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ABSTRACT

Calcium carbonate is a chemical substance that is not only considered the most important
compound for biomineralisation in marine organisms and invertebrates, but also has significant
implications for industry, the carbon cycle, and biomedicine. Through evolving and adapting to
ecological challenges, organisms have developed the ability to biomineralise complex hierarchical
structures comprising biopolymers and inorganic minerals. Due to their outstanding material properties,
such as high strength and toughness, while retaining a low density compared to the pure inorganic
mineral, biomineralised materials have long been a source of inspiration for fabricating and optimising
man-made materials. Accordingly, it is of great importance to understand the hierarchical design and
biomineralisation principles of calcium carbonate hard tissues. This dissertation presents and discusses
in great detail findings related to the microstructure, crystallographic texture, and nanomechanical
properties of various calcium carbonate biomaterials. This work focuses mainly on analysing marine
invertebrate hard tissues, such as bivalve molluscs shells, rhynchonellate brachiopod shells and sea

urchin skeletal elements.

Molluscs, particularly bivalves, are globally widespread and present in highly diverse marine
environments. Bivalves are renowned for their high diversity in lifestyles and for generating hard tissues
with hierarchical structures. About 15 main calcium carbonate microstructures are recognised today in
modern bivalve shells. An important part of the bivalve composite hard tissue is the organic matrix,
which regulates and organises the crystallographic orientation and morphology of the inorganic
minerals. Bivalve molluscs can secrete four main carbonate polymorphs, namely calcite, aragonite,
amorphous calcium carbonate or (rarely) vaterite and use the biomineralised hard tissues mainly for
protection of the soft body, but also to pursue diverse lifestyles. To gain insight into the hierarchy,
microstructure, and nanomechanical properties of bivalves, | characterised differently cut shells of 30
different species from 11 orders by EBSD analysis, thermogravimetric analysis, electron and confocal

laser microscopy imaging, and nanomechanical testing.

The structural results provide a detailed illustration of the microstructure and changeovers
between the different layers. If the microstructures feature the same calcium carbonate phase, the
changeover is generally smooth, with the initial crystallographic texture being transmitted from the shell
portion of the adjacent layer. This biomineralisation mechanism is particularly fascinating for the
aragonitic myostraca, the bivalve adductor muscle attachment sites, as their microstructure generation
is largely influenced by competitive growth determinants rather than biological control. Bivalve
myostraca are not only interesting because they enable the organism to form a strong connection to the
adductor muscle fibres, but also because of their outstanding nanomechanical properties, such as a
significantly enhanced hardness, compared to other shell layers or geological aragonite. The

microstructure and nanomechanical properties of myostraca from different bivalve orders and bivalves



following different lifestyles (such as burrowing, swimming, or attaching to substrates) are
characterised. Previous studies have indicated that bivalve myostraca are strictly conservative in
microstructure and texture, consistently forming large, prismatic units. However, the measurements
presented in this work reveal a broad diversity in myostracal microstructures, demonstrating how the
different crystal arrangements, textures, and twinning modes of the myostraca and other shell layers can

influence material properties.

Like bivalve molluscs, rhynchonellate brachiopods also use specialised epithelial cells to
mediate crystal growth at muscle attachment sites of their calcium carbonate shells. Although
rhynchonellates and bivalves share similar living environments, lifestyles and modes of
biomineralisation, they are biologically distant organisms. Thus, comparing the microstructural
similarities and differences between rhynchonellates and bivalves provides insight into the biological
convergence of muscle attachment sites and the different approaches for forming these important
organic-inorganic interface structures. High-resolution EBSD measurements for the shells of modern
two- and three-layered rhynchonellates show that the general microstructure of brachiopod muscle
attachment sites differs strongly from bivalve shells in both calcium carbonate phase and crystal
morphology. However, the muscle attachment sites of both invertebrate classes share some
characteristics that may be important for a strong muscle-shell attachment. This includes the adoption
of crystallographic texture from adjacent shell layers with the same calcium carbonate phase, as well as
the co-orientation of crystallographic c-axes parallel to the muscle bundles at muscle attachment sites.

In contrast to the biomineralised hard tissues of bivalved invertebrates, nucleation of calcitic
skeletal elements in echinoids involves intracellular processes. The latter usually comprises an intricate
arrangement of highly co-oriented trabeculae into various porous, yet robust stereom architectures,
historically described as single-crystalline. Applying the unprecedented EBSD data analysis method of
pattern matching to different stereom architectures in the tests and spines of Cidaris cidaris and
Paracentrotus lividus, this work reveals the presence and distribution of internal small-angle
misorientations. As these misorientations are mostly located at the trabecular junctions, the quality of
single-crystallinity appears to be influenced by the respective stereom architecture; however, sea urchin
calcite cannot be considered single-crystalline invariably. Furthermore, | demonstrate the presence of
poorly co-oriented, polycrystalline areas at both muscle attachment sites of echinoids (at test tubercles
and the base of the spines) and the cortex, which encases the primary and secondary spines of C. cidaris.
The microstructure generation of the cortex is determined by two factors: (i) The cortex crystals nucleate
with c-axes oriented perpendicular to the stereom, which functions as a nucleation template. Thus, the
smoothness of the outer stereom surface determines the texture of the initial cortex portion. (ii) A

competitive growth mechanism determines the further microstructure and texture of the cortex.

Furthermore, this study demonstrates how the EBSD pattern matching method can improve the

angular precision and reveal small-angle misorientations within highly co-oriented structures, such as



the sea urchin stereom. By employing this method to other calcium carbonate biomaterials, such as
eggshell grains, myostracal prisms or large columns in bivalve shells, I highlight in great detail their
crystallographic texture and microstructure, demonstrating the large potential of this data evaluation

technique for future studies.

ZUSAMMENFASSUNG

Kalziumkarbonat ist eine chemische Verbindung wvon zentraler Bedeutung fiir die
Biomineralisierung in Meeresorganismen und wirbellosen Tieren. Darliber hinaus spielt es eine wichtige
Rolle in der Industrie, im globalen Kohlenstoffkreislauf und in der Biomedizin. Im Verlauf der
Evolution passten sich Organismen an 6kologische Herausforderungen an. Dabei entwickelten sie die
Fahigkeit, komplexe Strukturen aus Biopolymeren und Mineralien zu bilden. Biomineralisierte
Materialien zeichnen sich durch auBergewohnliche Eigenschaften aus: Sie sind z&h und hart, besitzen
jedoch im Vergleich zu rein anorganischen Mineralien eine deutlich geringere Dichte. Diese
Kombination macht sie seit langem zur Inspirationsquelle fiir die Entwicklung kunstlicher Materialien.
Demnach ist es wvon groBer Bedeutung, den hierarchischen Aufbau und die
Biomineralisierungsprinzipien von Kalziumkarbonatstrukturen zu untersuchen und verstehen. In dieser
Dissertation werden Erkenntnisse (ber die Mikrostruktur, die kristallografische Textur und die
nanomechanischen Eigenschaften verschiedener Kalziumkarbonat-Biomaterialien ausfihrlich
dargestellt und diskutiert. Diese Arbeit konzentriert sich hauptsachlich auf die Analyse des Hartgewebes

mariner Invertebraten wie Muscheln, Armfil3ern sowie Seeigeln.

Mollusken, insbesondere Muscheln, sind weltweit verbreitet und in sehr unterschiedlichen
Meeresumgebungen anzutreffen. Muscheln sind bekannt fir ihre vielfaltigen Lebensweisen und die
Bildung von hierarchisch strukturierten Hartgeweben. In modernen Muschelschalen sind heute etwa 15
Hauptmikrostrukturen aus Kalziumkarbonat bekannt. Ein wichtiger Bestandteil des Hartgewebes von
Muscheln ist die organische Matrix, welche die kristallographische Ausrichtung und Morphologie der
anorganischen Mineralien reguliert und organisiert. Muscheln sondern hauptsachlich vier polymorphe
Karbonatphasen ab, ndmlich Kalzit, Aragonit, amorphes Kalziumkarbonat oder (seltener) Vaterit. Die
biomineralisierten Karbonatstrukturen werden hauptsachlich zum Schutz des Weichkdrpers genutzt,
spielen aber auch bei Auslbung verschiedener Lebensweisen eine Rolle. Um die Hierarchie,
Mikrostruktur und nanomechanischen Eigenschaften von Muschelschalen zu untersuchen, habe ich 30
Arten aus 11 Ordnungen analysiert. Dazu wurden verschiedene Methoden, wie EBSD-Analyse,
thermogravimetrische ~ Analyse,  Elektronenmikroskopie, konfokale Lasermikroskopie und

Nanoindentation eingesetzt.



Meine strukturellen Ergebnisse liefern eine detaillierte Darstellung der Mikrostrukturen und
Ubergénge verschiedener Muschelschichten. Weisen zwei benachbarte Mikrostrukturen die gleiche
Kalziumkarbonatphase auf, so ist der Ubergang generell flieRend, wobei die anfingliche
kristallografische  Textur wvon der benachbarten Schicht Ubernommen wird. Dieser
Biomineralisationsmechanismus ist besonders faszinierend fur die aragonitischen Myostraca, die
Ansatzstellen der Muscheladduktoren, da ihre Mikrostruktur weitgehend durch kompetitive
Wachstumsfaktoren bestimmt wird, weniger durch biologische Kontrolle. Die Myostraca der Muscheln
sind nicht nur interessant, weil sie einen starken Zusammenhalt zwischen Schale und Adduktorenfasern
ermdglichen, sondern auch aufgrund ihrer herausragenden nanomechanischen Eigenschaften, wie z. B.
einer deutlich erhohten Harte im Vergleich zu anderen Schalenschichten oder geologischem Aragonit.
Diese Arbeit charakterisiert die Mikrostruktur und nanomechanischen Eigenschaften von Myostraca aus
verschiedenen Muschelordnungen und von Muscheln mit unterschiedlichen Lebensweisen (zum
Beispiel Graben, Schwimmen oder Anhaften an Substraten). Frihere Studien deuteten an, dass
Myostraca von Muscheln in Bezug auf Mikrostruktur und Textur streng konservativ sind und generell
aus groRen, prismatischen Einheiten bestehen. Die in dieser Arbeit vorgestellten Messungen illustrieren
jedoch die groRBe mikrostrukturelle Vielfalt der Myostraca und zeigen, wie unterschiedliche
Kristallanordnungen, Texturen und Verzwillingungsarten die Materialeigenschaften der Myostraca und
anderer Schalenschichten beeinflussen kdnnen.

Analog zu Muscheln nutzen auch Brachiopoden der Klasse Rhynchonellata spezialisierte
Epithelzellen, um das Kristallwachstum an den Muskelansatzstellen ihrer Kalziumkarbonatschalen
herbeizufuhren. Obwohl Rhynchonellaten und Muscheln &hnliche Lebensraume, Lebensweisen und
Arten der Biomineralisierung teilen, sind sie biologisch kaum verwandt. Der Vergleich der
mikrostrukturellen Ahnlichkeiten und Unterschiede zwischen Rhynchonellaten und Muscheln gibt
daher Aufschluss lber die biologische Konvergenz der Muskelansatzstellen und die unterschiedlichen
Ansétze zur Bildung dieser wichtigen organisch-anorganischen Grenzstrukturen. HochauflGsende
EBSD-Messungen an den Schalen rezenter zwei- und dreischichtiger Rhynchonellaten zeigen, dass sich
die allgemeine Mikrostruktur der Muskelansatzstellen von Brachiopoden sowohl in der
Kalziumkarbonatphase als auch in der Kristallmorphologie stark von Muschelschalen unterscheidet. Die
Muskelansatzstellen beider Wirbellosen-Klassen weisen jedoch auch ein paar gemeinsame Merkmale
auf, die flr eine starke Befestigung der Muskeln an der Schale wichtig sein kdnnten. Dazu gehéren die
Ubernahme der kristallographischen Textur von benachbarten Schalenschichten der gleichen
Kalziumkarbonatphase sowie die gemeinsame Ausrichtung der kristallographischen c-Achsen parallel

zu den Muskelbiindeln an den Muskelansatzstellen.

Im Gegensatz zu den biomineralisierten Hartgeweben zweischaliger Wirbelloser erfolgt die
Keimbildung kalzitischer Skelettelemente bei Echinoiden auch durch intrazellulére Prozesse. Letztere

bestehen in der Regel aus einer komplizierten Anordnung hochgradig koorientierter Trabekel in



verschiedenen pordsen, aber robusten Stereomarchitekturen, die historisch als einkristallin beschrieben
wurden. Durch die Anwendung der neuartigen EBSD-Auswertungsmethode ,,Pattern matching” auf
verschiedene Stereomarchitekturen in den Tests und Stacheln von Cidaris cidaris und Paracentrotus
lividus zeigt diese Arbeit die Présenz und Verteilung von feinen Misorientierungen innerhalb des
biomineralisierten Gewebes. Da sich diese Misorientierungen meist an den trabekuldren Verbindungen
befinden, scheint die Einkristallinitdt vor allem von der jeweiligen Stereomarchitektur abzuhéngen;
Seeigel-Calcit kann jedoch im Allgemeinen nicht als einkristallin bezeichnet werden. Ferner zeige ich
die Prasenz wenig koorientierter, polykristalliner Bereiche sowohl an den Muskelansatzstellen der
Echinoiden (an den Testtuberkeln und der Basis der Stacheln) als auch am Kortex, welcher die primaren
und sekundéren Stacheln von C. cidaris ummantelt. Die Bildung der Mikrostruktur des Kortex wird
durch zwei Faktoren bestimmt: (i) Die Kortexkristalle keimen mit ihren kristallographischen c-Achsen
senkrecht zum Stereom, welches als Nukleationsvorlage dient. Somit bestimmt die Struktur und
Ebenheit der dulReren Stereomoberfléche die Textur des anfanglichen Kortexteils. (ii) Ein kompetitiver

Wachstumsmechanismus bestimmt die weitere Mikrostruktur und Textur des Kortex.

Dariiber hinaus zeigt diese Studie, wie die Pattern matching-Methode die Winkelprézision
verbessern und feine Misorientierungen innerhalb koorientierter Strukturen, wie dem Seeigel-Stereom,
aufdecken kann. Durch die Anwendung dieser Methode auf andere Kalziumkarbonat-Biomaterialien
wie Eierschalen, Myostraca oder die groRen Kolumnen mancher Muschelschalen arbeite ich die
kristallografische Textur und Mikrostruktur dieser Materialien sehr detailliert hervor und zeige das
grolRe Potenzial dieser Datenauswertungstechnik fir zukinftige Studien.
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1 INTRODUCTION

This work aims to highlight the microstructure and principles of biocrystal growth utilised by
organisms when forming calcium carbonate biominerals. Several Ca-carbonate-based biological hard
tissues generated by organisms of various species, families, and phyla were investigated. Various
analytical techniques were employed to gain an in-depth understanding of the microstructure and texture
of the biomineralised tissues, as well as their functional significance for the organism. The scientific
results presented in this dissertation aim to broaden our insights into the complex crystal growth

mechanisms that control the fabrication of biomineralised calcium carbonates.

1.1 BIOGENIC AND NON-BIOGENIC CRYSTAL NUCLEATION AND
GROWTH

Crystals are generally defined as anisotropic solids with a long-range ordered structure (Tilley
2007). Thus, except for local defects or impurities, the atomic arrangement of one point in a crystal is
the same as that of any other distant part. Through this periodic organisation, the crystal minimises
interatomic energies and maximises its structural stability. The fundamental processes of crystallisation
are described by the classical nucleation theory (CNT), a theoretical concept developed by Becker and
Ddoring (1935), which is based on the ideas of Gibbs (1878) and Volmer & Weber (1926). While the
CNT was initially derived for the formation of nuclei from supersaturated water vapour, it can also be

used to describe crystallisation from a solution (Gebauer & Colfen 2011).

In principle, there are two mechanisms of primary crystal nucleation: homogeneous nucleation
and heterogeneous nucleation. Homogeneous nucleation describes a spontaneous nucleation in the bulk
of supersaturated solutions. In contrast, heterogeneous nucleation occurs on a surface or impurity that
lowers the nucleation barrier. While heterogeneous nucleation is far more common (Sear 2014), the
simplicity of the homogeneous nucleation theory demonstrates which factors promote or impede the
growth of a thermodynamically stable nucleus. Since homogeneous nucleation assumes the nucleation
and growth of a solid crystal from the disordered liquid phase, it can be regarded as a first-order phase
transition. While the bulk free energy of a nascent nucleus is the driving factor for nucleation, the
generation of a phase interface, and thus, interfacial tension, impedes nucleus growth. The change in
Gibbs free energy AG;,:4; Can, therefore, be described as the sum of interface free energy and bulk free

energy, as given by Equation 1.1-1

AGeora = 7 mr°Agp + 4mrio 1.1-1.



Here, the first term is the volume term, assuming a spherical nucleus of radius r. For
crystallisation from a solution, the driving force per unit volume Agj is related to the supersaturation S,
which is taken as the ratio of the actual ion activity product Q and the ion activity product in equilibrium
Ks (solubility product), as expressed by Equation 1.1-2

AgB

= Zins = I (K%) 112
where V¢ is the molar volume of the solid. Generally, as the ion activity product increases, the driving
force for nucleation and growth increases. In biomineralisation, the supersaturation is controlled and
driven by the mineralising cells of the organism (Kashchiev 2000). As an increase in supersaturation
heavily influences physical mechanisms such as agglomeration and decreases the activation energy for
nucleation, biological systems need to fine-tune the reaction medium to control the nucleation (Mann
1995; Nudelman & Sommerdijk 2012).

The second term of Equation 1.1-1 represents the surface/interface term, which is proportional
to the surface area of a sphere. The surface tension o between the nucleus and its surroundings (such as
a crystalline surface developing in a supersaturated solution) is always positive. For small radii, the
surface term dominates, and the Gibbs free energy AG:ocar IS pOSitive. Hence, small nuclei will dissolve
completely. As the volume term is proportional to r3 and the surface term is proportional to r2, there is a
radius r* where the change in total free energy exhibits a maximum, i.e. reaches zero (AG*). Since the
volume term outweighs the surface term after reaching this critical radius size, the change in total Gibbs
free energy will be negative, and nuclei will grow without limit after this parameter (Fig. 1.1-1). If,
however, the nuclei are smaller than the critical radius r*, the surface term is predominant and the nuclei

will dissolve.

The second mechanism of primary crystal nucleation, the heterogeneous nucleation, considers
the influence of existing extrinsic interfaces for the initiation of the nucleation process. Since external
surfaces, interfaces or structural defects form energetically favourable sites, the energetic barrier of
homogeneous nucleation can be overcome more easily. This is due to the critical radius depending on
the surface tension ¢. Especially low supersaturation conditions, reducing the surface tension and, thus,
reducing the critical radius, effectively lead to heterogeneous nucleation and are much more probable
than homogeneous nucleation (Kashchiev & Van Rosmalen 2003). Another factor that promotes
heterogeneous nucleation is the presence of epitactic growth. Epitaxy describes the presence of structural
similarities between the nucleation substrate and the crystallising phase. It can be subdivided into
homoepitactic nucleation, where the nuclei and the substrate are formed of the same phase, and
heteroepitactic nucleation, where nuclei and substrate comprise different phases. Heteroepitactic
nucleation is particularly important for the growth of biological microstructures, as the crystallographic
orientations are predefined and are transmitted to the nuclei and growing crystals by organic compounds
(e.g., Marin et al. 2007; Checa et al. 2025; Sancho Vaquer et al. 2025).
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Figure 1.1-1 Schematic diagram of the Gibbs free energy change with increased nucleus radius in a supersaturated medium.
Adapted from Peng et al. (2023).

Although the CNT can accurately predict qualitative nucleation phenomena, due to a number
of simplifying assumptions (Debenedetti 1997; Sear 2012), some studies suggest that it may fail to
quantitatively predict parameters such as nucleation time (Vekilov 2010; Gebauer & Célfen 2011).
Indeed, many examples in complex crystallisation systems cannot be explained by the CNT, but rather
point to a non-classical nucleation theory (e.g., Kirner & Sturm 2021; Schlotheuber Née Brunner et al.
2021; Fu et al. 2022; Gebauer et al. 2022; Mandera et al. 2023). The latter proposes that nucleation is
not only restricted to a sheer addition of monomers to nuclei and seeds, but also comprises a more
advanced set of entities, such as nucleation clusters, nanodroplets and —particles (De Yoreo et al. 2015).
A simplified, schematic illustration of classical and non-classical nucleation is shown in Figure 1.1-2.
Non-classical nucleation pathways have also been proposed for biogenic mineralisation, suggesting that
metastable precursor phases are used to initiate the nucleation of biominerals (Liu et al. 2021; Du et al.
2024). However, the exact mechanisms behind biomineralisation pathways, i.e. for calcium carbonate
products, are still not fully understood and controversial (e.g., Andreassen & Lewis 2017; Henzler et al.
2018; He et al. 2023; Mandera et al. 2023; Branson & De Nooijer 2025).
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Figure 1.1-2 Simplified illustration of pathways via classical nucleation theory (top) or non-classical nucleation theory
(bottom). Adapted from Gebauer et al. (2018).

1.2 PRINCIPLES OF BIOMINERALISATION

Biomineralisation is the process of mineral formation by living organisms, linking hard
materials of the solid earth with soft organic tissues (Leadbeater & Riding 1986). The earliest
geologically recorded skeletal biomineralisation of CaCOs polymorphs dates back almost 550 million
years ago and was detected in limestones worldwide (Grant 1990; Grotzinger et al. 2000; Gilbert et al.
2019). As a result of an analogous redevelopment of a past biomineral generation mechanism or an
unprecedented lateral genetic transfer during the Cambrian evolutionary explosion, biomineralisation
rapidly evolved into a global phenomenon displayed by all major animal phyla (Kirschvink & Hagadorn
2000; Porter 2010; Park et al. 2011). While, today, over 60 different biominerals across various mineral
classes can be found in nature (Weiner & Dove 2003), polymorphs of calcium carbonate are the most
abundant (Jgrgensen & Fath 2008; Demichelis et al. 2018). Table 1.1 gives an overview of the most
abundant biotic calcium carbonate polymorphs and lists some examples of phyla that use them for

biomineralizing their hard tissues.



Table 1.2.1 Overview of biogenic calcium carbonate polymorphs and the phyla constructing them.

Carbonate polymorph ~ Chemical formula Phylum/Kingdom Reference

Calcite CaCOs Mollusca (Hahn et al. 2012)

(Schmahl et al., 2012a)
(Checa 2018)

Brachiopoda (Simonet Roda et al. 2019a)
(Schmahl et al., 2012b)
(Casella et al. 2018)

Foraminifera (Yin et al. 2021)
(Lastam et al. 2023a)

Arthropoda (Huber et al. 2015)
(Hild et al. 2008)

Aragonite CaCOs3 Mollusca (Peter et al. 2023)
(Griesshaber et al. 2013)
(Ritter et al. 2017)
Cnidaria (Blamart et al. 2007)
(Cairns & Macintyre 1992)
Bryozoa (Taylor et al. 2015)
(Wejnert & Smith 2008)

Vaterite CaCoOs Chordata (Falini et al. 2005)
(Gauldie et al. 1997)
(Melancon et al. 2005)
Mollusca (Wehrmeister et al. 2011)
(Spann et al. 2010)
(Frenzel & Harper 2011)

Magnesian calcite (Ca, Mg)COs Rhodophyta (Nash & Adey 2017)
(Milliman et al. 1971)
(Nash et al. 2021)
Arthropoda (Becker et al. 2005)




(Fay & Smith 2021)

(Plotnick 1990)
Echinodermata (Wilt 2002)

(Dickson 2004)

(James & Klappa 1983)
Brachiopoda (Williams et al. 1965)

(Cusack et al. 2008)

Monohydrocalcite CaC0s;-H.0 Pseudomonadota  (Pan et al. 2019)
(Zhao et al. 2021)
Plantae (Levi-Kalisman et al. 2002)

(Neumann & Epple 2007)

Amorphous calcium CaCOs-H0 Chordata (Aizenberg et al. 2002)
carbonate (ACC)
(Lambert & Lambert 1996)
(Lowenstam & Weiner 1989)
Arthropoda (Fabritius et al. 2009)
(Mergelsberg et al. 2019)
(Fabritius et al. 2011)
Plantae (Levi-Kalisman et al. 2002)

(Setoguchi et al. 1989)

1.2.1 THE BIOMINERALISATION REGIME IN MARINE CALCIUM CARBONATE

SECRETING ORGANISMS

Biomineralisation is a global phenomenon that is responsible for producing a wide range of
molecules that can be broadly separated into the organic biopolymers and the inorganic biominerals.
Through biopolymers and the variation of physicochemical parameters (e.g., the osmotic pressure, the
temperature, the pH or the biofluid chemistry) at secretion, organisms can exert strong control over
many biominerals characteristics: Varying the biominerals composition, biocrystal morphology or
crystallographic texture can influence the material properties and help the organisms to adapt and
survive in their biological habitats (Meldrum & Célfen 2008; Schmahl et al. 2012b; Griesshaber et al.

2017). For more than 500 million years, organisms have occupied diverse ecological niches, applying



different biomineralisation principles to develop a variety of optimised materials (Harper 2016).
Nonetheless, the generation of biomaterials is more or less always defined by three basic motifs: (i) The
interplay and exchange between intracellular and extracellular environments, (ii) the fabrication of
components within cells and (iii) the biologically controlled deposition and organisation of these
components (Colfen 2010; Yao et al. 2017; Gal et al. 2018). While there are many biological control
parameters, such as fluid chemistry, component transport, material surfaces or soft/hard tissue
morphology, the key aspect at biomaterial formation is the portioning of space (Lowenstam & Weiner
1989; Mann 2001; Veis 2005). The importance of forming an intra- or extracellular space partitioning
lies in creating a physical boundary that can define the size and shape of the mineral phase through the
supramolecular preorganisation of organic molecules (Mann 2001). Through the selective permeability
of organic membranes, the spatially defined regions can have distinct chemistries varying from the
surrounding environment (Addadi et al. 2003; Kabhil et al. 2021). Thus, the controlled environment
needed for many biomineralisation principles depends on the presence and activity of biological
membranes as well as their interactions with pumps and surfaces. With advancements in evolution, many
sophisticated systems have developed, each of which is defined by different interaction mechanisms that
employ different biomineralisation strategies (Aidley & Stanfield 2000; Addadi & Weiner 2014).

Subsequently, a short characterisation of the biomineralisation regimes of the three phyla that
were investigated in this study, of the molluscs, brachiopods and echinoderms, is provided.

The biomineralisation regime of molluscs

Showing an outstanding ability to adapt to various marine environments, molluscs are a very
diverse phylum able to mineralise versatile structures of a large variety of minerals (Simkiss & Wilbur
1989). Within the molluscs, one of the best-understood formation systems for biological hard tissues is
that of the bivalves (Checa et al. 2025). Here, the growth of the shell is initiated by the sheet-like mantle
tissue, an epidermis covering the visceral mass of the organism (Smolowitz 2021; Checa et al. 2025).
As the majority of structures are formed extracellularly by a single layer of epithelial cells, these mantle
cells are involved in both the transport of ions to the secretion site as well as the deposition of organic
matter. From an invagination of the outer mantle lobe, the periostracum, a robust extracellular
membrane, is secreted (Saleuddin & Wilbur 1983). The periostracum comprises highly cross-linked
organic molecules and fulfils numerous functions such as enclosing the molluscan mantle tissue and
providing a nucleation template for the initial shell deposition (Saleuddin & Wilbur 1983; Wéhlisch et
al. 2014; Clark et al. 2020; Huang et al. 2024). Following the free periostracum stage, during which the
extruded periostracum emerges from the mantle edge and gradually thickens, the extrapallial space is
spatially restricted and shell growth is initiated by the mantle cells (Salas et al. 2012; Checa et al. 2014;
Xu & Zhang 2014). The shell formation process is schematically illustrated for a bivalve in Fig. 1.2-1.
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Figure 1.2-1. Schematic overview of a bivalve shell illustrating the biomineral secretion mechanism at the outer shell edge.
The illustration highlights the different mantle folds and their relation with the hard tissue, periostracum and extrapallial space.
Adapted from Clark et al. (2020).

For almost all mollusc shell layers, the ionic transport and biomineralisation is mediated
predominantly by the mantle. As the mantle cells are in close contact to the growth surface, they can
precisely control the formation of secreted materials. However, an exception to this mechanism is found
at shell-muscle attachment sites (Checa et al. 2025 and references therein). At these sites, the secretion
of the hard tissue is mediated by a so-called tendon cell layer that is created by the outer mantle
epithelium (Lai-Fook 1967; Reindl 1996; Castro-Claros et al. 2021). At the apical side, the tendon cells
are anchored to the extracellular matrix via focal adhesions and at the basal side, they are connected to
the extrapallial matrix (Fig. 1.2-2). As the tendon cells are blocked by the extrapallial space and are not
in direct contact with the forming crystals, a layer with a specific structure is formed at the muscle

attachment sites, the myostracum (Oberling 1964).



Figure 1.2-2: TEM measurements depicting the attachment of the adductor muscle to the tendon cell layer in O. stentina (a-
c¢). em: extracellular matrix; es: extrapallial space; ex: exocytosis of cytoplasmic material; fa: focal adhesions; mc: muscle cell;
mca: muscle cell attachment; mf: actin microfilaments; my: myostracum shell layer; nu: nucleus; ve: vesicles. Adapted and
modified from Castro-Claros et al. (2021).

The myostracum in bivalves is always aragonitic and, in general, has an invariable and
consistent texture and crystal morphology across many bivalve species, termed conservative by Dong
et al. (2022). These Conservative myostraca appear pale grey or translucent and resemble inorganic
aragonite as they do not show thick interprismatic walls between the individual crystals (Kennedy et al.
1969). As highlighted in more detail in Chapters 2.1-2.4 of this thesis, their distinctive crystallographic
texture and crystal morphology is largely defined by crystal growth parameters, related to competitive
growth. Thus, the conservative myostraca are often characterised by an increasing crystallographic co-
orientation and increasing grain size with distance from the nucleation template (Griesshaber et al. 2007;
Schmabhl et al. 2012b; Crippa et al. 2020a). While conservative myostraca are far more common, this
dissertation shows that some molluscs form non-conservative myostraca. The latter do not show the
typical texture and grain morphology of conservative myostraca, but rather resemble the microstructure
of adjacent shell layers. It is also possible to observe hybrid myostraca, which show elements of both
conservative and non-conservative myostraca. The bivalve shell-muscle anchoring mechanism is among
the strongest of invertebrates (Chantler 1983) as the collagen-rich microfilaments can pass through the
entire extrapallial space and may even penetrate the shell, becoming incorporated in the myostracal

crystals during shell mineralisation (Bubel 1984; Castro-Claros et al. 2021).
The biomineralisation regime of brachiopods

Similar to many bivalves, the benthic or sessile brachiopods are filter-feeders with a bivalved
shell. Although brachiopod shells have a mirror plane perpendicular to the cummissure, the valves are
not mirror images of each other (Rudwick 1970; Schmabhl et al. 2012b; Checa et al. 2025). Despite their
ecological success during the Paleozoic Era, around 95% of species became extinct at the end of the
Permian (Shi & Shen 2000; Peng et al. 2007). Until today, only a fraction of the about 30,000 species
described so far is still extant (Williams et al. 1965; Rudwick 1970; Emig 2017). Among the
invertebrates, brachiopods are unique as they can secrete both calcium carbonate shells and apatite shells
(e.g., LeGeros et al. 1985; Harper et al. 2004; Zhang et al. 2023; Smith et al. 2024). Brachiopod shells



are mineral-biopolymer composites and form a hierarchical structure consisting of up to three layers.
Similar to bivalves, brachiopod shells are secreted in a bottom-up process by mantle epithelial cells and
into the extracellular space (Simkiss & Wilbur 1989). Starting from the periostracum, which covers the
outer shell surface, different shell layers are deposited by different areas of the mantle (Fig. 1.2.3).
During mineral secretion in calcitic brachiopod shells, the width of the extracellular space between the
mantle cells and the forming shell material is in the range of a few nanometres (Simonet Roda et al.
2022). This enables a precise control of the biomineralised layers. While calcitic shells only feature an
organic protein content of around 0.5%, the proteins (mainly chitin) in phosphatic shells may reach up
to 25% (Simkiss & Wilbur 1989).
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Figure 1.2-3: Schematic illustration of the different layers of a Magellania venosa brachiopod shell and its topologic relation
with the mantle epithelium. The mantle is structured into the inner mantle epithelium (IME) and the outer mantle epithelium
(OME). Based on ultrastructural characteristics, different portions of the outer mantle epithelium can been distinguished and
related to different shell layers. Adapted and modified from Simonet Roda et al. (2019).

The biomineralisation regime of echinoderms

Echinoderms comprise a variety of invertebrate marine animals forming their protective
hard tissue exclusively of magnesium-rich calcite (Weber 1969; Wilt et al. 2003; Gayathri et
al. 2007). In sea urchins, the biomineralised tissue comprises of four main skeleton elements:

The two most important features are the circular test and the needle-shaped spines.
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Additionally, echinoderms biomineralised a jaw apparatus in the central area of the ventral test
region as well as small pedicellariae, which can exist in various shapes and sizes on the test
surface (Peters & Campbell 1987; Simkiss & Wilbur 1989; Ameye et al. 1999; Dubois &
Ameye 2001). The main portion of the echinoid skeleton, the test, comprises many plates that
are interconnected via collagen fibres (Ellers et al. 1998). Distributed along the outer plate
surfaces in a VVoronoi-like pattern, primary and secondary tubercles fix the spines in a ball-and-
socket joint to the test, which allows wide-angle movement of the spines.

Opposed to molluscs and brachiopods, the calcification process of sea urchins not
strictly extracellular, but presumably also involves intracellular processes (Simkiss & Wilbur
1989; Vidavsky et al. 2016). Early mineralisation takes place in vacuoles within syncytial
sclerocytes, forming the sea urchin larval skeleton, the teeth and the primary plates of the test
(Méarkel et al. 1989). For all skeletal elements, the syncytium forms a thin, gelatinous membrane
sheath that encloses a matrix-coated cavity (Mérkel et al. 1989). Using a concentration gradient
and specific channels located in the membrane, Ca?* and COs? -ions are concentrated within
the cavities, using active pumps and proteins as anhydrase to remove excessive ions and water
during the biomineralisation process (Chen & Lawrence 1987; Weiner & Addadi 2011). Most
modern studies suggest that the first precipitation within the cavities comprises highly
disordered amorphous calcium carbonate (Politi et al. 2004; Weiner & Addadi 2011; Albéric et
al. 2018). This precursor phase is transported to the syncytium, where it is deposited as a calcite
single crystal after the membrane degrades (Beniash et al. 1997; Politi et al. 2004; Albéric et
al. 2019).

The precipitation and growth of sea urchin magnesium calcite takes place under high
biological control, as visible by the unprecedented crystallographic co-orientation and highly
functional trabecular arrangement (Okazaki 1960; Moureaux et al. 2010; Kokorin et al. 2014;
Shapkin et al. 2017). The trabeculae can construct about 10 different stereom fabrics; however,
their type and form can vary even within a single plate (Pearse & Pearse 1975; Smith 1980).
Studies suggest that the stereom structure can be influenced by factors such as the growth speed
or presence of tissue within the channels (Simkiss & Wilbur 1989). Therefore, extremely rapid
growth, i.e. at certain edges of young primary plates, affects the morphology of the outer plate
(Mérkel et al. 1989) and can weaken the mechanical resistance of the shell, which relate to the
density of the sea urchin shell (Moureaux et al. 2010; Lauer et al. 2018; Lauer et al. 2020).
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1.2.2 THE FUNCTIONALITY OF BIOMINERALISED TISSUES

Evolving for hundreds of millions of years, the complexity and functionality of biomineralised
structures has continuously improved and developed (Yao et al. 2017). Around 810 million years ago,
probable protists have formed the first biomineralised hard parts, consisting of simple phosphatic plates
formed under active biological control (Wood et al. 2017; Wood 2018). Today, biomineralisation is a
key mechanism that is widespread across all six phyla and contain more than 60 different minerals (Sigel
et al. 2008; Addadi & Weiner 2014). Through special fabricational strategies that were employed to
withstand or utilise environmental factors, organisms have developed advanced hierarchical structures
with outstanding material properties that can, in some cases, even outperform man-made materials such
as steel or nylon (Launey & Ritchie 2009; Mittal et al. 2018). One of the best examples of the functional
evolution of biomineralised hard tissues is nacre, also known as mother-of-pearl. This microstructure
comprises small (5-15 um) aragonite tablets that are arranged into lamellae by an organic matrix. This
arrangement has independently evolved in bivalves, gastropods, cephalopods and monoplacoporans and

generates an outstandingly tough material (Marin et al. 2012; Checa et al. 2025).

While the question about the toughest calcium carbonate microstructure is still disputed (e.g.,
Currey & Taylor 1974; Currey 1977; Kamat et al. 2004; Li et al. 2017), it is without doubt that their
composite nature is the key factor for their mechanical properties that surpass their inorganic
counterparts substantially (Loh et al. 2020; Ahamed et al. 2022). In this composites, the minerals provide
stiffness and hardness and the surrounding biopolymer matrix provides ductility. The functionality and
mechanical properties of a microstructure can be influenced by different factors:

M The crystal morphology and size. Although individual crystals have a periodic structure

with precise angles between their flat faces, biomineralisation mechanisms can lead them
into various, irregular arrangements to form complex hierarchical structures (Simkiss &
Wilbur 1989). Adapted to the function of the biological hard tissue and the lifestyle of the
organism, biomacromolecules can form mineral phases with advanced properties (Beniash
2011).

Not only the morphology and structure, but also the size of the biomineralised crystals may
impact the functionality of the microstructure. In inorganic materials, smaller grain sizes
lead to increased hardness due to the Hall-Petch relation (Salem et al. 2006; Renard &
Jacques 2012; Q. Huang et al. 2014; Ding et al. 2019). Although there seems to be no studies
about the validity of the Hall-Petch relation in biomineralised hard tissues so far, this effect
might still be of considerable influence for the functionality of a biomaterial.

(i) The crystallographic orientation. Due to the anisotropy of calcium carbonate biominerals,

the material properties such as the nanomechanical hardness of a biomineralised hard tissue
depend on the crystallographic texture (Joshi 1993). The highest hardness can be observed

when the crystallographic c-axes are oriented perpendicular to the outer surface of the
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(iii)

(iv)

biomaterial, i.e., the crystallographic preferred orientation observed in most biomineralised
hard tissues (Berman et al. 1993; Deng et al. 2023)

The distribution of mineral and organic phases. The organic matrix material acts as a glue

between biominerals, but its organisation, distribution and ratio compared to the mineral
content also have a affect the material properties (Beniash 2011). Depending on the
biomineralised microstructure, the organic content, and with it the mechanical properties
such as stiffness or hardness, can vary greatly (Piez 1961; Currey & Taylor 1974; Wilt 1999;
Currey 2002; Marin et al. 2007b).

Crystalline defects and twinning. One of the most effective toughening mechanisms in

biomineralised hard tissues is fracture deflection along biomineral grain boundaries. This
strategy can be observed in various calcium carbonate layers, e.g., the foliated calcite layer
in the bivalve Placuna placenta (Li & Ortiz 2014) or the helical microstructure of the
gastropod Clyo pyramidara (Li et al. 2015). Probably the most effective and famous
examples for such a hierarchical structure, however, are the plywood-like structures such as
crossed-lamellar layers, which have developed extensively by many bivalves, gastropods,
scaphopods and polyplacophorans (Checa et al. 2025). Through a highly functional
microstructure comprising first-, second- and third-order lamellae that are tilted at high
angles towards each other, fractures are deflected and mechanical damage is constrained.
Energy dissipation mechanisms rely on a high number of grain boundaries, substructures or
crystalline defects. Thus, an important mechanism for the enhancement of material
properties might be the extent, distribution and mode of twinning. In biomineralised calcium
carbonate hard tissues, twinning is particularly prominent for aragonitic microstructures
(i.e., in bivalve shells, see Crippa et al. (2020) or Sancho Vaquer et al. (2025)), but may also
be observed for the calcitic shells and spines of rotaliid foraminifera (Lastam et al. 2023b;
Schmahl et al. 2025b). The effects of twin formation are not limited to blocking dislocations
and crack propagations, but they also effectively reduce the grain size through the
introduction of additional grain boundaries (Shin et al. 2016; Wang & Zhang 2016; Uttam
et al. 2020).
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1.3 BIOMINERALISED MICROSTRUCTURES AND THEIR CRYSTAL
TEXTURE

Many monographs aim to highlight and describe the different microstructures of biomineralised
Ca-carbonate hard tissues, i.e. for molluscs (Boggild 1930; Taylor et al. 1969; Taylor et al. 1973; Carter
et al. 2012), corals (Struve 1898; Lafuste 1970; Semenoff Tian Chansky 1974) or echinoids (Smith
1980; Gorzelak 2021). However, these studies have often focused only on morphological aspects of the
biocrystals, such as crystal shape or size, and neglected the crystallographic texture of the different
microstructures. Not only do the crystallographic axis orientations of the comprising crystals provide
information about the relationship between different skeletal layers or skeletal elements, but they also
offer valuable insights into the crystal growth processes and crystal organization-related responses that

have led to ecophenotypical variations between different species (Coronado et al. 2015).

Up to now, in calcium carbonate biological hard tissues, seven different crystal texture patterns

with varying degrees of crystal co-orientation can be observed. Those seven textures can broadly be

divided into three categories: (i) textures with a high degree of crystallographic axes co-orientation,
where, at least, one crystallographic axis is clustered in a joint orientation, (ii) textures with a medium
degree of crystallographic axes co-orientation, however, with a high degree of local co-orientation
between neighbouring crystals and a low co-orientation across the entire microstructure and (iii) textures

with poorly defined crystallographic axes co-orientation.

It should be noted that the extremes of these textures, perfectly co-oriented single crystals or
untextured and randomly oriented polycrystals, do not exist in biomineralised tissues across an entire
microstructure (Table 12.1 in Griesshaber et al. (2017)). Depending on the chosen scale, however, the
texture of some calcitic and aragonitic biomaterials comes very close to the texture of non-biological

single crystals or polycrystalline assemblies.

Textures with a high degree of crystallographic co-orientation

The strongly co-oriented textures are subdivided into single-crystalline long-range, 3D single-

crystal-like and axial/cylindrical textures. The most co-oriented microstructures have a single-crystalline

long-range order and have a single joint orientation for all crystallographic axes (Fig. 1.3-1a, b).
However, since a “perfect” crystal does not exist in practice, and even the single crystals that are grown
under laboratory conditions can comprise lattice defects leading to minute misorientations, pinpointing
single crystals is difficult and disputed (Lifshitz 2007; Commins et al. 2019). A commonly accepted
definition of a single crystal is “a crystalline entity growing from a single nucleus” (W.W. Schmahl,
personal communication, March 3, 2025); however, it is not possible to retrace the complete crystal
growth conditions back to the nucleation event, especially for biomineralised hard tissues. While high-

resolution EBSD measurements evaluated with modern methods can provide maps with unprecedented
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angular precision and highlight small-angle misorientations, defining rigorous critical parameters (such
as the maximum allowed misorientation across a certain distance) for single-crystallinity is challenging.
In this study, the critical parameters to differentiate a single-crystalline long-range order texture, a
single-crystal texture, from a highly co-oriented 3D “single-crystal-like” texture are, therefore, the
distribution and degree of internal misorientations as well as the MUD value. The MUD value is
calculated by the EBSD software, which quantifies the intensity of the contoured pole figure maxima
and indicates quite well the degree of co-orientation. For a half-width of 5° and cluster size of 3°, the
MUD value of the contoured pole figures for a measurement across the entire microstructure should be
> 700 (Fig. 1.3-1a, b).

A microstructure is considered to have a 3D “single-crystal-like” texture when clear-cut maxima
are observed in the pole figures of all crystallographic axes. In contrast to the single-crystalline long-
range order texture, orientations may scatter around the clustering directions. A microstructure with a
3D “single-crystal-like” texture can either (i) have all crystallographic axes clustered around a single
orientation or (ii) have multiple, distinct maxima, such as the crossed-foliated or the crossed-lamellar
layers in molluscs (Fig. 1.3-1c, d). Even though termed 3D “single-crystal-like”, the latter textures may

show relatively low MUD values, even below an MUD of 50 (e.g., Fig. 1.3-1c, d).

The texture is considered axial if only one common crystallographic axis is clustered, and the
other crystallographic axes are distributed on a circle perpendicular to the clustered axis (Fig. 1.3-1e, f).
It is important to mention that there are many different synonymous terms used for this arrangement of
crystallographic axes distributions, such as turbostratic (Stolarski et al. 2021), cylindrical (Griesshaber
et al. 2010; Lastam et al. 2023a) or fibrous textures (Checa et al. 2020; Berent et al. 2023). Shell
microstructures with axial textures are frequent for many marine phyla, such as molluscs (see Chapters
2.1 to 2.4 of this thesis) or brachiopods (see Chapter 2.5 of this thesis), with the crystallographic c-axes
of aragonite or calcite, often being arranged parallel to the growth direction. Depending on the scattering
of the clustered axis from the texture direction, axial textures can vary in their degree of crystallographic
co-orientation, showing MUD values between 50 and well over 400 (e.g., Fig. 1.3-1e).
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Figure 1.3-1. Compilation of different textures observed in highly co-oriented aragonitic and calcitic microstructures.
Microstructures with single-crystalline long-range orders comprise a single orientation along all three crystallographic axes (a,
b) and have the highest degree of crystallographic co-orientation (MUD > 700 for a half-width of 5°). Single-crystalline long-
range orders in calcium carbonate biomineralised microstructures are uncommon; however, examples are the calcite septa in
Paracentrotus lividus spines (a) or the aragonitic sclerites of Simrothiella margaritacea (b). A 3D “single-crystal-like”
microstructure is given for one or more distinct, clustered orientations along all crystallographic axes (c, d). A 3D “single-
crystal-like” texture can be observed for the calcitic crossed-foliated layer of Helcion concolor (c) or the aragonitic crossed-
lamellar layer of Glycymeris pilosa (d). Axial textures show clustering in a joint orientation along a single axis, with the
orientations of the perpendicular crystallographic axes distributed on a circle perpendicular to the texture axis (e, f). This texture
is observed in many microstructures, such as the calcitic columnar layer in Pinna nobilis (e) or the aragonitic adductor
myostracum in Chama arcana (f).
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Textures with a medium degree of crystallographic co-orientation

While medium co-oriented microstructures usually have comparatively small misorientation
angles between neighbouring crystals (Griesshaber et al. 2025), they typically have low MUD values

when considering the entire microstructure (Fig. 1.3-2). Only two texture arrangements have a medium

degree of crystallographic axes co-orientation: the “spherulitic-like textures” and the “turbostratic-

like” textures. Microstructures with a “spherulitic-like” texture can be found in aragonitic and calcitic
biological hard tissues. Similar to non-biological spherulites, e.g. hydrogel-carbonate aggregates
(Shtukenberg et al. 2012; Yin et al. 2019), the spherulitic microstructures show a spherical, ring-shaped
distribution of the texture axis (usually the c-axis) with the other crystallographic axes varying
accordingly (Fig. 1.3-2a, b). The spread of the texture axis orientations, determined with EBSD
measurements, depends on the cutting angle through the spherulite, as spherulitic microstructures
usually grow from a single, point-like nucleus or nucleation surface and spread evenly in 3D. While
this growth mechanism creates homogeneous morphologies in laboratory-grown aggregates (Yin et al.
2019; Chevillotte 2022), the spatial restrictions at biomineralised hard tissue growth generally impose
the generation of a three-dimensionally continuous spherulite microstructure. Confinement by
neighbouring crystals or uneven nucleation surfaces promotes the growth of some crystals over others.
Therefore, biomineralised “spherulitic-like” microstructures often show diverse crystal morphologies,
which can influence the texture. Accordingly, pole figures might show maxima for selected
crystallographic orientations on the spherulitic orientation ring (see Fig. 1.3-2a). In contrast, others can
have broadly distributed orientational density distributions resembling an axial texture (e.g., Fig. 1.3-
2b).

The second texture observed for medium co-orientated microstructures is the so-called
“turbostratic-like” texture that has only recently been described for a Ca-carbonate hard tissue by
Griesshaber et al. (2025). So far, only observed for calcitic foliated and, to some extent, rhombohedral
layers of oysters, microstructures with a “turbostratic-like” texture show intricate crystal orientation
patterns. In contrast to the axial texture, the c-axes of “turbostratic-like” calcite crystals are not
clustered along the growth direction, but their orientation is between 25° to 30° oblique to the growth
direction (Runnegar 1984; Checa et al. 2007; Checa 2018). Due to the parallel arrangement of adjacent
laths in a folium and the stacked arrangement of folia in a foliated unit, the organisation of calcite c-
and a*-axes in foliated units is graded (Schmahl et al. 2025a). Analysis of sequential subsets has
revealed that the c-axes of foliated units gradually rotates along a circle perpendicular to the inner shell
surface, resembling a spiral (Griesshaber et al. 2025; Sancho Vaquer et al. 2025). The result is a cone-
shaped distribution of c- and a*-axes orientations in 3D and a ring-shaped distribution in 2D pole
figures. The alignment of the a*-axes perpendicular to the c-axes orientation is not random but rather
shows an intricate alignment with a distinct maximum of {105}, {106} directions coincident with the

growth direction (Fig. 1.3-2c). While the point-to-point misorientation along grain boundaries is
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usually small (1-5°, see Griesshaber et al. (2025)), the gradual rotation of c-axes causes the low overall

MUD values of “turbostratic-like” microstructures (Fig. 1.3-2c).

Calcitic textures Aragonitic textures
a| A. argo spherulitic layer b | S. officialis spherulitic layer
g I . M ' i
o : »Spherulitic
-like*
texture

“Turbo-
stratic-like*
texture
(only in 001 Z
calcite) (001) Aragonite
(001)
(120)
V4
(210) Calcite

. S AN
a*-axes c-axes {105}

Figure 1.3-2. Textural compilation of different medium co-oriented microstructures with aragonitic and calcitic crystals. A
“spherulitic-like” texture is created when crystals grow from a spherical nucleation surface with a texture axis oriented toward
crystal growth (a, b). It can be recognised from a ring-shaped orientation distribution maximum, with the other crystallographic
axes scattering perpendicular to it. Pole figures may show an uneven (e.g., the spherulitic calcite layer in Argonauta argo (a))
or even distribution of maxima (e.g., the spherulitic aragonite layer in Sepia officinalis (b)), depending on the crystal size
homogeneity. Like “spherulitic-like” textures, the “turbostratic-like” textures have relatively low misorientations compared to
the neighbouring crystals/plates. In contrast, the texture of the composite microstructure usually has a low MUD value. So far,
“turbostratic-like” textural arrangements have only been observed for calcitic microstructures, such as the foliated and
rhombohedral layers in ostreids (e.g., the foliated layer in Hyotissa hyotis (c)). The indicated IPF colour-codes give the utilised
sample directions of aragonite and calcite for Figs. 1.3-1 to 1.3-3.
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Textures with a low degree of crystallographic co-orientation

The poorly co-oriented textures can also be subdivided into two microstructural crystal

arrangements: the microstructures  with an “axial-like” texture and the “untextured-like”

microstructures. Compared to the axial texture, the “axial-like” texture features a broad distribution of
crystallographic orientations around the clustered axis. Although the MUD values of microstructures
with “axial-like” textures can be as low as 5-10 (Fig. 1.3-3a, b), the pole figures feature areas with a
high orientational density and areas with a low orientational density. In contrast to microstructures with
a medium degree of crystallographic co-orientation, the “axial-like” microstructures not only show a
low co-orientation across the entire measurement but also between neighbouring grains (Sancho
Vaquer et al. 2025).

If a microstructure lacks or shows almost no preferred orientation for any crystallographic axis,
it is considered an “untextured-like” microstructure. Depending on the size of the EBSD map and the
measured crystals, the MUD values of “untextured-like” microstructures can surpass measurements of
textures with a medium degree of crystallographic co-orientation (e.g., for the calcitic pillars of Ostrea
edulis shells, see Fig. 1.3-3c). However, in contrast to the other texture modes, the “untextured-like”
microstructures do not show distinct maxima for the pole figures of any crystallographic axis. Up to
now, all known microstructures observed for biomineralised calcium carbonate hard tissues feature
some degree of preferred crystallographic orientation (Schmahl et al. 2012, A.G. Checa, personal
communication, March 22, 2025). The reason for this is most likely that all biologically mineralised
materials are composites of polymer and mineral and generated either via heteroepitaxy or oriented
nucleation, which also enhance the structural stability (Weiner & Lowenstam 1986). While there are
biomineralised examples of both calcitic and aragonitic microstructures with an “untextured-like”
orientation distribution (Fig. 1.3-3c, d), it is important to consider the impact of different scales on our
perception of crystal textures. For example, the polycrystalline assembly of aragonite crystals in
Acanthopleura vaillantii spicules appears untextured when considering the spicule as an entity, while

an axial-like texture can be recognised on a lower scale (Fig. 1.3-3d).
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Figure 1.3-3. Compilation of different textures observed in poorly co-oriented aragonitic and calcitic microstructures. An
“axial-like” texture is visible in microstructures with a very low crystallographic co-orientation and a weak clustering along a
single crystallographic axis (a, b). Depending on the size of the crystals and the measurement, “axial-like” textures usually
show low MUD values in the range of 5-20. This texture is present in both calcitic microstructures, e.g., the chalk in Magallana
gigas shells (a), as well as aragonitic microstructures, e.g., the complex crossed-lamellar layer of Aconthocardia tuberculata
shells (b). Microstructures with no to almost no crystallographic co-orientation are considered “untextured-like”. Their pole
figures show very low MUD values and a broad, practically homogeneous spread of crystallographic orientations for all axes
(c, d). Examples of the “untextured-like” microstructures include the calcitic pillar sheets of Ostrea edulis shells (c) or the
aragonitic spicules of Acanthopleura vaillantii spicules (d). Although the O. edulis pillars are well-mineralised and show a high
internal co-orientation, the misorientation angles between them are almost random (c).
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2 RESULTS AND DISCUSSION

Five sections within this chapter are published scientific research journal articles (Sections 2.1,
2.2,2.3, 2.5, and 2.6). The author is the first author of those five academic publications. Two additional
chapters of this chapter (2.4 and 2.7) contain unpublished results. The author has also contributed to

three published journal articles, the details of which can be found in the attached publications list.

Section 2.1 Reprinted (adapted) with permission from Crystals, 2024, 14 (7), 649. Copyright ©
2024 MPDI under the terms of the CC-BY 4.0 license.

Section 2.2 Reprinted (adapted) with permission from Materialia, 2024, 36, 213 (2), 107707.
Copyright © 2024 Elsevier Inc under the terms of the CC-BY 4.0 license.

Section 2.3 Reprinted (adapted) with permission from Materials & Design, 2025, 253, 113845.
Copyright © 2025 Elsevier Inc under the terms of the CC-BY 4.0 license.

Section 2.5 Reprinted (adapted) with permission from Crystals, 2025, 15 (7), 649. Copyright ©
2025 MPDI under the terms of the CC-BY 4.0 license.

Section 2.6 Reprinted (adapted) with permission from Acta Biomaterialia, 2025, 198, 334-355.
Copyright © 2025 Elsevier under the terms of the CC-BY 4.0 license.

This work aims to highlight the microstructure, texture, crystal growth models and functional
significance of various organisms forming calcium carbonate biominerals. The different sections of this
chapter are dedicated to understand in great detail the hierarchical structure and small-scale crystal
arrangement of different biological hard tissues. The first four sections detail the microstructures,
textures and changeovers of various bivalve shell layers, in particular, the myostracum, measured with
high-resolution EBSD analysis. Combining EBSD with nanomechanical and thermal analysis
techniques, Sections 2.1 — 2.4 show the influence of different microstructural characteristics on the
material properties of bivalve shells. Although not closely related, brachiopods form bivalved shells that
are superficially similar to the shells of bivalves. Section 2.5 focuses on characterising the
microstructure, nanomechanical properties and muscle attachment mechanism of a calcitic brachiopod
shell. In contrast to bivalves and brachiopods, sea urchins appear to initiate the nucleation of skeletal
elements intracellularly, generating a complex and highly functional hard tissue with a high degree of
crystallographic co-orientation. Employing a progressive EBSD data evaluation method, Section 2.6 not
only gives an overview about the microstructure and hierarchical development of sea urchin skeletal
elements, but also investigates their degree of single-crystallinity. In the final Section 2.7 of this chapter,
this novel technique is also applied to other biological hard tissues, revealing internal misorientations

and other microstructural features with an unprecedented precision.
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Abstract

Chamid bivalves are marine organisms that live in high-energy environments and are cemented
to hard substrates. To avoid shell damage, the organisms form thick, densely ornamented shells. Shell
material consists of aragonite, and the ornamentation may be either aragonitic or calcitic. The latter can
be developed as scaly spines, rows of blades, or comarginal, radial arched lamellae. We investigated
biological crystal morphology and mode of assembly of Chama arcana and Chama gryphoides shells.
Structural characteristics were obtained from electron backscatter diffraction (EBSD) measurements,
complemented with laser confocal and BSE imaging. We found a wide range of crystal morphologies
and sizes, ranging from irregularly shaped calcite and/or aragonite prisms to tiny and thin aragonite
laths.

We observed four different modes of crystal assembly patterns: 1. strongly interlocked dendritic
calcite units forming the ornamentation blades; 2. aragonite laths arranged to lamellae forming the outer
shell layer, the layer adjacent to the calcite; 3. aragonite laths arranged into blocks comprising inner
shell layers or aragonitic ornamentations; and 4. shell portions consisting of aragonite prisms, structured
in size and crystal orientation, at muscle attachment sites. These four different types of crystal
arrangements were observed for the shells of the investigated chamid species; however, they had slightly
different strengths of structuring and slight variations in crystal organisation. Additionally, we observed
unique microstructural features in Chama shells: We report ornamentation crystals resembling
idiomorphic calcite and novel, twinned entities found at the changeover between the aragonitic layers.
We highlight and discuss these differences and anomalies in this contribution.

Keywords

Bivalves, EBSD, biominerals, microstructure/texture, Chamidae
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2.1.1 INTRODUCTION

To protect their soft tissue from environmental hazards (Stanley 1975; Kobayashi 1991;
Harayashiki et al. 2020), bivalves form, in general, multi-layered shells. These have different and
elaborate crystal arrangement patterns (microstructures). Among invertebrates, bivalves developed one
of the strongest muscle—shell attachment mechanisms for valve movement (Castro-Claros et al. 2021).
At those valve portions where the muscles attach to the valves, characteristic scars are present at both
inner valve surfaces, the muscle scars (Taylor et al. 1969; Liao et al. 2015; Castro-Claros et al. 2021).
The muscle scars have a specific optical appearance resulting from their particular microstructure, the

adductor myostracum.

Myostracal microstructure and texture appear conservative for species of many bivalve genera.
Crippa et al. (2020a), le Moine (2022) and Hoerl (2022) investigated with diffraction measurements
myostracal microstructure and texture for 22 bivalve species belonging to 10 orders. Except for the
myostracum of three bivalve species (Arctica islandica, Tellina planata, and Mytilus edulis), the
myostracum of all the other bivalves had a similar microstructure and texture. Crystal organisation was
determined with electron backscatter diffraction (EBSD). The specific mode of myostracal crystal
assembly demonstrates that myostracal crystal growth and, hence, myostracal microstructure is formed
by a specific growth process, namely the process of competitive growth (Nakahara & Bevelander 1971;
Liao et al. 2015; Crippa et al. 2020a; Castro-Claros et al. 2021; le Moine 2022; Hoerl et al. 2024b).

The myostracal valve portion and other mineralised parts of the shell are composite materials
consisting of minerals and biopolymers. Bivalve myostraca consists solely of aragonite, even when the
adjacent shell layers are formed of calcite (le Moine 2022; Hoerl et al. 2024b). The above- mentioned
studies indicate that myostraca comprises, relative to the other shell layers, little organic substance. The
aragonite of the myostracum resembles, for many structural characteristics, non-biological aragonite
(Kennedy et al. 1969; Taylor et al. 1969; Lee et al. 2011).

Shells of the genus Chama are prime examples of the fact that microstructures may vary even
among closely related species. Chama forms thick (up to 5 mm) shells that are densely covered with
ornamentations. These consist of pointy blades arranged for the different species in various ways on the
shell surface (Yonge 1967; Matsukuma et al. 1997). Chama species are common in warm and tidal
waters. Most of them occupy shallow environments, up to a water depth of about 30 m (Beratis 2019);
however, some species, such as C. gryphoides, live in deeper environments, at about 270 to 280 m water
depth (Krylova 2006). Except for a few species that rest freely on loose sediment, most chamid shells
are cemented to substrates by a byssal complex (Yonge 1967; Matsukuma 1996). Chama shells are
about 2-3 cm in diameter and have rather irregular shapes and a circular morphology. Some rock-bound
Chama organisms have enlarged umbonal regions on the left side of the hinge (Allen 1976). An

outstanding characteristic of Chama organisms is the notably elongated adductor muscles that enable a
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rapid and prolonged valve closure despite their notoriously weak hinge (Nicol 1952; Allen 1976;
Berezovsky 2021).

With their thick shells, complex shell organisation, use of the two main carbonate phases for
shell generation, and a large variety of microstructures, Chama is a very suitable genus for investigating
the interrelation of calcitic and aragonitic shell microstructures, along with their specific characteristics
among different species. Similar to the Ostreidae, the Chamidae show a high morphologic variation due
to ecological adaptations of the respective species (Reeve 1847; Pastorino 1991). The focus of this study
is to highlight, juxtapose, and discuss structural characteristics, such as crystal morphology and mode
of crystal assembly, of the different layers of two Chama species. We selected shells of C. arcana F. R.
Bernard, 1976, and of C. gryphoides (Linnaeus, 1758). These bivalves are abundant in many marine
environments (Vance 1978; Patton et al. 1991); however, they dwell at slightly different water depths:
C. gryphoides in deeper (up to 280 m) and C. arcana in shallow (up to 30 m) environments, respectively.
Crystal structural characteristics, their shape, and their assembly were gained from high-resolution
electron backscatter diffraction (EBSD) measurements, complemented with laser confocal microscopy

and field emission scanning electron microscopy (FE-SEM) imaging.

Checa (2018) discusses possible modes of molluscan shell microstructure generation. These
comprise physical processes, such as competitive growth, chemical controls, such as stereochemical
recognition, chemical-biological mechanisms, such as nucleation on and between self-organised
polymer templates and solely biological determinants, such as contact recognition at biopolymer and
mineral component deposition. These processes enable the overall understanding of mollusc shell
microstructure generation; however, they do not provide local structural information on the growth
characteristics of carbonate molluscan shells, e.g., the transmission of crystal orientations between
adjacent shell layers or the patterns of crystallographic axes alignments of crystals belonging to adjacent
shell layers (Schaffer et al. 1997; Feng et al. 1999; Yao et al. 2014) and many more.

Many studies investigated the overall structure of bivalve shells, including Chama shells
(Harper 1998; Agbaje et al. 2017; Checa 2018); however, few studies focused on small-scale and local
carbonate crystal arrangement patterns. The study of Crippa et al. (2020) provides this information for
Glycymeris, but, to the knowledge of the authors, up to now, there is no such full characterisation for

species of the genus Chama. Accordingly, the study presented here provides the following:

(i) An in-depth characterisation of the different shell, ornamentation, and myostracal
microstructures and textures for two Chama species;

(i) Juxtaposes these;

(iii) Indicates the crystal growth mechanisms for the different shell layers;

(iv) Our study highlights, in particular, structural characteristics of the myostracal valve

sections, including pallial and adductor myostraca. While the microstructure and texture
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of pedal and adductor myostraca have been investigated by now using EBSD (for
Glycymeris species (Crippa et al. 2020a)), the measured pattern of crystal organisation
for the pallial myostracum has not been reported yet. The latter is performed in this
study;

(v) Myostracal pillars are prominent structures for Chamidae (Taylor et al. 1969). We
characterise the microstructure and texture of these and trace them from the pallial

myostracum to the inner shell surfaces.

2.1.2 MATERIALS AND METHODS

Materials

Shell samples investigated in this study were chosen to illustrate differences in shell
microstructures within and between different Chama species and scanned with EBSD. Several shells
were investigated in this project, and we report the results obtained for two specimens for each species.
The shell sizes of investigated C. arcana samples range from 3 to 5 cm. For C. gryphoides, the shells
each had a size of about 3 cm. The investigated species are, thus, considered to be fully grown, adult

animals.

Specimens of C. gryphoides were collected in infralittoral rocks near Benalmadena (Mélaga,
Spain). The specimens of C. arcana were collected in Newport Beach, CA, USA, and obtained from

collections of the Natural History Museum London, UK.

Sample preparation for electron backscatter diffraction (EBSD) measurements, field

emission scanning electron microscopy (FE-SEM), and laser confocal microscope imaging

The shells were sectioned such that the cut crossed the adductor myostracum and adjacent shell
layers. The shells of C. arcana were cut either perpendicular to the hinge (cut A, Fig. 2.1-AP1) or
transversely through those shell portions where both the anterior and posterior adductor muscles were
attached to the valves (cut C, Fig. 2.1-AP1). For C. gryphoides, the shells were cut obliquely through
the hinge and the adductor muscles (cut B, Fig. 2.1-AP1). Shells were sectioned with a low-speed
diamond saw. The cut shells were embedded in EPON epoxy resin and conventionally polished in
several mechanical grinding and polishing steps, cloths, and suspensions. For EBSD, sample surfaces
were coated with 4-6 nm of carbon. For FE-SEM imaging, sample surfaces were coated with 6-8 nm

of Pt/Pd. We show in this study images with BSE contrast.

FE-SEM imaging and EBSD measurements were carried out using a Hitachi SU5000 field
emission SEM, Japan, equipped with an Oxford Instruments NordlysNano Il EBSD system. For all

analytical techniques, the SEM was operated at 20 kV. EBSD measurements were performed with a step
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size ranging from 200 to 450 nm. EBSD data were evaluated with the Oxford Instruments AZtecCrystal
3.0 and HKL Channel 5.0 softwares and are presented as colour-coded crystal orientation maps and the
corresponding pole figures. For each measurement, the band contrast images and the pole figures
depicting the individual data points of the crystal orientations are depicted in Chapter 2.1.6 of this thesis.
The specimens of C. arcana were scanned with 15 EBSD maps, two of which consisted of three
individual measurements that were combined into a single scan. For C. gryphoides, nine different

measurement positions were chosen, four on each shell sample A and five on shell sample B.

An in-depth terminology of the structural terms used in this work can be found in Appendix
Section A.1 of this thesis.

2.1.3 RESULTS

We describe in this contribution structural characteristics and crystal organisation for the
different microstructures of C. arcana and C. gryphoides shells. For each species, we show and discuss
two specimens (specimen A and specimen B). For these, we present the changeover between the shell
layers and detail the prevailing microstructure and texture. For a comprehensive visualisation of the
observed microstructures, each colour-coded crystal orientation map (Figs. 2.1-1 to 2.1-8) is
complemented with the corresponding, grey-scaled, band contrast measurement map, which is provided
in the Supplementary Information (Figs. 2.1-AP3 to 2.1-AP5, 2.1-AP7, 2.1-AP8 and 2.1-AP11 to 2.1-
AP13). Aragonite and calcite textures are shown with pole figures (Figs. 2.1-1 to 2.1-8 provide the
contoured version of orientation data; Figs. 2.1-AP3 to 2.1-AP5, 2.1-AP7, 2.1-AP8, and 2.1-AP11 to
2.1-AP13 provide orientation data points). The directions of the cuts and the position of the scans are
visualised in overview laser confocal microscopy images, provided in the Supplementary Information
(Figs. 2.1-AP1, 2.1-AP2, 2.1-AP6 and 2.1-AP10).

Figures 2.1-1 to 2.1-3 and Supplementary Information Figures 2.1-AP3 to 2.1-AP5 visualise the
microstructure and texture of the different layers of a C. arcana shell sectioned along cut A. The outer
shell surface of C. arcana is covered with calcitic ornamentations. The microstructure of an
ornamentation blade is shown in Figure 2.1-1a. A calcitic ornamentation consists of large (up to 50 um
in diameter) crystal units (Fig. 2.1-1a); these are internally structured (Fig. 2.1-1b). The crystallites that
form the calcitic units of the ornamentation are well co-oriented (Fig. 2.1-1a, b). Towards the inner shell
surface, adjacent to the calcite, is an aragonitic shell layer with crossed-lamellar microstructure (Fig.
2.1-1b). The boundary between the calcite and the aragonite is undulating, a remarkable feature that we
observed for all investigated C. arcana specimens (Fig. 2.1-1a, b). This characteristic is different from
what is found for the boundaries between shell layers of Mytilidae, Glycymerididae, and Anomiidae (le
Moine 2022; Peter et al. 2023; Rathi 2023). Crystal orientation changes gradually within a calcitic
ornamentation as the first crystals grow with their c-axis orientation perpendicular to the outer shell
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surface (Fig. 2.1-1a). The calcite within individual calcitic units is, rather, co-oriented (Fig. 2.1-1b),
even though the calcite units are substructured by small-angle boundaries (Fig. 2.1-1b). The interface
between the calcitic ornamentation and the aragonitic crossed-lamellar layer is serrated. At the
changeover between calcite and aragonite, we observed that some calcitic units show regular (104)
growth morphologies; these units resemble idiomorphic crystals (indicated by yellow arrows in Fig. 2.1-
2a). Hence, they exhibit crystal morphologies characteristic of non-biological calcite obtained from
solution (Fig. 2.1-2a). Idiomorphic shapes for biologically secreted crystals are outstanding and very
rarely observed. Adjacent calcite units within an ornamentation blade are interdigitated in 3D, as
indicated by the dendrite-like calcite microstructure (Fig. 2.1-2a). This is also a very specific structural

feature that has not yet been reported for other modern bivalves.

Adjacent to the calcite of the ornamentation, the interface zone to the crossed-lamellar shell
consists of a thin layer formed of minute (average size 1-2 um?) aragonite crystallites (Fig. 2.1-2a, b).
These are randomly oriented, appear to be granular, and do not show thecharacteristic crossed-lamellar
texture comprising the two sets of first-order lamellae. The well-developed crossed-lamellar
microstructure is observable a few micrometres away from the calcite—aragonite boundary (Fig. 2.1-2a,
b). From EBSD measurements, we could deduce that the orientations of the first-order lamellae of the
crossed-lamellar microstructure aretransmitted to the crystals of both the adductor myostracum (Fig.
2.1-2b) and the pallial myostracum (Fig. 2.1-3a). They can also be transmitted from the pallial
myostracum onto the initial complex crossed-lamellar portion of the shell (Fig. 2.1-3a). Nonetheless,
the crossed- lamellar mode of crystal orientation is eventually lost within the complex crossed-lamellar
microstructure (Fig. 2.1-3a). The microstructure of the myostracum (Figs. 2.1-2b and 2.1-3b) is
characteristic of crystal growth resulting from a competitive growth mechanism. Thefirst myostracal
crystals adopt the texture of the crossed-lamellar layer; however, withdistance away from the
changeover, a distinct microstructure characteristic evolves forcompetitive growth (Figs. 2.1-2b and
2.1-3b). The crystal size and co-orientation (quantified by the MUD values) increase with distance away
from the changeover, and the microstructure is characterised by prismatic crystals and low organic
content (Fig. 2.1-2b). Close to themyostracum, within the crossed-lamellar shell portion, we observed
for the investigated C. arcana shells the incorporation of large (up to 20 um), irregularly shaped
aragonite units (yellow stars in Fig. 2.1-3a, b). This is a characteristic of C. arcana and is not observed
inthe shells of other Chama species. These aragonite units are often twinned and may pierce into the

myostracum. Their function and/or advantage for the shell is not yet known.

