aragonite crystallites from the two species are arranged in
granular and pinnate textures, respectively, the c-axis of crystallites in aragonitic prisms align
also in mainly one direction with a larger degree of dispersion. The a- and b-axes are less co-
oriented and grouped in domains when compared with Pinctada fucata. Besides, considerable
amount of organic matter can be found between the prisms of Pinctada fucata and Anodonta
cygnea, but less in Phorcus turbinatus.

The interfacial area where prismatic layer transits to nacreous layer has also
distinguishable features among the three species. In Pinctada fucata, between nacreous and
prismatic layers there occurs a layer of organic matter, which cannot be seen in the same order
of magnitude in the other two species. The transformation range from calcitic prisms to nacre
has a sharp boundary in Pinctada fucata. In Anodonta cygnea, the orientation of aragonitic

nacre tablets is partly inherited from the fibrous crystallites in the aragonitic prisms.

It is shown in the study that electron backscatter diffraction combined with scanning
electron microscope is a powerful tool to resolve the microstructure of biominerals. The
application of Raman spectroscopy for the orientational study of biominerals has also been
proved to be a promising new technique, although further studies are needed. At last, the

relationship between the habitats and the microstructures have been discussed.
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Zusammenfassung

Die Struktur von Molluskenschalen ist fir potentielle Anwendungen in bionischen
Materialien von grof®m Interesse auf dem Gebiet der Biomineralforschung. Um den
physikalisch-chemischen Hintergrund ihrer biomechanischen Eigenschaften zu verstehen,
wurden in dieser Arbeit topologische und Materialcharakteristika unter Verwendung

verschiedener morphologischer, kristallographischer und spektroskopischer Methoden studiert.

Drei Schalen aus verschiedenen Habitaten wurden als Hauptversuchsobjekte ausgewéhlt:
eine Salzwassermuschel aus dem Sidchinesischen Meer (Pinctada fucata), eine
SUwassermuschel aus der Wolga in Russland (Anodonta cygnea) und ein Gastropode (Phorcus

turbinatus) von der franz&ischen Mittelmeerk Cste.

Mit dem Rasterelektronenmikroskop wurden die Strukturen der Schalen detailliert
untersucht. Mittels Elektronenrickstreubeugung und Ramanspektroskopie wurde die
Kristallorientierung der verschiedenen Kristallite umfassend untersucht. Dartber hinaus hat die
Elektronenstrahlmikrosonde und die Elektronenmikroskopie einen Einblick in die

kompositorischen und morphologischen Unterschiede zwischen den drei Arten erm&glicht.

Die Schalen der drei Arten haben eine &nliche mesoskopische Struktur, die aus zwei
unterschiedlichen Schichten besteht: eine prismatische Schicht und eine Perlmuttschicht.
Mittels Gesichtspunkten der kristallographischen Anordnung, der r&mlichen der
Doménenstruktur und der mesoskaligen Verzwilligung, wurden die Perlmuttschichten dreier
Spezies im Detail verglichen. Basierend auf Unterschieden in Zusammensetzung, der
mesostrukturen und der kristallographischen Merkmale wurden neue Informationen Uber die
prismatischen Schichten der drei Spezies gewonnen. Dariber hinaus wird der Ubergang

zwischen den Schichten und ihr mcglicher Wachstumsmodus in dieser Arbeit diskutiert.

Bei allen drei Spezies ist der innere Teil der Schale eine aragonitische Perlmuttschicht, die
eine ‘Backstein-Md&tel-Komposition’ aufweist, jedoch in unterschiedlichen Mustern
ausgepréagt ist. Die c-Achse der Aragonitkristallite ist bei allen drei Spezies identisch orientiert,
die a- oder b-Achse weist jedoch verschiedene Doménenstrukturen auf. Die Querschnitte aller
untersuchten Spezies zeigen experimentell, dass die Aragonitpartikel mit der selben
kristallographischen Orientierung durch mehrere organische Grenzen wachsen und dadurch

grdZre Cluster bilden. Auf®rdem weisen die Perlmuttschichten der drei Arten unterschiedliche
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Grade der Koorientierung und unterschiedliche Verteilungen der mesoskaligen
Zwillingsbildung auf.

Die prismatischen Schichten der drei Spezies enthalten kompakte Prismen, deren l&ngliche
Tracht oft senkrecht zur Oberfl&he der Schale stehen. Sie besitzen jedoch unterschiedliche
Mikrostrukturen. In Pinctada fucata besteht jedes Prisma aus einer Ansammlung
hochkoordinierter Calcitkristallite. Dieser hohe Koorientierungsgrad bindelt die c-Achse von
Kristalliten in jedem Prisma haupts&hlich entlang einer Richtung bei nur geringer Streuung.
Unterschiedliche calcitische Prismen k&inen jedoch unterschiedliche Orientierungen ihrer c-
Achse aufweisen. Im Gegensatz dazu werden die Prismen von Anodonta cygnea und Phorcus
turbinatus aus Aragonit-Kristalliten gebildet und in jedem Prisma tritt mesoskalige
Zwillingsbildung h&ufig auf. Obwohl die Aragonitkristallite der beiden Spezies in k&nigen und
gefiederten Strukturen angeordnet sind, richtet sich die c-Achse der Kristallite in den
aragonitischen Prismen primé entlang einer Richtung mit einem grd%ren Dispersionsgrad aus.
Die a- und b-Achsen sind im Vergleich zu Pinctada fucata weniger koorientiert und in
Doméoen gruppiert. Auf®rdem k&inen organische Substanzen zwischen den Prismen von

Pinctada fucata und Anodonta cygnea beobachtet werden, jedoch kaum in Phorcus turbinatus.

Der Ubergangsbereich zwischen prismatischer und perlmuttartiger Schicht weist in beiden
drei Spezies ebenfalls Unterschiede auf. In Pinctada fucata tritt zwischen den Perlmutt- und
prismatischen Schichten ein Bereich organischer Substanz auf, die bei den beiden anderen
Arten nicht in der gleichen Grd%nordnung gefunden wird. Die Umwandlungsregion von
calcitischen Prismen zu Perlmutt weist in Pinctada fucata eine scharfe Grenze auf. In Anodonta
cygnea wird die Orientierung der aragonitischen Perlmutt-Segmente zum Teil von den

faserigen Kristalliten der aragonitischen Prismen Ubernommen.

In der Studie wurde nachgewiesen, dass die Elektronenrtckstreubeugung in Kombination
mit dem Rasterelektronenmikroskop ein leistungsféniges Werkzeug zur Aufl&ung der
Mikrostruktur von Biomineralen ist. Die Anwendung der Raman-Spektroskopie hat sich fir die
Orientierungsuntersuchung von Biomineralen ebenfalls als sehr vielversprechende Technik
erwiesen. Basierend auf den morphologischen und orientierungsabh&ngigen Analysen werden
mdyliche Wachstumsmodelle von Schalen und die Beziehung zwischen Habitaten und

Mikrostrukturen diskutiert.
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Introduction

1 Introduction

1.1 Biominerals and biomineralization

From bacteria (e.g. Magnetospirillum magneticum) (Fdez-Gubieda et al., 2013) to
molluscs (e.g. Haliotis rufescens) (Péez-Huerta et al., 2011), echinoderms (e.g. Ophiocoma
wendtii) (Aizenberg et al., 2001) and mammals, from the calcium oxalate in plants (Monje and
Baran, 2002) to the hydroxyapatite in animals (Bismayer et al., 2005), different living species
produce different minerals. These minerals produced in organisms, often comprise both,
inorganic crystallites and organic matrices. Since they differ from their abiogenetic equivalent
in terms of shape, structure, trace elements and organic content, they are called biominerals.
Fig. 1.1 shows the different morphologies of an aragonitic pearl and an aragonite single-crystal

of geological origin.

Fig. 1.1 Morphologies of an aragonitic pearl (a) and an abiogenetic single-crystal of aragonite (b)

Biominerals exist in or outside living species as skeletons, teeth, thorns or shells. Their
function in living species is mainly to uphold, move, digest and protect, including other

gravitational, magnetic or optical sensors.

Distinguished from abiogenetic minerals, biominerals are formed under controlled
conditions. Under biological conditions, the growth of biominerals in organisms always
involves organic material, which finally occurs in the mineral composition. The assemblage of

organic and inorganic from nanoscopic to macroscopic dimension creates a precise and well-
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organized hierarchical structure. The complex process of such a biologically controlled

mineralization is called biomineralization.

The well-organized organic-inorganic hierarchical structure makes biominerals’
mechanical properties superior to their abiogenic equivalent minerals (Ji and Li, 2014; Liang
et al., 2016; Li et al., 2017). For example, the pearl shown in Fig. 1.1 composed by 95% of
aragonite crystallites is much more fracture-resistant than a single-crystal of aragonite (Smith
et al., 1999). The key to learning these superb properties exists in the understanding of their

microstructures.

1.1.1 Species of biominerals

More than 60 biomineral types have been found so far in organisms. They consist of more
than 25 chemical elements such as hydrogen, carbon, oxygen, magnesium, silicon, phosphor,
sulphur, calcium, manganese, iron and more. Calcium is the most widely distributed element
and carbonates are the most common biominerals. The exoskeletons of invertebrates are often
made of calcium carbonates, and the endoskeletons of vertebrates are often made of calcium
phosphates. Other trace elements can be also found in biominerals. For example, strontium and
barium are mineralized as intracellular sulphate in some algae (Bertini, 2007). Table 1.1 shows

various types of biominerals formed in different organisms and their locations.

Table 1.1 The main biomineral types

biomineral formula example of location
calcite shells of foraminifera (Theodor et al., 2016)
. aragonite core of corals (Cusack et al., 2008)
calcium
carbonate CaCo;
vaterite spicules of ascidian (Pokroy et al., 2015)
amorphous cuticle of crustaceans (Raz et al., 2002)

scales of fish (Huang et al., 2011)
hydroxyapatite  Cai0(PO)s(OH)2  human teeth and bones (Driessens and Verbeeck,

calcium 1990)
phosphate
tacalci .
octacaiclim CagH2(PQO4)s bones of mice (Crane et al., 2006)
phosphate
. whewellite CaC,04 H:0
calcium .
oxalate kidney stones of human (Daudon et al., 2009)
weddellite CaC,04 2H,0
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silica SiO; nH,0

teeth of limpets (Mann et al., 1986)
goethite a-FeOOH
magnetite Fes04

teeth of chitons (Weaver et al., 2010)
iron phosphate FePO4

1.1.2 Biominerals and organic matrix in molluscs

The organic matrix of biominerals refers to localized organic composites including
proteins, phospholipid, collagen, carbohydrate, etc. The organic matrix is a minor part of
biominerals but plays a very important role during growth and for material properties.

In the seventies, the shells of bivalve animals were often treated with
ethylenediaminetetraacetic acid (EDTA) to remove inorganic compositions mildly without
destroying the structure of the organic matrix (Crenshaw, 1972). Since then the study of organic
matrix in mollusc shells has been a new focus in biomineralization. However, to date the
organic matrix has not received sufficient qualitative attention. The detailed structure of the
organic matrix, the amino acid sequence and its functions still require further work. However,
according to EDTA studies, some data are known. The organic matrix weighs less than 5 wt. %
and can be divided into two general groups: the insoluble matrix (IM) and the soluble matrix
(SM) (Weiner and Addadi, 1997; Marxen et al., 1998). The IM, which consists of chitin, silk
proteins and other hydrophobic molecules, is the dominant part of the organic matrix. The
prominent compositions of the SM are glycoproteins, phosphoprotein and sulphated
polysaccharide, which are the main regulators of the biomineralization process (Sikes and
Wheeler, 1988)

The regulation or control of the biomineralization process by the organic matrix has been
discussed in several previous studies. The first important role of organic matrix lies in
regulating the shapes of biominerals. In the geological process, calcite crystallites tend to take
the forms of rhombohedra or prismatic shape with scalenohedral faces; the (104)-plane is the
most stable surface of calcite; the aragonite crystallites usually form a columnar or acicular
shape and the (010)-plane is the most stable surface (de Leeuw and Parker, 1998). In contrast
to geological crystals, the shapes of biominerals can differ drastically from geological minerals.
Fig. 1.2 shows the cross section of the calcitic prismatic layer in Atrina pecrinata shell (Suzuki
et al. 1981) and the aragonitic nacreous layer in Margaritifera margaritifera (Liao et al., 2000).
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Both layers had been decalcified with EDTA and the organic frameworks are exposed and
examined under scanning electron microscope (SEM). In Fig. 1.2a, the framework shows that
calcite crystallites form polygonal columns, which are separated by organic walls. Fig. 1.2b
shows that aragonite crystallites form lamellae separated by organic sheets. Both biominerals
have composite structures and their shapes of crystallites clearly distinguish themselves from

geological calcite or aragonite.

-

o

i3 5‘.

-
L T

Fig. 1.2 (a) SEM image of the interprismatic organic matrix of calcitic prisms of Atrina pectinata (Suzuki and
Uozumi, 1981). (b) SEM image of the interlamellar organic matrix of aragonitic nacre of Margaritifera

margaritifera (Liao et al., 2000).

The second role of the organic matrix in biomineralization lies in the selective nucleation
of different calcium carbonate polymorphs. Several in vitro studies have shown that calcium
carbonate will deposit in different mineral phases when different organic matrices are added to
the saturated solution (Belcher et al., 1996; Falini et al., 1996). When SM is extracted from an
aragonitic shell and added to the solution with a substrate of chitin and silk fibroin, aragonite

10
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crystallizes at room temperature and when SM from the calcitic shell layer is induced jointly
with a substrate of IM, calcite is formed. However, when there is no IM substrate in the solution,
no aragonite is formed regardless of the SM from aragonitic or calcitic shell layers. The results
show that in mollusc shells, both IM and SM contribute to the crystallization of different
polymorphs and SM is the main determinant. Hence, one or more macromolecules are involved
in the polymorphic determination, but the exact composite that induces the determination needs

greater isolation and characterization.

Furthermore, the organic matrix may also affect the co-orientation of crystallites. The
consistent orientation of one or more crystallographic axes has been found in many biominerals.
For example, the c-axis of calcite crystallites in the herringbone units of the red coral Corallium
rubrum is arranged in two main directions (Vielzeuf et al., 2010), and the c-axis of calcite
crystallites in the spine of sea urchin Paracentrotus lividus is co-orientated along the long axis
of the spine. Several previous studies have brought up theories about this co-orientation
phenomenon. After studying the structure of macromolecules extracted from molluscs, it was
proposed that calcium ions are regularly bound to the IM surface (Weiner et al., 1984), which
adopts the antiparallel B-chitin conformation and contains acidic proteins. The chitin fibres and
the protein polypeptide chains are oriented perpendicular to each other and parallel to the a-
and b-axis of aragonite. Thus, they form the template for the growth of co-oriented aragonite
crystallites. Fig. 1.3 shows an illustration of the possible mode of calcium binding to the surface
of B-sheet containing aspartic acid. In vitro studies have also shown that calcium carbonate can
deposit in preferred orientations of the crystallographic axis on Langmuir-Blodgett films,
which contain one or more monolayers of small organic molecules (Heywood and Mann, 1994;
Litvin et al., 1997). Considering the results, how animals control nucleation, crystallization and

preferred crystal orientation is a complex process that requires further understanding.

IAsp! X 'Asp! nx069nm 1Aspt X 1Aspi

~069nm—

Fig. 1.3 Schematic illustration of possible modes of calcium binding to the surface of a 3-sheet containing aspartic

acid residues. The calcium ions are bonded to 2 or 3 aspartic acid residues (Weiner et al., 1984).

11
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1.1.3 Studies of biominerals based on EBSD and Raman spectroscopy

Approaches to study the material features of biominerals developed rapidly during the last
decades. The morphology of biominerals from macroscopic to nanoscopic scale has been
investigated using optical microscope, scanning electron microscope, atomic force microscope
(AFM) and transmission electron microscopy (TEM). By applying X-ray powder diffraction
(XRD), electron microprobe, nuclear magnetic resonance (NMR) and gas chromatography—
mass spectrometry (GC-MS), the chemical compositions of biominerals have been studied from
both, organic and inorganic constituents. Because of the development of sensitive local
techniques in the last two decades, more advanced technologies have been applied to the study

of biominerals, such as electron backscatter diffraction (EBSD) and Raman spectroscopy.

In material sciences, EBSD was at first widely used in analysing the textures of metals and
ceramics. Using it in combination with SEM, scientists studied crystallographic and
morphologic information on the same surface simultaneously. With the help of EBSD, the grain
morphology, orientation and boundaries can be revealed, which are critical to the mechanical
properties of polycrystalline materials. EBSD was first applied to biominerals in 2003 (Ozaki
and Kogure, 2003) to study the coccoliths of marine unicellular algae (Pleurochrysis carterae).
Fig. 1.4a shows the mesostructure of coccolith. The ring-shaped coccolith is composed of tens
of submicron-sized calcite particles. The long and short arrows in Fig. 1.4a indicate directions
of the a- and c-axis of calcite, respectively. The first EBSD study on mollusc shells was
conducted in 2004. Results showed that the calcite crystallites in the fibrous layer of a
brachiopod shell (Megerlia truncata) have a preferred orientation (Schmahl et al., 2004). In
2007, EBSD experiments were first processed on the calcitic foliated layer of bivalve shells
(Checa et al., 2007). The foliated layer, which consists of elongated blade-like crystallites and
is unlike the common nacreous and prismatic layer, only exists in certain species. Fig. 1.4b
shows the pole figures generated from EBSD measurements of calcite crystallites in a folium.
The results show that the c-axis of calcite crystallites in both species has preferred orientations
which form certain angles with the growth direction of the folia (black double arrows in Fig.
1.4b). Similar preferred orientation of aragonite crystallites in the corals has been reported in
2008 (Cusack et al., 2008). Fig. 1.4c shows the cross section of the core of the coral Porites
lutea. The c-axis of most aragonite crystallites is parallel to the long axes of the fibres and
radiates from the centre of calcification (COC), except that there is a circular microboring (red
colour in Fig. 1.4c), which exhibits c-axis orientation perpendicular to the analysis surface.