28



Resin Calcite CL PM
><

Calcite MUD: 18

C-axeEs

() Calcite ©o1) 010)
(120) C A
Ladrcand X
(210) X (100) Aragonite

Calcite  Crossed-lamellar layer pPM CCL .
€——D€ === === === >&>&> Aragonite
Calcite Al R R R |

C-axes

“Aragonite MUD 26
Calcite MUD 70

Figure 2.1-1. EBSD scans demonstrating the different internal structures present in the applied cut A of a Chama arcana shell.
The calcitic ornamentations along the outer shell surface consist of multiple large crystal units that are substructured and
interlock into each other in 3D (a, b). The subsequent aragonitic crossed-lamellar (CL) layer characteristically comprises
multiple sets of differently oriented lamellae, each consisting of small, prismatic crystals (b, arithmetic mean size: 8 um). The
pallial myostracum (MY O) separates the crossed-lamellar from the complex crossed-lamellar layer (CCL, b). The pole figures
indicate the orientational probability density distributions for the calcitic and aragonitic sections (b). The ornamentation layer
has an axial, and the crossed-lamellar layer has a 3D “single-crystal-like” texture. The growth direction (GD) of each scan is

indicated with a white arrow.
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Figure 2.1-2. EBSD scans illustrating the interface between the calcitic layer and the aragonitic crossed-lamellar layer observed
for the applied cut A of a Chama arcana shell. The crystals within the calcitic layer are substructured and interdigitated in 3D
(a). At the serrated interface with the crossed-lamellar layer, some of the calcitic crystals show regular (104) growth faces
(yellow arrows in a, b). The maps show that the characteristic crossed-lamellar patterns start to appear only after a few pm
from the interface with the ornamentation (b). The increasing crystal co-orientation (displayed by the MUD values of subsets
sketched by dotted white lines) within the adductor myostracum (AM) indicates crystal growth by growth competition in the
myostracum. The axial pole figures display the respective orientational probability density distributions for the calcitic and
aragonitic sections. The growth direction (GD) of each scan is indicated with a white arrow.
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Figure 2.1-3. EBSD scans depicting the interfaces within the different aragonitic layers for the applied cut A of a Chama
arcana shell. As the fine-grained crystals in the crossed-lamellar layer (CL) are encased by an organic substance (Crippa et al.
2020a), only a fraction of the backscatter Kikuchi patterns are indexed, leading to the patchy appearance of the lamellar sets.
The interface between the pallial myostracum (PM) and the complex crossed-lamellar layer (CCL) is indistinct and vague (a).
In the thicker adductor myostracum (AM), the crossed-lamellar crystal orientation pattern is maintained for the first few pum
until gradually vanishing due to the competitive growth process (b). Highlighted in the two scans is the occasional presence of
crystal assemblies consisting of large grains (around 10 um in length) appearing in the interface region of the crossed-lamellar
layer (yellow stars in a, b). The pole figures show the orientational probability density distributions and show an axial texture
for the pallial myostracum and complex crossed-lamellar layer (a) and the adductor myostracum (b). The growth direction
(GD) of each scan is indicated with a white arrow.
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Figure 2.1-4. EBSD scans depicting the different microstructures observed for the applied transverse cut C of a Chama arcana
shell. The calcitic shell ornamentations comprise internally structured crystal units (a). These units are oriented with their c-
axes perpendicular to the outer shell surface (OS), gradually rotating the crystallographic axes as indicated by the colourful
dashed lines in the corresponding pole figures (a). The aragonitic pallial myostracum (PM) initially comprises small, spherical
crystals (arithmetic mean: 46 um?) close to the interface with the crossed-lamellar layer (CL, b). Toward the inner shell surface
(1S), the growing myostracum crystals (MYO, mean: 83 um?) are subsequently arranged in a series of pillars with an average
thickness of about 50 pm. The changeover from the pallial myostracum into the myostracal pillars is fluent. The pillars traverse
the complex crossed- lamellar layer (CCL) that is scarcely found along the inner shell surface (red star in b) or in thin sheets
interrupting the myostracal pillars (yellow stars in b). The evolution of the crystal co-orientation statistics in the myostracal
pillars depicted in (b) can be found in the Supplementary Information section of this research article (Figure 2.1-AP7). The
pole figures indicate the crystal orientation data points for the calcitic layer (a) and the orientational probability density
distribution for the myostracal pillars (b), both of which have an axial texture. The growth direction (GD) of each scan is
indicated with a white arrow.
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Figure 2.1-5. EBSD scans depicting anomalous single-crystal-like crystals observed for the applied transverse cut C of a
Chama arcana shell. The highlighted grains have a microstructure similar to the myostracum and can occasionally be found
passing into the pallial (red star in (a)) and the adductor myostracum (AM, yellow star in b). It is twinned along a single plane
parallel to the growth direction and longer than 50 um. The pole figures indicating the orientational probability density
distribution for the myostracum areas of the two scans depict the axial texture of the pallial and adductor myostraca. The growth
direction (GD) of each scan is indicated with a white arrow.
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Figure 2.1-6. BSE image and EBSD scans depicting the microstructure and texture of a myostracal pillar for the applied
transverse cut C of a Chama arcana shell. The BSE image highlights the structure and general layout of the composite shell
and shows a large number of prismatic crystal assemblies that protrude from the crossed-lamellar layer into the pallial
myostracum (PM, a). They exhibit a length of up to 30 um and show a high degree of co-orientation, albeit a frequent occurrence
of twinning (b). The myostracal pillar grows continuously from the pallial myostracum and comprises large crystals (arithmetic
mean: 81 um?) that are arranged spherulitically. Continuous complex crossed-lamellar sheets can cause the subsequently
formed myostracum to dissociate from the primary pillar, leading to a sharp decrease in crystal size in the subsequent pillar
(yellow star in b). If the interrupting layer does, however, not cover the whole pillar, its growth mechanism is not reset (white
stars in b). The pole figures indicate the orientational density distributions and MUD value for different sections of the scan
separated by white dotted lines. The pallial myostracum has a low crystal co-orientation and broad maximum for the c-axis
orientations. In the myostracal pillar, the crystal size and co-orientation increase as the texture becomes strictly axial. After
being interrupted by a sheet of complex crossed-lamellar microstructure, the crystal growth mechanism restarts; hence, the
crystal co-orientation is decreased (b). The growth direction (GD) is indicated with a white arrow (a).

Figures 2.1-4 to 2.1-6 and Supplementary Information Figures 2.1-AP7 to 2.1-AP9 highlight
the structural characteristics of another C. arcana specimen. The latter is sectioned along cut C and
shows the presence of myostracal prisms in the inner shell layer, in addition to the complex crossed-
lamellar microstructure. The outer shell layer of this C. arcana specimen also comprises ornamentations
consisting of calcite crystals with spherulite-resembling crystal arrangements due to the crystals
retaining a high angle to the shell surface (Fig. 2.1-4a). We observed large crystal units that are highly
co-oriented with their c-axes pointing perpendicular to the outer shell surface of the ornamentation (Fig.
2.1-4a). Sectioned along a traverse cut, the calcitic crystal units of C. arcana appear regular and
prismatic. Figure 2.1-4b shows the crystal orientation within the aragonitic myostracal pillars located at
the inner shell surface of C. arcana. Myostracal pillars mostly comprise large aragonitic prisms, the

texture and microstructure of which resemble that of myostracal layers (Fig. 2.1-4b). Within the
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myostracal pillars, thin layers of myostracal and complex crossed-lamellar microstructures may
alternate parallel to the inner shell surface (yellow stars in Fig. 2.1-4b). In general, the spherulitic pillars
and the surrounding complex crossed-lamellar layer coexist and do not disrupt each other up to the inner
shell surface (Fig. 2.1-5a). The consistent crystal orientations (red star in Fig. 2.1-5a) show that
myostracal pillar crystal orientations derive directly from the pallial myostracum. Similar to the uneven
crystal units observed in the first specimen (e.g., yellow stars in Fig. 2.1-4a, b), large prisms are also
visible in the myostracal changeover sections of the second specimen (Fig. 2.1-5a, b). They appear close
to pallial (red star in Fig. 2.1-5a) and adductor myostraca (yellow star in Fig. 2.1-5b) and are strongly
twinned along clear-cut planes. These crystals may exceed 100 um and often traverse both the crossed-

lamellar and the myostracal shell portion (Fig. 2.1-5b).

The microstructure and texture of myostracal pillars in C. arcana shells are very intricate (Fig.
2.1-6). This is the first study that shows measured crystal arrangements for these myostracal pillar
structures. Adjacent to the crossed-lamellar layer, a row of small crystals and prisms increase in size
towards the inner shell surface. In cross-section, we observed an alternation between the microstructure
obtained by competitive growth and the complex crossed-lamellar microstructure of the remaining valve
(Fig. 2.1-6a). Single myostracal pillars often do not cover the entire shell portion from the pallial
myostracum to the innermost shell surface, as continuous sheets of complex crossed-lamellar
microstructure can interrupt the growth of myostracal pillars (yellow star in Fig. 2.1-6b). Following this
sheet, a further myostracal pillar may form, inheriting the texture of the primary pillar. It appears that
non-continuous notches of the complex crossed-lamellar layer do not disrupt the microstructure of
myostracal pillars (white stars in Fig. 2.1-6b).

Figures 2.1-7 to 2.1-9 and Supplementary Information Figures 2.1-AP11 to 2.1-AP14 show the
structural characteristics and organisation of different microstructures found in two different C.
gryphoides shells, sectioned along an oblique direction (cut B). In contrast to C. arcana, C. gryphoides
shells are purely aragonitic and construct their ornamentations of aragonite (Fig. 2.1-7a, b). This
outermost shell layer comprises first-order lamellae consisting of granular aragonite crystals that have a
low degree of crystal co-orientation (Fig. 2.1-7a, b). As it occurs at the outer shell region, we addressed
the latter microstructure as a complex crossed-lamellar- type structure (Hoerl et al. 2024b). According
to (Taylor et al. 1969) and (Kennedy et al. 1970), the complex crossed-lamellar microstructure is only
present at inner valve sections. Towards the inner shell surface, the changeover from a complex crossed-
lamellar type to a crossed-lamellar assembly is smooth (Fig. 2.1-7b). However, the texture in the
crossed-lamellar layer is rather 3D “single-crystal-like” and shows higher crystal co-orientation than the

strictly axial complex crossed-lamellar-type microstructure (Figs. 2.1-7b and 2.1-AP14b).
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Figure 2.1-7. EBSD scans displaying the microstructure of the complex crossed-lamellar (CCL)-type layer for different shells
of Chama gryphoides sectioned along the transversal cut C. The complex crossed-lamellar layer comprises first-order-lamellar
blocks arranged in a complex pattern (a, b). At the changeover with the crossed-lamellar (CL) layer, differences in texture and
microstructure are visible between the two layers (b). The texture is shown by the pole figures indicating the orientational

density distributions for the respective layers. The growth direction (GD) of each scan is indicated with a white arrow.
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Figure 2.1-8. EBSD scans depicting the interfaces between the crossed-lamellar layer (CL) and the adductor myostracum
observed for the two applied sections (cut B) of Chama gryphoides shells. The crystals within the crossed-lamellar layer are
small (arithmetic mean size 9 um) and have a fibrous morphology. At the interfaces, the similar colour-coding of the respective
layers illustrates the coincident crystal orientation of the crossed-lamellar layer and the myostracum (a, b). The scans illustrate
the complex and irregular microstructure of the myostracum, as opposed to the controlled crossed-lamellar microstructure. The
pole figures indicate the orientational probability density distribution for the myostracum areas in the two respective scans. The
double maxima for the c-axis orientations are a relic of the crossed-lamellar crystal orientation pattern. As opposed to the 3D
“single-crystal-like” texture of the crossed-lamellar layer (Figure 2.1-7b), the myostraca have an axial texture (a, b). The growth
direction (GD) of each scan is indicated with a white arrow.
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Figure 2.1-9. EBSD scans depicting the microstructures of adductor myostraca observed for the two applied cuts of
Chama gryphoides shells (cut B). Due to small differences in the cutting directions, theexposed microstructures show
different crystal morphologies. The crystals of the first shell appearprismatic and rather co-oriented; however, grain
boundaries between the crystals are irregular (a). The second shell comprises irregular grain morphologies of the
competitively grown myostracumcrystals (b). Towards the inner shell surface (IS), the average grain diameter seems to
increase, andcrystals appear erratic and anisotropic (b). The pole figures indicate the orientational probabilitydensity
distribution for the myostracum areas of the two respective scans and show an axial texture in the myostraca. The growth
direction (GD) of each scan is indicated with a white arrow.
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As opposed to the C. arcana specimens (e.g., Fig. 2.1-3a, b) or to other bivalves (le Moine 2022;
Hoerl et al. 2024b), the first-order lamellae in C. gryphoides run at a high angle to the growth direction
(Fig. 2.1-8a, b). At the changeover with the myostracum, the adjacent myostracal crystals adopt
epitaxially the crossed-lamellar crystal orientations (Fig. 2.1-8a, b). Towards the inner shell surface,
crystals become increasingly large and prism-shaped (Fig. 2.1-9a, b). The myostracal layers in C.
gryphoides shells show irregular crystal shapes and little-regulated myostracal crystal arrangement
patterns (Figs. 2.1-8a, b and 2.1-9a, b). This contrasts significantly with the crystal characteristics that
we found for Glycymerididae myostraca (Crippa et al. 2020a; Hoerl et al. 2024b).

2.1.4 DISCUSSION

Bivalve shells vary strongly in shape, size, and internal structure (Kennedy et al. 1969;
Iglikowska et al. 2023). To adapt to demands imposed on the organisms by their environment, many
bivalves have de- veloped specific shell microstructures (Boggild 1930; Tevesz & McCall 1979; Morton
& Machado 2019; Castro-Claros et al. 2021). For carbonate-shelled molluscs, up to now, about 15 basic
microstructures are described: granular, fibrous-prismatic, columnar- prismatic, sheeted-nacreous,
columnar-nacreous, spherulitic, foliated, crossed-foliated, complex crossed-foliated, lamellar, crossed-
lamellar, complex crossed-lamellar, vesicular, myostracal, helical and chalky (e.g., Berezovsky, 2021;
Carter et al., 2012; Carter, 1990; Crippa et al., 2020a; Kobayashi and Samata, 2006; MacClintock, 1967;
Taylor et al., 1969). While many shell microstructures appear to be highly conservative and recur among
various unrelated bivalve species, their origin lies in different evolutionary pathways (Marie et al. 2009;
Marie et al. 2012; Popov 2014). The parallel evolution of shell architectures and microstructures for
different bivalve classes started in the Cambrian and is most probably related to an increase in selective
pressure for the development of stronger and more protective shells (Runnegar & Pojeta 1985; Jackson
et al. 2010). Subsequently, we discuss the different microstructures and crystallographic features found
in the shells of C. arcana and C. gryphoides.

The microstructures, textures, and changeover between different crystal assemblies

Figure 2.1-10 gives an overview of the diversity of crystal arrangement patterns and illustrates
the microstructures that we observed for the investigated Chama species. We found five different
microstructures. Prismatic calcite (1) is present in the ornamentations of C. arcana; however, it is not
present in the aragonitic ornamentations of C. gryphoides. The ornamentations of C. gryphoides are
aragonitic and have a complex crossed-lamellar type microstructure (2). In addition to the
microstructures of the ornamentations, both investigated Chama species construct their shell of crossed-

lamellar (3), myostracal (4), and complex crossed-lamellar (5) aragonite crystal assemblies.
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Secretion of bivalve shell crystals takes place by mantle epithelial cells. These are secreted
below the periostracum, an organic layer formed of cross-linked proteins, mucopolysaccharides, and
lipids, and serve as a template for crystal nucleation (Clark et al. 2020). To achieve the generation of the
ornamentations, the nucleation template is folded before mediating the growth of the shell crystals.
Crystal growth direction is, in general, normal to the marginal parts of the mantle. The first crystals
grow epitaxially from the folded periostracum (Kennedy et al. 1970; Lopes-Lima et al. 2010; Suzuki et
al. 2013). Therefore, irrespective of whether the ornamentation is aragonitic or calcitic, ornamentation
crystal a- and b-axes orientations scatter on a great circle in the pole figure (Figs. 2.1-2a, 2.1-4a and 2.1-
7a, b) instead of having co-oriented a- and b-axes distributions. The ornamentation texture pattern
deviates considerably from that of the crossed-lamellar shell layers. These have a 3D “single-crystal-

like” texture.

The changeover from the ornamentation to the adjacent crossed-lamellar microstructure and
texture highlights how bivalves achieve a drastic change in microstructure and texture without losing
the structural integrity of their shell. Figure 2.1-11 gives an overview of the shell layers found in C.
arcana near the adductor myostracum region. The changeover from prismatic calcite (ornamentation)
to crossed-lamellar aragonite (shell) is achieved via an undulating interface consisting of calcite crystals
(Figs. 2.1-1, 2.1-2 and 2.1-11b). Along the interface, many calcitic units show regular (104) growth
morphologies resembling idiomorphic calcite (yellow stars in Fig. 2.1-3a, b). The regular growth
morphologies indicate a lack of biological control during the growth of the ornamentation. This
observation is in agreement with the conclusions of (Harper & Checa 2017). The authors investigated
the biological influence on the shell growth of euheterodont and pteriomorph species. They found that
calcitic euheterodont microstructures, such as the ornamentations in C. arcana, feature a low organic
content due to the absence of an organic envelope encasing the prisms. Hence, rather than being
controlled by biological determinants, the fibrillar prisms of the or- namentations seem to predominantly
form under physical controls (Harper & Checa 2017). At the changeover to the crossed-lamellar layer,
the spatial restrictions imposed by the neighbouring crystals appear to be cancelled. This could explain

the regular (104) growth morphologies found along the serrated interface.

A further specific feature of the above-mentioned changeover from the calcitic ornamentation
to the aragonitic crossed-lamellar shell can be observed for the first few micrometres of the crossed-
lamellar layer. The microstructure of crossed-lamellar aragonite is usually formed of laths that are
assembled into two sets of first-order lamellae. However, we observed instead, at the direct transition
from ornamentation calcite into crossed-lamellar aragonite, a thin shell layer (white stars in Fig. 2.1-2a)
that is low in crystal co-orientation and rich in organic substance. The latter might be needed to guide
aragonite arrangement to form the characteristic crossed-lamellar pattern, as, here, an organic membrane

template controlling crystal orientation is absent, and the crystal growth process changes from low

40



(ornamentation) to high (crossed-lamellar) biological control. Similar structural characteristics have

been found for the calcite—aragonite interface in the shell of Pinctada margaritafera (Cuif et al. 2023).
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Figure 2.1-10. Compilation of the microstructures of different layers found in Chama shells depicted by EBSD
measurements. The calcitic ornamentation in C. arcana comprises large, irregular prismsthat are interdigitated in 3D (a,
b). The calcitic ornamentation microstructure is characterised bya lack of an organic envelope encasing the internally
substructured prisms (a, b). The aragoniticornamentations in C. gryphoides comprise a complex crossed-lamellar (CCL)-type
microstructure (c). Ornamentations and myostraca in C. arcana and C. gryphoides are separated by a crossed-lamellar
microstructure (d). The adductor myostracum is characterised by large, prismatic crystals thatincrease in size as they
grow away from the interface (e). Some C. arcana species show myostracalpillars traversing the complex crossed-lamellar
layer (f). The pole figures show the orientationalprobability density distribution for the respective layers (a—f).
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Figure 2.1-11. Schematic overview image displaying the organisation of layers near the adductor myostracum found
in Chama arcana shells. The myostracal pillars that occur in some C. arcana species are not depicted in the graphic. The
shell comprises four different microstructures (a). Myostracamay form during shell attachment with different muscles, e.g.,
forming the thick adductor (AM) or the thin pallial myostracum (PM). The outer shell ornamentations have a prismatic
microstructureand a serrated interface with the adjacent crossed-lamellar layer (CL, b). In the changeoverregion from crossed-
lamellar to myostracal layers, large (around 10 um) and irregular single-crystal prisms are visible (c). The inner layer always
comprises a complex crossed-lamellar structure, either as auniform layer (d) or traversed by myostracal pillars.
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In C. gryphoides, the entire shell is aragonitic, and there is no changeover from calcite to
aragonite. Nonetheless, the microstructures of the layers are quite different. The aragonite crystals may
appear as large prisms (myostracum), thin laths arranged in first-order lamellae (crossed-lamellar), or
granules (complex crossed-lamellar type). The ornamentation in C. gryphoides comprises a complex
crossed-lamellar-type microstructure with an axial texture (e.g., Figs. 2.1-7a, b and 2.1-AP14a). The
adjacent crossed-lamellar layer shows a 3D “single-crystal-like” texture (Figs. 2.1-7b and 2.1-AP14b).
Regarding crystal morphology, the changeover between those two layers is rather sharp; however, it is
smooth regarding crystallographic texture. Thus, it appears that the crystal orientation pattern of the
ornamentation is initially transmitted to the crossed-lamellar layer and subsequently “filtered” during its
growth towards the inner shell surface (Fig. 2.1-7b). This may ensure a strong connection between the
two layers while maintaining the tough crossed-lamellar microstructure that always comprises only the
two sets of first-order lamellae. The similar crystal orientation patterns of the four different
microstructures in C. gryphoides interconnect the shell layers with- out having to construct a
metabolically expensive sheet of organic material or losing the microstructural properties of the

individual layers.

Our study shows that, for the investigated Chama species, the shell layers differ in
microstructure and that adjacent microstructures do not merge into one another. There is no intermediate
between adjacent microstructures. The contrary is observed for the textures of adjacent shell layers. (i)
If adjacent shell layers are formed of different carbonate polymorphs, calcite, and aragonite (Figs. 2.1-
1b and 2.1-2Db), then the texture pattern is not transferred from one shell layer to the other. In this case,
there is always a marked inlay, rich in organic substance, between the calcitic and the adjacent aragonitic
shell portions. (ii) If adjacent layers are formed of the same carbonate polymorph, as is the case for C.
gryphoides solely of aragonite (Figs. 2.1-3a, 2.1-5a and 2.1-7b), then the texture of the one layer is
transmitted to the adjacent shell layer at the changeovers. Crystallographic a-, b-, and c-axes of crystals
of the adjacent aragonitic layers have very similar orientations at and close to the interface. With distance
from the changeover regions, each of the textures becomes more distinct, and differences between the
shell layers become visible. All aragonitic microstructures of the observed Chama specimens show
strong twinning on the (110) plane. Hoerl et al. (2024b) demonstrated the twinning modes in crossed-

lamellar, myostracal, and complex crossed-lamellar layers.
Ornamentation morphology and crystallography

Even though most species of Chamidae form a purely aragonitic shell (Taylor et al. 1969), a few
Chama species, such as C. arcana, form their shell of aragonite and the ornamentation of calcite. Bivalve
ornamentations not only serve as protection for the soft tissue but also have a variety of other functions.
They help the bivalve maintain a stable position in the sediment (Trueman 1966; Kauffman 1969; Aller
1974; Stanley 1981), play an important role during burrowing (Stanley 1969; Stanley 1970; Alexander
et al. 1993; Johnson 2020), and add to the general stability of the shell (Kauffman 1969; Aller 1974;
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Klompmaker & Kelley 2015). Through adaptation to various environments and lifestyles, such as to the
site of cementation, exposure to wave action, and encrusting biota, bivalves formed numerous patterns
of ornamentation sculptures (Kennedy et al. 1970; Ubukata 2005; Ye et al. 2023). The ornamentations
of the two investigated Chama species vary in carbonate mineralogy, crystal morphology,
microstructure, and texture and are, thus, well suited to demonstrate the structural variety of chamid

shells.

The aragonitic ornamentations of C. gryphoides comprise a complex crossed-lamellar-type
microstructure. Due to its microstructure with first-order-lamellar blocks that comprise small crystals
arranged into an intricate pattern (Figs. 2.1-7a, b and 2.1-AP14a), this layer was historically described
to have a crossed-lamellar microstructure (Matsukuma et al. 1997). To our knowledge, this is the first
study to describe the microstructure of the complex crossed-lamellar-type layer and its changeover to
the crossed-lamellar microstructure in great detail, using electron microscopy and EBSD. The
changeover is rather sharp, and the pole figures show dissimilar textures for the two layers: While the
complex crossed-lamellar-type layer has an axial texture with a- and b-axes orientations varying on a
great circle perpendicular to the c-axes, the texture of the crossed-lamellar layer is 3D “single-crystal-
like” (Figs. 2.1-7, 2.1-10c, d, and 2.1-AP14). Despite the initial transmission of the crystal orientation
pattern from ornamentation to the crossed-lamellar layer in C. gryphoides shells, the layers are, thus,
distinct, and their crystal growth mechanisms might vary. The homogeneous grain morphology and
crystal orientation pattern indicate some degree of organic substance control during the growth of the
complex crossed-lamellar-type layer.

In contrast, the calcitic ornamentation layer in C. arcana comprises irregular prisms that lack
distinct sheaths around the large (up to 200 um in length) substructured grains. The low degree of
organic content and the distinct microstructure indicate a lack of biological control in the ornamentation
layer. The latter might induce the internal substructuring and the complex 3D interdigitating dendrite-
like calcite crystals as the growing crystals fight for space in the spatially restricted ornamentation.
Similar crystallographic configurations have so far been observed for brachiopods and rotaliid
foraminifera that comprise interdigitating calcite crystals characterised by dendritic boundaries and low
organic content (Goetz et al. 2011; Lastam et al. 2023a). To our knowledge, this study is the first to
report this kind of microstructure for bivalve shells. The poorly ordered yet effective calcitic
ornamentation serves as a primary layer of protection in a life stage where the soft tissue is most
vulnerable to predators and environ- mental threats (Verween et al. 2007; Pineda et al. 2012). Once the
ornamentation is constructed, most Chama organisms form the highly controlled crossed-lamellar layer.
This could explain the structural variety of ornamentation sculptures that have been observed for the
Chamacea (Kennedy et al. 1970). Thus, the ornamentation carbonate and layers may not be
mechanically optimised but rather the result of spatial and chemical restrictions imposed by their

surrounding environment. Granasy et al. (2024) support the idea that the physicochemical environment
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in which the biomineralisation takes place may be controlled and manipu- lated by the genetically
encoded organic material. Seeing that the metabolic cost of the calcitic foliated, prismatic, and chalk
structures is lower than for aragonitic structures (Taylor & Layman 1972), it might be favourable for
some species to form calcitic assemblies of crystals. Rather than forming a genetically controlled
microstructure with high organic content (as seen, e.g., in Pteriomorphs (Harper & Checa 2017)), calcitic
ornamentations in C. arcana contain little organic material and can possibly be deposited more quickly
(Taylor & Layman 1972; Harper & Checa 2017). Thus, calcitic ornamentations can serve as an efficient

alternative to aragonite in turbulent environments.

The mechanical drawbacks of calcitic ornamentations might be counteracted by the particular
ornamentation geometry that is predefined by the periostracum: In C. arcana shells, the calcitic
ornamentations are long and run at high angles to the inner shell surface (Figs. 2.1-AP2 and 2.1-AP6a),
whereas the fully aragonitic C. gryphoides shows a rather shallow and thin ornamentation layer. Living
in different environments, the two observed species, thus, might have developed varying evolutionary

strategies for the protection of the soft tissue and survival of the organism.
Microstructural Anomalies

It is quite common that bivalve shells vary in structural characteristics across different species
within the same order (Kennedy et al. 1969; Taylor et al. 1969; Sato & Sasaki 2015; Prezant et al. 2022).
This is also the case for C. arcana and C. gryphoides. Those differences usually result from evolutionary
processes that cause certain characteristics to appear, disappear, increase, or decrease. However, it is
highly unusual to see significant structural differences in a single specimen that do not result from
malformation or spatial limitations. In our study, we report two specimens of C. arcana that drastically
vary in their shell structure and properties. The differences are visible both on a microscopic and on a

macroscopic scale, as reported for the two following characteristics:

1. Myostracal pillars or the complex crossed-lamellar layer along the inner shell surface

For the investigated specimens of C. arcana, we see striking differences in their respective inner
shell layers. While specimen A exhibits a continuous complex crossed-lamellar microstructure
along its inner shell surface, specimen B features myostracal pillars that reach lengths of up to
1 mm. The myostracal pillars are embedded in a complex crossed- lamellar microstructure and
are also reported for other species of the Chamacea (Taylor et al. 1969; Kennedy et al. 1970).
However, to our knowledge, this is the first study to measure and analyse those structures using
modern techniques such as scanning electron microscopy and EBSD. The myostracal pillars
have an elongated, ovoid morphology and seem to arise directly from the pallial myostracum,
assuming its texture and microstructure (Figs. 2.1-4a, 2.1-5a, 2.1-6). Therefore, they comprise
large, irregular prisms that have their c-axis orientation normal to the inner shell surface. Similar

to the myostraca, the myostracal pillars have a thin organic matrix separating the grains but do
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not show well-developed interprismatic protein walls. Their microstructure strongly contrasts
the complex crossed-lamellar layer (Kennedy et al. 1970; Hoerl et al. 2024b). The reason why
one specimen shows the presence of pillars and the other one does not might be related to the
muscular activity of the organisms: Following the detachment of the pallial muscles in specimen
B, other muscles are locally attaching to the shell, initiating the growth of the pillars. Periodic
attachment/detachment of those muscles would, therefore, explain the alternating sheets of
myostracal pillars and the complex crossed-lamellar layer, as observed in our study in some

measurements (yellow stars in Figs. 2.1-4b and 2.1-6b).

2. Formation of single crystal-like units in the crossed-lamellar layer

For all C. arcana shells, we found the presence of anomalous single-crystal-like aragonite units
in the crossed-lamellar layers. They can vary in size from 5 pum to more than 100 um and are
usually oriented with their c-axis perpendicular to the inner shell surface. Most of these crystals
are located at or near the changeover into the myostracum and match the texture of the
surrounding crossed-lamellar layer. In specimen A of C. arcana, aragonite crystals appear to be
clustered in scattered units of around 20 pm diameter (yellow stars in Fig. 2.1-3a, b). They
comprise differently oriented crystals that are twinned along irregular planes. On the other hand,
specimen B of C. arcana also shows large crystal entities in addition to the small clusters. Those
entities (stars in Figs. 2.1-5a, b and 2.1-AP9) may exceed a length of 100 um and a thickness of
25 um. Similar to the small clusters, they are strongly twinned; however, the twin plane is
usually a clear-cut and straight boundary. The direction of the cut may affect the appearance of
the entities; however, the large divergence in length and thickness between the specimens points
towards a structural difference. To our knowledge, this study is the first to report single-crystal-
like entities within crossed-lamellar layers in Chama shells or even bivalve shells in general.
Therefore, their exact origins and growth mechanisms are uncertain. Opposed to the myostracal
pillars, they probably do not stem directly from muscle-shell attachment: (i) individual crystal
morphologies are irregular and can vary in thickness (e.g., Figs. 2.1-5a, b and 2.1-AP9), (ii)
larger crystal entities can penetrate the adductor myostracum without assuming its texture or
microstructure and (iii) in contrast to the myostraca, there is no gradient in crystal size, e.g., as
is the case for crystal that grow through growth competition (see Fig. 2.1-AP11 in Hoerl et al.
(2024b)).

Reviews of Taylor et al. (1969, 1973), Kennedy et al. (1970) and Ponder et al. (2019) highlight

the rich portfolio of shell microstructures that bivalves developed throughout the Phanerozoic. The

microstructure diversity for bivalves that we see today is far above that of any other calcifying phylum

(Carter 1990). Mineralisation by bivalves started in the lower Cambrian with the genera Fordilla and

Pojetaia. The microstructure of these two genera was always foliated aragonite (Runnegar & Bentley

1983). If we take into account all molluscs, then there already was a wide variety of mollusc
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microstructures in the Cambrian: fibrous, prismatic, crossed-lamellar (weak evidence), calcitic semi-
nacre, foliated calcite, and foliated aragonite (Runnegar & Bentley 1983; Runnegar & Pojeta 1985; Feng
et al. 2003; Vendrasco et al. 2010). The nacre in the Cambrian Mellopegma (Trueman 1966) was
reinterpreted as calcitic semi-nacre (Vendrasco et al. 2010), and the evidence of crossed-lamellar
microstructure in Yuwenia (Trueman 1966) is very weak. Hence, molluscan nacre was absent in the
Cambrian, and the presence of the crossed-lamellar microstructure is very doubtful. Thus, the two main
microstructures that we observe today for mollusc shells, the nacreous and cross-lamellar crystal
arrangements, were not present in the Cambrian and appeared in the Ordovician. Even though laminated
calcite formation by molluscs is reported for the Cambrian (Vendrasco et al. 2010), the increased
production of calcitic bivalve shells started in the late Permian to Early Triassic (Stenzel 1971; Guo et
al. 2018; Li et al. 2018; Li et al. 2021). Although the cause for mineralised tissue formation is still
disputed, one prominent hypothesis is that it was evoked by the onset of predation. The latter called
forth the initiation of diverse defensive solutions. These include the development of differently sized
and formed shells with various thick shell walls, the formation of layered shells, and the development
of diverse crystal orientation patterns for the different shell layers (e.g. Runnegar and Pojeta 1985,
Vendrasco et al., 2010).

Mechanical property characterisation of bicarbonate microstructures demonstrated that these are
variably suitable for protection against mechanical and chemical external threats. For example, the
crossed-lamellar microstructure, the most widely used microstructure by Mollusca today, has a higher
fracture toughness and ability to dissipate cracks relative to granular and nacreous crystal arrangements
(e.g. Currey and Taylor 1974, Currey and Kohn 1976, Currey 1988, Peter et al. 2023). However, the
crossed-lamellar structure also has an increased organic contact, as each lath of the first- order lamellae
is encased by an organic substance (Fig. 20d, e in Crippa et al. (2020)). The organisation of the organic
substance in the crossed-lamellar microstructure is more complex and intricate (Fig. S20a—c in Crippa
et al. (2020)) relative to the organisation of the organic substance in shells with granular structures (e.g.,
Arctica islandica, Figs. 2b and 3b in Casella et al. (2017)) and nacreous microstructures (e.g., Mytilus
galloprovencialis, Haliotis glabra, Figs. 3-5 in Peter et al. (2023)). Further- more, the functional
significance of calcite, relative to aragonite, is uncertain, as calcitic microstructures are, in general, softer
than aragonitic (Taylor & Layman 1972; Troncoso et al. 2020; Lew et al. 2023; Peter et al. 2023; Hoerl
et al. 2024b) and do not seem to provide notable benefits regarding shell dissolution or protection from
external chemical attacks (Gabriel 1981; Henrich & Wefer 1986; Harper 2000; Cubillas et al. 2005).

Hence, the “best” microstructure for biological hard tissues depends not only on its mechanical
properties but also on the metabolic cost and the constraints imposed by the surrounding environment.
Thus, we hypothesise that calcite and aragonite seas may play primary roles in determining the initial
carbonate mineralogy; however, their subsequent influence on skeletal mineralogy is limited (Avery &
Etter 2006; Porter 2010; Thomsen et al. 2015; Conci et al. 2021; Collins et al. 2023).
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2.1.5 CONCLUSIONS

For a trade-off between functionality, mechanical properties, and metabolic cost, bivalves can

choose from a wide variety of crystal arrangements when forming their hierarchical shell.

Although the Chamidae are mostly sessile, they live in different ecological environments that
pose challenges that benefit some subspecies more than others. This phenomenon might explain the
significant structural diversity we observed among chamid shells. We found differences not only in the
ornamentation, the first-formed layer that is epitaxially controlled by the periostracum, but also in the

inner shell layers and the muscle attachment behaviour.

In this contribution, we highlight and discuss differences in shell hierarchy and microstructure

between and within different species of Chama. From our structural results, we conclude the following:

1. For C. arcana and C. gryphoides, five distinct microstructures can be observed. From the
outer to the inner shell surface, these microstructures are Prismatic calcite (only in the
ornamentations of C. arcana), complex crossed-lamellar-type aragonite (only in the
ornamentations of C. gryphoides), and crossed-lamellar, myostracal, and complex crossed-
lamellar aragonite.

2. Depending on the type of muscle attachment, myostracal microstructures may appear as
thick patches (adductor), as a thin and hollow hemisphere (pallial), or as pillars arising from
the pallial myostracum.

3. In some, but not all, shells of C. arcana, myostracal pillars traverse the inner complex
crossed-lamellar layer. They have a spherulite-resembling shape comprising large aragonite
prisms that grow continuously from the pallial myostracum and, most probably, follow a
competitive growth mechanism.

4, Myostracal pillars adapt to the texture of the pallial myostracum. Muscular detachment and
reattachment can cause myostracal pillars to be interrupted by sheets of complex crossed-
lamellar shell material. With further growth of the shell, the competitive growth mechanism
restarts and assumes at first the texture of the preceding (in this case, complex crossed-
lamellar) layer.

5. The pallial and adductor myostraca follow a competitive growth mechanism. The crystal
orientation pattern of the crossed-lamellar layer is transmitted onto the myostracum and onto
the complex crossed-lamellar layer. The changeover region from crossed-lamellar to
myostracal layers in C. arcana shells features large (up to 100 um), single-crystal-like
crystals with irregular morphologies twinned along one or few boundaries. These crystals
have not yet been observed in crossed-lamellar layers, and their origin and growth

mechanism are not yet known.
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6. Ornamentations in chamid bivalves may be either calcitic or aragonitic. Calcitic
ornamentations (e.g., in C. arcana) comprise a prismatic microstructure of large (up to 200
pm in diameter) crystals that have their c-axes oriented perpendicular to the outer shell
surface defined by the periostracum. The aragonitic ornamentations in C. gryphoides
comprise a complex crossed-lamellar-type microstructure that resembles the inner layer
featuring first-order-lamellar blocks that comprise small third-order lamellae.

7. The crystal orientation pattern is transmitted at the changeover from the aragonitic
ornamentation to the crossed-lamellar shell in C. gryphoides. Since the textures of the
complex crossed-lamellar-type ornamentation (axial) and of the crossed-lamellar layer (3D
“single-crystal-like”) are different, the crystal orientation pattern is lost a few um after the
interface.

8. The changeover from the calcitic ornamentation to the crossed-lamellar layer in C. arcana
is sharp and features an organic-rich aragonite sheet that might be needed to mediate the
biologically controlled growth of the crossed-lamellar layer and to connect the two layers.

9. The serrated interface between calcitic ornamentations and the aragonitic crossed- lamellar
layer in C. arcana exposes some regular (104) growth faces of calcite, resembling the
morphology of idiomorphic crystals. As indicated by the disordered crystal arrangement and
substructured, irregular units, the texture of the calcitic ornamentation does not seem to be

directed biologically.
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2.1.6 SUPPLEMENTARY INFORMATION
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Figure2.1-AP1. Schematic overviewimage indicating the direction and position of the different shell cuts performed on the
specimens presented in thisarticle (a, modified from Crippa et al. (2020a)). The valves were cut either crossways, exposing
the cross- section of the adductor myostraca (Chama arcana, cut A), transversely through both adductor myostraca (C. arcana,
cut C) or obliquely through only one adductor myostracum (Chama gryphoides, cut B). Valves were cut to expose the adductor
myostraca indicated by a dotted line (a, ¢, d). The ornamentation details (b) and structural morphology of Chama shells (c) is
indicated by overview images showing the entire shell. The sectioning along cut A is indicated for a C. arcana shell (c, d).
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Figure 2.1-AP2. Laser confocalmicroscopy image depicting the measurement positions for the EBSD scans performed on a
Chama arcana sample that was sectioned crossways (cut C). The sectioned sample comprises an intricate structure (a) so the
measurements were performed in the region near the adductor myostracum. Interfaces ofthe shell layers are highlighted

with dashed white lines in the close-up image (b).
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Figure 2.1-AP3. EBSD band contrast images demonstrating the different internal structures present in the applied cut C
of a Chama arcana shell. The calcitic ornamentations along the outer shell surface consist of multiplelarge crystal clusters
interlocked into each other (a). The aragonitic crossed-lamellar (CL) layercharacteristically comprises multiple sets of
differently oriented lamellae, each consisting of small,fibrous crystals (b). The pallial myostracum (MYO) separates the
crossed-lamellar layer from thecomplex crossed-lamellar layer (CCL) on the very inside of the shell (b). The pole figures
indicate the individual crystal orientations of the calcitic and aragonitic shell layers (a, b).

52



Calcite Crossed-lamellar layer > Aragonite

—— e D ————— = —

Calcite

Aragonite MUD 21
Calcite MUD 80 [ o) (010)

C. arcana A

Aragonite MUD 159
— () pm alcite MUD 47

X
(100) Aragonite

Aragonite
B

3

Calcite

<€
Calcite Crossed-lamellar layer

Figure 2.1-AP4. EBSD band contrast images illustrating the interface between the calcitic layer and the aragonitic crossed-
lamellar layer observed for the applied cut C of a Chama arcana shell. The crystals within the calcitic layer showa complex
and fractal-like interpenetration. Towards the inner shell surface, the crossed-lamellarlayer transitions into the adductor
myostracum (AM, b). The pole figures display the individual data points of the crystal orientations in the calcitic and aragonitic
layers. Thetexture of both layersis axial, however, the calcitic layer is rather co-oriented and aragonitic crystal orientations vary
significantly.
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Figure 2.1-AP5. EBSD band contrast images depicting the interfaces within the different aragonitic layers ofaChama arcana
shell sectioned crossways (cut C). The interface between the pallial myostracum and the complex crossed-lamellar layer (CCL)
isindistinctand vague (a). The crossed-lamellar layer, however, shows a straight and rather sharp interface with the pallial (PM,
a) and adductor myostraca (AM, b). A peculiarity highlighted in the two scans is the occasional presence of crystal assemblies
consisting of large (around 10 um) grains appearing in the interface region of the crossed-lamellar layer (yellow stars in a, b),
their morphology resembling myostracum crystals with high crystal co-orientationand intensity of the Kikuchi bands. The
pole figures indicate the individual crystal orientationsof the pallial and the adductor myostracum in the two respective
scans (a, b).
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C. arcana B
Cut A

Figure 2.1-AP6. Laser confocal microscopy images depicting the measurement positions for the EBSD scans performed on a
transversely cut Chama arcana shell (cut A). Two measurements were performed on the posterior (b) and six measurements
on the anterior end (c). The interfaces of the respective layers are highlighted with dashed white lines (b, ¢). AM: Adductor
myostracum, CL: Crossed-lamellar layer, CCL: Complex crossed-lamellar layer.
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Figure 2.1-AP7. EBSD band contrast images depicting the different microstructures observed for the applied transverse cut A
of a Chama arcana shell. The calcitic shell ornamentations along the outer shell surface (OS) comprise crystal units that
follow an intricate interlocking mechanism (a). In the aragonitic section of the shell, the pallial myostracum (MYO)
comprises small, isotropiccrystals close to the interface with the crossed-lamellar layer (CL, b). The pallial myostracum exhibits
a competitive growth mechanism that causes the overall crystal size and co-orientation strength(indicated by MUD values
of subsets indicated by dotted yellow lines) to increase rapidly towards the inner shell surface (I1S). When interrupted by a
continuous sheet of complex crossed-lamellar (CCL) layer (red star in b), the competitive growth mechanism of the myostracal
pillar restarts. The pole figures for the calcitic and myostracum areas of the two scans show an axial texture (a, b).
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Figure 2.1-AP8. EBSD band contrast images depicting large, anomalous myostracum (MY O) crystals observed for the applied
transverse cut A of a Chama arcana shell. The highlighted sizeable crystals can occasionally befound in the pallial (red star
in a) and the adductor myostracum (AM, yellow star in b) and show a peculiar microstructure. The pole figures display the
individual data points of the crystal orientations for the myostracum layers that show an axial texture.
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Figure 2.1-AP9. EBSD scans depicting the interface between the crossed-lamellar layer (CL) and the myostracum for the
applied transverse cut A of a Chama arcana shell. The EBSD map is composed of three individual scans with overlapping
positions. The white lines indicate the borders of the respective measurements. The composite map highlights the transition
of the crossed-lamellar sets into the myostracum. Along this interface, the orientations of the rearmost crossed-lamellar
crystals and the adjacent myostracum crystals correlate. Due to thecompetitive growth mechanism, the pattern is quickly lost
towards the inner shell surface (IS) as the crystals increase in size and prismatic shape. Similar to Figure 2.1-8b, a substantial
crystal (indicatedby a yellow star) traverses both shell layers. The pole figures show the orientational probabilitydensity
distribution for the myostracum area of the composed scan and depict an axial texture. The growth direction (GD) is indicated
with a white arrow.
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oides A

Figure 2.1-AP10. Laser confocal microscopy images depicting the measurement positions for all Chama gryphoides EBSD
scans. A total of nine measurements were performed on the two samples sectioned obliquely (cut B). The interfaces of the
respective layers are highlighted with dashed white lines (a, b). CCL: complex crossed-lamellar.
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Figure 2.1-AP11. EBSD hand contrast images displaying the microstructure of the complex crossed-lamellar (CCL) type layer
for different shells of Chama gryphoides sectioned obliquely (cut B). The complex crossed-lamellar layer comprises first-
order-lamellar blocks arranged in a complex pattern (a) and has a rather smooth changeover into the complex crossed-
lamellar layer (b). The texture is shown by the pole figures indicating individual data points of the crystal orientations for
the respective layers.
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Figure 2.1-AP12. EBSD band contrast images depicting the interfaces between the crossed-lamellar layer (CL) and the
adductor myostracum observed for the two obliquely sectioned (cut B) Chama gryphoides shells. Thecrystals within the
crossed-lamellar layer are small and prismatic, while the competitively grownmyostracum crystals get increasingly large
towards the inner shell surface (a, b). The pole figures display the individual data points of the crystal orientations for the
myostracum sections that show an axial texture. The double maxima for the c-axis orientations are a relic of the crossed-
lamellarcrystal orientation pattern and the a- and b-axis orientations scatter significantly (a, b).
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Figure 2.1-AP13. EBSD band contrast images depicting the microstructures of adductor myostraca observed for the applied
cut B of two Chama gryphoides shells. Due to slightly deviating cutting directions between the two shells, the exposed
microstructures depict different crystal morphologies. The crystals ofthe first shell are prismatic, the EBSD map exemplifies
that their grain boundaries appear irregular and disorganized (a). In the second shell, the scan illustrates the irregular grain
morphologies of the myostracum crystals (b). The illustrated microstructure of the myostracum in both scans (a, b) results from
the competitive growth prevailing towards the inner shell surface (1S). The pole figures display the individual data points of the
crystal orientations for both myostracum layers that show anaxial texture.

62



(001) (010)

C. gryphoides B (10l0) rsgonte

Crossed-lamellar

) |

50pm CCL type MUD 15

rsed-lamellar MUD 29

Figure 2.1-AP14. EBSD band contrast images depicting changeovers observed for the applied cut Bof two Chama gryphoides
shells. The first scan depicts the microstructure of the complex crossed-lamellar (CCL) type layer (a). In the second shell, the
scan illustrates the microstructure of the crossed-lamellar shell and its changeover into the adductor myostracum (b). The pole
figures display the orientational probability density distribution in the CCL type and the crossed-lamellar layers. The CCL type
layer has an axial texture (a), and the complex crossed-lamellar layer shows a 3D “single-crystal-like” texture. The growth
direction (GD) of each scan is indicated with a white arrow.
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Abstract

Movement of bivalve hard and soft tissue requires muscular action. Despite diverse bivalve
lifestyles and living environments, the myostracum, a specific hard tissue formed where muscles attach
to the shell, appears similar in structure for species of many bivalve orders. We investigated myostracal
and non-myostracal, valve, microstructure, texture and material properties of Chamidae and
Glycymerididae species with electron-backscatter-diffraction, laser-confocal and backscatter electron
imaging and nanoindentation testing. Chamidae and Glycymerididae follow different lifestyles and live
in distinct environments. Chamidae are cemented to substrate and live in wave-swept, shallow, waters.

Glycymerididae dwell in calm water and burrow into sandy/muddy sediment.

We found that myostracal aragonite of all investigated species has a crystal assembly pattern
that reflects crystal growth through growth competition. Aragonite is extensively twinned in the
myostracum and non-myostracal, valve, layers, not in the calcitic ornamentation. For myostracal
aragonite, we found cyclic twinning, for non-myostracal aragonite the twinning was polysynthetic or
polycyclic. We show how twinning and crystallographic texture are transmitted between myostracal and
non-myostracal, valve, layers. Relative to non-biological aragonite, myostracal and non-myostracal,

valve, indentation elastic modulus is reduced by 10-15% and 15-20%, respectively; myostracal and

valve hardness is increased by 15-20% and 5-10%, respectively. Comparing modulus and hardness

between aragonitic microstructures, we found that, relative to other microstructures, myostracal

modulus is increased by 5% and myostracal hardness by 15%. Hence, the myostracal material shows a

64



unique and specific microstructure, texture, modulus, and hardness that might be necessary for muscle

attachment to enable the lifestyle-controlled requirements posed onto the organism.

Keywords

Myostracum/muscle scar; biomaterials; EBSD; microstructure/texture; nanoindentation; bivalves

2.2.1 INTRODUCTION

Biomineralised tissues are important for understanding the relationship between crystal
organisation and properties of materials (e.g. Chen et al., 2012; Raut et al., 2020; Mohammadi et al.,
2021; Zhao et al., 2022). Through hundreds of millions of years of natural selection, organisms
developed targeted hard- and soft-tissue microstructures and fabrics for purposes such as adherence,
motion, locomotion, vision, protection and many more. Called forth by many different lifestyles, derived
adaptations of biomaterials were the consequence. These enabled survival in a wide range of habitats
(e.g. Stanley, 1975; Brom and Szopa, 2016; Chen et al., 2019).

Of particular interest are the hard tissues of shelled organisms, e.g. molluscs and brachiopods.
These are, in most cases, multi-layered and the different shell layers have different modes of crystal
organization. Deciphering the arrangement pattern of the crystals and understanding their formation
mechanism is of main interest, not only for understanding the diversity of biomaterial generation
principles but also as a source of information for the construction of man-made materials with targeted
tissue properties (Alves et al. 2010; Studart 2012; Yao et al. 2017; Venier et al. 2019; Tang et al. 2021,
Wang et al. 2021; Zhang et al. 2021).

Bivalve shells consist of calcium carbonate crystals that are embedded into an organic matrix of
proteins, lipids and polysaccharides. Depending on the shell structure, the fraction of organic substance
varies in proportion to the total shell weight (usually 0.1-5 mass %) and amino acid composition
(Nakahara et al. 1980; Rosenberg & Hughes 1991; Kobayashi & Samata 2006). Bivalve shells often
comprise both main carbonate polymorphs, aragonite and calcite, however, never mix them in a single
morphological type of shell microstructure. The most widespread bivalve shell microstructure is the
crossed-lamellar arrangement of aragonite biocrystals. The nacreous and columnar crystal assemblies
are often utilized, but significantly less widespread. Due to the mode of crystal and organic substance
organization, the latter three microstructures are well known for their ability to stop crack development
and progression and to promote crack deflection within the hard tissue (Currey & Kohn 1976; Z. Huang
et al. 2014; Almagro et al. 2016a; Chan et al. 2022).
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Bivalves attach their mantle and organs to the shell via muscles: the foot attaches with the pedal,
the mantle with the pallial and adductor, and the gill with the retractor muscles (Ponder et al. 2019). At
muscle attachment sites a specific layer of carbonate crystals is deposited, referred to as the myostracum.
The latter consists solely of aragonite and has a prominent microstructure and texture that is distinct
from the other layers of the shell (Taylor et al. 1969; Liao et al. 2015; Crippa et al. 2020b; Crippa et al.
2020a; Castro-Claros et al. 2021). Myostraca can be found within the shell, between the inner and outer

shell layers, or as patches along the inner shell surface.

The overall aim of the study presented here is to describe and discuss valve and myostracum
microstructures, textures and material property characteristics for Chamidae (order Venerida) and
Glycymerididae (order Arcida) shells. We choose animals that belong to different bivalve genera, form
thick, but differently-sized shells, live in different habitats and follow distinct lifestyles. Glycymeris and
Chama are abundant in many seas and oceans (Thomas 1975; Vance 1978). Glycymeris forms large
aragonitic shells (Oliver & Holmes 2006; Carter 2008) that can reach more than 10 cm in diameter
(Poppe & Goto 1993). Glycymerididae live in turbid, calm, fairly shallow marine environments (up to
200 m) and use their siphonal openings and valves to burrow into the sediment (Thomas 1978; Legac &
Hrs-Brenko 1999). With their circular shape and lack of a functional byssus, the shells are perfectly
adapted for anterior-posterior rocking locomotion, which is the mode of movement used to traverse the
substrate (Thomas 1978; Oliver & Holmes 2006; Koller-Hodac et al. 2010). Chamidae are found in
warm, tidal, wave-swept marine environments and live within the upper 30 m of the water column
(Krylova 2006). Chama bivalves are sedentary; for protection, they form thick, aragonitic, circular shells
that are 3-5 cm in diameter (Bernard 1976; Skinner & Weicker 1992). Most Chama species form wholly
aragonitic shells (Kennedy et al. 1969; Kennedy et al. 1970), however, some species form an outer shell
layer that consists of rows of pointy calcitic ornamentations (Yonge 1967; Matsukuma et al. 1997). The
valves of juveniles are symmetrical to one another, in contrast to the shells of adult animals (Yonge
1967; Allen 1976). The loss of symmetry of the two valves with increasing age is due to an enlarged
umbonal region in the left valve and is called forth by the attachment (Yonge 1967; Allen 1976). Adult
Chama individuals have large, particularly elongated adductor muscles (Kennedy et al. 1970). These
induce and regulate rapid and prolonged closure of the valves and are, obviously, necessary, as the
ligament of Chamidae is very weak (Nicol 1952; Allen 1976; Berezovsky 2021).

By using electron backscatter diffraction (EBSD), field emission scanning electron microscopy
(FE-SEM), laser confocal imaging and depth-sensing nanoindentation, we characterise shell and
myostracum microstructure, texture, hardness and indentation elastic modulus of Chama and
Glycymeris shells. We place particular interest in understanding the structural and material property
characteristics of myostraca and the changeover from the non-myostracal, valve, to myostracal
microstructures and textures. We investigated the structural characteristics of two myostraca, the

adductor myostracum and the pallial myostracum. We discuss first (i) whether the difference in habitat
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and lifestyle causes significant differences in non-myostracal valve and myostracum microstructure,
texture and material properties. Subsequently (ii), we investigate whether valve activity, coordinated by
muscle contraction and release, initiates differences in microstructure and texture of the myostracum at
adductor muscle attachment sites. Different bivalve lifestyles, such as cementation to substrate, reclining
on substrate surface, burrowing into muddy sediment or active swimming rely on differences in valve
movement speed as well as strength and duration of valve closure and opening. At last, (iii) we discuss
whether variation in valve action affects myostracal hard tissue microstructure, texture and material

properties.

2.2.2 MATERIALS AND METHODS

Materials

We investigated two Chama and three Glycymeris species, Chama arcana, Chama gryphoides
and Glycymeris bimaculata, Glycymeris nummaria and Glycymeris pilosa, respectively. Care was taken
that all investigated specimens were shells of adult organisms. Specimens of G. bimaculata were
provided by the Bavarian State Collection of Zoology (ZSM) and G. pilosa was sampled in the Pasman
channel, Adriatic Sea. Specimens of G. nummaria were collected from infralittoral environments close
to Benalmadena (Malaga, Spain). C. arcana was sampled near Newport Beach, CA, USA, and obtained

from collections of the Natural History Museum (London, UK).

Sample preparation for electron backscatter diffraction (EBSD) measurements, field

emission scanning electron microscopy (FE-SEM), and laser confocal microscope imaging

Figures 2.2-AP1 to 2.2-AP5 indicate the cuts through the shell and the sites where EBSD maps
were taken. For all investigated species, the cut through the shell crossed the adductor myostracum,
often, the pallial myostracum and the surrounding shell layers. G. bimaculata, G. nummaria and G.
pilosa shells were cut in oblique and transverse directions. The shell of C. arcana was cut perpendicular
to the hinge. The shell of C. gryphoides was cut transversely through the sites of both, anterior and
posterior adductor muscles. The obtained shell pieces were embedded into EPON epoxy resin and were
subjected to several mechanical grinding and polishing steps. The final polishing step consisted of etch-
polishing with colloidal alumina (particle size ~ 0.06 um) in a vibratory polisher. Samples were coated
with 4-6 nm of carbon for EBSD analysis, with 5 nm Pt/Pd for SEM imaging. For laser confocal imaging

and nanoindentation testing, sample surfaces were not coated.

SE, BSE imaging and EBSD measurements were carried out with a Hitachi SU5000 field
emission SEM, equipped with an Oxford Instruments NordlyNano EBSD detector and an X-Max 80x80
EDS detector. EBSD scans were taken at 20 kV and were performed with a step size of 200 to 450 nm.
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For indexing the aragonite EBSD patterns the unit cell setting: ao = 4.9614(3) A, bo = 7.9671(4) A, ¢o =
5.7404(4) A was used. EBSD data were evaluated with the Oxford Instruments AZtecCrystal 3.0 and
HKL Channel 5.0 softwares and are presented as colour-coded crystal orientation maps, corresponding
band contrast measurement maps and corresponding pole figures presenting individual orientation data

points or their density distributions.

For a comprehensive understanding of non-myostracal shell and myostracum microstructure,
samples were scanned with many EBSD measurements. On G. nummaria and G. bimaculata shells, we
measured, for each species, 15 EBSD maps. G. pilosa shells were mapped with 5 measurements, on C.

arcana and C. gryphoides shells we conducted, on each shell, more than 20 measurements.
Nanoindentation testing

Nanoindentation measurements were conducted on G. bimaculata and G. nummaria using an
MTS Nano Indenter XP (Nano instruments, USA), and on C. arcana, geological aragonite and
geological calcite using a Nanoindenter G200X (KLA, USA) at Institute for Energy- and Climate
Research (IEK-2), Forschungszentrum Jalich GmbH, Jilich, Germany, equipped with a standard
diamond Berkovich tip (indentation elastic modulus 1141 GPa, Poisson’s ratio 0.07). Before each set of
experiments, the tip area function and the frame stiffness were calibrated using a standard reference
material, i.e., fused silica (indentation elastic modulus 72.12 GPa, Poisson’s ratio 0.179). The quasi-
static method was used at a constant indentation strain rate of 0.05 s?, and the peak holding time was 10
s for each test at a maximum depth of ~300 nm (XP) or a maximum load of ~9 mN (G200X)
corresponding to a maximum depth of around 300 nm as well. The drift was determined at 90% of the
unloading segment (10 % of the maximum load) during unloading for a drift correction. The indentation
elastic modulus and the hardness values were determined via the unloading curve according to the
Oliver-Pharr method (Anstis et al. 1981; Oliver & Pharr 1992). The C. gryphoides samples were tested
using a Triboindenter T1-950 nanomechanical tester, Hysitron, USA at the Department of Biomaterials,
Max-Planck Institute of Colloids and Interfaces, Potsdam, Germany. A load function of 5s-2s-5s
(loading-holding-unloading) with a peak force of 1.2 mN and a holding time of 2 seconds at maximum

load was applied at each measurement.

An in-depth terminology of the structural terms used in this work can be found in Appendix
Section A.1 of this thesis.

2.2.3 RESULTS

This study details the structural and material property characteristics of Glycymeris and Chama
shells. We describe first the microstructure and texture of the valves (without the myostracal layers and
patches) and that of the ornamentations (Figs. 2.2-1 to 2.2-3, 2.2-AP6 to 2.2-AP8). Subsequently, we
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describe structural characteristics of adductor and pallial myostraca (Figs. 2.2-4, 2.2-5, 2.2-AP9, 2.2-
AP10) and the changeover between valve and myostracal layers (Figs. 2.2-6 to 2.2-8, 2.2-AP11 to 2.2-
AP13). At last, we present specific structural and nanomechanical properties of Glycymeris and Chama
valve and myostracal hard tissues, such as the presence and distribution of twinned aragonite and discuss
hardness and indentation elastic modulus properties of the valves and of the myostraca (Figs. 2.2-9 to
2.2-12,2.2-AP14 to 2.2-AP19). For a comprehensive visualisation of the observed microstructures, each
colour-coded crystal orientation map (Figs. 2.2-1 to 2.2-10) is complemented with the corresponding,
grey-scaled, band contrast measurement map given in the Supplementary Information (Figs. 2.2-AP6 to
2.2-AP13). Aragonite and calcite textures are shown with pole figures (Figs. 1 to 10 give the contoured

version of orientation data, and Figs. 2.2-AP6 to 2.2-AP13 give orientation data points).

Irrespective of the myostraca (adductor, pallial), the valves of the investigated Glycymeris
species comprise two layers. The investigated Chama species construct their valves with three layers,
including the ornamentation layer. Myostraca are considered to be additional layers to those of the non-
myostracal valves. For all investigated species, the mode of crystal arrangement varies significantly for

the different shell layers.

Figures 2.2-1 and 2.2-AP6 visualise Glycymeris shell microstructure in the complex crossed-
lamellar (inner shell layer) and the crossed-lamellar layer (outer shell layer), respectively. The complex
crossed-lamellar layer (Fig. 2.2-1a) exhibits an intricate crystal orientation pattern consisting of
numerous, differently oriented, clusters/entities/blocks formed of small, rather granular to prismatic
crystals. As the colour-coded EBSD map (Fig. 2.2-1a) shows, these crystal entities/blocks vary
considerably, to some degree randomly, in orientation. The crossed-lamellar layer (Fig. 2.2-1b) consists
of assemblies of small, lath-shaped, crystals organised into first-order lamellae. A first-order lamella
comprises a set of crystallographic orientations. Crystals within the setl lamella have an opposing
inclination to the crystals of the set2 lamella (e.g. Crippa et al., 2020b; Crippa et al., 2020a). In
Glycymeris shells, the first-order lamellae run almost perpendicular to the inner shell surface and growth
lines (Figs. 2.2-1b, 2.2-AP6b). This is not the case for the investigated Chama shells (Fig. 2.2-2a).

The shells of Glycymeris bimaculata, Glycymeris nummaria and Glycymeris pilosa consist
entirely of aragonite. The shell of Chama arcana is formed of aragonite and calcite. The ornamentations
of C. arcana are calcitic, the layers of the shell are aragonitic. The shell and ornamentation of Chama
gryphoides are solely aragonitic.

Irrespective of the myostraca (adductor, pallial), the valves of the investigated Glycymeris
species comprise two layers. The investigated Chama species construct their valves with three layers,
including the ornamentation layer. Myostraca are considered to be additional layers to those of the non-
myostracal valves. For all investigated species, the mode of crystal arrangement varies significantly for

the different shell layers.
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Fig. 2.2-1. EBSD scans depicting the different microstructures of non-myostracal Glycymeris shells. (a): a transversely (a) and
(b) an obliquely sectioned shell of G. bimaculata. IS: inner shell surface, AM: adductor myostracum, PM: pallial myostracum,
CCL: complex crossed-lamellar, CL: crossed-lamellar, yellow star in (a) and (b): inner shell surface. From the outer towards
the inner shell surface, Glycymeris shells comprise a crossed-lamellar (CL), the myostracal (PM = pallial myostracum) and the
complex crossed-lamellar shell layer (CCL). The complex crossed-lamellar layer (a) consists of differently oriented
clusters/blocks of small prisms and fibres. The crossed-lamellar layer (b) consists of arrays of first-order lamella, with each
first-order lamella formed of two sets of lamella (b); the sets are inclined to each other. In Glycymeris the first-order lamellae
run perpendicular to inner shell surface (b). The pole figures indicate the acquisition coordinate systems and show the
orientational probability density distribution for the complex crossed-lamellar (a) and the crossed-lamellar sections (b),
respectively. We observe a 3D “single-crystal-like” texture. However, in comparison to the complex crossed-lamellar valve
portion, the 3D “single-crystal-like” texture is significantly better developed for the crossed-lamellar layer.
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Fig. 2.2-2. EBSD scans depicting the microstructures of non-myostracal Chama shells. IS: inner shell layer, AM: adductor
myostracum, CL: crossed-lamellar, CCL type: complex crossed-lamellar type. The valves of C. gryphoides comprise a crossed-
lamellar layer and an adductor myostracum along the inner surface of the shell. A complex crossed-lamellar type microstructure
forms the outer shell layer and shell ornamentation. The latter microstructure consists of small crystals arranged with an intricate
orientation pattern (b). Pole figures show the orientational probability density distribution for the crossed-lamellar (a) and the
complex crossed-lamellar type layers (b) and highlight, for the crossed-lamellar shell, a 3D “single-crystal-like” (a) and for the

complex crossed-lamellar shell an axial (fibre) (b) texture, respectively.
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Figures 2.2-1 and 2.2-AP6 visualise Glycymeris shell microstructure in the complex crossed-
lamellar (inner shell layer) and the crossed-lamellar layer (outer shell layer), respectively. The complex
crossed-lamellar layer (Fig. 2.2-1a) exhibits an intricate crystal orientation pattern consisting of
numerous, differently oriented, clusters/entities/blocks formed of small, rather granular to prismatic
crystals. As the colour-coded EBSD map (Fig. 2.2-1a) shows, these crystal entities/blocks vary
considerably, to some degree randomly, in orientation. The crossed-lamellar layer (Fig. 2.2-1b) consists
of assemblies of small, lath-shaped, crystals organised into first-order lamellae. A first-order lamella
comprises a set of crystallographic orientations. Crystals within the setl lamella have an opposing
inclination to the crystals of the set2 lamella (e.g. Crippa et al., 2020b; Crippa et al., 2020a). In
Glycymeris shells, the first-order lamellae run almost perpendicular to the inner shell surface and growth
lines (Figs. 2.2-1b, 2.2-AP6b). This is not the case for the investigated Chama shells (Fig. 2.2-2a).

Chama shells are formed of three layers (Figs. 2.2-2, 2.2-3, 2.2-AP7, 2.2-AP8). For C. arcana
we observed complex crossed-lamellar aragonite at inner and crossed-lamellar aragonite at outer shell
portions (Figs. 2.2-2, 2.2-AP7). The outermost layer is calcitic and its surface is covered by rows of
calcitic ornamentations (Figs. 2.2-3, 2.2-AP8). The crossed-lamellar microstructure of Chama (Figs.
2.2-2a, 2.2-AP7a) comes close to the crossed-lamellar crystal arrangement of Glycymeris shells. In
Chama as well, crossed-lamellar aragonite is formed of first-order lamellae that comprise two sets of
lamella that are arranged at an angle to each other. The two sets of first-order lamellae consist of minute,
lath-shaped crystals. Carter (1990) described different types of crossed-lamellar arrangements and
suggested that interlacing of first-order lamellae is always given in crossed-lamellar microstructures.
When we compared the degree of interlacing between the crossed-lamellar shell of Glycymeris and that
of Chama, we found that, in contrast to Glycymeris, in Chama shells adjacent lamellae are rarely parallel
to each other and more strongly interlaced (compare Figs. 2.2-1b and 2.2-2a). To our opinion, this is not
due to a cut effect as, to trace the topological relation of the two sets of a first-order lamella, we sectioned
Chama shells in different directions and scanned them with EBSD.

The shell of C. gryphoides is entirely aragonitic. We found a layer of complex crossed-lamellar
aragonite at the innermost shell sections. Adjacent to the latter, towards the outer shell surface, crossed-
lamellar aragonite is developed for this Chama species as well with, as it is the case for C. arcana shells,
the setl and the set2 lamellae being rather interlaced. The outermost shell layer and ornamentation of
C. gryphoides shells is formed of granular aragonite (e.g., Fig. 2.2-2b) that, only in some instances,
comprises differently oriented aragonite clusters/entities. Hence, the microstructure of the outermost
shell and ornamentation of C. gryphoides resembles, only to some extent, the complex crossed-lamellar
arrangement pattern of crystals in the investigated Glycymeris and C. arcana shells. (Figs. 2.2-2b, 2.2-
APT7b). We addressed the latter microstructure as a complex crossed-lamellar type structure that occurs
at outer shell layers. According to Taylor et al. (1969) and Kennedy et al. (1970), the complex crossed-

lamellar microstructure for Chama and Glycymeris is only present at inner valve sections.
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Fig. 2.2-3. EBSD scans depicting the microstructure of the calcitic ornamentation of Chama shells. The calcitic
ornamentations of C. arcana comprise large crystal clusters with the calcite c-axis being perpendicular to the ornamentation
surface (a). Within the ornamentation, the calcitic crystals interconnect in a complex mode in 3D (b, ¢). Towards the inner
shell, the calcite crystals are interconnected in a complex way with the aragonitic crossed-lamellar layer (CL). The calcite
crystals have rhombohedral, idiomorphic, crystal morphologies (b, c). Pole figures show the orientational probability density
distribution for the crystals shown in the corresponding EBSD maps and illustrate that ornamentation calcite has an axial (fibre)
texture.
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Fig. 2.2-4. EBSD scans visualizing the microstructure of the adductor myostracum in Glycymeris shells. Visible in (a) is
the competitively grown microstructure of G. bimaculata adductor myostracum and the interface between myostracal to the
crossed-lamellar valve layer (CL). Myostracal crystals close to the crossed-lamellar shell are minute to small (average grain
size 25 pm) and isotropic in shape (a). As implied by the MUD values of different subsets, the crystal co-orientation increases
towards the inner shell surface. (a). The crystals become larger and assume prismatic shapes towards the growth direction
indicated by black arrows (a, b). The second EBSD map depicts the microstructure of the adductor myostracum in G. nummaria
(b). 1t features an assembly of large myostracal prisms and a sharp boundary in crystal orientation (b). Pole figures depict the
orientational probability density distribution for the respective myostracal layers and show a 3D “single-crystal-like” texture.
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For Glycymeris and the aragonitic microstructures of the investigated Chama species, we found
a smooth transition from the crystal orientation pattern of one shell layer into the other. Hence, there is
a continuity of aragonite crystal crystallographic axes from one aragonitic microstructure to the other
(e.g., Figs. 2.2-1a, b, 2.2-2a). However, we did not observe a smooth transition between calcitic
ornamentations and the aragonitic shell in C. arcana (Fig. 2.2-AP4c, 2.2-AP5a, b). In the latter, the
calcite of the ornamentation is separated from the aragonitic layers by a thick, layered, organic deposit
(grey sheet in Fig. 2.2-AP5b).

The microstructure of the ornamentation ribs of C. arcana is very specific and different to the
microstructures of the other shell layers (Figs. 2.2-3, 2.2-AP8). We observed a gradual increase in crystal
size away from the outer surface of the ornamentation ribs. Hence, the largest crystals of the
ornamentation ribs are adjacent to the crossed-lamellar shell layer. We find that calcite c-axes are
perpendicular to the outer surface of the ornamentation; they rotate with the curvature of its outer shell
surface (Figs. 2.2-3a, 2.2-AP8a). Most interesting is the habitus of crystals that form the ornamentation
ribs as well as the nature of their interlinkage (Figs. 2.2-3b, ¢, 2.2-AP8b, ¢). The crystals or crystal units
have highly fractal morphologies and interlock strongly in 3D (Figs. 2.2-3b, ¢, 2.2-AP8b, c). In addition,
we observed calcite crystals with idiomorphic morphologies in the biologically secreted ornamentation
(white star in Fig. 2.2-3c, black star in Fig. 2.2-AP8c and Hoerl et al. (2024a)). The structural
characteristics that we found for Chama ornamentation ribs are rarely observed for biologically secreted
hard tissues and convey some information on the formation process of the ornamentation calcite.
Biocarbonate crystals with dendritic-fractal morphologies and the crystals interdigitating strongly in 3D
have so far been observed for brachiopod primary shell layer calcite (Goetz et al. 2011) and rotaliid
foraminifera shell calcite (Lastam et al. 2023a).

Figures 2.2-4 to 2.2-8 and Supplementary Figures 2.2-AP9 to 2.2-AP13 visualise the
microstructure and texture of adductor and pallial myostraca as well as topological characteristics at the
changeover of the non-myostracal, valve, structures (crossed-lamellar, complex crossed-lamellar
microstructure) to that of the myostraca. In comparison to the non-myostracal layers of the valves, the
myostracal layers comprise less organic substance (Crippa et al. 2020b; Crippa et al. 2020a). For all
investigated species, adductor myostraca are always adjacent to the crossed-lamellar portion of the shell
(Figs. 2.2-6, 2.2-7a, 2.2-8a, 2.2-AP11, 2.2-AP12a, 2.2-AP13a), while the pallial myostracum is always
between the crossed-lamellar and the complex crossed-lamellar layers of the valves (Figs. 2.2-7, 2.2-8,
2.2-AP12b, 2.2-AP13b). At the crossed-lamellar - myostracum interface (Figs. 2.2-4a, 2.2-5, 2.2-6),
myostracal aragonite consists of minute/small, granular-prismatic, crystals (Average grain size around
10 um). These increase in size towards the inner shell surface (Average grain size larger than 100 um).
Pole figures (e.g. Figs. 2.2-4, 2.2-6) illustrate that the aragonite c-axes orientation is normal to the inner
shell surface. These structural characteristics evidence that Glycymeris and Chama myostracal aragonite

has a ‘competitive growth type’ microstructure. Crystal formation through growth competition implies
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that at nucleation, many crystals form close to each other (Figs. 2.2-4a, 2.2-AP11) and, at growth,
compete for space. The likelihood for a small crystal to grow to a large entity is inversely proportional
to the deviation of the crystal growth direction from an orientation normal to the nucleation template.
The result of the growth competition process is a strong decrease in the number of crystals as one moves
away from the nucleation substrate, accompanied by an increase in crystal size and generation of a
progressively stronger crystallographic preferred orientation (Fig. 2.2-AP11). Thus, at inner shell
surface, aragonite c-axes are almost parallel to each other. This structural characteristic is observed in
all investigated Glycymeris and Chama species for pallial as well as adductor myostraca. For Glycymeris
and Chama, Figs. 2.2-7, 2.2-8, 2.2-AP12 and 2.2-AP13 show the changeover from crossed-lamellar to
the adductor myostracal layer as well as from pallial myostracal to the complex crossed-lamellar part of
the shell. We find assemblies of small/minute crystals always at the transition from crossed-lamellar to
the myostracal structure and not at the transition from myostracal to complex crossed-lamellar
microstructure. Figures 2.2-4, 2.2-AP9 and Figures 2.2-5, 2.2-AP10 highlight, for the investigated
Glycymeris and Chama species, a significant difference in the morphology of adductor myostracum
prisms. This marked difference between Glycymeris and Chama in myostracal crystal shape is not
caused by a cut effect; we checked this with EBSD measurements, carried out on different cuts through
the valves and myostraca. We find also that the crystallographic texture, visible from the pole figures,
varies between the two genera. Glycymeris usually shows a 3D “single-crystal-like” texture (with
orientational density maxima and high crystal co-orientation, Figs. 2.2-4, 2.2-AP9), whereas the texture
in Chama myostraca is mostly axial (fibre texture) with the a- and b-axes orientations varying evenly
on a great circle (Figs. 2.2-5, 2.2-AP10).