Besides the preferred orientation of certain crystallographic axes, in 2011 another significant

12
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structure in biominerals was characterized as ‘mesoscale twinning’ (Floquet and Vielzeuf,
2011). A mesocrystal is defined as an assembly of nano- or micrometre-sized crystalline units.
A mesotwin is to a twin what a ‘mesocrystal’ is to a crystal—an analogue with defects. Fig.
1.4d shows a cross-shaped sclerite and its pole figures generated by EBSD experiments. The
distinguished colours in the sclerite and two groups of poles in Fig. 1.4d confirm that the calcitic
sclerite is composed of two adjacent sectors with the c-axis at an angle of about 90 =from each
other. The overlapping (104) indicates that the two adjacent sectors have a ‘twinning’
relationship. However, the imperfect twinning interface and the polycrystalline character of the
two ‘twins’ may prevent the use of the term ‘twin’ in the strict sense. The term ‘mesotwinning’

was therefore adopted to describe the twinning structure of biominerals.

Ostrea edulis

Placuna placenta

Jit,  coc

Micro-

PRorng B Arégonite

]
7 fibres

Fig. 1.4 Crystal orientation studies of biominerals based on the EBSD method. (a) First application of EBSD to
biominerals shows that the a-axis of calcite crystallites are approximately parallel to the base plane and the c-axis
stand by 50 ~ 60<=from the basal plane (Ozaki and Kogure, 2003). (b) First application of EBSD to bivalves

showing that the c-axis and {104} of calcite crystallites have preferred orientation. The c-axis tilts backwards and
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the {104} faces forwards to the growth direction (black arrows) (Checa et al., 2007). (c) First EBSD applications
to aragonite crystallites of Porites coral showing a preferred orientation of the c-axis along the fibre axis (Cusack
et al., 2008). (d) Schematic arrangement of calcite crystallites in the sclerite of Corallium rubrum showing

mesoscale twinning where each of the ‘twins’ is polycrystalline (Floquet and Vielzeuf, 2011).

Previous studies of preferred orientation and twinning structures have revealed that the
controlled growth of biominerals differs from the abiogenic minerals not only in morphology
but also in crystallographic orientation. With the development of EBSD technology, we can
obtain the crystal orientation information of biominerals at the scale of 0.1 um at present.
However, EBSD studies still have to deal with several problems. First, EBSD measurements
require highly polished surfaces with minimum mechanical deformation of the samples. It
requires strict mechanical and chemical polishing processes (see Chapter 2.3), which make in
situ tests difficult to proceed. Second, the minor but critical organic component cannot acquire
diffraction under SEM. Finally, the studies of EBSD on biominerals are still limited. The
majority of earlier studies were processed with low resolution or in a limited local area, possibly

omitting secondary or superior structures.

To counteract the weaknesses of EBSD measurements, Raman spectroscopy was
introduced into the research of biominerals. As a traditional non-destructive technique in
condensed matter physics and chemistry, Raman spectroscopy is a rather new technique applied
to biominerals as opposed to infrared spectroscopy. It can be in-situ processed on the surface,
and more importantly, organic and inorganic components can be examined at the same time.
Studies on biominerals with the help of Raman spectroscopy date back to late 1980s and early
1990s (Urmos et al., 1986; Unvros et al., 1991). Corals and pearls were characterized by
different calcium carbonate polymorphs and compared with synthetic calcite and aragonite.
Raman spectroscopy mapping was first carried out on the biominerals of plant Equisetum
hyemale (Gierlinger et al., 2008). On the cross section of different regions, spectral maps show
different distributions of hemicelluloses, pectin and silica (see Fig. 1.5a). The Raman
spectroscopy imaging technique was applied to molluscs in 2010 (Weaver et al., 2010). The
line scanning result shows that from the core to the shell region of a chiton tooth occurs a
transition from magnetite to iron phosphate (see Fig. 1.5b). Later, three different polymorphs
of calcium carbonates, calcite, aragonite and vaterite were imaged by Raman spectroscopy in a
chondrophore area of the bivalve shell Laternula elliptica (Nehrke et al., 2012). However, the

use of Raman spectroscopy to study the preferred orientation of biominerals has rarely been
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practised. Even until 2011 (Nehrke and Nouet, 2011), unpolarized Raman spectroscopy had
been used to describe the distribution of aragonite crystallites with two distinguishable
orientations together with calcite and organic compositions in a cross section of the gastropod
shell Nerita undata (see Fig. 1.5d). With the introduction of polarizers, different vibrational
modes in different minerals can be distinguished by using Raman spectroscopy. Based on the
polarization features, several studies attempted to explain the theory of using polarized Raman
spectroscopy to recognize different crystallographic phases and orientations (Lu, 2009; Munisso
et al., 2009; Yang et al., 2010; Carteret et al., 2013; ZHANG and GONG, 2013; De La Pierre
et al.,, 2014) . In this work, mappings under both, polarized and unpolarized Raman
spectroscopy was done as an attempt to establish a new way to evaluate crystallographic

orientations in biominerals (for details, see Chapter 2.4).

silica
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Fig. 1.5 Applications of Raman spectroscopy imaging technique to biominerals. (a) An early Raman spectroscopy
mapping operated on the biominerals of Equisetum hyemale. It shows the distribution of hemicelluloses (red),
pectin (green) and silica (blue) in the cross section of a plant (Gierlinger et al., 2008). (b) A line scanning, which
first took place on molluscs, shows a transition of two mineral phases in the teeth of a chiton (Weaver et al., 2010).
(c) Raman spectroscopy mapping shows the distribution of calcite (green), aragonite (red) and vaterite (blue) in
the chondrophore area of a bivalve shell (Nehrke et al., 2012). (d) Unpolarized Raman spectroscopy mapping
reveals two distinguishable orientations (black and blue) of aragonite crystallites in a gastropod shell Nerita undata
(Nehrke and Nouet, 2011).

15



COMPARISON OF THE MICROSTRUCTURE OF THE BIVALVE SHELLS PINCTADA FUCATA AND
ANODONTA CYGNEA AND THE GASTROPOD SHELL PHORCUS TURBINATUS

1.2 Molluscs

1.2 Molluscs

Mollusca is the second-largest animal phylum after insects, and it is also the largest marine
phylum. Molluscs are known for their ability to produce shells. The estimated number of the
described mollusc species ranges from 34,000 (Boss, 1971) to 120,000 (Ponder et al., 2002).
Including undescribed species, there are in total between 47,000 (Boss, 1971) and 200,000
(Chapman, 2009) mollusc species. Most of molluscs share certain common features: a soft body
without endoskeleton; a mantle with a cavity which may secrete calcareous shells; the body is
not segmented but can be divided into radula (a functioning structure for feeding), muscular
foot, visceral mass and other parts. Molluscs of different classes have various morphologies,
behaviours and habitats. The phylum can be divided into 9-10 taxonomic classes, including two
extinct ones, depending on different definitions. Eight living classes (Haszprunar, 2001) are

listed as follows:

Gastropoda (snails, slugs, limpets and their kin),

Bivalvia (mussels, clams, oysters, scallops and their kin),

Cephalopoda (squids, octopuses, nautiluses and their kin),

Scaphopoda (tusk shells),

Solenogastres,

Caudofoveata (often combined with Solenogastres as Aplacophoran, shell-less class),
Monoplacophora,

O N o g B~ wDd e

Polyplacophora (chitons and their kin).

Of the eight classes, Gastropoda is the most abundant as it includes about 80% of the total
mollusc species. Except for gastropods, the study of biomineralization also focuses on bivalves,
cephalopods and chitons. In this thesis, the measurements and discussion will focus on the

comparison of selected species from Bivalvia and Gastropoda.

1.2.1 Bivalvia
The Bivalvia class contains about 7,500 species including animals with two shell valves
(Gosling, 2008). This class of species has acquired a wide interest chiefly because it is eaten by

humans in large amounts, as well as the economic value of producing pearls.

Members of this class are diverse and abundant. Mostly aquatic, bivalves are found in
freshwater, estuarine water and marine environment. They survive at all depths and latitudes,

though none of them is planktonic. There are no terrestrial species, though some are able to
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tolerate drought situations. Most bivalves are infaunal burrowers. In order to move rapidly into
sediments, the shells of some species: For example, Ensis ensis are laterally compressed. The
edge of the mantle may also have evolved into long siphons in order to feed or breathe, while
the body is generally buried in sand, mud or other substrates. Byssally attached species rank
second. Some bivalves, such as Mytilus edulis, can secrete byssus from their muscular feet to
be attached to hard substrates. Boring, nestling, cementing, swimming and reclining are other

forms of locomotion attachments of bivalves (Stanley, 1970; Morton, 1996).

The taxonomy of bivalves is based on gills, stomachs, labial palps, shell structures and
other characteristics. The class can be divided into six major subclasses gives below (Newell,
1965):

1. Pteriomorphia, a subclass that possesses mostly duplivincular grade of ligament,
epifaunal habit and throughout life byssus,

2. Palaeoheterodonta, a subclass that has free or incompletely fused mantle margin, a
parivincular ligament,

3. Palaeotaxodonta, a compact subclass characterized by a primitive taxodont hinge and
protobranch ctenidia,

4. Cryptodonta, a not well understood, thin-shelled subclass without well-developed
hinge,

5. Heterodonta, a subclass that possesses no nacres and more or less fused, siphonate
mantle margins,

6. Anomalodesmata, a siphonate burrowing form with prismatic-nacreous shells,
possessing an internal resilium, chondrophores and a lithodesma.

Different subclasses of bivalves differ from each other in shapes and sizes. Nonetheless,
all of them have two mantle lobes that secrete two shell valves, hinged dorsally by a flexible
ligament, covering the organ mass (Gosling, 2008) (see the transverse and longitudinal section
of a bivalve in Fig. 1.6). The shell opens and closes the two valves by using two muscles—
anterior and posterior adductors. There is a wedge-shaped muscular foot in the cavity formed
by the mantle for the purpose of locomotion. Other than containing the organs, the cavity could

also be used for brooding, respiration and locomotion (for example the scallops).
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Fig. 1.6 Illustrations of the structure of a bivalve from transverse and longitudinal view. (a) Transverse section

shows the position of mantle, foot and gills. (b) Longitudinal section shows the major organs (Gosling, 2008).

The mantle (also known as pallium) is a significant thin tissue related to biomineralization.
The margin of mantle is attached to the open edge of shell valves and is thrown into three folds
(see Fig. 1.7). The one next to the shell is considered with the secretion of the periostracum
layer and outer shell layer (C fold in Fig. 1.7); a middle one has a sensory function (B fold in
Fig. 1.7); and an inner muscular fold controls the water flow in the mantle cavity (A fold in Fig.
1.7) (Yonge, 1982; Gosling, 2008). Between the outer surface of the mantle and the shell is a
minute space filled with extrapallial fluid (see Fig. 1.7), which contains the essential

compositions for calcification.
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Fig. 1.7 Schematic illustration showing the mantle margin of a bivalve in transverse view. (a) Inner fold of the
margin that controls the water flow in the cavity. (b) A middle fold has a sensory function. (c) An outer fold
secretes periostracum and the outer shell layer. PI: pallial line. It separates the shell area where the margin is
attached and the area where there is extrapallial fluid existing between the mantle and the shell. Pg: periostracal
groove, where periostracum is secreted (Yonge, 1982).

1.2.2 Gastropoda

With more than 80,000 species (Bouchet et al., 2005), gastropods are the largest group of
the phylum mollusc. The class includes snails, slugs, limpets, conches and other common names.
Several species, such as abalone, river snails and limpets are consumed by people as food. The
shells of some species, such as the abalone shells, are used as parts of jewelleries or decorations
like inlays in furniture and buildings.

Used by George Baron Cuvier, the word ‘gastropod’ derives from the Greek words for
stomach and foot (Chase, 2002). Molluscs belonging to this class appear to crawl ventrally on
their ‘bellies’, which in humans generally contains internal organs. However, it is not

anatomically comparable since the digestive organs of gastropods are mostly situated dorsally.

Different from bivalves, gastropods are diversely distributed in freshwater, marine and
terrestrial habitats (Vermeij and Signor, 1992; Strong et al., 2008). They are found at all
altitudes and depths, including planktonic swimmers. The great majority of gastropods move
by crawling with the contraction of their muscular foot or the beating of cilia (Chase, 2002).

Other than crawling, a remodelling of the foot into paddles or wings also allows some shell-
less species to swim.
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Based on morphological characteristics, gastropoda can be divided into three subclasses:

prosobranchia, opisthobranchia and pulmonata (Chase, 2002). However, more developed

anatomical and molecular characteristics have given new insights into the taxonomy of

gastropods. Many points in the traditional classification are controversial. Based on old

classifications and new cladistics studies, a recent classification of living gastropods is as
follows (Bouchet et al., 2017):

1.

Patellogastropoda, known as true limpets, a major marine subclass with flattened cap-
shape shells,

Neophaliones, a new deep-sea subclass with only two orders,

Vetigastropoda, a subclass characterized by having intersected crossed platy shell
structure (Hedegaard, 1997), ctenidial sense organs (so-called bursicles), epipodial
sense organs and the special structure of the ocsophagus,

Neritimorpha, a diverse subclass characterized by concatenated genome sequences
evolved with snails, slug- and limpet-like gastropods in different living habitats,
Caenogastropoda, a large and diverse subclass that comprises about 60% of living
gastropod species. They have aragonitic crossed-lamellar shells (Bandel, 1990),
multispiral and orthostrophic protoconchs and a heart with a single auricle (Ponder et
al., 2008),

Heterobranchia, a subclass with heterostrophic protoconchs and columella lamellae
(Haszprunar, 1985).

Due to the diversity of this class, it is hard to define overall characteristic features of

morphology. Nonetheless, the only common feature of the gastropoda class is their body torsion

(Bandel, 1997). Torsion is a process that happens at the larva (veliger) stage before the

gastropods become juvenile. Fig 1.8 shows the process of torsion and the terms of the soft parts

of a gastropod from dorsal and lateral views.
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Fig 1.8 Illustrated process of torsion in gastropods (Prothero, 2013). (a) Dorsal view of a hypothetical untorted
gastropod and gastropods after torsion. The mantle cavity, gills, anus and nephridiopores move from a posterior

to an anterior position. (b) Lateral view of a veliger larva before and after torsion.

After the torsion is completed, the visceral mass is placed in the mantle cavity over the
head. The nerve cord is twisted, the positions of the left and right gills are reversed and the anus

is located from the posterior position to the anterior position.

When the larva becomes juvenile, the mantle of species with shells starts to secret
teleoconch after the protoconch, which is the primitive part of the whole shell and has a
sculpture different from the teleoconch. The forms of gastropod shells vary largely from species
to species. The most common form of a gastropod shell is a cone coiling around an axis in a
corkscrew fashion. The mantle is fully or partially hidden inside the helical shell. In some
species, there is an operculum attached on the surface of the muscular foot for the animal to
close the aperture when they retract the outer body into the shell. The operculum is either

corneous or calcareous. Fig 1.9 shows a structure of a gastropod shell.
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Fig 1.9 Structure of a dextral gastropod shell. The apex is usually the protoconch or abraded. Sutures are the places
where two whorls joined. The columella is the central pillar in a coiled shell formed by the fusion of the inner

walls of the whorls. The columella could be a solid or hollow structure depending on the species (Prothero, 2013).
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Calcium carbonate is one of the most abundant minerals of the earth crust. It has in addition
only been found on Mars (Boynton et al., 2009). Carbonates are generally products of aqueous
processes, and are closely related to the global deep carbon circle (Park et al., 1996) and
activities of living species (Spero et al., 1997). Thus, they have been extensively studied in

various fields, including geochemistry, biology and mineralogy.

Calcium carbonates are compounds with the general formula of CaCOs. The carbonate
group is trigonal planar with carbon lying at the centre and three oxygen atoms at the corners
of the triangle (DeVol et al., 2014). In nature occur three anhydrous polymorphs of calcium
carbonate forms: calcite, aragonite and vaterite; two hydrated modifications: calcium carbonate
monohydrate and calcium carbonate hexahydrate; and amorphous calcium carbonate (Peri¢ et
al., 1996). Among the polymorphs, only calcite and aragonite are thermodynamically stable
(Mann, 2001). Vaterite is a metastable form of calcium carbonate and changes into calcite
irreversibly at a temperature of 730K (Peri¢ et al., 1996). It is found in limitedly quantity in
natural environment and mainly in biominerals (Lowenstam and Abbott, 1975; Gauldie et al.,
1997; Berland et al., 2013). Monohydrocalcite is also less stable and has been found in
biominerals (Lowenstam, 1989; Seforale-Pose et al., 2008). Calcium carbonate hexahydrate,
also known as ikaite, has not yet been found in biominerals. The amorphous calcium carbonate
(ACC) observed in biominerals is considered to be the transient precursor of aragonite or calcite
(Addadi et al., 2003). In the present work, the mineralogical studies will focus on calcite and

aragonite.

1.3.1 Calcite

Calcite is the most stable polymorph of calcium carbonate (Peri¢ et al., 1996). It is a
common mineral with various forms and colours constituting the major element of many rocks.
The recognizable characteristics of calcite is its Mohs hardness of three and high maximum
birefringence of 0.174 (Oldenbourg, 2008).

In nature, calcite usually forms rhombohedral or scalenohedral crystals in tabular, acicular,
prismatic or needle-like shapes (Kirov et al., 1972). Calcite has trigonal point group and space
group R3c. The lattice parameters of calcite are a=4.9911 A, ¢=17.0622 &, 0=90°, v=120°
(Pilati et al., 1998). Fig. 1.10 shows the crystal structure of calcite. The structure consists of

alternating layers of Ca?* and CO? groups that are perpendicular to the ¢ axis. Carbonate groups
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within one layer have identical orientations and alternate layers of COZ groups are rotated by
180 “with respect to the layer above or below (Gorr, 1992). Four twinning structures of calcite
have been found on {012}, {001}, {104} and {018}, of which {012} is the most common twin
plane (Bruno et al., 2010).

Fig. 1.10 Schematic illustration of the primitive cell of calcite from two viewing directions. Figures depicted using
software VESTA.

1.3.2 Aragonite

Aragonite is not as abundant as calcite, but it is a main constituent of biominerals and
marine carbonate sediments. Under atmospheric pressures, aragonite is thermodynamically less
stable than calcite and transforms into calcite irreversibly after being heated at the temperature
of 675.9 K (Peri¢ et al., 1996). Calcite can also convert into aragonite at room temperature

under 2.94 kPa of pressure (Lippmann, 1973).

In abiogenic environment, aragonite may have fibrous, acicular, prismatic shapes or
bladed crystal with tabular terminations (Perrin et al., 2014). Aragonite belongs to the
orthorhombic system with space group of Pmcn. The lattice parameters of aragonite are
a=4.9611 A, b=7.9672 A, ¢=5.7407 A, o=p=y=90° (Pilati et al., 1998). Fig. 1.11 shows the
crystal structure of aragonite. Similar to calcite, the Ca-ions are grouped in layers perpendicular
to the c-axis. They are arranged in the so-called distorted hexagonal close packing. Nonetheless,
unlike the carbonate groups in calcite which are located in one plane, the carbonate groups in
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aragonite are non-planar. The carbon atoms lie slightly displaced out of the plane of oxygen
atoms. Besides, different carbon atoms along the c-axis do not project on top of each other (see
Fig. 1.11a right). They are displayed relative to each other along the b-axis (Schaeffer). Owing
to the distorted hexagonal close packing of Ca?*, the aragonite crystals have a very common
twinning structure along the c-axis on the (110)-plane (see Fig. 1.11c) and twinning usually
causes pseudohexagonal-shaped triplets in natural environment. The angle between two a- or
b-axes is 63.8 Zinstead of 60 °(Bragg, 1924).

@®Ca d
®C
®0

1.

Fig. 1.11 Schematic illustrations of atomic structures of aragonite and aragonite twins on {110}. (a) The primitive
cell of aragonite from two viewing directions. Figures are prepared using software VESTA. (b) Schematic structure
of an aragonite twinning on (110), viewing along the c-axis. The section between the dotted lines can serve as
origin or seed for the growth of either crystal on each side of it (Bragg, 1924).
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2.1 Samples and sample preparation

For the comparison of topological studies between different types of molluscs, three
species: Pinctada fucata, Anodonta cygnea, Phorcus turbinatus were selected based on their
different living habits and different economic importance.

Specimens of Pinctada fucata were obtained from a pearl farm in Beihai, China. Pinctada
fucata is one of the most widely cultivated species in China and Japan. The species has
important economic value in producing pearls. It belongs to the subclass of Pteriomorphia (class
Bivalvia), and lives in seawater distributed mostly between the Tropic of Cancer and the Tropic
of Capricorn in the Indo—Pacific region and is found in the shallow littoral zone (Southgate and

Lucas, 2011). Fig. 2.1 shows the morphology of Pinctada fucata on a macroscopic scale.

dorsal side ligament
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growth’
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Fig. 2.1 The terminology and morphology of a Pinctada fucata shell.

Specimens of Anodonta cygnea were chosen from the collections of Prof. Klaus Bandel
(Institute for Geology of the Universita Hamburg), collected in Astrakhan, Russia. Anodonta
cygnea belongs to the subclass of Palaeoheterodonta (class Bivalvia). It lives in fresh water
distributed commonly across Europe. Anodonta cygnea prefers wide ponds or slow-flowing
rivers with high concentration of dissolved oxygen and avoids silted water bodies with
overgrown floating vegetation (Zajac, 2002). Fig. 2.2 shows the morphology of Anodonta

cygnea.
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Fig. 2.2 The terminology and morphology of an Anodonta cygnea shell.

Specimens of Phorcus turbinatus were also chosen from the collections of Prof. Klaus
Bandel and they were collected in Banyuls, France. This species belongs to the subclass
Vetigastropoda (class Gastropoda) and lives in the Mediterranean Sea. It has been used as a
biomonitor for indication of trace metal pollution (Campanella et al., 2001; Conti and Cecchetti,
2003). Phorcus turbinatus could be found in the lower midlittoral zone. Comparing to the
Pinctada fucata living in the shallow littoral zone, Phorcus turbinatus is less exposed to a wider
range of environmental parameters, e.g. temperature, salinity and desiccation, which are caused
by tidal changes and ambient conditions (Menzies et al., 1992). Fig. 2.3 shows the mesoscopic
morphology of Phorcus turbinatus.
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Fig. 2.3 The terminology and morphology of a Phorcus turbinatus shell.
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Sample preparation for SEM

For SEM measurements, two types of surfaces were selected from the rim of shells. The
first type of surface was cut from the original inner surface as a lateral section at the posterior
or anterior end of the three shells (see red squares in figs. 2.1, 2.2 and 2.3). The second type of
surface is the cross section at the posterior or anterior end of three shells by fracturing the shells
(see blue lines in figs. 2.1, 2.2 and 2.3). Both surfaces were then cleaned in 3% peroxide for
48h and dried at room temperature. All samples remained unpolished. Samples were then
coated with carbon and photographed with a scanning electron microscope (Zeiss LEO 1455VP
SEM).

Sample preparation for EBSD and electron microprobe

For EBSD analysis, sample preparation is crucial to the results. The EBSD patterns are
generated within a small diffraction volume located at the surface of a sample with a penetration
depth less than 50-100 nm (Nowell et al., 2005) (see Chapter 2.3 for details about EBSD
technique). The EBSD pattern quality is extremely sensitive to the perfection of the
crystallographic lattice order at the surface of the sample, especially when dealing with shells,
which are thin, fragile and containing mixed organic-inorganic phases compared with
geological or metallic materials. The surface should avoid any oxidations, contaminations,
scratches and the crystallographic deformations should be reduced as much as possible. A brief

record of the preparation process is given as follows:

Lateral sections (area of 1 cm <1 cm) and cross sections (length of 1 cm) from the same
positions were selected and cut with a wire saw. All cuts were then mounted with epoxy in

small moulds and evacuated for 24 hours.

The moulded samples were then taken out and the epoxy left on the to-be-measured surface
was carefully removed by grinding with silicon carbide abrasive paper manually (size P600).
After moderate grinding, the surface was treated using a standard cleaning procedure in the
sequence of using tap water, water with neutral detergent, tap water and purified water. Samples
were then mildly dried with a hairdryer. The surface quality was controlled under the optical
microscope. After the surface was exposed, it was then grinded using silicon carbide abrasive
paper with the size P1200 automatically until a few straight scratches in one direction were left

on the surface.
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2.1 Samples and sample preparation

Since the samples were placed in the SEM sample chamber with 70 degrees to the upright
incident electron beam, the space was very limited to get optimized diffraction quality, the size
of the sample was reduced and shaped approximately to 2.5 cm long, 1.5 cm wide, and 3mm

thick by cutting, grinding and cleaning.

The polishing procedure followed after shaping the samples. First, samples were polished
automatically on a hard cloth with 3 um diamond suspension. Samples were turned into
different directions several times during polishing. During polishing, the surface was cleaned
and checked several times until there were no scratches on the surface. Since minor deformation
still remained at the surface after mechanical preparation, a Buehler VibroMet 2 vibratory
polisher with 0.05 um alumina polishing suspension was applied for three hours for final
polishing.

After being cleaned and dried from the polishing procedures, silver paste as an extra
conductive medium was pasted around the samples to minimize any drift or charging. Finally,
the samples were coated with 4 nm carbon in the Leica EM ACEG600 for half an hour.

After EBSD measurements, the samples were underwent Electron microprobe analyses at

the same positions.

Sample preparation for Raman spectroscopy

A single-crystal of pure aragonite (1.5 cm x1.5 cm <2 cm) was used as a reference. Three

faces perpendicular to the three principle axes of aragonite were cut and polished.

For the Raman spectroscopy mapping, a lateral section from the posterior area of Anodonta
cygnea shell was cut and polished (see Fig. 2.2).
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2.2 Scanning electron microscopy (SEM)

Scanning electron microscopy is a method for studying the surface topography of solid

samples by scanning the surface with an electron beam.

The electron beam is usually produced by a thermal emission source, such as a heated
tungsten filament. Electrons generated in this way are called primary electrons. They are driven
through a vertical and evacuated column and then focused by electromagnetic lenses on the
surface of a sample. When the primary electrons strike the surface, various charged particles
and photons can be generated through a wide range of interactions (see Fig. 2.4) (Stokes, 2008).
These emitted signals are related to the chemical compositions or crystal structure of the sample.
They are emitted in different angles and can be collected for morphological, chemical and

structural studies.
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Backscattered electrons BSE Secondary electrons SE

Photons of visible light '/\/\ N
VX

v

Auger electrons

-

Absorbed )
electrons (thin) Specimen .

Specimen current €=

) Inelastically scattered electrons
Elastically scattered electrons

Transmitted electrons

Fig. 2.4 Signals generated by the strike of primary electrons on the specimen (Stokes, 2008).

Secondary electrons are the principal signal for acquiring topographical information. They
mostly have weak energy lower than 10 eV and are emitted from a few nanometres of the
surface. The yield of secondary electrons increases with decreasing angle between the beam
and the sample surface. This so-called ‘edge effect’ results in a three-dimensional image of
contrast due to the uneven features of the surface (Reed, 2005). Samples of three shells were
coated with carbon and photographed using a scanning electron microscope (Zeiss LEO
1455VP SEM) at the Institute for Geology at Université Hamburg.
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2.3 Electron backscatter diffraction

Electron backscatter diffraction is a technique that gives crystallographic information

about the microstructure of a sample, and it is an extension of the SEM device.

When primary electrons strike the surface of the sample, they are scattered inelastically
from the surface after penetrating it less than 100 nm deep (Wisniewski and Rissel, 2016). Some

of the electrons are scattered through the lattice planes at angles that satisfy the Bragg equation:
ni=2dsin 6 (2.1)

where n is an integer, A is the wavelength of the electrons, d is the spacing of the diffraction

plane and 0 is the incident and scattering angle of electrons at the surface.

At the measured point, these scattered electrons form one set of paired large-angle cones
if the material is finely crystallized. Each pair of cones corresponds to one diffracting plane.
The cone pair made of scattered electrons can be collected by phosphor screen and forms two
hyperbolic lines, which are called Kikuchi band (see Fig. 2.5a). A set of Kikuchi bands is called
Kikuchi pattern or electron backscatter pattern (EBSP) (see Fig. 2.5b). Each Kikuchi band can
be indexed with Miller indices and the intersections of the Kikuchi Bands correspond to the
axes of the crystal. Based on different crystal structures and orientations of the crystal, the
angles and width in the Kikuchi pattern are characteristic. EBSD is therefore a sensitive tool

for the identification of phases and crystal orientations.

a Electron
Cone of Beam
Intense Electrons
/ Diffracting
Kikuchi Plane
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Screen | ~  Specimen

Fig. 2.5 (a) Origin of Kikuchi Band (b) A Kikuchi pattern from Cadmium at a measured point (Schwartz et al.,
2010).
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2.3 Electron backscatter diffraction

With different acceleration voltages, probe currents and materials, a state-of-art EBSD
instrument can reach a spatial resolution of 0.02 um (Schwartz et al., 2010) and an angular
resolution of 0.1°(Zaefferer, 2011). The EBSD measurements of in this work were carried out
using a SEM (JEOL JSM-6400 field emission SEM, Department of Earth- and Environmental
Sciences, University of Munich) equipped with a Nordlys EBSD detector. Under the
acceleration voltage of 20 kV, the samples were indexed and mapped using AZtecHKL
software for different scanning step sizes. The EBSD data were analysed with CHANNELS
software at the electron microscopy unit (BEEM) of Hamburg University of Technology,

Hamburg Harburg.
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2.4 Laser Raman spectroscopy

Raman spectroscopy is a non-destructive spectroscopic method to study the frequency
ranges associated with molecular vibrations and rotations. The name is after the scientist Raman
who first observed this type of light scattering experimentally (Raman and Krishnan, 1928). It

is often used for characterizations of phases and structural phase transitions.
Basic theory of Raman spectroscopy

Light or electromagnetic radiation is a transverse wave of energy propagating through time
and space. It is composed of electric and magnetic field oscillating perpendicular to each other
and to the propagation direction. Electromagnetic radiation can be characterized by its
wavelength (1), frequency (f) and energy (Qe), and can be regarded as packets or quanta of
energy. A single quantum of the light energy is called photon, which can be characterized by
its frequency (f) and photon energy (E), the relationship between the frequency and photon

energy is:
E =hf (2.2)
where h is Planck's constant (Halliday et al., 2013).

Crystals are solid material whose compositions (atoms, molecules, or ions) have long-
range spatial periodicity. The atoms in crystals occurs in a periodic arrangement and are bound
with each other by different forces. The lattice is however not a static structure. Atoms are
thermally activated and moving around their lattice sites showing different vibrations. In a
primitive unit cell of the lattice, N atoms vibrate in 3 dimentions and have 3N degrees of
freedom. The collective vibration of all atoms can be described by different normal modes. The
guanta of these normal modes are called phonons, which can be characterized by their
frequency (f) and phonon energy (E). In one primitive unit cell, there are three acoustic phonons.
The rest, 3N-3 phonons are optical phonons, of which the adjacent atoms are vibrating out of

phase (Patterson and Bailey, 2007).

When a beam of light interacts with crystals, the photons of the electromagnetic radiation
may be absorbed, scattered, or may not interact with crystals and pass through it. The electric
field of the incident light will induce a dipole moment for the polarized molecules in crystals.

The relationship between dipole moment x and the electric field E is:

u=ak (2.3)

33



COMPARISON OF THE MICROSTRUCTURE OF THE BIVALVE SHELLS PINCTADA FUCATA AND
ANODONTA CYGNEA AND THE GASTROPOD SHELL PHORCUS TURBINATUS

2.4 Laser Raman spectroscopy

where « is the polarizability tensor (Colthup, 2012).

If the energy of an incident photon corresponds to virtual energy levels of optical phonons
in crystals, phonons will be excited. In this process, the dipole moment of the molecule vibration
will change and vibrational energy will be promoted to a higher state. This change of dipole
moments caused by the interaction between photons and optical phonons can be applied in

infrared spectroscopy.

A part of the incident photons may also be scattered. The scattered photons consist of three
types: the elastically scattered one is called Rayleigh scattering, which is strong and has the
same energy as the incident light; the second one, which is inelastically scattered by acoustic
phonons, called Brillouin scattering; the third is inelastically scattered by optical phonons. The
last scattering is weak and the energy of scattered photons has been changed and it is called
Raman scattering. Raman scattering consists of two types: when the energy of scattered photons
is lower than the incident photon, it is called Stokes Raman scattering; when the energy of
scattered photons is higher than the incident energy, it is called anti-Stokes Raman scattering
(Lewis and Edwards, 2001; Smith and Dent, 2013). Fig. 2.7 shows a schematic illustration of
the infrared absorption, Raman and Rayleigh scattering. In the process of Raman scattering, the
polarizability or the electron cloud may change and determines if phonons are Raman active or

not.

The vibrational modes of a crystal are specific to the crystal’s chemical composition,
structure and symmetry. If a monochromatic radiation with a single frequency (e.g. laser) is
used as a light source and the scattered light is collected by a detector, the frequency shift
between scattered and incident light caused by the crystal’s vibrational modes can be analysed

to reveal the internal structure of the crystal.
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2.4 Laser Raman spectroscopy
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Fig. 2.7 Schematic illustration of infrared absorption and different scatterings (Colthup, 2012). v=0 and v=1
represent different vibrational energy levels of a molecule. v=0 is the ground state, v=1 is the first excited energy

state and the dashed lines are virtual energy states.

One application of Raman spectroscopy is using polarized Raman spectroscopy, which
allows analysing the crystal orientation. A parallel or perpendicular configuration is defined
when the polarization of incident light is parallel or perpendicular to the polarization of
scattered light, respectively. Due to the different symmetries of Raman modes, the appearance
of certain Raman modes may vary under different configurations. The ratio between the

intensities of two configurations is called depolarization ratio (Colthup, 2012):

IJ.

p=1 (2.4)

When the propagation direction of incident and scattered light and their polarization
directions are well defined in the experiment, the depolarization ratio is due to the symmetry of

the Raman modes and the orientation of the crystal.

For a given crystal, the relative intensity of a Raman spectrum caused by different Raman
modes can be determined. The determination of the Raman spectrum of aragonite is given in
Chapter 3.3.

Experimental setup

A HORIBA Scientific’s T64000 triple-grating Raman spectrometer at the Mineralogy-
Petrology Institute of Universit& Hamburg was used to collect Raman spectra. An Ar* laser
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2.4 Laser Raman spectroscopy

with wavelength of 514.5 nm and adjusted power output of 600 mW was used as light source.
An Olympus BX41 microscope was applied for microscopic measurements. The laser spot was
focused on the sample surface with a diameter of ca. 2 um. Raman spectra ranging from 15-
1210 cm* were collected with a resolution of 2 cm™. The data were analysed with OriginPro

software.

Mappings under both, parallel and perpendicular polarization configurations were
performed both on the polished nacreous and prismatic layers of Anodonta cygnea.-The mapped
areas are 25 pm <40 um and 50 pm %20 um in nacreous and prismatic layers, respectively.

The step length of mapping is about 1 um.

To resolve the angular variation of the a- and b-axis in the nacreous layer, a series of
Raman measurements were carried out using a single-crystal aragonite reference on (001). In
order to have a series of depolarization ratios using different angles of polarization directions,
the aragonite crystal was rotated around the c-axis in step of 5<for the measurements under
both, parallel and perpendicular polarization configurations. The depolarization ratios of

selected Raman modes were then calculated.