For Glycymeris and Chama, Figs. 2.2-6, 2.2-7a, and 2.2-8a highlight the changeover from
crossed-lamellar to myostracal layers. It is well observable that crystal orientation is transmitted from
one layer to the next (see the white arrows indicating a continuation in colour from one microstructure
to the other in Figs. 2.2-6a, 2.2-7a), even though for the two adjacent layers, crystal morphologies, sizes
and growth modes are different. Furthermore, as Figs. 2.2-6a and 2.2-7a demonstrate, one can observe
the continuation of the first-order lamellar microstructure into the myostracal part of the shell. The
crossed-lamellar orientation pattern of crystals is transmitted to the adjacent myostracum and is
continued, even with the competitive growth mechanism. In the texture of the myostracum, it is visible
that the inherited orientations of the first-order lamellae coincide along one common a-axis (pole figures
in Figs. 2.2-6b, 2.2-AP11a). This characteristic is common for the crossed-lamellar orientation pattern
and is discussed in more detail in (Wilmot et al. 1992; Almagro et al. 2016b; Almagro et al. 2016a). The
interface between the crossed-lamellar layer and the myostracum is not always straight. It can be
serrated, with the two latter layers interlocking into one another (Fig. 2.2-7a). Towards the inner shell
surface, the transition from the myostracum into the complex crossed-lamellar layer is remarkable (Fig.
2.2-7b). The large prisms, that form during the most advanced stage of myostracal growth, continue

vestigially into the first-formed sections of the complex crossed-lamellar shell (yellow star in Fig. 2.2-
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7b). These crystals are partially traversed by polycyclic twins (the red pixels indicate the twinning, see
the crystal marked with a yellow star in Fig. 2.2-7b) and merge with the microstructure and mode of

crystal orientation (texture) of the complex crossed-lamellar structure (Figs. 2.2-7b, 2.2-8b).

v S0pm - Myostracum

Myostracum MUD 66

(3

010

Adductor myostracum Crossed-lamellar

Chama myostracum ,

Adductor myostracum

Myostracum MUD 77 | 20pm

Fig. 2.2-5. EBSD scans depicting the microstructure of the adductor myostracum of Chama shells. In (a) we show the
competitively grown adductor myostracum of C. gryphoides, from the interface with the crossed-lamellar shell (CL) up to the
inner shell surface (yellow star in a). In (b) we highlight the adductor myostracum microstructure of C. arcana, also starting
from the interface with the crossed-lamellar shell. The microstructure of Chama adductor myostracum is intricate. Crystal
morphologies are very irregular in shape, size and organization and show only vaguely prismatic morphologies. The
competitive growth microstructure is not as obvious as it is the case for Glycymeris shells (e.g. Fig. 2.2-4a). Pole figures
visualise the orientational probability density distribution for myostracal shell portions and highlight for Chama adductor
myostraca an axial (fibre) texture.
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Fig. 2.2-6. EBSD scans visualizing for Glycymeris the changeover from crossed-lamellar to adductor myostracal
microstructures. (a): G. bimaculata, (b): G. pilosa. It is well visible in (a) and (b) that the crystal orientation of the two sets of
first-order lamellae of the crossed-lamellar (CL) microstructure is transmitted to the adductor myostracum (e.g., white arrows
in a). Myostracal crystals close to the interface are granular and minute to small in size (a, b), increase in size and become more
prismatic towards the inner shell surface. The evolution of the crystal co-orientation towards the inner shell surface is depicted
in Supplementary Figure 2.2-AP11. Pole figures show orientational probability density distribution for the myostraca and depict

that these have a 3D “single-crystal-like” texture.
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Fig. 2.2-7. EBSD scans visualizing for Glycymeris the changeover from crossed-lamellar to pallial myostracal_(a) and from
pallial myostracal to complex crossed-lamellar microstructures (b). For the position of EBSD scans see insert in (a). We
visualize also the interface between crossed lamellar — pallial myostracal and pallial myostracal — complex crossed-lamellar
shell portions. The continuation in the orientation of the two sets of first-order lamellae into the myostr.
a) is well observable. (b): the transition of the pallial myostracum (PM) into the complex crossed-lamellar layer (CCL) for a G.
nummaria shell. Large myostracal prisms (yellow star in b) protrude into the complex-crossed lamellar
interface, they are interrupted by a boundary of polycyclic twinning on (110) and (i10) (around 64° misorientation) that
commences in the complex crossed-lamellar layer. Pole figures indicate the orientational probability density distribution for
the respective, non-myostracal, valve and myostracal layers and depict in (a) a single-crystal li texture an
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Fig. 2.2-8. EBSD scans depicting for Chama the changeover from the crossed-lamellar shell to the pallial myostracum (a). (b):
the changeover from the crossed-lamellar shell to the pallial myostracum and from the pallial myostracum to the complex
crossed-lamellar shell. (a): C. gryphoides, (b): C. arcana. CL: crossed-lamellar, CCL: complex crossed-lamellar, AM: adductor
myostracum, PM: pallial myostracum. (a): Even though the sets of the crossed-lamellar structure run almost parallel to the
interface between the two microstructures, the transmission of the crystal orientation pattern, from the crossed-lamellar to the
myostracal shell, is still visible. (b): The crossed-lamellar layer comprises scattered, large single-crystal domains (white star in
b) and its texture is transmitted through the pallial myostracum (PM) into the complex crossed-lamellar (CCL) layer. Pole
figures show the orientational probability density distribution for the non-myostracal, valve, and the two myostracal layers and
depict an axial (fibre) texture.

80



EBSD measurements allow the determination of misorientation between crystals. Figs. 2.2-9a,
2.2-10a, and 2.2-AP19a show EBSD maps conducted on G. nummaria, C. arcana and G. bimaculata,
respectively. The map in Figure 2.2-9a covers the crossed-lamellar, pallial myostracal and complex
crossed-lamellar microstructure, the map in Figure 2.2-10a shows the prisms of the adductor
myostracum. The map in Fig. 2.2-AP19a depicts the pallial myostracum and the adjacent complex
crossed-lamellar valve layer. With white lines, we highlighted the sites where we found a systematic
misorientation of ~64° between adjacent crystals. At these sites, specific high-angle boundaries are
present between adjacent crystals and connect these with a specific orientation relationship. These high-
angle boundaries are twin boundaries; crystals connected by twin boundaries are the domains of a
twinned crystal. The twin law of aragonite is a mirror reflection on the {110} plane, which is also the
composition plane (Hahn & Klapper 2013). For aragonite, we find cyclic, polycyclic and polysynthetic
twinning. Accordingly, with the white lines in Figures 2.2-9a, 2.2-10a, 2.2-AP14a we document the
distribution and abundance of twinned crystals within the different shell layers. For the different layers,
we observed differences in the degree of twinning (Figs. 2.2-9b, c, 2.2-10b, c, 2.2-AP14a, b). In
Glycymeris valves, the complex crossed-lamellar structure appears to be most twinned and the crossed-
lamellar microstructure least twinned, respectively (Figs. 2.2-9a, 2.2-AP14a, 2.2-9b, 2.2-AP14b see the
relative frequency — misorientation angle diagrams). However, it has to be noted that the relative
misorientation frequencies may be affected by the amount of indexed data points for each layer. In the
complex crossed-lamellar layer, twinning is mostly polycyclic and very abundant (Figs. 2.2-9a, 2.2-
AP14a). Within the myostracum, twinning is between the prismatic crystals and not within them (Figs.
2.2-9a, 2.2-10a, 2.2-AP14a). For the crossed-lamellar layer, we observe polysynthetic twinning within

each first-order lamella and cyclic twinning between adjacent setl and set2 lamellae (Fig. 2.2-9a).

The texture of all valve layers, including the myostracal and ornamentation portions, is either
3D “single-crystal-like” (Figs. 2.2-1b, 2.2-2a, 2.2-4, 2.2-6, 2.2-7a, 2.2-8a) or cylindrical (Figs. 2.2-1a,
2.2-2b, 2.2-3, 2.2-5, 2.2-7b, 2.2-8b). For definitions of the texture modes see Introduction Section 1.3.
The pole figures demonstrate the similarity in c-axes orientation between the different valve layers, the
different myostraca and the ornamentations (Figs. 2.2-1 to 2.2-8, 2.2-AP6-2.2-AP14). Hence, crystal c-
axis orientation is similar from the outermost ornamentation (calcitic or aragonitic), up to the innermost

complex crossed-lamellar shell portion (aragonitic).
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Fig. 2.2-9. Misorientation angle analysis of the different layers in an obliquely sectioned Glycymeris nummaria shell. The
EBSD map (a) visualizes the three layers that are present in this measurement: Complex crossed-lamellar layer (CCL),
myostracum (MYO) and crossed-lamellar layer (CL). Grain boundary angles between 63° and 65° are highlighted with white
points in the EBSD map and indicate grain boundaries of twinned aragonite. The misorientation angle plots (b) show for all
three layers peaks of varying relative frequency for a misorientation angle of 64° (indicated by yellow stars). Misorientation
angle profiles (A-D) traversing the different layers provide further information about the type of aragonite twin (c).
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Fig. 2.2-10. Misorientation angle analysis of different layers in a transversely sectioned Chama arcana shell. The EBSD map
(a) visualizes the three microstructures that are present in this measurement: The crossed-lamellar layer (CL) in the bottom left
and, subsequently towards the inner shell surface, the myostracum (MYQ) that is traversed with irregular sheets of complex
crossed-lamellar microstructure (CCL). Grain boundary angles between 63° and 65° are highlighted with white points in the
EBSD map and indicate twinned aragonite grain boundaries. The misorientation angle plots (b) show myostracum and complex
crossed-lamellar layer peaks of varying relative frequency for a misorientation angle of 64° (indicated by yellow stars). The
misorientation angle profiles (A-D) traversing the measurement provide further information on the twinning mode in the
different structures (b).
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Fig. 2.2-11. The hardness and indentation elastic modulus distribution of different layers of Glycymeris samples with a
geological aragonite reference. Plot (a) depicts that the myostracum layer (red circles) in G. bimaculata samples has a distinctly
higher hardness than the aragonitic shell (blue triangles) and a non-biological aragonite reference (black squares). The
indentation elastic modulus of myostracum and shell is similar and significantly lower than in geological aragonite. Plot (b)
depicts the measured values for G. nummaria. The highest average hardness is observed in the myostracum. In the shell, despite
the large standard deviation, the average hardness is higher than in the geological reference. Similar to G. bimaculata, the
observed indentation moduli in the G. nummaria shell and myostracum are both similar, yet explicitly lower than the non-
biological aragonite reference. Crossed-lamellar and complex crossed-lamellar layers are combined as "shell” due to their
similar nanomechanical properties. The given average values have the following standard deviations o: Hardness: Reference
0.14, G. bimaculata myostracum 0.31, G. bimaculata shell 0.39, G. nummaria myostracum 0.46, G. nummaria shell 0.41.
Indentation elastic modulus: Reference 3.2, G. bimaculata myostracum 5.1, G. bimaculata shell 5.2, G. nummaria myostracum
5.6, G. nummaria shell 6.0. A breakdown of the individual layers and profile positions can be found in the Supplementary
Information of this publication (Figs. 2.2-AP15, 2.2-AP16).
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Fig. 2.2-12. The hardness and indentation elastic modulus distribution of different layers of Chama samples with
a geological aragonite reference. Plot (a) depicts that the myostracum layer (red circles) in C. gryphoides samples
has a distinctly higher hardness than the aragonitic shell (blue triangles) which is slightly harder than non-
biological aragonite reference (black squares). While the indentation elastic modulus of the C. gryphoides
myostracum is lower than the geological reference, the lowest average value was observed for the shell. The second
plot (b) indicates the nanomechanical properties of aragonitic and calcitic layers in C. arcana. The crossed-
lamellar layer is only slightly softer than the stiff, non-biological aragonite reference. The myostracum has a
significantly higher hardness than the other layers and slightly higher indentation elastic modulus than the crossed-
lamellar layer. The calcitic shell is harder than the reference while maintaining a similar indentation elastic
modulus. The given average values have the following standard deviations o: Hardness: Aragonitic reference 0.14,
calcitic reference 0.03, C. gryphoides myostracum 0.59, C. gryphoides shell 0.62, C. arcana calcite 0.34, C. arcana
myostracum 0.38, C. arcana CL shell 0.29. Indentation elastic modulus: Aragonitic reference 3.2, calcitic
reference 1.26, C. gryphoides myostracum 4.4, C. gryphoides shell 3.8, C. arcana calcite 2.6, C. arcana
myostracum 3.9, C. arcana CL shell 3.5. A breakdown of the individual aragonitic shell layers and profile positions
is shown in the Supplementary Information of this publication (Figs. 2.2-AP17 to 2.2-AP19).
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Figures 2.2-11, 2.2-12, Table 2.2-1 and Supplementary Figures 2.2-AP14 to 2.2-AP19 show the
hardness and indentation elastic modulus results obtained from the different layers of Glycymeris and
Chama shells, relative to the non-biological aragonite and calcite analogues. In G. bimaculata and G.
nummaria (Fig. 2.2-11), the hardness of the myostracum surpasses the hardness of the (complex)
crossed-lamellar shell layers and, significantly, that of the non-biological reference. When considering
the indentation moduli of the investigated materials, it is well visible that, for both species, the
myostracum and the (complex) crossed-lamellar layers are distinctly lower in indentation elastic
modulus, relative to the non-biological aragonite reference. For both Glycymeris species, the range in
indentation elastic modulus is similar for the valves and the myostracum (Fig. 2.2-11). For C. gryphoides
and C. arcana myostracum, hardness is increased, relative to (complex) crossed-lamellar shell regions
and relative to the non-biological carbonate analogues. When compared to non-biological aragonite,
(complex) crossed-lamellar shell layers and the myostracum are lower in indentation elastic modulus,
than the reference. In contrast to Glycymeris, we observe for Chama a slight difference in indentation
elastic modulus between (complex) crossed-lamellar layers and the myostracum. Hence, while for
Glycymeris only the hardness is varied between the (complex) crossed-lamellar and myostracal valve
regions, for Chama, we find for the myostracum and the rest of the valves a variation in hardness and a

slight variation in indentation elastic modulus (Table 2.2-1).

2.2.4 DISCUSSION

Bivalved molluscs live in a wide range of habitats and have developed a variety of lifestyles.
While Chama is sessile and lives in turbulent waters at depths up to 30 m, Glycymeris populates calm
waters, burrows superficially in the sediment and lives up to 200m depth. Adjusting to different
environments and leading different lifestyles demands adaptations of soft and hard tissue. For bivalves,
adaptation include for example variations in shell size, form and thickness, modification of the foot,
change in hinge ligament size and resilience, variation in muscle size, number and structure, and
adjustments of organs (Taylor et al. 1969; Kennedy et al. 1970; Stanley 1975; Chantler 1983; Ponder et
al. 2019). In this study, we investigated structural and material property characteristics of the hard tissue
of the non-myostracal and the myostracal parts of the valves for examples of mobile, infaunal, and
sessile, epifaunal, bivalves. Of particular interest is to understand structural and nanomechanical
property characteristics of those hard tissues where adductor and mantle muscles attach to the shell and
to characterise the nature of the transition from non-myostracal, valve, to myostracal structures (Figs.
2.2-13-2.2-16, 2.2-AP14-2.2-AP21). We complemented our discussion with EBSD results on the pedal
myostracum of Glycymeris glycymeris (Crippa et al. 2020b; Crippa et al. 2020a), an EBSD measurement
on the pallial myostracum of Dosinia scalaris (Fig. 2.2-15) and an EBSD measurement on the adductor
myostracum of the bivalve Placopecten magellanicus (Fig. 2.2-AP21).
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Exerting control onto valve activity is essential for the survival of bivalves. The speed of valve
movement, the time-dependent variation of valve opening and closure, and the strength of valve closure
decide on the quality of soft tissue protection (Kier 1988; Guderley & Tremblay 2016). The
opening/closing of the valves and the movement of the foot are determined by the action of adductor
and pedal muscles (Bowden 1958; Millman 1967; Riegg 1971; Zange et al. 1989; Odintsova et al.
2007). For bivalves, the movements of muscles involve forces generated by antagonistic muscle
contraction, muscle extension and relaxation (Chantler 1983). Hence, depending on the motion in
guestion, e.g., movement of valves and foot at burrowing or keeping the valves open or shut for longer
periods, demands contraction and relaxation of the involved muscles, at diverse speeds and for diverse
times (Millman 1967; Riegg 1971; Zange et al. 1989; Odintsova et al. 2006). To facilitate the latter
requirements, a particularly strong, and, for the movement, appropriate attachment of the muscles to the

valves has to be developed by bivalved organisms.

As described in the introduction, bivalve muscles attach to the hard tissue of the myostracum
via a tendon cell layer. Myostracal scars and layers are always aragonitic and have an outstanding and
characteristic microstructure that is distinct from that of the remaining shell, and have a specific hardness
and indentation elastic modulus. The two sketches in Figure 2.2-13 visualize on a larger scale for
Glycymeris and Chama the interrelation between the observed, non-myostracal, valve and myostracal
microstructures. We measured with a large series of EBSD scans (i) the transition from one myostracum
into the other (from pallial to adductor and vice versa) and (ii) the myostracum in relation to the crossed-
lamellar and the complex crossed-lamellar valve layers. In Figure 2.2-13 we summarized our findings
gained from EBSD scans and visualize structural characteristics and the topological relation of the
different myostracal and non-myostracal valve crystal assemblies.

Subsequently, we discuss the following questions:

1. Are the microstructure, texture, and material properties of the non-myostracal parts of the

valves, similar or different for the investigated Glycymeris and Chama species?

2. Are myostracal microstructure, texture, and material properties similar or different for the
investigated Glycymeris and Chama species? As described above, Glycymerididae and
Chamidae do not share similar habitats and lifestyles.

3. What are the driving factors for structural similarity or difference?

The secreting cells?

The topological relation of muscle (adductor and pallial) and mantle cells to the hard
tissue of the myostracum and to that of the non-myostracal valves?

Is a possible difference in the biomineralisation process responsible for the difference

in myostracum and valve structure?
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The microstructure and texture of the non-myostracal layers

Kennedy et al. (1969) and Taylor and Kennedy (1970) reported for Glycymeris and non-calcitic
Chama shells crossed- and complex crossed-lamellar aragonite crystal arrangement patterns. Our results
confirm this; however, we observe for some Chama shells an additional microstructure. We name the
latter as a “‘complex crossed-lamellar type’ microstructure. For the investigated Glycymeris and Chama
species, the non-myostracal (Figs. 2.2-1, 2.2-2) and myostracal (Figs. 2.2-4, 2.2-5) layers do show some

comparable microstructural motifs, are, however, not entirely similar.

We observe for both, Glycymeris and Chama, the formation of first-order lamellae, arranged
into two sets, with the latter having distinct crystal orientations. Each of the first-order lamellae
comprises lath-shaped third-order lamellae. Despite the similarity in the internal structure of the first-
order lamellae, we see, for Glycymeris and Chama, differences in setl and set2 lamellae organization
and interlinkage (Figs. 2.2-1b, 2.2-2a, 2.2-AP20). For Glycymeris, the first-order lamellae run strongly
parallel to each other (Fig. 2.2-AP20), while for Chama, they are less clear-cut in morphology and, in
general, interlaced (Fig. 2.2-AP20). In our opinion, this is most likely not caused by a cut effect, as this
interlaced mode of first-order lamella set organisation for Chama shells was observed for shells
sectioned along various orientations (see Methods Section 2.2.2). A structural effect in lamella
orientation, relative to the myostracum, is that in Glycymeris first-order lamellae are at an angle of, more
or less, 90° to myostracal layers, while in Chama first-order lamellae are always at low angles to
myostracal layers, occasionally are even almost parallel to the myostracum. The different arrangements
of first-order lamellae, relative to the myostraca might contribute to the observed differences between

Glycymeris and Chama in myostracal crystal organization and texture.

The complex crossed-lamellar microstructure of Glycymeris consists of laths that, in general,
assemble into first-order lamellae with different crystal orientations (Fig. 2.2-1 and Crippa et al. (20203,
2020b). For all investigated Chama and Glycymeris species, we find the latter type of complex crossed-
lamellar aragonite at the innermost valve portions (this study and Hoerl et al. 2024a). However, for the
fully aragonitic C. gryphoides, the aragonite of the ornamentation forms a similar microstructure to the
complex crossed-lamellar layer, as defined by Taylor et al. (1969). When cut in cross-section, this
microstructure forms a large part of the valve. Due to the applied cut, aragonite crystals in the outermost
valve layer appear to be granular to prismatic (Figs. 2.2-2b, 2.2-AP7b) and assemble into differently
oriented clusters (Figs. 2.2-2b, 2.2-AP7b). It is striking that this microstructure occurs at outer shell
portions. According to Taylor et al. (1969) and Kennedy et al. (1969), the complex crossed-lamellar
layer forms always the innermost valve regions. Accordingly, we addressed the microstructure of the
outer valve layer and ornamentation of C. gryphoides as a ‘complex crossed-lamellar-type’

microstructure.
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Fig. 2.2-13. Schematic illustrations depicting the general layer structure and transitions of Glycymeris (a-d) and Chama (e-g)
shells. The outer valve layer of investigated Glycymeris samples has a crossed-lamellar microstructure (black star in b). The
crystal orientation pattern is transmitted (b) and continued (c) in the subsequent, competitively grown adductor and pallial
myostracum layers (blue and red stars in b, ¢, d). At the changeover between the pallial myostracum and complex crossed-
lamellar layer (yellow star in d), the large protruding myostracal prisms exhibit extensive polycyclic twinning. While
ornamentations in C. gryphoides are aragonitic, in C. arcana shells, the ornamentations are calcitic (white star in f), and form
a three-dimensional interlocking mechanism with the subsequent crossed-lamellar layer (black star in f). The crossed-lamellar
crystal orientation is transmitted into the myostracal crystals (blue star in f, red star in g). While the orientation transmitted by
pallial myostracum crystals devolves in the first pum of the complex crossed-lamellar layer (yellow star in g), it is eventually
lost in the convoluted microstructure of the complex crossed-lamellar layer.
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Fig. 2.2-14. Breakdown of crystallographic texture in the non-myostracal, valve-myostracum changeover portion of a
transversally sectioned Glycymeris pilosa shell. The transmission of the setl and set2 crystal orientation pattern into the
adductor myostracum is highlighted in EBSD maps and pole figures for the entire dataset (a) and various subsets (b-f). The
pole figures a-c show that the aragonite c-axes in first-order lamellae set 1 are tilted, relative to aragonite c-axes in set 2 that
run almost parallel to the direction of crystal growth. In addition to the two twinned orientations inherited by each of the two
first-order lamella sets (d, e), the competitive growth process initiates a third, unique, orientation that is found only in the
myostracum and differs in orientation of the a- and b-axes (f). The latter corresponds to the third orientation of the polycyclic
twin.
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EBSD measurements allow the determination of crystal co-orientation strength for the different
shell layers. We observed, for all investigated species of Glycymeris and Chama, low crystal co-
orientation for complex crossed-lamellar and crossed-lamellar shell portions (Glycymeris: MUD (CCL)
=14, MUD (CL) = 11; Chama: MUD (CCL) =26, MUD (CL) = 27). Crystal co-orientation strength for
the calcitic ornamentation of Chama was increased (MUD = 45/55/ 80), relative to that of the aragonitic
shell. Most increased, for all investigated species, was the co-orientation strength of aragonite within
myostracal layers and individual myostracal crystals (Glycymeris MUD myostracum = 67 / 97 / 154 /
133; Chama MUD myostracum = 64 / 66 / 51 / 77), relative to aragonite co-orientation of the non-
myostracal shell. It has been shown for G. glycymeris that individual myostracal prisms are single
crystals (Fig. 8a, c-e in Crippa et al. (2020a)). We also find this for all species that were investigated in
this study. The latter might be an indication that individual myostracal prisms contain very little organic
substance. It should be noted that myostracal aragonite of Chama is less co-oriented than myostracal

aragonite of Glycymeris.
The microstructure and texture of the myostraca

Kennedy et al. (1969) and Taylor and Kennedy (1970) describe that bivalve myostraca are
assemblies of aragonite prisms. We observed this as well for Glycymeris and Chama myostraca,

however, based on EBSD measurements, we found further, important, structural characteristics:

(1) Prism morphology regularity/irregularity is different for Glycymeris (Fig. 2.2-4) and
Chama (Fig. 2.2-5).

(i) Crystal co-orientation strength within adductor and pallial myostraca is different for
Glycymeris and Chama (Figs. 2.2-4, 2.2-5).

(iii)  Orientational probability density distribution within myostraca is different for
Glycymeris and Chama, with Glycymeris, in most cases, showing 3D “single-crystal-
like” (e.g., Figs. 2.2-4, 2.2-6, 2.2-7a) and Chama exhibiting, very often, axial (fibre)
textures (e.g., Figs. 2.2-5, 2.2-8, 2.2-10).

(iv)  The aragonite of Glycymeris and Chama pallial, adductor and pedal myostraca has a
microstructure that is characteristic of a crystal growth process derived of growth
competition (this study and Crippa et al. (2020a, 2020b)). Hence, wherever muscles
attach to the shell, a hard tissue is formed that has a microstructure that is generated
through growth competition. The growth competition process has two important
structural effects: (a.) at an advanced stage of the crystallisation process, the crystals are
large entities. (b.) with progressive growth, a common growth direction develops for all
crystals and a specific crystallographic lattice orientation is attained. This is discussed
subsequently.
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According to Checa (2018), crystal formation and assembly by growth competition is, in the
biological realm, a process that is fully governed by physical controls and contrasts the processes at the
formation of other carbonate biomaterial microstructures. In the latter, microstructure development is
determined by biological determinants, such as the influence of organic matrix biopolymers or the
influence of the secreting cells when in direct contact with the forming crystals (Checa 2018). Castro-
Claros et al. (2021) describe for Ostrea stentina and Anomia ephippium, that adductor myostracal
mineralisation takes place, among other possible ways, via CaCOs-containing vesicles, which become
delivered to the extrapallial space (Fig. 5d, e, h in Castro-Claros et al. (2021)). This is in contrast to the
non-myostracal portion of the shell (of Ostrea stentina and Anomia ephippium), where, at secretion,
mantle cells are in close contact with the forming biocarbonate (Castro-Claros et al. 2021). Accordingly,
different biomineralisation processes account for the formation of non-myostracal and myostracal Ca-
carbonate biomaterials. In essence, based on our structural results, and, in analogy to the findings of
Castro-Claros et al. (2021), we inferred that the formation of Glycymeris and Chama myostracal and
non-myostracal CaCOs is initiated by different crystal formation and growth determinants, however,
both controlled by the secreting cells. Nonetheless, the growth competition process has two important
structural effects: (i) at an advanced stage of the crystallisation process, the crystals become large entities
(up to 50 um in diameter and 200 um in length). (ii) with progressive growth, for all crystals, a common
growth direction develops and a specific crystallographic axes orientation is attained, with the c-axes

being normal to the inner shell surface. This is discussed further subsequently.

Biocrystal formation through growth competition has been reported for species of various
marine organism groups, e.g., for Liothyrella neozelanica and Gryphus vitreus brachiopod columnar
calcite (Schmahl et al. 2008; Goetz et al. 2009; Goetz et al. 2011), for Argonauta argo and Argonauta
hians cephalopod shell aragonite (Stevens et al. 2017; Checa et al. 2021), for rotaliid foraminifera shell
calcite (Lastam et al. 2023a; Lastam et al. 2023b) and for Glycymeris glycymeris and Glycymeris
nummaria bivalve myostracal (adductor, pedal) aragonite (Crippa et al. 2020b; Crippa et al. 2020a).
With this study, we show for Chama arcana, Chama gryphoides, Glycymeris bimaculata, Glycymeris
nummaria and Glycymeris pilosa that adductor and pallial myostracal aragonite forms through growth
competition. This study is part of a larger survey of bivalve myostracal microstructure and texture and
covers species of the orders Arcida, Mytilida, Venerida, Unionida, Cardiida, Ostreida, Pectinida,
Chamidae and Tellinoidea. For most investigated species, we find the competitive-growth-type
microstructure for myostracal shell portions; however, we also find different myostracal structures for,

e.g. Mytilus edulis, Arctica islandica, Tellina planata, Venus verrucosa (see Chapter 2.4 of this thesis).

One important result of our study is that Glycymeris and Chama non-myostracal and myostracal
aragonite are twinned (Figs. 2.2-9, 2.2-10, 2.2-AP14). (Crippa et al. 2020b; Crippa et al. 2020a) showed

for two Glycymeris species that the aragonite in their shells is twinned, for Chama we describe twinning
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of shell carbonate for the first time. We observe polysynthetic, cyclic and polycyclic twinning; for

definition see the Terminology Section A.1 and (Hahn & Klapper 2013).

0] The crossed-lamellar layer exhibits polysynthetic twinning within the two sets, between

the third-order laths that form setl and set2 of a first-order lamella.

(i) For the myostraca, we find cyclic twinning.
(iii) For the complex crossed-lamellar aragonite we observe polycyclic twinning between

and within the first-order blocks/lamellae.

Polysynthetic, cyclic, and polycyclic twins are defined by the number of twin planes and their
orientation/co-orientation. If twin planes in a twinned crystal are parallel to each other, the twin crystal
is termed as a polysynthetic twin; if twin planes in a twinned crystal are not parallel to each other, the

twinned crystal is addressed as a polycyclic twin (Hahn & Klapper 2013).

When aragonite crystals are assembled to form the crossed-lamellar arrangement, the first-order
lamellae comprise lath-shaped crystals (the third-order lamellae, see Fig. 13b in Crippa et al. (2020b))
that are inclined to each other and alternate in their respective crystal orientations (see Fig. 13ain Crippa

et al. (2020Db)). For the crossed-lamellar microstructure, we found twin formation mainly between the

third-order laths that comprise a first-order lamella (see 64° misorientation boundaries in Fig. 2.2-9a)

and to a lesser extent between the lamellar sets.

When aragonite is assembled to form the complex crossed-lamellar arrangement, several,
irregularly shaped and variously oriented, first-order blocks/lamellae are formed. The latter consist of

third-order laths and crystals. For the complex crossed-lamellar microstructure, we observed polycyclic

twin formation within the blocks/lamellae and to a lesser extent between them (Fig. 2.2-9a).

Accordingly, for the complex crossed-lamellar microstructure we detected a high density of 64°
misorientations (see Figs. 2.2-9a, b, 2.2-AP15a).

Mpyostracal (adductor, pallial, pedal) aragonite is cyclically twinned. The 64° misorientations
are between adjacent prisms and not within the prisms (Figs. 2.2-9a, 2.2-10a, 2.2-AP15a, 2.2-AP16a).

The distinct peak of 64° in the relative frequency—misorientation angle diagram for the myostracum (see
Figs. 2.2-9b, 2.2-10b, 2.2-AP19b) is, to some extent, due to the low number of total grain boundaries

imposed by the large prism size in the adductor myostracum.
The changeover from non-myostracal, valve, to myostracal crystals

For Glycymeris and Chama, the transition between the layers of the non-myostracal and myostracal
valve portions is continuous. We discuss first the transition from the crossed-lamellar valve to the
adductor myostracum and, subsequently, the transition from the pallial myostracum to the complex
crossed-lamellar valve portion (Figs. 2.2-6 to 2.2-8, 2.2-9a, 2.2-14, 2.2-15 and 2.2-AP14a, ¢)
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Our EBSD results showed that adductor and pallial myostraca form via two crystallization

processes:

(i) the very first crystals form through epitaxial growth onto the crossed-lamellar template

(i) further growth is guided through the competitive growth process

For Glycymeris and Chama, the adductor myostracum is always attached to the crossed-lamellar
valve portion (Figs. 2.2-6, 2.2-7a, 2.2-8a, 2.2-14a-d), while the pallial myostracum attaches to the
crossed-lamellar layer, along its external surface, and to the complex crossed-lamellar microstructure,
along its internal surface (Figs. 2.2-7, 2.2-8b, 2.2-9a, 2.2-14e).

Crystal orientation measurements demonstrated, for the crossed-lamellar — adductor

myostracum changeover, that crystal size and morphology are not transmitted to the myostracum (Fig.
2.2-14a). However, the lamellar habitus of the crossed-lamellar structure, thus, crystal orientation of the
two sets of first-order lamellae, is transmitted and can be well traced within the adductor myostracum
(Figs. 2.2-6a, 2.2-7a, 2.2-14a, b, ¢). Some crystallographic aspects of the crossed-lamellar texture are
also transmitted to the adductor myostracum. Hence, crystallographic axes orientation is conferred from
crossed-lamellar to adductor myostracal aragonite. Figures 2.2-14d, e show that the very first-formed
adductor myostracal crystals grow epitaxially onto the crystals of the first-order lamellae of the crossed-
lamellar layer. At this stage of myostracal growth, all crystal orientations of the crossed-lamellar valve
are also maintained within the adductor myostracum. With further growth of the myostracum (controlled
by the competitive growth process), this changes, as (i) only some orientations of the crossed-lamellar
valve are retained and (ii) a new crystal orientation along the a- and b-axes is developed within the
adductor myostracum (Fig. 2.2-14f). This newly developed orientation is cyclically twinned, relative to
the crystal orientation of the first-order lamellae, and is retained for the entire myostracal growth
sequence. The c-axis orientation of the crystals with the new crystallographic orientation is parallel to
the c-axis orientation of crystals of the first-order lamellar sets and to the c-axis orientation of the
epitaxially-formed adductor myostracum crystals (see pole figures in Fig. 2.2-14d, e, ). This indicates
that the restrictions of the polysynthetic twinning in the crossed-lamellar layer no longer apply to the
myostracum. Hence, c-axis orientation of all crystals (i) remains similar for the different microstructures
(crossed-lamellar and myostracal), (ii) become oriented in parallel along inner shell layers and (iii) is
perpendicular to the inner shell surface. (iv) Crystal co-orientation strength is low for the first-formed
crystals of the myostracum, however, for the crystals that nucleate on the crossed-lamellar template,
crystal co-orientation strength increases significantly towards inner shell surface. (v) The restrictions of
polysynthetic twinning within the third-order lamellae of the crossed-lamellar layer are not continued in
the adductor myostracal layer. It should be kept in mind that all these structural characteristics and
effects are initiated by the competitive growth process.
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In summary: (i) the first crystals of the adductor myostracum grow epitaxially onto the crossed-
lamellar template (Fig. 2.2-14a, d, e). (ii) further growth of myostracal aragonite is controlled by growth
competition. (iii) two c-axes orientations, one for each set of first-order lamellae (see Almagro et al.
2016a; Crippa et al. 2020a, 2020b) and two different a- and b-axes orientations are transferred to the
adductor myostracum. (iv) c-axis orientation remains rather conservative for the crossed-lamellar and
the adductor valve portion, while a new a- and b-axes orientation develops within the myostracal layer.
(v) for the crossed-lamellar layer we find polysynthetic twinning within the first-order lamellae and,

only to some extent, twinning between the two sets.

Pallial myostraca are, in 3D, sheet-like structures (Hudson 1968; Nishida et al. 2011) that are

incorporated into the valves and separate adjacent hard tissue layers, having specific microstructures
(Kennedy et al. 1969). For Glycymeris and Chama, the pallial myostracum connects, along its outer
surface to the crossed-lamellar (Figs. 2.2-8b, 2.2-9, 2.2-15) and along its inner surface to the complex
crossed-lamellar microstructure (Figs. 2.2-7b, 2.2-8b, 2.2-15). Figures 2.2-9 and 2.2-15 visualize the
corresponding transitions between the microstructure of the pallial myostracum and the two different,

non-myostracal valve layers.
(1) The changeover from the crossed-lamellar valve to the pallial myostracum

As is the case for the changeover from the crossed-lamellar valve portion to the adductor
myostracum, the lamellar habitus of the first-order lamellae and the polysynthetic twinning pattern are
transferred from the crossed-lamellar valve to the pallial myostracum. These two structural
characteristics continue across the entire extent of the pallial myostracum (see white arrows in Fig. 2.2-
15a). As is the case for the adductor myostracum, for the pallial myostracum as well, we observed within
the pallial myostracum the generation of an additional crystal orientation of the a- and b-axes (Fig. 2.2-
15b-d). It appears that this is the third orientation of the polycyclic twin previously restricted by the
mantle. The latter controlled the crossed-lamellar crystal growth, prior to pallial muscle attachment (Fig.
2.2-15d). When based on c-axis orientation, the two orientations of the two first-order lamellar sets carry
over from the crossed-lamellar to the complex crossed-lamellar valve portion. Hence, overall, six
different aragonite crystal orientations are developed up to the transition from the pallial myostracum to
the complex crossed-lamellar layer. They correspond to the two sets of first-order lamellae imposed by

the crossed-lamellar layer and the two orientations resulting from polycyclic twinning.
(i) The changeover from the pallial myostracum to the complex crossed-lamellar valve

Figures 2.2-7b and 2.2-15e-h show close-ups of the transition from the pallial myostracum to
the complex crossed-lamellar shell. The white dashed line in Figure 2.2-15¢ indicates the border between
myostracal and complex crossed-lamellar layers. We observed the following: (i) The crystals of the
complex crossed-lamellar layer (yellow stars in Figs. 2.2-7b, 2.2-15e) grow epitaxially onto the

previously formed myostracal crystals. The prismatic microstructure and the formation of large prisms
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are carried over from the pallial myostracum into the complex crossed-lamellar valve portion (yellow
stars in Figs. 2.2-7b, 2.2-15e). For the latter transition from one microstructure into the other, we
observed similar structural characteristics as detected for the transition from crossed-lamellar to pallial
myostracum. We found again epitaxial growth of the first-formed crystals of the complex crossed-
lamellar, non-myostracal, valve portion onto the prisms (large prisms that form at an advanced stage of
crystallization) of the pallial myostracal template. For the complex crossed-lamellar layer we have
detected for both, Glycymeris and Chama, polycyclic twinning. Extensive polycyclic twin formation is
started right at the transition from pallial myostracum to the complex crossed-lamellar shell (yellow

stars in Figs. 2.2-7h, 2.2-15e) and executed throughout the entire inner shell layer.

The different twinning modes impact the texture of the pallial myostracum and of the complex
crossed-lamellar shell layers. We visualised with pole figures (Fig. 2.2-16) the transformation from a
3D “single-crystal-like” to an axial texture. Originating in the crossed-lamellar valve, it is modified in
the pallial myostracum and transforms into an axial texture in the complex crossed-lamellar shell. Figure
2.2-16 depicts the mode of crystal arrangement with an EBSD map (Fig. 2.2-16a) and corresponding
pole figures (Fig. 2.2-16b), covering the crossed lamellar, pallial myostracal and complex crossed-
lamellar layers. Numbers 1 to 5 indicate chosen segments of the map and the corresponding pole figures:
1: crossed-lamellar valve, 2: pallial myostracum, 3: complex crossed-lamellar valve portion directly next
to the pallial myostracum, 4 and 5: complex crossed-lamellar portions further away from the
myostracum. The pole figure of the crossed-lamellar layer shows four orientation probability maxima
for the a- and b-axes (see arrows in pole figure 1 in Fig. 2.2-16b). These correspond to the inclination
between the two sets of first-order lamellae and the two, polysynthetically twinned, crystal orientations
within each set of a first-order lamella. Due to these maxima, the pole figure of the crossed-lamellar
shell conveys a single crystal-like texture. This texture is transferred into the pallial myostracum,
however, in the pallial myostracum a third “set” of twinned orientation develops. The latter indicates,
most likely, the loss of biological control over aragonite crystal growth during adductor muscle
attachment. Most probably, it is not induced on purpose but is rather accidental (pole figure 2 in Fig.
2.2-16b). The pallial myostracum texture is transferred to the first-formed portion of the complex
crossed-lamellar layer, the layer directly adjacent to the pallial myostracum, (pole figure 3 in Fig. 2.2-
16b and see section 3 in the EBSD map), however, the density maxima (see pole figure 3) are less
distinct due to the polycyclic twinning mode in the complex crossed-lamellar layer. Further away from
the pallial myostracum, towards inner shell surface (map segments 4, 5 in Fig. 2.2-16a and pole figures
4 and 5 in Fig. 2.2-16b), the texture becomes more and more axial as the c-axes of the lamellar sets
merge to a common c-axes orientation (pole figure 5 in Fig. 2.2-16b), that is normal to inner shell

surface.
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Fig. 2.2-15. Breakdown of the crystallographic texture in the non-myostracal valve-myostracum changeover region of an
obliquely sectioned Glycymeris glycymeris shell and a transversally sectioned Dosinia scalaris shell. In G. glycymeris, the
crossed-lamellar crystal orientation pattern continues through the pallial myostracum (white arrows in a) and appears to extend
into the complex crossed-lamellar layer (b, ¢, white star in a). Similar to Fig. 2.2-12, a unique set of orientations, that was not
transmitted from the texture of the first-order lamellae, is generated in the myostracum and continues into the complex crossed-
lamellar layer (d). Similar to Fig. 2.2-7h, at the changeover from pallial myostracum to the complex crossed-lamellar layer a
sharp boundary of incipient polycyclic twinning is visible in D. scalaris (white stars in e). The 3D “single-crystal-like”
crystallographic texture comprises three sets of orientations (f-h) that are generated by the orientation pattern of first-order
lamellae and the competitive growth mechanism of the myostracum.
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In summary: (i) We observed that both adductor and pallial myostraca have similar structural
characteristics. (ii) We observed for both changeovers, from the crossed-lamellar valve to the adductor
or pallial myostracum and from pallial myostracum to the complex crossed-lamellar valve, similarities
in transmission of crystal orientation, utilization of epitaxial growth and twin formation. (iii) We found
significant structural differences between the non-myostracal, valve, and myostracal layers. The above-
discussed structural features have not yet been described elsewhere.

Crossed-lamellar Pallial myostracum Complex crossed-lamellar
— 2

Fig. 2.2-16. Texture evolution for Glycymeris glycymeris from the crossed-lamellar (1) via the pallial (2) to the complex
crossed-lamellar (3, 4, 5) microstructure, respectively. The measurement is split into five sections, indicated by a white dashed
line in the EBSD map (a). The first pole figure (b1) corresponds to the crossed-lamellar layer, the second (b2) to the pallial
myostracum and pole figures three to five (b3-5) to different stages of the complex crossed-lamellar layer (b). The pole figure
(bl) indicates that the crossed-lamellar layer comprises two sets of orientations, each with a slightly deviating c-axes
orientation. This pattern is continued into the pallial myostracum (pole figure b2), however, here an additional a- and b-axes
orientation is added through polycyclic twinning, as described in Fig. 2.2-15. While the myostracal texture is initially continued
into the first few um of the complex crossed-lamellar layer (as visible from the EBSD map and pole figure b3), the single
crystal-like texture (pole figures b1, b2) gradually transforms into an axial/fibre texture (pole figures b3, b4, b5). This indicates
that the initial lamellar crystal orientation pattern of the crossed-lamellar shell is kept in the pallial myostracum, but it is
abandoned in the advanced growth stages (parts 4 and 5) of the complex crossed-lamellar layer.

98



The hardness and indentation elastic modulus of myostracal and valve aragonite

Table 2.2-1 and Figures 2.2-11 and 2.2-12 highlight, for the investigated Glycymeris and Chama
species, that myostracal valve sections are harder in comparison to the non-myostracal valve layers and
to non-biological aragonite. Concerning indentation elastic modulus, non-myostracal valve and
myostraca show comparable values, although we find species (C. gryphoides and C. arcana) where
myostracal indentation elastic modulus is slightly increased, relative to the indentation elastic modulus

of the valves.

Table 2.2-1. Nanoindentation results for profiles on Glycymeris and Chama shells. The profiles are shown in Figs. 2.2-AP14
to 2.2-AP18. (a): absolute values for hardness and indentation elastic modulus in the aragonitic layers, (b) ratios between the
absolute values of two aragonitic layers, (c) first and third rows give absolute values, second and forth rows show the ratios

between absolute values of the calcitic layer and the non-biological reference.

Myostracum Myostracum

Glycymeris bimaculata

Glycymeris nummaria

Chama gryphoides

Chama arcana

m Aragonite

Hardness Hardness Indentation elastic Indentation elastic
(GPa) (GPa) modulus (GPa) modulus (GPa)
4.13 4.81 89.1 88.2
4.61 5.11 874 86.4
4.57 5.20 88.7 96.4
Aragonite Calcite Aragonite Calcite
3.78 3.35 4.65 82.2 68.4 88.6

Non-biological calcite
H: 2.20 (GPa) E: 70 (GPa)

Non-biological aragonite
H: 4.11 (GPa) E: 105.2 (GPa)

Myostracum Myostracum Myostracim
Vs S A Vs

Glycymeris bimaculata

Glycymeris nummaria

Chama gryphoides

Chama arcana

sShell

Hardness Hardness Indentation Indentation Hardness Indentation
(GPa) (GPa) elastic modulus  elastic modulus (GPa) elastic modulus
(GPa) (GPa) (GPa)
1.005 1.170 0.847 0.838 1.165 0.990
1.122 1.243 0.831 0.821 1.108 0.989
1.112 1.265 0.843 0.916 1.138 1.087
0.920 1.131 0.781 0.842 1.230 1.078

S m S “ Shell vs Reference

Chama arcana

3.35

1.523 68.4 0.977
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When hardness and indentation elastic modulus were compared between myostracal, crossed-
lamellar, and complex crossed-lamellar aragonite arrangements, we found that, on average, myostracal
hardness is increased by 15% and myostracal indentation elastic modulus by 5%, relative to the hardness
and indentation elastic modulus of the microstructures of the non-myostracal valves. (Zhao et al. 2015)
made nanoindentation measurements on the adductor myostracum of the fast-swimming scallop
Placopecten yessoensis. Adductor myostracum hardness and indentation elastic modulus are 5.65 GPa
and 78.03 GPa, respectively, while hardness and indentation elastic modulus values for the non-
myostracal valve are 4.33 GPa and 69.76 GPa, respectively (Zhao et al. 2015). The material property
results for Placopecten compare well with our material property measurements on Chama and
Glycymeris. Hence, irrespective of the lifestyle of the bivalve (sessile, burrowing or swimming), we
observed for the myostraca an increased hardness and a slightly increased indentation elastic modulus
relative to the hardness and indentation elastic modulus values that are measured for the respective non-

myostracal valve.

Variations in the chemical composition of aragonitic biominerals can affect their mechanical
response (Moynihan et al. 2021). However, Chama and Glycymeris shells share similar chemistry, thus,
the question is, what initiates myostracal hardness? Two factors are conceivable: (i) generally, material
hardness is related to crystal twinning (Shin et al. 2016; Wang & Zhang 2016; Zhang et al. 2017b; Uttam
et al. 2020), as twin boundaries block dislocation and crack propagation and induce delocalization of
deformation around the crack tip. Another effect of twinning is the reduction of crystal sizes due to
formation and incorporation of additional, new, grain boundaries. In inorganic materials, smaller grain
sizes lead to increased hardness due to the Hall-Petch relation (Salem et al. 2006; Renard & Jacques
2012; Q. Huang et al. 2014; Ding et al. 2019); however, our results show superior hardness values for
the microstructure with the largest prisms. Furthermore, we find twinning in all three layers and the
exact correlation between twinning and the measured nanomechanical properties is uncertain due to the

small probe size with respect to the large twin domains.

(if) The more feasible explanation involves the proportion of mineralised material to organic
matter and their distribution within the layers. For Chama and Glycymeris, myostraca consist of
assemblies of large, strongly mineralised, prisms while other valve portions are formed of assemblies of
minute, organic substance-coated, laths. Myostracal prisms are also encased in organic matter; however,
they are significantly larger mineral entities in comparison to the laths. The observed increase in
myostracal hardness values, thus, can be explained by the increased mineralisation of myostracal prisms
and the relatively low amount of organic matrix material that surrounds the crystals. The latter prevents
indented grains from shifting and rearranging in softer organic matter and leads to a higher measured
hardness. To account for crystal anisotropy that can influence the nanomechanical properties of a

material (Amini et al. 2014; Gilbert et al. 2022b), the layers were indented both parallel and
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perpendicular to the c-axes orientations. For both cases, the myostracum layer shows higher hardness

values than the non-myostracal valve (see also Hoerl (2022)).
The effect of myostracal crystal organisation

The topological relation between mollusc muscles and myostracal hard tissue is well-
investigated by now (Hubendick 1957; Nakahara & Bevelander 1970; Plesch 1976; Tompa & Watabe
1976; Chantler 1983; Isaji et al. 2002; Castro-Claros et al. 2021). The muscle tissue does not connect
directly to myostracal carbonate or insert into myostracal hard tissue. Muscle cells terminate at the basal
cellular membrane of a layer of specialized epithelial cells, the tendon cells (e.g. Castro-Claros et al.
2021; Nakahara and Bevelander 1970; Tompa and Watabe 1976). As described by other studies (e.g.
Chantler 1983; Nakahara and Bevelander 1970; Tompa and Watabe 1976), the tendon cell layer has
hemidesmosome junctions at its basal and apical sides, contains actin, myosin and paramyosin
microfilament bundles and has, at its apical side, knob-like microvilli. The microvilli are close to
myostracal crystals, however, do not insert into these. A seam of extracellular polymer fibrils, collagen
fibrils, derived from or/and connected to the microvilli (e.g. Isaji et al. 2002; Tompa and Watabe, 1976)
is the substance that is directly next to myostracal crystals and, even more important, enters into the
basal side of the prisms (e.g. Castro-Claros et al., 2021; Isaji et al., 2002; Plesch, 1976; Tompa and
Watabe, 1976). Thus, muscle fibres connect to myostracal crystals via the basal tendon cell layer (Tompa
& Watabe 1976) and the extracellular actin, myosin and paramyosin fibrils in the myostracal aragonite
(Chantler 1983). Hence, bivalve myostracal prisms are biopolymer fibre-reinforced polymer-mineral

composites.

The opening and closing of mollusc valves is an interplay between adductor muscle and hinge
ligament action (Kahler et al. 1976; Yonge 1978). Contractile activity of the muscles closes the valves,
causing the ligament to bend and compress. During muscle relaxation, this energy stored in the ligament
opens the valves (e.g. (Millman 1967; Riegg 1971). Bivalve adductor muscles are among the strongest
muscles known for invertebrates and vertebrates (Chantler 1983; Castro-Claros et al. 2021). Bivalve
adductor muscles can generate tensions up to 15 kg/cm? to counteract the force of the ligament, which,
in some bivalves, takes 1 kg/cm? or more (Chantler 1983). The strong forces that bivalve muscles can
exert are achieved through (i) the use of a combination of different muscle types and muscle fibre
structures (e.g. thick, thin muscle filaments; striated, smooth muscles (Millman 1967; Chantler 1983)),
(ii) a tight connection from muscle to myostracal tissue (e.g. variation in muscle cross-section (Millman
1967; Trotter 1993; Odintsova et al. 2007; Tremblay et al. 2015)) and (iii) the integration of tendon cell-
derived biopolymer fibrils into myostracal crystals. From a material property perspective of particular
interest is the junction between the apical surface of the tendon biopolymer fibrils and the basal surface
of the myostracal crystals. As very dissimilar materials join at this junction, interfacial stress is likely to
accumulate here and will lead to fracture. However, Zhao et al. (2015) reported for the scallop

Placopecten yessoensis that, at forcing the valves apart, rather the adductor muscle itself breaks into
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half, instead of being torn away from the myostracal crystals. Hence, as the biopolymer fibrils of tendon
cells are anchored within the myostracal crystals, much less interfacial stress accumulates at the fibril-
crystal interface. Accordingly, the incorporation of the fibrils into the crystals is the decisive factor for

the strength of the myostracum-tendon layer connection.

Myostracal crystals are always aragonitic (e.g., this study and (Crippa et al. 2020a; Hoerl 2022;
Le Moine 2022; Hoerl et al. 2024a). Even in entirely calcitic shells, e.g. that of Ostreoidea, myostraca
are aragonitic (Sancho Vaquer et al. 2023). This might have the following reasons: (i) it is well-
documented by now for nacreous and coral aragonite that biologically formed aragonite has
biocompatible properties (Lopez et al. 1992; Silve et al. 1992; Zhang et al. 2017a; Rousseau 2018).
Hence, in analogy, we can assume that this strong preference for molluscs to produce myostracal crystals
solely of aragonite might be rooted in the biocompatible nature of the bioaragonite. (ii) The high Mg?
content in many marine environments due to the large Ca?* consumption (Cheng et al. 2014) may slow
down the growth kinetics of calcite, thus, thermodynamically favouring aragonite formation in oceanic
environments (Mucci & Morse 1984; Wombacher et al. 2011). (iii) The competitive growth process
initiates that large and specifically oriented prisms are adjacent to tendon cell filaments. Hence, a
specific crystallographic face of aragonite crystals borders filament ends. This might foster attachment

and incorporation of the biopolymer filaments into myostracal aragonite.

The pallial, adductor (this study) and pedal myostraca (Crippa et al. 2020a) of bivalve species
that were, so far, investigated with EBSD have a competitive growth-derived microstructure. The result
of the latter crystal growth process is that (i) aragonite crystals become oriented in a specific direction
and (ii) large crystals face the array of organic fibrils and the apical surface of the tendon cell layer.
Tompa and Watabe (1976) and Castro-Claros et al. (2021) discussed and showed that the tendon cell-
associated extracellular polymer fibrils insert into myostracal crystals. Through competitive growth, the
basal surface of myostracal crystals becomes oriented in parallel to the apical surface of tendon cells.
Consequently, with the adductor myostracum — tendon cell — muscle fibre constellation aragonite c-axis
orientation is parallel to the morphological, long axes direction of organic fibrils (see pole figures in
Figs. 2.2-4 and 2.2-5) and the orientation of aragonite prisms becomes aligned with the direction of the
tensile force. Thus, the myostracal microstructure appears to be beneficial for embedding polymer fibres
into crystalline materials, as it results in a huge increase in tensional force. However, it is not yet clear,
whether this crystal arrangement is derived solely from the lack of cellular control during crystal growth
or is due to biological adaptations. For Anomia ephippium, it has been shown that collagenous fibrils
are arranged in parallel within myostracal prisms (personal communication C. Salas), however, the exact
mechanism that initiates the arrangement is, for biologically secreted hard tissues, not yet well
understood. For non-biological, polymer fibre—ceramic materials it is shown that the latter can sustain
the highest tensional forces when the incorporated polymer fibres are oriented within the crystals in

parallel (Donald & McMillan 1976; Eckold 1994). As bivalve adductor and catch muscles are among
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the strongest muscles known for organisms, exceeding significantly tensile forces of vertebrate muscles
(Chantler 1983), a parallel alignment of biopolymer fibrils within the orchestrated aragonite prisms is
most likely (e.g. personal communication C. Salas). Hence, the competitive growth mechanism secures,
for the organic fibril—crystal attachment, the right topological relationship between crystals, on one hand,

and polymer fibrils, tendon cells, on the other.

Is strength and mode of valve action relatable to the size, form, and structure of the

adductor myostracum?

Yonge (1978) suggested that the size, structure and combination of muscle types of mollusc adductor
and pedal muscles should be relatable, at least to some extent, to the environment. It is comprehensible
that the frequency, speed and duration of valve opening and closure have to be connected to the lifestyle

and habitat of the organism.

The many studies on mollusc muscle action show that there is a range of speeds of muscle
contraction and relaxation and that these depend on the specific need for muscle utilization. Hence,
variation in muscle contraction and relaxation must be paralleled and observable by muscle structure
(Millman 1967; Trotter 1993; Tremblay & Guderley 2014; Tremblay et al. 2015; Tremblay & Guderley
2017). Depending on the respective mode of the bivalve’s lifestyle (being sessile, burrowing or
swimming), the striated or smooth muscle fibres might be developed differently, as a response to the
different functional demands of the animal (Hanson & Lowy 1960). Accordingly, variations in the
adductor (muscles that close the valves) and pedal (muscles that move the foot) muscle structure might

influence the development, size, and crystal arrangement pattern of the muscle imprints, the myostraca.

In our study, we compared adductor myostracal structure, microstructure, texture and material
properties of sessile and burrowing species belonging to different bivalve orders. We have deliberately
chosen organisms that form thick valves. We complemented our results and discussion with one EBSD
measurement made on the adductor myostracum of the swimming bivalve, Placopecten magellanicus
(Fig. 2.2-AP21). The latter species is one of the strongest swimmers among bivalves. P. magellanicus

is a scallop and only has the posterior adductor muscle. Nonetheless, we found:

(i) a marked difference in the dimension of the adductor scars. The swimming bivalve species
developed the largest adductor scar, relative to the adductor scars of the burrowing and the sessile
species. As the scar of the swimming P. magellanicus is large in extent, one can differentiate for its
adductor scar microstructure (the latter measured with EBSD) between imprints initiated by phasic and
by tonic muscles, hence, imprints generated by striated and smooth muscles (Tremblay & Guderley
2017).
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(ii) Significant differences in myostracal prism morphology regularity. The sessile Chama
species form their adductor myostracum with strongly irregularly-shaped prisms, relative to prism

morphology developed by the swimming P. magellanicus and the burrowing Glycymeris species.

(iii) Differences in prism size. This can be well investigated for those bivalve species that form
even prism morphologies. The myostracum of the swimming P. magellanicus consists of many, very
thin, regularly shaped prisms (see Fig. 2.2-AP21), while the adductor prisms of the burrowing

Glycymeris species are also regular in shape, but significantly thicker (e.g., Fig. 2.2-4b).

Nonetheless, common to all investigated bivalves, irrespective of their lifestyles and habitats, is
the development of the competitive growth microstructure for myostracal aragonite. It develops large
prisms close to the row of tendon cells, orientation of c-axes normal to the inner shell surface and
alignment of aragonite c-axes parallel to the long axis of the extracellular biopolymer fibrils that are
associated with the tendon cells. Hence, for the investigated species, myostracal microstructure, texture
and material properties are (i) to a large extent determined by a competitive growth process that results
from the mantle losing control over crystal growth. However (ii), the investigated Chama and
Glycymeris samples exhibit differences in the organization and texture of the myostracum, including
crystal morphologies, thickness, and continuation of the crossed-lamellar orientation pattern. These
might be related to the structure of the attached muscles, which is modulated by environmental factors,
such as the lifestyle of the bivalve, and the ligament size and strength. Opening and closing the valves
is an integrant within the interplay between the resilience and efficiency of the hinge ligament and the
resilience and efficiency of the adductor muscle (Ansell & Trueman 1967a; Kennedy et al. 1970; Allen
1976; Stokesbury & Himmelman 1996; Tremblay & Guderley 2014; Tremblay & Guderley 2017).

2.2.5 CONCLUSIONS

The bivalve shell has several functions. It protects the soft tissue of the organism, is involved in the
different modes of animal movement (swimming, burrowing, sedentariness) and acts as a skeleton for
the attachment of muscles. It also may have hydrodynamic functions related to feeding. The bivalve
shell consists of diverse arrangements of well-ordered crystals (microstructures). These comprise all
mineralized shell layers, including the myostraca. Nonetheless, despite significant differences in shell
microstructure, for the investigated species, we find only two texture patterns. In most cases, the
preferred crystallographic orientation (texture) is axial, in some it is three-dimensional “single-crystal-
like”.

In this contribution, we highlight and discuss differences in valve and muscle attachment site crystal
organization for bivalve species following different lifestyles and living in different environments. From

our structural and material property results, we conclude the following:
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For Chama and Glycymeris, non-myostracal, valve and myostracal crystal size, type and
assembly pattern are distinct. Contrary to the crossed- and complex crossed-lamellar
arrangements, pallial and adductor myostracal crystals have an organization pattern that is
characteristic of a crystal assembly mode obtained through growth competition. The assembly
of non-myostracal, valve crystals is governed by biological, the assembly of myostracal crystals
by competitive growth processes, respectively.

For Glycymeris and Chama the adductor myostracum is attached to the crossed-lamellar
microstructure, the pallial myostracum is between the crossed- and the complex crossed-
lamellar crystal assemblies. Crystal size and morphology are not transferred from the crossed-
lamellar microstructure to myostracal layers/portions. The laminated appearance of the crossed-
lamellar valve as well as crystal (c-axis) orientation and the twinned nature of the aragonite
become transmitted from valve to myostracal layers.

For the investigated bivalves, crystallographic texture gradually shifts from a three-
dimensionally ordered preferred orientation (“single-crystal-like”) in the crossed-lamellar layer
to an axial orientation in the complex crossed-lamellar layer. In Chama, the pallial myostracum
shows, in most cases, an axial texture, with a- and b-axes orientations distributed
homogeneously on a great circle. In the pallial myostracum of Glycymeris, a 3D “single-crystal-
like” texture is visible. For the latter, the six density distribution maxima of aragonite crystal
orientation in the pole figures can be attributed to cyclic twinning.

The first-formed myostracal crystals nucleate epitaxially onto the aragonite of the crossed-
lamellar microstructure. The crystallographic orientation of valve and myostracal (adductor,
pallial) crystals is parallel, it is, thus, transferred from one layer to the other. At slightly
advanced stages of myostracal growth, in addition to the aragonite orientation of the first-order
lamellae, a further crystal orientation develops within the myostracum and is kept for all
additional growth stages. The competitive growth mode of myostracal crystals ensures that
aragonite c-axes become oriented normal to inner shell surfaces.

Bivalve muscle cells do not attach directly to the microstructures of the valves but utilize a
tendon cell layer. The myostracum is secreted during the strong shell-adductor muscle
attachment that impedes the mantle from controlling crystal growth biologically. This is caused
by collagenous fibres that enter myostracal prisms and prevent direct contact between the mantle
and myostracal hard tissue. For most bivalves, the myostracum comprises a specific aragonite
arrangement with high hardness and prisms that are parallel to adductor muscle fibres. For the
development of the latter two characteristics, two crystal growth processes are utilized: (i)
epitactic nucleation for acquisition of microstructure and texture of the valve template (not the
carbonate phase, e.g. Saruwatari et al., 2009) and (ii) competitive growth for adjusting crystal
face and c-axes orientation normal to inner shell surface, and to secure that large crystals seam

inner shell surfaces. The prismatic myostracal microstructure facilitates the attachment and
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insertion of collagen-rich tendon cell fibrils, which in turn, are connected basally to the tendon
cells of the muscles by intracellular action filaments.

6. Chama and Glycymeris shells are twinned in crossed-lamellar, complex crossed-lamellar as well
as myostracal layers. The extent and type of twinning are different for valve and myostracal
aragonite. The crossed-lamellar microstructure exhibits polysynthetic twinning between third-
order lamellae and cyclic twinning between the first-order lamellae. The myostracum shows
cyclic twinning and revokes the polysynthetic restrictions imposed by the crossed-lamellar
layer. The complex crossed-lamellar layer exhibits the highest amount of relative twinning
frequency and features mostly polycyclic twins within first-order lamellae.

7. Through its specific microstructure resulting from adductor muscle attachment, the myostracum
exhibits outstanding nanomechanical properties. For Chama and Glycymeris, the hardness of
the valves and myostracum differs by up to 20%. The average value of respective indentation
moduli in valve and myostracum is similar across Glycymeris shells, is, however, slightly

different for Chama. For the latter species, it is always lower than the non-biological reference.
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Fig. 2.2-AP1. Overview indicating the direction and position of the different shell cuts performed on the specimens presented
in this article. As highlighted for a shell of Glycymeris bimaculata (a, b), the valves were cut to expose the adductor myostraca
indicated by dotted lines (c, d). All three cuts are illustrated for a right Glycymeris valve (e: modified after Crippa et al., 2020a).
The valves were cut transversely through both adductor myostraca (cut A), obliquely, through one adductor myostracum (cut

Adductor myostracum

B) or crosswise, exposing the cross-section of the adductor myostraca (cut C).
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Fig. 2.2-AP2. Laser confocal microscopy image depicting the positions of the most important Glycymeris nummaria EBSD
scans. (a, b): cut A, (c, d): cut B. The interfaces of the respective layers are highlighted with dashed white lines in the close-up
images (b, d). MYO: Myostracum, CL: Crossed-lamellar layer.

108



! L

I0S; -ed.—lmellar'

Fig. 2.2-AP3. Laser confocal microscopy image depicting the positions of the most important Glycymeris bimaculata EBSD
scans. (a, b): cut A, (b, ¢): cut B. The interfaces of the respective layers are highlighted with dashed white lines in the close-up
images (b, c, €). MYO: Myostracum, CL: Crossed-lamellar, CCL: Complex crossed-lamellar.
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Fig. 2.2-AP4. Laser confocal microscopy images depicting the positions of the most important EBSD scans performed on a
Chama arcana shell, along cut C (a, b). The interfaces of the respective layers are illustrated with dashed white lines in the
close-up image (b). The structure and interfaces of the valve layers are highlighted with an SEM image (c).
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Fig. 2.2-AP5. Laser confocal microscopy image depicting the positions of the most important EBSD scans performed on
Chama gryphoides shells (a-c). The ornamentation calcite is separated from the aragonitic layers by a thick organic deposit (b).
The interfaces of the respective layers are highlighted with dashed white lines (b, ¢). CCL: Complex crossed-lamellar, CL:

Crossed-lamellar.
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Fig. 2.2-AP6. EBSD band contrast scans of Glycymeris bimaculata shells depicting the different structures observed
for Glycymeris. From the outer shell surface towards the inner shell surface (IS, marked by a yellow star in a, b), the shell
comprises a crossed-lamellar, the myostracal (PM: Pallial myostracum, AM: adductor myostracum), and a complex crossed-
lamellar layer (CCL, only after the pallial myostracum). The pole figures give crystal orientation data points.
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Fig. 2.2-AP7. EBSD band contrast scans depicting the microstructures of different layers of a Chama gryphoides shell.
The valves comprise a crossed-lamellar (CL) microstructure and an adductor myostracum (AM) along the inner surface (IS) of
the shell (a). A complex crossed-lamellar (CCL) type microstructure forms the aragonitic outer shell ornamentations and
comprises small crystals arranged in an intricate orientation pattern of first-order lamellae (b). The pole figures give crystal

orientation data points.
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Fig. 2.2-AP8. EBSD band contrast scans depicting the microstructure of the calcitic ornamentation of a Chama arcana shell.
The pole figures give crystal orientation data points and depict a rotation in c-axes perpendicular to the outer surface of the
ornamentations (a). Within the ornamentations, calcitic crystals interdigitate strongly in 3D. The calcitic crystals have very
irregular, fractal, morphologies.
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Fig. 2.2-AP9. EBSD band contrast scans depicting the microstructure of the adductor myostracum of Glycymeris shells. The
increasing grain size towards inner shell surface (a) and successive formation of large prisms (b), away from the crossed-
lamellar shell is well visible. The prisms have their c-axes oriented normally to inner shell surface and in the growth direction.
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Fig. 2.2-AP10. EBSD scans depicting the microstructures of the adductor myostracum of Chama shells. (a): C. gryphoides,
(b): C. arcana. Yellow star in (a): inner surface of the shell. The pole figures give crystal orientation data points.
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Fig. 2.2-AP11. EBSD scans depicting the changeover from the crossed-lamellar layer to the adductor myostracum
in Glycymeris shells. (a): G. nummaria, (b): G. pilosa. The crystals close to the interface between the microstructures are small
and isotropic in shape. They increase in size and become prism-shaped towards the inner shell surface (a, b). MUD values of
different subsets in the adductor myostracum show that the crystal co-orientation increases with distance from the changeover

(a, b). The pole figures give crystal orientation data points of the depicted myostracum regions.
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Fig. 2.2-AP12. EBSD scans depicting the non-myostracal shell — pallial myostracum changeover in Glycymeris shells. (a):
change from crossed-lamellar (CL) sets to the pallial myostracum, (b): transition of the pallial myostracum (PM) to the complex
crossed-lamellar layer (CCL). (a, b): G. nummaria. Large myostracal prisms of the pallial myostracum (yellow star in b)
protrude into the complex-crossed lamellar layer. The pole figures give crystal orientation data points.
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Fig. 2.2-AP13. EBSD scans depicting the interface between non-myostracal and myostracal shell microstructures. (a): Chama
gryphoides (b): Chama arcana. (a): Transition from crossed-lamellar shell to adductor myostracum, (b): changeover from
crossed-lamellar shell to pallial myostracum and from pallial myostracum to complex crossed-lamellar shell. The pole figures
give crystal orientation data points.
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Fig. 2.2-AP14. Nanoindentation results of hardness and indentation elastic modulus for two profiles measured on a
transversally sectioned shell of Glycymeris bimaculata (a-e). CL: crossed-lamellar, CCL: complex crossed-lamellar, MYO:
adductor myostracum. Measurements shown in (a) and (b) were done with an indent spacing of 50 um, those shown in (c) and
(d) with an indent spacing of 20 pum.
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Fig. 2.2-AP15. Nanoindentation results of hardness and indentation elastic modulus for two profiles measured on a
transversally sectioned shell of Glycymeris nummaria (a-e). CL: crossed-lamellar, CCL: complex crossed-lamellar, MYO:
adductor myostracum. Measurements shown in (a) and (b) were done with an indent spacing of 50 pm, those shown in (c) and

(d) with an indent spacing of 20 pum.
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Fig. 2.2-AP16. Nanoindentation results of hardness and indentation elastic modulus for two profiles measured on a
transversally sectioned shell of Chama gryphoides (a-e). CL: crossed-lamellar, CCL: complex crossed-lamellar, MYO:
adductor myostracum. Measurements were conducted with an indent spacing of 10 um. Due to the small indent spacing multiple
parallel rows have been measured and were averaged in the plot to increase the accuracy of the shown values.
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Fig. 2.2-AP17. Nanoindentation results of hardness and indentation elastic modulus for two profiles measured on a
transversally sectioned shell of Chama arcana (a-€). CL: crossed-lamellar, CCL: complex crossed-lamellar, MYO: adductor
myostracum. Measurements shown in (a) and (b) were done with an indent spacing of 15 pum, those shown in (c) and (d) with
an indent spacing of 7 um. Due to the small indent spacing multiple parallel rows have been measured and were averaged in
the plot to increase the accuracy of the shown values.
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Fig. 2.2-AP19. Misorientation angle analysis of different layers in a transversely sectioned Glycymeris bimaculata shell. The
EBSD map (a) visualizes two types of microstructures: the pallial myostracum and the complex crossed-lamellar, non-
myostracal, shell layer (CCL). Grain boundary angles are between 63° and 65°, are highlighted with white points/lines in the
EBSD map and indicate aragonitic twinning. Pole figures depicting the orientational probability density distribution for the
respective layers (a) visualize, for both layers, a 3D “single-crystal-like” texture. CL: crossed-lamellar, CCL: complex crossed-
lamellar. (b): Relative frequency — misorientation angle diagrams for the two shell layers shown in the EBSD map in (a) show
that the aragonite of both microstructures is twinned, however, that of the myostracum less, relative to the aragonite of the
complex crossed-lamellar shell. Note for the CCL layer we find two misorientation angle peaks, at different degrees of
misorientation (b). (c): Misorientation angle — distance diagrams along profiles A to D highlight the strongly twinned nature of
the complex crossed-lamellar shell. Profiles A, B in (c): the aragonite within myostracal prisms is little or not twinned.

Twinning is present for adjacent prisms.
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Fig. 2.2-AP20. FE-SEM micrographs depicting the difference in interlacing between the first-order lamellae of Glycymeris and
Chama crossed-lamellar layers. For G. pilosa (a, b), the lamellae run, more or less, parallel to each other, there is almost no
interlacing between the first-order lamellae. For C. arcana (c, d) we find marked interlacing between the first-order lamellae.
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Fig. 2.2-AP21. EBSD scan depicting the microstructure of the foliated, calcitic, shell and the, aragonitic, adductor myostracum
of Placopecten magellanicus. (a): colour-coded crystal orientation map and pole figures for the aragonite, (b) EBSD band
contrast measurement map together with the pole figures of the calcitic shell. In both pole figures we show the orientational
probability density distribution. Well observable is the competitive-growth microstructure of the adductor myostracum and the
axial (fibre) texture mode of the sheeted calcite and adductor myostracal aragonite.
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Abstract

Bivalves populate various marine environments and follow diverse lifestyles: attaching to
substrates, burrowing into sediments or swimming in water. Their shells play a crucial role in the
survival of organisms as they shield the soft tissue from external attacks and facilitate their respective
lifestyles. Valve movement is controlled by one or two adductor muscles and the hinge. While the
function and structure of adductor muscles can vary, the shell-muscle attachment develops the
myostracum, a unique microstructural design. Sectioned parallel and perpendicular to the inner shell
surface, we investigated myostracal and non-myostracal microstructures, textures and nanomechanical
properties for three bivalve species: The burrowing Glycymeris pilosa, the sessile Chama arcana and

the swimming Placopecten magellanicus.

Analyses were conducted using electron backscatter diffraction measurements, laser confocal
and backscatter electron imaging, nanoindentation testing and thermogravimetric analysis. We find that
the myostracal microstructure is generated mainly through competitive crystal growth determinants,
regardless of the bivalve lifestyle and adductor muscle structure. If aragonitic, we show that adjacent
shell layers are used as templates for the formation of the myostracal microstructure and highlight how
bivalves use the adjacent crystal arrangement to predetermine myostracal microstructure up to inner
shell surfaces. Furthermore, this study demonstrates how myostracal layers exceed the hardness of the
non-myostracal valves and that of geological aragonite, irrespective of grain size and morphology. Due
to the anisotropy of aragonite, we show that aragonite c-axis orientation notably affects the hardness of
crystals. The highest hardness is measured when indentation is normal to the shell surface in aragonite

c-axes direction.
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2.3.1 INTRODUCTION

Mineralised structures generated under biological control are widely recognised in material
science as prototypes for advanced materials. These are organic-inorganic composites and show a large
variety of structural design concepts. In particular, molluscs developed a large repertoire of shell-
forming microstructural design strategies, which are currently used by material scientists as a valuable

source of inspiration for the fabrication of innovative synthetic materials.