In the experiments with aragonite and shells, Raman spectra were collected in
backscattering geometry. Two coordinate systems were used (see Fig. 2.8), one associated with
the laboratory space-fixed coordinates (O, X, Y, Z) (black colour) and the other is given by the

sample (o, X, Y, z) (red colour).
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2.4 Laser Raman spectroscopy

€s
—_—
Polarizer
y < 4 aser
(514.5 nm)
A
e, ——> or
v

IS <—Microscope objective (50 X)
A

Sample

Rotating base

Fig. 2.8 Schematic illustration of the experimental configuration. There are two coordinate systems, one associated
with the laboratory space-fixed coordinates (O, X, Y, Z) (black colour) and the other is determined by the sample

(0, X, Yy, z) (red colour). Sample is stepwise rotated by the angle 6 around the z-axis to (o, x’, y’, ).

In order to indicate the orientation of the crystal with respect to the polarization of the laser,
Porto’s notation was adopted. It consists of four letters: A(BC)D, A is the direction of the
propagation of the incident light ki, which is defined in the experiment as Z ; B is the direction
of the polarization of the incident light e;, which can be changed to crossed polarization X or
parallel polarization Y using a A half-wave plate; C is the polarization of the scattered light es,
which is parallel to Y in the instrument; D is the direction of the propagation of the scattered
light ks, which is along Z. In conclusion, there are two principle geometries denoted as Z(YY)Z
and Z(XY)Z, respectively.
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2.5 Electron microprobe

Electron microprobe analysis (EMPA) is a technique to determine the chemical

composition of solid materials on the micrometre length scale.

Similar to SEM and EBSD, EMPA uses a beam of primary electrons to bombard the
sample as has been shown in Fig. 2.4. The primary electrons interact with atomic nuclei in
crystals and may be scattered inelastically. An inner electron of the element (except for several
low atomic number ones) in a crystal gained energy from the primary electron and is excited to
a higher energy state, leaving a vacancy in the electron shell. The vacancy is not stable and
must be filled by an electron from a higher energy state. During this process, the transition of
the electron from higher energy state to the vacancy will emit X-rays characteristic to the atomic
number of the element. Thus, the X-rays can be measured by detectors and used to determine

the elements.

A CAMECA SX100 electron microprobe analyser was applied at the Mineralogy and
Petrology Institute of Université Hamburg. The electron microprobe measurements were done
at the same areas of the samples as the EBSD measurements. Six elements, Mg, S, Ca, Mn, Sr,
Ba, were determined qualitatively by mappings and quantitatively by profile analyses. All

measurements were taken under an acceleration voltage of 15 kV and a probe current of 20 nA.
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3 Results

3.1 Morphology of samples

Under the optical and the SEM microscope it is seen that the inorganic parts of the three
shells can be divided into two layers with distinguishable structures. The one at the outside of
the shell, which is covered by periostracum layer and composed of prisms or columns, is called
prismatic layer. The other one, which is at the inner side and composed of nacre lamellae, is
called nacreous layer. The two layers in three species share some similarities but still have
relevant differences. Morphological studies are therefore focused on each of the two layers and
the transition area where they change from one to another.

3.1.1 Pinctada fucata

Fig. 3.1 shows the inner surface of Pinctada fucata shells. Two areas with different
morphological features are shown in Fig. 3.1a. One area is composed of small tablets and is
called nacreous layer (N in Fig. 3.1a). The other one is composed of larger polygonal prisms, it

is called prismatic layer (P in Fig. 3.1a).

The surface of the nacreous layer shows a terraced pattern (see Fig. 3.1b). Each step of the
terrace is composed of a layer of compact nacre tablets. An overview using smaller
magnification of the terraced surface from another sample of Pinctada fucata is shown in

Appendix la. The diameter of the nacre tablets in each nacre lamella is about 2-5 um.

The prisms in the prismatic layer range from 15-50 um in diameter and have a flat surface
(Fig. 3.1c). The top of the prisms near the interfacial zone are covered with a layer of organic
substance, the coverage by organic material declines as the distance between prisms and

interfacial zone increases.

Fig. 3.2 shows a cross section of the shell of Pinctada fucata. From the fractured surface,
one can observe that the nacreous layer is constructed by compact parallel lamellae. The
thickness of each lamella is about 0.5-0.7 um. The prismatic layer is built up by packed prisms
with their extended axes perpendicular to the surface of the shell. The thickness of the prismatic
layer in Pinctada fucata is about 700-1000 um. It can be seen that the prisms are composed by
fine compacted particles (Fig. 3.2b) and the fractures of prisms appear to be flat and they are

perpendicular oriented to the long axis of the prisms (see red dashed areas in Fig. 3.2a).
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3.1 Morphology of samples

Fig. 3.1 SEM images of a lateral section from Pinctada fucata shell. (a) Overview at interfacial area in lateral
section. N represents nacreous layer, P represents prismatic layer. (b) Nacreous layer with a terraced surface

composed of nacre tablets. (c) Prisms with flat surface, partially covered by organic matter near the interfacial area.
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3.1 Morphology of samples

Fig. 3.2 SEM images of a cross section from Pinctada fucata. (a) Overview of the interfacial area between two
layers. The prisms show flat fractures (see dashed red circles). (b) Details of the interfacial area showing the size

of the nacre tables. The prism are composed of fine particles.
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3.1 Morphology of samples

3.1.2 Anodonta cygnea
Fig. 3.3 shows the inner surface of the shells of Anodonta cygnea. Nacreous layer (N),

prismatic layer (P) and the interfacial zone in between occurs clearly at the surface (Fig. 3.3a).

Unlike the nacreous layer of Pinctada fucata shell, Anodonta cygnea shows a rough
surface without apparent terraced features (see Fig. 3.3b). The hexagonal nacre tablets are
located separately upon the former tablets, instead of being attached at the edge of a lamella to
form a terraced area. From the gaps between the tablets, one can see at least 3-4 unclosed nacre
lamellae on the surface. Many of the nacre tablets possess a small concave centre (see example
inside red circle in Fig. 3.3b). The diameter of the nacre tablets is about 2-5 um. An overview

of a larger surface from another sample of Anodonta cygnea is shown in Appendix L.b.

In the prismatic layer, prisms range from 5-30 um in diameter and each prism has a convex
surface (Fig. 3.3a). Similar to Pinctada fucata, the prismatic layer is composed of polygonal
shaped prisms, but one major difference is that the prisms of Anodonta cygnea near the
interfacial zone are not covered with organic layer and the nacre tablets appear directly on top
of the prisms (Fig. 3.3c). Moreover, some of the prisms do not only have clear boundaries with
their neighbouring prisms but also possess ‘cleavages’ within the prisms (see the black arrows
in Fig. 3.3a and c).

Fig. 3.4 shows a cross section of the Anodonta cygnea shell. The thickness of each
nacreous lamella in Anodonta cygnea is about 1.3-1.5 um. The prismatic layer is also built up
by packed prisms with their extended axes perpendicular to the nacre lamellae. However, the
interface of the two layers forms about 20<to the nacre lamellae. Due to the convex nature of
the prisms, there are empty spaces left between the nacreous and prismatic layer where the
nacre tablets did not complete the filling (see red circles in 3.4a). The thickness of prismatic
layers in Anodonta cygnea is about 50-100 um. The prisms of Anodonta cygnea have ragged
fractures and are composed of granules or spherulites with a size of about 1 um (see Fig. 3.4b).
Another important difference between shells of Pinctada fucata and Anodonta cygnea is that
the particles at the top of Anodonta cygnea prisms form fibre-shaped crystallites (see area

between dashed lines in Fig. 3.4a and red dashed area in Fig. 3.4b).
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3.1 Morphology of samples

Fig. 3.3 SEM images of lateral sections of Anodonta cygnea shells. (a) Overview of the interfacial area between
nacreous layer (N) and prismatic layer (P). Each prism has a convex shaped top. (b) The nacre tablets have regular
hexagonal shape and no terraced morphology. The Red circle indicates the concave centre of a tablet. (c) Detail of

the interfacial area show that nacre tablets grow directly on top of the prisms.

43



COMPARISON OF THE MICROSTRUCTURE OF THE BIVALVE SHELLS PINCTADA FUCATA AND
ANODONTA CYGNEA AND THE GASTROPOD SHELL PHORCUS TURBINATUS

3.1 Morphology of samples

Fig. 3.4 SEM images of a cross section from the Anodonta cygnea shell. (a) Overview of the interfacial area
between two layers. The crystallites have fibrous shape at the top of the prisms (between white dashed lines).
There are empty spaces left between the two layers (red circles). (b) An enlarged area of the prisms showing that

they are composed of spherulites compared to the ones seen in Pinctada fucata. Fibrous crystallites are also shown

in the red dashed circle.
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3.1 Morphology of samples

3.1.3 Phorcus turbinatus

Fig. 3.5 shows a lateral section of the Phorcus turbinatus shell. Similar to the other two
species, the inner surface can be divided into two parts with different features: nacreous layer
(N) and prismatic layer (P) (Fig. 3.5a).

Different from nacreous layers in Pinctada fucata and Anodonta cygnea, the surface of the
nacreous layer is covered with nacre columns (see right part in Fig. 3.5a, and Fig. 3.5b). From
Fig. 3.5b, it is seen that each column is a stack of nacre tablets with a clear hexagonal shape.
The size of the tablets shrinks from the bottom to the top of the columns. Some columns are
isolated, some of them are aligning together and the tablets are intersecting with each other (red
circles in Fig. 3.5b). In the centre of the tablets on the top, one can also find holes or concavities
similar to the shell of Anodonta cygnea. The diameter of the nacre tablets is about 2-10 um. An

overview of the surface from another sample can be seen in Appendix Ic.

Different from the prismatic layers in Pinctada fucata and Anodonta cygnea, the inner
surface of the prismatic layer of Phorcus turbinatus is not smooth like in the other two species
but rather coarse. The prisms range from 20-80 pum in diameter and each prism has a convex-
like shape (left part in Fig. 3.5a). From the detailed image of the interfacial area between the
two layers, one can see that the columns of nacre tablets grow directly on the uneven surface of

the prisms (Fig. 3.5¢).

Fig. 3.6 shows a cross section of the Phorcus turbinatus shell. The nacreous layer is similar
to the other two species. It is composed of nacre lamellae and the thickness of each lamella is
about 1-1.6 um. The nacre lamellae form an angle of about 20<to the boundary of prismatic
and nacreous layer. There is no significant transition area between nacreous and prismatic layers.
Besides, there are also no distinctive boundaries between the prisms. Different from bivalves,
the prismatic layer gets thicker and thicker in gastropod as the animal grows. In the shown
sample, the thickness of the prismatic layer ranges from 300-1000 um. In the enlarged image
of the prisms (Fig. 3.6b), we can see that each prism is composed of fibrous crystallites. The

same result has been shown using a polarized light microscope in Appendix VI.
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3.1 Morphology of samples

Fig. 3.5 SEM images of the inner surface from Phorcus turbinatus. (a) Overview of interfacial area between
nacreous layer (N) and prismatic layer (P). (b) Enlarged area of nacreous layer. The nacreous layer forms a surface
of tapering stacks, which are composed of hexagonal tablets. Red circles indicate columns which are aligning

together. (c) Details of the interfacial area, where columns of nacres grow directly on the rough surface of prisms.
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3.1 Morphology of samples

Fig. 3.6 SEM images of cross sections of the shell of Phorcus turbinatus. (a) Overview of the interfacial area
between the two layers. (b) Fibrous feature of the prisms without obvious boundaries between the prisms.
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3.2 Crystallography orientation of samples

3.2 Crystallography orientation of samples

EBSD experiments were undertaken on both, lateral and cross sections. Results are
presented as band contrast maps, orientation information maps, pole figures and misorientation

angle distributions.

3.2.1 Pinctada fucata
Lateral section

The EBSD measurements on lateral sections have been done in the nacreous layer and

prismatic layer separately.

Fig. 3.7 shows the EBSD results from the lateral section of the nacreous layer of Pinctada
fucata with relevant topological information. Since the sample was placed in the sample
chamber with a tilt angle of 70<against the electron beam, the images are compressed in the
vertical direction of the surface. Fig. 3.7a is the band contrast (BC) image of one mapped area
which is almost parallel to the nacre lamellae, it was indexed using the lattice parameters of
aragonite. The band contrast map describes the intensity of the Kikuchi diffraction of each
indexed point on the map. Intensities are scaled from 0 to 255 and the BC map is plotted using
a grayscale from black to white (Zhou and Wang, 2007). Deformation on the surface and
organic matter in the shells do not lead to diffraction and hence, those areas remain dark.
Because the cut is not exactly parallel to the nacre lamellae, which is unlikely to achieve under
the preparation conditions since each lamella in Fig. 3.2b is less than 1 pm thick, so we can
observe dark parallel lines on the surface. Each dark line corresponds to a nacre lamella. Each
lamella is built of small tablets, which corresponds to the SEM results in Fig. 3.1b. The upper
half of the BC map (Fig. 3.7a) is superimposed by grain boundaries with angles of 63.8<2<°

(red), 52.4<=+2<(green) and > 2°(yellow) between them. The red and green boundaries

represent the misorientation angles between different aragonite twins. The yellow boundaries
represent misorientation angles of low-angle grain boundaries (LAGBs) (He et al., 2016). For
two given orientations of two crystallites, one can superimpose one crystallite onto the other by
rotating around the common axis of the two crystallites. Misorientation angle is defined as the
smallest rotation angle among equivalent rotations. From the insets in Fig. 3.7a, it can be seen

that the grain boundaries occur between the tablets.
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Fig. 3.7b indicates the EBSD crystallographic orientation map using the IPF colouring
code, corresponding to Fig. 3.7a. The inset in the map shows the colour key, where the numbers
at the corners represent principle crystal axes of aragonite. The X, Y or Z coordinate in colour
keys indicates the horizontal, vertical or normal direction of the measured surface. The IPF map
displays the crystallographic orientation of each indexed crystallite with respect to the X, Y or
Z direction of the measured surface. Same or similar colours indicates same or similar crystal
orientations. Fig. 3.7b shows mostly red, yellow and green colours which means, that no c-axis
(blue colour) is oriented toward the vertical view direction. Moreover, the distribution of the
colours shows ‘lizard skin’ pattern, which means the a- or b-axis of aragonite crystallites are

arranged in clusters or more exactly, in domains.

If one plots the orientation information of every indexed point from Fig. 3.7b on the same
pole figures, there are collective pole figures of {001} and {100} which are shown in Fig. 3.7c.
The c-axis is well co-oriented and points perpendicular to the measured surface. The a-axis is
however arranged in six directions with a certain dispersion on the primitive circle. The MUD
(multiples of uniform density) values at the pole figures are derived from the contouring of pole
figures. A higher value of MUD stands for a higher crystal co-orientation. Fig. 3.7d shows the
statistical distribution of misorientation angles between neighbouring crystallites. Except for
the LAGBs below 15< angles around 63.8 “describe the most dominant group of misorientation

angles.

Fig. 3.8 displays a lateral section of prismatic layers from Pinctada fucata. EBSD results
show that the prismatic layer is composed of calcite. Prims can be easily distinguished from
each other by dark boundaries between them.

Fig. 3.8b is the corresponding orientation information map of Fig. 3.8a. The colour key
shows the normal direction of the measured surface. One can observe that either the c-axis (red
colour) or a-axis (blue and green colours) is mostly perpendicular to the measured surface.
Within each prism, the distribution of colours is either homogeneous or has a gradient. Three

profiles have been selected in two prisms of Pinctada fucata (see the black arrows in Fig. 3.8b).

The collective pole figures from Fig. 3.8c correspond to the orientation maps. The c-axis

of calcite crystallites is either perpendicular or parallel to the measured surface.
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Fig. 3.7 EBSD measurement of the lateral section of nacreous layer of Pinctada fucata. (a) Band contrast (BC)
map. In the upper half of the BC map, grain boundaries of 63.8°+ 2° (red), 52.4° + 2° (green) and > 2° (yellow)
are marked. The inset shows an enlarged area. (b) Crystal orientation information map of (a). The orientation
colour key of aragonite is shown in the lower right corner. (c) Pole figures of {001} and {100} corresponding to
(b), the MUD (multiples of uniform density) value is shown under the pole figures. (d) Misorientation angle
distribution of (b).
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100

Fig. 3.8 EBSD measurement of the lateral section of the prismatic layer of Pinctada fucata. (a) Band contrast map.

(b) Crystal orientation information map corresponding to (a). In Pinctada fucata, three line profiles labelled as 1-
3 are shown in two white framed prisms. The arrows indicate the direction of profiles. The Z index at the corner
of the colour key indicates the normal direction of the measured surface of Fig. 3.8b. (c) Pole figures of {001} and
{100} correspond to Fig. 3.8b.
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Cross section

Fig. 3.9 shows the EBSD measurement of a cross section of an area containing both
nacreous (right) and prismatic (left) layers in Pinctada fucata. Fig. 3.9a shows the band contrast
map. The BC maps do not represent the true morphology of the surface but reflect the inner
structure to some extent. Within the prisms, dark lines perpendicular to the boundary of the two
layers can be observed. Within the nacreous layer, nacre lamellae parallel to the boundary of
the layers can also be observed (see inset in Fig. 3.9a). Besides, a dark boundary between the
prismatic and nacreous layer also exists. The upper half of the BC map is superimposed by

grain boundaries with misorientation angles of 63.8<%2<(red), 52.4°£2<(green) and >2°

(yellow), only LAGBs are acquired in the prisms, but the twin boundaries are widely distributed

both across and between the nacre lamellae (green and red colour in inset of Fig. 3.9a).

Fig. 3.9b is the matching orientation information map of Fig. 3.9a. The colour key for both
layers is shown under the map. The prismatic layer is indexed using the lattice parameters of
calcite and the nacreous layer is indexed using the aragonite lattice parameters. Both nacreous
and prismatic layers have a high indexing rate. There occurs a gap between the calcitic prisms
and aragonitic nacre, and there are no evident crystallographic relations between the two layers.
In the prismatic layer, the three prisms show mainly three relatively homogeneous colours,
green, red and blue. Other three profiles have been chosen in two prisms (see the black arrows),
each of the profiles runs along an area separated by dark lines in the prisms. In the nacreous
layer, the colours show a patchy pattern corresponding to the pattern in the lateral section. One
colour (orientation) cluster has been selected by the black frame.

Fig. 3.9c and 3.9d show collective pole figures and the misorientation angle distribution
in the nacreous layer of Pinctada fucata, respectively. Fig. 3.9e and 3.9f are equivalent pole
figures of the prismatic layer. In the nacreous layer, the crystallographic c-axis of aragonite
crystallites is well co-oriented along one direction, which is almost perpendicular to the
boundary between the prismatic and nacreous layer. The misorientation angles around 63.8°
and 57.5are the two most dominant groups. In the prismatic layer, the c-axis of the three
prisms is almost perpendicular to each other. The c-axis of the green prism is perpendicular to
the measured surface and the long axis of the prism. The c-axis of the red prism is parallel to
the measured surface and perpendicular to the long axis of the prism. The c-axis of the blue
prism is parallel to the measured surface and the long axis of the prism. Finally, there is no
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dominant angle differences between the neighbouring calcite crystallites in the misorientation
angle distribution.

100 001

53



COMPARISON OF THE MICROSTRUCTURE OF THE BIVALVE SHELLS PINCTADA FUCATA AND
ANODONTA CYGNEA AND THE GASTROPOD SHELL PHORCUS TURBINATUS

3.2 Crystallography orientation of samples

C i {001} {100}

.
Q.

o

3
)

o
o

-
o
s
Relative frequency
o o
(SIS

o
i

0.0
_ 10 20 30 40 50 60 70 80 90
MUD=254 Misorientation angle (°)

f

o o o
P QU D

e
%

o
[

Relative frequency

o
s

10 20 30 40 50 60 70 80 90
Misorientation angle (°)

Fig. 3.9 EBSD measurement of the cross section of Pinctada fucata. (a) Band contrast map superimposed by grain

boundaries with misorientation angles of 63.8<2<(red), 52.4=+2<(green) and > 2<(yellow), inset shows an

enlarged area of nacreous layer. (b) Orientation information map of (a). Three profiles labelled 4-6 and a colour
cluster are selected from two prisms and nacreous layer, respectively. (c) Pole figures of {001} and {100} from
the nacreous layer (right part) in (b). (d) Misorientation angle distribution of nacreous layer. (e) Pole figures of
{001} and {100} from the prismatic layer (left part) in (b), colours in the pole figures correspond to colours in the

prisms of (b). (f) Misorientation angle distribution of prismatic layer.
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3.2.2 Anodonta cygnea
The shell of Anodonta cygnea was studied using both, EBSD and Raman measurements

of different sections and layers.

EBSD measurements on lateral section

The measurements on lateral sections were carried out on the nacreous layer and prismatic

layer separately.

Fig. 3.10 shows the lateral section of the nacreous layer from Anodonta cygnea. Fig. 3.10a
is the band contrast map almost parallel to the nacre lamellae, it was indexed using structural
data of aragonite. The upper half of the BC map is superimposed by grain boundaries with

misorientation angles of 63.8%2°(red), 52.4°+2<(green) and > 2<(yellow), it shows the

twinning and the low-angle grain boundaries. Similar to Pinctada fucata, there occur parallel
dark lines which indicate nacre lamellae. Each lamella is composed of nacre tablets
corresponding to the SEM image shown in Fig. 3.3b. The insect in Fig. 3.10a shows that the
grain boundaries are distributed around the nacre tablets indicating that the angle difference

between the crystallites within one tablet is smaller than 2<

Fig. 3.10D is the orientation information map. The index Y at the corner of the inset tells
that all colours are shown with respect to the vertical direction of the measured surface.
Different from the ‘lizard skin’ pattern in Pinctada fucata shell seen in Fig. 3.7b, the colours in
Anodonta cygnea are quite homogeneous (green), except for a few isolated tablets with different
orientation (red).

Two collective pole figures of {001} and {100} are shown in Fig. 3.10c. The c-axis is well
co-oriented almost perpendicular to the measured surface. The a-axis is also oriented mainly in

one direction but with a large degree of dispersion.

Fig. 3.10d shows the distribution of misorientation angles between neighbouring
crystallites. The angles around and 57.5<are the two most dominant groups, the angle 63.8has

however a smaller fraction than Pinctada fucata.

Fig. 3.11 displays the lateral section of the prismatic layer of Anodonta cygnea. Different
from Pinctada fucata, EBSD results show that the prismatic layer of Anodonta cygnea is
composed of aragonite crystallites. Fig. 3.11a shows the BC map. Prisms can clearly be
distinguished from each other and also the dark boundaries between them. Each prism does not

have a compact texture but is composed of granules, corresponding to the granules found in

55



COMPARISON OF THE MICROSTRUCTURE OF THE BIVALVE SHELLS PINCTADA FUCATA AND
ANODONTA CYGNEA AND THE GASTROPOD SHELL PHORCUS TURBINATUS

3.2 Crystallography orientation of samples

SEM images. One prism has been selected and is shown in the white frame where two twinning
boundaries with misorientation angles of 63.8<and 52.4 “occur.

Fig. 3.11b is the corresponding orientation information map. The colour key indicates the
crystal orientation of prisms with respect to the vertical direction of the measured surface.
Unlike the homogeneous distribution in calcitic prisms of Pinctada fucata, each of the
aragonitic prisms is not dominated by one colour but they are multi-coloured.

Fig. 3.11c shows pole figures of {001} and {100} indicating that the c-axis of aragonite
crystallites is centred in the direction perpendicular to the measured surface with a large

dispersion, the a-axis is randomly distributed at the primitive circle.

Fig. 3.11d shows the distribution of misorientation angles in Anodonta cygnea. It is seen

that the angles around 63.8 <display a large quantity of misorientation angles.

Another result on the prismatic layer of Anodonta cygnea is shown in Appendix Ill, the
index rate is not sufficient for this type of analysis, but the BC map shows the basic granular

texture of the prisms.
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Fig. 3.10 EBSD measurement of the lateral section of nacreous layer of Anodonta cygnea. (a) Band contrast (BC)

map. Upon the upper half of the BC map, grain boundaries of 63.8 22 <(red), 52.4 °+2°(green) and > 2<°(yellow)

are superimposed. (b) Crystal orientation information map of (a). The orientation colour key is shown in the lower
right corner. (c) Pole figures of {001} and {100} correspond to (b). (d) Misorientation angle distribution of (b).
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Fig. 3.11 EBSD measurement of the lateral section of the prismatic layer of Anodonta cygnea. (a) Band contrast
map. A prism in the white frame is selected to show twinning boundaries. (b) Orientation information map
corresponding to (a). The Y index at the corner of the colour key show the axis with respect to the vertical direction
of the measured surface. (c) Pole figures of {001} and {100}. (d) Misorientation angle distribution of the aragonite

crystallites.
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EBSD measurement of cross section

Fig. 3.12 shows the EBSD a measurement of the cross section from an area containing
both, nacreous (right) and prismatic (left) layers in Anodonta cygnea. Fig. 3.12a shows the band
contrast map. The parallel nacre lamellae can clearly be seen from the cross section.
Corresponding to the texture shown in Fig. 3.11a, the prisms also show a composition of
spherulites in the cross section. Unlike Pinctada fucata, there is no obvious gap between the
prismatic and nacreous layer (see the dashed lines). One can however observe that there are
needle-shaped crystallites between the prismatic and nacreous layers. The upper half of the BC
map is superimposed by grain boundaries with orientation angles of 63.8 %2<(red), 52.4°+2°

(green) and > 2°(yellow). The inset shows that the grain boundaries exist across and between

the nacre lamellae.

Fig. 3.12b is the corresponding orientation information map of Fig. 3.12a. Both layers are
indexed using aragonite lattice parameters. The colour key of both layers is shown under the
orientation information map. The index rate in nacreous layer is much higher than the one in
prismatic layer. The colours in nacreous layer show a patchy pattern similar to Fig. 3.9b. A
colour (orientation) cluster has been selected surrounded by a black line. It is seen that the
colour cluster form so-called ‘towergrain’, which grows through several layers of organic
boundaries. The fragmentary distribution of the colours in the prismatic layer corresponds to
Fig. 3.11b.

Figs. 3.12c and 3.12d show collective pole figures and the misorientation angle
distribution in the nacreous layer of Anodonta cygnea, respectively. Figs. 3.12e and 3.12f are
equivalent figures of the prismatic layer. In the nacreous layer, the c-axis of aragonite
crystallites is well co-oriented almost perpendicular to the boundary between the prismatic and
nacreous layers. The misorientation angles around 63.8 “are the largest fraction. In the prismatic
layer, the c-axis of aragonite crystallites centres in the direction parallel to the long axis of the
prism however with large dispersion. Fig. 3.12d shows the corresponding distribution of
misorientation angles. The misorientation is maximal around 63.8but it is much lower than in
nacreous layer. In conclusion, the aragonite crystallites in the prismatic layer are less co-

oriented than in the nacreous layer.

The EBSD measurement has also been undertaken on the nacreous layer of another sample

(see Appendix 1V) and shows ‘towergrains’ across the nacre lamellae.
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Fig. 3.12 EBSD measurement of cross section of Anodonta cygnea. (a) Band contrast map with grain boundaries
with misorientation angles of 63.8<%2<(red), 52.4°%2°(green) and > 2°(yellow). (b) Orientation information
map of (a). The white and black dashed lines represent the broadened boundary between nacreous and prismatic
layers. (c) Pole figures of {001} and {100} corresponding to the nacreous layer (right part) in (b). (d)
Misorientation angle distribution in the nacreous layer. (e) Pole figures of {001} and {100} corresponding to the

prismatic layer (left part) in (b). (f) Misorientation angle distribution in the prismatic layer.

Raman measurements on lateral section of Anodonta cygnea

In addition to the EBSD measurements, the possibility to use polarized Raman
spectroscopy as a tool to evaluate the orientation and variation of the a- and b-axis in the

nacreous layer of Anodonta cygnea was expected.

First the relative intensities of all Raman modes under different polarization configurations
were calculated. Then rotational Raman measurements on a reference single-crystal of
aragonite along the c-axis were done to obtain the experimental intensities of selected Raman
modes. Finally, mappings were processed on nacreous and prismatic layers along the c-axis to

show the orientational variation of the a- or b-axis.

Calculation of relative Raman intensity

For an oriented single crystal, the intensity of a certain Raman mode depends on the
directions of the polarization vectors of the incident and scattered light relative to the crystal
axes. According to group theory, the relative intensity of selected Raman modes can be

expressed as follow (Munisso et al., 2009):

I < |e1-aij'65|2 (31)
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where | is the scattered Raman intensity, e; and eg are the unit polarization vectors of the
electric field of the incident and scattered light, respectively. Under parallel and crossed

polarization e; and e are expressed as follows:

0
el =(010),e5= <1> and
0

0
ef =(100),e5 = <1> (3.2)
0

where the superscripts || and L stand for parallel and crossed polarization, respectively. a;; is
the Raman polarizability tensor used to describe the Raman excitation in three-dimensional
space. The second rank tensor is symmetric so that only six independent elements need to be

considered. The tensor is expressed as:

Uxx O(Xy Uxz
a; = <ayx Uyy 0(yz>,ij =X,Y,Z (3.3
Uzx O(zy Uzz

Each Raman mode has a corresponding Raman activity and is determined by the
appearance of Raman modes in a given polarization configuration. A single crystal can show
several types of Raman modes due to its symmetry. In group theory, Mulliken Symbols (Band
and Avishai, 2013) (see Table 3.1) are used to label irreducible representations with different

symmetries.
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Table 3.1 Symbols of irreducible representations for different types of Raman modes (Band and Avishai, 2013)

Symbol Property

A singly degenerate state which is symmetric with respect to rotation about the

principal axis

B singly degenerate state which is antisymmetric with respect to rotation about the
principal axis

E doubly degenerate

T triply degenerate

subscript 1 | (used on A or B) symmetric upon C; rotation perpendicular to the principle axis
subscript 2 | (used on A or B) antisymmetric upon C; rotation perpendicular to the principle axis
subscript g | symmetric under inversion
subscript u | antisymmetric under inversion

prime(") symmetric with respect to a horizontal mirror plane

Double

. - antisymmetric with respect to a horizontal mirror plane
prime (')

The space group of aragonite is D;5 or Pnma (62), the point group is mmm. It has 4
formula units per orthorhombic unit cell and hence, a total of 20 atoms; according to the
character table of the point group mmm, its 57 optical modes are as follows:

Tiotar = 944 + 64, + 6By, + 8By, + 9B, + 5B,y + 6B3, + 8B3y, (3.4)

Ag,B14, B4, B34 are Raman active, By, By, B3y, are infrared active, and A, is an inactive
mode. From the Bilbao crystallographic server, it shows that the Raman tensors associated with
Ag,Bi1g,Byg, B34 are:

a 0 0 0 d 0 0 0 e 0 0 0
a(Ag)=<0 b 0>,a(319)=<d 0 0),a(329)=(0 0 0),0:(339):(0 0 f) (3.5)
0 0 c 0 0 O e 0 0 0 f O

where a, b, c, d, e and f are the Raman tensor elements.
If the crystal is placed on the XY-table in an arbitrary orientation, an Euler's matrix U is
used to transform the crystal coordinate (o,x,y,z) into the experimental one (0O,X,Y,Z). The

transformed polarizability tensor is denoted as a;;:
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where UT is the transpose of U. In an intrinsic rotation with x-convention, U consists of three

orthogonal transformation matrices:
U(a, B,v) = Uz(y) - Ux(B) - Uz(a) 3.7)
U(a, B,y) uses post-multiply, and U,(y), Ux(B),U,(a) are given by:
cosy siny 0 1 0 0 cosa sina 0
U,(y) = <—siny cosy 0),Ux(ﬁ) = (0 cosf sinﬁ),UZ(a) = (—sina cosa 0) (3.8)
0 0 1 0 —sinf cosp 0 0 1
where a is the angle between x- and the N-axis, firstly rotated around the z-axis; 8 is the angle
between z- and the Z-axis, secondly rotated around the N-axis; y is the angle between N- and
the X-axis, thirdly rotated around the Z-axis; the N intersection line is the line of nodes. Fig.

3.13 shows the process of Euler’s rotation. In the experiment, the initial orientation of the crystal

(0, X, Y, z) is identical to the experimental coordinate (O, X, Y, Z),thusa =8 =y = 0°.

Fig. 3.13 Euler’s rotation theorem. Figure presents the intrinsic rotation using the x-convention (Lionel Brits,

2008).

In the experiment, the single-crystal of aragonite is rotated in steps of 5°for every

measurement. The tensor after rotation is expressed:
where a;; is the rotated Raman polarizability tensor; U’(6) is the orthogonal transformation

matrix; U'T(8) is the transpose of U’ (8); 6 is the rotated angle. Rotating along a different axis

(X, Y or Z), U’ () can be expressed as:

1 0 0 cos@ 0 sind cosf@ —sinf 0
Upx(0) =10 cosf —sinb |; Upy(0) = 0 1 0 |;Uypz(0)=|sinf cos® 0 |(3.10)
0 sinB cosO —sin@ 0 cos@ 0 0 1
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where Upx(0), Upy (0), Uy ,(0) stand for rotation matrices around X, Y or Z-axis for a given
angle 0, respectively. In the experiment, the single-crystal of aragonite is rotated around the Z-

axis.

Substituting Egs. (3.2), (3.3) and (3.5)-(3.10) into Eq. (3.1), the relative intensity of

different Raman modes is obtained under different polarization configurations (see Table 3.2).

Two geometries were measured on aragonite under parallel and crossed polarizations,
Z(YY)Z and Z(XY)Z, respectively. According to table 3.2, only intensities of A, and B,

modes are detectable.

Calculated and experimental Raman frequencies of different modes of aragonite have
already been studied by former researchers (Carteret et al., 2013; De La Pierre et al., 2014).
The 30 calculated Raman modes of aragonite are shown in Table 3.3.

In unpolarized Raman measurements, the frequency at 1095.3 cm'l(Ag) has the strongest
intensity and the modes at 704.2 cm™ (Ag) and 701.2 cm? (B34) have the second strongest
intensities. According to table 3.3, B;, is undetectable under YY or XY scattering

configuration, hence this work will focus on the 1095.3 cm™ calculated excitation (which is

1087 cm in the experiment). The depolarization ratio of the A,z mode can be calculated to be:

Ity _ (a—b)*sin®6cos?
~ (asin?6 + bcos?0)?

e
Iyy
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Table 3.2 Relative intensities of Raman modes of aragonite under different polarization configurations.

Polarization
geometries
in Porto’s 1, (4,) Ly(Byg) Ly (Bzg) 1y(Bsg)
notation
2
A(XX)D (bsin?6 + acos?6)? _%(50549 -1) 0 0
dZ
AXY)D (a — b)%sin*6cos?6 7(C0549 +D 0 0
62 f2
A(XZ)D 0 0 (026 +1) = (cos26 — 1)
2
A(YX)D (a — b)%sin?0Ocos?0 d?(cos49 +1) 0 0
2
A(YY)D (asin?6 + bcos?0)? - d? (cos48 — 1) 0 0
eZ f2
A(YZ)D 0 0 —(cos20 —1) - (cos26 + 1)
eZ f2
A(ZX)D 0 0 — (cos20 +1)  —(cos26 — 1)
eZ f2
AZY)D 0 0 —(cos20 —1) - (cos26 + 1)
A(Zz)D c? 0 0 0
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Table 3.3 Calculated frequencies of Raman modes in aragonite (Carteret et al., 2013; De La Pierre et al., 2014).