Within the molluscan phylum, bivalves are the second most species-rich class after the
gastropods (Hughes 1986; Mikkelsen 2011; Bieler et al. 2013). Due to their widespread distribution and
the lack of major geographical barriers, allopatric isolation is rare in marine environments (Palumbi
1994; Kinlan & Gaines 2003; Norris & Hull 2012). Because of the high gene flow between populations
maintained by their mostly planktonic larvae, bivalves are prime examples of the Marine Speciation
Paradox (Bierne et al. 2003; Mikkelsen 2011). Throughout their highly successful evolutionary history,
they have occupied aquatic habitats worldwide, even inhabiting extreme environments such as the polar
seas or abyssal marine regions (Norkko et al. 2005; Krylova et al. 2015; Kamenev et al. 2022; Iglikowska
etal. 2023). Through diversification mechanisms, bivalves developed a range of motility strategies, such
as byssal attachment to substrate, burrowing into sediments or free swimming (Trueman et al. 1966;
Stanley 1970; Stanley 1972; Guderley & Tremblay 2016; Collins et al. 2023; Sharma et al. 2023).

The most prominent and essential adaptation of bivalves is their hard exoskeleton, which
protects their soft tissue from predators and external chemical and physical hazards. Nonetheless, this is
not the only function of the shells. Bivalve shells are also of great importance for adherence to substrate,
stability, locomotion and vision (Eagar 1978; Morton 2001; Kobak 2006; Audino et al. 2020; Sharma
et al. 2023; Silva et al. 2023). Bivalve shells are biological composites formed of an organic matrix and
a calcium carbonate (CaCOs) polymorph such as aragonite, calcite or (rarely) vaterite (Taylor et al.
1973; Watabe 1983; De Paula & Silveira 2009). The three polymorphs never mix in a microstructure;
however, they may comprise different shell layers (Watabe 1983; Qiao et al. 2008; Spann et al. 2010;
Hoerl et al. 2025b). While burrowing and infaunal organisms appear to form predominantly aragonitic
shells, bivalves inhabiting other ecological niches are rather bimineralic, with the calcitic layers always
being the external shell layers (Taylor et al. 1973; Crame 2000; Iglikowska et al. 2017; Iglikowska et al.
2023; Checa et al. 2025).
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Valve movement in bivalved organisms is carried out with the adductor and the pedal muscles
that attach to the inner surface of the valves. Nonetheless, the opening and closing of the valves are
controlled by an interplay between the adductor and pedal muscles and the ligament (Tremblay et al.
2015). At the attachment sites of muscles to the valves, the myostraca, a specific microstructure,
develops within the valves. In bivalve shells, myostracal layers are always aragonitic; even in purely
calcitic shells, the myostracum consists of aragonite crystals (Hoerl et al. 2024a; Hoerl et al. 2024b;
Checa et al. 2025). It is demonstrated by now that the texture of myostracal crystals is predominantly
determined by a competitive crystal growth process (Crippa et al. 2020a; Crippa et al. 2020b; Hoerl et
al. 2024a; Hoerl et al. 2024b). While competitive determinants define the microstructure and texture of
the myostracum, the organism controls supersaturation and crystal nucleation and the composition of
the extracellular polymeric substances. A competitive growth process contrasts with the generation of
the other shell layers, which are proactively influenced by biological, chemical and stereochemical
determinants (Kennedy et al. 1969; Cuif et al. 2014; Checa 2018). In layers controlled by non-
competitive determinants, the biopolymer component is usually organised as a structured matrix; the
mineral component fills the structured pattern of voids of the biopolymer matrix (Addadi et al. 2006;
Marin et al. 2012). Due to their different growth process, myostracal prisms lack an extracellular organic
envelope encasing the prisms. Nonetheless, myostraca are also organic-mineral composites. The organic
substance is distributed within the prisms; this is an essential requirement for a strong myostracal prism-
muscle attachment (Castro-Claros et al. 2021). The mass fraction of the organic component in most
bivalve shells scatters between 0.1-5 wt%, depending on the microstructure of the shell (Lowenstam &
Weiner 1989; Weiner & Addadi 1997; Suzuki & Nagasawa 2013). Starting from the periostracum, a
primary organic layer that serves as a template for crystal nucleation (Lopes-Lima et al. 2010; Suzuki et
al. 2013; Clark et al. 2020), most shell microstructures comprise crystals oriented with their c-axes
towards the shell growth surface (Hoerl et al. 2024b).

The focus of the present study is to discuss the interrelation between biomaterial structure
designs and nanomechanical properties. Peter et al. (2023) investigated and juxtaposed the latter for a
bivalve (Mytilus galloprovincialis) and a gastropod (Haliotis glabra) shell. This study goes beyond the
work of Peter et al. (2023), as we discuss here the connection between material structure and its
mechanical properties (i) for microstructures formed by distinct (competitive, biological) growth
determinants, however, being present in the same shell and (ii) for the shells of bivalves that follow

distinct lifestyles.

The selected bivalves (Glycymeris pilosa (Linnaeus, 1767), Chama arcana F. R. Bernard, 1976,
and Placopecten magellanicus (Gmelin, 1791)) form thick but differently-sized shells, live in different
habitats and have distinct lifestyles. G. pilosa is found along the coastlines of the Mediterranean Sea and
forms large (more than 75 mm diameter in shell length) and thick shells with distinct growth patterns

(Peharda et al. 2016; Peharda et al. 2019). These characteristics, together with the outstanding longevity
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of some Glycymerididae (Peharda et al. 2012; Reynolds et al. 2013), render Glycymeris a promising
candidate for recording environmental conditions (Brocas et al. 2013; Featherstone et al. 2017; Peharda
etal. 2019). G. pilosa lacks a functional byssus and secretes solely aragonitic shells adapted for anterior-
posterior rocking locomotion during burrowing (Thomas 1978; Legac & Hrs-Brenko 1999). C. arcana
is found in warm and intertidal environments of the East Pacific, within the upper 30 m of the water
column (Bernard 1976). Chamidae are sedentary bivalves that cement to a substrate, leading most
species to form differently valved shells (Nicol 1952; Yonge 1967; Allen 1976). Adult organisms need
large and elongated adductor muscles to ensure the valves' rapid and prolonged closure in turbid
environments (Kennedy et al. 1970). While most Chama species form purely aragonitic shells, C. arcana
shells comprise an ornamentation covering consisting of calcite (Bernard 1976; Hoerl et al. 2024a). Of
the three species investigated in this study, P. magellanicus is the most mobile and has developed the
ability to swim (Manuel & Dadswell 1993; Labrecque & Guderley 2011). Organisms go through
different stages of mobility. Veligers are pelagic for 30-50 days, and juveniles attach a byssus to rigid
substrates (Pearce et al. 2004; Carey & Stokesbury 2011; Labrecque & Guderley 2011; Stokesbury et
al. 2016). As adults, the swimming behaviour of P. magellanicus changes with shell size: small scallops
(< 30 mm) only swim short distances, while large scallops (> 100 mm) are mostly sedentary (Baird
1958; Caddy 1968; Caddy 1972; Stokesbury & Himmelman 1996; Labrecque & Guderley 2011).
Among pectinids, P. magellanicus is the fastest swimmer and has the highest hydrodynamic efficiency.
Within P. magellanicus, adult organisms with medium-sized shells are the most mobile and reach the
highest swimming speeds (Dadswell & Weihs 1990). P. magellanicus forms thin shells. As adductor
muscle movement is essential for its active locomotion (Trueman 1983; Cheng et al. 1996; Labrecque
& Guderley 2011), the adductor muscle and its attachment to the shell are very prominent in P.

magellanicus shells.
Accordingly, our study has the following objectives:

1. We highlight first the microstructure design concept, mineral phase and texture
(crystallographic preferred orientation) of myostracal and non-myostracal valve portions for
a bivalve species that burrows into the sediment, a species that lives attached to a substrate
and a species that can swim fast and intensely through the water.

2. Asthe valves are opened and closed via muscles that attach to the myostracal valve portions,
we place particular interest in understanding the structural and nanomechanical
characteristics of myostraca of the selected species following different lifestyles. We
highlight the microstructural designs and textures of the shell layers and the adductor
myostraca and discuss how these might relate to the mobility and living behaviour of the
organisms.

3. A central objective of this study is to present and discuss the selected bivalves'

nanomechanical property results for the valves and the myostraca. We examine whether
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differences in microstructural designs affect nanomechanical properties, such as indentation

elastic modulus and hardness.

Due to the anisotropy of calcite and aragonite crystals (Han et al. 1991; Carter et al. 1993), the
crystallographic orientation of crystals can impact nanomechanical property results. Anisotropy
is a directional dependence of material properties within crystallographic arrangements
(Brookes et al. 1971; Newnham 2004). This behaviour is well-investigated for ceramics, rocks
and metals (Bowman et al. 1998; Banabic et al. 2000; Hutchinson 2015); however, anisotropy
and its influence on mechanical response or functional performance of structural biomaterials
are generally neglected. Investigating the directional variability of nanomechanical properties
for biological hard tissues is essential for comparing material properties between different

structural biomaterials and optimising specific man-made materials.

4. Accordingly, we investigate for selected biomineralised hard tissues the orientational
variability of nanomechanical properties for bivalve myostracal and non-myostracal valve
sections. We compare the nanomechanical response of a biomaterial formed mainly through
the control of a competitive growth determinant (the myostraca) and a biomaterial formed
under biological growth determinants (the non-myostracal shell). We discuss how the
anisotropy of aragonite crystals correlates with the measured nanomechanical property

results.

Microstructure, texture, and nanomechanical properties were obtained with Electron Backscatter
Diffraction (EBSD), field emission scanning electron microscopy (FE-SEM), and depth-sensing
nanoindentation. The organic contents of various shell layers were determined using thermogravimetric
analysis (TGA). To gain information on the 3D structure and anisotropic behaviour of the shell-forming
crystals, measurements were performed in two directions: on perpendicular (cut 1) and parallel (cut 2)

sections to the inner shell surface (Fig. 2.3-AP1).

2.3.2 MATERIALS AND METHODS

Materials

We investigated the shells of the three bivalve species Glycymeris pilosa (Linnaeus, 1767),
Chama arcana (F. R. Bernard, 1976) and Placopecten magellanicus (Gmelin, 1791). Specimens were
live collected, and care was taken to ensure that all investigated specimens were shells of adult
organisms. Specimens of G. pilosa were sampled in the PaSman channel, Adriatic Sea. Shells of C.

arcana were sampled near Newport Beach, CA, USA and obtained from collections of the Natural
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History Museum (London, UK). Specimens of P. magellanicus were collected in deep water off the

shore of Nova Scotia, Canada.

Sample preparation for electron backscattered diffraction (EBSD) measurements and
nanoindentation testing

All shells were sectioned in two directions (cut 1 and cut 2), and EBSD and nanoindentation
measurements were performed on both cuts. Supplementary Figure 2.3-AP1 indicates the cuts through

the shells. Cut 1 is perpendicular to the inner shell surface; EBSD and nanoindentation measurements

were performed on a cross-section, distal to proximal, through the shell. Accordingly, the nanoindents

were placed parallel to the inner shell surface. Cut 2 is parallel to the inner shell surface; EBSD and

nanoindentation measurements were performed perpendicular to the inner shell surface. Accordingly,

the nanoindents were placed perpendicular to the inner shell surface.

For all investigated species, sample surfaces were prepared perpendicular and parallel to the
growth direction (Fig. 2.3-AP1a, b). Analysing samples along two cuts gives a representative, and three-
dimensional overview of the adductor myostraca and adjacent shell layers since EBSD and
nanoindentation testing mostly give information about the properties of the exposed sample surface. The
valves were cut through the adductor myostraca (Fig. 2.3-AP1c-f). The obtained shell pieces were
embedded into EPON epoxy resin and were subjected to several mechanical grinding and polishing
steps. The final polishing step consisted of etch-polishing with colloidal alumina (particle size ~ 0.06
pm) in a vibratory polisher. For cut 1, the shell pieces were polished perpendicular to the inner
myostracal surface, exposing a transversal cross-section from the inner to the outer shell surface. For
cut 2, the shell pieces were polished parallel to the myostracal layers, exposing only the inner shell

surface.

For EBSD measurements, samples were coated with 4-6 nm carbon for FE-SEM imaging with
5 nm Pt/Pd. For laser confocal microscopy imaging and nanoindentation testing, sample surfaces were

not coated.

Secondary electron (SE), backscatter electron (BSE) imaging and electron backscattered

diffraction (EBSD) measurements

SE, BSE imaging and EBSD measurements were carried out with a Hitachi SU5000 field
emission SEM, equipped with an Oxford Instruments Nordlys Nano EBSD detector and an X-Max
80x80 EDS detector. EBSD scans were taken at 20 kV and were performed with a step size of 200 to
450 nm. For indexing the aragonite EBSD patterns the unit cell setting: ao = 4.9614(3) A, bo = 7.9671(4)
A, co = 5.7404(4) A was used. EBSD data were evaluated with the Oxford Instruments AZtecCrystal
3.0 and HKL Channel 5.0 software.
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Nanoindentation testing

Nanoindentation measurements were conducted using a Hysitron Triboindenter TI-950
nanomechanical tester (Bruker, USA) equipped with a 2D standard transducer and a diamond Berkovich
tip. A load function of 5s-2s-5s (loading-holding-unloading) with a peak force of 1 mN and a holding
time of 2 seconds at maximum load was applied at each measurement. Tip areas were calibrated using
standard fused quartz and aluminium samples for the required contact depths. The indentation elastic
modulus and the hardness values were determined via the unloading curve according to the Oliver-Pharr
method in the Hysitron software (Anstis et al. 1981; Oliver & Pharr 1992). Indents with curves
displaying anomalous behaviour or artefacts (e.g., due to the sample or tip moving during indentation)
were discarded from indentation elastic modulus and hardness calculations. The indented aragonite and
calcite references are from non-biogenic single crystals. Both non-biological references were indented
with c-axes misoriented 35-40° to the indentation direction. This c-axis orientation is close to {104}, an
orientation that was recently tested to yield average values for hardness and elastic modulus in
geological calcite (Deng et al. 2023). For every measured microstructure, we performed maps and/or
profiles consisting of at least 60 nanoindents. The instrument was calibrated before each use to guarantee

correlation between tip position and optical image.
Thermogravimetric analysis (TGA)

Samples of crossed-lamellar, complex crossed-lamellar and myostracal aragonite, as well as
foliated calcite, were drilled utilising a high-precision dental drill from the respective shell portions. Up
to 40 mg of powder were obtained for analysis. TGA measurements were performed with a Netzsch
STA 449 F1. The samples were heated from room temperature to 600 °C at a constant rate of 10 °C per
minute in a static-air atmosphere. Approximately 20 mg of each sample was used for TGA analysis in
an open aluminium oxide crucible. Each sample was measured twice, except for one. The error margin
for individual measurements is £0.05 wt%; however, crossed-lamellar and myostracal layers of G. pilosa

showed small heterogeneities.

No prior drying of the samples was performed. The weight loss between 25 °C and 100 °C is
attributed to adsorbed water. Separate measurements on pure inorganic carbonate samples (calcite and
aragonite) under the same conditions showed decarbonisation beginning around 500 °C, with a weight
loss of 0.03 wt. % at 540 °C for both samples. Therefore, the study reports mass loss between 100 °C
and 540 °C, as detailed in Figure 2.3-AP4.

An in-depth terminology of the structural terms used in this work can be found in Appendix
Section A.1 of this thesis.
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2.3.3 RESULTS

This study details the correlation between the structural and nanomechanical property
characteristics of Glycymeris pilosa, Chama arcana and Placopecten magellanicus shells. The shell of
G. pilosa consists solely of aragonite, while C. arcana and P. magellanicus shells are formed of both

aragonite and calcite.

The mode of crystal arrangement varies significantly for the different layers of the investigated
species. To better interpret the results gained in this study, the shells were sectioned in two directions.
cut 1 is perpendicular to the inner shell surface, exposing a cross-section through the shell used for
EBSD and nanoindentation measurements. When the shell was sectioned according to cut 1, nanoindents
were placed parallel to the inner shell surface. When sectioning according to cut 2, the section was
parallel to the inner shell surface; EBSD and nanoindentation measurements were performed

perpendicular to the inner shell surface.
The microstructures and textures

Figs. 2.3-1 and 2.3-AP2 show the microstructure and texture of the aragonitic myostraca and
the adjacent shell for the investigated bivalve species. Measurements were performed on shell cross-
sections (cut 1). The shell of G. pilosa consists of crossed-lamellar aragonite (CL), with the first-order
lamellae parallel to each other and the growth direction (GD, indicated in Fig. 2.3-1 with a white arrow
between the pole figures). The two sets of the first-order lamellae are inclined to each other and consist
of small, lath-shaped third-order lamellae. At the changeover to the adductor myostracum, the
orientation pattern of the crossed-lamellar shell functions as a nucleation template for the first-formed
myostracal crystals (Fig. 2.3-1a). As the myostracal texture is mostly controlled by a competitive crystal
growth mechanism (e.g., Crippa et al. 2020a, b; Hoerl et al. 2024a, b), the grain size of prismatic crystals
increases drastically towards the inner shell surface (Fig. 2.3-1a). The texture of the G. pilosa
myostracum is 3D “single-crystal like”. Shells of P. magellanicus comprise foliated calcite (FC). This
type of microstructure and carbonate polymorph is adjacent to P. magellanicus adductor myostraca
(Fig.2.3-1b). The interface between shell calcite and myostracal aragonite is sharp. The first ~10 um of
the myostracum show a high fraction of organic material, indicated by the large number of zero solution
pixels observed in this shell region (Fig. 2.3-1b). The P. magellanicus myostracum is formed of long

(up to 100 um) and thin (< 5 um) prisms which are assembled with a strictly axial texture.
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Fig. 2.3-1. Microstructure and texture of myostracal regions sectioned and polished perpendicular to the inner shell surface
(cut 1). Colour-coded EBSD maps show the crystal orientation patterns and are complemented by pole figures indicating the
orientational probability density distributions of the pure myostraca (a-d). The projection direction and x-y coordinate
orientation of the pole figures are equal to the viewing direction and x-y directions (edges) of the corresponding EBSD scan
images. The pole figure In Glycymeris pilosa, the 3D “single-crystal-like” texture of the crossed-lamellar (CL) layer propagates
into the adductor myostracal (MY O) layer (a). The myostracal crystals start as small, isometric grains at the changeover region
and become more prismatic and co-oriented as they grow towards the inner shell surface (a). The shell-myostracum interface
in Placopecten magellanicus is sharp, and an organic-rich layer, visualised by many zero-solution data points, defines the first
few um of the aragonitic layer (white star in b). Towards the inner shell surface, the myostracum comprises long (up to 100
um), needle-shaped crystals with an axial texture (b). Small, granular crystals initiate the axial adductor myostracum in Chama
arcana (c) from the changeover with the crossed-lamellar layer. The needle-shaped crystals increase in size and thickness with
distance from the changeover. The myostracal pillars in C. arcana originate in the pallial myostracum (PM) and have a
microstructure similar to the adductor myostracum (d). They have a cone-shaped morphology and grow alongside the complex
crossed-lamellar layer (CCL). For all measurements, the approximate growth direction (GD) is indicated by a white arrow.
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The shell of C. arcana features arrays of calcitic ornamentations at the outermost shell sections.
However, the shell between these ornamentations and the adductor myostracum is purely aragonitic.
Like the G. pilosa myostracum, the C. arcana myostracum is also adjacent to crossed-lamellar aragonite
towards the outer shell surface. Towards the inner shell surface, C. arcana shells consist of complex
crossed-lamellar (CCL) aragonite (Fig. 2.3-1c, d). Notable features in C. arcana shells are the
myostracal pillars that extend towards the inner shell surface and intersect the innermost complex
crossed-lamellar shell layer (Fig. 2.3-1d). Myostracal pillars are conical structures that originate from
the pallial myostracum (Fig. 2.3-1d) and maintain a myostracal microstructure up to the inner surface
of the shell. The prisms of myostracal pillars reach diameters of around 50 um. The crystals of both
adductor myostraca (Fig. 2.3-1c) and myostracal pillars (Fig. 2.3-1d) are elongated and large (up to 200
um in length). Their axial texture and specific microstructure are typical for a competitive crystal growth

process.

Figs. 2.3-2 and 2.3-AP3 depict the microstructure and texture of adductor myostraca and the
non-myostracal shell sectioned parallel to the inner shell surface (cut 2) for the three investigated bivalve
species. Measurements were taken at the innermost shell surface of the shells of adult organisms. Within
the adductor myostraca, we found very irregular prism boundaries and, for the investigated species, a
distinct difference in grain/prism size. For G. pilosa, grain cross-sections have a diameter of up to 50
um (Figs. 2.3-2a, 2.3-AP3a). Grain cross-sections of C. arcana are smaller than those of G. pilosa and
have diameters up to 10 um (Figs. 2.3-2b, 2.3-AP3Db). With a size of up to 5 to 6 um in diameter, we
found the smallest grain cross-sections in P. magellanicus (Figs. 2.3-2c, 2.3-AP3c). The large prisms in
G. pilosa and, to a smaller extent, in C. arcana and P. magellanicus are substructured into multiple,

slightly misoriented units (cumulative misorientations up to 5°; e.g., white stars in Fig. 2.3-2a).

Regarding the texture of myostracal aragonite (see the pole figures in Figs. 2.3-2, 2.3-AP3), we
found that (i) G. pilosa has a different texture relative to C. arcana and P. magellanicus and (ii)
crystallographic texture is more disordered in C. arcana myostraca, relative to the crystals that form P.
magellanicus myostraca (compare the pole figures for C. arcana and P. magellanicus in Figs. 2.3-2,
2.3-AP3). Therefore, although the P. magellanicus myostracum comprises many small prisms (see Figs.
2.3-2, 2.3-AP3), it shows a high degree of crystallographic continuity. The texture of G. pilosa adductor
myostraca, inherited from the adjacent crossed-lamellar layer, is 3D “single-crystal-like” (well visible
from the multiple clustered orientations in the pole figure of Fig. 2.3-AP3a). In contrast, the texture of

C. arcana and P. magellanicus myostraca is axial (see pole figures in Figs. 2.3-2, 2.3-AP3).

When sectioned parallel to the inner shell surface, the microstructure and crystallographic
texture of the shell layers adjacent to the adductor myostracum are well visible (Fig. 2.3-3). The
contoured pole figures indicate that the crossed-lamellar layer in G. pilosa comprises co-oriented first-
order lamellae that run mostly parallel to one another (Fig. 2.3-3a). On the other hand, C. arcana first-

order lamellae are strongly interlaced and show a comparatively low co-orientation strength with a weak
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single-crystal-like to axial texture. The foliated calcite layer of P. magellanicus has a “turbostratic-like”

texture and comprises large (up to 200 um) substructured units (Fig. 2.3-3c).

Q‘ K * &

- . ‘ ‘ P ‘ - {
P. magellanicus

N J

Fig. 2.3-2. Microstructure and crystal orientation patterns of adductor myostraca sectioned and polished parallel to the inner
shell surface (cut 2) for the three investigated species. The colour-coded EBSD maps are complemented by pole figures
indicating the orientational probability density distributions (a-c). The cross-section of the Glycymeris pilosa myostracum
comprises large (up to 100 um diameter) irregular prisms that are internally substructured (white stars in a). The 3D “single-
crystal-like” texture and the recurring colour-coded crystal orientations indicate that the crossed-lamellar texture of the
changeover region (Fig. 2.3-1a) is still present at the inner shell surface. In Chama arcana, the prisms are smaller and neither
show a characteristic crystal orientation pattern nor orientation distribution maxima in the axial pole figures (b). P. magellanicus
shows a texture and microstructure similar to C. arcana; however, the grains appear even thinner.
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Fig. 2.3-3. Microstructure and texture of shell regions adjacent to myostraca sectioned and polished parallel to the inner shell
surface (cut 2). Colour-coded EBSD maps show the microstructure and crystal orientation patterns and are complemented by
pole figures indicating the orientational probability density distributions (a-c). In Glycymeris pilosa, the crossed-lamellar layer
has a 3D “single-crystal-like” texture (a), showing two sets of first-order lamellae that run parallel to the growth direction. In
Chama arcana, the crossed-lamellar layer is less co-oriented along the a- and b-axes, and the first-order lamellae do not run
straight but are intertwined (b). The foliated calcite layer of P. magellanicus comprises large (up to 200 pm) substructured units
with an axial texture (c).
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The nanomechanical properties

Figures 2.3-4, 2.3-5 and Table 2.3-1 present, for the investigated species, hardness and indentation
elastic modulus results for myostracal and non-myostracal valve sections, in addition to nanomechanical

property results obtained on non-biological calcite and aragonite references.

For G. pilosa, the myostracum is the hardest observed layer, exceeding the hardness of the
crossed-lamellar valve and the aragonitic reference (Fig. 2.3-4a, b). Depending on the orientation of the
myostracal layer towards the loading/unloading direction, the observed nanomechanical properties vary

for G. pilosa. When indented perpendicular (cut 2), rather than parallel (cut 1), to the inner shell surface,

the measured hardness of the adductor myostracum is significantly enhanced (Fig. 2.3-4a, b). The

indentation elastic modulus values of the myostracal layer are comparable for both cuts through the
shell; nonetheless, the values obtained perpendicular to the inner shell surface are slightly lower. For G.
pilosa, the lowest average value for the indentation elastic modulus and hardness was observed for the

crossed-lamellar layer.

For P. magellanicus, the obtained nanoindentation values show similar results: the calcitic

reference has the lowest hardness and indentation elastic modulus of the observed materials (Fig. 2.3-
4c, d). We found that foliated calcite is significantly harder than geological calcite and also has a slightly
increased indentation elastic modulus. For both the parallel and the perpendicular cuts, the myostracum

shows the highest hardness (Fig. 2.3-4c, d). The average hardness observed perpendicular to the inner

shell surface (cut 2) significantly exceeds the hardness of the myostracum indented parallel to the inner

shell layer (cut 1, Fig. 2.3-4c, d). Similar to G. pilosa, the obtained mean indentation elastic modulus of
the myostracum layer in P. magellanicus is slightly decreased when indented perpendicular to the inner
shell surface, rather than parallel. For both species, we found that non-biogenic aragonite has a higher

indentation elastic modulus than the biological shell layers (Fig. 2.3-4a-d).

Along the inner shell surface of C. arcana, we found a variety of microstructures: the adductor
myostracum, myostracal pillars and the complex crossed-lamellar shell layer. We indented these
microstructures perpendicular (Fig. 2.3-5a, b) and parallel (Fig. 2.3-5c, d) to the inner shell surface.

Indentation measurements performed perpendicular to the inner shell surface (cut 1) show similar results

for C. arcana to what we measured for the other two bivalve species: the adductor myostracum has the
highest observed hardness for all shell layers of C. arcana and a high nanoindentation elastic modulus,
exceeded only by the modulus of the non-biological reference (Fig. 2.3-5a). The hardness of the complex
crossed-lamellar aragonite of C. arcana exceeds the hardness of the reference and is comparable to the
hardness of the myostracal pillars. The observed hardness and elastic modulus for the complex crossed-
lamellar layer in C. arcana are very similar to the nanoindentation results obtained for the complex
crossed-lamellar layer of Glycymeris shells, as reported by Hoerl et al. (2024b). We found that despite

the similarity in microstructure between myostracal pillars and the adductor myostracum, the hardness
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and indentation elastic modulus of myostracal pillars is lower than that of the adductor myostracum (Fig.
2.3-5a, b).

Table 2.3-1. Nanoindentation results for maps indented on Glycymeris pilosa, Chama arcana and Placopecten magellanicus
shells. The values are the mean of the indentation measurements reported in this study. The non-biological calcite and aragonite
references were tested with c-axes misoriented 35-40° to the indentation direction. (Hoerl et al. 2024b) showed that the complex
crossed-lamellar layer in Glycymeris, indented parallel to the inner shell surface, is very similar to the complex-crossed-lamellar
layer in Chama. For the complex crossed-lamellar layer in Glycymerididae, the mean hardness is 4.8 GPa, and the mean
indentation elastic modulus is 89.3 GPa (Hoerl et al. 2024b). CL: crossed-lamellar, CCL: complex crossed-lamellar, FC:
foliated calcite.

Indentation elastic
modulus [GPa]

Specnes Indents || to | Indents 1 to | Indents || to | Indents 1 to
inner shell inner shell inner shell inner shell
surface surface surface surface

Hardness [GPa]

G. pilosa 4.6 6.2 97.4 94.4
Myostracum C. arcana 5.1 6.1 96.0 93.3
P. magellanicus 5.2 6.0 97.2 94.0
Myostracal C. arcana 45 5.1 85.7 81.7
pillar
G. pilosa CL 3.4 87.3
C. arcana CL 3.7 §82.2
C. arcana CCL 4.6 1.0 90.2 36.5
P. magellanicus FC 3.0 72.7
Aragonite 4.1 105.2
Geological
reference
Calcite 2.2 70.0

For indentation measurements performed parallel to the inner shell surface (cut 2) of C. arcana,

we found similar nanomechanical property relations between the adductor myostracum and the
myostracal pillars, both showing enhanced hardness and indentation elastic moduli compared to the
aragonite reference. Compared to the myostracal pillars, the adductor myostracum has a significantly

higher hardness and indentation elastic modulus (Fig. 2.3-5¢, d). While the indentation results for the
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myostracal layers of C. arcana followed the trend already observed for G. pilosa and P. magellanicus,
the C. arcana complex crossed-lamellar layer differed. When indenting the C. arcana complex crossed-
lamellar layer perpendicular to the inner shell surface, loading and unloading displacement curves show
irregular behaviour (Fig. 2.3-AP6). The profiles feature many pop-ins, and the anomalously low values
for indentation elastic modulus and hardness are related to these. Thus, the measured hardness values

are of limited significance for comparisons (Fig. 2.3-5d, 2.3-AP6).

In essence, when comparing the nanoindentation results between cut 1 and cut 2, we found for
cut 2 an increase in hardness of about 37% for G. pilosa myostraca, about 20% for C. arcana myostraca
and about 15% for P. magellanicus myostraca (Figs. 2.3-4, 2.3-5, Table 2.3-1). The difference in
nanoindentation elastic moduli for the different cuts through the shell is less pronounced. For the
adductor myostraca of all three investigated species, it is about 3% (Figs. 2.3-4, 2.3-5, Table 2.3-1). In

summary, we found the following trends in nanomechanical properties:

1. For all three investigated species, myostracal aragonite is harder and has a higher
indentation elastic modulus relative to the hardness and elastic modulus of the adjacent shell
(calcite or aragonite).

2. The complex crossed-lamellar microstructure (CCL) has a higher hardness and a slightly
increased indentation elastic modulus relative to the crossed-lamellar (CL) microstructure
(for both C. arcana and G. pilosa).

3. We found a difference in hardness and indentation elastic modulus for measurements
performed on the two differently oriented cuts through the shell. The difference is
considerable for the hardness; it is present but significantly less notable for indentation
elastic modulus results.

4. Of all investigated samples, the hardness and indentation elastic modulus of non-biological
calcite is the lowest. The crossed-lamellar (CL) layer shows the lowest hardness and
indentation elastic modulus of the investigated aragonitic microstructures. All other
aragonitic microstructures surpass the hardness of non-biological aragonite.
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Fig. 2.3-4. The hardness and indentation elastic modulus distribution of different layers and cuts of Glycymeris pilosa and
Placopecten magellanicus samples with a geological aragonite reference. The confocal laser microscopy images (a, ¢) depict
the different shell layers indented for the two species and give the mean values and standard deviations o for the hardness and
elastic indentation moduli. Measurements were performed in the centre of shell layers (for cut 1, roughly indicated by coloured
crosses in a and c) or at the inner shell surface (for cut 2, indicated by coloured arrows in a and c). Plot (b) shows that the
myostracum layer (black/white) in G. pilosa has a distinctly higher hardness than the crossed-lamellar shell (red) and a non-
biological aragonite reference (blue). When indented parallel, rather than perpendicular, to the c-axes orientation, the hardness
of the myostracum is increased. This is also visible for P. magellanicus, where the myostracum is distinctly harder than the
foliated calcite (yellow) or the reference (d). For both species, the indentation elastic modulus of the non-myostracal shell is
the lowest. However, the myostracal moduli are lower than geological aragonite. In the geological aragonite reference for both
profiles and the geological calcite reference, the crystallographic c-axis is misoriented 35-40°, relative to the indentation
direction.
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Fig. 2.3-5. The hardness and indentation elastic modulus distribution of different layers and indentation directions of Chama
arcana shells with a geological aragonite reference. The confocal laser microscopy images (a, c) display the different
indentation directions for the two directions and give the mean values and standard deviations ¢ for the hardness and elastic
indentation moduli. Measurements were performed in the centre of shell layers (for cut 1, roughly indicated by coloured crosses
in a) or at the inner shell surface (for cut 2, indicated by coloured arrows in c). Plots (b) and (d) show for different indentation
directions that the myostracum layer (black) in G. pilosa has a higher hardness than the complex crossed-lamellar shell (red),
the myostracal pillars (green) and the geological aragonite reference (blue). When indented parallel, rather than perpendicular,
to the c-axes-orientation, the hardness of the myostracum and the myostracal pillars increases (d). For both directions, the
highest observed indentation elastic modulus is in the reference, followed by the myostracum and the myostracal pillars. When
indented parallel to the c-axes orientations, the complex crossed-lamellar layer showed irregular and distorted displacement
curves that might not yield reliable results. In the geological aragonite reference for both profiles, the crystallographic c-axis is
misoriented ~35° to the indentation direction.
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2.3.4 DISCUSSION

Previous studies describe that the operation of the bivalve adductor muscle depends on the
organism’s lifestyle and the interaction between the adductor and pedal muscles and the ligament of the
hinge (Tremblay et al. 2015). Muscle fibres consist of actin, myosin, and paramyosin (Chantler 1983)
and vary in their organisation, type and degree of structural order (Chantler 1983; Squire 1992).
Depending on the lifestyle and environment of bivalved organisms, adductor muscle fibres may vary in
thickness, shape and length (Chantler 1983; Dowd & Jimenez 2019).

Up to three muscle parts relate to bivalve valve opening, closure, and locomotion (Hanson &
Lowy 1960; Odintsova et al. 2007). The smooth muscle fibres perform the ‘catch’ mechanism of the
muscle. This slow and continuous contraction helps to achieve tight and energy-efficient valve closure
over long periods (Hanson & Lowy 1960; Riiegg 1971; Funabara et al. 2006). The obliquely-striated
muscle fibres consist of two overlapping types of muscle filaments that can quickly contract, enabling
rapid and strong valve closure. The cross-striated muscle fibres in bivalves produce quick contractions.
These rapidly squeeze out the water from between the valves and generate a propelling jet of water that
can be used for swimming or burrowing (Millman 1967; Guderley & Tremblay 2016). Fast and strong
valve movements or prolonged valve closure demand that the adductor muscle fibres and myostracal
crystals are strongly interlinked. Bivalves achieve tight connections between muscle fibres and shell
crystals via a tendon cell layer secreted by the outer mantle epithelium. This tendon cell layer is
positioned between the apical ends of the muscle fibres and the basal surface of the myostracal crystals
(Reindl & Haszprunar 1996; Castro-Claros et al. 2021). From focal adhesions of the tendon cell layer,
myofilament bundles emerge and penetrate the crystals of the myostraca (Castro-Claros et al. 2021).
This leads to one of the strongest known connection mechanisms utilised by invertebrates or vertebrates
(Castro-Claros et al. 2021).

While the muscle structure, function, and fibre interconnection are well-investigated for
bivalves by now, only a few studies focused on the role and the structural design of the myostracal hard
tissue and the changeover from the non-myostracal shell crystals to the prisms of myostraca. In the
subsequent sections, we discuss microstructure, texture and nanomechanical property results of
myostraca of sessile, burrowing, and swimming bivalves (Figs. 2.3-1 to 2.3-6, 2.3-AP2 to 2.3-AP6).
First, we address the determinants of myostracal microstructures and show that the latter are not only
determined by the crystal growth process but also influenced by the microstructure and texture of the
adjacent, non-myostracal shell. The shells of the chosen organisms are formed of different
microstructures (Figs. 2.3-3, 2.3-AP2); accordingly, different microstructures are adjacent to the
myostraca of the investigated bivalve species. Subsequently, we will show that even though the growth
process affecting myostracal crystal formation appears to be the same for the different species, the
structure of myostraca of bivalves leading different lifestyles is not conservative, as stated by other

studies (Lowenstam & Weiner 1989; Crippa et al. 2020a; Dong et al. 2022). The competitively generated
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myostracal microstructure is modulated by the respective crystal organisation design of the adjacent,
non-myostracal shell. Shell crystal organisation is ultimately determined by the shell fabrication
requirements imposed on the organism for survival. Second, we discuss the gained nanomechanical
property results of myostracal and non-myostracal hard tissue and describe limiting factors for hardness
and nanoindentation elastic modulus. Lastly, we discuss for a carbonate biological hard tissue how
variation in crystallographic c-axis orientation influences nanomechanical properties of the myostraca
and of the non-myostracal hard tissue (Figs. 2.3-7, 2.3-8, 2.3-AP6).

Is the adductor myostracum microstructure the sole result of a competitive growth

determinant?

The evolutionary success of bivalves after the end-Permian mass extinction may not necessarily
be based only on variation of shell morphology (Fraiser & Bottjer 2007). The global diversity of bivalves
we see today can also be related to their ecological success and remarkable ability to invade new
environments and quickly adapt to them (Stanley 1972; Vermeij 1977; McLachlan et al. 1995; Bogan
2008).

Within their respective ecological niches, Glycymeris, Chama and Placopecten are very
successful, and their shells are well-adapted to the lifestyles they pursue. Glycymerididae have thick (~5
mm), aragonitic shells. With their transverse visceral musculature, Glycymeris are perfectly adapted to
burrow into the sediment (Ansell & Trueman 1967b; Thomas 1975). The two symmetrical adductor
muscles comprise smooth and obliquely-striated fibres and are among the strongest within the group of
bivalved organisms (Plateau 1883; Thomas 1975). Organisms belonging to Chama are mostly epifaunal
and attach their thick (~5 mm) and ornamented shells to a substrate via byssal attachment (Yonge 1967;
Crocetta & Russo 2013). Studies have shown that chamid shell morphology is adapted to spatial
restrictions imposed by the environment (Pastorino 1991; Hoerl et al. 2024a). Due to their immobility
and relatively weak hinge, chamid bivalves developed elongated adductor muscles for rapid valve
opening and closure (Yonge 1967; Kennedy et al. 1970). In the Pectinidae, the striated and smooth
muscle fibres attach to the shell at a central region and leave a well-visible and large myostracum on the
inner surface of the valves (Cragg 1985; Marsh et al. 1992; Andersen et al. 2009). Their thin (2-3 mm)
calcitic shells and the interplay between ligament and adductor muscle are decisive for their fast
swimming rates (Marsh et al. 1992; Tremblay et al. 2015; Guderley & Tremblay 2016).

Similarities in myostracal structure designs

G. pilosa belongs to the order Arcida, C. arcana is a member of Venerida, and P. magellanicus
belongs to Pectinida. Despite differences in genomics, lifestyle and shell structure, the myostraca of the
above-named species show, at first glance, a surprising similarity in myostracal microstructure. It is
demonstrated by now that bivalve myostraca are always aragonitic and have a microstructure that varies
significantly from the structure of the non-myostracal shells (e.g. Addadi et al. 2006; Checa 2018; Crippa
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et al. 2020; Hoerl et al. 2024b). While myostracal crystal growth and microstructure formation appear
to be controlled by mainly competitive crystal growth factors, growth of the non-myaostracal shell occurs
under tighter biological control by the formation of organic membranes confining the morphology of
the crystals (e.g. Weiner & Addadi 1997; Checa, Esteban-Delgado & Rodriguez-Navarro 2007; Cuif et
al. 2014; Hoerl et al. 2024a). At myostracal formation, the smooth surface of the non-myostracal shell
layer adjacent to the myostracum provides the template for the nucleation of the first-formed myostracal
crystals. For Glycymeris and Chama, these nucleate epitaxially onto the non-myostracal shell layer
template (Hoerl et al. 2024b). In P. magellanicus, the myostracal nucleation is mediated by an organic-
rich sheet. The growth of myostracal crystals from the nuclei occurs through a process involving growth
competition (Dong et al. 2022; Hoerl et al. 20244, b), i.e. many crystallites are close to each other and
compete for space and ions that are needed for them to grow. The likelihood for a crystallite to grow
larger is determined by its crystallographic orientation. The growth rate decreases non-linearly with the
deviation of the crystal’s fastest growth direction (for carbonate materials, the c-axis) from the
orientation normal to the nucleation template. With continuing growth, the less favourably oriented
crystals become outperformed and overgrown by the more favourably oriented crystals. As the latter
grow in length and diameter, a progressively stronger crystallographic preferred orientation develops
along the fastest axis of growth (the c-axis in the present case), while the number of crystals in the
microstructure decreases with distance away from the nucleation template (Lee & Choi 2007; Cuif et al.
2023; Hoerl et al. 2024b).

In essence, two distinct processes govern the formation of bivalve myostracal crystals: (i)
epitactic nucleation onto a non-myostracal shell layer surface or organic-rich template and (ii) growth
of the crystals, driven by the process of growth competition. We find these structural characteristics for
the adductor myostraca of the three studied species (Fig. 2.3-1).

A further structural similarity we found for the myostraca of the investigated species,
irrespective of differences in myostracal crystal size, is the degree and mode of twinning of the
myostracal crystals (Figs. 2.3-6, 2.3-AP5). The common aragonitic twin law, corresponding to a
misorientation of 63.8° around [001], is a mirror reflection on the {110} plane, which is mostly the
composition plane (Hahn & Klapper 2013). The misorientation angle diagrams for the myostraca of the
three investigated species show a relative misorientation maximum around 64° with relative frequencies
of about 15% (Figs. 2.3-6, 2.3-AP5). This confirms that crystal twinning is prevalent within the adductor
myostraca of the investigated bivalves. The red lines superimposed on the band contrast EBSD maps
conducted on the myostraca (Figs. 2.3-6, 2.3-AP5) are 64° grain boundaries. The preferred twinning
mode for all investigated myostraca is cyclic twinning following the {110} twin law. Since the twinned
surfaces are irregular in the present cases and do not strictly seem to follow the regular {110} plane, we

consider them to be penetration twins.
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Differences in myostracal structure designs

Despite the two above-mentioned structural similarities for the myostraca of the investigated bivalves,
we find strong structural differences between G. pilosa, C. arcana and P. magellanicus myostraca,

namely:

(i) myostracal prism size (EBSD maps in Figs. 2.3-2, 2.3-AP3 and grain size statistics in
Figs. 2.3-6d, e, 2.3-AP5),

(i) crystal co-orientation strength (MUD values in Figs. 2.3-1 and 2.3-2)

(ili))  myostracal texture (pole figures in Figs. 2.3-2, 2.3-AP3).

The influence of myostracal prism size and crystal co-orientation strength

In contrast to P. magellanicus and C. arcana, we find for G. pilosa myostraca an abrupt increase
in prism diameter and length close to the changeover from the non-myostracal valve to the myostracum
(Fig. 2.3-1a). As myostracal crystals increase in size with progressive growth due to a growth
competition process, we find crystals with very large cross-sections at the G. pilosa myostracal inner
surface (Figs. 2.3-2a, 2.3-6d, e, 2.3-AP3a). C. arcana and P. magellanicus do not show such a sudden
increase in prism diameter and size close to the changeover from the non-myostracal valve to the
myostracum (Fig. 2.3-1b, c). C. arcana and particularly P. magellanicus myostraca consist of thin and
long prisms (up to 5 pm in diameter and 100 pm in length). Accordingly, at the inner myostracal surface,

prism cross-sections are rather small (Figs. 2.3-2b, ¢, 2.3-6d, e, 2.3-AP3b, ¢).

Contrarily to what was expected from the model of competitive growth, the decrease in prism
size from G. pilosa via C. arcana to P. magellanicus along the inner myostracal surfaces (Figs. 2.3-2,
2.3-AP3) is accompanied by an increase in crystal co-orientation strength (see MUD values in Fig. 2.3-
5a-c). For the G. pilosa myostracum, we find an MUD value of 65, while for the P. magellanicus

myostracum, we find an MUD value of 332 (Fig. 2.3-6a, c).

At first glance, this is rather surprising as G. pilosa features a 3D “single-crystal-like” texture,
and C. arcana and P. magellanicus show an axial texture. Nevertheless, the difference in
crystallographic co-orientation statistics of the three myostraca might be caused by the difference in the
orientational variation of the c-axes. As the colours for myostracal crystal orientation in Fig. 2.3-1
highlight for G. pilosa and, to some extent, for C. arcana, myostracal crystal orientations vary
significantly between the species. In G. pilosa, the misorientation between crystallographic c-axes is
inherited from the double maxima of the crossed-lamellar layer. In contrast, for the P. magellanicus
myostracum, we find a strong crystal coalignment, displayed by the similar colours in the EBSD map
(Fig. 2.3-2c). A further reason for the difference in crystal co-orientation strength and, hence, MUD
value between the myostraca of the investigated species could be that the large prisms of G. pilosa are
internally more structured. Thus, they comprise many small misorientations (e.g. white stars in Fig. 2.3-
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2a) relative to the degree of internal structuring of the smaller-sized prisms of C. arcana and P.

magellanicus.
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Fig. 2.3-6. Misorientation angle distribution and grain size statistics for adductor myostraca sectioned along cut 2 in Glycymeris
pilosa, Chama arcana and Placopecten magellanicus. Irrespective of the texture and microstructure, the myostracal prisms of
G. pilosa (a), C. arcana (b) and P. magellanicus (c) predominantly follow a grain misorientation angle of about 64°. This angle
corresponds to aragonitic twinning on the (110) and (110) planes, constituting more than 15% of all analysed grain boundaries
(a-c). The average grain size varies considerably between the three microstructures. When cross-sectioned, G. pilosa shows the
highest average grain size (d), comprising crystals that may exceed a size of 4000 um? (¢). C. arcana and P. magellanicus show
similar grain size statistics, however, C. arcana crystals appear slightly larger in mean size (d, e).
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Myostracal and non-myostracal shell texture

The G. pilosa adductor myostracum has a 3D “single-crystal-like” texture inherited from the 3D “single-
crystal-like” crystal orientation pattern of the adjacent crossed-lamellar shell (compare pole figures in
Fig. 2.3-1a with pole figures in Figs. 2.3-2a, 2.3-3a). A crossed-lamellar microstructure consists of a
sequence of first-order lamellae, with the latter being composed of crystals forming two orientational
sets, set A and set B (e.g. Fig. 2.3-8c). For C. arcana adductor myostracum and myostracal pillars, the
crossed-lamellar crystal orientation pattern of the adjacent shell is, at first, also continued within the
myostraca. Within the very first few pm of the myostracum, crystals that belong to the set of the first-
order lamellae having their c-axes perpendicular to the shell-myostracum changeover surface,
outcompete crystals of the other first-order lamellar set. For C. arcana, this results in a gradual shift
from the 3D “single crystal-like” texture of the non-myostracal crossed-lamellar shell (see the
orientation maxima in the pole figures of Fig. 2.3-3b) to an axial texture of the myostracum (see pole

figures in Fig. 2.3-2b without distinct a- and b-axes).

The shell of P. magellanicus is formed of foliated calcite (Figs. 2.3-3c, 2.3-AP2), while the

myostracum comprises competitively grown aragonite (Fig. 2.3-1b). Thus, the P. magellanicus
myostracal crystals cannot adopt the texture of the adjacent shell layer. Instead, the changeover from the
non-myostracal shell to the myostracum features a thin (around 5 pm thick) organic-rich layer (white
star in Figs. 2.3-1b, 2.3-AP2c). This organic-rich layer mediates the interconnection between the P.
magellanicus calcitic shell and the aragonitic myostracum. Similar sheets separating calcitic and
aragonitic shell layers have also been observed for other bivalve species, such as Chama arcana,
Crassostrea gigas or Pinctada margaritifera (Lee & Choi 2007; Lee et al. 2011; Cuif et al. 2023; Hoerl
et al. 2024a). The myostracum of P. magellanicus has a marked axial texture with aragonite c-axes
oriented towards the direction of growth (Fig. 2.3-1b) and is highly co-oriented (see pole figures in Figs.
2.3-2¢, 2.3-AP3c). The texture of the adjacent non-myostracal shell is axial as well; however, it shows
a very low degree of crystal co-orientation strength (see pole figures in Figs. 2.3-3c, 2.3-AP2c). As
described above, we find very different crystal co-orientation strengths (MUD values) at the innermost
myostracal surface of the three investigated species (Fig. 2.3-6a-c). We noted for the investigated species
that the longer the texture of the adjacent, non-myostracal shell is continued towards the inner
myostracal surface, the lower the myostracal crystal co-orientation strength and the MUD value of the
EBSD scan. Of the investigated bivalve species, the G. pilosa myostracum adopts, at most, the texture
of the adjacent non-myostracal shell; the myostracum has a low crystal co-orientation strength. The P.
magellanicus myostracum does not adopt the texture of the adjacent non-myostracal shell; its

myostracum has the highest crystal co-orientation strength.
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Factors that generate modulation of the competitively grown myostracal structure
The crystallography of shell crystals adjacent to the myostracum and their influence on the myostraca

This and previous studies (Crippa et al. 2020a; Crippa et al. 2020b; Hoerl et al. 2024b) highlight that the
interface between shell layers, comprising different aragonite microstructures, is not sharp and clear-
cut. The transition from one layer to the other is based on the interlinkage of the textures of the adjacent

two shell layers.

The three investigated bivalve species have the following shell microstructures adjacent to their
myostraca: G. pilosa has a crossed-lamellar layer with first-order lamellae running almost perpendicular
to the inner shell surface (Fig. 2.3-AP2a). C. arcana also has a crossed-lamellar microstructure adjacent
to the adductor myostracum; however, in contrast to the first-order lamellae of G. pilosa, the morphology
of the first-order lamellae is irregular, and the two sets of first-order lamellae are intertwined (Fig. 2.3-
3b, 2.3-AP2b and Hoerl et al. (2024a)). The P. magellanicus shell adjacent to the adductor myostracum
comprises foliated calcite (Fig. 2.3-AP2c). The colour-coded EBSD maps show that at the changeover
from the non-myostracal shell to the myostracum, the very first myostracal crystals of G. pilosa and C.
arcana adopt the texture of the adjacent crossed-lamellar layer (Fig. 2.3-1a, d and Hoerl et al. (2024b)).
This is due to the topotactic nucleation of myostracal nuclei onto the non-myostracal shell surface, as
the orientation pattern of shell crystals continues into the adjacent myostracum. The nucleation stage of
myostracum formation is biologically determined. Crystallographic characteristics of myostracal crystal
nuclei are determined for G. pilosa and C. arcana by crystallographic characteristics of crystals of the

non-myostracal shell and for P. magellanicus by an organic substance secreted by the organism.
The Glycymeris pilosa case

Due to the straight morphology of the first-order lamellae in G. pilosa, the two sets of first-order
lamellae (set A, set B, e.g. Fig. 2.3-8c) are well distinguishable. It is also well observable that the
crossed-lamellar crystal orientation pattern of the first-order lamellar shell microstructure is continued
into and within the G. pilosa myostracum (Fig. 2.3-1a), up to the inner myostracal surface. The two sets
of first-order lamellae have crystallographic c-axes orientations tilted relative to each other (Fig. 2.3-3a
and Almagro et al. (2016c); Hoerl et al. (2024b)). As myostracal crystal growth is controlled by growth
competition, two different crystal growth speeds develop at the formation of the C. pilosa myostracum.
Depending on aragonite c-axes inclination relative to the nucleation template, the crystals of one set of
first-order lamellae grow faster than the crystals of the other set. The crystals of the fast-growing lamella
increase, with ongoing growth, quickly in size (Fig. 2.3-1a) and form the very large crystal units that we
find at the inner myostracal surface (e.g. Figs. 2.3-2a, 2.3-AP3a), blocking the growth of crystals of the
other set of the first-order lamella. Nonetheless, the crystals of the slowly growing set of the first-order

lamella are not eliminated entirely, as the two sets of first-order lamellae are, in G. pilosa, spatially well
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distinguished from each other (Fig. 2.3-3a). They are not intertwined, as is the case for the shell of C.
arcana (Fig. 2.3-3b).

The Chama arcana case

In C. arcana shells as well, the non-myostracal shell layer adjacent to the myostracum has a crossed-
lamellar microstructure, and the latter microstructure is continued, at least to some extent, into the
adjoining myostracum. However, for the C. arcana non-myostracal shell, we find an intricate
intertwining of the two sets of the first-order lamellae (Fig. 2.3-3b). This causes a tight arrangement of
these within the non-myostracal shell as well as at the changeover from the non-myostracal shell to the
myostracum. In C. arcana shells as well, the two first-order lamellar sets have different c-axis
orientations. However, due to the strong intertwining of the two first-order lamellar sets, the set with the
crystals having their c-axes oriented precisely perpendicular to the nucleation template fully
outcompetes the growth of crystals of the other first-order lamellar set. The result is that crystals of only
one crossed-lamellar set remain, and due to their high co-orientation, only one c-axis orientation is kept.
This implies that the remaining/kept crystals grow at similar rates and generate the observed C. arcana
adductor myostracal and myostracal pillar microstructure, formed of similarly-sized, acicular prisms
(Fig. 2.3-2c, d). An axial texture develops, as only the c-axes are co-oriented, not necessarily the a- and

b-axes.
The Placopecten magellanicus case

The shell and myostracum of P. magellanicus are a special case. There is a carbonate phase change
between the calcite of the non-myostracal shell and the aragonite of the myostracum; thus, structural
characteristics are not transmitted from the non-myostracal shell to the adjacent myostracum.
Myostracal crystals do not follow a pattern of predetermined orientation inherited from the adjacent
valve, as is the case for G. pilosa and C. arcana. In contrast, P. magellanicus myostracal crystals start
to grow a few micrometres away from the non-myostracal valve-myostracum interface (Fig. 2.3-1b).
They are developed as a sequence of thin, long (several tens of micrometres) acicular crystals with high
crystal co-orientation and an axial texture. When the microstructure of the P. magellanicus adductor
myostracum is compared to that of G. pilosa and C. arcana, for the adductor myostracum of P.
magellanicus, the typical structure of a material consisting of competitively grown crystals is least
observable (Fig. 2.3-1a-c, compare the image of adductor myostraca of the investigated species). This
is also evident from the crystallographic co-orientation strength that does not increase significantly from

the nucleation surface to the inner myostracal surface (Fig. 2.3-1b).
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Further characteristics influencing adductor myostracum microstructure designs and texture

1. The microstructure at the inner myostracal surface can also be influenced by the thickness of the
myostracum layer. The competitive growth mechanism enables the most adequately oriented crystals to
outcompete the less adequately oriented crystals and gain in thickness. If the myostracum is thin, the
competitive growth mechanism might be interrupted before its final stage, consisting of crystals co-
aligned along the fastest-growing axis. Since bivalve muscles change position during shell growth
(Castro-Claros et al. 2021), the muscle attachment period defining the myostracal crystal growth differs
for each section of the myostracum. In addition, the relative size and thickness of the adductor
myostracum, compared to the thickness of the entire shell, vary considerably for different bivalve
species (Galtsoff 1964). For most bivalves, the myostracum comprises a substantial part of the shell,
constituting up to a third of the shell thickness at muscle attachment sites (Lee & Choi 2007; Lee et al.
2011; Sato & Sasaki 2015). However, some bivalve species show thin (less than 10 um), stacked
myostraca comprising tiny crystals (such as A. ephippium or A. islandica (le Moine 2022; Hampa 2023))
or a fine, weakly-developed sheet, barely distinguishable from the non-myostracal valve (such as M.
edulis or T. planata (Hoerl 2022; Hampa 2023)). Furthermore, it should be noted that valve activity is
not just the result of muscle (adductor, pedal) activity but is rather an integrant within the interplay
between the resilience and efficiency of the hinge ligament and the resilience and efficiency of the
adductor muscles (Tremblay et al. 2015). Accordingly, definite proof of a clear-cut connection between

valve thickness and myostracum microstructure cannot be provided easily.

2. Recent studies report that adductor myostraca contain a significant amount of organic substance
(Lee & Choi 2007; Liao et al. 2015). The latter is not developed as organic envelopes encasing the
myostracal prisms (Lee & Choi 2007; Liao et al. 2015) but is present as collagen-rich fibrils within the
myostracal crystals (Galtsoff 1964; Zhao et al. 2015; Castro-Claros et al. 2021). We conducted TGA
measurements for the microstructures encountered in G. pilosa and P. magellanicus shells (Fig. 2.3-
AP4Db). TGA results show that myostraca are richest in organic substance relative to the foliated and the
crossed-lamellar shell layers. Furthermore, we observe differences in organic content between
myostracal and non-myostracal shell layers and significant differences in organic content for the
myostracum of G. pilosa and that of P. magellanicus (Fig. 2.3-AP4). The P. magellanicus myostracum
consists of an assembly of thin and long prisms (Fig. 2.3-1b), while G. pilosa forms the largest part of
its myostracum of large-sized prismatic crystals (Fig. 2.3-1a). Bivalve myostraca are organic-inorganic
composites. However, due to the competitive crystal growth mechanism, there is no biopolymer
extracellular matrix at myostracal shell sections. This contrasts with some non-myostracal shell
microstructures that comprise organic matrices filled with minerals. Hence, myostracal prisms are not
encased by an organic sheath, and the organic substance is not between but within the prisms. In
myostraca, organic matter is present as myofilaments, providing the necessary tight connection for the

attaching muscle to the prismatic crystals of the myostracum (Castro-Claros et al. 2021). G. pilosa
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myostraca are formed of large myostracal prisms; hence, there are few grain interfaces within the G.
pilosa myostracum. The G. pilosa myostracum is most enriched in organic material (Fig. 2.3-AP4), far
more than the P. magellanicus myostracum, which comprises many thin prisms and, thus, very many
prism interfaces. In addition to the above discussion, we take the latter as a further indication that at
myostraca, the organic substance is mainly within the prisms. Nonetheless, it could not be determined
whether a specific composition of an organic substance or a specific, proactive arrangement of muscle
fibres possibly causes organism-related differences in the structural characteristics of myostraca. For
gastropods, it has been reported that differences in structure and thickness of the cross-linked adductor

muscle bundles can influence myostracal microstructure (Tompa & Watabe 1976).
Nanomechanical properties of myostraca and the non-myostracal shell

The diverse challenges of marine environments for organism survival push biomineralised hard
tissues to be as tough and fracture-resistant as possible (Bignardi et al. 2010; Ritchie 2011; Ritchie 2021,
Peter et al. 2023). However, in material optimisation, a multi-scale trade-off has to be achieved between
adjusting the nanomechanical properties of the hard tissue to meet the requirements needed to generate
a lightweight and metabolically cheap structural material. Various factors, such as crystal size,
orientation, arrangement, mode of interlinkage, organic substance content, fabric and distribution,
influence structural hard tissue's mechanical strength and fracture resistance (Taylor & Layman 1972;
Troncoso et al. 2020; Lew et al. 2023; Peter et al. 2023; Hoerl et al. 2024b). Therefore, understanding
the effect of crystal orientation and mode of assembly on nanomechanical property results of the
structural material is essential, not just for the correct interpretation of the gained results but also to

decipher the biomineralisation principles that generate the respective structural biomaterial.
Hardness and indentation elastic modulus

Our study investigated the hardness and indentation elastic modulus of myostracal and non-
myostracal valve layers (Figs. 2.3-4, 2.3-5). We juxtaposed the gained results: (i) for each investigated
species between the adductor myostracum and the non-myostracal shell and (ii) for the myostraca of the

three investigated species for the two performed cuts (cut 1, cut 2) through the shell (Fig. 2.3-7).

Irrespective of the indentation direction, the hardness and indentation elastic modulus of the
myostraca exceeds the hardness and indentation elastic modulus of the respective non-myostracal shells.
Relative to non-biological aragonite, myostracal hardness is increased; however, myostracal indentation
elastic modulus is reduced (Table 2.3-1). Relative to non-biological aragonite, crossed-lamellar (CL)
shell hardness is reduced, while complex crossed-lamellar (CCL) shell hardness is increased (Table 2.3-
1).
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Fig. 2.3-7. The hardness and indentation elastic modulus distribution of adductor myostraca in Glycymeris pilosa, Chama
arcana and Placopecten magellanicus for different indentation directions. The plots show the individual data points of the
respective myostraca measured perpendicular (a) or parallel (e) to the orientation of the crystallographic c-axes. The confocal
laser microscopy images (b-d) and (f-h) display the corresponding microstructures and give the mean values and standard
deviations o for the hardness and elastic indentation moduli. The measurements show that when indented parallel, rather than
perpendicular, to the c-axes, the observed myostracal hardness increases by about 1 GPa. Dotted black lines indicate the mean
hardness of the three myostraca indented parallel (a) and perpendicular to the inner shell surface (e). For different indentation
directions, the indentation elastic moduli of the respective structures do not show significant differences. The adductor
myostraca were indented at similar distances from the changeover with the adjacent shell (cut 1) or the inner shell surface (cut

2).
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When indented parallel to the inner shell surface (cut 1), the adductor myostraca of the three
investigated species show a mean hardness of about 4.9 GPa (Fig. 2.3-7a). Myostracal hardness is lowest
(H: 4.6 GPa) for G. pilosa, the myostracum that consists of large prisms with a 3D “single-crystal-like”
texture inherited from the crossed-lamellar layer (Fig. 2.3-1a). In contrast, myostracal hardness is
increased (H: 5.1, 5.2) for the species that form their myostraca of many, rather thin, prisms with an
axial texture (Fig. 2.3-1b, c). Table 2.3-2 highlights myostracal mean hardness and indentation elastic
modulus values for other bivalve species indented parallel to their inner shell surface. The species are
sorted in the table by the increasing influence of the competitive growth mechanism on the myostracal
microstructure. Ostrea stentina (number 1 in Table 2.3-2) secretes a myostracum, which is strongly
distinct in microstructure from the rest of the calcitic shell, via competitive growth without an aragonitic
shell template. In contrast, the microstructure of Tellina planata (number 7 in Table 2.3-2) myostraca is
almost indistinguishable from the microstructure of the rest of the shell layer. Hence, there is little
influence of a competitive growth process on myostracal structure formation. The corresponding
nanoindentation results indicate that myostraca with a clear-cut competitive growth-derived
microstructure character have a higher hardness and elastic indentation modulus relative to those
myostraca where the competitive growth-initiated structure is little or almost undeveloped (Table 2.3-
2). This effect might explain the slightly lower hardness of the G. pilosa myostracum relative to the
myostracal hardness of C. arcana and P. magellanicus (described in greater detail in Chapter 2.4 of this
thesis).

Table 2.3-2. Nanoindentation results for indentation maps performed on the adductor myostraca of seven bivalve species. The
species were sorted by the influence of the competitive growth process on their respective myostracal layers. Ostrea stentina
(1.) myostraca have a microstructure characteristic for formation through competitive growth. In contrast, Tellina planata (7.)
myostraca are very similar in structure to the adjacent granular shell, the latter controlled by biological determinants. The mean
values for hardness and indentation modulus for myostraca of the seven bivalves indicate a trend to higher hardness and
indentation elastic modulus for those myostraca crystallised predominantly under a competitive growth mechanism, e.g. O.
stentina, Peryglypta puerpera, Dosinia scalaris and Anomia ephippium. This contrasts species where myostracum formation
is little influenced by competitive growth mechanisms. All specimens were sectioned along cut 1, with the indentation direction

parallel to the inner shell surface. Myostracal microstructures and an in-depth analysis of the indentation measurements are
reported in Chapter 2.4 of this thesis.

e e

hardness [GPa] modulus [GPa]

1. Ostrea stentina 5.2 99 4
2. Periglypta puerpera 5.1 91
3. Dosinia scalaris 4.9 97
4. Anomia ephippium 5.0 94
5. Mytilus edulis 4.3 84

6. Arctica islandica 33 80
7. Tellina planata 3.2 71
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Another explanation of the hardness variations includes the size of the myostracal prisms: when
the shell is sectioned according to cut 1, the highest hardness is observed for the P. magellanicus
myostracum, comprising the thinnest and longest prisms of the three investigated myostraca (Fig. 2.3-
1b). For artificial materials, the Hall-Petch relation (Hansen 2004; Wang et al. 2008; Callister Jr &
Rethwisch 2020; Luo et al. 2023) describes that a decrease in grain size and increase in grain boundary
area results in higher yield strength. However, although a similar trend has been reported for
biomineralised hard tissues in avian eggshells (Athanasiadou et al. 2018), the Hall-Petch effect is still
poorly understood. Accordingly, without additional microstructure-nanomechanical property studies,
we cannot unequivocally constrain whether the varying hardness values are a grain size effect. We see
a significant difference in myostracal prism thickness between the investigated species (e.g. Fig. 2.3-2);
however, the difference in hardness is very small (G. pilosa: 4.6 GPa; C. arcana: 5.1 GPa; P.
magellanicus: 5.2 GPa) and only observable in cut 1, when indentation is carried out parallel to the inner
shell surface. When indented parallel to the myostracal crystal c-axis (cut 2), the myostracal hardness

for the three investigated bivalve species is similar; the mean hardness is 6.2 GPa (Fig. 2.3-7e).

Myostracal indentation elastic modulus is very little affected by the direction of cut through the
shell or/and the direction of crystal c-axis orientation (Fig. 2.3-7, Table 2.3-1). Nonetheless, we observe
for the indentation elastic modulus as well a distinct difference between the myostraca and the respective
shells (Table 2.3-1). The highest indentation modulus we find for non-biological aragonite; the modulus
value for the latter is markedly higher than the modulus values of the myostraca and is significantly
higher than the modulus values for the respective shells (Table 2.3-1).

Previous studies indicate that indentation elastic modulus results gained on biomaterials depend
on the organic matrix within the composite hard tissue (Song et al. 2003; Dietiker 2011; O’Toole-Howes
et al. 2019), such that an increased organic content in the structural biomaterial induces a decrease in
indentation elastic modulus. In our study, we find that compared to geological aragonite, myostracal and
non-myostracal indentation elastic moduli are decreased for all investigated species (Table 2.3-1). The
probable reason for the reduced indentation elastic modulus of the different shell layers, relative to non-
biological aragonite, is that organic substance is present in all layers of the investigated shells (Fig. 2.3-
AP4). Nonetheless, crucial for indentation elastic modulus results of biomaterials is not just the amount
of organic substance within a microstructure but also its distribution mode. For example, the crossed-
lamellar layer of G. pilosa has a low organic content (Fig. 2.3-AP4) but also a distinctly low average
indentation elastic modulus (Fig. 2.3-4b and Table 2.3-1). In contrast, the myostracum of G. pilosa has
a significantly higher organic substance content (Fig. 2.3-AP4) and higher indentation elastic modulus
values (Table 2.3-1). This discrepancy can be explained by the different distributions of the organic
substances in the G. pilosa crossed-lamellar shell and myostracum. In the crossed-lamellar
microstructure, the organic substance forms a thin, matrix-like sheath evenly distributed around every

lath. In the myostracum, however, collagen-rich fibrils are found within the prisms and lack from the
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boundaries of adjacent myostracal prisms. However, it is important to remember that the difference in
indentation elastic modulus might also be related to the different microstructures of the adductor

myostracum and the respective non-myostracal shell.

We did not measure a significant difference in elastic modulus for the calcite between the
inorganic reference and the P. magellanicus foliated calcite shell. Of all investigated microstructures,
foliated calcite has the least fraction (~1%) of organic matter (Fig. 2.3-AP4). This could explain the
small difference in indentation elastic modulus observed between geological and foliated calcite (Table
2.3-1 and Fig. 2.3-4c, d). Furthermore, our study shows that for all investigated species and both cuts
through the shell, the adductor myostraca have comparable indentation elastic moduli (Fig. 2.3-7).
Hence, myostracal indentation elastic modulus is neither influenced by crystallographic axes orientation

of the constituting crystals, nor by their size or mode of assembly.

Difference in nanomechanical properties between C. arcana adductor myostraca and myostracal

pillars

Myostracal pillars are, most probably, the result of mantle epithelium attachment and are most
common in the Chamacea, where they can occupy a significant fraction of the inner shell layer (Kennedy
etal. 1970; Taylor et al. 1973; Doguzhaeva & Mutvei 1986; Hoerl et al. 2024a). They usually arise from
the trace of the pallial line and grow towards the inner shell surface, firmly attaching the mantle tissue
of the organism to the shell (Kennedy et al. 1970). However, in rare cases, such as in Cardita variegata,
they can also occupy the marginal section of the outer shell layer (Taylor et al. 1973). The comparison
of C. arcana adductor myostracum (Fig. 2.3-1c¢) and myostracal pillar (Fig. 2.3-1d) microstructure does
not show major structural differences. Both structures comprise long (up to 100 pm) and relatively thin
(< 5 pum) prismatic crystals and their growth is guided by the competitive growth mechanism. At the
changeover from the crossed-lamellar, non-myostracal valve to the myostracal crystal arrangement, the
texture of the crossed-lamellar shell is transmitted to the myostracum. The texture of the non-myostracal
valve is more or less axial (see pole figures in Figs. 2.3-3b, 2.3-AP2b); it is in-between a 3D “single-
crystal-like” and a fully axial texture). The texture of the adjacent myostraca (adductor myostraca,
myostracal prisms) is also axial (Fig. 2.3-1c, d), and the axial texture is maintained until the inner shell
surface. However, nanomechanical property measurements give for the adductor myostracum and the
myostracal pillars distinct differences in hardness and indentation elastic modulus (Table 2.3-1, Fig. 2.3-
5). For both cuts through the shell, we find that the myostracal pillars show a lower hardness relative to
the adductor myostracum. When indented parallel to the inner shell surface (cut 1), the hardness between
the two layers decreases by 0.6 GPa (Fig. 2.3-5a, b) and when indented perpendicular to the inner shell
surface (cut 2), it decreases by 1.0 GPa (Fig. 2.3-5¢, d). The mean indentation elastic modulus is reduced
for myostracal pillars, relative to myostracal elastic modulus, by more than 10 GPa (Fig. 2.3-5). Due to
the rare occurrence of myostracal pillars in bivalve shells, the attachment mechanism between the mantle

epithelium and the shell is poorly understood. However, their low indentation elastic modulus values

158



and microstructure, similar to the myostracum, indicate that the pillars might comprise differences in

the distribution of organic matter.
The anisotropic fracture behaviour of the complex crossed-lamellar layer

The complex crossed-lamellar layer is a prominent yet poorly understood microstructure that
comprises first-order lamellar blocks with more than two dip directions and an axial texture (Chateigner
et al. 2000). The blocks consist of strongly twinned, prismatic aragonite crystals with a relatively small
grain size of less than 5 um (Crippa et al. 2020a; Hoerl et al. 2024b). Although recent studies have
shown a “complex crossed-lamellar type” microstructure in the ornamentations of Chama gryphoides
shells (Hoerl et al. 2024a, b), in general, the complex crossed-lamellar microstructure forms inner shell
layers adjacent to the pallial myostracum. Our nanomechanical property results indicate that the complex
crossed-lamellar layer’s response to nanoindentation testing strongly depends on the direction of the cut
(Fig. 2.3-5, Table 2.3-1). When indented parallel to the inner shell surface (cut 1), the complex crossed-
lamellar layer is relatively hard and maintains a relatively low indentation elastic modulus (Fig. 2.3-5a,
Table 2.3-1). These nanomechanical property results are particularly astounding when considering the
complex crossed-lamellar layer's relatively high organic content compared to other shell layers (Figure
2.3-AP4 and De Noia et al. (2020)).

However, when the complex crossed-lamellar shell layer is indented perpendicular to the inner
shell surface (cut 2, Fig. 2.3-5b), the recorded load-displacement curves appear irregular and show
multiple pop-in events (Fig. 2.3-AP6). These (nano)failures denote rapid tip displacement under contact
load, potentially due to shear-induced cracking (Amini et al. 2015; Kasyap & Senetakis 2021). The
localised material failures result in tip sliding and the formation of further penetration/displacement that
deteriorates the calculated hardness by including “failure depths”. Thus, we conclude that the low
hardness and indentation elastic modulus of the complex crossed-lamellar layer indented parallel to the
c-axis orientations (Fig. 2.3-4b, Table 2.3-1) are misleading. This “graceful failure” can be amplified
when the material is loaded along crystallographic axes directions, promoting faster chipping and
cleavage. It is common in quasi-brittle materials and has previously been observed for crossed-lamellar
shells, pointing to their anisotropic mechanical behaviour (Currey & Kohn 1976; Ichim et al. 2007;
Meyers et al. 2008). To our knowledge, this is the first study that reports this specific nanomechanical
property behaviour for the complex crossed-lamellar microstructure of biological structural materials.
Organic material-filled microtubules were observed in the complex crossed-lamellar layer of other
molluscs, such as Neritilia rubida or Corbicula fluminea (Araujo et al. 1994; Kano & Kase 2003). These
microchannels might be responsible for the high overall organic content (Fig. 2.3-AP4) and the
anisotropic pop-in events along indentation perpendicular to the inner shell surface (Fig. 2.3-AP6).
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The effect of c-axis orientation on hardness and indentation elastic modulus

Several studies have shown that the orientation of crystals in bivalve shells is often controlled
by biological determinants (Weiner & Addadi 1997; Cuif et al. 2014), even though myostracal crystal
texture is guided mainly by competitive growth parameters. In general, crystallographic c-axes appear
perpendicular to shelled organisms' inner and outer shell surfaces (Checa et al. 2025). Most likely, the
latter is not by chance but is rather a functional property. Thus, testing shell microstructures in a cut
parallel to the shell surface is of great interest as it simulates the exposed hard tissue. Previous studies
have shown the anisotropic nanomechanical properties of single-crystalline calcite and aragonite
(Berman et al. 1993; Pasquini et al. 2015), as well as of biomineralised carbonate microstructures, such
as nacre or prismatic calcite (Barthelat & Espinosa 2007; Pasquini et al. 2015; Strag et al. 2020). The
single-crystalline calcite and aragonite were tested with c-axes misoriented 35-40° to the indentation
direction to compensate for potential anisotropic effects within the non-biological references. Compared
to other directions such as {001}, Deng et al. (2023) have recently found that geological calcite shows
balanced nanomechanical properties along the {104}-direction, comparable to the reference orientations
tested in this study (Fig. 2.3-AP7a, b). To our knowledge, this is the first study that investigates the
anisotropic behaviour of aragonite crystals in the exceptionally hard bivalve myostraca and the
widespread crossed-lamellar shell. Our results demonstrate that adductor myostraca, indented
perpendicular to the inner shell surface (cut 2), have comparable hardness values (Fig. 2.3-7e-h).
Averaging more than 6 GPa for all three layers, the mean hardness of cut 2 is significantly higher than
the hardness values obtained for cut 1 (Fig. 2.3-7a-d). Interestingly, the indentation elastic modulus
values of the three layers are hardly affected by the change in indentation direction (Fig. 2.3-7a, €). This
indicates that the difference in myostracal hardness is most likely not caused by a difference in organic
content for the investigated shells but rather due to the orientation direction of the crystallographic c-

axes.