Calculated Calculated
No. | Symmetry No. | Symmetry
Frequency (cm™) frequency (cm™)
1 148.7 16 182.5
2 161.9 17 207.2
3 195.8 18 249.2
4 205.0 19 260.7
5 Ag 280.2 20 By 278.7
6 704.2 21 714.6
7 862.8 22 911.8
8 1095.3 23 1091.6
9 1473.9 24 1591.8
10 97.4 25 101.3
11 152.1 26 167.6
12 199.0 27 177.8
By B,
13 213.4 28 271.4
14 705.5 29 701.2
15 1463.9 30 1415.0
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Rotational measurements on a reference single-crystal of aragonite were carried out. The
crystal was therefore placed on a rotation platform with the initial orientation of a-, b-, and c-
axis parallel to the X, Y and Z direction of the platform, respectively (see Fig. 2.8). The crystal
was rotated around the c-axis in steps of 5°and Raman spectra were measured under both,
parallel and perpendicular configurations. All spectra were then processed and fitted using
OriginPro software. The depolarization ratio of the mode at 1087 cm™ was obtained by dividing
the area of the 1087 cm™ mode under XY configuration by its area under Y'Y configuration.
The result is shown in Fig. 3.14. The data were fitted using a Gaussian function. The area is
73.28, the baseline is at height 0.046, FWHM is 33.09, the peak centre is at 41.1 “and the highest
value of the depolarization ratio is 2.08. Using the depolarization ratio, one can also minimize

the influence of instrumental factors.

2.5+

204 wm

Depolarizatioon ratio
>
-

0.0 %
10 20 30 40 50 60 70 8 90

Rotation angle 6 (°)

Fig. 3.14 Variation of the relative intensity of the depolarization ratio by rotating the aragonite crystal

Mapping using Raman spectroscopy in Anodonta cygnea was done in both, parallel and
cross polarization with a lateral step length of 1 pum. Fig. 3.15 shows the maps of the
depolarization ratio of the mode at 1087 cm™ for nacreous and prismatic layers, respectively.
Fig. 3.15a shows the nacreous layer under the optical microscope and Fig. 3.15b is the
polarization ratio map corresponding to the black square shown in Fig. 3.15a (25 pm % 40 pum).
From the polarization ratio map, it is seen that the crystal orientation of nacre tablets in the
nacreous layer is not homogeneous. Fig. 3.15¢c shows the prismatic layer under the optical
microscope and Fig. 3.15d shows the corresponding depolarization ratio map of the black
square in Fig. 3.15¢ (50 um x 20 um). From Fig. 3.15d one can easily distinguish the boundaries
between the prisms and also an inhomogeneous distribution of the crystallite orientation in each
prism. The mapping images show clearly that the a- or b-axis has orientational variations, both
in nacreous and prismatic layers. The depolarization ratios show the approximate orientation of
the crystallites.
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Fig. 3.15 Mapping results of Raman spectroscopy. (a) Nacreous layer under optical microscope. Black square
shows the mapped area (25 pm x 40 pm). (b) Depolarization ration map of the mode at 1087 cm™* of the nacreous
layer corresponding to (a). (c) Prismatic layer under optical microscope. Black square shows the mapped area (50
pm x 20 pum). (d) Depolarization ration map of the mode at 1087 cm of prismatic layer corresponding to (c)
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3.2.3 Phorcus turbinatus
Lateral section

Fig. 3.16 shows the EBSD results of a lateral section of the nacreous layer from Phorcus
turbinatus. Fig. 3.16a gives the band contrast (BC) image of a selected mapped area which is
almost parallel to the nacre lamellae. Like the former two species, the sample was indexed using
lattice parameters of aragonite. The upper half of the BC map is superimposed by grain

boundaries of misorientation angles of 63.8<2<(red), 52.4°+2<(green) and > 2<°(yellow).

Red and green boundaries represent misorientation angles of aragonite twins. The yellow
boundaries represent misorientation angles of low-angle grain boundaries (LAGBs). Unlike
previously shown in Fig. 3.7 and 3.10, the twin boundaries in this gastropod species are more
widespread than in the former two samples. The inset in Fig. 3.16a shows an enlarged part of
the boundaries, which are distributed around the nacre tablets.

Fig. 3.16b shows the crystallographic orientation map using IPF colouring code,
corresponding to Fig. 3.16a. The Y-inset in the map shows the colour key which displays the
crystallographic orientation of each indexed point with respect to the vertical direction of the
measured surface. The colour distribution in Fig. 3.16b is more diverse than in Fig. 3.10b
indicating more disorder than in Fig. 3.7b. The map displays mainly red, yellow and green

colours, which means that the c-axis (blue) is not oriented along the vertical direction.

Fig. 3.16¢ shows collective pole figures of all indexed areas seen in Fig. 3.16b on planes
{001} and {100}. It shows that the c-axis of all crystallites is well co-oriented and almost
perpendicular to the measured surface. The MUD (multiples of uniform density) value of the

pole figures is lower than in Pinctada fucata but higher than in Anodonta cygnea.

Fig. 3.16d shows the statistical distribution of misorientation angles between neighbouring
crystallites. The relative frequency or the fraction of the angle around 63.8<is the only

maximum and it is much higher than the related fractions of the other two species.

Because of the fibrous nature of the prismatic layer, the sample was difficult to prepare
with a sufficient large surface containing both, nacreous and prismatic layers to carry out EBSD
measurements. One result containing both, nacreous and prismatic layers is shown in the
Appendix V. The index rate of the prismatic layer was not sufficient for quantitative analysis.
Thus, the EBSD results of the cross section of Phorcus turbinatus on nacreous layer and

prismatic layer are shown separately.
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Fig. 3.16 EBSD measurement of the lateral section of the nacreous layer of Phorcus turbinatus. (a) Band contrast

(&)

(BC) map. In the upper half of the BC map grain boundaries with misorientation angles of 63.8<+2<(red), 52.4°
+2°(green) and > 2°(yellow) are marked. The inset shows an enlarged area. (b) Crystal orientation information

map of (a) with orientation colour key in the lower right corner. (c) Pole figures of {001} and {100} corresponding
to (b), the MUD value is shown below the pole figures. (d) Misorientation angle distribution of (b).
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Cross section

Measurements of the cross sections were undertaken separately for the nacreous and

prismatic layer.

Fig. 3.17 shows the cross section of the nacreous layer of Phorcus turbinatus. Fig. 3.17a
shows the band contrast (BC) indexed using lattice parameters of aragonite. The boundaries
across the nacre lamellae are so dominant that they divide the surface into ‘stripes’ (probably
filled with organic matter in between). The upper half of the BC map is superimposed with

grain boundaries showing misorientation angles of 63.8 %2 <(red), 52.4°+2<(green) and > 2°

(yellow). The inset in Fig. 3.16a shows an enlarged part of the grains and boundaries. The

boundaries between the “stripes’ are non-linear.

Fig. 3.17b presents the crystallographic orientation map corresponding to Fig. 3.17a using
the IPF colour code. The Y-inset shows the colour key. The index Y at the corner indicates how
the crystallites are oriented towards the vertical direction of the measured surface. It is seen that
the axis <010> (red), <100> (green) and <001> (blue) are not pointing towards vertical
direction. It occurs mainly the colour between <010> and <001> and between <001> and <100>.
Similar to Fig. 3.17a, the colours (i.e. different crystallographic orientations) also show a
distribution of ‘stripes’ or clusters. One of the clusters has been selected and is displayed inside

a black frame.

Fig. 3.17c shows the collective pole figures of all indexed areas of Fig. 3.17b for {001}
and {100}. It occurs that the c-axis of the crystallites is well co-oriented and almost parallel to
the measured surface. The direction of the c-axis is therefore identical to the extension direction
of the “stripes’. The MUD (multiples of uniform density) value of the pole figures is lower than

the one of Pinctada fucata but similar to the one of Anodonta cygnea.

Fig. 3.17d gives the statistical distribution of the misorientation angles between
neighbouring crystallites. There are three main fractions in the angle distribution, one is around
57.5<and the others occur around 52.4<and 64.8<
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Fig. 3.17 EBSD measurement of the cross section of the nacreous layer of Phorcus turbinatus. (a) Band contrast
(BC) map. In the upper half of the BC map grain boundaries with misorientation angles of 63.8<+2<(red), 52.4°
*+2°(green) and > 2°(yellow) are marked. The inset shows an enlarged area. (b) Crystal orientation information
map of (a). The orientation colour key appears in the lower right corner. (c) Pole figures of {001} and {100}
corresponding to (b). (d) Misorientation angle distribution of (b).
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Fig. 3.18 shows the results of the EBSD measurement of the cross section of the prismatic
layer of Phorcus turbinatus. Fig. 3.18a gives the band contrast map. From the band contrast
map, it is seen that the prisms have a fibrous texture, which also corresponds to the SEM results
of Fig. 3.6 but differs from the textures of the other two species shown in Figs. 3.8a and 3.11a.
Within one prism, the fibrous crystallites are arranged in a feather-like pattern. One prism has
been selected and was superimposed by grain boundaries with orientation angles of 63.8<%2<
(red), 52.4=x2°(green) and > 2°(yellow).

Fig. 3.18b shows the crystal orientation information map corresponding to Fig. 3.18a. The
colour key is shown in the right top corner. The colours are selected with respect to the normal
direction of the measured surface. Similar to the texture shown in Fig. 3.18a, the prisms show
a pinnate pattern with alternatively changing colours in each of the prisms. The prisms can be

easily distinguished from each other by the colour differences.

Fig. 3.18c presents the collective pole figures of all crystallites from Fig. 3.18b on {001}
and {100}. It shows that the c-axis of all indexed crystallites has a preferred orientation which
is about 45<to the normal direction of the measured surface. The inclined direction of the c-
axis is identical to the extended axis of the prisms. The MUD value (degree of co-orientation)
is very low compared to the MUD value of the nacreous layer, which means that the crystallites

in prismatic layer are less co-oriented than in the nacreous layer.

Fig. 3.18d shows the statistical result of the misorientation angles between neighbouring
crystallites. The angle of 63.8<is the most dominant group of boundaries. Besides, there are
also concentrations around 12< 52.4°and 57.5<

From the EBSD data in the Appendix V, there are no sufficient results to separate the
relationship of crystal orientations between the nacreous and prismatic layers, but there is no

obvious boundary between the two layers in the BC map.
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Fig. 3.18 EBSD measurement of the cross section of prismatic layer of Phorcus turbinatus. (a) Band contrast (BC)
map. One prism selected in a white frame and superimposed by grain boundaries with misorientation angles of
63.822°(red), 52.4=x2°(green) and > 2°(yellow) are marked. (b) Crystal orientation information map of (a).
The orientation colour key is shown in the upper right corner. (c) Pole figures of {001} and {100} corresponding
to (b). (d) Misorientation angle distribution of (b).
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3.3 Chemical composition of samples
Six elements, Mg, S, Ca, Mn, Sr, Ba, were determined qualitatively by microprobe

mappings and quantitatively using their profile analyses. Among the elements, S is mainly
distributed in the organic matrix and the other elements are crucial for the biomineralization of
calcium carbonate polymorphs. However, Mn, Sr and Ba show very low contents and they are
relatively homogeneously distributed in the samples. The results of the calcium distribution are
similar to the BSE images. The results of BSE images and the contents of S, Mg and Sr are

presented as follows.

3.3.1 Pinctada fucata
Fig. 3.19 shows results of the electron microprobe mapping with the profile analysis of a

lateral section of Pinctada fucata.

Fig. 3.19a shows the BSE image of the mapped area on the lateral section including the
nacreous layer (N) and prismatic layer (P). Heavier atoms with larger atomic number are
stronger scatter in SEM. The backscattered-electron (BSE) images can therefore be used to
observe the compositional variations quantitatively. The brighter area on the image stands for
a concentration of ions with heavier average atomic number. The white arrow in the BSE image
represents the quantitative profile of a line analysis. The profile starts in the prismatic layer,
crosses the interfacial area and ends in the nacreous layer. It can be observed that there are gaps

between the prisms. Between the prismatic and nacreous layers there is a broad dark area.

Figs. 3.19b, 3.19c and 3.19d show the concentrations of sulphur, magnesium, and
strontium using a brightness scale, respectively. Brighter areas indicate higher concentrations.
Reversely to the BSE figure, sulphur shows a much higher concentration in the dark area of the
BSE image. It surrounds the prisms and also exists in the interfacial area between the two
parallel layers. Magnesium occurs primarily in the prismatic layer. Strontium occurs in both,

prismatic and nacreous layer but in the nacreous layer concentration is slightly higher.

Fig. 3.19e shows the results of the three elements given in weight percent. Above the three
lines, there is a corresponding BSE image shown where the line scan has been processed for
quantitative analysis (arrow in Fig. 3.19a). For the line scan, 100 points with a step width of
3.30 um were measured. The concentration of sulphur is about 0.5 wt. % in the dark area and
0.05 wt. % in the bright area in Fig. 3.19a. Magnesium has about 1.1 wt. % in the prisms (left
part of the first dashed line) and almost vanishes in the nacreous layer (right part of the second
dashed line). Due to the detection limit, strontium scatters around zero values but indicates a
rising concentration from the prismatic to the nacreous layer.
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Fig. 3.19 Electron microprobe analyses on a lateral section of Pinctada fucata. (a) The BSE image shows prismatic
(P) and nacreous (N) layer. The white arrow indicates a line for quantitative profile analysis of elements. (b)- (d)
Intensity maps of S, Mg and Sr corresponding to location in (a), respectively. (e) Results of quantitative analyses

of S, Mg and Sr. One point corresponds to 3.30 um of the length scale along the arrow in (a).
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Fig. 3.20 shows the results of the electron microprobe mapping and the profile analysis of
a cross section of Pinctada fucata.

BSE image is given in Fig. 3.20a to show the mapped area including the nacreous (N) and
prismatic (P) layer. The white arrow in the BSE image represents a line of the quantitative
profile analysis, starting in the prismatic layer and ending in the nacreous layer. 80 points were
measured with a width of 1.15 um per step.

Figs. 3.20b, 3.20c and 3.20d show concentrations of sulphur, magnesium, and strontium
using a brightness scale, respectively. Since brighter areas indicate higher ion concentrations,
it is seen that sulphur occurs a higher concentration between the prisms, as well as in the area
between the prisms and the nacreous layer. Similar to Fig. 3.19c, magnesium was found only
in the prismatic layer in Fig. 3.20c. From the cross section, it occurs that magnesium shows
weak parallel concentration changes across the prisms in the direction perpendicular to their
long axis. Strontium occurs in both prismatic and nacreous layers and shows a rather

homogeneous distribution.

Fig. 3.20e shows the results of the ion concentrations in weight percent of three elements.
Above the element lines, there is the corresponding BSE image following the white arrow in
Fig. 3.20a. The red dashed line indicates the boundary between the prismatic (left) and nacreous
layers (right). The concentration of sulphur is almost equal in both layers but perhaps slightly
higher in the boundary itself. Magnesium has a higher concentration in the prisms (~0.55 wt. %)
than in the nacreous layer (almost zero). Due to the detection limit and data scattering, the
strontium was negative values but similar to Fig. 3.19e, it shows a higher concentration in the
nacreous layer than in the prismatic layer.
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Fig. 3.20 Electron microprobe data of a cross section of Pinctada fucata. (a) BSE image includes prismatic (P)
and nacreous (N) layers. The white arrow runs along the quantitative line profile analysis. (b)- (d) Intensity maps
of S, Mg and Sr corresponding to (a), respectively. () Quantitative analyses data of S, Mg and Sr. One point

corresponds to a step of 1.15 um.
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3.3.2 Anodonta cygnea
Fig. 3.21 shows the results of electron microprobe mapping and profile analysis of a lateral

section of Anodonta cygnea.

Fig. 3.21a provides the BSE image of the measured area including nacreous (N) and
prismatic (P) layer. The white arrow indicates the quantitative line profile elemental analysis,
it starts in the prismatic layer and ends in the nacreous layer. 90 points were measured using
with a step width of 2.70 um. From the BSE image, one can observe dark lines between the
prisms and each prism is separated into smaller units. Unlike the lateral section of Pinctada
fucata, there is no dark area in the interfacial area between the two layers.

The concentrations of sulphur, magnesium, and strontium are shown in Figs. 3.21b, 3.21c
and 3.21d based on a brightness scale. Sulphur presents a higher concentration around the
prisms and a homogeneous distribution in the nacreous layer. It is confirmed that sulphur does
not concentrate between the nacreous and prismatic layer. Different from Pinctada fucata,

magnesium and strontium occur in both, prismatic and nacreous layers homogeneously.

Fig. 3.21e shows the results of quantitative concentration levels of three elements in weight
percent. Above the three element lines, there is the corresponding BSE image shown from Fig.
3.21a. Red dashed lines indicate boundaries between the prisms, where the concentration of
sulphur is higher (~0.07 wt. %) than inside the prisms and the nacreous layer. Magnesium shows
a low concentration in both layers. Different from Pinctada fucata, strontium has a relatively

higher average value (~0.07 wt. %) than magnesium.
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Fig. 3.21 Electron microprobe analyses data of a lateral section of Anodonta cygnea. (a) BSE image including
prismatic (P) and nacreous (N) layers. The white arrow indicates the quantitative line profile analysis. (b)- (d)
Intensity maps of S, Mg and Sr corresponding to (a), respectively. (e) Results of quantitative analyses of S, Mg

and Sr. One point corresponds to a step width of 2.70 um.
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Fig. 3.22 shows the electron microprobe mapping results and elemental line profile
analysis of a cross section of Anodonta cygnea.

An area containing both, nacreous (N) and prismatic (P) layers is shown in Fig. 3.22a. The
white arrow shows the quantitative line profile analysis which begins in the nacreous layer and
ends in the prismatic layer. 90 points were measured with a width of 1.43 um per step. The BSE
image displays clearly the boundaries between the prisms and there are dark lines in the
nacreous layer which are aligned perpendicular to the surface of the shell. Between the prisms
and the nacreous layer, there occurs no obvious boundary, which corresponds the result in

lateral section.