While the indentation elastic modulus is an inherent material property, the measured hardness
of biomineralised materials depends on factors such as architectural packing, crystallinity, porosity,
organic content, grain size and grain orientation. While many of these factors can vary in biomineralised
hard tissues, they are biologically controlled in the crossed-lamellar layers of Glycymeris shells. The
first-order lamellae of the latter comprise two sets with very similar crystal size, morphology, organic
content and porosity (Figs. 2.3-3a, 2.3-8a in this study and Supplementary Fig. 2.3-S21 in Crippa et al.
(2020a)). However, our (Figs. 2.3-3a, 2.3-8) and previous studies (Almagro et al. 2016a; Almagro et al.
2016b; Crippa et al. 2020; Hoerl et al. 2025b) show that the crystals of the two sets (set A, set B) of
first-order lamellae differ notably in orientation. This is well visible by the distinct density distribution
maxima of contoured pole figures (see the difference in pole figures in Fig. 2.3-8a) displaying the

varying c-axis orientations (see arrows within the c-axes pole figures in Fig. 2.3-8a).
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Mean indentation 87.0 87.1
2 [elastic modulus [GPa]

Standard deviation 9.4 10.1
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Fig. 2.3-8. Microstructural and nanomechanical analysis of different sets in the crossed-lamellar layer of Glycymeris pilosa. A
colour-coded EBSD map performed on the shell shows the microstructure and texture of the two sets (a). Both sets are strongly
twinned and have a 3D “single-crystal-like” texture, as indicated by the corresponding contoured pole figures (a). Their
crystallographic co-orientation is comparable; however, the orientation of the c-axes differs. As indicated by coloured arrows
in (a), the crystallographic c-axes of the lamellar set A are slightly tilted towards the indentation direction and the c-axes of set
B run perpendicular to the indentation direction. A 100 x 50 um? area spanning three first-order lamellae of the crossed-lamellar
layer at a comparable position to the EBSD scan was indented (11 x 21 indents at 5 um intervals). Table (b) displays the mean
hardness and indentation elastic modulus values for sets A and B and gives the respective standard deviations. Set A shows a
higher average hardness than set B; no difference can be observed for the elastic indentation moduli (b). The measured hardness
(c) and indentation elastic modulus (d) for each indent are superimposed onto a microscopy image, where the first-order
lamellar sets A and B are indicated by lines. Points with anomalous indentation curves were excluded from the plot. The
positions of the nanoindentation data points and their assignment to set A or B are depicted in Supplementa Figure AP7.

With the combination of EBSD measurements and indentation testing, we can demonstrate that
the obtained hardness values are largely affected by the crystallographic orientation of aragonite c-axes
(Fig. 2.3-8b). Nanoindentation measurements were performed across a series of first-order-lamellae
(Figs. 2.3-8c, d, 2.3-AP7c) and show that the observed hardness changes notably between the two
lamellar sets (for hardness distribution see Fig. 2.3-8c). In contrast, the indentation elastic modulus
values do not show a correlation with one or the other set of first-order lamellae. Despite the relatively
high standard deviation caused by the heterogeneity of the crossed-lamellar composite layer, the
indentation elastic modulus values are, more or less, similar for the two sets (Fig. 2.3-8b, d). The pole
figures in Figure 2.3-8a demonstrate that c-axes of crystals of lamellar set A are clustered at an
orientation somewhat similar to the indentation direction. In contrast, as the pole figures of Fig. 2.3-8a
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show, the c-axes of crystals that form set B are almost perpendicular to the indentation direction. From
the nanomechanical property values in Figure 2.3-8b, we observe that within first-order lamellae of G.
pilosa, the mean hardness of set A is increased by 0.7 GPa, compared to the mean hardness of set B.
Therefore, combining EBSD analysis and nanoindentation testing shows that the hardness is increased
for the crystals of set A. In this set, we find a co-alignment of crystal c-axis orientations with the
indentation direction relative to crystals of the other set (in this case, set B) of the first-order lamellae.
Hence, this study indicates that the characteristics of microstructures, such as presetting crystal c-axis
orientation, can influence the hardness of the aragonitic biomaterial. Similar or more sophisticated
experimental setups in future experiments may help to precisely demonstrate and understand the relation

between crystallographic orientation and nanomechanical properties in biomineralised hard tissues.

The present study compared the results of bivalve shell and myostracal microstructures obtained
on different cuts through the hierarchical shells. In general, we found a strong correlation between
crystal c-axis orientation and the hardness of the biomaterial. For more or less axial microstructures, the
effect of azimuthal variability on nanoindentation measurements can be controlled by investigating the
crystallographic texture of the indented surface. However, for microstructures that lack crystallographic
co-orientation along a single c-axis direction, as is the case for crossed-lamellar structures, azimuthal
variability on nanoindentation causes a significant problem regarding the reproducibility and
consistency of hardness results. Accordingly, for nanomechanical property studies of biological hard
tissues, it is vital to determine the microstructure and crystallographic texture of the investigated
material, not only to understand the hard tissue of one particular specimen or/and species but also to
enable comparison of nanomechanical property data between specimens and species. Bohm et al. (2016)
proposed using conical nanoindentation indenters to analyse biogenic materials and to avoid azimuthal
hardness dependence. The latter is not yet widespread for biomineralised materials, and the
comparability of results obtained by Berkovich and conical indenters is disputed (Min et al. 2004;
Swaddiwudhipong et al. 2006; Sakharova et al. 2009; Moore et al. 2010).

2.3.5 CONCLUSIONS

Bivalved organisms occupy a wide ecological space and can adapt to many lifestyles and
environments (Trueman et al. 1966; Millman 1967; Stanley 1970; Stanley 1972; McLachlan et al. 1995;
Sharma et al. 2023). This is enabled by developing various microstructure designs, occluding
biopolymers into the hard tissue, and generating hierarchical structures. The latter characteristics are the
keys to material optimisation, environment adaptation and survival. The valves of bivalve organisms are
secreted not only to protect their soft tissue but also to burrow into the sediment, attach to a substrate
via cementation, and perform locomotion for swimming. The muscles that control valve activity and the

muscle attachment sites to the valves are integral to the organism's success in living a particular lifestyle
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and surviving in a specific environment. In the present contribution, we discuss the interlinkage of the
non-myostracal and myostracal valve microstructure, texture and nanomechanical properties for
bivalves using valve activity to burrow, swim, or be epifaunal and sessile. Combining EBSD
measurements with nanoindentation testing on valves sectioned perpendicular and parallel to the inner
shell surface, we decipher structural approaches utilised by the investigated organisms to optimise their
shell material for leading the above-mentioned lifestyles. We deduce from our results the following

conclusions:

1. G. pilosa and C. arcana influence the microstructure and texture of their myostraca by
controlling the structural properties of the non-myostracal shell adjacent to the myostracum, the
template used for myostracal crystal nucleation. Even if for different bivalve species, the shell
layer adjacent to the myostracum is similar in microstructure (e.g., crossed-lamellar, as is the
case for G. pilosa and C. arcana), minor differences in the pattern of crystal orientation of the
non-myostracal shell affect the adjacent myostracal microstructure strongly, since, at similar
carbonate phase, the crystallographic texture of the shell is transmitted to the myostracum.

For interdigitated and/or thin first-order lamellae (C. arcana), the crystals of the transmitted set

of first-order lamellae, with their c-axes being perpendicular to the nucleation template and

facing towards the growth direction, can quickly outcompete their neighbours. As the remaining

co-oriented crystals can no longer gain lateral space, the corresponding myostraca are formed

of thin, acicular crystals with an axial texture.

For morphologically well-regulated or/and thick first-order lamellae (G. pilosa), the progressive

elimination of crystals with divergent c-axis orientations to the nucleation template is prolonged.

This results in a myostracal microstructure consisting of thick prisms and leading to the 3D

“single-crystal-like” texture, extending from the non-myostracal valve to the inner myostracal

surface.
2. P. magellanicus, G. pilosa and C. arcana myostraca are aragonitic. If the valve layer adjacent

to the myostracum is calcitic, as for P. magellanicus, the orientation pattern of the non-

myostracal calcite crystals is not transmitted to the adjacent aragonitic myostracum. If the shell
layer adjoining the myostracum is aragonitic, as is the case for G. pilosa and C. arcana, the first-
formed myostracal crystals assume the orientation of crystals of the adjacent aragonitic shell.

3. Myostracal microstructure, texture, prism morphology and size do not affect the mode or
frequency of twinning of myostracal aragonite. The twinning of myostracal aragonite is
extensive, and the extent of twin formation is similar for all investigated species. The twins are
cyclic by (110) and (110) twin laws and generate a multitude of twin boundaries. These are of
main structural importance, as it is shown for manufactured materials that the incorporation of
twin boundaries increases the mechanical properties of the material.

4. Nanomechanical results demonstrate that, compared to non-myostracal layers and inorganic

aragonite, myostracal aragonite has an increased hardness and indentation elastic modulus.
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Myostracal prism size and morphology do not influence the nanomechanical properties of the
myostracum.

Even if the microstructure and prism size are similar for C. arcana adductor myostraca and
myostracal pillars, nanomechanical properties differ for the latter structures. The decrease in
hardness and indentation elastic modulus of myostracal pillars, relative to the nanomechanical
properties of the adductor myostracum, might be due to a different distribution of organic
substance within the pillars, in comparison to the distribution of biopolymers within the
adductor myostracum.

The indentation elastic moduli for the species and shell layers investigated in this study are not
only influenced by the sheer amount of organic substance in the different microstructures but,
in particular, by the mode of biopolymer distribution within the layer and microstructure.

The hardness values obtained for the non-myostracal shell and the myostraca differ
significantly, depending on the angle between the indentation direction and crystal c-axis
orientation. Layers indented parallel to the crystallographic c-axis orientation show the highest
hardness, while crystals indented perpendicular to the c-axis orientation have a reduced
hardness. For the indentation elastic modulus, the indentation direction is also influenced by
crystal c-axis orientation. However, it is significantly less pronounced than what is observed for
the hardness.

Furthermore, the anisotropic effect of indentation on hardness is demonstrated in this study for
the two sets of a first-order lamella in the crossed-lamellar shell microstructure of G. pilosa. In
the latter, the average hardness of set A of a first-order lamella (c-axes oriented almost parallel
to the indentation direction) is significantly higher than the hardness of set B of the same first-
order lamella (c-axes oriented perpendicular to the indentation direction).

Nanomechanical properties of the complex crossed-lamellar shell layer vary drastically with
indentation direction. When indented parallel to the inner shell surface, the layer appears quite
brittle and shows an average hardness similar to myostracal pillars. When indented
perpendicular to the inner shell surface, the complex crossed-lamellar layer is subject to many

pop-in events, indicating the formation of microcracks and/or lattice dislocations.

In essence, even though the crystal growth mechanism of G. pilosa, C. arcana and P.

magellanicus myostraca is similar, we find, for the investigated bivalve species, significant differences

in myostracal structural designs as well as in the crystallographic and structural characteristics of

myostracal crystals. Our study demonstrates that, in contrast to previous reports (Lowenstam & Weiner

1989; Crippa et al. 2020a; Dong et al. 2022), the structure of bivalve myostraca is not conservative.

Differences in myostracal structure are rooted in the fact that myostracal formation combines two

processes: crystal nucleation and crystal growth. Myostracal crystal nucleation is influenced by the

structural characteristics of the adjacent, non-myostracal shell. In contrast, the formation of the

myostracal microstructure is mainly subjected to by growth competition, rather than being controlled by
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the formation of organic membranes prior to crystallisation. It is predetermined by structural features
transmitted from the biologically controlled non-myostracal shell to the myostraca. In addition, the
combination and interplay of different types of fibres forming a muscle affect myostracal structure, as
observed in the well-distinguishable muscle fibre imprints of the smooth and striated muscles of P.

magellanicus.

We conducted an extended study on bivalve myostracal structure, microstructure, and texture
(this study; Hoerl 2022; le Moine 2022; Hampa 2023; Rathi 2023; Hoerl et al. 2024a, b) and found that
the crystallographic characteristics for bivalve myostraca, determined with EBSD, are not family-
specific. For example, the myostracal structure and crystallographic characteristics we found for P.
magellanicus (Pectinidae) were also detected for the myostracum of Ostrea stentina (Ostreidae).
Likewise, the myostracal structure and crystallographic characteristics of G. pilosa (Glycymerididae)
are also observable in the shells of Dosinia scalaris (Veneridae) and Anadara polii (Arcidae).
Myostracal structural features of C. arcana (Chamidae) are also present in the shells of Acanthocardia
tuberculata (Cardiidae), Periglypta puerpera (Veneridae) and Lampsilis cardium (Unionidae). Keeping
in mind the highly specialised shell structures that bivalves developed to maximise their chances of
survival (such as different microstructural motifs (Boggild 1930; Taylor et al. 1969; Carter et al. 2012;
Checa et al. 2025) or ornamentations (Kennedy et al. 1970; Ubukata 2005; Ye et al. 2023)), it is
remarkable that the myostracal structure, microstructure, texture and formation mechanism is
comparable across bivalve families. While myostracal microstructure and texture are also influenced by
other requirements, e.g. environmental characteristics, their design is largely predetermined by
biologically controlled and proactive templates, such as adjacent aragonitic shell layers or organic-rich
sheets.
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2.3.6 SUPPLEMENTARY INFORMATION
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Fig. 2.3-AP1. Overviews indicating the direction and position of the different shell cuts performed on the specimens presented
in this article. The two cuts are illustrated for a valve featuring two adductor muscle scars, such as Chama arcana and
Glycymeris pilosa (a: modified after Crippa et al. (2020a)), and a valve featuring one adductor muscle scar, such as Placopecten
magellanicus (b). The valves were cut and polished to expose the adductor myostraca indicated by dotted lines (a-i). For all
three species (c-f), cut 1's segments were polished perpendicular to the inner shell surface. Cut 2's segments were polished
parallel to the inner shell surface. Laser confocal microscopy images show the overview over the cross-sectional cuts
perpendicular to the inner shell surface (cut 1) for the three investigated species: G. pilosa (g), C. arcana (h) and P.
magellanicus (i).

166



Crossed-lamellar Myostracum A o /" —
= : —— = ———— & Cros%, \“0
‘ lamd ar //

G. pilosa , o

n‘ ' '.C'ro‘sse_df MYO
Jamellar

(001) (010) >
A p E olla.ted MYO
¥ calcite IS Ee

(100) Aragonite

(001)
(120)
Y
(210) Calcite

P. magellanicus |

Fig. 2.3-AP2. Microstructure and texture of shell regions adjacent to myostraca sectioned and polished perpendicular to the
inner shell surface (cut 1). Colour-coded EBSD maps show the microstructure and crystal orientation patterns and are
complemented by pole figures indicating the orientational probability density distributions (a-c). In Glycymeris pilosa, the
crossed-lamellar layer has a 3D “single-crystal-like” texture (a) and shows two sets of first-order lamellae that run parallel to
the growth direction (GD). In Chama arcana, the crossed-lamellar layer is less co-oriented along the a- and b-axes, and the
first-order lamellae do not run straight but are intertwined (b). Adjacent to the aragonitic myostracum, Placopecten
magellanicus comprises a foliated calcite layer with a poorly co-oriented axial texture (c). An organic-rich sheet (white star in
¢) is visible at the sharp interface between foliated calcite and aragonitic adductor myostracum. Towards the inner shell surface,
the myostracum consists of long (up to 100 pm) needle-shaped crystals with an axial texture (b). The microstructures are further
highlighted by FE-SEM images that show the changeover between shell and myostracum for the three species G. pilosa (d), C.
arcana (e) and P. magellanicus (f).
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G. pilosa

a-axes *

Fig. 2.3-AP3. Microstructure and crystal orientation patterns of adductor myostraca polished parallel to the inner shell surface
(cut 2) for the three investigated species. The colour-coded EBSD maps are complemented by pole figures indicating the
orientational probability density distributions (a-c). The cross-section of the Glycymeris pilosa myostracum comprises large
(up to 100 um diameter), irregular prisms (a). The 3D “single-crystal-like” texture and the recurring colour-coded crystal
orientations indicate that the crossed-lamellar texture of the changeover region (Figs. 2.3-1a, 2.3-AP2b) is still present at the
inner shell surface. In Chama arcana, the prisms are smaller and neither show a characteristic crystal orientation pattern nor
orientation distribution maxima in the axial pole figures (b). Placopecten magellanicus shows a texture and microstructure
similar to C. arcana, however, the strongly co-oriented grains appear thinner (c).
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Fig. 2.3-AP4. Thermogravimetric analysis plots of the foliated calcite layer and the adductor myostracum in Placopecten
magellanicus as well as the crossed-lamellar layer, crossed-lamellar layer and myostracum in Glycymeris pilosa. The samples
were measured from room temperature to 600°C in steps of 10°C per minute. To minimise the influence of carbonatic
transitions and enclosed water on the total mass loss, only the section between 100°C and 540°C was regarded for its
calculation. The plots display the weight loss with increased temperature; the two curves for P. magellanicus have been shifted
for better visibility (a). The table (b) shows the weight loss fraction in selected temperature segments and the total mass loss
from 100°C to 540°C.
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Fig. 2.3-AP5. Misorientation angle distribution and grain size statistics for adductor myostraca sectioned along cut 2 in
Glycymeris pilosa, Chama arcana and Placopecten magellanicus. Irrespective of the texture and microstructure, the myostracal
prisms of G. pilosa (a), C. arcana (b) and P. magellanicus (c) predominantly follow a grain misorientation angle of about 64°.
This angle corresponds to aragonitic twinning on the (110) and (110) planes, constituting more than 15% of all analysed grain
boundaries (a-c). The average grain size varies considerably between the three microstructures. When cross-sectioned, G. pilosa
shows the highest mean grain size with about 112 pum? (d), comprising crystals that may exceed a size of 4000 um? (e). C.
arcana and P. magellanicus show similar grain size statistics, however, C. arcana crystals appear to be slightly larger in mean
size (d, e).
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Fig. 2.3-AP6. Indentation curves of the complex crossed-lamellar layer in Chama arcana, indented perpendicular to the inner
shell surface. Most indented points show pop-in events, i.e., sudden and irregular displacement bursts during loading, leading

to a broad spectrum of peak indentation depths (a). The influence of pop-in events on the indentation depth curves can be seen
from five randomly selected data points plotted in (b).
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Fig. 2.3-AP7. Textures of the non-biological single crystals used as nanoindentation references (a, b) and indentation positions
of nanoindentation data points used for compiling the nanomechanical properties of the Glycymeris pilosa crossed-lamellar
layer in Fig. 2.3-8. EBSD measurements of the single-crystalline samples used as reference in Table 2.3-1 and Figs. 2.3-4, 2.3-
5 and 2.3-7 show the crystallographic orientation (a, b). Both the calcite (a) and the aragonite (b) references have the
crystallographic c-axis misoriented 35-40° to the indentation direction, comparable to the {104} direction. Of the 231 total data
points tested in the crossed-lamellar layer (see Fig. 2.3-8), 105 were attributed to set A (yellow triangles in c), and 116 were
attributed to set B (blue triangles in c). Seven points were excluded because of anomalous loading-unloading curves or
erroneous positions (black triangles in c), and three additional points were excluded from the calculations as they could not be
assigned to one first-order lamella but rather to the interface between two inclined lamellae (red triangles in c). The instrument
was calibrated to guarantee the correlation between the tip position and the optical image.
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2.4 MICROSTRUCTURE, TEXTURE AND NANOMECHANICAL
PROPERTIES OF CONSERVATIVE AND NON-CONSERVATIVE BIVALVE
MYOSTRACA

With an estimated 8,000 to 20,000 species, bivalves are not only the second most diverse class
of molluscs (Morton & Machado 2019), but they also were, are and will play an important role in the
anthropological diet (Aru et al. 2018; eds. Smaal et al. 2019). The first archeological documentation of
consumption, cultivation and usage of molluscs for dietary purposes stems from prehistoric times, with
bivalves becoming important organisms for human populations living near rivers or seas (Voultsiadou
et al. 2010; Morand 2020). Although more and more bivalve farmers realise the benefits of hatching
diverse bivalve species, much of the modern research on bivalves and bivalve shells has been limited to

commercially valuable species (Duthie 2012; Santhanam 2018).

It is well-known that bivalves can occupy a wide range of marine environments, spanning
saltwater and, in some cases, freshwater environments across the entire globe (Flessa & Jablonski 1995;
Lopes-Lima et al. 2018; Huang et al. 2023). However, many bivalves and, in particular, the
microstructure and hierarchy of their biomineralised shell are not yet described in great detail. A
microstructure that is particularly neglected is the myostracum, also known as the adductor muscle scar.
Despite its outstanding nanomechanical properties (Chapters 2.1 and 2.3 of this thesis), the myostracum

is often simply described as a prismatic aragonite layer (Lowenstam & Weiner 1989; Dong et al. 2022).

This section highlights in great detail the microstructure and material properties of seven bivalve
shells belonging to different families and occupying different ecological habitats. The characterisation
is focused on the myostracal layers and the adjacent, non-myostracal shell. The investigated species are
Ostrea stentina (Payraudeau, 1826), Peryglypta puerpera (Linne, 1758), Dosinia scalaris (Menke,
1843), Anomia ephippium (Linnaeus, 1758), Mytilus edulis (Linnaeus, 1758), Arctica islandica
(Linnaeus, 1758) and Tellina planata (Linnaeus, 1758). By combining high-resolution EBSD
measurements with nanoindentation testing, the crystal texture, shell structure and hard tissue material

properties of the shells of these species are illustrated, discussed and juxtaposed.
2.4.1 METHODS

The selected bivalve shells were sectioned transversely through the adductor myostraca,
analogous to cut A described for Chama and Glycymeris in Chapter 2.2.2 of this thesis (see also Fig.
2.2-AP1). To minimise statistical deviations caused by the azimuthal hardness variability of aragonite
and calcite, only one cut was investigated for these seven shells. The sections were embedded in EPON
epoxy resin and subjected to several mechanical grinding and polishing steps. The polished samples

were imaged with FE-SEM and laser confocal imaging and analysed with EBSD analysis and

173



nanoindentation testing. For EBSD analysis, samples were coated with 4-6 nm of carbon for EBSD
analysis, with 5 nm Pt/Pd for SEM imaging. For laser confocal imaging and nanoindentation testing,
sample surfaces were not coated. The detailed experimental protocols can be found in Appendix sections
A.1, B.2 and B.4 of this thesis.

For each species, | prepared multiple samples of adult organisms. To relate microstructure and
nanomechanical properties, the EBSD and nanoindentation measurements reported in this section were
performed on the same samples and at similar locations. Shells of D. scalaris, sampled from the Tasman
Sea near the North Island, New Zealand, and P. puerpera, sampled from Olango island, Philippines,
were obtained from the Bavarian State Collection of Zoology. Shells of M. edulis were collected from
Naples harbour, Italy, and A. islandica was sampled near Dundas Islands, BC, Canada. Shells of the
remaining three species, O. stentina, T. planata and A. ephippium, have all been collected near

Benalméadena, Spain.

2.4.2 RESULTS AND DISCUSSION

Conservative myostraca

In this section, | introduce the terms “conservative myostraca” and “non-conservative
myostraca”. The majority of recent bivalve shells form rather conservative myostraca with a
microstructure that is largely influenced by a competitive crystal growth mechanism. Non-conservative
myostraca may feature crystal morphologies or textures that are indistinct and resemble the
microstructure of the adjacent, non-myostracal shell layers. It is worth noting that these two models are
not entirely distinguishable from one another. Instead, they comprise a wide spectrum of myostracal
microstructures, which are displayed in this section. Of the seven bivalve myostraca presented in this
section, three show microstructures that are distinct from the non-myostracal shell and are strongly
influenced by competitive growth parameters. The “hybrid myostraca” comprise two species showing
elements of a competitively grown microstructure but merge with the adjacent non-myostracal shell.
The other two myostraca resemble, to a large extent, the morphology and crystallographic texture of the

neighbouring, non-myostracal shell portions.

Of the broad range of myostraca analysed in this and other studies (e.g., Hampa, 2023; Le
Moine, 2022; Rathi, 2023), the myostraca directly adjacent to a calcitic shell portion, for example that
in the shell of O. stentina, can be considered to be the prototype for a conservative myostracum (Fig.
2.4-1). Due to the difference in structural-crystallographic characteristics of the foliated calcite layer
and of the adjacent aragonitic myostracum, there is no epitaxial growth of the initial myostracum crystal
on top of the adjacent template. Instead, small and isotropic aragonite crystals with an axial texture
comprise the first few pum of the adductor myostracum (Fig. 2.4-1a). Towards the inner shell surface,
crystals increase in size and form a microstructure of prismatic crystals with irregular grain boundaries.

Throughout the adductor myostracum, the texture remains strictly axial, with the aragonite c-axes
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oriented perpendicular to the inner shell surface. A continuous crystal orientation pattern is not visible
from the colour-coded EBSD measurement (Fig. 2.4-1a). Despite the apparent lack of crystallographic
continuity between the foliated calcite layer and the adductor myostracum, the c-axes poles of the two
layers appear to be oriented similarly. This is due to the “turbostratic-like” texture of the foliated calcite
in oyster shells, as described by Griesshaber et al. (2025). In this layer, one {106} plane of the calcite
crystals is oriented perpendicular to the inner shell surface, leaving the c-axes to form a circular
distribution relative to this plane direction. The resulting ring is indicated from the graded rotation of
a*- and c-axes in the pole figures (Fig. 2.4-1a); the complete texture is visible from measurements

comprising a larger section of the foliated calcite layer (e.g., Fig. 1.3-2).

As expected from their different microstructure and crystal crystallographic charcateristics, the
nanomechanical properties of O. stentina foliated and myostracal layers diverge strongly. Compared to
a non-biogenic calcite reference, the foliated layer shows a mean hardness that is improved by more
than 40% (Fig. 2.4-1b, ¢). The elastic indentation modules of the two calcite layers are comparably low,
and scatter in a range of 70-75 GPa. The aragonitic adductor myostracum of O. stentina has the highest
hardness of the four structures, reaching a mean value of 5.2 GPa. Compared to the geological aragonite
reference, the elastic indentation modulus is slightly decreased. Thus, the biomineralised O. stentina
shell and myostraca show improved nanomechanical properties compared to their non-biological
counterparts (Fig. 2.4-1b, c). In the foliated shell, this is achieved by the highly controlled crystal

organization and texture.

The purely aragonitic bivalve P. puerpera features a bimodal-like myostracum (Fig. 2.4-2).
Adjacent to a prismatic aragonite layer with an axial texture, the first ~50 um show a crystal morphology
that varies to the subsequent section of the adductor myostracum. Since the initial myostracum crystals
seem to epitaxially adapt the texture of the prismatic layer, the changeover is rather smooth (Fig. 2.4-
2a). The initial myostracum crystals are significantly larger (mean size 10 um) than the small crystals
in the prismatic layer (mean size 3 um) and have very sharp, irregular grain boundaries. A possible
explanation for this bimodal-like myostracum is that the initial section serves as a transitional layer
between the prismatic layer with its small, isotropic crystals, and the conservative myostracum of P.
puerpera that grows large, anisotropic crystals towards the inner shell surface (Fig. 2.4-2a). As reported
by Le Moine (2022), the myostracal layer of P. puerpera can reach a total thickness of more than 2 mm.

Despite the different crystal morphology of the transitional myostracum section, the
crystallographic texture and nanomechanical properties are equal to the adjacent myostracum section.
Hence, they are not differentiated in the graph displaying hardness and elastic indentation modulus (Fig.
2.4-2b). Both the prismatic layer and the adductor myostracum display improved nanomechanical
properties in comparison to a geological reference. On average, their elastic moduli are decreased by
about 15 GPa (Fig. 2.4-2c). Despite the rather large standard deviations (Fig. 2.4-2b, c), it is well-visible
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that the adductor myostracum has the highest average hardness (5.1 GPa), followed by the prismatic

aragonite (4.6 GPa) and surpassing the average hardness of the aragonitic reference (4.1 GPa).
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Figure 2.4-1. The microstructure and nanomechanical properties of different layers of an Ostrea stentina shell compared to
non-biogenic references. The foliated layer comprises thin (< 5 um), regularly interlocked sheets of calcite (a). The
“turbostratic-like” texture, shown by Griesshaber et al. (2025) for the foliated layer in O. stentina, is indicated by the gradual
axes shift in the calcitic pole figures (a). The aragonitic adductor myostracum exhibits an axial texture and a microstructure,
indicating predominantly competitive growth determinants (a). Towards the inner shell surface, crystals increase in size,
aspect ratio and crystallographic co-orientation (a). The hardness and elastic indentation modulus distribution (b) and mean
values (c) show the improved nanomechanical properties of the foliated calcite layer and myostracum compared to the non-

biogenic references.
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Figure 2.4-2. The microstructure and nanomechanical properties of the Periglypta puerpera myostraca and the adjacent
prismatic aragonite layer. The axial texture with c-axis orientations perpendicular to the inner shell surface is transmitted from
the prismatic layer to myostracum and continued in the latter (a). For the first 50 pm of the myostracum, prisms are rather small
and broad; however, they get longer and co-aligned towards the inner shell surface (a). The prismatic and the myostracal
aragonite in P. puerpera show higher hardness and slightly reduced elastic indentation modulus compared to the geological
reference (b). With an average hardness of 5.1 GPa when indented parallel to the inner shell surface, the myostracum is slightly
harder than the prismatic layer (b, c).

While D. scalaris myostraca show a crystallographic texture that very much resembles that of
the adjacent crossed-lamellar shell, the crystal morphologies of the two layers vary strongly (Fig. 2.4-
3). Since many elements of crystal growth by growth competition are visible, the adductor myostracum
can, thus, be considered to be a conservative myostracum, albeit its resemblance to the crossed-lamellar
orientation pattern (Fig. 2.4-3a). The texture of the myostracum is 3D “single-crystal-like” with two
maxima for the aragonitic c-axes, corresponding to each set of lamellae (described in more detail in
Chapter 2.2 of this thesis). From the changeover with the outermost crossed-lamellar layer to the
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changeover with the innermost complex crossed-lamellar layer, the texture of the adductor myostracum
only changes slightly (Fig. 2.4-3a). While the colour-coded EBSD map depicts an increase in crystal
size and aspect ratio towards the inner shell surface, the characteristics of a competitive growth process
are not as well developed as it is the case for O. stentina or P. puerpera shells. Polycyclic twinning is
visible in both, the myostracal prisms and the complex crossed-lamellar layer (yellow star in Fig. 2.4-
3a) of D. scalaris shells.
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Figure 2.4-3. The microstructure and nanomechanical properties of the Dosinia scalaris myostraca and the adjacent crossed-
lamellar aragonite layers. The 3D “single-crystal-like” texture of the outer crossed-lamellar shell (CL) is the template for
myostracal prism growth and mostly continues throughout the pallial myostracum (a). At the interface with the complex
crossed-lamellar layer (CCL), myostracal crystal orientations are transmitted to the initial complex crossed.-lamellar blocks
(yellow star in a). However, similar to Glycymeris shells (Chapter 2.1.4 of this thesis), this texture is not actively continued in
the complex crossed-lamellar shell and, thus, is lost after ~20um of the CCL shell (a). Indented parallel to the inner shell
surface, the crossed-lamellar and myostracal layers in D. scalaris show similar nanomechanical properties that exceed the
hardness of the reference while having lower average values for the elastic indentation modulus (b, ¢). The highest hardness in
D. scalaris shells was observed in the complex crossed-lamellar layer with an average hardness of 4.8 GPa (b, c).
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Compared to the nanomechanical properties of O. stentina and P. puerpera shells, the adductor
myostracum of D. scalaris is significantly softer. As visible from Fig. 2.4-3b, c, the mean hardness
values of the D. scalaris crossed-lamellar (4.3 GPa) and complex crossed-lamellar (4.8 GPa) shells are
higher or match the myostracum (4.3 GPa). All three shell layers show comparatively low elastic
indentation moduli, ranging from 94.4 to 97.3 GPa, with the complex crossed-lamellar layer displaying
the highest mean modulus. The increased hardness and low elastic indentation modulus of the crossed-
lamellar and complex crossed-lamellar shells can be explained by their relatively low organic content,
as shown for Glycymeris shells (Fig. 2.3-AP4). While the myostracal hardness in D. scalaris is slightly
higher than that of the geological reference, it is well below the hardness of other bivalves that have a
conservative myostracum (e.g., Chapters 2.2 and 2.3 of this thesis, Le Moine (2022)). Chapter 2.3.4
discusses that the myostracal microstructure in aragonitic bivalves is a result of epitaxial nucleation and
the competitive growth process. Since the developing microstructure is mostly determined by
competitive growth constraints rather than biological factors, the texture of the initial myostracum layer
at the changeover largely influences the microstructure of the adjacent crystals. Thus, it is possible that
the similarity of the myostracum and crossed-lamellar layer at the changeover prevents the formation of
a well-developed and distinctive adductor myostracum with corresponding and distinctive

nanomechanical properties.

Hybrid myostraca

Hybrid myostraca show distinct features of the adjacent, non-myostracal shell, as well as to
elements of a microstructure generated by a competitive growth mechanism. Although their myostracal
microstructures are different from one another, Anomia ephippium and Mytilus edulis are prime
examples of hybrid myostraca. Adjacent to the adductor myostracum, A. ephippium shells feature a
crossed-lamellar layer. Compared to other shells with crossed-lamellar layers, e.g., D. scalaris (Fig. 2.4-
3), the crystallographic orientations of the two first-order lamellar sets are poorly distinguishable, as
visible from the colour-coded map. Rather than having a single-crystal-like texture, the crossed-lamellar
layer of A. ephippium is axial, with the c-axes of both sets being, more or less, clustered perpendicular
to the inner shell surface (Fig. 2.4-4a). The adductor myostracum of A. ephippium follows the texture of
the crossed-lamellar layer, with a very smooth changeover between the microstructures (Fig. 2.4-4a).
Indeed, the two layers are only distinguishable from their grain morphologies. While the crossed-
lamellar crystals are small (< 5 um) and lath-shaped, myostracal crystals are long (up to 20 pum) and
needle-shaped (Fig. 2.4-4a). However, the most peculiar characteristic of the A. ephippium adductor
muscle scars when sectioning the shell along the applied cut is the alternating layers of “myostracum-
like” and crossed-lamellar sheets with varying thicknesses (Fig. 2.4-4a).

The inner shell surface of A. ephippium features three muscle scars, with the smaller adductor
myostracum surrounded by two larger scars generated by the attachment of the byssal retractor muscles
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(Tebble 1976). Therefore, this particular periodic microstructure of A. ephippium adductor muscle scars
is most probably caused by a temporary attachment of byssal retractor muscles to the shell. As described
in more detail in Section 2.1 of this work, muscle attachment causes the secretion of crystals with an
assembly pattern resembling a competitively-grown microstructure. However, as the muscles detach
from the shell, the organism continues the secretion of the purely biologically controlled layer, which in

this case is the crossed-lamellar shell.

Although grown shells of A. ephippium can reach large diameters of up to 7cm (Studencka
2018), their average total thickness is only a few mm. Through the limited space, both the adductor
myostracum and the “myostracum-like” sheets caused by byssal muscle attachment are relatively thin.
As indicated in Section 2.3 of this Thesis, a low thickness of the myostracal layer may impede certain
elements of a competitively-grown microstructure, such as the development of a sharp axial texture or
grain sizes strongly increasing away from the nucleation template. Even when the alternating layers of
“myostracal-like” and non-myostracal sheets are disregarded, the adductor myostracum in A. ephippium
shells can be considered to be a hybrid myostracum due to its microstructural resemblance to the

adjacent shell portion.

Compared to the geological aragonite reference, both the myostracum and the crossed-lamellar
layer of A. ephippium show decreased elastic moduli, surpassing the tested hardness of the geological
reference by about 1 GPa (Fig. 2.4-4b, ¢). Notably, similar to the results obtained for D. scalaris shells,
the adductor myostracum in A. ephippium, more or less, maintains the texture of the crossed-lamellar
layer. Furthermore, the nanomechanical hardness and elastic indentation modulus of the two aragonitic
microstructures in A. ephippium also show relatively similar mean values to one another (Fig. 2.4-4b,
c). This supports the suggestion that, besides a high degree of mineralisation, the key factor for high
nanomechanical hardness values is the crystallographic texture, namely, the orientation pattern of the
crystals. Accordingly, morphological factors, such as the size and shape of the grains, appear to
influence the nanomechanical properties of the Ca-carbonate biomaterial only to a lesser degree.

Comprising an even less distinct adductor myostracum, another example of a hybrid adductor
myostracum can be found in the shells of the well-investigated M. edulis. Similar to A. ephippium, the
shells of M. edulis have a thick outer layer of calcite that is separated from the myostracum by an
aragonitic layer, in this case, nacre (Fig. 2.4-5a). While the outer prismatic calcite layer has a single-
crystal-like texture with slightly graded a*-axes, the nacre tablets show an axial texture. This texture is
adopted by the adductor myostracum, a thin layer of individual aragonite crystals (Fig. 2.4-5a).
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Figure 2.4-4. The microstructure and nanomechanical properties of the Anomia ephippium myostraca and the adjacent crossed-
lamellar aragonite layer. The crossed-lamellar layer (CL) in A. ephippium does not comprise rigorous first-order lamellae with
a 3D “single-crystal-like” texture but appears poorly organised with an axial texture (a). Particularly for A. ephippium shells is
that the adjacent myostracum (MYO), inheriting and continuing the crossed-lamellar texture, is not always a singular secluded
layer but can appear and disappear periodically (a). In the thicker regions of the myostracum, prisms are needle-shaped, thin
(< 5 pum thickness) and have an axial texture (a). When indented parallel to the inner shell surface, the nanomechanical
properties of crossed-lamellar and myostracal layers in A. ephippium appear quite similar and are optimised compared to the
geological reference (b, c).
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Figure 2.4-5. The microstructure and nanomechanical properties of the Mytilus edulis myostraca and the adjacent prismatic
calcite and nacreous aragonite layers. The adductor myostracum in M. edulis shells is a thin sheet (< 5 um) of stacked prisms
that assume the texture of the adjacent nacre. Despite the slightly larger crystals, it is barely distinguishable from the nacreous
layer and shows similar nanomechanical properties, thus, the two microstructures were combined for (b) and (c). The
myostracum and nacre in M. edulis are slightly harder than the geological reference, and the indentation elastic modulus is
decreased by about 20 GPa (b, ¢). For the prismatic calcite, the modulus is slightly lower, and hardness is significantly enlarged
compared to the geological calcite reference (b, c). Indentation was performed parallel to the inner shell surface.
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Compared to the nacre tablets, the M. edulis myostracal crystals are slightly longer and larger
(~ 5 pm), however, the overall thickness of the myostracum is significantly smaller than that of all the
other species described in the previous chapters of this thesis. Despite the microstructural similarities to
the adjacent, non-myostracal layer, the M. edulis myostracum is undoubtedly distinguishable from the

nacre and can, therefore be classified as a hybrid myostracum.

As described in a previous study (Hoerl 2022) and validated with indentation measurements
(Fig. 2.4-5b), the nanomechanical properties of the M. edulis adductor myostracum and nacre are
virtually identical. Due to this fact and the small thickness of the adductor myostracum layer, the two
microstructures have been combined in Fig. 2.4.5b, c. The two aragonitic layers have a slightly increased
hardness of 4.3 GPa (compared to 4.1 GPa for the geological aragonite reference), while the elastic
indentation modulus is decreased by more than 20 GPa to about 84.3 GPa. Compared to a geological
calcite reference, the outer prismatic calcite layer also shows enhanced nanomechanical properties, with
a significantly increased hardness (3.6 GPa vs. 2.2 GPa) and a slightly decreased elastic indentation
modulus (70 GPa vs. 66.1 GPa).

Non-conservative myostraca

As the name suggests, non-conservative myostraca do not follow a distinct microstructural motif
but may come in many different characteristics and structures, many of which are not known yet. The
two non-conservative myostraca described in this work were observed in shells of Arctica islandica and
Tellina planata, two bivalve species that occupy different ecological niches. Shells of A. islandica can
be found in great depths and are frequently used in sclerochronological studies due to the longevity of
the organisms (Stott et al. 2010; Helama et al. 2014; Conti et al. 2024). They comprise a thick layer of
granular aragonite along the outer shell surface and feature a heterogeneous myostracum at the adductor
muscle scars (Fig. 2.4-6a). Rather than forming a distinct layer, the myostracum actually comprises
multiple sheets of varying thickness (5-50 um). The sheets comprise aragonitic crystals that range from
small granular crystals (a few um) to larger, prismatic crystals (up to 20 um) and are separated by thin,
organic-rich layers (see Fig. 2.4-6a and Le Moine (2022)). Both the adjacent granular shell layer and the
adductor myostracum have an axial texture with an MUD value of 25. Additionally, the broad c-axes
maximum in the contoured pole figure also indicates a relatively low crystallographic co-orientation
(Fig. 2.4-6a). The adductor myostracum shows no characteristics of typical microstructures generated
by competitive crystal growth parameters, such as increasing grain size and crystallographic co-
orientation with distance from the nucleation surface. In contrast, it rather resembles the adjacent

granular shell layer in both its microstructure and crystal texture.

Both the myostracum and, especially, the granular layer of A. islandica exhibit low values for
the tested elastic indentation modulus (Fig. 2.4-6b, c). The non-myostracal granular layer found in A.
islandica shells is surprisingly soft, albeit comprising aragonite crystals. With an average hardness of
1.8 GPa, it is significantly softer than the adjacent myostracum as well as non-biogenic aragonite and
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even calcite (Fig. 2.4-6b, ¢). Even the myostracum, a layer that usually stands out for its exceptional
nanomechanical properties, exhibits a comparatively low mean hardness of 3.3 GPa, which is markedly
lower than that of the aragonite reference (4.1 GPa). Although most biomineralised hard tissues exhibit
a relatively broad standard deviation when measuring their nanomechanical properties, the spread of
hardness data points in the A. islandica myostracum is notable (Fig. 2.4-6b, c). Correlating the
nanomechanical measurements with the observed microstructure, however, it appears that the spread in
hardness may be due to the microstructural heterogeneity of the A. islandica shells (Fig. 2.4-6). Another
possible explanation for the low hardness and high standard deviation is the non-conservative

microstructure formation mechanism, compared to competitively-generated myostraca.

The microstructure with the least distinct and conservative myostracum of all bivalves observed
in this study was found in Tellina planata shells. Similar to A. islandica, T. planata forms a granular
shell layer adjacent to the adductor myostracum. However, the granular layer in T. planata is not only
characterised by exceptionally small grains (few pum) but also by a single-crystal-like texture (Fig. 2.4-
7a). In contrast to the aragonitic crossed-lamellar layer, which is frequently observed in bivalve shells,
this texture is characterised by a single probability density maximum of the c-axes and only two major
maxima for the a- and b-axes. This factor, along with the tight clustering of c-axis orientations along the
texture direction, results in a well-co-oriented structure with a high MUD value of 178 (Fig. 2.4-7a).
The microstructure of the adjacent myostracum is almost indistinguishable from that of the granular
shell, featuring minute grains with homogeneous size and texture (Fig. 2.4-7a). The adductor
myostracum in T. planata shells, therefore, shows no characteristics of competitive crystal growth

determinants influencing its microstructure.

Regarding the nanomechanical properties observed for the different layers of T. planata shells,
the trend of comparatively soft myostracal layers in non-conservative myostraca continues: the T.
planata myostracum is not only markedly softer than the adjacent granular shell layer but also the
geological aragonite reference (Fig. 2.4-7b, ¢). Notably, it is not only the hardness but also, in particular,
the elastic indentation modulus that is decreased for the adductor myostracum (71.1 GPa), compared to
the granular shell (90.7 GPa) and the reference (105.2 GPa). The nanomechanical characterisation of
conservative myostracal layers for several species has usually shown a significant decrease in elastic
indentation modulus compared to the reference. However, the degree of reduction observed for T.
planata myostraca is unprecedented for bivalve myostraca and, once more, proves the distinctiveness

of this microstructure.

Although the standard deviations of hardness and elastic indentation modulus for both T. planata
layers are comparably large (Fig. 2.4-7b, c), their data sets are well distinguishable and do not appear to
be associated. This contradicts the microstructural similarities that were observed via EBSD analysis. A
reason for this discrepancy could be the combination of granular microstructural features with an

enlarged content in intragranular organic material, similar to conservative myostraca (See Fig. 2.3-AP4).
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Figure 2.4-6. The microstructure and nanomechanical properties of the Arctica islandica myostraca and the adjacent granular
layer. The adductor myostracum in A. islandica shells comprises multiple sheets of granular to prismatic grains with variable
sizes. The myostracal sheets are separated by a thin sheet rich in organic material (red stars in a) or a sudden change in prism
size (white star in a). The axial texture of the myostracum is assumed from the granular layer, and the myostracum lacks typical
characteristics of competitive growth determinants, such as increasing crystal co-orientation or size towards the inner shell
surface. The granular shell of A. islandica shows a very low hardness and indentation elastic modulus when indented parallel
to the inner shell surface (b, c). Although slightly harder, the hardness and elastic indentation modulus of the A. islandica
myostracum are also significantly lower than those of non-biological aragonite (b, ¢).
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Figure 2.4-7. The microstructure and nanomechanical properties of the Tellina planata myostraca and the adjacent finely
granular layer. The crystal size, morphology and texture of the myostracum layer are barely distinguishable from the finely
granular shell and do not show any characteristics of a competitive crystal growth mechanism (a). The white star in (a) indicates
a gap between the resin and shell, which is a result of sample preparation and is not part of the myostracum. The hardness and
elastic indentation modulus of the T. planata myostracum, when indented parallel to the inner shell surface, are lower than the
values observed for finely granular or geological aragonite (b, c). The finely granular shell has a similar hardness to the
reference; however, the observed elastic indentation modulus is significantly decreased to an average value of 90.7 GPa.
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The interrelation between competitive growth features and nanomechanical properties

In addition to previous work (Chapters 2.1 to 2.3 of this thesis), this section highlighted the
microstructures and nanomechanical properties of myostracal and non-myostracal layers in seven
additional bivalve species. The combination of nanomechanical testing and high-resolution EBSD
analysis shows a clear trend between myostracal material properties and the influence of competitive
growth parameters on microstructure generation. As summarised in Table 2.4-1, those myostraca that
follow a microstructure generated predominantly through competitive growth determinants tend to have
a higher hardness and elastic indentation modulus than the non-conservative myostraca. It is essential
to consider the impact of the adjacent shell layer on the development and properties of the myostracum.
Myostraca that are directly adjacent to a calcitic shell layer, such as the foliated calcite in O. stentina
shells, tend to have a microstructure comprising a strictly axial texture that exhibits distinct features of
a competitive growth mechanism and is not influenced by the prior layer. All investigated myostraca
adjacent to an aragonitic layer initially adopt the texture from the previous microstructure. If the
adductor myostracum grows conservatively under a large influence of competitive growth parameters,
this texture will gradually vanish with distance from the adjacent layer: Crystals that have their
crystallographic c-axis (the fastest-growing axis in aragonite) oriented parallel to the growth direction
can outcompete misaligned crystals, and the initial texture is gradually converted to an axial texture.
Since this conversion process occurs on a large scale (tens to hundreds of pum), myostraca adjacent to
aragonitic layers may sometimes exhibit a less pronounced degree of competitive growth features and,
instead, resemble the adjacent shell layer. This may explain the slightly lower hardness and elastic
indentation modulus observed for these myostraca (Table 2.4-1).

The non-conservative myostraca (e.g., in A. islandica and T. planata) do not, or only to a limited
extent, exhibit features of microstructure generation through competitive growth parameters (Figs. 2.4-
6, 2.4-7). The non-conservative myostraca investigated in this section show the lowest average values
for both hardness and elastic indentation modulus. This leads to the conclusion that certain
characteristics of conservative microstructure generation through competitive growth parameters can
enhance the hardness of biomineralised hard tissues, such as myostraca. The most probable reason for
this, as suggested by Castro-Claros et al. (2021), is that the organic material in conservative myostraca
is distributed differently than in the other shell layers. In contrast to non-myostracal layers, where
organic matter is mostly found along grain boundaries, most of the organic material in myostracal layers
is located within the grains, e.g., as bundles of collagen-rich fibres penetrating the large prisms (Castro-
Claros et al. 2021). This may yield advantages in the propagation of small cracks, thereby improving

the nanomechanical properties.
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Table 2.4-1. Nanoindentation results for indentation maps performed on the adductor myostraca of the seven bivalve species.
The species are sorted by the influence of the competitive growth process on their respective myostracal layers. The mean
values for hardness and indentation modulus of the seven bivalves indicate a trend towards higher hardness and indentation
elastic modulus for those myostraca that crystallised predominantly under competitive growth determinants. This contrasts
species where myostracum formation is little influenced by competitive growth determinants. All specimens were measured
with the indentation direction parallel to the inner shell surface.

A
myostracum hardness [GPa] modulus [GPa]

Ostrea stentina Foliated calcite

Periglypta puerpera Prismatic aragonite oAl 91

Dosinia scalaris Crossed-lamellar aragonite 4.9 97

Anomia ephippium Crossed-lamellar aragonite 5.0 94

Mytilus edulis Nacreous aragonite 4.3 84

Aretica islandica Granular aragonite 33 80

ssao01d Imord a:\ug]aduloa
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Tellina planata Finely granular aragonite i 71

The mechanism causing the presence or absence of competitive growth processes in bivalve
shells is not yet fully understood. While conservative myostraca bear tremendous contract force (Castro-
Claros et al. 2021) and show an exceptional hardness that surpasses that of non-biological aragonite,
non-conservative myostraca have an outstandingly low elastic indentation modulus, i.e. the layer is less
stiff. Therefore, it is possible that, depending on the lifestyle and environment of the bivalve, generating
a distinct myostracum with large, rigid grains may be less favourable than hybrid or non-conservative
myostraca. It also seems possible that the different degrees of competitive growth parameters can arise
from structural differences in the adductor muscles or be predetermined by the type of microstructure
adjacent to the myostracum. However, the latter has not yet been investigated and requires the in-depth

characterisation of the shell and, in particular, myostraca of several more bivalve species.
2.4.3 CONCLUSIONS

In contrast to most other microstructures found in bivalve shells, the texture and grain morphology
of the myostracum can vary significantly, both within a single layer and across multiple species. In
contrast to some previous studies, which classified the myostracum as a well-defined shell structure that
is conservative across most molluscan classes and genera (Lowenstam & Weiner 1989; Dong et al.
2022), the results of this study show that their microstructure is more complex than anticipated. Through
the combination of high-resolution EBSD measurements and nanoindentation testing, the following

conclusions can be deduced:

1. While most bivalve species form myostraca with microstructures determined predominantly by
competitive crystal growth parameters, some species form hybrid or non-conservative
myostraca that resemble, to varying degrees, the microstructure of the adjacent non-myostracal
shell.
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Myostraca adjacent to outer aragonitic shell layers initially assume the texture of the adjacent

shell microstructure and generally show a smooth interface with the latter.

If the myostracum grows conservatively under a large influence of competitive growth
parameters, the initial texture gradually vanishes into an axial texture with the crystallographic
c-axes oriented parallel to the growth direction.

If the myostracum grows non-conservatively, the texture and microstructure of the adjacent
shell are continued into the myostracum.

Myostraca being not adjacent to outer aragonitic layers but neighbouring, e.g., a calcitic

microstructure, always grow conservatively. Rather than showing a smooth changeover with
the adjacent layer, the interface is sharp, and the texture is not transmitted onto the myostracum.
Although the initial crystals are often small (a few um) and isotropic, towards the inner shell
surface, the microstructure develops into large (up to 50 um) prismatic crystals with a distinct
axial texture.

Due to its heterogeneity at different growth stages, the myostracal microstructure is influenced
not only by competitive growth parameters but also by the total thickness of the myostracal
layer. Myostracal layers can be thin, comprising only a single layer of small crystals (5 um), or
reach a remarkable thickness of up to 2 mm.

Despite the relatively similar axial texture of most myostraca, their nanomechanical properties
can vary significantly, directly depending on the development of competitive growth
characteristics. Non-conservative myostraca generally exhibit low hardness and a low elastic
indentation modulus, whereas conservative myostraca have high hardness and a medium elastic
indentation modulus.

If the shell layer adjacent to the myostracum is aragonitic, the nanomechanical properties of the
non-myostracal shell portions show large similarities to the myostracal layer: For the soft non-
conservative myostraca, the granular aragonite layers were also soft. For the hard conservative

myostraca, the crossed-lamellar or prismatic layers were also hard.
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Abstract

The movement of valves of bivalved invertebrates is enabled through the action of muscles and
the interplay between the muscles and the hinge ligament. The muscles that move the valves attach to
their internal surface. To promote the structural integrity at the mechanically mismatched interfaces, a
specific crystal microstructure and texture are present at the muscle attachment sites. These are different
from the crystal microstructure and texture of the rest of the valves. We present here for modern two-
and three-layered brachiopod shells (Magellania venosa, Liothyrella neozelanica and Gryphus vitreus)
the mode of crystal organisation at sites of adductor and diductor muscle attachments, (i) relative to the
microstructure and texture that forms the other sections of the valves and (ii) relative to crystal
organisation of muscle attachment sites of bivalved invertebrates of other phyla, namely, species of the
class Bivalvia. We discuss similarities/differences in Ca-carbonate phase, microstructure and texture
between rhynchonellate brachiopods and bivalves, and discuss whether the Ca-carbonate crystal
organisation of muscle attachment sites is convergent for bivalved marine organisms. We show
significant differences in muscle attachment site architecture and highlight the different structural

solutions developed by nature for shells of marine organisms that serve the same purpose.
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2.5.1 INTRODUCTION

The ability to initiate valve movement and to maintain gape is of fundamental importance for
bivalved invertebrates, such as bivalves or brachiopods. The latter organisms are filter feeders, and
opening their valves and keeping them open for a prolonged period enables the circulation of nutrient-
loaded waters between the valves and guarantees their survival (Angiolini et al. 2019; Hirose & Endo
2021; Vinn et al. 2024). It is equally important to close the valves quickly and keep them tightly shut in
the face of an external threat to protect the soft tissue and the organs (Bengtson 2005; Peel 2015). Valve
movement requires the action of muscles. Brachiopods use their adductor and diductor muscles to
control valve opening and closure, and use their (pedicle) adjustor muscles to orient the shell as a
whole, relative to the substrate (e.g., LaBarbera 1978; James et al. 1992; Alexander 2001; Hoel 2008;
Hirose & Endo 2021). For valve activities, bivalves always utilise their adductor and pedal muscles in
combination with their hinge ligament (e.g., Yonge 1973; Kahler et al. 1976; Tremblay et al. 2015;
Ponder et al. 2019).

Invertebrate hard tissue secretion is performed by epithelial mantle cells that line the inner valve
surface (Simkiss & Wilbur 1989; eds. Rowley et al. 2022). The invertebrate epithelial cell layer
comprises different types of secreting cells (Simkiss 1988; Simkiss & Wilbur 1989; Ponder et al. 2019;
Simonet Roda et al. 2019b; Checa et al. 2025). Specialised epithelial cells differ in ultrastructure from
those that secrete the crystals of the rest of the shell (Castro-Claros et al. 2021). It has been shown for
bivalves that the morphology and arrangement of crystals of those valve sections where the muscles
attach differ significantly from the morphology and organisation of crystals that form the other sections
of the shell (Lee et al. 2011; Dong et al. 2022; Hoerl et al. 2025b).

Crystal shape, microstructure, and texture of bivalve muscle attachment sites, the myostraca,
have been extensively investigated (Dong et al. 2022; Hoerl et al. 2024b; Hoerl et al. 2025b), and
profound knowledge has been accumulated on myostracal crystal formation, morphology and
organisation. It has been shown that bivalve myostraca are always aragonitic, even when the shell
consists of calcite (Hoerl et al. 2024b; Hoerl et al. 2025b) and have, in general, but not exclusively (see
Chapter 2.4 of this thesis), a very specific microstructure and texture (Hoerl et al. 2024b; Hoerl et al.
2025b). The outstanding microstructure and texture of bivalve muscle scars are largely the result of
the crystal growth process that governs the growth of the myostracal crystals, namely, crystal growth
through growth competition. When crystals form through growth competition, in biogenic as well as
inorganic environments, due to high supersaturation, many crystallites form at nucleation and, at
growth, compete for space (Stevens et al. 2017; Crippa et al. 2020a). With ongoing growth, only
crystals with their growth vector normal to the orientation of the nucleation template grow to large
entities (Sanchez-Navas et al. 2013; Stevens et al. 2017; Crippa et al. 2020a). The effect of the
competitive growth process is that, with progressive growth, there is a strong decrease in the number of

crystals, accompanied by a strong increase in crystal size. Furthermore, for bivalves, myostracal
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aragonite c-axes become aligned in parallel and oriented normal to the inner shell surface and parallel
to the orientation of organic filaments that connect the muscle fibres to the crystals of the myostraca
(Nakahara & Bevelander 1970; Nakahara & Bevelander 1971; Crippa et al. 2020a; Le Moine 2022;
Rathi 2023; Hoerl et al. 2024b).

The assembly of competitive-growth-generated myostracal crystals has been observed for
species of many bivalve genera (Taylor et al. 1969; Taylor et al. 1973; Dong et al. 2022) and,
accordingly, it has been suggested that bivalve myostracal microstructure is conservative (Dong et al.
2022). This is not entirely the case, as: 1. The myostracal crystal organisation of more than 30 bivalve
species from 11 bivalve orders was observed and, even though many species secreted their myostraca
with a competitive growth induced crystal organisation, for some species, the myostracal crystal
microstructure did not imply that the crystals grew through growth competition (Chapter 2.4 of this
thesis). 2. Recent work demonstrated that the competitive growth-generated bivalve myostracal
microstructure is inconsistent (Hoerl et al. 2024b; Hoerl et al. 2025b). Influencing factors for the
modulation of the bivalve myostracal microstructure and texture were (i) the microstructure and texture
of the template, of the shell layer where the myostracal crystals nucleate, and (ii) adaptation of shell
microstructure and texture for survival in different environments (Hoerl et al. 2024b; Hoerl et al. 2025b;
Chapter 2.4 of this thesis). Hence, when investigated in great detail, even though comparable, myostracal

microstructure and texture cannot be considered conservative across the Bivalvia.

Organisms of the class Rhynchonellata (phylum Brachiopoda) are sessile, filter-feeding and
form calcitic shells (Williams et al. 1965; Cusack & Williams 2001; Garbelli et al. 2017). They are
widespread in many marine environments (Williams et al. 1965; Peck et al. 1997; Williams et al. 2000;
Harper et al. 2004; Peck & Harper 2010; Harper et al. 2017; Cross et al. 2018; Ye et al. 2019; Bitner
2021). Like bivalves, brachiopods need to open and close their valves quickly and maintain them in an
open or closed position for extended periods (Richardson 1986; Robinson 2014). Furthermore, cell
ultrastructural studies have shown that the connection of muscle fibres to the muscle attachment sites
and the ultrastructure of the muscle attachment site secreting cells are similar for rhynchonellate
brachiopods and bivalves (MacKinnon 1977; James et al. 1992; Paniagua et al. 1996; Ponder et al. 2019;
Castro-Claros et al. 2021). Accordingly, the following questions led to the present study: 1. As
brachiopods are also bivalved marine organisms that depend upon valve opening and closure, but are
not closely related (Helmkampf et al. 2008), do we see similarity in carbonate phase, crystal morphology
and crystal organisation between brachiopod and bivalve muscle attachment sites? 2. Does the
brachiopod muscle attachment site also have a competitive growth-related microstructure and texture?
3. Brachiopod, bivalve and gastropod muscle attachment site crystals are secreted by specialised cells.
The attachment of the muscle fibres to the crystals of the muscle scar is comparable for brachiopods,
bivalves and gastropods (Nakahara & Bevelander 1970; Tompa & Watabe 1976; MacKinnon 1977).
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Thus, is the structure and crystallography of the muscle attachment section of the valves convergent

across the phyla of Brachiopoda and Mollusca?

In this contribution, we highlight and discuss the crystal organisation of muscle attachment
sites for two and three-layered modern rhynchonellate brachiopod shells, namely, for Magellania
venosa (Dixon, 1789; two-layered shell), Gryphus vitreus (Born, 1778; three-layered shell) and
Liothyrella neozelanica Thomson, 1918 (three-layered shell). Rhynchonellate brachiopod shells
consist of a maximum of three layers (e.g., Simonet Roda et al. (2022) and references therein). All
rhynchonellate brachiopod shells have a primary and a fibrous shell layer. The primary layer forms
the outer shell layer, and the fibrous layer forms the inner shell layer. G. vitreus and L. neozelanica
form their shell of three layers: a primary, a fibrous, and an innermost columnar layer (Simonet Roda
et al. 2022; Crippa et al. 2025). For the G. vitreus shell, we found that the three shell layers are
positioned next to each other; for the L. neozelanica shell, we observed a sequential alternation
between the fibrous and the columnar microstructure at the inner part of the shell (Goetz et al. 2009;
Simonet Roda et al. 2022). In addition to the questions above, this study examines a possible difference
or similarity of the crystal organisation at muscle attachment sites between two-layered and three-

layered shells, i.e., when the muscles attach to fibres or columns.

Although there are very many similarities between lifestyle, living environment, the
biomineralisation system, valve action and utilisation of muscle types for valve movement between
Bivalvia and Rhynchonellata, we found that the muscle attachment sites as a whole, their structural
characteristics and imprint appearance differ significantly. However, we found that the microstructure
of the muscle attachment site is changed for species of both invertebrate classes (Rhynchonellata and
Bivalvia), relative to the microstructure of those shell sections where muscles do not attach. A possible
reason for the latter could be that specialised, cuboidal cells secrete the muscle attachment site crystals
for species of both invertebrate classes. In contrast, the remainder of the shell is secreted mainly by

columnar epithelial cells (Bubel 1984; James et al. 1992).

We found similar structural characteristics of muscle attachment sites between
Rhynchonellata and Bivalvia in crystal texture and carbonate crystal c-axis orientation, irrespective
of the developed Ca-carbonate phase (calcite or aragonite) of the muscle attachment site crystals. The
latter appears to be an important requirement for a tight and strong connection between the muscle
strands and the crystals (Castro-Claros et al. 2021). For species of both invertebrate classes, the
strength of the muscle strand-crystal attachment is achieved with the insertion of collagen fibrils,
derived from the apical microvilli of the tendon cells, into the crystals. Interestingly, this fundamental
process, namely the insertion of polymer fibrils into the muscle attachment site crystals and their
morphological orientation, is present for both rhynchonellate and bivalve species. However, it is
unclear whether the two classes developed this trait independently (Weiner & Dove 2003; Dove 2018;
Gilbert et al. 2022a; Wernstrom et al. 2022).
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2.5.2 MATERIALS AND METHODS

Materials

We investigated the occurrence and the distribution of muscles and the structure, microstructure
and texture of their attachment sites to the valves for the modern brachiopods Magellania venosa (Dixon,
1789), Liothyrella neozelanica Thomson, 1918, and Gryphus vitreus (Born, 1778). M. venosa was
sampled at Comau Fjord, southern Chile, L. neozelanica at Doubtful Sound, New Zealand, and G.
vitreus near Montecristo, Italy. Samples were collected alive from different depths, and care was taken
not to damage the soft tissue upon collection. We investigated ten specimens of M. venosa, six
specimens of G. vitreus and three specimens of L. neozelanica. Only those shells were examined where
the valves were fully and tightly shut. This ensured that, at very careful opening of the valves, the

muscles were still attached in their original position to the calcite of the valves.

Sample preparation

The shells were air-dried and, subsequently, the valves were opened. First, the lophophore and
the lophophore support were removed. Then, the coelomic epithelium, the epithelial cover that shields
the brachiopod musculature, was removed. For removal of the latter, only tweezers were used; we did

not use any chemicals or water to expose the muscles.

The shells were cut dry for electron backscatter diffraction (EBSD) preparation, and the saw
blade was not cooled with water. This ensured that, upon embedding into EPON epoxy resin, the muscle
fibres were still at/adjacent to the calcite of the valves. The latter also enabled us to discriminate between
valve sections where the striated and/or smooth adductor muscle fibres attach. The valves, hinge and
muscles were cut perpendicular to the mirror plane of the shell (Fig. 2.5-S1A), and shell/muscle slices
were embedded into epoxy resin. We also investigated cross-sections through the anterior part of the
valves; here, muscles are not present. All shell muscles of Rhynchonelliformea are concentrated within
the posterior part of the shell (Fig. 2.5-S1A). The embedded shell and muscle samples were subjected
to several mechanical grinding and polishing steps. The grinding and polishing agents were not water-
based, but oil-based. The final preparation consisted of etch-polishing in a vibratory polisher, performed

for 15 minutes. For measurements, the samples were coated with 4-6 nm of carbon.
Methods

First, we identified the shell regions where the different muscles attached to the valves. This
occurred via micro-computed tomography (Phoenix V[tome|x S 240; GE HealthCare, USA), as visible
in Supplementary Video S1. Subsequently, the valves were imaged with the different types of muscles
still in place with a Digital Microscope (VHX-7000, Keyence Japan), a Confocal Laser Scanning
Microscope (VK-X1000, Keyence, Japan), a Field Emission Scanning Electron Microscope (FE-SEM;
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SU5000, Hitachi, Japan) and an Environmental Scanning Microscope (Quattro S, Thermofisher
Scientific, USA). EBSD measurements were carried out with a Hitachi SU5000 FE-SEM, equipped with
an Oxford Instruments Nordlys Nano EBSD detector. EBSD scans were taken at 20 kV and were
performed with a step size of 300 to 800 nm. EBSD data were evaluated with the Oxford Instruments
AZtecCrystal 3.0 and HKL Channel 5.0 softwares. For indexing the calcitic EBSD patterns, we used the
unit cell setting: a=b = 4.99 A and ¢ = 17.07 A. Rather than providing the crystallographic texture for
the bulk sample, data obtained via EBSD measurements does not exceed 50 pm x 50 pm x 10 nm.
However, in contrast to X-ray diffraction or neutron diffraction, the texture is not only shown by pole
figures for the bulk sample, but can be determined for small regions or layers. For shells of each species,
the crystallographic texture is generally consistent, as indicated by additional unpublished
measurements and Supplementary Figures 2.5-S5 to 2.5-S7. The EBSD pole figure coordinate system

is indicated in Fig. 2.5-7 and applies to all measurements shown in this study.

In almost all figures, we show a sketch of the topological relationship between the muscles and
their attachment to the dorsal and ventral valves. The sketch was inspired by Figure 22 of James et al.
(1992), but redrawn and modified to highlight the specific muscles shown in the figure. An in-depth
terminology of the biological and structural terms used in this work can be found in Appendix Section
A.1 of this thesis.

2.5.3 RESULTS

In this study, we investigated the structural organisation and crystallography of the crystals at
the attachments of valve-moving muscles to the valves. First, we describe the different muscles that
move brachiopod valves. Subsequently, we describe the crystals to which the muscles attach. M. venosa
is the largest modern rhynchonellate brachiopod,; it secretes the thickest shell and is the largest of the
three investigated species. Accordingly, it forms large-sized muscles, relative to the muscles of L.
neozelanica or G. vitreus (Fig. 2.5-1) or other modern rhynchonellate species. As the large-sized muscles
were easier to localise, we concentrated our ultrastructural description of the muscles on the muscles of
M. venosa, complemented, however, with findings on L. neozelanica and G. vitreus. When describing
the different muscles in Figs. 2.5-1 to 2.5-6, 2.5-S2 to 2.5-S4, a modified sketch of James et al. (1992)
was added to illustrate the arrangement of the different muscles relative to each other, highlighting their
attachment positions onto the valves. We investigated the attachments of all three brachiopod muscles

to the valves and examined the latter for both valves.

Figures 2.5-1 to 2.5-6 and 2.5-S2 to 2.5-S4 highlight ultrastructural characteristics of the
muscles used by modern rhynchonellate brachiopods for valve and shell movement. The adductor
muscles close the valves, the diductor muscles open them, the (pedicle) adjustor muscles move the shells

as a whole for orienting them appropriately to, e.g., currents and/or light (McCammon 1971; Ackerly
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1991; James et al. 1992; Ackerly 1993). Figures 2.5-7 to 2.5-12 visualise the crystal organisation in
those valve sections where the muscles attach. This study focuses on the morphological, arrangement,
and crystallographic characteristics of valve crystals at attachments of adductor muscles, whose function
— the closure of the valves — induces higher stresses at these attachment sites. This study analysed the
crystallographic microstructure, carbonate phase, crystal texture, and co-orientation strength. The
investigated shells were sectioned in one direction, perpendicular to the mirror plane through the shell
(Fig. 2.5-S1A). Cross-sections were obtained through the valves and the muscles. When investigating
the crystals at muscle attachments, we scanned with EBSD those valve portions where the attaching
muscles could still be seen in SE micrographs (e.g., Figs. 2.5-9E, 2.5-10B, SE micrographs of Fig. 2.5-
12B, C). This ensured that the EBSD measurements were performed at valve sections where the muscle
bundle was attached. Nonetheless, for each investigated species, we scanned with EBSD also valve
portions that were distant from the muscle attachment sites (e.g., Figs. 2.5-7A, 2.5-10A, 2.5-12A). These
scans were used as a reference for shell microstructure and texture, which is intrinsic to the hard tissue

of a particular brachiopod species.

The shell of modern rhynchonellate brachiopods consists of a maximum of three shell layers.
Most species only form an outer primary and inner fibrous shell layer; however, some species secrete a
third shell layer of prism-to-column-shaped crystals (Simonet Roda et al. 2022). We investigated the
crystals at adductor muscle attachment sites of Magellania venosa, Liothyrella neozelanica and Gryphus
vitreus. The shell of M. venosa consists of two layers and two microstructures, namely, an outer primary
and an inner fibrous shell layer (this study and Simonet Roda et al. (2022)). The shells of L. neozelanica
and G. vitreus consist of three shell layers and three different microstructures. Both have an outer
primary layer followed inward by a fibrous and a columnar shell layer (this study and Simonet Roda et
al. (2022)). However, we found an alternation between the fibrous and the columnar microstructures in
L. neozelanica shell cross-sections (Figs. 5D, 6 in Goetz et al. (2009)). This feature is not observed for
the shell of G. vitreus. For G. vitreus, the primary layer, fibrous and columnar microstructures are next
to each other and do not form sequential alternations, as is the case for L. neozelanica (this study and
Simonet Roda et al. (2022)).

The muscles of M. venosa, L. neozelanica and G. vitreus assemble within the posterior part of
the shell cavity, generated by the hinged ventral and dorsal valves (Figs. 2.5-3A, 2.5-5A, 2.5-6A). As a
mirror plane runs through rhynchonellate brachiopod valves (Fig. 2.5-S1A), the adductor, diductor and
adjustor muscles are developed in pairs (Figs. 2.5-1, 2.5-S1B). As illustrated in Supplementary Figure
2.5-S1B, a pair of adductor muscles attaching to the dorsal valve can be divided into two branches, the
striated and smooth adductor muscles (Fig. 2.5-S1C). Here, the combination of one striated and one

smooth adductor muscle branch is termed an adductor muscle segment (Fig. 2.5-S1B, C).
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Figure 2.5-1. The shell, valves and different muscles of the brachiopod species investigated in this study: Magellania venosa
(B), Liothyrella neozelanica (C) and Gryphus vitreus (D). A: Sketch, modified after (James et al. 1992), depicting the two
brachiopod valves and indicating the structure and attachment positions of adductor, diductor and adjustor muscles to the valves
as well as the attachment location of the tendon of merged the dorsal valve adductor striated and smooth muscles. The valve-
moving muscles of rhynchonellate brachiopods develop in pairs. Thus, within the shell cavity, there is always a pair of
adductors (red arrows in B to D), a diductor and an adjustor muscle bundle. In addition, each adductor muscle of the pair of
adductors consists of two branches (white and blue arrows in B to D). For all three investigated species, the pair of adductor
muscles branches is well visible, positioned left and right of the hinge (blue and white arrows in B to D) and consisting of the
smooth and the striated adductor muscle fibres (shown in Figs. 2.5-6, 2.5-S2).
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Figure 2.5-2. Bundles of adductor muscle fibres that attach to the dorsal valve of Magellania venosa. The thickening of the
dorsal valve at the attachment sites of the muscles and the hinge is well observable from the micrograph (yellow arrows in A)
and backscattered electron images (B). However, for the investigated species, we observed specifically thickened valve sections
not just at the muscle attachment sites, as is the case for the muscle scars of hivalves (Fig. 2.5-13A and Hoerl et al. (2024b)),
but also near the hinge (red box in B). White arrows in the micrograph C point to bundles of striated adductor fibres.

A pair of diductor and a pair of adjustor muscles attach their base to the ventral and the dorsal
valves (Figs. 2.5-3 to 2.5-5). At the dorsal valve, a pair of specific adductor muscles is attached (Figs.
2.5-1, 3). These merge and form one tendon, which attaches to the ventral valve (Figs. 2.5-3, 2.5-5). For
all three investigated species, the pair of adductor muscle that attaches to the ventral valve has a segment
attaching to the left and another to the right of the median septum of the hinge (Figs. 2.5-1, 2.5-2). Each
adductor muscle segment consists of two branches. This is well-observable for all three investigated
species (Fig. 2.5-1). The two adductor branches are positioned next to each other, nonetheless, are

delimited spatially from each other, as one adductor branch attaches to the valve behind the other
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adductor branch (Figs. 2.5-1, 2.5-S2). Accordingly, for all three investigated species, we observed
different attachment positions for the two adductor branches. Based on muscle ultrastructure, our study
shows that the two branches of the dorsal valve adductor muscles consist of different types of muscles.
One branch is formed of smooth, the other of striated muscles (Figs. 2.5-6, 2.5-S2).
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Figure 2.5-3. A: 3D image visualising the adductor and adjustor muscle pairs of a Magellania venosa shell, their arrangements
within the shell cavity and their attachment positions to the valves. Note that the muscles are positioned in the posterior part of
the shell cavity, generated by the hinged dorsal and ventral valves. See the two branches for one of the adductor pairs (blue and
white circles in A), attached to the dorsal valve and well separated. The branches and two pairs of adductor muscles converge
into a tendon that attaches to the ventral valve (yellow circle in A). B, C: Sketch indicating the different muscles and visualising
their position on the inner surface of the ventral and dorsal valve. D: The course of the pairs of the diductor and adjustor
muscles, attaching to the ventral valve of a M. venosa shell. The difference in muscle size and attachment position to the valve
is well observable. Note the position of the tendon (yellow circles in B, D) that originates from the confluence of the ventral
valve adductors and their branches.
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Figure 2.5-4. A: sketch visualising the different types of muscles that initiate movement of the Magellania venosa ventral and
dorsal valves. B: view onto the pairs of adductor, diductor and adjustor muscle bundles. C to F: view onto the diductor and
adjustor muscle bundles and fibres.

Following the adductor muscles, the diductors are the next largest, valve-moving,
rhynchonellate muscles (Figs. 2.5-3B, 2.5-4, 2.5-5). Their attachment site to the dorsal valve is minute,
unlike their attachment site to the ventral valve. We found large diductor muscle attachment sites onto
the ventral valves, positioned left and right to the adductor tendon (Figs. 2.5-3D, 2.5-5C, F). When the
diductor muscle bases are viewed from above, a pair of slightly overlapping diductors are visible,
attaching to the ventral valve (Fig. 2.5-5C, F). Of the three valve/shell-moving muscles, the smallest
muscle is the adjustor muscle (Fig. 2.5-5E). As is the case for the diductor muscles, the attachment sites
of the adjustor muscles onto the dorsal valve are also minute. However, when attaching to the ventral
valve, the adjustor attachments increase considerably in size and curve around the attachment of the
diductor muscle (Fig. 2.5-3D). The adjustor muscles run partly behind the diductor muscles (Figs. 2.5-
3D, 2.5-5E). Thus, when viewed from above, we found in a row, however, in a stepped arrangement,
the attachment of the adductor tendon, that of the diductors and, close to the valve margin, that of the

adjustors.

200



@ ~ Smooth
adductors

QU Striated
adductors

@ ~ Diductors

R

@ 7~ Adjustors

A Confluence of
dorsal valve
adductors

Tendon of

merged dorsal
valve adducto

Figure 2.5-5. A to E: Top and side views of the different muscles of Magellania venosa. B: Sketch, visualising the positions
and attachments of the muscles to the internal surface of the ventral and dorsal valves. D: Side and top view of the confluence
of the dorsal valve adductors into a single tendon (black arrows in D). E: Top view of the adjustor muscle bundles (highlighted
by green arrows). F: Top view of the diductor muscle bundles. Note that these slightly overlap. C, F: See the surface of the
tendon, formed of the dorsal valve adductors (yellow circle in F). See the tendon being positioned between the diductors and
that the diductors are slightly offset to the tendon. Note that the adjustors are behind the tendons and the diductors and are
closest to the valve (insert in E, F). Hence, the tendon, diductor and adjustor muscles are positioned close to each other in a
row, even slightly overlapping.

It is interesting to find that, for the investigated species, all three muscles have, on one end, a
small, on the other a large thickness (e.g., sketched in Fig. 2.5-1A). Furthermore, it should be noted that
the large base of the adductors and the small bases of the diductors and adjustors attach to the dorsal

valve. In contrast, the large bases of the diductors and adjustors attach to the ventral valve. At the same
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time, the extent of the attachment site of the adductor tendon is rather small when compared to the
attachment size of the adductors onto the dorsal valve. Hence, we found a structured distribution of
muscle attachments on the two brachiopod valves for the investigated species and the investigated
muscles.
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Figure 2.5-6. A, B, D and E: The branches of one Magellania venosa dorsal valve adductors. See the difference in structure
between the smooth and striated adductor branch; see also Fig. 2.5-S2. C: Sketch visualising the muscles that move the valves
of modern rhynchonellate brachiopods.
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Figure 2.5-7. A to D: Structure, microstructure and texture of calcite fibre arrays of the two-layered shell of Magellania venosa
shells cut transversely and longitudinally. B to D: The structure and microstructure of the fibrous shell layer adjacent to the
attachment of the muscle bundles and distant to the attachment of the muscles to the valves. The orange arrows in A to D point
to the inner valve surfaces. A thin, 120 to 150 pm thick layer of calcite, significantly different in structure to the fibrous
microstructure of the rest of the shell, is visible where the muscle bundles attach to the valves (red star in B, red dashed lines
in C, D). Within the valve section next to the attachment of the muscles, the typical morphology of brachiopod fibres is not
observable (D); the crystals (fibres) are strongly distorted in morphology. A: EBSD scan, given as band contrast measurement
image (left in A) and colour-coded for crystal orientation (right in A, modified after Simonet Roda et al. (2022)). The fibres
are well aligned in the stack and show an axial crystal texture that is more or less parallel to the growth direction (see red arrow
in pole figure in A). A, C, D: EBSD band contrast or crystal orientation images. B: FE-SEM micrograph, SE contrast. The
EBSD coordinate system (indicated for the c-axes pole figure in A) is maintained for all measurements reported in this study.

203



Where the adductor muscles attach to the valves, a valve section is thickened (Figs. 2.5-2A, 2.5-
S1D). However, valve thickening is not limited to the sole attachment of individual muscle bundles; the
thickened valve region extends over a larger portion of the valve (Figs. 2.5-2A, 2.5-S1D). As for the rest
of the shell, the thickened valve region consists of calcite (Figs. 2.5-9B, 2.5-10E, 2.5-12B). This
thickened valve section might be addressed as an additional shell layer (Figs. 2.5-7B, 2.5-8), as it is
distinct in microstructure, relative to the rest of the shell (Figs. 2.5-7 to 2.5-12). We found that for all
three investigated species, irrespective of whether the inner layers of the shell are formed of fibres or
columns, the innermost layer comprises a particular microstructure at the thickened valve sections. This
is a specific microstructure with a strongly irregular appearance and features crystals with fractal-like
morphologies (Figs. 2.5-7D, 2.5-8A, 2.5-9F, 2.5-10F, 2.5-11A, B, 2.5-12B, C). The latter crystal
morphology and microstructure are distinct from those of the crystals that form the other parts (the
absolute majority) of the shell (Figs. 2.5-7A, 2.5-10A, 2.5-12A). Subsequently, this microstructure
formed of the fractal-like crystals is termed “distorted’. The valve layer with the distorted microstructure
is intimately connected to valve sections that are formed of the conventional and, for brachiopod shells,
typical fibrous and columnar microstructures (Figs. 2.5-7D, 2.5-9C, F, 2.5-10F, 2.5-11A, B). The
distorted microstructure, which forms the innermost layer of the thickened shell sections, appears to
evolve from the fibrous and/or columnar microstructures (e.g., Figs. 2.5-9A, F, 2.5-11B). Despite the
difference in microstructure (described above), it is very interesting to observe that crystal texture does
not change. It is axial for shell layers formed of crystals with undisturbed but also with disturbed crystal
morphologies (see pole figures in Figs. 2.5-9C, D, 2.5-10F, 2.5-12B, C).

The crystals with fractal-like morphologies can be addressed neither as fibres nor columns.
Nonetheless, their c-axis orientations are perpendicular to the inner shell surface. In one rare case, we
observed for the two-layered shell of M. venosa, fibre-shaped crystals within the “distorted-
microstructure-layer”, adjacent to the attachment of muscle fibres (Fig. 2.5-8). We found that the calcitic
c-axis orientations are parallel to the morphological orientation of the muscle fibre bundle. When crystal
morphologies, irrespective of whether for fibres or columns, between undistorted and distorted shell
sections are compared, we observed for all investigated species that crystal morphologies at innermost
thickened valve sections are serrated and fractal-like and that these crystals interdigitate strongly (Figs.
2.5-8A, 2.5-10C, 2.5-12B, C). This is not the case for fibres and columns that form the other parts of the
shell, where the “conventional” brachiopod microstructure prevails (Figs. 2.5-7A, 2.5-10A, 2.5-12A).

As mentioned above, the thickened shell layer, comprising the layer with the distorted
microstructure at its innermost surface, is not just strictly connected to the sites where the muscle
bundles attach. This specific layer is thickest at the muscle bundle attachments (e.g., Figs. 2.5-10, 2.5-
11). However, it also covers valve inner surfaces that surround the regions of the muscle attachments.
Nonetheless, with distance away from the muscle attachment sites, the layer with the distorted
microstructure thins out (Figs. 2.5-9H, 2.5-11C).
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Figure 2.5-8. A, B: Shell fibre structure at muscle attachment sites directly adjacent to muscle fibre bundles that attach to the
inner surface of Magellania venosa shells. Left in A and B: FE-SEM micrographs, SE contrast. Right in A: EBSD band contrast
measurement image. Well visible is the generally distorted morphology of the fibres that form the shell adjacent to the muscle
attachment sites. Nonetheless, outlines of undistorted brachiopod fibres are occasionally visible (e.g., red square in B). For
these, we can deduce the morphological axis of the fibre and, accordingly, even in SE micrographs, the orientation of calcite
crystals that form the fibres. Schmahl et al. (2012b) have shown that the calcite c-axis orientation directions are perpendicular
to the morphological long axis of brachiopod fibres. The latter implies that the fibre calcite c-axis orientation direction of valve
sections at muscle attachment sites is parallel to the morphological orientation of the muscle fibre and bundle.
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Magellania
venosa

Figure 2.5-9. EBSD scans showing the microstructure, texture, and carbonate phase of the fibrous Magellania venosa valve
section where muscles attach to the valves. A, F, and H are EBSD band contrast measurement images. C and D show EBSD
band contrast (in grey) overlain with crystal orientation (in colour). E, G: FE-SEM images, SE contrast. The muscle attachment
sites of modern rhynchonellate shells consist of calcite (B). Irrespective of fibre morphological axis orientation, for both
transversely (A, C) and longitudinally (F) cut fibres, fibre morphology at the valve section where the muscles attach is strongly
distorted. The layer with distorted fibre morphology forms a lining at the inner shell surface (Fig. 7B, C) that thins out with
distance from the shell portion where the muscle bundles attach (H). White arrows in H point to the very thin (few pum) seam
of fibres with distorted morphology that line the inner surface of the valve. With distance from the muscle attachment sites, the
inner valve surface microstructure consists of undistorted rhynchonellate brachiopod fibres. Pole figures in C, D, F, and H
demonstrate the axial nature of the calcite texture, irrespective of whether the EBSD scan was taken at a muscle attachment
site or away from the latter. C, D: there is no difference in crystal co-orientation strength (MUD value) between valve sections
at muscle attachments and those away from muscle attachments.
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Figure 2.5-10. Microstructure, texture and carbonate phase of the three-layered shell of Liothyrella neoozelanica at muscle
attachment sites (B to G) and away from these shell sections (A). Left in A and F: band contrast image of EBSD measurement.
Right in A and D: Colour-coded EBSD map showing calcite crystal orientations. EBSD measurement images in A are modified
after Simonet Roda et al. (2022). C: Colour-coded maps of individual attachment site crystals highlight their complex
morphologies. B: FE-SEM micrograph, SE contrast. We show three EBSD scans for L. neozelanica, their position indicated in
B with blue, red, and yellow rectangles. One EBSD scan is given in D to F; the others are given in Fig. 2.5-11A, B. All three
EBSD scans scan the valve adjacent to muscle bundles and cover the crystals adjacent and distant to the muscle attachments.
Muscle attachment valve sections of L. neozelanica consist of calcite (E). For L. neozelanica, the calcite of the valves at muscle
attachments is formed of elongated crystals that faintly resemble columns (D, F). These interdigitate (C) and have strongly
irregular outer morphologies (D, F). For both the fibres and the elongated crystals at muscle attachment sites, we found an axial
texture (G) and high crystal co-orientation strengths (MUD values in G).
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Figure 2.5-11. EBSD scans taken on the valves of Liothyrella neozelanica at muscle attachments (A, B) demonstrate the
changed microstructure of shell calcite adjacent to muscle attachments relative to the columns and/or fibres in other valve
sections (e.g., Figs. 2.5-10A, 2.5-11D). In these scans, we also observed a seam of elongated crystal units at the inner shell
surface, which have a strongly irregular morphology and interdigitate with neighbouring elongated units. As for the two-layered
M. venosa, the specific layer developed at muscle attachments to the shell becomes thinner with distance from the muscle
attachment sites (C) and, at some point, disappears completely (D). Crystal orientation is indicated with sketched crystals in A,
B and D, and the growth direction up to the inner shell surface is indicated by orange arrows.
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Figure 2.5-12. Microstructure, texture and carbonate phase of valve sections at muscle attachment sites for the three-layered
shell of Gryphus vitreus. G. vitreus shells comprise a primary, a fibrous and a columnar shell layer (A). However, unlike
Liothyrella neozelanica, there is no sequential alternation of the fibrous and the columnar microstructure in G. vitreus shells.
Thus, at the inner surface, the shell consists always of an array of columns (A). EBSD measurement images in A are modified
after (Simonet Roda et al. 2022). In general, in G. vitreus shells, the columns are large entities and have regular morphologies.
Shell crystals are assembled with an axial microstructure with c-axes parallel to the growth direction (red arrows in pole figure
A). At muscle attachments (B, C), we also observed arrays of columns. Nonetheless, the morphology of the columns becomes
slightly irregular (B, C), and the columns interdigitate in 3D. The columns at muscle attachment sites also comprise calcite and
have an axial texture (see pole figures in B and C). The top micrograph in B and the insert in C are FE-SEM images, SE
contrast. The map coloured in red in B shows that the carbonate phase of the crystals at muscle attachment sites is calcite. Grey-
scaled in A to C are EBSD band contrast maps, complemented with coloured EBSD maps visualising crystal orientation.
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2.5.4 DISCUSSION

Rhynchonellata (Brachiopoda) and Bivalvia (Mollusca) belong to different phyla.
Rhynchonellate brachiopods and most bivalve molluscs are filter-feeding, marine organisms with
species of many taxa being sessile and/or cementing to the substrate. Both have a global distribution and
are adapted to many, partly comparable, habitats (Ponder et al. 2019; Checa et al. 2025) and references

therein).

The species of both invertebrate classes secrete mineralised shells, consisting of two valves and
a hinge. For species of both classes, shell secretion is performed by the cells of a mantle epithelium,
which lines the inner surface of the shell and encloses the soft body and the pallial cavity. The mantle
epithelium consists of an outer and inner layer, separated from each other by connective tissue. For
species of both classes, the outer epithelium, which performs shell secretion, is single-layered and
comprises cuboidal and specialised cells, while the inner epithelium mainly comprises columnar cells
(Watabe 1983; Bubel 1984; Lemaire-Gony & Boudou 1997). Although representing different phyla, the
biomineralisation system of the Brachiopoda and Mollusca is comparable (Checa et al. 2025), such that
before secretion of the mineralised shell layers, an organic periostracum is deposited (Fraiser & Bottjer
(2007); Simonet Roda et al. (2022); Checa et al. (2025) and references therein). Shell growth occurs for
both the Rhynchonellata and the Bivalvia across a thin extrapallial space (Nakahara & Bevelander 1970;
Nakahara & Bevelander 1971; Simonet Roda et al. 2019b). The latter is a few tens of nm thick and is
located between the proximal surface of the mineralised shell inner surface and the secreting outer
epithelial mantle cells (Checa et al. 2014; Audino et al. 2015).

The muscles and their attachment to the attachment site crystals

Brachiopods and bivalves protect their soft tissue and organs with the structural hard tissue of
the two valves, hinged together at the posterior end of the shell. The motion of the valves is accomplished
via the muscles. Species of both invertebrate classes are capable of: (i) fast and slow valve opening and
closure, as well as of (ii) valve opening and closure for short and prolonged periods (Rudwick 1961;
Thayer 1975; Chantler 1983; James et al. 1992; Ackerly 1993; Ponder et al. 2019; Hamaya et al. 2025).
Valve movement is achieved via adductor and diductor muscles in the case of brachiopods. Bivalves
utilise their adductor and pedal muscles as well as their hinge ligament for valve action. Rhynchonellata
and Bivalvia can move their valves at different speeds. This requires using various types of muscles,
either one particular muscle or a combination of different types of muscles (Chantler 1983). We
observed both circumstances for species of Rhynchonellata and Bivalvia. This involves the use of both
smooth and striated muscles (MacKinnon 1977; Chantler 1983). One main difference between smooth

and striated muscles is that, in the case of smooth muscles, no banding pattern is observable when the
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muscle is imaged with SEM. In contrast, a banding pattern is well visible for striated muscles, where
striation arises from the filament structure of the muscle (Chantler 1983; Paniagua et al. 1996).
Brachiopods and bivalves utilise striated muscle fibres for phasic catch contractions and achieve quick
valve opening and closure. Smooth muscle fibres exert tonic forces and are used for slow but prolonged
valve opening and closure (Rudwick 1961; Wilkens 1978; Eshleman et al. 1982; Chantler 1983; Ponder
et al. 2019).

The connection of muscle fibres to the muscle attachment site crystals is similar for shelled
invertebrates (Nakahara & Bevelander 1970; Tompa & Watabe 1976; MacKinnon 1977). The muscles
of brachiopods, bivalves and gastropods do not connect directly to the crystals that form the muscle
attachment sites. A series of structures is linearly arranged between the apical base of the muscle fibres
and the proximal surface of the attachment site crystals (Nakahara & Bevelander 1970; Tompa &
Watabe 1976; MacKinnon 1977; Bubel 1984; Ponder et al. 2019; Castro-Claros et al. 2021). At muscle
attachment sites of shelled invertebrates, the secreting mantle epithelium consists of specialised
epithelial cells, the tendon cells (MacKinnon 1977; Bubel 1984; Ponder et al. 2019). These are located
between the muscle bases and the proximal surface of the muscle site crystals (Nakahara & Bevelander
1970; Tompa & Watabe 1976; MacKinnon 1977) and are distinct in ultrastructure from the columnar
epithelial cells, which secrete the crystals of the rest of the valves. Tendon cells contain bundles of
tonofilaments, which extend throughout their length. The apical and basal surface of tendon cells is
dotted with hemidesmosomes (Nakahara & Bevelander 1970; Tompa & Watabe 1976; MacKinnon
1977). In addition to the hemidesmosomes, the apical surface of the tendon cells is densely seamed with
knob-shaped microvilli. However, the tendon cells do not attach their microvilli directly to the muscle
attachment site crystals. A layer of organic fibrils lies between the apical surface of the tendon cells and
the proximal surface of the attachment site crystals. These fibrils fill the extrapallial space and become
incorporated into the attachment site crystals at shell crystal secretion by the tendon cells (Nakahara &
Bevelander 1971; Tompa & Watabe 1976; MacKinnon 1977; Bubel 1984; Castro-Claros et al. 2021).
The basal membrane of the tendon cells is strongly infolded and seamed with hemidesmosomes. The
basal ends of the muscle fibres terminate close to the basal membrane of the tendon cells and anchor,
also with hemidesmosomes, to the hemidesmosomes of the basal membrane of the tendon cells
(Nakahara & Bevelander 1971; Tompa & Watabe 1976; Bubel 1984). The above detailed mode of
attachment of the muscles to the muscle attachment site crystals is similar for shelled invertebrates; thus,

it is similar for brachiopods and molluscs.

The attachment of the muscles of bivalved organisms to the inner shell surface belongs to one
of the strongest connections in the biological realm (Chantler 1983). This is due to: (i) the high muscular
strength of invertebrate muscles; the latter is the force that muscles can exert against resistance in a
single effort (Chantler 1983), and (ii) the mode of connection between the muscles and the crystals, to

which the muscles attach (Castro-Claros et al. 2021). At the muscle attachment site, the tendon cell
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fibrils associated with their apical microvilli anchor within the crystals. It is well-known that the
connection of very different materials, such as inorganic-organic composites, can be prone to interface
failure (Chang et al. 2022; Sun et al. 2022; Niemiec & Kim 2024; Ullah et al. 2024). However, even
though very dissimilar materials join at the muscle-crystal interface, due to the anchoring of the fibrils
within the attachment site crystals, very little stress accumulates at the biopolymer fibril-crystal junction,
and the connection between the muscle strands and the attachment site crystals becomes strongly

increased in strength (Castro-Claros et al. 2021).

As visualised in this study, each trunk of the pair of brachiopod adductor muscle (Fig. 2.5-S1B)
consists of two branches (Figs. 2.5-3A, 2.5-6, 2.5-S1B, E). These branches attach to the inner surface of
the dorsal valve, have different appearances, and their attachment site is spatially well-differentiated
from each other (Fig. 2.5-S1C, E). The two branches of the brachiopod adductor muscle consist of
different types of muscles. The adductor branch closer to the median septum of the hinge is formed of
smooth muscles; the branch further away from the median septum consists of striated muscles. The
different types of muscles and their arrangement in the shell cavity are also well investigated for bivalves
(Hanson & Lowy 1960; Seilacher 1979; Nunzi & Franzini-Armstrong 1981; Cragg 1985; Funabara et
al. 2006; Guderley & Tremblay 2016; Ponder et al. 2019; Wu et al. 2022; Vyatchin & Dyachuk 2025).
However, such a clear-cut spatial distinction (e.g., Fig. 2.5-13B) between a smooth and a striated muscle
component of a specific type of muscle has not yet been observed. Figures 2.5-13C, D, 2.5-S5 to 2.5-S7
show the microstructure and texture of crystals where the smooth and the striated adductor muscle
branches of Magellania venosa attach to the inner surface of the dorsal valve. The morphology of
attachment site crystals is highly fractal, and the microstructure of the inner valve section is distorted
(white stars in Fig. 2.5-13C, D) and is distinct from those shell regions that are distant from the muscle
attachment sites (yellow stars in Fig. 2.5-13C, D). We found no structural differences in the crystal
morphology and microstructure of muscle attachment sites for smooth and/or striated muscle bundles
(Fig. 2.5-13A to D). This is not surprising, as, for both smooth and striated muscle bundles, the muscle

attachment site crystals are secreted similarly and by similar types of cells, namely the tendon cells.
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Figure 2.5-13. Comparison of the striated and smooth adductor muscle bundles and attachment site microstructures in
Magellania venosa. Smooth (blue arrows in A, B) and striated muscles (white arrows in A, B) are spatially separated in a linear
arrangement next to the hinge (green arrows in A, B). Colour-coded EBSD maps of smooth (C) and striated (D) valve sections
at muscle attachment sites of M. venosa show comparable microstructures and textures. While the fibrous calcitic shell
(indicated by yellow stars in C, D) is organised, the muscle attachment site crystals appear irregular and interdigitate in 3D
(indicated by white stars in C, D). The texture and crystal co-orientation strength of the two sections are similar, with rather
low MUD values and c-axes (red arrows in C, D) oriented parallel to the growth direction (orange arrows in C, D).
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Figure 2.5-14. Juxtaposition of valve/shell microstructure between the muscle scar of a bivalve (here Glycymeris sp. (A, B))
and the muscle attachment sites of two-layered and three-layered brachiopod shells (C, D). The EBSD measurement in B is
modified after Crippa et al. (2020a). The orange arrows in B to D point towards the inner shell surface, and the red arrows in
B to D indicate calcite c-axis orientation directions. A: Confocal laser microscopy overview of a cross-section through
Glycymeris valves and myostraca, the muscle attachment sites. Bivalve adductor myostraca are macroscopically well visible
(white arrows in A). Generally, bivalve adductor myostraca are quite thick and aragonitic, and they have a specific
microstructure and texture due to their growth process (Hoerl et al. 2024b; Hoerl et al. 2025b). Although also different in
microstructure to the rest of the shell, brachiopod muscle attachment sites are not as prominent as in bivalve myostraca.
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Are the muscle attachment sites of Rhynchonellata and Bivalvia convergent in structure?

In the previous section, we described general attributes shared by rhynchonellates and bivalve
species. Thus, is the structure, microstructure, and texture of rhynchonellate brachiopod and bivalve
muscle attachment site crystals also comparable? Rhynchonellata and Bivalvia overlap in living
environment, lifestyle, comparability of the hard tissue mineralisation system, the generation of a hinged
valved shell, the movement of the valves via muscles, and the use of similar types of muscles. However,
our study shows that the muscle attachment site crystals differ significantly for the investigated species
of rhynchonellates and bivalves (Chapters 2.1 to 2.5 of this thesis and Kennedy et al. (1969)).
Nonetheless, it should be noted that the crystallographic texture of the muscle attachment site portions
of the investigated species is similar. The assembly of the muscle attachment site crystals has an axial
texture, with calcite and aragonite c-axis oriented perpendicular to the inner shell surface (Figs. 2.5-9D,
E, 2.5-11G, 2.5-12B, C and Chapters 2.1 to 2.4 of this thesis), for both the investigated species of

Rhynchonellata and Bivalvia.

When comparing structural-crystallographic attributes of rhynchonellate and bivalve muscle

attachment sites, we found that:

1. The muscle scar of bivalves is a prominent, protruding structure (Fig. 2.5-14A), limited in
extent to only those valve sections where the muscle bundles directly attach to the valves.
For rhynchonellate brachiopods, we observed extensive thickening of the valve portions at
and near muscle attachment sites (see Fig. 2.5-2 for dorsal valves). However, the latter is
not only present at the sites of muscle attachments but also extends to regions that surround
those valve portions where the brachiopod muscles attach to (Fig. 2.5-2A, red rectangle in
Fig. 2.5-2B). The innermost layer of the thickened shell portion shows a disturbed
microstructure of fractal-like crystals. With distance from the muscle attachment, the layer
with the disturbed microstructure thins out and disappears (white arrows in Figs. 2.5-9H,
2.5-11C).

2. One of the most distinctive characteristics is that, in contrast to rhynchonellate brachiopods,
the muscle scars of bivalves have a competitive growth-derived microstructure (Fig. 2.5-
14B and Hoerl et al. (2025b)). These myostraca consist of prisms with irregular
morphologies, assembled in a very specific way that depends upon the microstructure of the
adjacent shell layer. This was not observed for the investigated rhynchonellate brachiopod
species. As detailed in this contribution, the microstructures of muscle attachment crystals
of brachiopod shells are also distinct from the rest of the shell. However, muscle scar crystal
formation of brachiopod shells is not generated by competitive growth; the muscle scar
crystals have highly irregular morphologies and a very disturbed microstructure (Figs. 2.5-

7, 2.5-8, 2.5-14). Irrespective of whether muscle attachment crystals originate from fibres
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or columns (Figs. 11A, B, 2.5-12B, C, 2.5-13C, D), their morphologies are fractal-like (Figs.
2.5-10C, 2.5-12C, 2.5-14C, D) and the crystals interdigitate in 2.5-3D,

3. The carbonate phase of brachiopod muscle attachment sites is always calcite, while bivalve
muscle scars always consist of aragonite, even when the adjacent shell layer is formed of
calcite (Hoerl et al. 2025b). While the reasons for this are not yet fully understood, it might
be due to historical restrictions. The earliest bivalve shells were presumably purely
aragonitic, and the ability to secrete calcite microstructures may have developed later in
bivalves (Wang et al. 2014).

4. The texture pattern of the brachiopod muscle attachment site crystals is similar to that of the
adjacent shell layer, and it is not changed with progressive attachment site crystal growth.
At first, bivalves also adopt the texture pattern of the adjacent section of the valves if it
contains the same calcium carbonate phase (Hoerl et al. 2025b). However, with progressive
attachment site crystal growth, the texture of bivalve muscle scar crystals changes slightly
(Crippa et al. 2020a; Hoerl et al. 2024b; Hoerl et al. 2025b).

Nonetheless, one characteristic is similar between rhynchonellate brachiopods and bivalves for
the muscle attachment site crystals. For species of both invertebrate classes, the carbonate
crystal c-axis orientation is perpendicular to the inner shell surface and parallel to the
morphological axis of the muscle fibre bundle (Figs. 2.5-8B, 2.5-9D, 2.5-10D, 2.5-11A, B, 2.5-
12B, C, 2.5-14B, C, and Chapters 2.1 to 2.4 of this thesis). The analogy of muscle attachment
site crystal c-axis orientation for brachiopods and bivalves, relative to the inner shell surface, is
rooted in the mode of attachment of the muscle bundles to the attachment site crystals via the
tendon cells. It might be required to generate a strong muscle bundle-attachment site crystal
connection. The secretion of muscle attachment site crystals by the tendon cells and the
orientation of their crystallographic c-axes, relative to the inner shell surface, is a biological
convergence trait (for definition see Methods Section 2.5.2) and was most likely developed
independently by bivalved species of two invertebrate phyla. Nonetheless, it should be kept in
mind that brachiopods and bivalves have a partly comparable habitat preference and lifestyle
(MacKinnon 1977; Ponder et al. 2019).

Combining the microstructure and texture results of this study on brachiopod shells with the
results gained for bivalve shells (Chapters 2.1 to 2.4 of this thesis), we can state that the microstructure
and calcium carbonate phase of bivalve and rhynchonellate brachiopod muscle attachment sites are not

convergent. Two main reasons account for the latter:

1. Brachiopods and bivalves are species of different phyla, and varying strategies of Ca-

carbonate structural biomaterial formation may have been developed for muscle scar generation.
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2. However, the main reason is probably that brachiopods and bivalves apply different solutions
for valve opening and closure (Yonge 1967; Wainwright 1982; Shadwick & Gosline 1983; Carlson
1989; Carriker 1996; Tremblay et al. 2015; Guderley & Tremblay 2016).

(i) The bivalve shell comprises two valves, connected along one edge by a flexible hinge
ligament (Yonge 1973; Kahler et al. 1976). The bivalve ligament has two parts, an inner and an outer
layer (Yonge 1967; Carriker 1996). The bivalve adductor muscle pulls the valves together and closes
them, stretching the outer layer of the ligament and compressing its inner portion (Wainwright 1982;
Shadwick & Gosline 1983). At the release of the adductor muscle contraction, the elastic recoil of the

inner ligament layer opens the two valves (Wainwright 1982; Shadwick & Gosline 1983).

(ii) The brachiopod shell does not have a hinge ligament. Brachiopods have a toothed hinge with
a pair of teeth and a pair of sockets (James et al. 1992). Brachiopods use only their muscle system for
closing and opening their valves, the adductor muscles for closing, and the diductor muscles for opening
them (James et al. 1992). In contrast to bivalves, brachiopod valve closure is a two-stage process,
consisting of a rapid and a slow but prolonged valve movement. As described in this study, each trunk
of the pair of adductors has two branches, a striated and a smooth adductor branch (Figs. 2.5-6, 2.5-S2)
And, as also shown in this study, the two adductor branches attach adjacent, however, to different sites
to the dorsal valve (e.g., Fig. 2.5-1B). The striated adductor branch is the quick, the smooth adductor
branch is the catch muscle. The quick muscle initiates a rapid valve closure, while the catch muscle
induces the complete closure of the valves and holds these shut for a long period (Rudwick 1961; Thayer

1975; Ackerly 1993). The latter phenomenon is not observed for bivalves.

Hence, even though secreted by similar mantle epithelial cells and utilising similar types of
muscles, the muscle imprints generated at attachment to the inner valve surface are not and cannot be
identical for rhynchonellate brachiopods and bivalves, as different valve opening and closing
mechanisms are developed. Accordingly, with the study of rhynchonellate and bivalve muscle
attachment sites, we showcase that the mechanism of generating specific sections for attaching valve-
operating muscles is similar in both classes. However, the distantly related classes Bivalvia and
Rhynchonellata approach the structural formation of shell microstructures at valve-muscle attachment

sites differently.

2.5.5 CONCLUSIONS

Morphological analogies, overlapping habitats and similarity in lifestyle between
rhynchonellate brachiopods and bivalved molluscs invite comparisons of the physiology of organisms
that form these two invertebrate classes (Rudwick 1961; Wilkens 1978). Like bivalves, brachiopods

open and close their shells with muscles that exhibit phasic and tonic contractions. These enable fast
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and sustained valve opening and closing. However, unlike bivalves, the valves of brachiopods are
located dorsally and ventrally to the soft tissue body. Furthermore, unlike bivalves, the valves of
rhynchonellate brachiopods are opened with a pair of diductor muscles and lack the involvement of an

elastic hinge ligament, as developed by bivalves ((Wilkens 1978) and references therein).

Distinct imprints mark the sites of attachment of brachiopod and bivalve muscle bases on the
inner surfaces of their shells. The imprints result from modifications of the ultrastructure and secretory
behaviour of epithelial cells that perform the secretion of the shell. Our study aimed to visualise the
structure of rhynchonellate brachiopod adductor, diductor and adjustor muscles, to visualise the
adductor muscle imprints on the valves and, in particular, to investigate structural characteristics of
brachiopod muscle attachment site crystals and of their assemblies. In a wider perspective, an important
aim of our study was to discuss the notion of convergence for the microstructure and texture of muscle

attachment sites of the Rhynchonellata and the Bivalvia.
We deduce the following conclusions from the results of this study:

1. In rhynchonellate brachiopods, the adductor and diductor muscle bases attach to calcite fibres

and to calcite columns.

2. The attachment site crystals have very irregular, fractal morphologies. Adjacent attachment site
crystals interdigitate markedly in 3D. The attachment site portion of the valves is intimately connected

to the non-attachment site sections of the shell.

3. There is a marked difference in microstructure between the inner shell surface of the attachment
site and the non-attachment site valve sections. The texture of the attachment site and non-attachment

site calcite is similar. We found an axial texture for both.

4, The difference in microstructure between attachment site and non-attachment site valve sections
results from the difference in the ultrastructure and secretory behaviour of the secreting cells. A layer of
cuboidal, tendon cells secretes the muscle attachment site crystals, while the crystals of the rest of the

shell are mainly secreted by columnar cells.

5. Attachment site calcite c-axis orientations are perpendicular to the inner shell surface and
parallel to the morphological axis of the muscle bundles. This is a finding we observed for species of
Rhynchonellata and Bivalvia and is, most probably, necessary for a strong muscle base-tendon cell

polymer fibril-crystal attachment.

6. Regarding the structural convergence for muscle attachment sites of rhynchonellate brachiopods
and bivalves, we could find some structural characteristics of muscle attachment sites that are similar
for species of the investigated invertebrate classes. For both invertebrate classes, the texture of the

adjacent shell layer continues in the microstructure of the muscle attachment layer. This may derive
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from the determinants of the similar secreting epithelial cells underlying the muscle attachment sites.
However, it should be kept in mind that valve actions are realised differently by rhynchonellate
brachiopods and bivalves. Bivalve valve movement is not only the result of muscle action, but also the
involvement of the hinge ligament. In contrast, rhynchonellate brachiopods do not involve a ligament
in valve motion, but solely utilise their muscles. Thus, different constraints operate on muscle
involvement when opening and closing the valves for rhynchonellate brachiopods and bivalves and are
a determining factor in the generation of the structural differences that were observed between

rhynchonellate and bivalve muscle attachment sites.

7. The action of opening and closing the valves is realised differently by rhynchonellate
brachiopods and bivalves. Bivalve valve movement not only results from muscle action, but also
involves hinge ligament action. In contrast, rhynchonellate brachiopods do not involve a ligament in
valve motion; they solely employ muscles. Thus, different constraints operate on muscle involvement
at opening and closing the valves for rhynchonellate brachiopods and bivalves. These might be
determining factors in the formation of the differences that were observed between rhynchonellate and

bivalve muscle attachment sites.
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2.5.6 SUPPLEMENTARY INFORMATION
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Figure 2.5-S1. A: The ventral and dorsal valves of modern rhynchonellate brachiopod shells, i.e., Magellania venosa. The
image shows the course of the mirror plane through the valves and the definition of the shell's posterior and anterior shell
portions. B: Schematic illustration of a brachiopod shell defining brachiopod muscle branches, segments and pairs. C: A typical
shell cross-section through the valve and the attaching muscle bundle before embedding. The adductor muscles are in position,
relative to the adjacent shell. The topological distinction between smooth and striated adductors within an adductor muscle
segment is well visible. Compared to the rest of the shell (white box in C), the thickness of the shell is enhanced at the regions
of adductor muscle attachment, as well as the hinge (yellow box in C). D, E: light micrographs of M. venosa indicate the muscle

structure and distribution within the valves.
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Figure 2.5-S2. A to D: Digital micrographs show the difference in the internal structure of Magellania venosa smooth and
striated adductor muscle bundles. C, D: Close-up images highlighting the distribution and interconnection of the smooth (red
box) and striated (black box) adductor muscles.
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Figure 2.5-S3. Digital micrographs of Liothyrella neozelanica smooth and striated adductors (B) and the tendon (side view:
C; top view: D) generated from the merged dorsal valve adductors. A: Sketch, visualising the distribution and attachments of
modern rhynchonellate muscles to the shell valves.
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Figure 2.5-S4. Visualisation of Gryphus vitreus shell and muscle features. A: Sketch visualising the valve-moving muscles of
modern rhynchonellate brachiopod shells. B to D: Digital micrographs of the shell of G. vitreus. Well visible is the topological
distinction between the smooth and striated adductors (B, C). D: Top view onto the tendon, formed of merged dorsal valve
adductors, between the overlapping diductors.
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Figure 2.5-S5. Microstructure near the hinge (green arrows in A, B) in Magellania venosa shells. The positions of the EBSD
maps are indicated in B. Colour-coded EBSD maps show that the hinge comprises organised fibres in the centre of the shell
(yellow stars in C, D) and elongated fibres at the inner hinge surface (green stars in C, D). Towards the smooth adductor muscle
site, the crystals show disturbed morphologies and interdigitate in 3D (white star in D). The hinge (C) and the valve section
near the hinge (D) show axial textures with the c-axes (indicated by red arrows in the pole figures in C, D) oriented parallel to
the growth direction (indicated by orange arrows in C, D).
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Figure 2.5-S6. Microstructure near the smooth adductor muscle bundle (blue arrows in A, B) in Magellania venosa shells. The
positions of the EBSD maps are indicated in B. Colour-coded EBSD maps show that the smooth adductor muscle site comprises
organised fibres in the centre of the shell (yellow stars in C, D) and interdigitating, disturbed crystal morphologies at the inner
shell surface (white stars in C, D). The valve section between the smooth and the striated adductor muscle sites is indistinct in
microstructure from the muscle attachment sites (D). Both measurements show axial textures with the c-axes (indicated by red
arrows in the pole figures in C, D) oriented parallel to the growth direction (indicated by orange arrows in C, D).
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Figure 2.5-S7. Microstructure near the striated adductor muscle bundle (white arrows in A, B) in Magellania venosa shells.
The positions of the EBSD maps are indicated in B. Colour-coded EBSD maps show that the striated adductor muscle site
comprises organised fibres in the centre of the shell (yellow star in C) and interdigitating, disturbed crystal morphologies at the
inner shell surface (white star in C). With distance from the muscle attachment sites, the irregular microstructure (white star in
D) gradually thins out into the organised fibre crystal morphology (yellow star in D). Both measurements show axial textures
with the c-axes (indicated by red arrows in the pole figures in C, D) oriented parallel to the growth direction (indicated by
orange arrows in C, D).
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Abstract

Recent advancements in electron backscatter diffraction (EBSD) data evaluation enable the
determination of misorientation between crystals below 0.1°, while with conventional EBSD data
evaluation, the smallest misorientation precision between crystals scatters between 0.5°-1°. Sea urchin
tests and spines are lightweight biomaterials with a serrated microstructure comprising interlinked
calcite crystals. We investigated the microstructure and crystallographic texture of Cidaris cidaris and
Paracentrotus lividus test and spine calcite with advanced EBSD measurement and data evaluation. In
particular, we re-evaluated the widely accepted single-crystallinity of sea urchin calcite. We found that
the test and the spines comprise calcite crystals with different fabrics and a significant variation in crystal
co-orientation strength. Even the highly co-oriented calcite of C. cidaris and P. lividus is not perfectly
single-crystalline. We found test and spine portions that feature significant internal misorientations (1-
3°). Test c-axis orientation in C. cidaris is tangential to the outer test surface, while in the spines, it is
parallel to the morphological axis of the spine. Primary and secondary spines feature a bimodal crystal
texture comprising co-oriented calcite surrounded by a cortex of misoriented crystals. Crystal
misorientation in the spine cortex seems to result mainly from competitive growth determinants.
Deciphering the degree of crystallinity and mode of crystal organisation of biological hard tissues is
vital for understanding their exceptional control of structure, material architecture and material

properties.

Keywords

EBSD; biomineralisation; sea urchins; EBSP matching; microstructure/texture
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2.6.1 INTRODUCTION

Echinoids are among the many organisms that secrete Ca-carbonate skeletons, which serve
various functions, including locomotion and protecting their soft tissue and major organs from
environmental hazards (Strathmann 1981; Domenici et al. 2003). In contrast to molluscs, brachiopods
and bryozoans that use an epithelial system for hard tissue mineralisation, echinoderms use a syncytium
for mineral formation (Simkiss & Wilbur 1989). The epithelial system of biomineralisation involves the
transfer of ions, secretes proteinaceous substances and minerals and generates rather compact layers of
a composite material, which, in general, consists of a structured biopolymer matrix filled with small-
sized crystals (Simkiss & Wilbur 1989). At biomineralisation via syncytia, the cells generate large three-
dimensional mineral units with a perforated pattern (Simkiss & Wilbur 1989). Forming sizable skeletal
elements of large fenestrated crystals enables the fabrication of structures that are lightweight and, at
the same time, rigid and resistant (Wainwright 1982; Simkiss & Wilbur 1989). Indeed, many studies
demonstrate how echinoderms profit from their lightweight skeletons having exquisite mechanical
properties (Hasenpusch 2000; Lai et al. 2007; Nickel et al. 2009; Yang et al. 2022a; Yang et al. 2022b;
Perricone et al. 2023). Echinoids form their skeleton and skeletal elements of high-Mg calcite (Weber
1969). The calcite comprises the test (composed of many large crystal plates with a stereom
architecture), the spines (anchored by muscles entwined around the struts of the test tubercles), the
pedicellariae (stalked appendages containing skeletal supports protruding from the surface of the test)
and the chewing apparatus (consisting of the jaw bone that surrounds the five teeth). The latter is present
in many, but not in all echinoids (Weber 1969; Wang et al. 1997; Dubois & Ameye 2001). Nonetheless,
even though the test covers the soft tissue of the organism, the echinoid test is regarded to be a
mesodermal internal skeleton, with the test encasing the major organs of the animal. The outer surfaces

of the test and spines, however, are coated by a thin layer of skin and muscles.

The crystallography of echinoderm calcite crystals is well-investigated by now (Raup 1960;
Raup 1962a; Magdans & Gies 2004). Each echinoid skeletal element has a specific crystallographic
pattern that, in general, is consistent within sea urchin species, genera, families, and even orders
(Bodenbender 1997). The crystal texture of echinoid tests shows two modes of crystallographic calcite
axes orientation: The c-axes are oriented either (1) perpendicular to the test plate surfaces or (2)
tangential to the curvature of the test in the aboral direction (Raup 1959). In the case of the spines, the
orientation of the calcite crystallite c-axes follows the orientation of the morphological long axes of the
spines (Su et al. 2000).

Nonetheless, even though sea urchin calcite crystal orientation patterns are well determined by
now, the crystallinity of the calcite is still controversial and under debate. The question that is not
resolved yet is whether the crystals or crystallites of the test and the spines are single crystals,
mesocrystals, or even little textured polycrystals. Hence, assessing the degree of misorientation between

adjacent crystals/crystallites is of main scientific importance. X-ray diffraction studies of Su et al.
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(2000), Moureaux et al. (2010), Nissen (1969) and Donnay & Pawson (1969), and results of the etching
protocols of Okazaki et al. (1981) suggest that sea urchin spines are large single crystals, while the
studies of Seto et al. (2012), Aizenberg et al. (1997) and Colfen et al. (2022) define the calcite of sea

urchin spines as meso- or mosaic crystals.

The development of high-resolution crystallographic analysis techniques, particularly electron
backscatter diffraction (EBSD), allows us to refine our knowledge of the crystallography of individual
crystals obtained from transmission electron microscopy (TEM) imaging and texture determination with
X-ray diffraction (XRD) measurements and Rietveld data analysis. In contrast to XRD or TEM, EBSD
measurements provide spatially resolved information and have a significantly larger field of view. This
renders the EBSD technique as a powerful technique for material science, in particular, for the analysis
of structural hard tissues, biologically secreted or man-made. However, a key factor for high-resolution
EBSD measurements is its angular precision. The main factors influencing and determining the angular
precision of EBSD scans are the method used for identifying and locating the EBSD pattern and the
selected pattern indexing technique. With conventional Hough-based indexing techniques, EBSD can
perform minimal misorientation determination with an angular orientation precision between 0.5° and
1° (Zaefferer 2011). Recently, new approaches to EBSD pattern indexing have been developed, which
are based on the direct correlation between experimentally determined and simulated EBSD patterns
(Nolze et al. 2017; Lenthe et al. 2019; Winkelmann et al. 2020; Trimby et al. 2024). This results in a
marked improvement in angular precision and allows the determination of misorientation between
adjacent crystals below 0.1°. Accordingly, the above described advanced EBSD pattern indexing
technique (subsequently named EBSD pattern matching) enables the determination of minute
misorientations in a crystalline material. Sea urchin calcite is ideal for investigating misorientations and,
particularly, minute misorientations in a structural material, as it was, up to now, often regarded to be a
single-crystalline biomaterial (Magdans & Gies 2004; Ma et al. 2008).

In this study, we investigate in great detail the test and spine calcite of the sea urchin Cidaris
cidaris (Linnaeus, 1758). We complement our results with measurements gained on the test and spine
of Paracentrotus lividus (Lamarck, 1816). The class Echinoidea consists of two sub-classes,

Perischoechinoidea and Euechinoidea. For comparative reasons, we chose to investigate the calcite of a

species belonging to Perischoechinoidea (C. cidaris) and of a species belonging to the Euechinoidea (P.

lividus). Both species live in comparable marine environments, in waters of the eastern Atlantic and of
the Mediterranean Sea (Colombera et al. 1977), are epibenthic and dwell on all types of surfaces of the
shelf region (Mortensen 1927; Tyler & Gage 1984). While P. lividus inhabits shallower and more highly
energetic habitats, C. cidaris is mostly found in quieter environments and deeper waters (Boudouresque
& Verlague 2020; ed. Lawrence 2020). For protection and locomotion, C. cidaris uses its test but also
its long and, from each other, widely separated primary and the smaller, on the test densely distributed,

secondary spines (Strathmann 1981). In C. cidaris, each interambulacral plate features one primary
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spine. The latter is surrounded by multiple secondary spines which protect the primary muscle
attachment zones together with the pedicellariae (Coppard et al. 2012; ed. Lawrence 2020; Hebert et al.
2024). For P. lividus, the protective test is very densely covered with the long and sharply pointed
primary spines as well as with the small secondary spines. This study is part of a larger project aiming
to understand the microstructure and crystallographic texture of echinoid skeletal elements,
investigating, in particular, the nature of the misorientations between the calcite crystallites (Battas
2023).

Using high-resolution EBSD for our microstructural analysis, we report both EBSD
measurements and maps evaluated with conventional and electron backscatter pattern matching modes.
First, we give an overview of the crystallographic architecture of the test, the tubercles as well as the
primary and secondary spines. We highlight the misorientations found in the above-mentioned sea
urchin skeletal elements. These were, previously, reported to be single-crystalline (Magdans & Gies
2004). We show the misorientation angle distribution gained from conventional EBSD data evaluation
as well as refined by the EBSD pattern matching method and highlight the range of misorientations in
the calcite of the investigated sea urchin species. For P. lividus and C. cidaris, we detected a wide range
of crystal co- and misorientation. Some stereom sections comprise crystals that have a single crystal-
like co-orientation. However, we also detected stereom sections with small-angle misorientations (< 2°)
and, strikingly, stereom regions that feature a polycrystalline microstructure with large-angle
misorientations ranging up to a few tens of degrees. We show with our study how EBSD analysis
combined with the pattern matching method can be used to refine the microstructural and
crystallographic information obtained for echinoid skeletal elements. To our knowledge, this is the first
study applying the pattern matching method to biomineralised hard tissues. It is a technique that might
also be useful to understand in greater detail the microstructure of further complex hard tissues, such as

bones, teeth and enamel.

Accordingly, based on the misorientation between crystals, we detected that the calcite of the
investigated sea urchin species is structured. It can be highly co-oriented; however, it can also be almost
untextured with a low crystallographic co-orientation. This is a very surprising finding and demonstrates
that sea urchin calcite is not as single-crystalline as previously suggested by many studies (Su et al.
2000; Ma et al. 2008).

2.6.2 MATERIALS AND METHODS

Materials

The study was performed on two species of sea urchins in the class of echinoids, namely Cidaris

cidaris (Linnaeus, 1758) and Paracentrotus lividus (Lamarck, 1816). The sampling area for the
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specimens is five nautical miles south of Isola d’Elba (ltaly) in the central-northern part of the
Mediterranean Sea (approx. 42°39' N 10°17"™ E). The species were collected in May 2014 in the
sublittoral zone at 80 — 100 m depth as by-catch from a bottom set net. The sampled seabed consists
mainly of coralline algae pebbles (maerl), a typical Mediterranean underwater substrate at dim light

conditions (Ballesteros 2006). The sea urchins had been air-dried when used for sample preparation.

Sample preparation for electron backscatter diffraction

Four C. cidaris and four P. lividus specimens were dissected to investigate the large primary
and shorter secondary spines, as well as the test. The present study examined two primary spines, three
secondary spines, and two tests for each species. The spines and the tests were embedded into EPON
epoxy resin and were subjected to several mechanical grinding and polishing steps. The final polishing
step involved etch-polishing with colloidal alumina (particle size ~ 0.06 um) in a vibratory polisher.
Samples were coated with 4-6 nm of carbon for EBSD analysis, with 5 nm Pt/Pd for SEM imaging. For

laser confocal imaging, sample surfaces were not coated.

Secondary electron (SE), backscatter electron (BSE) imaging and electron backscatter

diffraction (EBSD) measurements

SE, BSE imaging and EBSD measurements were carried out with a Hitachi SU5000 field
emission SEM equipped with an Oxford Instruments NordlysNano EBSD detector and an X-Max 80x80
EDS detector. EBSD scans were taken at 20 kV and were performed with a step size of 300 to 450 nm.
EBSD data were evaluated using the Oxford Instruments AZtecCrystal 3.0 and HKL Channel 5.0
conventional software as well as the Oxford Instruments AZtecCrystal MapSweeper software. For
MapSweeper, the orientation of the EBSD patterns was refined by calcite simulations with the lattice
parameters a=4.99 A, b=4.99 A and c¢=17.07 A. The latter implements an efficient pattern matching

method for EBSD data evaluation and significantly improves angular precision (Trimby et al. 2024).

Misorientation diagrams report the cumulative misorientation along profiles, i.e. the
misorientation compared to the starting point of the profile that functions as a fixed reference.
Misorientation values are averaged over five pixels width to enhance data comparability and minimize
statistical errors. For the pattern-matched Kernel average misorientation maps, we displayed a range in
misorientation between 0° and 2°, with a Kernel filter size of 9x9. For the pattern-matched map in Fig.
2.6-2e, the data points display the misorientation to the measurement’s average crystallographic
orientation. The map, generated with the latter texture component, allows us to see the global influence
of structures, such as growth increments, but impedes to visualize local misorientations. Our study is

based on 74 EBSD measurements.

231



An in-depth terminology of the structural terms used in this work can be found in Appendix
Section A.1 of this thesis.

2.6.3 RESULTS

This study highlights the microstructure and texture of the C. cidaris (Perischoechinoidea) test
as well as primary and secondary spines (Figs. 2.6-1 to 2.6-10, 2.6-AP1 to 2.6-AP5). We complement
the structural results gained on C. cidaris calcite with microstructure and texture measurements made
on P. lividus (Euechinoidea) tests and spines (Figs. 2.6-11, 2.6-12). For both species, EBSD data were
evaluated using conventional Hough transformation-based indexing and EBSD pattern matching. To
better understand crystal orientation patterns, both species' test and spines were sectioned in two
directions (Figs. 2.6-1c, 2.6-AP3). Laser confocal microscopy images depict overviews of the surfaces
scanned with EBSD and show the site of EBSD scans. The microstructures are visualised with EBSD
maps featuring the inverse pole figure (IPF) colouring method with reference direction X (e.g., Fig. 2.6-
1a). The crystallographic texture is given with pole figures that display the density distribution of the
crystallographic c- and a*-axes poles. The crystallographic-structural and biological terminology is

defined in the Terminology Section A.1 and is illustrated in Supplementary Figure 2.6-AP3.

Figure 2.6-1 gives an overview of EBSD measurements performed on the two cuts through the
test of C. cidaris. The first cut traverses the entire test from the oral to the aboral side, exposing a circular
cross-section of the shell (Fig. 2.6-1a, c). The direction of the second cut is perpendicular to the first
cut, traversing the interambulacral area of the test from the mouth to the anus of the animal (Fig. 2.6-
1b, ¢). The sites of the conducted EBSD scans are displayed on confocal microscopy overview images
(Fig. 2.6-1a, b). For each EBSD scan, the orientation of calcite crystals is indicated using sketched
crystals and pole figures. Many pole figures show multiple density distribution maxima (Fig. 2.6-1a),
demonstrating that the test comprises different crystallographic units, termed crystal plates. These
crystals and/or crystal plates are large, mm-sized, units. In both cuts, adjacent crystal plates vary in
orientation and gradually shift in c- and a*-axes orientation (see pole figures in Figs. 2.6-1a, b). Calcite
c-axes are oriented parallel to the outer test surface and rotate with the outer surface of the test (Figs.
2.6-1a, b). Because cut 1 is off-centre from the anal and oral areas, the bottom and top plates appear to
be oriented perpendicular, rather than parallel, to the outer test surface (Fig. 2.6-1a, b, the corresponding

sketched crystals are marked with a red star).
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Figure 2.6-1. The texture, calcite c-axis orientation and position of EBSD measurements for two Cidaris cidaris tests (a, b),
cut in two directions (1% cut, 2 cut, ¢). Confocal laser microscopy images depict the positions of the performed EBSD scans
on the first (a) and on the second cut specimen (b). Density distribution pole figures for c- and a*-axes for selected EBSD
measurements show the preferred crystallographic orientation of the plates (a, b). Measurements covering adjacent plates show
multiple c-axes orientation maxima in the pole figures; see also Figures 2.6-3 and 2.6-AP1. Sketched crystals visualise the
orientation of a*-axes (red lines) and c-axes (white arrows) and demonstrate that the c-axes are oriented parallel to test outer
surface. Planes through the C. cidaris test indicate the positions of the first (red) and of the second (blue) cut (c). Red stars in
(a) and (b) point to those measurements where calcite c-axis orientation does not appear to be parallel to outer test surface. The
latter is due to the cut-effect explained in the Results section.
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Figure 2.6-2a, b shows a plate; the latter covers the entire thickness of the test cross-section (Fig.
2.6-2c). The EBSD scan (Fig. 2.6-2a, b) was evaluated with conventional Hough transformation-based
data evaluation. We observed the strong mineralisation of the stereom and a high crystal co-orientation
strength. We found a uniform orientation in the map and an MUD value of 697 for the entire
measurement (Fig. 2.6-2b, d). A large area has been scanned (about 1 mm x 600 um); nonetheless, the
strong uniformity in colour (Fig. 2.6-2b) indicates only one crystal orientation, i.e. the single crystallinity
of the calcite in that stereom portion. Hence, based on conventional EBSD data evaluation, we found a
3D “single-crystal-like” long-range order for that stereom section (see pole figures in Fig. 2.6-2d). When
the EBSD data set is evaluated with the pattern matching procedure, misorientations within the
trabecular growth lines become visible (Fig. 2.6-2e). In addition, we observed small-angle
misorientations within the stereom; in the map (yellow arrows in Fig. 2.6-2¢e) and in the misorientation
diagrams (Fig. 2.6-2f). We found misorientations up to about 2° (Fig. 2.6-2f). These are, in general,
concentrated at trabecular intersections, the junctions where trabeculae meet (indicated with yellow
arrows in Fig. 2.6-2e). Nonetheless, as the profile C-D in the misorientation diagram of Fig. 2.6-2g
demonstrates, the calcite within the trabeculae does not seem to be significantly misoriented, even when
EBSD data are evaluated with the EBSD pattern matching method (Fig. 2.6-2g). This indicates that

intratrabecular calcite of C. cidaris is well co-oriented.

Figure 2.6-3 and Supplementary Figure 2.6-AP1 visualise the conjunction of crystal plates
within the test and their interlaced connection. The colour-coded EBSD maps demonstrate that the
interface between the crystal plates has no rectilinear course and that the plates are intricately interlinked.
Adjacent stereom crystals are entangled in three dimensions in a complex way, well visible from the
intertwining of crystalline trabeculae (Fig. 2.6-3a-c). We also found a marked misorientation between
adjacent crystals/crystal plates (see misorientation-distance diagrams of Figs. 2.6-3c, 2.6-AP1).
Although the pole figures show comparable calcite c-axis orientation for neighbouring crystal plates,
the misorientation angle-distance diagrams demonstrate a misorientation between adjacent crystal plates
of up to 40° (Figs. 2.6-3c, 2.6-AP1a). We investigated the degree of misorientation between adjacent
crystal plates for the entire circumference of the test. For the circumference through the plates, we found
no systematics in misorientation between the crystal plates, e.g., no gradation in misorientation. The

misorientation angle between adjacent crystal plates varied arbitrarily between 5° and 40°.
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Figure 2.6-2. Microstructure and texture of a Cidaris cidaris test plate, covering the entire cross-section of the test (a, b). The
measurement was performed close to the oral region of the test sectioned according to the first cut. The EBSD band contrast
measurement image (a) and the colour-coded crystal orientation map (b) show two stereom/trabeculae architectures, rectilinear
at outer (top of maps) and labyrinthic at inner test layers/sections (bottom of maps). EBSD measurement position is indicated
in the laser confocal image (c). The contoured pole figures show a 3D “single-crystal-like” long-range order and a high MUD
value of 697 (d). While the measurement shown in (b) was evaluated with conventional EBSD data evaluation, the measurement
given in (e) was evaluated with pattern matching. The position of the EBSD scan shown in (e) is indicated with a yellow
rectangle in (b). Applying EBSD pattern matching and displaying the texture differences relative to the mean crystallographic
orientation of the stereom, we show small-angle misorientations (up to 2°) within the stereom fabric (e). Strikingly,
intratrabecular growth increments in the stereom show tiny misorientations that are not observable with conventional EBSD or
Kernel average misorientation maps (e). Two misorientation-distance profiles traversing the hard tissue indicate well-
observable misorientation maxima along trabecular junctions (yellow arrows in e, f), as well as the high co-orientation of
intratrabecular calcite (g).
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Even though the calcite is highly co-oriented within the plate trabeculae and, thus, in many parts
of the test stereom, the calcite of the tubercular terminal knob is polycrystalline. A tubercle is part of a
ball-and-socket joint (Figs. 2.6-4a, 2.6-AP2a), consisting of a knob-like protuberance where the primary
spines are connected to a ring of muscles entwined around the trabeculae of the labyrinthic test stereom
(Fig. 2.6-4a). The tubercle consists of densely space-filling calcite; within the tubercles, the trabeculae
form a dense microperforate stereom network. Towards the interior of the test, the tubercle comprises
the terminal knob and the basal boss (Fig. 2.6-4a); the latter leads into the stereom of a test plate (Fig.
2.6-4a). For the basal boss and the terminal knob, we observed differences in stereom space-filling
density and crystal co-orientation strength. Nonetheless, we found a perfectly smooth transition between
the different tubercle sections (Figs. 2.6-4a, b, 2.6-AP2a, b). The stereom of the tubercle has a less
regular fabric than the fabric of the stereom of the adjacent test (Figs. 2.6-4a, b, 2.6-AP2a, b). The
crystals at the terminal knob have an irregular morphology and show a high misorientation between each
other (Figs. 2.6-4a, b, 2.6-AP2a, b, EBSD map and corresponding pole figures). For the crystals that
form the stereom of the basal boss, we found small-angle misorientations (yellow star in Figs. 2.6-4b,
2.6-AP2Db). These are observed only when EBSD data are evaluated with the pattern matching technique
and displayed in a Kernel average misorientation map (Figs. 2.6-4c, 2.6-AP2c-e). These small-angle
misorientations are frequent along the trabecular intersections of the microperforate boss and by far
surpass the misorientations found in the labyrinthic test plate (Fig. 2.6-4d). As the amount of pores in
the microperforate tubercle is still very high, the calcite of the tubercle comprises many trabecular
junctions and, hence, many small-angle misorientations (Fig. 2.6-4c). While the intratrabecular stereom
of the test plates shows a 3D “single-crystal-like” texture with the c-axes oriented parallel to the outer
surface of the test, the polycrystalline terminations of the knobs have an axial texture with calcite c-axes
oriented roughly perpendicular to the outer surface of the tubercular terminal knob (see the pole figures
in Figs. 2.6-4a, b, 2.6-AP2a, b). We found an MUD of 700 for the test plate (Fig. 2.6-4d), an MUD of
665-685 for the tubercular basal boss and an MUD of 79 to 87 for the polycrystalline tubercular terminal
knob (Figs. 2.6-4, 2.6-AP2).

A similar microstructure to the polycrystalline knob, comprising a polycrystalline as well as a
3D *“single-crystal-like” part and termed parapet (Durham & Melville 1966), can be found at the outer
shell surface right next to the primary tubercle (Figs. 2.6-5a, b). This convex structure encases the
tubercle to lock in with the base of the primary spine (Fig. 2.6-5b). The polycrystalline parapet has a
low degree of crystallographic co-orientation (red star in Figs. 2.6-5c-f) and an axial texture that
comprises c-axes oriented perpendicular to the outer parapet surface. In contrast, the adjacent 3D
“single-crystal-like” stereom is oriented perpendicular to the parapet (orange star in Figs. 2.6-5c-e, Q).
As shown by the pattern-matched misorientation map, apart from a few positions at trabecular junctions,
the test is, more or less, free from internal misorientations (Fig. 2.6-5¢). On the other hand, the
polycrystalline parapet shows misorientation streaks (white arrows in Fig. 2.6-5¢) that run alongside the

pores of the microperforate stereom, close to the outer parapet surface.
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Figure 2.6-3. EBSD scans visualizing the stereom of different test plates of the Cidaris cidaris test as well as their interlinkage
(a-c). The test was sectioned according to the first cut. The colour-coded EBSD maps are complemented with the corresponding
contoured pole figures. The latter display a 3D “single-crystal-like” texture for individual plates. Test plates interconnect along
undulated interfaces (a-c). Adjacent test plates are significantly misoriented, at some instances up to 40°; see misorientation
versus distance plot in (c). The measurements were evaluated with conventional EBSD data evaluation. The positions of the
scans are indicated in the overview of the test in Fig. 2.6-1a.
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Figure 2.6-4. Crystal assembly architecture and the bimodal texture of tubercular calcite at the aboral region of the test of a
Cidaris cidaris specimen. As visible from the band contrast measurement (a) and the colour-coded orientation maps (b), the
tubercle comprises a co-oriented section (yellow star in b) and a strongly misoriented, polycrystalline region, the latter being
along the tubercle outer surface (TOS, white star in b). The contoured pole figures show the texture for the boss and knob of
the tubercle as well as for the entire measurement (a, b). The orthogonality in calcite c-axis orientation between the stereom
of the boss and the plate and the tubercle knob is well visible. The measurement shown in (a, b) was evaluated with conventional
EBSD data evaluation. Pattern matching EBSD data evaluation applied to a subset of the tubercle (c) reveals the presence of
many small-angle misorientations (1° to 2°) within the boss, and near the terminal knob (c). At trabecular intersections of a
measurement located in the core of the plate (yellow arrows in d), misorientations can reach 2° to 3°. Misorientations for the
trabeculae near the terminal knob are higher than in the core of the plate (d). The positions of the EBSD scans can be retraced
from Fig. 2.6-1b; the area of the close-up map (c) is marked with a red rectangle in (a, b).
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Figure 2.6-5. Microstructure and internal misorientations of a parapet located next to a primary tubercle, where the muscle
ring attaches to the Cidaris cidaris test (a, b). Terminology and spine attachment are depicted in a schematic illustration (b).
EBSD data were evaluated with conventional EBSD data evaluation (c, d) and pattern matching (e). Analogous to Fig. 2.6-4c,
d, the pattern-matched measurement is displayed as a Kernel average misorientation map between 0°-2° (e). Pole figures show
colour-coded data points of the two subsets (f, g). Similar to the terminal knob of primary tubercles (Figs. 2.6-4c-e, A2), the
microstructure of the parapet stereom (red star in c) differs from the labyrinthic stereom of the inner test plate (orange star in
¢). The trabeculae follow a tighter meshwork that leaves smaller pores and is formed of an assembly of polycrystals (a, b).
Aside from the grain boundaries, the stereom comprises many internal misorientations that are particularly frequent at
trabecular junctions and can well be detected by EBSD pattern matching (c). The polycrystalline parapet has an axial texture
with the c-axes clustered in an orientation perpendicular to the outer parapet surface (d), while the calcite of the test plate is co-
oriented and can be considered to be 3D “single-crystal-like” (e). Misorientation streaks are frequent in the polycrystalline
parapet (white arrows in e).
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Most sea urchins form two series of spines: the primary (long) and the secondary (short) spines.
For C. cidaris, both spines comprise a medulla, the central portion of the spine, and a cortex surrounding
the medulla along a large part of the shaft until the tip (Figs. 2.6-6, 2.6-7, 2.6-AP3). The longer primary
and the shorter secondary spines show pronounced differences in the microstructure of their base. The
outer base surface of the primary spines has a 3D single-crystal-like long-range order that extends
through the co-oriented trabeculae (Fig. 2.6-6a). Despite the consistent IPF colouring throughout the
basal part of the primary spine, the MUD value scatters at about 670, and the pole figures reveal angular
deviations (Fig. 2.6-6a). This indicates that primary spine stereom calcite is highly co-oriented,
nonetheless, as it comprises low angle misorientations, it cannot be addressed as single-crystalline.
However, up to now, there is no agreement from which value of mosaic-spread a single crystal should
no longer be termed a single crystal but a polycrystalline entity. For secondary spines, the basal part is
not strictly co-oriented and features large (~100 um diameter) outer surface regions of polycrystalline
material (Fig. 2.6-6b-d). Data refinement by EBSD pattern matching revealed many internal small-angle
boundaries in the crystals along the microperforate outer spine layer. These form misorientations
between 0.5-1.5° (Fig. 2.6-6d). Towards the highly co-oriented, labyrinthic stereom of the medulla,

intratrabecular misorientations are significantly decreased (Fig. 2.6-6d).

In C. cidaris, the cortical layer of the primary spine has a rough surface. We found aggregations
of crystals forming spiky longitudinal crests along the outermost cortex surface (Fig. 2.6-7a, b). The
cortex surface of secondary spine tips is rather smooth and significantly less structured than the surface
of primary spines (Fig. 2.6-7a, b). At the outer edge of the primary/secondary spine shaft, the connection
between the medulla and the cortex becomes visible (Fig. 2.6-7a, b). Their interface is uneven; multiple
thin series of pores continue from the medulla into the cortex (Fig. 2.6-7b). The crystallographic c-axes
in the 3D “single-crystal-like” medulla (yellow star in Fig. 2.6-7b) are parallel to the direction of the
shaft. The polycrystalline cortex (white star in Fig. 2.6-7b) has an axial texture with calcite c-axes being
aligned more or less perpendicular to the c-axes of the medulla (Fig. 2.6-7b). Towards the tip of the

spine; the outer spine surface becomes increasingly serrated (Fig. 2.6-7a, b).

We obtained similar structural-crystallographic characteristics for C. cidaris secondary spines
(Fig. 2.6-7c, d). The highly co-oriented medulla (red star in Fig. 2.6-7d) interlocks in a complex way
with the weakly axially textured polycrystalline cortex (white star in Fig. 2.6-7d). It appears that C.
cidaris secondary spines have a smoother outer surface when compared to the outer tip surface of the
primary spines (Figs. 2.6-7, 2.6-AP4). The stereom of both the primary and the secondary spine
medullae is galleried (for definition, see Terminology Section A.1) with large, interconnected pores
(Fig. 2.6-7a-d) that appear to continue into the adjacent cortex (e.g., Fig. 2.6-7b). Nonetheless, the
outermost 50 pm of both types of spines is rather formed of microperforate (for definition see

Terminology Section A.1) calcite.
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Figure 2.6-6. Microstructure and texture of the basal portion of Cidaris cidaris primary and secondary spines visualised with
laser confocal images (a, b) and EBSD maps (a, ¢, d), with conventionally evaluated EBSD data (a, c), and with EBSD data
evaluated with pattern matching (d). Analogous to Fig. 2.6-4c, d, the pattern-matched measurement is displayed as a Kernel
average misorientation map between 0°-2° (d). For primary spines, the calcite of the entire basal stereom is co-oriented (a).
The stereom architecture changes from microperforate along the outer spine surface to galleried in the medulla (a). At the basal
outer surface of secondary spines, where the muscle ring attaches to the basal section of the spine, we found a spine portion
formed of irregularly shaped and misoriented crystals (c). EBSD pattern matching revealed many small-angle misorientations
within the crystals as well as in the microperforate stereom along basal spine outer surface.
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Figure 2.6-7. Microstructure and texture at the tip of Cidaris cidaris primary and secondary spines (a-d). EBSD measurement
positions are indicated with the confocal laser microscopy images (a, ¢), EBSD data were evaluated with conventional EBSD
data evaluation. For the primary spine (b), the colour-coded EBSD map and the corresponding pole figures indicate a single-
crystal-like microstructure and texture for the medulla for the spine (yellow star in b), while for the cortex (white star in b) we
observed a polycrystalline microstructure and texture. As shown with the sketched crystals in (b) and well visible from the
given pole figures, crystal orientations of the cortex are perpendicular to that of the stereom. Secondary spine tips have
comparable microstructure and texture, as observed for primary spine tips (b, d). We found, for both primary and secondary
spines, an immense difference in MUD value and, hence, crystal co-orientation strength for the medulla (MUD: 711, 645) and
the cortex (MUD: 7, 8) of the spine.
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Figure 2.6-8. Microstructure and texture of Cidaris cidaris spine medulla and cortex along the shaft of the spine (a-f), for a
primary (a-c) and secondary (d-f) spine and cross (a, b) and lateral (c-f) sections through the spine. EBSD data were evaluated
with conventional EBSD data evaluation. The stereom of the medulla is galleried. A three-dimensionally imperforate tube of
calcite is present at the interface of the stereom of the medulla with the adjacent cortex (yellow arrows in a). Along the cross-
sectional (b) and the lateral cut (c) through primary spines, the cortex forms longitudinal crests (red arrows in b, c). Despite
their polycrystalline microstructure, the calcite of the longitudinal crests has an axial texture with the c-axes being oriented
perpendicular to the c-axis of the medulla (sketched crystals in a, b). In secondary spines (d), the microstructure of the cortex
gradually shifts from low to high crystal co-orientation. In contrast, the central part of the secondary spine has a single-crystal-
like long-range order (f).
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Figure 2.6-8 highlights two spines sectioned in different cuts close to their base. A primary spine
was sectioned perpendicular (Fig. 2.6-8a, b) and parallel to its morphological long axis (Fig. 2.6-8c),
and a secondary spine was cut parallel to its morphological long axis (Fig. 2.6-8d-e). The distinctness
in microstructure and texture between the medulla and the cortex is well visible. The stereom of the
medulla comprises trabeculae arranged in radial lines (Fig. 2.6-8a, b) and with calcite c-axes oriented
parallel to the direction of the shaft (sketched crystal and pole figure in Fig. 2.6-8a). Directly adjacent
to the cortex, the crystal network of the medulla is continuous and imperforate (yellow arrows in Fig.
2.6-8a). Sectioned perpendicular to the long axis of the spine, the crystals of the cortex are elongated
(Fig. 2.6-8c). Rather than forming a sheath with a constant extent that surrounds the stereom of the
medulla, the crystals of the cortex are grouped into longitudinal crests (red arrows in Fig. 2.6-8b, c).
However, these do not cover the entire outer stereom surface evenly. High-spatial resolution EBSD
scans visualise the complex internal structure of a primary spine longitudinal crest (Fig. 2.6-8c). In
secondary spines, the texture and microstructure of the shaft appear similar (Fig. 2.6-8d-f). The cortex
has an axial texture with crystallographic c-axes preferentially oriented perpendicular to the outer spine
surface (Fig. 2.6-8e). In contrast, the medulla is formed of a galleried, highly co-oriented calcite stereom
that is mostly imperforate along the interface with the cortical layer. Thus, for all investigated spine
specimens of C. cidaris, the crystallographic texture of the cortex is perpendicular to that of the medulla
(Fig. 2.6-8b, c, €).