Concentrations of sulphur, magnesium, and strontium are shown in Figs. 3.22b, 3.22c and
3.22d using a brightness scale, respectively. Sulphur occurs in a higher concentration between
the prisms and shows a homogeneous distribution in the nacreous layer. Similar to the lateral
section in Fig. 3.21, magnesium and strontium occur in both prismatic and nacreous layers

homogeneously distributed.

Results of elemental concentration in weight percent are presented in Fig. 3.22e for three
elements. The corresponding BSE image shown along the white arrow in Fig. 3.22a was added
above the quantitative results. The left red dashed line indicates the boundaries between the
nacreous and prismatic layers. It is seen that there occurs no obvious change in the concentration
of the three elements in both layers. The right dashed line (around point 86) indicates the
boundary of two prisms. Here the concentration of sulphur (~0.1 wt. %) is higher than in other
areas. In addition, magnesium has a lower concentration than strontium (~0.09 wt. %) all over

the scanned line.
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Fig. 3.22 Electron microprobe analyses results of a cross section of Anodonta cygnea. (a) BSE image including
prismatic (P) and nacreous (N) layer. The white arrow indicates the trace of the quantitative line profile analysis.
(b)- (d) Intensity maps of S, Mg and Sr corresponding to (a), respectively. (e) Results of quantitative analyses of

S, Mg and Sr. One point corresponds to a step of 1.43 um.
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3.3.3 Phorcus turbinatus
Fig. 3.23 shows electron microprobe mapping results and the elemental line profile

analysis of a lateral section of Phorcus turbinatus.

Fig. 3.23a is the BSE image of the mapped area of the studied lateral section including
nacreous (N) and prismatic (P) layers. A quantitative line profile elemental analysis across two
layers is shown as the white arrow in the BSE image. The profile starts in the nacreous layer
and ends in the prismatic layer. 100 points were measured using a width of 3 um per step. There
IS no sharp compositional gap visible between the two layers. However, different textures from
the two layers can be observed.

Figs. 3.23b, 3.23c and 3.23d show the concentrations of sulphur, magnesium, and
strontium, respectively. Unlike Pinctada fucata and Anodonta cygnea, sulphur does neither
show a higher concentration between the prisms nor between the prismatic and nacreous layers.
In addition, magnesium is distributed homogeneously. Strontium occurs in both, prismatic and

nacreous layer but in nacreous layer, a slightly higher concentration can be assumed.

Fig. 3.23e shows the results of the element concentrations in weight percent for three
elements. Above the three element lines, a corresponding BSE image plotted along the white
arrow in Fig. 3.23a is shown. The dashed red line indicates the boundary between nacreous (left)
and prismatic (right) layers. Combining the BSE image and the quantitative results, it is
concluded that the concentration of sulphur has in general a higher concentration in the
prismatic layer (0.05 wt. %) than in the nacreous layer (0.02 wt. %). Magnesium shows a low
concentration in both layers. The overall concentration of strontium is higher than for the other
two elements. Besides, strontium shows a higher content in the nacreous layer (0.18 wt. %) than

in the prismatic layer (0.08 wt. %).

84



COMPARISON OF THE MICROSTRUCTURE OF THE BIVALVE SHELLS PINCTADA FUCATA AND
ANODONTA CYGNEA AND THE GASTROPOD SHELL PHORCUS TURBINATUS

3.3 Chemical composition of samples

Wit%

1 1 1
10 20 30 40 50 60 70 80 90 100
Points

Fig. 3.23 Electron microprobe analyses results of a cross section of Anodonta cygnea. (a) BSE image including
prismatic (P) and nacreous (N) layer. The white arrow indicates the quantitative elemental line profile analysis.
(b)- (d) Intensity maps of S, Mg and Sr corresponding to (a), respectively. (e) Results of quantitative analyses of

S, Mg and Sr. One point corresponds to a step of 3 pm.
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Fig. 3.24 shows the electron microprobe mapping results and the elemental line profile
analysis of a cross section of Phorcus turbinatus.

Fig. 3.24a provides the BSE image of the mapped area on a cross section including
nacreous (N) and prismatic (P) layers. Similar to Fig. 3.23a, there occurs no obvious
compositional gap between the two layers, but the contrast and colour gradient reflects the
different textures in the two layers. The white arrow in the BSE image represents the trace of
the quantitative line profile analysis. The profile starts in the prismatic layer and ends in the

nacreous layer. 100 points in steps of 2.30 um were measured.

Figs. 3.24b, 3.24c and 3.24d show concentrations of sulphur, magnesium, and strontium
using the brightness scale, respectively. Similar to the results in lateral section and different
from the other two species, it can be seen that sulphur does neither occur in denser concentration
between the prisms nor between the prismatic and nacreous layers. However, sulphur has an
overall higher content in the prisms than in nacre. Magnesium is distributed homogeneously in
each layer but shows a slightly higher concentration in the prisms. Strontium occurs in both

prismatic and nacreous layers homogeneously.

Fig. 3.24e shows the line analysis of the elements in weight percent. The corresponding
BSE image along the white arrow in Fig. 3.24a is shown above. The dashed red line indicates
the boundary position between the prismatic (left) and nacreous (right) layers. Similar to the
result shown in Fig. 3.23e, sulphur has a higher concentration in the prism (0.11 wt. %) than in
the nacre area (0.02 wt. %). In the Appendix VI, one can also observe that the colour of the
prismatic layer is darker than the nacreous layer under the polarized optical microscope. This
may indicate that the prismatic layer has higher content of organic matter. Magnesium show a
low concentration in both layers, but one can still see that the concentration in prisms (0.02
wt. %) is higher than in nacre areas. The overall concentration of strontium is higher compared
with the other two elements and it shows a slightly higher content in nacreous layer (0.18 wt. %)
than in the prismatic layer (0.13 wt. %).
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Fig. 3.24 Electron microprobe analyses data of a cross section of Anodonta cygnea. (a) BSE image including
prismatic (P) and nacreous (N) layer. The white arrow indicates the trace of the quantitative line profile analysis.
(b)- (d) Intensity maps of S, Mg and Sr corresponding to (a), respectively. (e) Results of quantitative analyses of

S, Mg and Sr. One point corresponds to a step of 2.30 um.
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Table 3.1 shows a compilation of the quantitative results of the electron microprobe

analyses. Sulphur has in general a low content in all three species, it has higher concentration

in the prismatic layer of Pinctada fucata and Phorcus turbinatus. Magnesium occurs mostly in

the calcitic prismatic layer of Pinctada fucata; Strontium was found only in Anodonta cygnea

and Phorcus turbinatus, it occurs with higher content in the nacreous layer than in the prismatic

layer of Phorcus turbinatus.

Table 3.1 Electron microprobe results

Pinctada fucata

Anodonta cygnea

Phorcus turbinatus

Lateral section

Cross section

Lateral section | Cross section

Lateral section | Cross section

Prism | Nacre | Prism | Nacre | Prism | Nacre | Prism | Nacre | Prism | Nacre | Prism | Nacre
S 0.05* 0.02 0.05 0.02 0.02 0.02 0.02 0.02 0.03 0.02 0.11  0.02
Mg 1.1 \** 055 \ \ \ \ \ \ \ 0.02 \
Sro\ \ \ \ 0.07 0.07 0.09 0.09 0.08 0.18 0.13 0.18

* Results are given in weight percent.

** \ below the detecting limit.
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4.1 Nacreous layers

The nacreous layers of three species have in general a related microstructure but differ
from each other in sizes, surface morphologies, crystal orientation, distributions of mesoscale
twinning and the degrees of co-orientation of crystallographic axes.

Both SEM and EBSD results show that the nacreous layer is made of parallel lamellae and
each lamella is composed of nacre tablets. This study confirmed that the nacreous layers of the
three species have similar mesoscopic structure, which has been described in former researchers’
work as ‘brick-and-mortar’ structure: where the polygonal tablets made of aragonite crystallites
are the bricks and the organic matter corresponds to the mortar (Watabe, 1965; Addadi and
Weiner, 1997).

From Figs. 3.1b, 3.3b and 3.5b, the diameters of nacre tablets from Pinctada fucata,
Anodonta cygnea and Phorcus turbinatus can be determined to be 2-5 pm, 2-5 ym and 2-10
um, respectively. From the SEM results of the cross sections in Figs. 3.2a, 3.4a and 3.6a, the
thickness of nacre tablets from Pinctada fucata, Anodonta cygnea and Phorcus turbinatus
occurs to be 0.5-0.7 um, 1.3-1.5 um and 1-1.6 um, respectively. The average size of the nacre
tablets from the gastropod species is the largest. The nacre tablets in Anodonta cygnea and
Phorcus turbinatus are 2-3 times thicker than the nacre tablets of Pinctada fucata. From a
previous study (Snow and Pring, 2005), it is known that the diffraction of light through the
lamellae structure causes the angle-dependent iridescence of nacreous layers of shells and pearls,
which is relevant for their economic value. The thickness and the regularity of each nacreous
layer will determine the intensity and colour of the iridescence. For the human eye, visible
colour occurs when the thickness is about 0.4-0.7 um. Combined with the results of this work,
we can explain the iridescence observed on the inner surface of the Pinctada fucata shell and

why it is economically more important than the other two species.

Nevertheless, the three species possess different features on the surface of the nacreous
layer. Fig. 3.1b and Appendix l.a show that the inner surface of Pinctada fucata is terrace made
of nacre lamellae. Fig. 3.3b and Appendix l.b show that Anodonta cygnea has no significant
texture pattern. New nacre tablets appear isolated upon older ones. Fig. 3.5b and Appendix I.c
show that the surface of the nacreous layer in Phorcus turbinatus is composed of aragonite

columns. Several former studies have discussed the formation and growth of nacreous layer.
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An important theory is that new nacre tablets grow from old nacre tablets through mineral
bridges across the organic sheets (or membranes) between the nacre lamellae (Sch&fer et al.,
1997). As shown in Fig. 1.2b, organic matter exists between the lamellae (named interlamellar
sheets) (Nakahara, 1991), as well as between the nacre tablets within the same lamella. AFM
(Sché&tfer et al., 1997) and ultrahigh-resolution SEM (Lopez et al., 2014) have revealed that the
interlamellar organic sheets are porous. The growth of new nacre tablets may occur as
homoepitaxial crystallization through the pores (Checa et al., 2011; Griesshaber et al., 2013;
Shao et al., 2014). It has also been reported that the pores in the interlamellar sheets have
different positions and sizes (Cartwright and Checa, 2007). The pores in interlamellar sheets
of gastropods are larger than the ones in bivalves. Besides, the pores are located at the centre
of a nacre tablet in gastropods, while the pores locate at the edge of a tablet in bivalves.
Combing the results of this work and those of the former studies, the different surface
morphologies may be due to the position and the size of the mineral bridges. Fig. 4.1 shows
possible models of three different morphologies.

a b C

Fig. 4.1 Schematic illustrations of morphology types at the surface of nacreous layer (cross section view). (a)
Pinctada fucata (b) Anodonta cygnea (c) Phorcus turbinatus. Black areas show nacre tablets and grey areas show

organic matter. The sketch is based on results of this thesis and former studies (Nudelman, 2015).

The Band contrast maps of the lateral section of nacreous layers in Figs. 3.7a, 3.10a and
3.16a are indexed using aragonite lattice parameters. All three surfaces display terrace-like
patterns which are divided into small tablets. The upper half of the BC maps is superimposed
respectively by three grain boundary types with different misorientation angles of 63.8<2<
(red), 52.4=+2<(green) and > 2°(yellow). Red and green colours are widely distributed in the
gastropod sample Phorcus turbinatus. From the insets in the BC maps, we see that all
boundaries exist between the tablets, leading to the conclusion that the angle differences
between crystallites within a tablet are smaller than 2< These results also correspond well to
previous studies of Mytilus species by Griesshaber et al (Griesshaber et al., 2013).
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Although they resemble with each other in the BC maps, the orientation information map
of Figs. 3.7b, 3.10b and 3.16b reveal that the three species have in fact different topological
organization of the aragonite crystallites in their nacreous layer. In Pinctada fucata (Fig. 3.7b),
the aragonite tablets shows a ‘patchy’ or a ‘lizard skin-like’ pattern, which is composed of
various clusters of different particle orientations. Anodonta cygnea shows a homogeneous
particle orientational background with a small amount of isolated deviations. Particle
orientations in Phorcus turbinatus are evenly distributed corresponding to a variety of colours.
Combining the results from pole figures in Fig. 3.7¢, 3.10c and 3.16c, we confirm that the c-
axis of the three species has basically one principle orientation, which is perpendicular to the
measured surface (i.e. the shell surface). However, the a- or b-axis of aragonite crystallites in
Pinctada fucata can be arranged in six groups, the colour clusters in the ‘lizard skin-like’ pattern
display orientation domains. The a- or b-axis of aragonite crystallites in Anodonta cygnea is
arranged in one direction but with large dispersion. The a- or b-axis in Phorcus turbinatus is
however neither arranged in domains nor along one direction, but they are evenly distributed in

all directions parallel to the measured surface.

From the distribution of the misorientation angles of three species shown in Figs. 3.7d,
3.10d and 3.16d, the misorientation around 63.8 <in the gastropod sample of Phorcus turbinatus
is the highest fraction among the three species and corresponds to the high distribution of red
and green colours in the corresponding BC map. 63.8<is a typical angle between the same axes
of twins in abiogenic aragonite. From previous studies (He et al., 2014; He et al., 2016), it is
known that grain boundaries of 63.8 “and 52.4 Tannot be called classical twin boundaries, since
the individuals of the ‘twins’ are not single crystals in biominerals. Each tablet is made of
nanoparticles with considerable amount of organic impurities (named intracrystalline organic
matrix) (Wang et al., 2001; Rousseau et al., 2005; Dalbeck et al., 2006). We concluded in a
former study that the nacreous layers observed also in this work present a typical mesocrystal
type structure. Mesocrystals have been defined as highly oriented superstructures of
nanocrystals (Cdfen and Mann, 2003; Cdfen and Antonietti, 2005). The ‘twinning” mentioned
here is in fact a mesotwinning. A mesotwin is related to a twin, like a mesocrystal to a crystal
and it contains defects, since there is probably organic material in the ‘twin’ boundaries
(Floquet and Vielzeuf, 2011). In our former study on Pinctada fucata (He et al., 2016), we
found that the mesotwin boundaries can extend well in large domains which contain several to

dozens of nacre tablets. Massive mesotwin boundaries found in the gastropod Phorcus
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turbinatus exist mostly between the nacre tablets and do not extend further. In other words, the

domains in Phorcus turbinatus are considerably smaller and more discrete.

Among the three species, Pinctada fucata has the highest MUD values which means that
the crystallographic c-axis of Pinctada fucata has the highest degree of co-orientation, Phorcus

turbinatus was the second and Anodonta cygnea has the lowest co-orientation.

In the cross sections, more details about the co-orientation of axes in the nacreous layer
are displayed in Figs. 3.9, 3.12 and 3.17. The orientation of crystallites, displayed by different
colours in Fig. 3.9b (right part), 3.12b (right part) and 3.17, is separated into clusters. One
cluster or stripe has been selected and framed in black outline in each of the three species for
detailed investigation. The colours extend in both directions along and across the lamellae,
which means that the crystal orientation domains occur in 3-dimensional disorder. The clusters
in black frames form so-called ‘towergrains’ defined in previous studies (Checa et al., 2009;
Checa et al., 2011; Griesshaber et al., 2013). We observe that the towergrains in the gastropod
sample Phorcus turbinatus extend mostly in one direction across the lamellae and include
basically all nacre tablets. Some additional plots of the ‘towergrains’ can be seen in Appendix
I, IV and V.

Pole figures in Figs. 3.9c, 3.12c and 3.17c show that the crystallographic c-axis of
aragonite crystallites in the cross section of the nacreous layer also points along one general
direction, which is along the extended axis of the prisms and perpendicular to the shell surface.
The results correspond to the data of the lateral section. Combining the surface morphologies
observed by SEM with the EBSD results, it can be assumed that the new tablets in the three
species inherited crystal orientations of older nacre tablets like seeds when they grow. Inheriting
the crystal orientation occurs in directions parallel as well as perpendicular to the shell surface
in bivalves and mostly perpendicular to the shell surface in gastropods. Neighbouring columns
with intersecting tablets shown by the red circles in Fig. 3.5b could indicate a mesotwin
relationship. The MUD values show that the nacreous layer of Pinctada fucata has the largest

co-orientation of the crystallites, which corresponds to results of the lateral section.

The large fraction of misorientation angles around 63.8<shown in Figs. 3.9d, 3.12d and
3.17d indicate that there also occurs intensive mesoscale twinning in cross sections. From the
insets in BC maps of Figs. 3.9a, 3.12a and 3.174a, it is seen that the mesotwin boundaries exist

both, between and across the nacre lamellae in all three species.
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By growing calcium carbonate in different solutions with organic matrix extracted from
the shells, previous studies have confirmed that the organic matrix seems to control the
morphology and the crystallization of different calcium carbonate polymorphs (Belcher et al.,
1996; Falini et al., 1996). However, whether they are the main cause of the crystallites co-
orientation requires further work. From other studies, it is also known that triple twin structures
of (110) are frequently formed in geological aragonite in order to mimic a higher symmetry and
to reduce the system’s energy. On the other hand, the twinning structure reduces the grain size
and form more boundaries to prevent crack propagation and deformation (Carter and Norton,
2007; He et al., 2016). From EBSD results in nacreous layer in this work, it is found that the
aragonite mesotwinning is common and is leading to a random distribution between nacre
tablets within one lamella or between adjacent lamellae. An energy-driven texture may be a
disproof for a simple hypothesis, which considers only the organic matrices to conduct the co-

orientation of crystallites (Weiner and Hood, 1975; Reeves and Evans, 1997).