2.6.4 DISCUSSION

Test and spine stereom architecture

In cidaroid tests and spines, various stereom architectures are developed, depending on the
species and the region in the skeletal element (Grossmann 2010; Nebelsick et al. 2015). We found
rectilinear, galleried, microperforate and labyrinthic stereom architectures (for the definition of the
fabrics, see Terminology Section A.1). For C. cidaris, the distribution of different stereom fabrics in the
test is less homogenous than described by Smith (Smith 1980). Instead, the distribution of the above-

named stereom fabrics is localised to certain regions of the test and/or the spines.

The internal section of the ambulacral and interambulacral test plates with the attached tubercles
comprises an irregular pattern of large pore channels, and trabeculae called the labyrinthic stereom fabric
(Pearse & Pearse 1975; Smith 1980). This stereom fabric is abundant in sea urchin plates; Wainwright
et al. (Wainwright 1982) described the labyrinthic stereom as the main architectural design element of
sea urchin tests and spines. At central regions of the ambulacral and interambulacral plates, the stereom
is streaked with extensive trabeculae; elongated pore channels tend to form one-directional galleries
with perpendicular struts. Reaching the tubercle, the ordered stereom fabric of the test decreases in

porosity and pore size. The large pore channels are replaced by very small and irregularly arranged
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pores, and a microperforate dense fabric forms the stereom of the tubercles. A rectilinear stereom
architecture, creating the basal boss of the tubercle, as suggested by Smith (Smith 1980), could neither
be seen with FE-SEM, nor confocal laser microscopy imaging. However, a rectilinear stereom was
observed along the outer section and surface of the test plate. Galleried stereom occurs in the test near
the tubercles, however, it is far less abundant in the test of the investigated C. cidaris species than
reported by Smith (Smith 1980).

The spines of C. cidaris have varying stereom fabrics at their base, shaft, and tip. The spine
shaft can be subdivided into the medulla and cortex, each with a distinct pore architecture. In the shaft,
the stereom in the medulla is microperforated along the outer spine surface and rather galleried and
lamellar on the inside. The linearity and co-orientation of the pore channels seem to increase towards
the cortex. In the basal region of the spine, the microstructure of the medulla is primarily labyrinthic,
and the pore channels continue into the outer base surface. An identical internal architecture was
observed for the cidaroid Prionocidaris baculosa (Fig. 1 in Dery et al. (2018)). For this species, the
stereom fabric is predominantly labyrinthic at the base of the spines. However, along the outer base
surface of the spines of P. baculosa, the stereom fabric seems to be less perforate than in the core region

of the spine.

Smith (Smith 1978; Smith 1980) suggested that the change in stereom architecture in the test
and the spines might be closely related to functional aspects. The above-described anisotropic
arrangement of trabeculae and pore canals increases the test plate's resistance to bending stress (Ji et al.
2022). Grossmann & Nebelsick (2013a) experimentally confirmed structural implications for the
stereom differentiation. According to Grossmann & Nebelsick (2013b), the chaotic distribution of struts
in the stereom also impedes crack propagation. Stress-transfer capacity was reported by Tsafnat et al.
(2012) using micro-computed tomography. Through simulations, high-stress concentrations occurred at
specific points in the test and spine’s architecture, where brittle cracking would most likely happen
(Tsafnat et al. 2012). Connective tissue within the porous microstructure of the stereom, enhanced by
orientation and gradation of the pores in interplay with organic and possibly amorphous interfaces,
would lessen stress concentration and enable a more even stress distribution (Trotter et al. 2000; Nickel
et al. 2017; Ji et al. 2022).

Crystallographic arrangement of calcite in the test and the spines
The primary and secondary spines

The calcite of C. cidaris spines is formed with two crystal textures. The medulla of the base and
the shaft have a 3D single-crystal-like long-range order. In contrast, the cortex at the outer tip of the
spine is a polycrystalline aggregate with a low preferred crystallographic orientation. The c-axes of the
medullar trabeculae are oriented parallel to the morphological long axis of the spine (Donnay & Pawson

1969; Berman et al. 1990), while the c-axes of the cortex crystallites are oriented perpendicular to that
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of the longitudinal medullar trabeculae. The texture difference between the spine cortex and the medulla
results from different mineralisation processes. The texture of the medulla is mainly controlled by
biological factors predetermining its microstructure and texture. In contrast, the growth process of the
cortex is largely influenced by competitive growth determinants evoking the formation of the axial
texture of the cortex crystals. The lack of crystallographic continuity and the compactness of the micro-
perforated cortex stereom are interpreted as important factors in enhancing the structural stability of the
spine (Dery et al. 2018). The cortex comprises sub-pum sized crystallites with a varying degree of crystal

co-alignment.

The changeover from the highly co-oriented medulla to the polycrystalline cortex is intricate.
As visible from the subset analysis for the tip of two secondary spines (Fig. 2.6-9), the single-crystal-
like framework of the medulla continues into the cortex (Fig. 2.6-9a). Exposing thin lines of tiny
trabeculae (white star in Fig. 2.6-9a) that run parallel to the morphological long axis of the spine, subsets
of the EBSD measurement in Fig. 2.6-9a show the extension of the medulla up to the outer surface of
the spine tip. It should be noted that the cross-sections of the extended medullar trabeculae are
significantly smaller in the spine tip than the cross-sections observed in the monophasic medulla. The
medullar/trabecular extension maintains the crystal orientation of the highly co-oriented medulla, and
the medullar/trabecular lines run parallel to the morphological long axis of the spine, irrespective of

their position in the spine (Fig. 2.6-9a).

The extensions of the medulla play a significant role in the crystallisation of the cortex. The
polycrystalline cortex is subdivided into two subsets with similar crystal orientation patterns (Fig. 2.6-
9b, c). Each subset has its crystallographic c-axes oriented perpendicular to the medulla as well as to
one another (see sketched crystals in Fig. 2.6-9a-c). Rather than being randomly distributed within the
cortex, the subset maps of the cortex show that the two sets of crystal orientation (set 1 and set 2) align
in strict lines (Fig. 2.6-9b, c) and that these run parallel to the lines of the medullar extension (Fig. 2.6-

9a). Therefore, the microperforate tip of the cortex has a 3D microstructure with a clear-cut and ordered

crystal orientation pattern and the arrangement of the crystallites that form the very tip of the cortex is
not random. The tip of the cortex comprises thin parallel entities where the medullar extensions (Fig.
2.6-9a), the first orientational set of crystals (set 1, Fig. 2.6-9b) and the second orientational set of
crystals (set 2, Fig. 2.6-9c) alternate in a lamellar fashion. Based on the linear and ordered arrangement
of the medullar/trabecular extensions and on the two ordered sets of crystals inherent to the cortex, it
can be assumed that the extended medullar stereom functions as a nucleation substrate for the small
cortex crystals. The trabeculae of the medulla that extend into the cortex and function as nucleation
surfaces have a morphology resembling spheres. Thus, the cortex crystals that nucleate on these surfaces
grow in all directions perpendicular to the trabecular morphological long axis (see the large scatter of

data in the pole figures in Fig. 2.6-9a, b). This explains the lack of crystallographic co-orientation within

the two sets of crystals, despite their axial texture (Fig. 2.6-9b, c).
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Figure 2.6-9. Microstructure and crystallographic texture of Cidaris cidaris spine medulla and medullar extensions (white stars
arrows in a, d) and of the first-formed cortex crystals at the very tip of the spine (yellow arrows in b, c, €). EBSD data were
evaluated with conventional EBSD data evaluation. The competitive growth microstructure of the cortex shaft is already well
observable close to the tip of the spine (yellow stars in d, €). At its very tip, the spine cortex consists of medullar extensions
(white arrows in a, d) and two sets of first-formed crystals (yellow arrows in b, c, e). Set 1 and set 2 cortex crystals are
differentiated from each other by their orientations, both of which are orthogonal to the orientation of the medullar trabeculae
as well as to each other. This is indicated by sketched crystals (a, b, ¢) and/or the colours of the set 1 and set 2 crystals (red and
blue; coding for orientation (yellow arrows in b, c, €)). The medulla consists of a galleried stereom, formed of co-oriented
calcite (white star in a, d, €). Small trabeculae (medullar extensions) are organised in parallel series (white arrows in a) with
similar crystallographic orientation as the calcite of the medulla (white arrows and pole figure in d). The extending trabeculae
(white arrows in a, d) are significantly thinner than the trabeculae of the galleried stereom of the medulla (white star in a, d, e).
Polycrystalline sheets of granular crystals (b, c) enclose the medullar extensions, and form the cortical crystals. The latter
crystals have an axial texture and a low co-orientation strength. The c-axis orientation of the set 1 and set 2 crystals is always

perpendicular to the axes of the medullar extensions; the two sets of crystals are ordered in parallel lines (yellow arrows in b,
c, e).
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A similar pattern can be observed for a further secondary spine tip that also shows a clear-cut
relationship between the medullar/trabecular extensions and the crystallographic orientation pattern of
set 1 and set 2 of the cortex (Fig. 2.6-9d, ). Similar to previous measurements, the medulla has a 3D
single-crystal-like long-range order (Fig. 2.6-9d). The medullar/trabecular extensions forming a
framework of thin, parallel lines (Fig. 2.6-9d) function as the nucleation surface for cortex crystal growth
(Fig. 2.6-9¢e). Thus, the cortex appears to feature multiple crystal entities with similar orientations that
stretch parallel to the morphological long axis of the spine, up to its outer tip surface (Fig. 2.6-9¢). The
c-axes orientation of cortex crystals scatters broadly perpendicular to the medullar orientation. It can be
concluded that the microstructure and crystallographic texture of the cortex crystals are determined by
the surface configuration of the extended trabeculae of the medulla; their growth process is largely

influenced by competitive growth determinants (Checa 2018).

Considering that a competitive growth process determines the microstructure of the cortex layer
crystals, it is fascinating to find that this process can lead to the complex serrated and undulating outer
spine surfaces observed for C. cidaris (e.g., Figs. 2.6-7, 2.6-8). Our results indicate that the outer surface
of the medulla is rarely perfectly smooth and conical. As overview measurements suggest, the medulla
rather forms longitudinal crests with angular outlines (Fig. 2.6-AP4). Indeed, the thin trabecular
extensions of the medulla can predetermine the thickness, morphology and outer surface of the entire
cortex layer. Even when considering that their small thickness partly appears from the cut that sections
them more and more tangentially, the trabecular extensions still vary from the microstructure of the
inner medullar stereom. Observable at regular distances along the cross-section of a primary spine (Fig.
2.6-AP5a), the medullar extensions form fan-like extensions (white arrows in Fig. 2.6-AP5b, ¢). Similar
to the tip of the spine, this framework of fan-like extrusions is filled with fine-grained crystals, oriented
perpendicular to the extension of the medulla (see pole figures in Fig. 2.6-AP5b, c). This specific
microstructural arrangement in the upper shaft and tip of the spine and within the longitudinal crests

may be a unique way for the organism to optimise two aspects of the outer spine surface:

(i) Generating a porous framework that functions as a nucleation template for the cortex
and allows the organism to crystallise sophisticated spine morphologies, such as the
longitudinal crests, at low metabolic cost.

(i) Compared to the relatively weak stereom that can promote crack development
(Moureaux et al. 2010), the thin encasing cortex can better dissipate cracks in its
polycrystalline microstructure, thus optimising the spine's toughness without losing the
energy absorption properties of the stereom (Yang et al. 2022b). For the latter, two
microstructural characteristics are important: (1) the small size of most cortex crystals
leads to many grain boundaries. These can block dislocation and crack development in
biological as well as man-made materials (Shin et al. 2016). (2) The c-axes orientations

of the cortex crystals are generally oriented orthogonal to the outer spine surface.
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Previous studies investigating the azimuthal variability of mechanical properties in
biomineralised tissues showed that the hardness increased when measurements were
performed on materials with crystal c-axes perpendicular to the tested surface (Berman
et al. 1993; Hoerl et al. 2025b). Accordingly, even though the microstructure of the
cortex crystals appears to be driven to a large extent by a competitive growth
mechanism, the previously described specific texture is also relatable to material

function, i.e. to some degree it is biologically determined.

The competitive growth mechanism that influences the texture and microstructure of the cortex
is also obvious from the spine shaft, where the nucleation surface provided by the trabeculae of the
medulla is smooth (Figs. 2.6-8d-f, 2.6-10). The texture of the first-formed cortex crystals at the spine
shaft is broadly axial; however, their co-orientation strength is low, as indicated by MUD values between
50 and 70. Towards the outer spine shaft cortex surfaces, crystal sizes (from ~20 um? to around 200
umz; see Fig. 2.6-AP5a-c) and crystal co-orientation strength (see MUD values in Fig. 2.6-10) increase,
and crystal orientation becomes more and more coherent with distance away from the medulla. These
structural characteristics point to a microstructure determined by growth competition. At crystal
formation through growth competition, many crystals nucleate close to each other and, at growth,
compete for space. Due to the anisotropic growth kinetics of calcite, the likelihood for a small crystal to
grow into a large entity and to outcompete its neighbours depends on its crystallographic orientation. It
is inversely related to the deviation of the crystal’s growth direction (c-axis) from an orientation normal
to the nucleation template. The growth competition process results in a substantial decrease in the
number of crystals, an increase in crystal size and the generation of a progressively stronger
crystallographic preferred orientation as one moves away from the nucleation substrate (Fig. 2.6-10b,
c). Calcite c-axes in the outer cortex shaft of C. cidaris are almost parallel to each other, and the texture
reaches MUD values up to 220 (Fig. 2.6-10). Nonetheless, the crystals at the outer cortex are still
significantly more misoriented than the crystals that form the highly co-oriented medulla, where we

found MUD values of about 660 to 700. We conclude that since the medulla or its trabecular extensions

function as nucleation surfaces for the growth of the cortex, the smoothness of the outer medullar surface

defines the arrangement and crystallographic texture of the cortex crystals.
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Figure 2.6-10. Calcite crystal co-orientation strength, expressed with MUD values, for the medulla and for the cortex along
the shaft of a Cidaris cidaris secondary spine (a-c). The position of EBSD scans is given with a confocal micrograph (a);
measurements were performed on opposing sides of the outer spine surface. The calcite of the stereom of the medulla is co-
oriented, showing MUD values between 675 and 700 (b, c). The calcite of the first-formed cortex crystals is significantly less
co-oriented (43 < MUD < 72), however, their co-orientation strength increases towards the outer spine surface (153 < MUD <
214) (b, c). EBSD data were evaluated with conventional EBSD data evaluation.
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Since trabecular extensions run parallel to the morphological long axis of the spine, they are
most apparent at the tip of the spine where their close spacing is best visible (Fig. 2.6-9). The cortex
crystals nucleating from the trabecular/medullar extension framework, therefore, spatially restrict
themselves in three dimensions (Figs. 2.6-7, 2.6-9, 2.6-AP5d-f). This impedes the growth of large
crystals and generates the particular microstructure and irregular crystal morphologies that we observed
for the cortex at spine tips. In contrast, the cortical layers along the shaft of the spines show lack of
trabecular/medullar extensions. This generates a rather smooth outer nucleation surface for the growth
of cortex crystals, although the topography of the inner stereom, per se, is very intricate. Due to the lack
of trabecular extensions blocking the crystallisation pathway away from the medulla, the cortex crystals
at the shaft can grow competitively, increasing in size and crystallographic co-orientation. For secondary
spines, we found that the cortex occupies only for the upper third of the entire spine's outer surface (Fig.
2.6-AP6a). The onset of the cortex is directed by a ring-shaped medullar bump that follows the
orientation of the trabeculae (yellow star in Fig. 2.6-AP6b). It is imperforate and has a thickness of up
to 50 um, comparable with the thickness of the adjacent cortex (Fig. 2.6-AP6b). Below this bump, the
outer surface of the secondary spines is defined by a co-oriented microstructure that resembles the
microstructure of the medulla (Fig. 2.6-AP6c). However, rather than forming a galleried stereom, the
pore size decreases towards the outer spine surface; this outermost hard tissue is usually imperforate
(Fig. 2.6-AP6c). We conclude that even though the microstructures of the spine cortex differ
significantly for the tip and shaft of the spine, the crystal growth process is consistent throughout the
entire cortex. With the cortex of the spine, we observed, for the first time for a carbonate biological hard

tissue, two different configurations of the competitive growth process: (1) an initial and (2) an advanced

growth configuration, predetermined by the surface structure of the nucleation template and facilitated

by the available space for the growth of crystals.

The test

The c-axis orientation of the calcite plates in the test is tangential to the outer test surface, as
reported by Raup (1959), who identified the crystallographic orientation in coronal plates of C. cidaris
using optical light microscopy. The results of the EBSD measurements in this study agree with the
relation between the crystallographic orientation of this echinoderm calcite and its test morphology, as
shown by Raup (1959). The c-axes of the calcite crystals within the test plates follow the curvature of
the outer test surface in the aboral side's direction (Fig. 2.6-1). Several hypotheses have been proposed
to explain why some sea urchin tests show this characteristic; however, its functional significance is still
unknown. Raup (1959; 1960; 1965) assumed that the preferred crystallographic orientation of the c-axes
might be related to environmental adaptions. According to this theory, light-sensitive echinoids could
utilise the anisotropic transmission properties of calcite to adapt to shallow, sunlit environments and
block unwanted sunlight. However, no correlation could be found between the crystallographic

organisation of the test and the habitat (Raup 1962a). It is more likely that the preferred c-axes
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orientation is important for plate curvature and, thus, controlled by the secreting epithelium (Raup

1962a; Raup 1962b) or results from developmental constraints during growth (Bodenbender 1997).

The test plates feature single-crystal-like stereom frameworks slightly tilted to each other along
the test profile. The axial co-orientation strength within the test plate varies between MUD values of
661 and 716. As a reference, synthetically grown calcite single crystals have an MUD value of 712
(Griesshaber et al. 2017) and 725 (Nindiyasari et al. 2015). Strikingly, the highest abundance of
individual test plates was detected on the oral side near the masticatory apparatus. Each section is
structurally locked by interconnecting trabecular extensions as described by Seilacher (Seilacher 1979),
Hidaka and Takahashi (1983) and Smith et al. (1991). Misorientation angles between neighbouring

sections vary between 15° and 45°.

Exceptional for both cuts through the shell and both investigated sea urchin species is the
polycrystalline rim of the primary tubercles (along the terminal knob) at the aboral side (Figs. 2.6-4,
2.6-11). The tubercle rim resembles a polycrystalline aggregate with an axial texture. The longitudinal
axes of the tubercle crystals are oriented perpendicular to the single-crystal-like plate and the outer
tubercle surface. The crystallites are limited to the denser microperforate stereom fabric (Figs. 2.6-4a,
b, 2.6-AP2a, b). The 3D *“single crystal-like” plate contrasts with the polycrystalline boss, which lacks
crystal orientation continuity. While this bimodal-like texture pattern could also be found in the base of
secondary spines (Fig. 2.6-7b-d), it was not observed for the base of the primary spines (Fig. 2.6-7a).
Okazaki et al. (1981) reported a similar polycrystalline microstructure using crystal etching and
decoration. Their study showed no correspondence between the c-axes of the tubercle and the c-axes of
the spine base, indicating that the two structures develop independently from each other. Donnay and
Pawson (1969) mention that the rotating spine on the tubercle tip, connected by a ball-and-socket joint,
has a grinding action. The mechanical stress breaks off small bits of skeletal material, which will fuse
to a polycrystalline structure during growth (Towe 1967; Okazaki et al. 1981). Our results indicate that
for both the tubercle, the parapet and the secondary spines (Fig. 2.6-5), the polycrystalline regions do
not disrupt the porous architecture of the stereom but rather continue it up to the outer shell surface
(Figs. 2.6-5, 2.6-6, 2.6-AP2). Similar to the cortical layer in primary and secondary spines, the axial
texture of the polycrystalline knob runs perpendicular to the single-crystal-like plate. This shows that
the tubercle crystals are not randomly oriented. Their orientation follows a directed growth process that

might result from growth competition.

In summary, our study shows the interesting properties of calcite microstructure and texture at
the sea urchin terminal knob of tubercles, parapets and along the outer sections of the spine base. These
sections consist of calcitic trabeculae, their growth and organisation is strongly biologically determined.
Nonetheless, calcite microstructure and texture are distinct from the rest of the test or spine. We found
large crystals (mean area: 800 pm?) with dendritic morphologies and calcite c-axes oriented

perpendicular to the skeletal element and orthogonal to the calcite orientation of the adjacent test or
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spine. These skeletal portions, the terminal knob of the tubercle, the parapet and the surface of the base
of the spine, are located near muscle attachment sites (Figs. 2.6-5, 2.6-AP3). Valved marine organisms
develop a specific crystal microstructure and crystal texture at the sites where the muscles attach to the
valves. As shown for other shelled organisms, e.g. for bivalves (Hoerl et al. 20244, b) and brachiopods
(Hoerl et al. 2025a), it appears that at muscle attachment sites of echinoids as well the crystals adjacent
to the tendon cell layer of the attaching muscles often feature large entities. These crystals generally
have their c-axes oriented perpendicular to the surface of the skeletal element (this study and (Hoerl et
al. 20244, b) and, most probably, for a strong attachment, parallel to the collagen-rich fibrils that leave
the focal adhesions of the muscle cells. Although the shell-muscle attachment varies between
echinoderms and bivalves or brachiopods, it is interesting to observe that across different phyla, the
presence and attachment of muscles seems to influence and manipulate the microstructure of biological

hard tissues.

Comparison of calcite microstructure and texture for sea urchin species living in the same
habitat

C. cidaris is a specimen representing the Cidaroidea, a subclass of the Echinoidea. First EBSD
measurements on the C. cidaris test and skeletal elements were reported by Forster (2020). A different
subclass of Echinoidea is the Euechinoidea; this subclass includes most sea urchin species living today.
First EBSD measurements are reported by Alsheikha (2020) for the test and the spines of the
euechinoidean sea urchin Paracentrotus livididus. P. lividus is a well-studied organism (Politi et al.
2004; Moureaux et al. 2010; Goetz et al. 2014; Varkoulis et al. 2020) and lives in shallow waters in the
Mediterranean Sea. C. cidaris and P. lividus often coexist; however, they occupy different subareas of

the same habitat.

In contrast to the crystallographic pattern of the test of C. cidaris (Fig. 2.6-11a), P. lividus
exhibits c-axes orientation perpendicular to the test plate's outer surface (Fig. 2.6-11b). Test plates in P.
lividus mainly comprise a single-crystalline-like labyrinthic stereom fabric. The microstructure of the
boss varies significantly, with galleries running perpendicular to the test surface (Fig. 2.6-11b). The
terminal knob of the tubercle comprises a polycrystalline aggregate that is not limited to the tubercle
rim, as it is the case for the tubercle of C. cidaris. This might indicate differences in the muscle-tubercle

attachment configuration for the two investigated sea urchin species.
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Figure 2.6-11. Comparison of microstructure and texture characteristics between Cidaris cidaris and Paracentrotus lividus
tubercle (a, b) and spines (c, d). EBSD data were evaluated with conventional EBSD data evaluation. The colour-coded EBSD
maps of C. cidaris (a) and P. lividus (b) visualize the interlinkage between the highly co-oriented calcite of the plate and that
of the polycrystalline knob of primary tubercles. The polycrystalline terminal knobs keep the porous stereom structure of the
plate, however, differ strongly in their crystallographic texture (a, b). EBSD scans were performed on the cross-sections of C.
cidaris (c) and P. lividus (d) primary spines. C. cidaris spines feature a polycrystalline cortex surrounding the single-crystalline
medulla (c). P. lividus spines do not have a cortex; instead, they are formed of co-oriented stereom calcite at the spine base that
merges into radially arranged, dense wedges (d).
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Figure 2.6-12. Comparison of internal misorientations between Cidaris cidaris and Paracentrotus lividus spines. EBSD data
were evaluated with conventional EBSD data evaluation (a-c) and evaluation using pattern matching (d-f). Colour-coded EBSD
overview maps (a-c) show the spine microstructure and the position of the maps that were evaluated with pattern matching (d-
f). Analogous to Fig. 2.6-4c, d, the pattern-matched measurements are displayed as Kernel average misorientation maps
between 0°-2° (d-f). The pattern-matched EBSD maps are complemented with contoured pole figures and misorientation versus
distance profiles (d-f). In the stereom of C. cidaris and the basal spine part of P. lividus, misorientations in the trabeculae are
low (< 1°). High misorientations, up to 3°, are present at the connecting bridges between the trabeculae (d, ). The dense wedges
of P. lividus are highly co-oriented and only show small misorientations up to 0.5° (). The yellow star in (f) highlights a region
with increased misorientation frequency that runs laterally to the spine septa of the P. lividus spine cross-section.

The studies of Alsheikha (2020) and Varkoulis et al. (2020) reveal a compact microstructure of
the spine shaft and tip of P. lividus that strongly contrasts the perforate stereom of C. cidaris spines (Fig.
2.6-11c, d). The spines of P. lividus comprise tightly spaced wedges, the septa, which increase in
thickness towards the outer spine surface feature a 3D single-crystal-like long-range order (Fig. 2.6-
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11d). The porous zone between the wedges is narrow in cross-section and appears uniformly thick.
Longitudinal cuts through the two species’ primary spines highlight differences in microstructure of the
spine basal area. The primary spines of C. cidaris comprise a labyrinthic medulla with many small-angle
misorientations, particularly along the trabecular junctions (Fig. 2.6-12a, d). In contrast, the basal part
of P. lividus spines comprises a galleried, single-crystal-like stereom on the inside of the spine and a
microperforate stereom along the spine’s outer surface (Fig. 2.6-12b, €). The spine base, shaft and tip
show crystallographic texture continuity, and the microstructural changeover between the basal stereom
and the imperforate septa is smooth in P. lividus spines. The crystallographic orientation of the c-axes
follows the orientation of the long axis of the spine (Fig. 2.6-12c, f). In contrast to C. cidaris, the spines

of P. lividus lack a polycrystalline, weakly co-oriented cortex.

Hence, although living in the same habitat, C. cidaris and P. lividus exhibit differences in texture
and microstructure of both the test and the spines. The presence of a cortex and the highly porous
microstructure in C. cidaris spines, compared to those of P. lividus, are striking features and might yield
advantages in resilience to, e.g., stress distribution, hard tissue regeneration and other structural

attributes.
The single crystalline character of the sea urchin test and spine

The 3D “single crystal-like” stereom of the plates and the medulla of the spines of C. cidaris show a
strong axial co-orientation strength with MUD values ranging from 662 to 723. As mentioned in Section
2.2, laboratory-grown calcite single crystals have MUD values between 712 (Griesshaber et al. 2017)
and 725 (Nindiyasari et al. 2015).

Authors who used conventional EBSD measurement and data evaluation report that sea urchin
spines are single crystals (Moureaux et al. 2010). However, as demonstrated in this study, small
misorientations are not detected with conventional EBSD measurement and data evaluation. An
exception to the latter is formed by the study of Goetz et al. (2010). Based on high-resolution EBSD
measurements and, in particular, a specific EBSD data evaluation, the authors could show minor
orientation differences of up to 0.1° within the septa of the sea urchin Amblypneustes pachistus (Goetz
et al. 2010). While the polycrystalline nature of sea urchin skeletal elements has previously been
suggested by other authors, such as Seto et al. (2012), Célfen et al. (2022), and Goetz et al. (2014), the
combination of high-precision EBSD and the pattern matching method used in the presented study
shows for the first time the presence and distribution of small-angle misorientations. Rather than using
an image transform, the latter method tests for each point in the measured EBSD map dynamical pattern

simulation with precise calibration parameters (Trimby et al. 2024). Through EBSD pattern matching,

we detected that the orientation precision of EBSD measurements for biological carbonate hard tissues

becomes significantly improved to an anqular precision of less than 0.1° compared to the 0.5° to 1°
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angular precision with the standard Hough-transformation-based EBSD data evaluation method (Engler

et al. 2023).

The small-angle misorientations in the C. cidaris test

High-resolution misorientation maps and profiles show that C. cidaris shells comprise
considerable misorientations in both test plates and spines (e.g., Figs. 2.6-2e-g, 2.6-4c, d, 2.6-5d, 2.6-
6d, 2.6-12d and 2.6-AP2c-e¢). We observed large-angle misorientations (more than 5°) in the
polycrystalline parts and small-angle misorientations (up to 3-5°) in the single-crystal-like sea urchin
calcite (see Terminology Section A.l). In the plates, the inner trabeculae usually have a high
crystallographic co-orientation (MUD values > 700). This is indicated by whitish colours in the high-
resolution EBSD maps (e.g., see arrow visualizing the trajectory location of profile C-D in Fig. 2.6-2¢e)
and with the cumulative misorientation profiles (e.g., Figs. 2.6-2e, g, 2.6-4d). We consider the inner

trabeculae to be more or less single-crystalline.

Due to the perforate character of the stereom framework, the test plates have a large interior
surface. Angular misorientations predominantly appear along the trabecular junctions, reaching
misorientation angles up to 2° (Fig. 2.6-2e, f, 2.6-4d). Our study shows that the regions with low-angle
misorientations between crystals are not evenly distributed along the skeletal element surface; they are
particularly frequent for pore cross-sections with strong curvatures (yellow arrows in Fig. 2.6-4d). Since
the labyrinthic stereom comprises many trabeculae that simultaneously grow in different directions, it
is common that trabeculae converge and interconnect. However, strongly curved interconnection
surfaces may interfere with the stereom organisation, which is responsible for the advanced mechanical
properties observed for the sea urchin hard tissue (Ji et al. 2022). Thus, the misoriented areas might
result from the organism’s attempt to counteract structural instabilities that result from the generation of
the labyrinthic stereom framework. This behaviour has been recently suggested for the echinoderm
stereom in the starfish Protoreaster nodosus, regarding the misorientations as a by-product of the
complex skeletal formation process that strives for the optimisation of the hard tissue mechanical
performance (Hyde & Meldrum 2022; Yang et al. 2022a).

Our high-resolution EBSD measurements indicate that the crystallographic co-orientation of the
different stereom fabrics is not similar. For example, differences in the misorientation angle distribution
become visible when comparing the microperforate stereom near the tubercular boss (Fig. 2.6-4c, 2.6-
AP2c-e) with the labyrinthic stereom located in the centre of the same test plate (Fig. 2.6-4d). The latter
shows, in general, small misorientation angles for intratrabecular regions or the trabecular connections
(Fig. 2.6-4d). However, in the microperforate section near the outer shell surface, the Kernel average
misorientation is significantly higher. This is particularly well observable in the central part of the
trabeculae, where the microperforate stereom has an average local misorientation of ~0.5° versus ~0.1°

in the labyrinthic stereom (Fig. 2.6-4c, d). The microperforate stereom near the tubercle features streak-
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like regions of internal misorientations (1-2°) that appear to connect the pores and traverse the stereom
(Fig. 2.6-4c). These frequently occurring misorientation streaks could result from deformations caused
by high stresses acting on the tubercle due to muscular activity. However, the exact origin of this feature,
which also occurs in the muscle attachment region of primary spines (see Fig. 2.6-12a, d) is not yet

understood and needs to be analysed in more detail.
Comparison of the single-crystallinity of C. cidaris and P. lividus spines

Angular misorientations near sharp pore surfaces of a 3D “single-crystal-like” stereom are not
limited to the plates of the test; they are also frequent in the spines of C. cidaris. Near the base, the
primary spines of C. cidaris form a labyrinthic stereom of co-orientated trabeculae; here, we find
significant misorientations along the trabecular junction surfaces (Fig. 2.6-12a, d). The misorientation
profiles in the pattern-matched EBSD measurements (Fig. 2.6-12d) indicate that the intratrabecular
spine sections are well co-oriented with a cumulative misorientation angle below 0.5°. Even though, the
spines cannot be considered to be single-crystalline due to the high misorientation angles of up to 3°
towards the trabecular surfaces and intersections (profile C-D in Fig. 2.6-12d). The lack of orientational

continuity is, furthermore, apparent from the rather low MUD value of 662 of the spine (Fig. 2.6-12d).

In contrast to C. cidaris, the stereom in P. lividus primary spines does not extend from the base
to the tip but gradually shifts into septa starting upwards from the shaft. In the basal areas of P. lividus
spines, the stereom appears to be galleried, with the channels somewhat aligned longitudinally to the
growth axis of the spine (Fig. 2.6-12b). While in P. lividus crystallographic misorientations within
trabeculae and the dense septa are very low (< 0.3°), the stereom also features scattered areas with high
misorientations (up to 3°, Fig. 2.6-12e). Nonetheless, these are far less widespread in P. lividus spines,
compared to C. cidaris spines. Two misorientation profiles traversing the septa both longitudinally and
perpendicularly show that the misorientation distribution differs within the cross-section of the spine
(Fig. 2.6-12c, f). Perpendicularly (profile A to B in Fig. 2.6-12f), misorientations appear regular and
have a cumulative misorientation angle below 0.5°. Longitudinally, from the outer spine surface towards
the medulla (Profile C-D in Fig. 12f), cumulative misorientations fluctuate periodically; the point-to-
point misorientations are significantly higher than the ones for the lateral profile. Differentiated regions
of enhanced misorientation lateral to the growth direction of the septa (yellow star in Fig. 2.6-12f) and
the periodic misorientations crossing the septa indicate different growth spurts from the inner to the
outer spine surface. Thus, the hard tissue crystallised in the same growth spur is highly co-oriented,;
however, the hard tissue that crystallised at different growth spurs comprises considerable
misorientations. Our results not only demonstrate the polycrystallinity of sea urchin calcite, but also
show that the degree of internal misorientation varies depending on the stereom fabric and thickness of
the respective trabeculae. A similar effect has recently been observed with SAXS and WAXS studies

on different stereom fabrics in Cidaris rugosa: The authors report a polycrystalline structure with a
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varying degree of internal co-orientation that might be caused by differences in trabecular order (Jessop

etal. 2024).
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Figure 2.6-13. Schematic illustration (a) depicting crystal arrangement of spine medulla (b), at cortex tip (c) and
at cortex shaft (d) for Cidaris cidaris. For substantiation of the suggested crystal growth model in (a) we include
the microstructure and texture of spine calcite at the medulla (b), the cortex tip (c) and the cortex shaft (d) gained
from EBSD scans. Measurements were evaluated with conventional EBSD data evaluation. The sizes of the
sketched hexagonal crystals in (a) illustrate the evolution of grain sizes following the competitive growth model.
The shaft and tip of the spines comprise two main fabrics. The medulla is formed by highly co-oriented trabeculae
organised in a galleried to rectilinear stereom (b). At growth, a series of thin parallel trabecular extensions form
first. This trabecular framework functions as a substrate for the growth of the cortex crystals. At the spine tip,
where a high frequency of trabecular extensions was observed, the cortex crystals spatially restrict one another in
three dimensions (c). Due to the periodic arrangement of trabecular extensions, a linear pattern of small and
irregular crystals becomes visible when applying an IPF colour-coded map to the measurement (c). As the series
of trabecular extensions run parallel to the morphological long axis of the spine, only a small number of them
perforate the shaft cortex, leaving a rather smooth nucleation template for the cortical layer (d). Thus, the crystals
can competitively grow away from the medulla, generating a microstructure of increasingly large and co-oriented
crystals towards the outer spine surface (d).
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Applying misorientation profiles or texture component maps to pattern-matched EBSD maps
allows us to see long-range changes in crystallographic orientation compared to a reference point. Both
the C. cidaris and the P. lividus stereom show gradual rotations of the crystallographic axes. This
becomes obvious from cumulative misorientation profiles (white arrows in Figure 2.6-12d, e, f) and is
also observable in greater detail in texture component maps (Figs. 2.6-AP7, 2.6-AP8). For a C. cidaris
tubercle (Fig. 2.6-AP7) and a P. lividus spine (Fig. 2.6-AP8), the texture component maps yield
cumulative misorientations up to 2°. For the microperforate boss in C. cidaris, some trabeculae even
have an orientational divergence of 4° compared to the mean orientation value of the measurement (Fig.
2.6-AP7). It should be noted that, surprisingly, these gradual misorientations seem to accumulate
towards a specific direction in the structural element. For the tubercle, the number of misorientations
increases towards the outer knob surface (Fig. 2.6-AP7), and for the spine, it increases parallel to the

morphological long axis of the spine (Fig. 2.6-AP8).

In essence, the EBSD pattern matching method allows us to detect minute misorientations within
biomineralised tissues with great orientational precision. The measurements performed for the test plate,
tubercle, and the primary spines of C. cidaris and P. lividus show a consistent pattern between stereom

organisation and small-angle misorientations.

Q) The highest degree of crystallographic co-orientation was observed for the dense,

imperforate septa of P. lividus (Fig. 2.6-12e, f). These structures can be considered
single-crystalline. Local misorientations of more than 0.1° are uncommon, as there is a
lack of major pores in the network, i.e., there is an absence of trabecular junctions within
the biomineralised tissue.

(i) For the perforate stereom fabrics such as the galleried or the labyrinthic stereom (Figs.
2.6-2e, 2.6-4d), the crystallographic co-orientation depends on the distribution and
interconnection of the trabeculae. The inner trabecular hard tissue is highly co-oriented:;
however, trabecular intersections creating sharp curves might cause significant
misorientations. The latter may arise from the organism attempting to interconnect the
differently aligned trabeculae and to smoothen pore surfaces for structural stability.

(iii)  The highest degree of misorientation was observed in the dense and microperforate

stereom fabrics near the outer surfaces of the test and of the primary spines (Figs. 2.6-
4, 12d). Due to decreased ordering and size of the pores, as discussed in the first
Discussion section of the , the biomineralised tissue is traversed by many misorientation
streaks that reduce the strength of co-orientation (indicated by the MUD value) of the
calcite. These streaks are not yet well-understood. They may either stem from internal
or/and external stresses exerted on the outer shell surfaces of the test and of the spines.
They also might be due to the increased amount of small-sized pores, relative to the

inner plate of the test.
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(iv) Our study shows that the test plates and spines in C. cidaris are not perfectly single-
crystalline. Not only do they have polycrystalline calcite assemblies at the tubercles,
parapets, spine base and cortex of the spines, but the 3D “single-crystal-like”
biomineralised tissue of these skeletal elements comprises, in addition, cumulative

misorientations features of up to 3° or even more.

2.6.5 CONCLUSIONS

The echinoid species C. cidaris forms a high-Mg calcite skeleton, with the mineralised parts
consisting of a test, primary and secondary spines and the chewing apparatus. The test comprises an
assembly of crystal plates and their tubercles (Figs. 2.6-1, 2.6-4). The test microstructure is a 3D
meshwork of thin bands or columns, the trabeculae, which interconnect at junctions. The microstructure
of the spines comprises a central medulla, formed of a network of trabeculae, and a cortex, composed
of a polycrystalline assembly of small crystals that encase most of the spine shaft up to the tip (Figs.
2.6-13, 2.6-AP4).

This contribution highlights and discusses the crystallography, microstructure, and texture of
the C. cidaris test and spines. Results are based on high-resolution EBSD measurements and
sophisticated EBSD data evaluation using the pattern matching method. For the first time, for biological
hard tissues, we show how this method can be used to obtain precise microstructural and textural
information for biomineralised materials such as echinoid skeletal elements. Of central interest for the
presented study is the assessment of misorientations within the crystals that form the stereom of the test,
the tubercles and the spines for disclosing the degree of crystallinity of C. cidaris calcite. Even though
this study focuses on the calcite of C. cidaris, we complement the obtained results on C. cidaris with
measurements and observations on the calcite of P. lividus for comparison and a better understanding.
With the latter, we investigate the structural hard tissue of sea urchin species of two echinoderm
subclasses, the Cidaroidea and the Euechinoidea. We conclude the following for the calcitic hard tissue
of C. cidaris and P. lividus.

The test:

1. Stereom trabeculae and pore arrangement in C. cidaris calcite develop with two main
architectures. At outer test regions and surfaces, the stereom fabric is rectilinear and the pore
organisation is microperforate; at inner test regions and surfaces, the stereom trabecular
arrangement is labyrinthic and the pore organisation is irregular. We follow the stereom and
pore nomenclature of Smith (1980).

2. The test consists of calcite plates. In C. cidaris, these interlock intricately along the serrated

edges of plates. Adjacent plates are misoriented to each other through large angle
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misorientations by a few tens of degrees. As EBSD data evaluation based on pattern matching
demonstrates, individual test plates cannot be considered single crystals. Their calcite is rather
misoriented at trabecular junctions through small-angle misorientations. Misorientations at
trabecular junctions range up to 3°. Additionally, for a single crystal, MUD values should be
well above 700 when calculated with a half-width of 5° and a cluster size of 3. For individual
test plates, we found MUD values between 670 and 700 (half-width of 5° and cluster size 3).
The decrease in MUD value for individual plates is caused mostly by low-angle misorientations
at trabecular junctions. The abundance of trabecular junctions depends on the architecture of
the test stereom.

3. Stereom calcite between the trabecular junctions, the intratrabecular calcite, is more or less
single-crystalline. Misorientations (evaluated with EBSD pattern matching) are generally below
0.5°. MUD values are well above 700 (half-width of 5° and cluster size 3).

The tubercles:

4. The primary tubercles, the joints where the spines connect to the test plates, comprise a
microstructure that differs from the stereom of the test plates. In the basal boss of the tubercle,
the calcite is microperforate, formed of a dense stereom consisting of calcitic trabeculae. In the
terminal knob of the tubercle, the stereom architecture is similar to that of the basal boss;
however, the calcite is polycrystalline with a low crystal co-orientation strength. MUD values
of the terminal knob are below 80 (half-width of 5° and cluster size 3). The basal boss is defined
by a very high abundance of low-angle misorientations and, thus, a decreased MUD that scatters
between 600 and 650.

5. Many crystallographic-structural aspects of tubercular calcite differ from those of the adjacent
test calcite. The tubercular polycrystals have an axial texture; calcite c-axis orientations are
mostly perpendicular to the outer tubercle surface. The adjacent test plates have a 3D “single-
crystal-like” long-range order, with calcite c-axis orientations parallel to the surface of the test.

Thus, calcite c-axis orientations of the test and of the adjacent tubercle are orthogonal.
The spines:

6. Stereom architecture, microstructure and texture of C. cidaris primary and secondary spines
vary drastically, depending on the position within the spine. For both primary and secondary
spines, we found a central galleried medulla encased by a polycrystalline cortex. For primary
spines, the cortex extends over the entire shaft of the spine; for secondary spines, only about
half of the spine shaft is enclosed by a cortical layer. The beginning of the cortex is determined
by bumps encircling the outer surface of the medulla. For both types of spines, the cortex is

thickest at the spine tip.
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7.

10.

The outer surface of the medulla functions as a template for the nucleation of the cortex crystals,
however, no epitaxy is evident. Along the shaft of the spine, the galleried medulla structure
forms in 2D a smooth outer surface of topologically adjacent and connected medullar galleries.
At the tip of the spine, we found a 3D, closely-spaced network of thin galleried medullar
extensions. Cortex crystals nucleate normal to all surfaces of the outer trabeculae, with their c-
axis always oriented normally to the c-axis of the medulla. Even though the outer surface of the
cortex at the spine tip has a smoothness different from that of the cortex along the shaft of the
spine, their growth processes are similar. The microstructure of cortex crystals is determined by
growth competition.

The difference in cortex microstructure between the tip and the shaft of the spine is relatable to
the 3D configuration of the medullar template surface (smooth or rough) and the availability of
space for crystal growth. A network of round-shaped and closely-spaced medullar extensions
intricately interconnected in 3D governs the tip of the spine. From the surface of these templates,
crystals grow in all directions. However, due to space restrictions given by the closely-spaced
medullar extensions, the growth progress is inhibited in 3D, and the ‘standard competitive
growth microstructure’ cannot develop. We observed with the microstructure of the cortex at
the very tip of the spine only the start of the competitive growth process. In contrast, along the
spine shaft, towards its base, the medullar template surface is only restricted in 2D; hence, there
is space for the crystals to grow away from the medulla and the competitive growth

microstructure develops to advanced growth stages.

Since the microstructure of cortex crystals is mainly controlled by growth competition, the
constitution of the medullar template and space for the growth of crystals predetermines the
microstructure of cortex crystals. In contrast, the microstructure of medullar and test stereom

calcite is only influenced by organism-related, biological determinants.

Neither C. cidaris nor P. lividus test plates, tubercles, parapets and spines should be addressed
as single crystals. EBSD results show single-crystal-like, highly co-oriented sections, such as
intratrabecular calcite between trabecular junctions. However, individual test plates and the
medulla of the spines comprise many trabecular junctions. At all of these junctions, we observed
misorientations up to 3°. Between adjacent test plates, we observed high-angle misorientations
(5° to 40°). For the strongly misoriented calcite along the terminal knob and in the spines, we
found also high-angle misorientations (10° to 50°).
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2.6.6 SUPPLEMENTARY INFORMATION
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Figure 2.6-AP1. EBSD maps depicting the interlocking of adjacent test plates, the microstructure and texture of individual
plates and the degree of misorientation between the plates of Cidaris cidaris. EBSD data were evaluated using conventional
EBSD data evaluation. The first cut was applied to section the test. The similarity in colour indicates the strong co-orientation
of the calcite within the plates (a-c). Misorientation profiles A-B and C-D (a, ¢) show the presence of large angle misorientations
(e.g. 20°, 40°) between adjacent plates. The laser confocal overview image depicts the measurement positions on the test (d).
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Figure 2.6-AP2. The second cut was applied to the EBSD map of the tubercle at the aboral region of the test of Cidaris cidaris.
EBSD data were evaluated with conventional EBSD data evaluation (a, b) and pattern matching (c). The band contrast
measurement (a) and colour-coded EBSD maps (b) show the bimodal microstructure and texture of the tubercles. Contoured
pole figures highlight the 3D “single-crystal-like” long-range order of calcite in the plate, the axial texture of the tubercle and
the orthogonal arrangement of calcite orientation between the stereom of the plate and that of the tubercle. The pattern-matched
EBSD measurement shows internal misorientations within the plate and close to the tubercle (c). Misorientation versus distance
profiles show a high degree of co-orientation within intratrabecular calcite (d). At trabecular junctions, misorientations can be
2° and even higher (e).
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Figure 2.6-AP3. Micrographs of Cidaris cidaris and Paracentrotus lividus test and spines (a, b). Sketch showing sea urchin
spines attaching to the test (c). While the long primary and shorter secondary spines in C. cidaris have distinctly different
morphologies and sizes (a), the spines of P. lividus are less distinct in morphology and size (b). The terminology and mode of
primary and secondary spine attachment to the test are illustrated in the schematic drawing (c). The drawing shows how spines
are connected to the test via a muscle ring surrounding the basal part of the spine. At the tubercle, a ball-and-socket joint
anchors the spine to the trabecular framework at the terminal knob of the tubercle and the test plate, allowing for both flexible
spine movement and a strong connection.
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Primary Secondary spines

spine

Figure 2.6-AP4. Confocal laser microscopy overviews of the investigated spines of Cidaris cidaris indicating the positions of
EBSD scans. The specimen shown in (a) is a cross-section cut through a primary spine. Other primary spines were cut laterally
through the tip (b) or base of the spine (c). The specimens shown in (d) and (e) are secondary spines cut along the lateral

direction.
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Figure 2.6-AP5. EBSD maps highlighting the microstructure and texture of a Cidaris cidaris primary spine medulla and cortex.
Spines were cross-sectioned (a-c) or sectioned laterally (d-f). EBSD data were evaluated using conventional EBSD data
evaluation. The measurement positions are indicated on the laser confocal overview images (a, d). The trabeculae of the 3D
“single-crystal-like” medulla in the primary spines continue into the cortex (b, c). In the latter, the fan-like trabecular extensions
(white arrows in b, c¢) form a template for the growth of small, irregularly shaped crystals oriented perpendicularly to the
medulla (b, c, e, ). These crystals fill the space within the framework of medullar extensions and generate complex cortical
structures such as longitudinal crests or barbs (a, d). The crystal growth mechanism of primary (a-c) and secondary spines (d-

f) is similar.
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Figure 2.6-AP6. EBSD maps highlighting the outer shaft surface of a secondary and laterally sectioned Cidaris cidaris spine.
EBSD data were evaluated using conventional EBSD data evaluation. The structure and extent of the cortex are shown with
the laser confocal microscopy image (a); the EBSD maps visualise the crystallographic texture and microstructure at different
spine positions (a). Besides the polycrystalline arrangement of calcite at the base of the spine, where the muscle ring attaches
to the outer spine surface, most of the base and the shaft comprise a stereom formed of co-oriented calcite. The upper third of
the spine medulla is surrounded by a cortex that includes multiple parallel series of small, irregularly shaped crystals (b).
Interestingly, the beginning of the cortex seems to be spatially mediated by a large bump (~20 pum, yellow star in b) that spans
the entire thickness of the cortex layer (b). Both the bump and the cortical layer are micro- to imperforate; strongly contrasting
the large pores in the galleried stereom of the medulla (b). This feature can also be observed at the outer shaft surface of the
spine, where the cortex is not yet present, and the outer trabeculae form a dense, imperforate network (c).
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Figure 2.6-AP7. Short-and long-range misorientation distribution near a Cidaris cidaris primary tubercle. The measurement
is located at the transition from labyrinthic to microperforate stereom near the outer boss surface (a). The high-resolution EBSD
measurement displayed in (b) and (c) was refined with EBSD pattern matching. The kernel average misorientation map,
depicting short-range misorientations within a kernel size of 5x5, shows a higher misorientation frequency near the outer boss
surface, especially as small-angle misorientation streaks between pores (b). In contrast, the texture components map highlights
long-range misorientations by comparing the data point orientation with the mean orientation of the trabecular framework (c).
It shows that the cumulative crystallographic misorientation in the stereom increases up to 4° towards the terminal knob of the

tubercle (c).
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Figure 2.6-AP8. Short- and long-range misorientation distribution at the medulla of a Paracentrotus lividus spine. The
measurement is located at the transition from labyrinthic stereom to the spine wedges (a). The high-resolution EBSD
measurement displayed in (b) and (c) was refined with EBSD pattern matching. The kernel average misorientation map,
depicting short-range misorientation within a kernel size of 5x5, shows a high degree of co-orientation within the stereom, with
the exceptions of a few trabecular junctions that show misorientations (b). In contrast, the texture components map highlights
long-range misorientations by comparing the data point orientation with the orientation of the trabecula at the bottom left of
the map (indicated with a yellow star in c). It shows that the cumulative crystallographic misorientation in the stereom increases
up to 4° towards the imperforate wedges of the spine (c).
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2.7 EBSD PATTERN MATCHING FOR CHARACTERISATION OF
BIOMATERIAL TEXTURE AND MICROSTRUCTURE

When trying to comprehend and retrace the crystal growth mechanism of biological hard tissues,
a key factor is the transmission and continuation of the crystallographic texture. When analysing
biomineralised microstructures with EBSD and evaluating the datasets with conventional, Hough-based
indexing techniques, even modern EBSD systems and detectors produce an angular precision of around
0.5° (Zaefferer 2011). Electron backscatter pattern matching, a novel technique that reindexes and
refines all stored Kikuchi patterns using a simulation, is a new approach to significantly improve the
angular precision of EBSD measurements (Nolze et al. 2017; Lenthe et al. 2019; Winkelmann et al.
2020; Trimby et al. 2024). As described in Chapter 2.6 of this thesis, pattern matching can improve the
precision to 0.1°, exposing detailed microstructural features that are almost invisible with conventional

EBSD measurements.

This section illustrates the application and research potential of the EBSD pattern matching
technique for different biomineralised hard tissues. Here, pattern-matched measurements show in great
detail the misorientation distribution within and between grains, as well as unprecedented
microstructural features that are only visible when achieving good angular precision. Comparing
conventionally analysed and pattern-matched datasets of four aragonitic and calcitic microstructures,

this section evaluates, discusses and compares the crystal co-orientation statistics of different species.
2.7.1 METHODS

Four different types of microstructures were sectioned and prepared for high-resolution EBSD
analysis. The sections were embedded in EPON epoxy resin and subjected to several mechanical
grinding and polishing steps. The polished samples were coated with 4-6 nm of carbon for EBSD
analysis and with 5 nm Pt/Pd for SEM imaging. The EBSD datasets have been evaluated using both the
conventional Hough-based indexing technique and electron backscatter pattern matching. The detailed

experimental protocols are presented in Appendix Section B.1.

For each species, | prepared multiple samples along different cuts that are displayed in
Supplementary Fig. 2.7-AP1. Shells of Pinna nobilis were sampled from the Almeria coast, Spain; shells
of Atrina vexillum were sampled from Pandanan Island, Philippines; Shells of Atrina serrata were
sampled from Sambel Island, FL, and shells of Pteria penguin were sampled in the Philippines. The
shells of Anadara gibbosa were sampled from the Malaga coast, Spain, and Glycymeris pilosa shells
were sampled in the PaSman channel, Adriatic Sea. Samples of the sea urchin Cidaris cidaris were

collected near Elba Island, Italy.
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2.7.2 RESULTS AND DISCUSSION

Internal small-angle misorientations of calcitic columns in different bivalves

The calcitic columnar prismatic microstructure is a common microstructure observable across
many bivalve families, including ostreids, pinnids, and mytilids (Ubukata 1994; Checa et al. 2005). Not
only do calcitic columnar prismatic layers show exceptional nanomechanical properties (Taylor &
Layman 1972; Checa et al. 2005), but they also follow a particular texture and crystal arrangement:
Typical calcitic columnar prismatic microstructures comprise large crystal columns (up to 1 mm)
separated by thick organic envelopes and following an axial texture with c-axes oriented perpendicular
to the inner shell surface (Checa et al. 2005; Nalepka et al. 2020). These columns are considered single-
crystalline; however, the crystallographic orientation has been evaluated so far only with conventional
EBSD methods (Nalepka et al. 2020). Through the utilisation of modern techniques such as electron
backscatter pattern (EBSP) matching, the angular precision of EBSD data can be enhanced greatly (see
Chapter 2.6 of this thesis). The evaluation of high-resolution measurements of the four bivalve species
Pinna nobilis, Atrina serrata, Atrina vexillum, and Pteria penguin using the EBSP matching method
enables the in-depth characterisation of the calcitic columnar prismatic layer and the misorientation
distribution. As described in the Methods Section 2.7.1, samples were sectioned both perpendicular (cut
1) and parallel (cut 2) to the inner shell surface.

To get a general overview of the calcitic columnar prismatic layer in the different bivalves,
conventional measurements are sufficient, as their significantly smaller data files are faster and easier
to evaluate. Measurements performed on samples cut perpendicular to the inner shell surface (cut 1)
show the columns sectioned parallel to their morphological long axis, exposing the long calcitic prisms
(Fig. 2.7-AP2). The grain boundaries appear even, and the pole figures confirm the axial texture of the
columns, with the c-axes being co-oriented perpendicular to the inner shell surface (Fig. 2.7-AP2a).
Shells cut parallel to the inner shell surface (cut 2) expose the cross-sections of the columns. The scan
shows how thick organic envelopes separate the irregularly shaped prisms. Surprisingly, the pole figures
of the cross-sectioned prisms reveal some degree of misorientation between the c-axes of the individual
columns (Fig. 2.7-AP2b): While they are more or less co-aligned in an “axial-like” texture perpendicular
to the inner shell surface, the misorientation angle between the c-axes of the neighbouring columns can
reach up to 20°. As described by Nalepka et al. (2020), the directional dependence of c-axial coalignment
on the cut may be attributed to the special growth mechanism of the calcitic columnar prismatic layer,
where the crystallographic c-axes of the basic units are oriented parallel to the morphological long axis
of the columns and the growth direction. Since the grains appear to mostly preserve their initial
orientation, axial misorientations caused by the natural shell curvature can continue until the inner shell
surface (Nalepka et al. 2020). This forms a laminated arrangement of column orientations in the calcitic
columnar prismatic layer (see Fig. 2 in Nalepka et al. (2020)), causing neighbouring grains to appear

either co-aligned or slightly misaligned, depending on the position and direction of the cut.
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Figure 2.7-1. Microstructure and internal co-orientation of Atrina vexillum columns sectioned parallel to the column long axes.
The standard EBSD measurement without pattern matching (a) reveals scattered internal misorientations of approximately 0.5°
within the columns. EBSD pattern matching reveals that the columns comprise very low misorientations aside from a few holes
or scratches that most likely result from sample preparation (b). A misorientation profile along a 3D “single-crystal-like”
column (marked with a red outline in c) reveals a very small cumulative misorientation of less than 0.5° from one column edge
to the other (d). The high crystal co-orientation strength and the small degree of misorientation indicate that A. vexillum prisms
can be considered single-crystalline.

When the individual crystals of the calcitic columnar prismatic layer are analysed in more
detail, the advantages and superiority of the EBSP matching method, compared to conventional Hough-
based indexing techniques, quickly become obvious. A conventionally evaluated map of the axial
calcitic columnar prismatic layer sectioned along cut 1 in Atrina vexillum exhibits a relatively low
angular precision of ~0.5 °. This causes Kernel average misorientation maps to be noisy and imprecise
(Fig. 2.7-1a). If the measurement is pattern-matched, the angular precision is increased to ~0.1° (see
Section 2.6). This allows a more precise and truthful representation of the crystallographic co-
orientation within the columns: Rather than featuring evenly distributed low-angle misorientations
across the columns, as suggested by the map evaluated with conventional methods (Fig. 2.7-1a),
individual columns are highly co-oriented (Fig. 2.7-1b). As indicated by the cumulative misorientation
angle profile across a single column (Fig. 2.7-1c, d), a fine, gradual rotation can be detected parallel to

the morphological long axis of the prism. Nonetheless, the large MUD value of 700 and the exiguity
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of this internal misorientation demonstrate the high co-orientation within calcitic columns of the

calcitic columnar prismatic layer in A. vexillum along cut 1.

From a measurement of Atrina serrata columns sectioned perpendicular to the inner shell
surface (cut 1), similar conclusions can be drawn. Without sophisticated data evaluation and refinement,
the map wrongfully features evenly distributed misorientations of around 0.5° (Fig. 2.7-2a). After
refinement by EBSP matching, the angular precision is enhanced, and the pole figures and Kernel
average misorientation map reveal a high degree of co-orientation within the columns (Fig. 2.7-2b, c).
As suggested by cumulative misorientation angle profiles, neighbouring columns can be misoriented by
up to 50° (Fig. 2.7-2d), while the misorientation within a single columnar prism is below 0.5° (Fig. 2.7-
2¢). Isolated areas of enhanced misorientations (yellow stars in Fig. 2.7-2¢) can be attributed to cutting

effects that are not structural features but rather result from sample preparation.

Similar to the measurements evaluated exclusively with Hough-based indexing methods,
pattern-matched measurements of calcitic columnar prismatic layers sectioned parallel to the inner shell
surface (cut 2) reveal some degree of misorientations within and between the columns. For example, the
calcite columns in Ptera penguin shells show not only dendritic-like misorientation streaks but also
gradual rotations across the prisms (Fig. 2.7-3a). This rotation is visible from a gradual shift in IPF
colour (yellow stars in Fig. 2.7-3b) as well as cumulative misorientation profiles (Fig. 2.7-3c, d). From
one end of the column to the other, misorientation angles can reach up to 10° (Fig. 2.7-3c, d). Despite

the high angular precision of below 0.1° in this measurement, the internal point-to-point misorientations

within the cross-sectioned prisms range from 0.1° up to 0.4° (Fig. 2.7-3e). This is almost the same as
the cumulative misorientations measured across columns sectioned parallel to the morphological long
axis (See Figs. 2.7-1d, 2.7-2¢)

Furthermore, when sectioned along cut 2, the crystallographic c-axes across the entire
measurement are distinctly less co-oriented than for columns sectioned along cut 1 (for comparison, see
the similarity in colour-coding and, thus, co-orientation of columns in Fig. 2.7-3c). As indicated by the
low MUD value and the broad scattering of c-axes in the axial-like microstructure, the calcite columnar
prismatic layer has a lower degree of misorientation than suggested by scans along cut 2. Once again,
this is most likely due to the sheet-like arrangement of calcite columns and depends on the chosen scale
of observation. Individual sheets appear to have a relatively high crystallographic co-orientation. When
considering columns across the entire valve, however, the crystallographic c-axes appear misoriented as

they follow the curvature of the shell surface.
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Figure 2.7-2. Microstructure and internal co-orientation of Atrina serrata columns sectioned parallel to the column long axes.
The standard EBSD measurement without pattern matching (a) reveals randomly scattered internal misorientations of
approximately 0.5° within the columns. However, the high crystal co-orientation strength of individual columns (b) and small
kernel average misorientation in the pattern-matched measurement (c) reveal the 3D “single-crystal-like” character of most
columns. Some columns appear to have misorientations along their upper boundaries (indicated by yellow stars in c). However,
this can be attributed to cut effects during sample preparation. Cumulative misorientation profiles across columns reveal that
column boundaries exhibit misorientation angles of up to 50° and do not appear to follow a periodic pattern (d). The small
cumulative misorientation angle of 0.5° across 200 um in the highlighted column (red frame in c) further indicates a 3D “single-
crystal-like” character (e).
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Figure 2.7-3. Microstructure and internal co-orientation of Ptera penguin column sections cut perpendicular to the column's
long axes. The shells of P. penguin comprise multiple sheets of poorly co-oriented columns that extend more than 100 um (a,
b). The pattern-matched EBSD measurement reveals a heterogeneous misorientation distribution across the columns: While
most columns show a low kernel average misorientation, some show streaks of high (> 1°) misorientations traversing the entire
grains (a). While these streaks might be a remnant of stresses during sample preparation, misorientation profiles reveal graded
rotations of the unit cell axes across the column edges (c, d). Cumulative misorientation angles between the points (A-B, and
C -D) may reach up to 10° (c, d) and can also be recognised from the gradual colour shift in some columns of the colour-coded
EBSD map (yellow stars in b). The misorientation angle distribution across the entire measurement (e) reveals that the majority
of misorientations are small-angle misorientations within the columns.

Internal small-angle misorientations of the calcitic stereom in sea urchins

The microstructure and crystallographic co-orientation of sea urchin skeletal elements, such as
the test and spines, have been debated in numerous studies (e.g., Nissen 1969; Aizenberg et al. 1997; Su
et al. 2000; Moureaux et al. 2010; Seto et al. 2012; Célfen et al. 2022). Implementing the EBSD pattern
matching method for the first time for biomineralised hard tissues, the results of Chapter 2.6 of this
thesis indicated that the question about single-crystallinity in sea urchin calcite is not straightforward
and depends on the chosen scale of observation. While intratrabecular portions of the stereom have a
high crystallographic co-orientation and can be considered single-crystalline, some stereom fabrics
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show significant misorientation boundaries along trabecular junctions. As Chapter 2.6 of this thesis has
only considered a limited amount of stereom architectures and sea urchin species, this section focuses

on understanding the texture and microstructure of different sea urchins in even greater detail.

The crystallographic texture of a certain microstructure can be illustrated and quantified using
different approaches. For more information on the MUD value, see the Terminology Section A.1.1 of

this work.

(i) The first and most simple approach is the multiple of uniform distribution (MUD) of the
measurement’s pole figures. In principle, the analysis software measures the density of the
crystallographic orientations of all data points and how much they deviate from a random
texture. If all orientations cluster densely along a specific orientation, the MUD value is large,
indicating high crystallographic co-orientation. In contrast, broadly distributed orientations with
a low density generate a lower MUD value, indicating lower crystallographic co-orientation. As
the entire information of all data points is comprised of a single number, this method enables
the quick and easy comparison of various measurements and subsets. However, its simplicity is
also its biggest downside, as the sheer MUD value is influenced by dataset size and quality,
magnification and grain size distribution. Additionally, the MUD value gives no indication of
the orientation distribution.

(ii) Another option to measure the crystallographic co-orientation is the implementation of three
Euler angles. In this method, the spatial orientation of every data point is described by three
orthogonal orientations. By quantifying the full width at half maximum of the peaks or
calculating the standard deviation of the Euler angles, the latter can be used to analyse the degree
of crystallographic co-orientation. This method is not as simple and straightforward as
comparing the MUD values. However, it is more precise and expressive. Euler angle analysis is
suitable for microstructures with a low degree of crystallographic co-orientation. For well-
cooriented microstructures, however, the quantification and interpretation of the peaks can be
challenging.

(iii) A third option for comparing the crystallographic co-orientations of microstructures is the
texture component analysis. In principle, it works by defining a reference orientation (such as
the average orientation of the indexed data points) and quantifying the misorientation of every
pixel to this orientation. Texture component analysis can be displayed both as an EBSD map
and as a plot, displaying the angular misorientation frequency in comparison to the reference
orientation. If the indexed orientations have a small angular deviation from the mean orientation,
the microstructure is highly co-oriented, whereas untextured-like microstructures will
frequently show large-angle deviations. Due to its precision and flexibility of the chosen range,
texture component analysis is well-suitable for microstructures with a high crystallographic co-

orientation.
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Overall, as shown in this section for measurements on single-crystal-like C. cidaris stereom,
each method of quantifying the crystallographic co-orientation has its benefits and drawbacks. While
they complement each other very well, the “best” method often depends on the individual measurement

and the research objectives.

In sea urchin calcite, the trabeculae of the labyrinthic stereom fabric (i.e., found in the test of C.
cidaris) often show a very coarse and open pore structure with relatively thin trabeculae (Smith 1980).
When evaluated with conventional EBSD analysis techniques, such as Hough-based indexing, this can
lead to a slight misindexation of specific sample areas, such as the interfaces between resin and outer
trabecular surface (Fig. 2.7-4a). Alongside the comparatively low angular precision of conventional
indexing, this constitutes a significant error margin for investigating the fine structure and
crystallographic texture of stereom fabrics. Through EBSD pattern matching and refining, the angular
precision is enhanced greatly, allowing the precise characterisation of the crystallographic texture (Fig.
2.7-4b) and misorientation distribution within the labyrinthic fabric (Fig. 2.7-4c). Analysing the
distribution and standard deviation of the three Euler angles in the pattern-matched dataset (Fig. 2.7-
4b), it becomes obvious that the microstructure is actually well co-oriented. While all three Euler plots
feature a single, sharp peak with the standard angular deviations being well under 1°, the labyrinthic
stereom calcite is not perfectly co-oriented (Fig. 2.7-4b). This is not only visible from the Euler angles
but also from the MUD value of 678 (as a reference, synthetically grown calcite single crystals have an
MUD value; see Chapter 2.6 of this thesis) but also from the Kernel average misorientation map that
exposes misorientations around 1° located at trabecular junctions (yellow arrows in Fig. 2.7-4c).

The influence of trabecular junctions on the crystallographic texture of the sea urchin calcite is
also shown in another measurement performed on a C. cidaris spine with a fascicular stereom fabric
(Fig. 2.7-5). In this microstructure, trabecular rods interconnect not only by branching but also by small
struts that run perpendicular to the rods, creating a dense and irregular array (Smith 1980). While this
arrangement looks fairly co-oriented in a regular, IPF-coloured map (Fig. 2.7-5a), the texture component
maps show the substructuring in this stereom fabric (Fig. 2.7-5b, c). In comparison to the conventionally
indexed dataset, EBSD pattern matching and refinement enhances the angular precision. Nonetheless,
as visible from the crystal co-orientation statistics, the co-orientation actually decreases after pattern
matching. This is indicated not only by the texture component maps with the MUD value decreasing
from 521 to 479 (Fig. 2.7-5b, c) but also by the Euler angle distribution (Fig. 2.7-5d) and the texture
component statistics (Fig. 2.7-5e). Compared to a highly co-oriented microstructure such as the
labyrinthic stereom in the C. cidaris test (Fig. 2.7-4), the fascicular stereom has a relatively broad
orientational distribution (Fig. 2.7-5e), which emphasises that sea urchin calcite should not universally

be considered single-crystalline.
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Figure 2.7-4. Microstructure and internal co-orientation of the labyrinthic stereom in the C. cidaris test. Using conventional
EBSD data evaluation, small-angle-misorientations cannot be properly displayed due to the poor orientation precision of 0.5-
1° (a). Refinement through EBSP matching reveals that the majority of misorientation angles are well below 1° (b), and the
kernel average misorientations of a 9 x 9 square around the data points are mostly below 0.5° (c). Despite the frequent
distribution of large pores (up to 50 pm) within the calcitic network, the biomineralised trabeculae are thus highly co-oriented.
Occasional regions of misorientations exceeding 1° can be found along outer trabecular surfaces (yellow arrows in c),
predominantly at trabecular junctions. These small impurities in crystal co-orientation cause the MUD value of the
measurement (678, see b) to be slightly lower than that of single crystals grown artificially in the laboratory (700-720).
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Figure 2.7-5. Crystal co-orientation analysis of the fascicular stereom fabric in a C. cidaris spine. As indicated by an IPF
coloured map (a) and texture component maps (b, c), the stereom is substructured and comprises frequent misorientations up
to 5° The texture component maps are color-coded by misorientations up to 7° from the average misorientation for a
conventionally evaluated (b) and a pattern-matched dataset (c). The relatively low MUD value, the high angular variation of
Euler angles (d) and the quantitative texture component plot indicate a lower crystal co-orientation than labyrinthic test stereom
(Fig. 2.7-4). While the latter shows an average angular deviation from the mean orientation between 0-2°, the texture component

analysis for fascicular stereom is 2-3° (conventional evaluation) or even more than 3° (pattern-matched).
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Analysing datasets with high angular precision not only allows a better understanding and
characterisation of biomineralised microstructures but also enables the comparison of different methods
used to quantify and compare the crystallographic co-orientation. Although all three crystal co-
orientation statistic methods used in this section are unique and yield advantages and disadvantages,
they have all proved to be valuable sources of information. Despite compressing the complex data into
a single number, the MUD value is the most simple but effective method to truthfully quantify and
compare the crystal co-orientation of different microstructures. Comparing the highest observed MUD
values of the skeletal elements in nine different echinoid species analysed in this study, a clear trend can
be observed (Table 2.7.1). Irrespective of the measurement location (test or spine), all investigated
species show a relatively high crystallographic co-orientation. Although the MUD values range from
658 up to 723, there seems to be no common relation between the type of skeletal element or the echinoid
order and the single crystallinity (Table 2.7.1). However, as Chapter 2.6 of this thesis and this section
show, the frequency and dimension of small-angle misorientations seem to be affected by the type of
stereom fabric, which can vary considerably within a single test plate (Smith 1980; Yamaguchi &
Kanazawa 2009; Forster 2020). Further research that applies the EBSD pattern-matching method to
different stereom fabrics is crucial to characterise the general misorientation distribution and, thus, the
single-crystallinity of different sea urchin species and skeletal elements.

Table 2.7-1 Summary table of the investigated echinoid species and the highest recorded MUD value for the
respective skeletal element. Only the 3D single-crystal-like plates/medulla were considered for the generation of the

MUD value.
Echinoid species MUD value

Heterocentrotus Test 713
mamillatus Spine 708
Test 706
Arbacia lixula
Spine 658
Coelopleurus Test 671
maillardi Spine 701
Echinocardium Test 691
cordatum
Clypeaster reticulatus Test 719
Arachnoiudes it 703
placenta
Echinotrix diadema Spine 691
Test 697
Cidaris cidaris
Spine 723
Test 680
Paracentrotus lividus
Spine 704
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Internal small-angle misorientations of porous calcite in quail eggshells

The biomineralised hard tissue and eggshells of Coturnix japonica are valuable for research as
these quails are of small size, grow quickly and have an ageing process that is similar to other birds and
mammals (Holmes & Ottinger 2003; Skic et al. 2024). To understand the hierarchical structure of the
calcitic eggshell and optimise the farming and transport of quail eggshells for the food industry, different
studies have investigated the chemistry and mechanical properties of C. japonica shells (Genchev 2012;
Narinc et al. 2015; Tatara et al. 2015; Skic et al. 2024). Nonetheless, the exact mechanisms behind the
texture generation, porosity and grain morphology are still far from being understood. Here, the
microstructure and texture of fresh C. japonica eggshells, sectioned perpendicular (cut 1) and parallel
(cut 2) to the inner shell surface (Fig. 2.7-AP1b, c), were investigated in great detail, applying the novel
EBSP matching method. This subsection is a collaboration with Shahrouz Amini and Jingxiao Zhong

from the Max-Planck Institute of Colloids and Interfaces, Potsdam.

The first measurement was performed close to the outer shell on a sample sectioned along cut
1. The grains have rough, uneven morphologies and interlock with each other (Fig. 2.7-6). This fractal-
like morphology is most likely the result of intermingling of the organic network with the calcite
crystals, as described by Silyn-Roberts & Sharp (1986) Using conventional EBSD indexing techniques,
Kernel average misorientation maps display a low angular precision of about 0.5° (Fig. 2.7-6a). When
refining the measurement via EBSP matching, the angular precision is enhanced, and the quality of the
measurement increases drastically, exposing the porous calcite grains and the intricate interlocking
mechanism along their boundaries (Fig. 2.7-6b). The measurement illustrates how the small pores (sub-
pm) create minuscule sources of intragranular misorientations. Similar to the microperforate stereom of
C. cidaris tubercles (see Figs. 2.6-4c, 2.6-5¢e), dendritic-like misorientation streaks traverse some grains
(yellow star in Fig. 2.7-6b). Irrespective of the latter small-angle misorientations within the grains, the
overall internal co-orientation of the C. japonica eggshell grains is relatively high. This is indicated not
only by the low Kernel average misorientations in the pattern-matched map but also by a cumulative
misorientation profile. This profile traverses a grain (highlighted by the red outline in Fig. 2.7-6b) and
reaches a maximum cumulative misorientation below 1° (Fig. 2.7-6¢). The pole figures indicate that the
overall texture of the eggshell microstructure near the outer shell surface appears untextured-like, with
the crystallographic a*- and c-axes scattering on a great circle. However, other measurements
comprising a larger scan area indicate a weak axial-like texture with c-axes somewhat co-oriented

perpendicular to the outer shell surface (Fig. 2.7-AP3).