Furthermore, in grain boundary theory, the boundaries between crystallites can usually be
divided into two groups, the low-angle grain boundaries (LAGBSs), which are accommodated
by an array of edge and/or screw dislocations (Lejcek, 2010), and the high-angle grain
boundaries (HAGBS). The transition angle between LAGBs and HAGBs lies between 13-15<
depending on materials (Brandon, 1966; Glicksman and Vold, 1972). Compared with high
angle grain boundaries, the low-angle grain boundaries have fewer defects; and can also act as
a barrier to prevent deformations (Campbell, 2008). In results this thesis, the misorientation
angles between 2<-15<are a dominant group of grain boundaries and widely distributed
between the nacre tablets. It may be considered that these low-angle grain boundaries have

enhanced the mechanical properties of our biominerals in addition to the mesotwin boundaries.
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The prismatic layers of three selected species have different chemical compositions, sizes,

structures and crystal orientations.

The prismatic layers in the samples of Anodonta cygnea and Phorcus turbinatus are
composed of aragonite, however the prismatic layer of Pinctada fucata is made of calcite.
Contrary to the size differences of nacre, it was found that the diameter of prisms in Anodonta
cygnea (2-5 pum) is 2-10 times smaller than the prisms of Pinctada fucata and Phorcus
turbinatus. Besides, Pinctada fucata has the thickest prismatic layer and Anodonta cygnea has
the thinnest one. The latter is 7-20 times thinner than the former one. From previous studies
(Menzies et al., 1992; Zajac, 2002; Southgate and Lucas, 2011), it is known that the three
species live in different habitats. Pinctada fucata lives in shallow littoral zone in tropical region,
which goes through a huge change of temperature, salinity and desiccation with the tides.
Anodonta cygnea lives in wide ponds or slow rivers in temperate region with high concentration
of dissolved oxygen. Phorcus turbinatus is found principally in the lower midlittoral zone of
the Mediterranean Sea. The differences of the prism sizes may reflect how the animals adapt to
their habitats.

From SEM results in Figs. 3.2b, 3.4b and 3.6b as well as the BC maps in Figs. 3.8a, 3.11a
and 3.18a, we can see that calcitic prisms in sample of Pinctada fucata are composed of very
fine particles, the aragonitic prisms in Anodonta cygnea are mainly composed of granules (~1
um) and in Phorcus turbinatus they are mainly composed of pinnate fibrous crystallites. This
fibrous structure can also be observed in a thin section of the Phorcus turbinatus sample (see
Appendix VI).

Calcitic prisms from many species of the subclass Pteriomorphia, including Mytilus
californianus, Atrina rigida, Pinctada margaritifera have been studied previously (Checaetal.,
2013; Olson et al., 2013). EBSD results have shown that the Mytilus californianus and Atrina
rigida consist of single-crystalline prisms and Pinctada margaritifera has multi-domain prisms.
In the first two species, each prism has a crystallographic angle spread less than 0.3< however
we consider the word ‘single-crystalline’ here is questionable, since other work has shown that
there occurs intraprismatic organic matter in the prisms of Mytilus and Atrina (Nudelman et al.,
2007; Checa et al., 2014). In the third species, it occurs that the crystallographic orientation of
a calcitic prism can split into different domains during growth and the crystallographic

orientation of each domain shows also longitudinal and transversal gradients. In other studies
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(Dalbeck et al., 2006; Harper and Checa, 2017), it was shown that the c-axis of calcitic prisms
is aligned along one direction parallel to the long axis of the prisms (i.e. perpendicular to the

shell surface).

In this study, it is seen that different calcitic prisms of our sample Pinctada fucata do not
align in one orientation, and may even differ strongly from each other. A large percentage of
prisms (red prisms in Fig. 3.8b and blue prism in 3.9b) have the c-axis parallel to their long
axes (i.e. perpendicular to the shell surface). The c-axis of the remaining prisms is however
oriented perpendicular or approximately perpendicular to their morphologically extended axes
(see the poles distributed at the primitive circle of {001} in Fig. 3.8c). Furthermore, the pole
figure {001} in Fig. 3.9e shows three distinct clusters of poles from the three prisms shown in
Fig. 3.9b.The three prisms are oriented approximately perpendicular to each other.
Misorientation angles between neighbouring prisms can be as large as 90°and in between

occurs no visible topological transition.

It has been suggested in other studies that the regular sequence of functional groups in the
organic matter can be a template to initialize and guide the crystallization of aragonite and
calcite to the finally defined orientation (Weiner and Hood, 1975; Feng et al., 2000). Since all
prisms (Fig. 3.8 and 3.9) seem to crystallize simultaneously, the result of this work may
question a simple template theory.

The orientation gradient within one calcitic prism has also been studied in this work. The
homogeneous colour of each prism in Figs. 3.8b and 3.9b (left part) show that the calcite
crystallites within one prism are highly co-oriented and their crystallographic orientation
matches well. The BC maps shown in Figs. 3.8a and 3.9a, indicate however deviations by dark
lines in the prisms, which is assumed to be the location of intraprismatic organic matter. In
order to know the relationship of intraprismatic organic matter and the crystallographic
orientation, six misorientation profiles selected from Figs. 3.8b and 3.9b with their
corresponding pole figures are shown in Fig. 4.2. The selected profiles are labelled from 1-6

following the arrows in Fig. 3.8b and 3.9b.

Fig. 4.2a indicates for example that the c-axis of the crystallites in this prism is parallel to
the measured surface (i.e. the shell surface) and one of the three a-axes is perpendicular to the
measured surface. The misorientation profile reveals that the overall point-to-point
misorientation is below 2<but point-to-origin misorientation has a gradient, which can reach

28< The result shows that the c-axis of calcite is turning gradually around one a-axis.
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Fig. 4.2b and 4.2c are chosen from a prism, which has been divided internally by
intraprismatic organic matter into smaller units. Fig. 4.2b is located within one unit and Fig.
4.2c¢ goes over several units. The former one shows a similar gradient as Fig. 4.2a but with the
c-axis perpendicular to the measured surface. Pole figures in Fig. 4.2b shows the rotation of the
a- and c-axis. Fig. 4.2c reveals that the misorientation angle between different units is
discontinuous and can be as large as 26< Fig. 4.2b and 4.2c show that intraprismatic organic

matter within one prism could act as a separation of the local crystallographic orientation.

In Fig. 4.2d, the direction of the c-axis is approximately perpendicular to the c-axis of Fig.
4.2a and 4.2b. The pole figure shows the change of the a-axis. Fig. 4.2e and 4.2f indicate that
there exists an orientation gradient both, parallel and perpendicular to the long axis of the prism
in the cross section. The orientation gradients found here coincide with the findings from
previous study on Pinctada margaritifera (Checa et al., 2013) and hence, we define the smaller

units here as domains within the prisms.

Unlike the calcitic prisms under investigation, most aragonitic prisms lack sufficient
microstructural research. The crystallographic orientation of aragonite prisms in cross sections
of two Anodonta species has been studied using EBSD (Freer et al., 2009). The authors could
show that a single prism is composed of nanogranules, which have the c-axis perpendicular to
the shell surface. They proposed that the a- and b-axis have different orientations but did not
provide further details. The microstructure of aragonitic prisms in cross sections of several
species from the bivalves has also been described in a former study (Checa and Rodr fuez-
Navarro, 2001). In the species Lamprotula sp., each prism is composed of elongated
monocrystalline aragonite fibres, which appear in a feather-like arrangement. X-ray texture
diffractometry has shown that the c-axis of the aragonite crystallites points perpendicular to the

shell surface and the b-axis is parallel to the growth direction of the shell.

In this work, the prisms of Anodonta cygnea and Phorcus turbinatus have entirely different
textures compared with Pinctada fucata. From the pole figures on {001} in Figs. 3.11c, 3.12e
and 3.18c, it is confirmed that the c-axis of aragonite crystallites in both shells are co-oriented

perpendicular to the shell surface with a certain dispersion. Secondly, Figs. 3.11b, 3.12b and

3.18b show abundant colours due to particle orientations, which means that the a- or b-
axis of aragonite crystallites does not have uniform orientation, they are arranged in domains.
Thirdly, Figs. 3.11d, 3.12f and 3.18d show that misorientations angles focus around 52.4°
and63.8< which are the typical misorientation angles between aragonite mesotwins. From the
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Fig. 4.2 Misorientation profiles from 1-6 with corresponding pole figures of {001} and {100}. Red profiles, point-

to-origin misorientations; black profiles, point-to-point misorientations. The arrows indicate changing direction of

the poles along the trace of the line profiles.

selected prism in each of the shells in Figs. 3.11a and 3.18a, it is also can be seen that there are

considerable numbers of mesoscale aragonite twinning boundaries in the aragonitic prisms.

This result is different from studies by the scientists mentioned above. Furthermore, Freer et al.

(Freer et al., 2009) described that the orientation of prisms changes alternatively in other

Anodonta species. According to Figs. 3.11b and 3.18b, such alternating orientation cannot be

confirmed. Finally, the electron microprobe results in Figs. 3.19b, 3.20b, 3.21b and 3.22b show

that there is a higher concentration of organic matter around the prisms in bivalves Pinctada
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fucata and Anodonta cygnea, however we did not find such high concentration between the
prisms in the gastropod sample of Phorcus turbinatus

Based on previous studies and the present results, a more accurate definition of the
prismatic layer from three species can be given: Pinctada fucata has pseudo-single-crystalline
calcitic prisms with considerable orientation divergence; Anodonta cygnea has poly-crystalline
aragonitic prisms with twinned domains on the mesoscale, the twinned domains are arranged
in a granular structure with size of ca. 1 um; Phorcus turbinatus also has poly-crystalline
aragonitic prisms with mesoscale twinning, but the twinned domains are arranged in a pinnate

fibrous texture. Fig. 4.3 shows the schematic illustrations of morphology types of prismatic

layer.

Fig. 4.3 Schematic illustrations of morphology types of prismatic layer (cross section view). (a) Pinctada fucata
(b) Anodonta cygnea (c) Phorcus turbinatus. Black areas show the aragonite lamellae, grey areas show organic
matter and white areas show the prisms.
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4.3 From prisms to nacre

The shells from the three selected species have different prisms and accordingly have
different transition areas between nacreous and prismatic layers. The differences of the

transition between the two layers is seen in the chemical components and interface topography.

In Pinctada fucata, the compositional difference of the magnesium content between the
prisms and nacre may due to the structural difference between calcite and aragonite. In former
studies, it is proved that magnesium is easily incorporated into the crystal structure of calcite
instead of aragonite in sea water since they have the same structure, and magnesium keeps
calcite thermodynamically stable in sea water (Berner, 1975). Moreover, Figs. 3.19b and 3.20b
show that there is a higher sulphur content between the calcite and aragonite layer. Since
sulphur occurs only in the organic matter, it is obvious that the calcitic prisms and aragonitic
nacre are separated by a layer of organic matter, which also corresponds to the SEM images
(Figs. 3.1a and 3.1c). Fig. 3.1c shows that an organic layer extends from the organic envelopes
(i.e. interprismatic organic matter) between the prisms. The coverage of this organic material
gets larger closer to the nacre material. Besides, Fig. 3.9b shows that the transformation of the
crystal orientation from prisms to nacre appears a sharp boundary. Since only one of the three
prisms in Fig. 3.9b has identical orientation of the crystallographic c-axis with the crystallites
in nacre, it seems that the crystallographic orientation in nacre is hardly inherited from the

calcitic prisms.

The electron microprobe results of Anodonta cygnea shown in Figs. 3.21b and 3.22b
indicate that no or little organic layer occurs between nacre and the prisms because higher
concentration of sulphur is seen only between the prisms. It can also be assumed from SEM
images that the crystallization of nacre tablets was initialized at the rim of the convex top of the
prisms directly (Fig. 3.3a and 3.3c). The top of the prisms changed their form of granules to
fibrous crystallites (see SEM image of Fig. 3.4b and BC map of Fig. 3.12a). In addition, Fig.
3.12b shows the boundary between two layers and we find that parts of the nacre have identical
crystallographic orientations as the fibres in prisms.

The electron microprobe analyses of Phorcus turbinatus shown in Fig. 3.23b and 3.24b do
neither display a high concentration of sulphur between the prismatic and nacreous layers, nor
between the prisms. From SEM images, we also did not find evidence for organic membranes
between the two layers or between the prisms. From SEM images (Fig. 3.6), we can see that

the shape of the prisms are is less condensed as the prisms in the former two species. Electron
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microprobe results shows that there is a much higher concentration of sulphur in the prismatic
layer. Combined with an image from a thin section under the optical microscope (see Appendix
I1), it is concluded that there is more organic matter distributed in the prismatic layer. However,
how the organic material is distributed around the fibrous crystallites in detail requires further

studies.

The possible growth process of the shells has previously been studied and discussed for
the freshwater bivalve Amblema plicata (family Unionidae, subclass Palaeoheterodonta) (Petit
et al., 1980). The periostracum is composed of three layers: outer, middle and inner layers; in
this process, prisms are formed in the middle layer; then on the surface of the inner periostracum,
which is located between nacre and middle periostracum layer, carbonate becomes mineralized
as nacre. Later, in another model it was suggested that the periostracum has only two layers,
and both layers cover the outside of the shell (Checa, 2000). Since we did not observe any traces
of middle or inner periostracum between prismatic and nacreous layers in Anodonta cygnea and
Phorcus turbinatus, the findings of this work may account for the model from the work of
Checa. Additionally, the organic layer between the prisms and nacre in Pinctada fucata
supplements the growth models of shells in different subclasses. As biological hard tissues are
functionalized and environment adapted materials, the differences in calcium carbonate phases

as well as in their crystallographic orientation may possibly reflect habitat specific requirements.
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Conclusions

Main conclusions about the morphological and crystallographic features in the shell layers

of Pinctada fucata, Anodonta cygnea and Phorcus turbinatus are as follows:

1)

(@)

(3)

The investigated samples of three species have different surface morphologies of nacreous
layer. The nacreous layers of three species are all composed of aragonite tablets and the
size of the aragonite tablets varies from species to species. The crystallographic c-axis of
aragonite crystallites is co-oriented in one direction. The a- or b-axis of aragonite
crystallites is arranged in a domain structure in Pinctada fucata and Phorcus turbinatus,
and co-oriented in Anodonta cygnea. Cross sections of all three investigated species clearly
show experimental evidence that the particles with similar crystallographic orientation
grow through several organic boundaries forming larger clusters. The three species show
all mesoscale twinning in the nacreous layer in directions perpendicular and parallel to the
shell surface, and the mesotwins have different forms in the three species. Pinctada fucata
has the highest degree of co-orientation of aragonite crystallites.

The prismatic layers of samples from the three species have different size and different
microstructures; the prisms of Pinctada fucata are composed of calcite, while the other two
shells are made of aragonite; strontium occurs only in the latter two species; sulphur has a
higher concentration in the prisms of Pinctada fucata and Phorcus turbinatus; only the
calcitic prisms possess magnesium ions and appear in a pseudo-single-crystalline structure:
the crystallites in one prism are oriented in the same orientation with a certain degree of
divergence; the crystallographic c-axis is either perpendicular or parallel to the long axis
of the prism; neighbouring calcitic prisms can have a large misorientation angle and there
is no gradient of misorientation angles in between. The aragonitic prisms show a granular
structure in Anodonta cygnea and a fibrous structure in Phorcus turbinatus. Both aragonite
prisms possess heavy mesoscale twinning. The c-axis of the crystallites in aragonitic prisms
is co-oriented along the same orientation, which is along the morphological extended axes
of the prisms; the a- and b-axes of the crystallites are arranged in domains in aragonitic
prisms, which are separated by mesoscale twin boundaries.

Between the prismatic and the nacreous layer of the samples of Pinctada fucata there exists
an organic layer, which extends from the interprismatic organic matter, and the co-

orientation of the c-axis in nacre seems not to be inherited from prisms; Nacre of Anodonta
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cygnea and Phorcus turbinatus grows directly on top of the prisms and EBSD results show
that the orientation of the nacre could be inherited from the prisms.

(4) The relative intensities of different Raman modes have been calculated from different
polarization directions and ratios. From mapping experiments, it can be confirmed that
Raman spectroscopy is a useful tool to recognise the crystal orientation and local variations
in biominerals, and the distribution of organic matter. Combined with rotational
measurements on a reference single-crystal aragonite, one can determine the

crystallographic orientation of the crystallites in the nacreous and prismatic layers.
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Appendix | Overview of the inner surface of nacreous layer. (a) Pinctada fucata. (b) Anodonta cygnea. (c) Phorcus

turbinatus.
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Appendix

Appendix 11

Appendix Il EBSD results from the cross section of the nacreous layer of Pinctada fucata. (a) Band contrast map.
The direction of the nacre lamellae is along the vertical direction of the surface. (b) Orientation information map
with colour code of the Euler angles. Different colour areas indicate different crystal orientations.
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Appendix

Appendix 111

Appendix 111 EBSD results of the lateral section of the prismatic layer of Anodonta cygnea. (a) Band contrast map.
The prisms are composed of granules with a size of ca. 1 um. (b) Orientation information map showed colour code
of the Euler angles. Different colour areas indicate different clusters of crystal orientations.
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Appendix

Appendix 1V

Appendix IV EBSD results of the cross section of the nacreous layer in Anodonta cygnea. (a) Band contrast map.
The direction of the nacre lamellae is mainly along the vertical direction of the surface. (b) Orientation information
map with colour code of the Euler angles. Different colours indicate different crystal orientations. The ‘towergrains’
are elongated in the direction perpendicular to the nacre lamellae.
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Appendix V EBSD results of the cross section in Anodonta cygnea containing both nacreous (left) and prismatic
(right) layers. (a) Band contrast map. The nacreous layer is divided by ‘bands’. (b) Orientation information map
with a colour code of the Euler angles. Different colours indicate different crystal orientations. The ‘towergrains’
are elongated in the direction perpendicular to the nacre lamellae.
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Appendix

Appendix VI

Appendix VI Thin section of the Phorcus turbinatus shell under a polarized optical microscope. The inset shows

an enlarged area with curved growth lines and fibrous crystallites in pinnate texture.
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