A close-up measurement performed with a magnification of 2000x shows in more detail the
distribution and morphology of the pores, as well as their influence on the texture of the biomineralised
hard tissue (Figs. 2.7-7 and 2.7-8). Using conventional evaluation tools, Kernel average misorientation
maps fail to properly depict the pore structure due to the low angular precision (Fig. 2.7-7a). In pattern-

matched maps, however, the distribution and size of the porous areas are well-visible from their
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misorientations compared to the smooth, exposed shell (Fig. 2.7-7b). Obviously, due to the concave
pore surface, data points located on exposed pores are likely to index unreliable orientations. However,
investigating the grain areas that are located right next to the pores enables conclusions about whether
and how the pores influence the intragranular co-orientation in C. japonica eggshells.

Coturnix japonica eggshell
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Figure 2.7-6. Microstructure and internal co-orientations of the calcite grains in a Coturnix japonica eggshell sectioned along
cut 1. The measurement reveals irregular grain sizes, orientations, boundaries and morphologies (a, b) that are commonly
observed in quail eggshells (Mohd Norsham et al. 2020). The kernel average misorientation distribution in standard EBSD
maps without pattern matching lacks resolution and shows misorientations of around 0.5° scattered across the measured area
(a). The precise EBSD pattern-matching method reveals a pattern of co- and misorientation in the calcite grains. Similar to
bivalve columns and sea urchin calcite (see Chapters 2.7.1 and 2.7.2 of this thesis), some grains exhibit a distinct pattern of
misorientation streaks (e.g., the yellow star in b), which may result from sample preparation. However, the pattern-matched
EBSD map also reveals tiny, small-angle misorientation points scattered across all grains (b). They can be attributed to
dispersed macropores. In addition to the pores, C. japonica grains (e.g., highlighted by the red frame in b) are well-co-oriented
and exhibit low cumulative misorientations across a profile that runs perpendicular to the outer shell surface (c). With an
average MUD value of around 700, most grains can thus be considered single-crystalline despite the small angular deviations
resulting from internal pores.
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Figure 2.7-7. High-resolution EBSD scan (magnification x2000) of a C. japonica eggshell sectioned along cut 1 revealing the
internal pore distribution and co-orientation of two eggshell grains. From the unprocessed EBSD measurement (a), the pore
distribution and its effect on internal crystal co-orientation are not visible due to the relatively poor orientation precision. The
EBSD pattern matching method reveals very low kernel average misorientations in the imperforate hard tissue, whereas points
within pores may deviate up to 0.5° (b). The scan confirms that the macropores do not seem to impact the misorientations of
the imperforate hard tissue and are never interconnected but always separated by hard tissue. Pores do not seem to follow an
obvious distribution pattern (b).
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Figure 2.7-8. Texture and internal misorientations of the high-resolution EBSD scan (magnification x2000) of a C. japonica
eggshell. Rather than using a kernel width of 5x5 (as used in all other kernel average misorientation maps reported in this
study), the kernel width for map (a) was decreased to a minimum of 3x3 to visualise only the local misorientations. The map
shows a change in kernel average misorientation angle from the bottom (< 0.1° in imperforate shell sections) to the top (up to
0.5° in imperforate shell sections). No such trend can be observed along the horizontal direction for the two grains. Vertical
(parallel to the outer shell surface) and horizontal (perpendicular to the outer shell surface) profiles along the larger grain (b)
and smaller grain (c) reveal the cumulative misorientation angles between the measurement edges.
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Due to the high angular precision of pattern-matched maps, as well as the minuteness of angular
misorientations and the high magnification of this scan, it is beneficial to manipulate the Kernel average
misorientation map parameters that were used for all other measurements in this section: setting the
upper angular limit of the Kernel average misorientation map to 1° and changing the Kernel size to 3x3
not only enhances the visibility of the colour-coded orientations but also allows the angular comparison
with only the immediate neighbours (Fig. 2.7-8a). This is needed because of the high magnification of
the scan that results in a higher amount of pixels scanned per um of the sample. A higher Kernel size
may distort the misorientation distribution. The map shows that the areas that are directly adjacent to
outer pore surfaces do not show enhanced misorientations (Fig. 2.7-8a). Therefore, it can be concluded

that the pores do not disrupt the microstructure of the biomineralised hard tissue.

Additionally, cumulative misorientation profiles indicate that, although the grains in C. japonica
eggshells have a high local co-orientation (on a sub-um scale), orientations can change from one side of
a grain to the other. For both the large grain (Fig. 2.7-8b) and the smaller grain on the bottom right (Fig.
2.7-8c), this continuous lattice rotation has an azimuthal dependence: If the profile runs vertically
(perpendicular to the outer shell surface) the cumulative misorientation is larger than for horizontal
profiles (parallel to the outer shell surface). Although, as indicated by sketched unit cells in the
misorientation profiles (Fig. 2.7-8b), this rotation is not major, it is structural and also visible from
gradual rotations of Kikuchi bands in the detected EBSD signals between points A and B.

Internal small-angle misorientations of aragonitic prisms in bivalve myostraca

The previous sections of this thesis, such as Chapters 2.1 to 2.4, have highlighted in great detail
the formation mechanism, crystallographic texture and nanomechanical properties of various bivalve
myostraca. Since these chapters have focused mostly on the microstructure of the entire myostracum
and only to a lesser extent on the properties of the individual aragonite crystals, the results were
evaluated with conventional, Hough-based indexing techniques. Here, for the first time for an aragonitic
biomineralised hard tissue, the microstructure of the myostracum is evaluated with EBSP matching.
Highlighting small-angle misorientations within myostracal crystals, this technique was applied for
high-resolution measurements of the bivalves Anadara gibbosa and Glycymeris pilosa. The
measurements not only prove the advantages of pattern-matching methods for the EBSD data evaluation
of aragonitic materials but also, for the first time, give insights into the fine structure of conservative

bivalve myostraca.
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Figure 2.7-9. Pattern-matched EBSD scan revealing the microstructure and internal misorientations of an aragonitic Anadara
gibbosa myostracum typical for competitive crystal growth. The colour-coded scan and the pole figures indicate an axial texture
and a high degree of co-orientation (a). Due to the low orientation precision of conventional EBSD scanning, understanding
small-angle misorientations within the aragonitic prisms is rather challenging (b). Applying the pattern matching method
significantly improves the orientation precision and unravels advanced patterns in the kernel average misorientation map (c).
The refined scan and misorientation profiles indicate that aragonitic prisms generally appear highly cooriented (c, d). However,
some prisms comprise misorientation streaks that run predominantly in the growth direction and may lead to internal
misorientations of more than 3° (c, e). Since they appear similar to the streaks described for calcite in previous chapters of this
study, they may result from the specific sample preparation necessary for EBSD measurements.
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Figure 2.7-10. Pattern-matched EBSD scan revealing the microstructure and internal misorientations of an aragonitic
Glycymeris pilosa myostracum typical for competitive crystal growth. The myostracum of G. pilosa has a 3D “single-crystal-
like” texture and a high degree of crystallographic co-orientation (a). Compared to a conventionally evaluated map (b), electron
backscatter matching improves angular precision (c). In contrast to conventional maps, structural features such as the subunits
within myostracal prisms (indicated by red stars in c) are displayed with a better resolution. Point-to-point misorientation
profiles show that pattern matching can decrease the standard deviation from about 0.5° to 0.1° (d). Cumulative misorientation
profiles reveal a long-range rotation of the crystallographic orientations within G. pilosa myostracal prisms (e).
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The myostracum of A. gibbosa starts with small, isotropic crystals that quickly increase in size
towards the inner shell surface. With distance from the interface, a microstructure typical for a
competitive growth mechanism is generated (Fig. 2.7-9a). When using the conventional EBSD analysis
software, the low angular precision makes it difficult to recognise the presence and distribution of
misoriented areas within the myostracal prisms (Fig. 2.7-9b). However, applying pattern matching to
the dataset improves the angular precision, thus revealing areas with enhanced misorientations and well
co-oriented regions (Fig. 2.7-9c). Parallel to the growth direction, most of the crystals are permeated by
thin, dendritic-like streaks of misorientations that show similarities to measurements of sea urchin
tubercles (Fig. 2.6-4 to 2.6-6) and C. japonica eggshells (Fig. 2.7-6). Whether these streaks are a
structural feature of certain biomineralised materials or arise during sample preparation is uncertain.
While most of the aragonitic prisms show a high crystallographic co-orientation with a low cumulative
misorientation angle (Fig. 2.7-9d), prisms with misorientation streaks can feature sudden misorientation

maxima of up to 3° (Fig. 2.7-9e).

Since the relatively small length and diameter of the A. gibbosa myostracal crystals make it
difficult to fully understand the texture and small-angle misorientations of the myostracal crystals, the
investigated area of the G. pilosa myostracum is located close to the inner shell surface. Prisms can
reach up to 500 um in length and have c-axes well co-oriented perpendicular to the inner shell surface
(Fig. 2.7-10a). When comparing the conventionally evaluated map (Fig. 2.7-12b) with the pattern-
matched map (Fig. 2.7-10c), the latter has higher angular precision and shows more details about the
substructuring of myostracal prisms. All myostracal prisms in G. pilosa seem divided by low-angle
(~0.5°) boundaries that run parallel to the growth direction (indicated by red stars in Fig. 2.7-10c). This
substructuring appears to be more frequent in G. pilosa than in A. gibbosa, possibly because of the larger

grain size.

Two misorientation angle profiles that traverse the conventionally evaluated and pattern-
matched maps through the identical points in the measurement (A-B and C-D) allow the qualitative
analysis of the two evaluation methods. The first profile measures point-to-point misorientations along
a long profile spanning 160 um through a single G. pilosa prism (Fig. 2.7-10d). The conventionally
evaluated map (black graph in Fig. 2.7-10d) indicates frequent and disorganised misorientations up to
0.5°. In contrast, refining the data set via EBSP matching reveals that the point-to-point misorientation
is very low (below 0.1°) along the entire prism. When considering the cumulative misorientation from
point C, the two evaluation methods once again yield very different results: The conventional Hough-
based indexing method only shows minor misorientation fluctuations up to 1° and indicates that the
crystallographic orientation is more or less consistent throughout the entire prism (Fig. 2.7-10e). In
contrast, the pattern-matched measurement reveals a continuous rotation up to 8° within the myostracal
prism. Comparing the Kikuchi bands of two data points on the edge of myostracal prisms confirms that

this gradual rotation is a structural feature and not due to misindexing. In essence, electron backscatter
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matching can not only decrease the standard deviation of the indexed crystallographic orientations in

aragonitic biomaterials. Still, it may also enable the detection and characterisation of structural features

that are hidden when using conventional analysis methods.

2.7.3 CONCLUSIONS

By improving the angular precision of EBSD maps of biomineralised hard tissues from 0.5° to

0.1°, the EBSD pattern matching and refinement method has opened many new research possibilities.

Characterising four different types of microstructures and comparing the results with conventional

pattern indexing techniques showed the potential of this new technique and yielded interesting and new

information unprecedented with conventional EBSD analysis. Based on microstructure and texture

characterisation of pattern-matched EBSD data, the following conclusions can be deduced for the

different biomineralised hard tissues:

The calcitic columns of bivalve shells:

1.

2.

Analysed parallel to the columnar, morphological long axes, the prisms of the calcitic columnar
prismatic layer have a high crystallographic co-orientation and do not show significant internal
misorientations. The texture of the microstructure is axial, with crystallographic c-axes oriented
perpendicular to the inner shell surface.

Analysed perpendicular to the columnar, morphological long axis, considerable misorientations
are visible within and between the columns. Within a column, the orientation gradually rotates
by up to 10°. Neighbouring columns can be misoriented up to 50° with c-axes distributed in an

“axial-like” texture.

The calcite of sea urchin tests and spines:

3.

The internal co-orientation of the biomineralised calcite in the skeletal elements of sea urchin
tests and spines, such as C. cidaris, depends on the stereom architecture. Many trabecular
junctions create many small-angle misorientation boundaries; these decrease the
crystallographic co-orientation between the crystallites. As indicated by different texture-related
statistic methods (such as the MUD value, Euler angle analysis and texture component analysis),
the sea urchin calcite of C. cidaris cannot be generally considered single-crystalline.

In contrast to conventional EBSD analysis, the EBSD pattern matching method can detect
minute internal misorientations in C. cidaris stereom calcite with high accuracy. Although this
refinement improves the angular precision of the measurement, the average angular deviation

from a reference orientation is often higher than in conventionally analysed datasets.
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5. The degree of crystallographic co-orientation is comparable between different echinoid species
and different skeletal elements. Most EBSD measurements show MUD values ranging between
658 and 723, indicating microstructures with well co-oriented calcite crystallites, however, with

a varying distribution of low-angle misorientations.
The calcitic quail eggshells:

6. The microstructure near the outer shell surface of C. japonica eggshells has an intricate structure
with large (up to 100 um), irregularly-shaped grains and is poorly co-oriented. The texture is
little textured, ranging from untextured to an axial-like texture, with a broad clustering of
crystallographic c-axes perpendicular to the outer shell surface.

7. The grains are traversed by small, disconnected pores (< 1 um) that are more or less
homogeneously distributed. Data points directly adjacent to the outer pore surfaces do not show
enhanced misorientations, indicating that the pores do not disrupt the microstructure of the C.
japonica eggshell hard tissue.

8. Within C. japonica eggshell grains, the crystallographic orientation gradually changes
depending on the direction of misorientation profiles. Perpendicular to the outer shell surface
the rotation of crystallographic axes is significantly higher than parallel to the outer shell

surface.
The aragonitic prisms of conservative bivalve myostraca:

9. More or less parallel to the growth direction, bivalve myostracal prisms show a strong
substructuring that causes small-angle misorientations. The degree of substructuring may
depend on the size of the myostracal prisms and is frequent in shells with large aragonitic prisms,
such as G. pilosa.

10. Along the morphological long axis of the prisms, a gradual rotation of the crystallographic
orientation can be observed. This rotation is only visible from minute deviations in Kikuchi
pattern position and orientation or through EBSD data evaluation with pattern matching. Across

a single grain, the rotation can be as high as 8°.
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2.7.4 SUPPLEMENTARY INFORMATION

Atrina vexillum

Cutl"'g

/| Coturnix japonica | ¢ Coturnix japonica
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_\ - Cutl

Figure 2.7-AP1. Photographs depicting the different applied cuts for the investigated bivalve shells and quail eggshells.
Bivalve shells were sectioned perpendicular to (cut 1) and parallel to (cut 2) the inner shell surface, as depicted in (a) for a
valve of Atrina vexillum. Quail eggshells of Coturnix japonica were sectioned transversely (b) and polished along two
perpendicular directions (c): Perpendicular to the inner shell surface (cut 1) and parallel to the inner shell surface (cut 2). The
applied cutting directions for the Cidaris cidaris sea urchin test are visible in Fig. 2.6-1 of this thesis.
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Figure 2.7-AP2. The microstructure and texture of calcitic bivalve columns sectioned along two cuts. The EBSD
measurements were evaluated with the common AZtecCrystal software without pattern matching. The Pinna nobilis sample
was cut parallel to the prisms and shows an axial texture, with a- and b-axes varying slightly (a). In Atrina serrata, columns
were sectioned perpendicular to their long axis. The pole figures display a graded texture, with the c-axes gradually rotating
across the prisms and the a- and b-axes shifting accordingly (b). Despite the different orientational density distributions, the
MUD values of the two measurements are similar, displaying rather high crystal co-orientation strengths (a, b).
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Figure 2.7-AP3. Coturnix japonica eggshell microstructure and texture at different regions of a shell sectioned along cut 2.
Close to the outer shell surface (Position 1), the grain boundaries appear uneven and rough (a). With distance from the outer
shell surface (Position 2 and 3), the grain boundaries become smoother, with the average grain size decreasing slightly (b, c).
Irrespective of the measurement position, the microstructure has an axial-like texture with c-axes oriented somewnhat
perpendicular to the outer shell surface (d). The measurement positions are indicated on an FE-SEM image of the eggshell
sample (d).
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3 CONCLUSIONS AND OUTLOOK

3.1 CONCLUSIONS

Biomineralised materials are hybrid composites formed of organic matrices and inorganic
minerals. Although most biomineralised hard tissues comprise calcium carbonate minerals, there is a
huge biodiversity regarding mineral morphologies and microstructures (e.g., Wilt 2005; Deng et al.
2022; Jia et al. 2022). This variety can be attributed to the functional demands of biomineralised hard
tissues, enabling the organisms to pursue a certain lifestyle and, thus, ensuring their survival. Through
millions of years of evolution and adaptation to the ecological constraints of different environments,
modern-day organisms can form biomaterials with excellent material properties, such as high
mechanical strength and flexibility, while maintaining a low weight (e.g., Nudelman & Sommerdijk
2012; Yao et al. 2017; Yu & Zhu 2024). Thus, understanding the biomineralisation principles of highly
functional and elaborate biocomposite materials not only allows environmental and evolutionary

insights but is also of key importance for fabricating advanced biomimetic materials.

The present dissertation focuses on the detailed analysis of microstructure, crystal texture and
material properties of various Calcium carbonate biomineralised hard tissues. This thesis is devided into

two parts:

The first and main part of this thesis is devoted to an in-depth understanding of the hierarchical
structure of invertebrate bivalve shells, focusing, in particular, on the unique and outstanding
microstructures that form at those valve sections where the valve-moving muscles attach to the valves.
The shells of bivalved invertebrates are secreted by the cells of a single-layered mantle epithelium. At
adductor muscle attachment, the muscle attachment sites are formed through specialised tendon cells.
Since exerting control over valve activity is crucial for the survival of bivalved invertebrate organisms,
the adductor muscle attachment site crystals form via particular growth mechanisms, enabling a tight
and strong connection to the muscle fibres. This growth mechanism generally involves two processes:
(i) the epitactic nucleation onto an adjacent shell layer with a highly controlled microstructure and
texture, and (ii) the growth of large (micrometre-sized), irregularly-shaped crystals. For bivalves, the

growth of these is driven by a competitive growth mechanism.

The second part of this thesis discusses crystal growth mechanisms, microstructures and crystal
textures of sea urchin skeletal elements. In contrast to molluscs and brachiopods, the biomineralisation
of sea urchin skeletal elements supposedly also include intracellular nucleation processes (Gilbert &
Wilt 2011). The microstructures and textures of sea urchin tests and spines is generated through
biological as well as competitive growth mechanisms. Calcite crystallites of sea urchin tests and spines
are very co-oriented. A further aim of the second part of this thesis was to apply an advanced EBSD

data evaluation method, the pattern matching EBSD data evaluation technique. With the use of the latter
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minute misorientations are revealed for the sea urchin hard tissue that are not detected with conventional
EBSD data evaluation. Subsequently, a short summary will be given of the results and scientific gains

of the different sections that form this thesis.

Section 2.1 highlights in great detail the different microstructures and textures of bivalves of the
bivalve genus Chama. Shells of chamids show a great diversity in microstructures and crystal
morphologies, forming up to five different microstructures and comprising both aragonite and calcite
within a single shell. High-resolution EBSD measurements have shown intricate hierarchical structures
in the shells of both the purely aragonitic Chama gryphoides as well as for Chama arcana, which forms
its shell of aragonite and shell ornamentations of calcite. Our EBSD data analysis revealed the
transmission of crystallographic texture at the changeover between adjacent shell layers and explores
the biomineralisation principles used by the organism to create functional biocomposite shells. We found
key differences in the crystal morphology and microstructure of analogous layers in separate Chama

species and discuss possible reasons for these anomalies.

Based on the large microstructural diversity observed for chamid shells, Section 2.2 compares
the microstructure and texture of myostracal and non-myostracal shell layers of bivalves of different
orders. Although Chama (order Venerida) and Glycymeris (order Arcida) follow different lifestyles and
occupy distinct environments, the shells of these two bivalve genera comprise similar microstructural
motifs (Taylor et al. 1969; Taylor et al. 1973). Investigating the biomineralised tissues and, in particular,
the myostraca, with in-depth EBSD analysis and nanomechanical testing, our measurements indicated
minor differences between the genera: in all layers of the burrowing Glycymeris shells we observed
higher co-orientation and a more regulated and ordered arrangement of crystals and first-order lamellae,
as compared to the intricate crystal morphologies found in Chama. The nanomechanical testing yielded
similar results for the aragonitic microstructures of all investigated shells, with the highest hardness
observed in the competitively grown myostraca (increased by up to 20% compared to the non-
myostracal valve). In both Glycymeris and Chama shells, the crystallographic texture is always initially
transmitted between adjacent shell layers of the same mineral phase; however, each microstructure may
develop an independent texture with distance from the changeover of shell layers to myostraca. Different
modes of aragonitic twinning around [001] were identified for the different shell layers; however,
twinning was prevalent in all investigated aragonitic microstructures. The calcitic ornamentations of

Chama shells are not twinned.

Section 2.3 covers in more detail the microstructural design principles of bivalve myostraca,
and discusses whether they can be related to morphological functions due to different lifestyles that the
organisms persue. We compared the valve and myostraca of the burrowing Glycymeris pilosa, the sessile
Chama arcana and the swimming Placopecten magellanicus. Our structural results indicate that, in
contrast to crystals of the rest of the valves, the aragonitic myostracal microstructure is not as actively

controlled by the organism, despite its relatively high organic content. Myostracal crystals are secreted
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by specialised cells, the tendon cells, that are not in direct connection with the forming myostracal hard
tissue (Tompa & Watabe 1976; Castro-Claros et al. 2021). Accordingly, bivalve myostracal crystal
growth microstructure and texture is largely determined by a competitive growth mechanism. However,
bivalve myostracal microstructure can be influenced by controlling the texture and calcium carbonate
phase of the valve template, i.e., the shell layer that is directly adjacent to the myostracum. If this
template is aragonitic, the first-formed myostracum crystals assume the orientation of the adjacent, non-
myostracal crystals. Our results show that the grain size, texture and grain morphology of myostracal
crystals develop differently for different nucleation templates. If the nucleation template is
morphologically well-regulated, e.g., the first-order lamellae in G. pilosa, we observed thick, irregular
prisms with a single-crystal-like texture. If the nucleation template consists of thin, interdigitated first-
order lamellae, such as in C. arcana, we observed smaller prisms with an axial texture. If the nucleation
template is calcitic, such as in P. magellanicus, the texture of the valve template is not transmitted to the
myostracum and the myostracum is formed of very thin, regular prisms and a highly axial texture, with
c-axes co-oriented perpendicular to the inner shell surface. For the myostraca of all investigated bivalve
species, the grain boundaries of the investigated myostraca show a high frequency of cyclic twinning
around [001], irrespective of the adjacent layer.

As described in Section 2.3, the observed nanomechanical hardness and indentation elastic
modulus of the three myostraca are similar. Yet, we observed marked differences when changing the
indentation direction, relative to the crystallographic c-axes. When the samples were indented
perpendicular to the inner shell surface, myostracal hardness was increased by 15-37% compared to the
same shells indented parallel to the inner shell surface. Moreover, we could show a difference in average
hardness in the two sets of G. pilosa crossed-lamellar first-order lamellae, which showed a deviation in
c-axis orientations. The hardness was significantly increased for the lamellar set with c-axes pointing
parallel to the indentation direction. This observation is in correlation with studies on inorganic calcium
carbonates (Berman et al. 1993; Pasquini et al. 2015; Deng et al. 2023), indicating that the
crystallographic orientation and, in particular, the orientation of c-axes, can distort the results of

nanomechanical testing in biomineralised hard tissues.

Sections 2.1 to 2.3 focused on microstructure, hierarchical growth and nanomechanical
properties of competitively grown myostracum layers. Previous studies describe this microstructure as
a characteristic layer of prismatic aragonite crystals that is conservative in structure for the different
bivalve species (Kennedy et al. 1969; Dong et al. 2022). However, as shown in Section 2.4 of this
dissertation, this is not valid for all bivalve adductor myostraca. The high-resolution EBSD analysis of
shells of more than 30 bivalve species, investigated in this study (Table A.2-1), rather suggests the
classification of myostraca into three categories: the conservative myostraca, the hybrid myostraca and

the non-conservative myostraca.
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M Conservative myostraca are observed for most of the investigated bivalve species. Their
distinct microstructure is characterised by mostly large and long prisms that have irregular
grain boundaries and form an axial texture. The crystallographic c-axes are oriented more
or less perpendicular to inner shell surfaces, as a competitive growth mechanism determines
myostracal microstructure generation.

(i) The hybrid myostraca show characteristics of conservative myostraca (such as enlarged
grains or a clear-cut interface boundary with the adjacent shell layer); however, their
microstructures are less distinct than those of the conservative myostraca. This is
represented by usually thin myostraca comprising a single layer of aragonite crystals or a
sequential myostracum that blends in with the adjacent shell microstructure.

(iii) In some cases, the myostracum layer is barely distinguishable from the microstructure of
the adjacent shell layer. Those myostraca are considered non-conservative, as they show no

elements of microstructure generation through a competitive growth mechanism.

Irrespective of the influence of the competitive growth process, | observed for all investigated
bivalve myostraca with aragonitic microstructures that the crystallographic texture of the nucleation
template is always transmitted to the crystals of the myostracum. The microstructure of the layer
preceding the myostracum might influence the development of a competitively-grown myostracum, as
for some layers (e.g., crossed-lamellar, prismatic aragonite) | always found conservative myostraca and
for other layers (e.g., granular aragonite) | mostly observed non-conservative myostraca.
Nanomechanical testing indicates that an increase in the influence of a competitive growth process
correlates with the observed nanomechanical properties: Distinct conservative myostraca show the
highest hardness and elastic indentation moduli, while the hybrid and, in particular, the non-conservative
myostraca are softer and show significantly lower elastic indentation moduli (Table 2.4-1).

The data obtained on the microstructure, texture and nanomechanical properties of bivalve
myostracal and non-myostracal shell layers demonstrates the complex growth mechanism that is utilised
by bivalve molluscs to form hierarchical, sophisticated biocomposite shells that protect them from
environmental threats. However, bivalves are not the only marine invertebrates forming two-valved
calcium carbonate shells that are opened or closed, depending on the ecological constraints. Thus,
Section 2.5 investigated the calcitic shells, particularly the muscle attachment sites, of rhynchonellate

brachiopods. These belong to the phylum Brachiopoda, while bivalves belong to the phylum Mollusca.

While the two invertebrate classes share, to some extent, similar lifestyles, habitats and
biomineralisation systems, the muscle attachment sites of brachiopods and bivalves are quite different.
The calcitic rhynchonellates form a different calcium carbonate phase for generating the muscle
attachment sites, compared to the bivalves. The muscle attachment sites of rhynchonellate brachiopods
are calcitic; the myostraca of bivalves are always aragonitic. Regarding the microstructure,

rhynchonellate muscle attachment site crystals have a fractal-like morphology and comprise strongly
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interdigitating blocks of crystals. Although an increased thickness compared to other rhynchonellate
valve portions is observable, the muscle attachment site is not as thick and prominent as that of the
conservative bivalve myostraca. Nonetheless, probably initiated by the similar determinants of the
secreting epithelial cells underlying muscle attachment sites, the tendon cells, we also found some
microstructural similarities for the muscle attachment sites of rhynchonellate brachiopods and bivalves.
For example, for both invertebrate classes, the adjacent shell layer transmits its crystallographic texture
onto muscle attachment site crystals, if the latter comprises the same calcium carbonate phase.
Furthermore, crystallographic c-axes are always oriented parallel to the muscle fibres, and both bivalves
and rhynchonellate brachiopod muscle attachment site crystals form large units that are distinct in
microstructure from the other shell layers. Thus, despite some convergent traits between the muscle
attachment sites of species of the bivalved invertebrate classes, representing two different phyla, we
show that some structural characteristics evolved independently in a similar way, e.g., the attachments
of the muscles via tendon cells to the valves. Other attributes, such as muscle attachment site crystal
growth, carbonate phase and microstructure is entirely different for the investigated species of the
different invertebrate classes and phyla.

In rhynchonellate brachiopods and bivalve molluscs, the investigated biomineralised tissues are
formed extracellularly via epithelial mantle cells that, at muscle attachment sites, are specialised
(Simonet Roda et al. 2019b; Castro-Claros et al. 2021). However, other marine invertebrates, such as
echinoids, also use muscles to control their biomineralised skeletons and skeletal elements and to protect
their soft tissue from predators (Stauber & Mérkel 1988; Ziegler et al. 2012). Biomineralising their
skeletal elements within syncytial sclerocytes (Simkiss & Wilbur 1989; Vidavsky et al. 2016), echinoids
can form complex, yet highly co-oriented microstructures of high-magnesium calcite. Section 2.6 of this
dissertation describes the crystallographic texture and microstructure of tests and spines in two echinoid
species, namely Cidaris cidaris and Paracentrotus lividus. For different parts of the test plates and
spines, we found that the calcite trabeculae are arranged in different stereom architectures. Within a
spine and within a test plate, the crystallographic textures resemble more or less single crystals.
However, at the primary test tubercles, the attachment sites where the muscles attach to and interconnect
the plate and the spine, a distinct, polycrystalline microstructure was observed. This microstructure
comprises small, fractal-like crystals with the calcite c-axes oriented perpendicular to the outer shell
surface with an axial texture. Interestingly, a similar microstructure was observed at the basal outer spine
surface of the sea urchin spines, opposing the tubercles of the test. For both primary and secondary
spines of C. cidaris, we also observed a polycrystalline cortex that encapsulates the medulla from the
shaft to the tip of the spines. The outer surface of the medulla functions as a template for cortex
nucleation, with crystallographic calcite c-axes of the cortex crystals oriented more or less perpendicular
to the outer medulla surface. At the tip of the spines, this creates an intricate growth pattern due to
nucleation within the intertrabecular pores. Along the shaft of the spines, however, where the nucleation

template is rather smooth, the cortex crystals exhibit a competitive growth mechanism, generating, at
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progressive growth, a microstructure of co-oriented crystals with distance away from the nucleation

surface.

Furthermore, this study evaluated the single-crystallinity within echinoid skeletal elements by
employing the EBSD pattern-matching method for the first time for biomineralised calcium carbonate
hard tissues. This method improves the angular precision of high-resolution EBSD scans from 0.5° to
less than 0.1°. Thus, this evaluation method allows us to precisely determine minute misorientations
within the sea urchin hard tissues. EBSD analysis with pattern matching revealed small-angle (< 2°)
misorientations within the single-crystal-like trabeculae. As these misorientations appear frequently at
trabecular junctions, the stereom architecture defines the degree of single-crystallinity in the respective
portion of the spine or the test. For spatially ordered stereom sections without pores or with few
trabecular junctions, crystallographic co-orientation is highest. In essence, our microstructural
characterisation suggests that neither C. cidaris nor P. lividus skeletal elements should be addressed as
single crystals. The presence of polycrystalline areas and small-angle misorientations in sea urchin
calcite does not confirm the claim of X-ray diffraction studies (Donnay & Pawson 1969; Nissen 1969;
Su et al. 2000; Moureaux et al. 2010) that suggested that the calcite of sea urchin spine is single

crystalline.

The successful application of the EBSD pattern matching method for the biomineralised tissues
of sea urchin test and spines has inspired the investigation of further biomaterials with the pattern
matching EBSD data evaluation method, as described in Section 2.7. The latter chapter examined small-
angle misorientations and the evolution of the crystallographic texture for four different microstructures:
(i) For the calcitic columnar prismatic layer of various bivalves, analysed parallel and perpendicular to
the inner shell surfaces, pattern matching reveals gradual rotations of up to 10° perpendicular to the
morphological long axis of individual prisms. Parallel to the morphological long axis of the prisms, the
crystallographic axes only show minute rotations below 0.5°. (ii) Further analysis of sea urchin skeletal
elements of C. cidaris reveals differences in precision of conventional data evaluation versus pattern
matching and discusses whether and how single-crystallinity can be quantified and compared.
Measurements performed on C. cidaris test and spines are juxtaposed with eight other sea urchin species
from different orders. (iii) Calcitic eggshells of Coturnix japonica comprise fractal-like prisms that are
highly porous. Pattern matching demonstrated that the small pores (< 1 um) do not seem to disrupt the
crystallographic texture of the eggshell layer. However, a gradual rotation of crystallographic axes was
detected; the rotation is highest on profiles perpendicular to the outer shell surface. (iv) Within the
aragonitic prisms of bivalve myostraca, pattern matching revealed the structure and distribution of small-
angle misorientation streaks and the minute rotation of the crystallographic axes along the

morphological long axis of the prisms.
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3.2 OUTLOOK

The design principles, biomineralisation mechanisms and their correlation with material
properties, such as hardness and elasticity, are intricate and still far from fully understood. Investigating
in great detail the texture and microstructure of archetypical biological hard tissues for species of various
classes and phyla can provide answers to a limited section of this vast scientific field. However, as we
continue to understand some biomineralisation processes, many new questions arise, and possibilities

for further research open up.
New research perspect,the hyives could cover the following points:

1. A complete understanding of the microstructure generation mechanisms in conservative and

non-conservative bivalve myostraca

This work investigated for the first time the microstructure, texture and nanomechanical
properties of non-conservative myostraca present at bivalve muscle scars, which do not exhibit the
traditional microstructure generated through competitive growth parameters. Instead, these non-
conservative myostraca show great similarities in texture, grain morphology and hardness compared to
the adjacent, non-myostracal shell layers. The preliminary results of these characterisations indicate that
the microstructure, particularly the crystallographic phase and texture, may greatly influence or even

support the generation of hybrid or non-conservative myostraca over the conservative myostraca.

To confirm or contradict this theory and understand the biomineralisation principles that trigger
the growth of these atypical myostraca, future work may involve a methodical sample selection approach
based on the structural results gained through this study. Investigating the changeover and growth of
myostraca adjacent to various microstructures will be of key importance for recognising the
biomineralisation principles of conservative and non-conservative myostraca. This demands
investigating and characterising other bivalve species not covered in this work. Furthermore, future
studies could consider morphological constraints, such as shell size or adductor muscle thickness, and

environmental constraints, such as temperature or salinity during shell growth.

Finally, there is one other potential factor that might play a role in the microstructure generation
of the myostracum: the ligament. While it is shown that the hinge ligament in bivalves plays a significant
role for various valve activities, in particular for valve opening, (Yonge 1973; Kahler et al. 1976;
Tremblay et al. 2015; Ponder et al. 2019), it is not yet fully understood if and how this influences the
myostracal microstructure. Keeping in mind the different microstructures at the adductor muscle sites
of rhynchonellate brachiopods (which do not have a hinge ligament) and bivalves, it is feasible that the
hinge is generally of main importance for the adductor muscle structure, and thus, for the development

of the myostracum.
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2. The investigation of the distribution of the organic substance within the shell and myostracal

crystals

Compared to bones or tooth dentin (Gong et al. 1964; Driessens 1980; Elliott 2002; Teruel et al.
2015; Foley et al. 2020), the weight percentage of organic materials in bivalved invertebrate shells or
sea urchin skeletal elements is low (Ameye et al. 2001; Mann 2001; Mann et al. 2008; Copper 2018).
Nonetheless, the organic components, e.g., generating the extracellular organic matrix, play a significant
role in forming biomineralised tissues. While the composition of the organic matrix material in bivalves
and rhynchonellates starts to be understood, little work has been done on the distribution patterns of
organic substances within the shell. Future work could aim to localise, distinguish and quantify the
different biopolymers present in the shell using, for example, selective etching techniques. It would be
of great interest to compare the biomineralised hard tissues of various phyla, species, and

microstructures to reveal the different biopolymers' functionality and role.

Furthermore, the studies presented here have shown how thermogravimetric analysis techniques
can quantify the organic content in different shell layers and correlate the latter to the material properties
of the hard tissue layers. This is particularly interesting for bivalve myostraca, where we observed a high
organic content, yet the distribution and structure of the latter are still far from clear. The adductor
muscle-shell attachment of bivalves is one of the strongest connections of invertebrates (Chantler 1983).
Thus, understanding the topological relation and mechanism of this connection in detail would be of

great value for generating man-made biocomposite materials.

3. The correlation of different biomineralised microstructures and the crystallographic

orientations of the crystals with mechanical properties

It is very interesting to observe that biomineralised hard tissues can form tough composite
structures of inorganic crystals and an organic matrix, which are both inferior in nanomechanical
hardness. While the mechanisms and preconditions for tough materials are, more or less, understood for
simple and inorganic materials (e.g., Sakai & Bradt 1993; Kobayashi 2004; Brostow et al. 2015), the
nanomechanical analysis of biocomposite hard tissues still raises some questions, e.g., how the
arrangement of grains and organic matrix affects the hardness or whether the Hall-Petch effect is valid

for biomineralised materials.

It has repeatedly been shown in this thesis that myostraca with a conservative structural design
show exceptional nanomechanical properties. Therefore, of particular interest could be highlighting
what makes the myostracum so nanomechanically hard, compared to other biomineralised shell layers.
Opposed to most bivalve shells, the biomineralised muscle attachment site in rhynchonellate
brachiopods does not feature long, prismatic aragonite crystals but comprises irregular and interdigitated
calcite units. Nonetheless, the muscle attachment mechanism and the determinants for shell generation

are similar for species of these two invertebrate classes. Thus, future studies could explore whether the
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mechanical properties of rhynchonellate muscle attachment sites are also enhanced in hardness,

compared to other shell portions.

This work has shown that, for biomineralised hard tissues, the measured hardness depends not
only on the microstructure but also on the crystallographic orientation of grains. Further experiments
should be designed to thoroughly examine and understand this azimuthal variability for designing
experiments that allow a better comparability between the mechanical properties of different
biomaterials. This could include (i) the application of new techniques, such as micromechanical testing,
(if) employing different nanoindentation tips, such as conical tips, or (iii) indenting a material along
different directions and different crystallographic planes. Moreover, it would be interesting to compare
azimuthal differences in differently mineralised materials, e.g., for aragonite forming non-myostracal

prisms, myostracal prisms or inorganic crystals grown in solution or hydrogels.
4. The application of advanced EBSD tools for the in-depth structural analysis of biomaterials

We applied for the first time for biomineralised calcium carbonate hard tissues the novel method
of EBSD pattern matching to a limited number of materials. Our structural results show great potential
from this technique, as it increases the angular precision from around 0.5° to below 0.1°. This not only
removes noisy data points but can also reveal the presence and distribution of small-angle
misorientations within biomineralised grains, e.g., of biological aragonite and calcite, as well as in other
crystals. In particular, for microstructures that are formed of large grains, e.g., the calcite columnar
prismatic layer of bivalves, the pattern matching analysis method allows the accurate characterisation
of the crystal texture, revealing a minute yet gradual rotation within the calcitic columnar prismatic
units. An in-depth characterisation of layers, formed solely of columns or prisms, for the shells of
different species will be of great interest to gain information on the crystal growth mechanism of this
unique microstructure, as it shows both a high organic content and a high tensile, compressive and

bending strength.

However, the pattern matching method will be useful to locate misorientations and precisely
guantify the degree of single-crystallinity and crystallographic co-orientation in a given material.
Comparing different biomineralised hard tissues that show single-crystalline long-range orders, such as
the sea urchin stereom, hydrogel-grown crystals, or the aragonitic sclerites of molluscs, can answer the
question of whether there is something like a biomineralised single-crystalline material. Furthermore,
while this work has shown that the MUD-value can well approximate the degree of co-orientation within
a material, it has also pointed out the limits of the latter, especially when comparing highly co-oriented
microstructures. The elaboration of a more sophisticated and reliable method, e.g., utilising texture
components or Euler angles, could be of great interest not only for describing biomineralised hard tissue,

but also for inorganic or man-made materials characterised by EBSD analysis.
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Somewhat complementary to data evaluation with EBSD pattern-matching methods, the novel
3D-EBSD technique combines the conventional 2D-EBSD with the slice-and-view method. In the latter,
a focused ion beam is used to cut thin layers of the sample surface in sequential series with EBSD scans.
The retrospective stitching of these scans into a 3D model allows for the measurement and analysis of
the evolution of the crystallographic texture and microstructure of certain regions of interest. These may
include the changeover from non-myostracal valve into the myostracum of bivalves or into the adductor
muscle scar in brachiopods, both of which feature intricate crystal morphologies and textures that are
difficult to interpret with two-dimensional EBSD maps. A further interesting application of 3D-EBSD
could be in sea urchins, reproducing the three-dimensional trabecular structure of various stereom
fabrics and analysing via pattern-matching the distribution of minute misorientations within the

trabeculae.

5. The utilisation of computational modelling to understand critical parameters for the generation

of competitively-grown microstructures

Due to their functionality, most biomineralised materials have a microstructure and texture
highly controlled by the organism. However, microstructure generation occurs mainly through
competitive crystal growth parameters in some invertebrates. Despite their similar growth mechanisms,
the competitively grown microstructures in the argonaut prismatic layer (Checa et al. 2021), the dorsal
shield in cuttlefish (Griesshaber et al. 2023), the sea urchin cortex or bivalve myostraca (this work) all
vary significantly in grain size and morphology as well as in crystallographic co-orientation. To
determine whether these characteristics are predetermined solely by certain physical parameters, or
might be controlled/influenced by the biomineralising cells or the organic substances/layers present

within the competitively-grown microstructures, computational modelling might be of great use.

Comparing simulations of different nucleation scenarios, such as smooth (e.g., prismatic layer in
Argonauta) versus complex nucleation surfaces (e.g., dorsal shield in Sepia or spine cortex in Cidaris)
or a predefined (e.g., Glycymeris myostraca) versus an unrestricted initial texture (e.g., in Placopecten
myostraca or the prismatic layer in Argonauta) will help to understand the influence of the specific
parameters. Moreover, it will be interesting to compare the simulated competitive growth
microstructures with the ones we find in nature, as analysing the differences between the two might give

unprecedented insights into crystal growth kinetics in those microstructures.
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APPENDICES

A.1 TERMINOLOGY

A.1.1 STRUCTURAL AND CRYSTALLOGRAPHIC TERMINOLOGY

Subsequently, | define the structural and nanomechanical property terms that I use in this study.
For further information concerning electron backscatter diffraction (EBSD), see Schwartz et al. (2009),
for crystal twin formation see Griesshaber et al. (2013), Hahn & Klapper (2013) and Kogure et al.
(2014). For further information concerning nanoindentation testing, see (Fischer-Cripps & Nicholson
2004).

EBSD analysis and evaluation

Microstructure refers to the sizes, morphologies, co- and misorientations, and modes of
interlinkage of grains in a material. It is shown with coloured EBSD maps, where similar colours reflect
similar crystal orientations and different colours highlight differences in crystal orientation. The
acquisition coordinate system is indicated in the a-axes pole figures in Figs. 1a, b and is consistent for

all EBSD scans presented in this contribution.

Pole figures are stereographic projections of crystallographic axes orientations measured for all
pixels of an EBSD map or selected areas (subsets). The viewing direction of the pole figures is the same
as the viewing direction of the corresponding EBSD maps. All pole figures shown here display the lower
hemisphere. Showing data points on the lower hemisphere of the stereographic projection ensures that
the pole figures are displayed in the same spatial orientation as the corresponding EBSD map. With pole

figures | either show individual orientation data points or the density distributions of the orientation data.

Texture or crystallographic preferred orientation relates to the distribution of all crystal

orientations within a material. It is illustrated with pole figures which show either the colour-coded

orientation data or the contoured version of the density distribution of the a-, b-, and c-axes poles.

Crystal co-orientation statistics is derived from Kikuchi patterns measured at each pixel of an

EBSD map. The degree of aragonite/calcite co-orientation within individual crystals is obtained from
measurements of the orientational density distribution, the multiple of uniform (random) distribution

(MUD) value, the Euler angles or texture component analysis.

The MUD value is calculated by the CHANNEL 5 EBSD software and is an indication of the
strength of crystal co-orientation. A high MUD indicates high crystal co-orientation and low MUD
values indicate low to random crystallite and/or mineral unit co-orientation. The parameters for data

contouring in the pole figures were fixed to a half width of 5 and a cluster size of 3, to maintain
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comparability for all measurements shown in this contribution. For a half width of 5 and a cluster size
of 3, an MUD value above 700 indicates single-crystallinity, and an MUD value of 1 indicates poly-
crystallinity. The given MUD values indicate the crystal co-orientation strength for the described section

or subset of an EBSD scan and do not apply to the entire volume of a microstructure.

The three orthogonal Euler angles describe the spatial orientation of a crystal in a three-
dimensional space. As each angle corresponds to an elemental rotation in the coordinate system, the
combination of the three angles can be used to understand the orientation of a crystal. The degree of
correlation of Euler angles across a grain or microstructure can be used to describe and compare its co-

orientation. This method is described in more detail in Britton et al. (2016).

Texture component analysis compares all measured data points with a reference texture which
can be defined via Euler angles, plane and direction or fibre axis. The calculated texture components
can be displayed as a map or as a misorientation angle diagram. Texture component analysis is
particularly useful for characterising small-angle misorientations, but is also useful for polycrystalline

materials (e.g., Boehm-Courjault et al. 2009)

The EBSD band contrast map depicts the signal strength of the Kikuchi pattern at each

measurement point in the EBSD scan. It is displayed as a grey-scale component in the map; white to
light grey colours indicate a high intensity of the Kikuchi signal, corresponding to strong mineralization,
dark grey and black colours point to a weak or absent Kikuchi signal, e.g. when organic matter is

scanned.

Grain size statistics are determined via the AZtecCrystal 3.0 software. The bar charts display

the area-weighted fractions. For mean value calculations, pseudosymmetries and wild spikes were

filtered and border grains were included.
Crystallographic twinning

Twinned crystals are entities in which adjacent crystals of the same phase are intergrown in a
regularly recurring orientation relationship. These crystal orientation states are addressed as the twin
domains of a twinned crystal. A regular planar interface of two twin domains is called the composition
plane and such a twin is called a contact twin. If the interface is not confined to a plane (or planes), the
twin is called a penetration twin. Twinning can occur during the initial growth of the crystal, or, it might
take place after its formation, resulting from stress or phase transformation. The orientation relationship

for the characteristic twin in question is called the twin law.

If a twinned entity contains domains of two orientation states, alternating in succession, it is

called a polysynthetic twin. In biological materials, such twins do not show perfectly planar and parallel
composition planes, as would be required by the definition of Hahn and Klapper (2013), who, however,

focused only on inorganic materials.
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If a twinned entity contains three intergrown domains that are related by a twin law consisting

of mirror operations on (110) and (110), then it is called a cyclic twin.

If a twinned entity contains three intergrown domains that are related by a twin law consisting

of mirror operations on (110) and (110), then it is called a cyclic twin. If these three orientation states

occur multiple times within an entity as striations or fine parallel lines, | term the twinned crystal a

polycyclic twin.

In this work, the presence of twinned aragonite is proved via the specific misorientation
boundary of the twin law. For calcite, the misorientation at the twin boundary is around 60°. For
aragonite, the misorientation at the twin boundary is around 64°. For this misorientation angle,
characteristic peaks shown in the misorientation angle distribution diagram indicate the presence and
frequency of twinning. The presence of twinned aragonite is also indicated by specific crystal

misorientations in the corresponding pole figures.

A.1.2 BIOLOGICAL TERMINOLOGY

Here, biological terms for the different biomineralised hard tissues featuring in this work are
defined. In-depth analyses provide additional information about bivalve shells (Taylor et al. 1969;
Taylor et al. 1973), brachiopod shells (Williams et al. 1965; James et al. 1992) and sea urchin skeletal
elements (Smith 1980; Ebert 2007; Forster 2020).

Biological convergence is the process by which unrelated or distantly related organisms develop

similar traits or characteristics independently. This happens because these organisms face similar
requirements due to their lifestyle, environmental conditions, or ecological roles that require similar

solutions, leading to the natural selection of comparable adaptations.

In evolutionary biology, a conservative trait is relatively slow to change over evolutionary time

and is similar across different species that share a common ancestor. Closely related species tend to
resemble each other in that trait. That trait is either under strong stabilising selection or has a low rate
of evolution, leading to its persistence within lineages. Examples of conservative traits include certain
morphological features, physiological processes, or behavioural patterns that have remained relatively

stable over long periods of evolutionary history.
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Bivalved invertebrate shells

The shell surface of many Chama bivalves is covered with calcium carbonate ornamentations.
These are developed as ribs and are thin spicule- to blade-shaped hard tissue protrusions that are often

arranged on the surface of the shell in an ordered pattern (Yonge 1967; Kennedy et al. 1970).

In recent rhynchonellate brachiopods and bivalves, two main types of muscle fibres can be differentiated

(MacKinnon 1977; Chantler 1983). The twitch-type striated muscles, causing quick, incomplete closure,

feature small muscle cells that interconnect in a banded pattern at a small angle to the fibre axis. In
contrast, smooth muscles comprise distinct units of unstriated, separated fibrils that contract slowly and
shut the valves. Compared to bivalves, this delayed relaxation or catch mechanism is much weaker in
the rhynchonellates (Wilkens 1978; Ackerly 1991).

Sea urchin skeletal elements

The stereom is a crystallised calcium carbonate (in fact, high-Mg calcite) material with a
sponge-like structure and appears in modern and fossil echinoderms, such as sea urchin tests and spines.
The stereom consists of a mesh of thin cylindrical columns, the trabeculae. The stereom has different
architectures; it can be rectilinear (trabeculae arranged perpendicular to each other), galleried
(interconnected trabeculae arranged parallel to each other, running in one direction only), or labyrinthic

(matrix pervaded by ovoid interconnecting pores without internal alignment). Trabecular extensions are

thin nodes of trabecular columns that run parallel to the morphological long axis of spines and traverse
the cortex layer. Ambulacral test regions are elongated areas of a test in which the sea urchin tube feet

are arranged; interambulacral regions are test sections between ambulacra.

Tubercles are ball-and-socket joints forming the attachment sites for spines and pedicellariae to
the test plate. They consist of the basal boss, the stereom region adjacent to the test, and a terminal knob,
the outermost tubercular stereom section. Pedicellariae are highly evolved and membranous outgrowths
connected to the external test surface, where they form the jaws with their pincer-like morphology.
Spines are protective mineralised appendages, with the primary spines being long and large and the

secondary spines being small. The medulla of a spine is the stereom section that forms the central, co-

oriented, portion of the spine. The cortex of the spine is the layer that externally encases the medulla

from the shaft to the top.
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A.2 INVESTIGATED SAMPLES AND SAMPLE PREPARATION

A.2.1 INVESTIGATED SAMPLES

A.2.1.1 BIVALVE SAMPLES

As mentioned in previous chapters, the class Bivalvia comprises a large variety of species with
a high genetic variation and global diversification, especially following the Late Permian mass
extinction (Wilkins 1976; Miller & Sepkoski 1988; Xu et al. 2020). Within the molluscan phylum,
bivalves are the second most species-rich class after the gastropods (Hughes 1986; Mikkelsen 2011;
Bieler et al. 2013). Their widespread distribution is not due to allopatric isolation but rather because of
the high gene flow between bivalve populations, as explained by the Marine Speciation Paradox (Bierne
et al. 2003; Mikkelsen 2011). Bivalves have occupied a variety of global habitats and can sustain
extreme conditions such as the polar seas or abyssal marine regions (Norkko et al. 2005; Krylova et al.
2015; Kamenev et al. 2022; Iglikowska et al. 2023). The following table A.2.1 summarises the bivalve
species investigated in this study and illustrates their family relationships.
Table A.2.1. Summary of all bivalve species investigated in this study. The species that are reported in this study are in bold.

This table assumes the geographical differentiation between C. arcana and C. pellucida, recently reported by Harper & Checa
(2017).

Order Family Species

Arcidae Anadara gibbosa

Glycymeris glycymeris

Arcida Glycymeris nummaria
Glycymerididae

Glycymeris pilosa

Glycymeris bimaculata

Anomalodesmata Poromyidae Poromya granulata

Cardiida Cardiidae Acanthocardia tuberculata

Astarte fusca

Astartidae
Carditida Digitaria digitaria

Carditidae Cardita calyculata
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Mytilida Mytilidae Mytilus edulis
Nuculida Nuculidae Nucula nucleus
Atrina serrata
Pinnidae Atrina vexillum
Ostreida Pinna nobilis
Ostreidae Ostrea stentina
Pteriidae Pteria penguin
Anomiidae Anomia ephippium
Pecten maximus
Pectinida
Pectinidae Placopecten magellanicus
Placopecten yessoensis
Tellinoidea Tellinidae Tellina planata
Arcticidae Arctica islandica
Chama arcana
Chamidae
Chama gryphoides
Venerida
Dosinia scalaris
Veneridae Periglypta puerpera
Timoclea ovata
Elliptio crassidens
Unionida Unionidae

Lampsilis cardium
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A.2.1.2 OTHER BIOLOGICAL CALCIUM CARBONATE SAMPLES

The EBSD pattern-matching method enables us to re-examine the microstructural properties
and single-crystal character of various biological carbonate hard tissues. Not only does this method
allow for significantly lower orientation precision, but it also enables a consistent analysis of small-
angle misorientation patterns within a wide variety of biological microstructures. Table A.2.2 compiles
the non-bivalve biological hard tissues that were evaluated in the present study.

Table A.2.2. Summary of all non-bivalve species and their type of investigated biological hard tissue that featured in this study.
The species reported in this study via EBSD and/or other methods are highlighted in bold letters.

Phylum Order Species Investigated hard tissue
Magellania venosa Shell and muscle scar
Brachiopoda | Terebratulida Gryphus vitreus Shell and muscle scar
Liothyrella neozelanica Shell and muscle scar
Cidaroida Cidaris cidaris Sea urchin test and spines
Paracentrotus lividus Sea urchin test and spines
Camarodonta
Heterocentrotus mamillatus Sea urchin test and spines
Arbacia lixula Sea urchin test and spines
Arbacioida
Echinodermata Coelopleurus maillardi Sea urchin test and spines
Spatangoida Echinocardium cordatum Sea urchin test
Clypeaster reticulatus Sea urchin test
Clypeasteroida
Arachnoides placenta Sea urchin spine
Diadematoida Echinothrix diadema Sea urchin spine
Chordata Galliformes Coturnix japonica Eggshell
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A.2.2 SAMPLE PREPARATION

A.2.2.1 SURFACE PREPARATION FOR CONFOCAL MICROSCOPY, EBSD AND

NANOINDENTATION MEASUREMENTS

Electron backscatter diffraction (EBSD) is a crystallographic characterisation technique based
on scanning electron microscopy. Not only does EBSD enable the quantification and visualisation of
individual grains, but it also allows us to analyse the correlation of crystallographic texture,
morphology and twinning between neighbouring grains (Griesshaber et al. 2010; Guo et al. 2019).
Furthermore, EBSD can be used to identify defects or internal stresses within crystalline samples
(Wilkinson et al. 2006; Wright et al. 2011). Since nanoindentation testing also requires flat and even
surfaces, samples that were characterised with FE-SEM or EBSD could subsequently be utilized for
nanoindentation measurements and Raman spectroscopy.
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Figure A.2-1. Various bivalve shells embedded into EPON epoxy resin and polished with several manual grinding steps. The
samples were tested with nanoindentation and investigated with EBSD. Myostracal pillars of C. arcana (top middle) were
additionally observed with Raman spectroscopy.

Since the electrons backscatter near the subsurface of the sample, usually within the first few
micrometres, specimen surface preparation is critical for the quality and resolution of the EBSD scans.
All samples investigated in this study were prepared after an elaborate procedure that was refined
through the preparation of hundreds of samples. In the first step, the biological hard tissues are
sectioned with a low-speed diamond saw to expose the parts relevant to the aim of the study. The
compromised samples were subsequently fixed with double-sided tape and embedded into transparent
EPON epoxy resin. After drying, sample surfaces were exposed and polished through several steps of
manual and vibratory grinding and polishing. The extent of manual or etch-polishing with colloidal
alumina (Buehler Vibro Med 2) was adapted to the composition and characteristics of the sample to
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ensure an optimal sample surface (Fig. A.2-1). In this study, the best sample surfaces were achieved
when the final grinding step comprised manual polishing with nano-diamond suspensions.
Subsequently to polishing, the samples were coated with 4-6 nm of carbon for electron microscopy

measurements.

A.2.2.2 SAMPLE PREPARATION FOR CT SCANS

For computerised tomography scans, entire shells of varying sizes were prepared. The shells
were dried with the organic matter, such as the two adductor muscles, still intact and attached to the
valves. The shells were placed into the centre of transparent plastic sample holders that were tightly
packed with polystyrene to prevent sample movement during the scans (Fig. A.2-2). Shells were oriented

with the pedicle opening pointing towards the bottom of the tube.

M. venosa i M. venosa |
Sample 1+2 | ” | Sample 3+4 i

zemle—nl 1

Figure A.2-2. Recent brachiopod shells of M. venosa in various sizes, along with the respective sample holders used for CT
scanning. Shells were placed into the centre of the plastic tubes.

Samples were measured at the Institute of Biomedical Engineering at the Technische Universitat
Minchen using a Phoenix V|tome|x S 240. Data evaluation was performed using the Fiji imaging
processing package, an open-source platform of ImageJ for biological data analysis (Schindelin et al.
2012).

A.2.2.3 SAMPLE PREPARATION FOR TGA MEASUREMENTS

Samples of crossed-lamellar, complex crossed-lamellar and myostracal aragonite, as well as
foliated calcite, were drilled utilising a high-precision dental drill from the respective shell portions (Fig.
A.2-1). Up to 15 mg of powder were obtained for analysis. TGA measurements were performed with a

Netzsch STA 449 F1. The samples were heated from room temperature to 600 °C at a constant rate of
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10 °C per minute in a static-air atmosphere. Approximately 20 mg of each sample was used for TGA
analysis in an open aluminium oxide crucible. Each sample was measured twice, except for one. The
error margin for individual measurements is +0.05 wt%; however, crossed-lamellar and myostracal

layers of G. pilosa showed small heterogeneities.

No prior drying of the samples was performed. The weight loss between 25 °C and 100 °C is
attributed to adsorbed water. Separate measurements on pure inorganic carbonate samples (calcite and
aragonite) under the same conditions showed decarbonisation beginning around 500 °C, with a weight
loss of 0.03 wt.% at 540 °C for both samples. Therefore, the study reports mass loss between 100 °C
and 540 °C, as detailed in Figure 2.3-AP4.
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Figure A.2-3. Shells of G. pilosa (a) and P. magellanicus (b) showcasing the shell areas that were drilled for thermogravimetric
analysis. Adductor muscle scars are highlighted with red circles.
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B APPLIED METHODS

B.1 ELECTRON MICROSCOPY

Electron microscopy uses electron beams focused onto the sample surface, thus generating high-
resolution images of the microstructural organisation of biological and non-biological samples. The
evolution of functioning electron microscopes was driven by many significant inventions and
discoveries, such as developing a basic electron gun (Braun 1897), unravelling the wave properties of
particles (De Broglie 1924) or discovering that electrons can be focused using electromagnetic lenses
(Busch 1926). Ruska and Knoll developed one of the first versions of a working electron microscope in
1931 and later awarded the 1986 Nobel Prize in Physics (Ruska 1987). With two electromagnetic lenses,

it resembled a rudimental version of a modern transmission electron microscope.

Today’s electron microscopes feature highly advanced setups to analyse specific sample
properties such as morphology, chemical composition, crystallographic orientation, topology, etc.
Despite their different applications, they follow a plain principle: As a focused electron beam hits and
interacts with the sample, various signals are produced. When detected, these signals can be used to
gather information about the sample or create maps. Recent advances in hard- and software development
have led to a distinct increase in data quality and, thus, resolution. While the highest achievable
resolution for light microscopes is around 200 nm, due to the objective lens size and light wavelength,
electron microscopes can go far beyond that. Thus, unprecedented analysis techniques and the
advancement in electron optics allow imaging and spectroscopy within atomic resolution (Muller 2009).
The following chapters describe the fundamentals of scanning electron microscopy (SEM), the type of
electron microscopy used in this study, and electron backscatter diffraction (EBSD), an SEM-based

technique used to study the crystallographic microstructure of various materials.

B.1.1 FUNDAMENTALS OF SCANNING ELECTRON MICROSCOPY (SEM)

Scanning electron microscopy (SEM) allows the imaging and characterisation of specimen
morphologies and microstructures on a micro- to nanometer scale. Due to its diverse applications and
non-destructive mode of operation, SEM is used in various fields such as biology, materials science,
geology and medical science. Atypical SEM configuration includes an electron source, lenses, specimen

chamber, and detectors, as illustrated in Fig. B.1-1.

Modern microscopes use Schottky-emission electron guns that apply a strong electric field to a
heated metal surface, such as ZrO-coated tungsten single crystals. Due to the lowering potential barrier

(Schottky effect), thermoelectrons are emitted from the cathode (Fransen et al. 1999). Apertures and
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lenses focus the electrons onto the sample surface, where the specimen is irradiated in a defined raster
scan. Scanning electron microscopes usually work under a vacuum to generate a consistent electron
beam and avoid unimpeded interaction of the accelerated electrons within the electron beam column. As
the finely focused beam hits the sample surface, the emitted signals, such as secondary (SE) and
backscattered electrons (BSE), are collected by designated detectors. The amplification and
guantification of the scanned measurement point signals allow the construction of maps illustrating the

sample morphology and microstructure.

Pz

——— Electron gun
Vacuum pump

rawi
M Primary electron beam
]

Condenser lens @‘%
| :
%@_% Monitor

Scan coils Deflection amplifier
. DR =
Objective lens
| SE detector
BSE detector NP
Sample “f” =
= Amplifier  Deflecting coils
T —— . | Sample stages
\

Figure B.1-1. Schematic drawing of the SEM setup (modified after Yao et al. 2021). Electromagnetic coils and lenses focus
the electron beam on the specimen for scanning. The detectors measure the incoming secondary and backscattered electrons of
each successively scanned specimen point, leading to the creation of an image on the monitor.

As mentioned above, the interaction between the primary electron beam and the sample can
generate several different signals (Fig. B.1-2): SE and BSE, Auger electrons, transmitted electrons (if
the specimen is sufficiently thin), characteristic X-rays and photons. Depending on the sample density
and accelerating voltage, the signals come from different penetration depths. Auger electrons give
chemical information about the sample surface, SE produce surface topography contrasts (Reimer 1985),
and the cathodoluminescence emitted by some samples can provide information about the trace element
distribution and mechanically induced defects (Watt et al. 1997; Rams et al. 1999). Energy-dispersive
X-ray spectroscopy (EDX) allows the mapping of chemical element distributions for the investigated
sample surface. Connecting the information gathered by different SEM modes can, thus, provide a

comprehensive overview of the different sample characteristics.
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Figure B.1-2. Overview of the signals generated when the primary electron beam interacts with a (relatively) thin sample.
In the case of a thick specimen, there are no transmitted electrons, and the signal gets absorbed within the material. Adapted
from Nanakoudis (2019).

For the investigation of biological hard tissues, the most powerful signal type is the
backscattered electrons. For one, they are highly sensitive to elements (heavy elements backscatter
electrons more strongly than light elements) and can, therefore, be used to map chemical composition
contrasts in SEM images. Secondly, electron backscatter diffraction (EBSD) measurements provide
pivotal information about the crystallographic texture of the sample. This technique is described in more

detail in the following chapter.

B.1.2 ELECTRON BACKSCATTER DIFFRACTION (EBSD) ANALYSIS

The history of EBSD began in 1928 at the University of Tokyo, where Nishikawa and Kikuchi
observed the diffraction of an electron beam by a calcite crystal (Nishikawa & Kikuchi 1928). The first
ever published electron backscatter pattern was recorded on photographic plates. It comprised pairs of
parallel black and white lines of poor quality, most likely due to the low vacuum that was realisable at
this time. Through recent developments in scanning electron microscopy and EBSP detection, EBSD
has since become a powerful tool for understanding the crystallography and internal microstructures of
crystalline materials. Opposed to BSE imaging, EBSD allows the identification of grain orientation

within a map and can reveal the crystallographic texture of a sample.

Generally, electron backscatter patterns are obtained by illuminating a crystalline specimen with

a stationary electron beam in the SEM. The sample surface is oriented at a high tilting angle (usually

354



70°) to the beam to diffract the pattern into a detector (Fig. B.1-3a). For modern microscopes, the
detector is usually a flat phosphor screen paired with a fully digital charge-coupled device. This setup
allows a good resolution while maintaining high analysis speed. The detected electron backscatter
patterns can be interpreted as a gnomonic projection of the crystal lattice, where each Kikuchi band can
be attributed to the diffracting crystal plane forming it (Fig. B.1-3b). The intensity, direction and
intersections of the Kikuchi bands are characteristic of particular crystalline phases and orientations and
can be indexed to determine and characterise the microstructure. When scanning a map and indexing
the obtained Kikuchi patterns, the resulting EBSD map can, therefore, illustrate grain size and
morphology as well as the general microstructure of the scanned area. Using sophisticated analysis tools
provided by crystallographic software such as Oxford Instrument’s AZtecCrystal 3.0, gives insights
about grain boundary properties (i.e., twinning), internal misorientations or the development of
crystallographic texture.

Electron beam

Diffracting
Kossel cone lattice plane

of intense electrons

Phosphor screen

Figure B.1-3. Schematic diagram showing how the Kikuchi cones can diffract from the specimen plane after illumination
with an electron beam, and the phosphor screen detecting them (a, modified after (Yin 2020)). Measuring a Glycymeris pilosa
myostracal shell layer at 20 kv with a Hitachi SU5000 FE-SEM creates a typical electron backscatter pattern for aragonite
(b). Kikuchi band width, intensity and pathways give information about the material properties of the scanned point. To
enhance the band visibility, the Kikuchi pattern was resolved with 4x4 binning, reducing its resolution to 168x128 pixels.

Although conventional EBSD analysis is a powerful tool for sample characterisation and
analysis, the investigation of biological hard tissues has been challenging for two main reasons: Firstly,
the sample preparation for EBSD requires finesse as it comprises multiple preparation steps that might
damage or even destroy the surface of the hard tissue and, thus, impair the quality of the measurement.
Secondly, biological composite materials often comprise small crystals and a high amount of organic
material encapsulating the individual grains. The organic matter controls or guides the growth and
microstructure of the biological hard tissue, however, it significantly tarnishes the Kikuchi pattern
quality of the surrounding crystals. For specific samples, this can lead to poor data quality, resulting in
an EBSD map with many zero-solution pixels. The increasingly popular post-processing method of
EBSD pattern-matching can be used to retrospectively index, repair, or refine blurry Kikuchi patterns,

thus improving the quality and precision of the measurement.
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B.1.3 EBSD DATA EVALUATION VIA PATTERN MATCHING

The collection and evaluation of EBSD patterns can be performed via two different methods.
The conventional EBSD pattern indexing technique uses the Hough transform (Krieger Lassen et al.
1992; Engler et al. 2023) to detect the position of Kikuchi bands. These bands are indexed using
crystallographic parameters such as interplanar angles (Engler et al. 2023). Since this method directly
stores the indexed orientations rather than the entire information of the detected EBSD pattern, it is
relatively quick, and datasets occupy less space. However, the plain indexation is often inaccurate,
leading to an average angular precision variation between 0.5° and 1°. Additionally, if a data point with
poor Kikuchi band quality, e.g. at grain boundaries or areas featuring a high organic content, is not
indexed by the EBSD evaluation software, it is saved as a zero solution pixel and, thus, its

crystallographic information is lost.
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Figure B.1-4. Set up for the projection parameter calibration of the EBSD pattern matching method for a calcite single crystal.
For a single data point (indicated by red cross in a), the projection parameters of the electron backscatter pattern calculated
from dynamical simulations (middle pattern in b) are refined with the measured pattern (left pattern in b). Upon reaching the
maximum cross correlation coefficient and minimising the difference between measurement and simulation (right pattern in
b), the parameters are saved to the calibration list that will be used for the refinement sweep.

The recently developed EBSD pattern matching technique tries to overcome the limitations of
the conventional method by storing the detected Kikuchi patterns for every data point of the
measurement, together with the indexed orientation. While this takes longer than conventional
measurements and generates huge file sizes that slow down the evaluation process, it allows post-
measurement data refinement. The first step for the refinement is the generation of a pattern simulation
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that can be regarded as a reference. For aragonite, | used the unit cell parameters a = 4.97 A, b=7.96 A
and ¢=5.75A and for calcite, | used the unit cell parameters a=b=4.99 A and ¢=17.07 A. Once the
dynamically generated simulation pattern of the respective mineral phase is generated, the projection
parameters are calibrated by maximising the cross-correlation coefficient with the measured pattern
(Fig. B.1-4). Depending on the complexity of the measurement and the number of present phases, the
projection parameter calibration may be repeated several times, creating a calibration list that can later
be used for the refinement sweep of the entire dataset.
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Figure B.1-5. Comparison of Kernel average misorientation maps (Kernel size 5x5, misorientation range 0-2°) and
misorientation angle profiles for a measurement on a C. japonica eggshell evaluated conventionally and by EBSD pattern-
matching. Conventional EBSD data analysis (a) yields a high angular precision variation of 0.5°-1° and, thus, small-angle
misorientation within the eggshell are not as well-visible as in the same measurement refined by pattern matching (b). The two
misorientation profiles implemented in each map quantitatively reveal the angular differences of the two methods (c, d). The
measurement is from a collaboration with Shahrouz Amini and Jingxiao Zhong from the Max-Planck Institute of Colloids and
Interfaces, Potsdam.

After the setup is completed, the pattern matching sweep, consisting of three steps, can be
performed. Firstly, (i) the dataset is re-indexed with the selected phases. This step allows the post-
measurement integration of phases that were not considered during the initial measurement but is
optional due to the perpetuity of this process. Afterwards, (ii) the indexed pixels are refined using the
projection parameters and simulated Kikuchi patterns. Only the solved patterns with a high cross-
correlation coefficient are saved to the pattern-matched dataset. In a last step, (iii) a repair sweep is
performed for zero solution datapoints. Depending on the band contrast or nearest neighbours, the

crystallographic orientation of the falsely unsolved pixels can be restored. This is particularly important
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for grain boundary regions, as overlapping patterns along these boundaries can result in a poor-quality
pattern. Since not enough Kikuchi bands of either phase will be detected along these areas, grain

boundary regions are difficult to reliably investigate with Hough-based indexing methods.

Finally, the pattern-matched dataset is stored as a separate file to avoid overwriting the raw data,
including the measured EBSD patterns. For measurements on biomineralised hard tissues, such as bones,
eggshells or teeth, the pattern matching method can improve the angular precision variation to 0.1-0.2°,
especially enhancing the understanding of low-angle misorientations within individual grains (Fig. B.1-

5)

B.2 CONFOCAL SCANNING LASER MICROSCOPY (CSLM)

Confocal scanning laser microscopy (CLSM) enables fast and automated analyses of large
sample surfaces and is an ideal technique for creating sharp and descriptive optical overview images
that are rich in contrast. In CLSM, the sample is illuminated by a point laser source that scans a set area
non-destructively. A small aperture at the objective lens obstructs most of the light reflected from out-
of-focus objects and narrows down the depth of focus, albeit at the cost of decreased signal intensity
(Fig. B.2-1). Producing blur-free images and 3D surface reconstructions, confocal laser microscopes are

a powerful tool for surface characterisation and high-resolution optical microscopy.
Focal plane

Light source Objective
pinhole lens
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Figure B.2-1. lllustration of the operation principle of a confocal laser microscope. The light source is filtered by a light
source pinhole, reflected by a dichromatic mirror and focused onto the sample surface with an objective lens, creating a small
excitation volume. Filtered by the detector pinhole, out-of-focus signals are blocked from detection, allowing high-resolution
scans.
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Samples were imaged with a Keyence 3D laser scanning confocal microscope (VK-X1000
series), equipped with a white coaxial light-emitting diode light and a 661-nm red semiconductor laser,
and a Keyence digital microscope (VHX-7000). The white light was used for focus variation
measurements and the laser was used for confocal measurements. Overview images were created by
stitching multiple focus variation images of a predefined raster. Combining multiple two-dimensional
focus variation and laser-confocal measurements into 3D models, the MultiFileAnalyzer Program was

used to display the quality and characteristics of sample surfaces.

B.3 THERMOGRAVIMETRIC ANALYSIS (TGA)

Thermogravimetric Analysis (TGA) is a highly precise technique that allows the monitoring of
a substance’s mass as it is heated or cooled in a controlled environment. In essence, a thermogravimetric
analyser comprises a sample pan connected to a precision balance and a tempering device, such as a
furnace or cooler. The mass of the substance is usually quantified by a “hangdown” sample pan located
below the scale. Thus, the sample holder needs to be both corrosion-resistant and inert to phase
transitions over a large temperature scan. Most pans are manufactured from metals or ceramics and can
usually hold up to 100 um of substance. Depending on the experimental setup and investigated material,
TGA measurements can be conducted with dynamic or static air conditions under atmospheric air or

inert gas.

Due to the controllable tempering rate, the small amount of required material and the high
measurement precision, TGA is applied in a variety of scientific fields. Conventional TGA involves the
generation of a thermal curve that displays the mass change with temperature or time. Calculating the
relative mass changes within defined temperature regions allows the quantification and characterisation
of certain reaction processes. For example, performing TGA for biological hard tissues in a temperature
region between 100°C and 540°C allows us to compare the organic content of different materials. When
complementing TGA with other thermal analysis techniques, such as differential scanning calorimetry,
phase changes, reactions, and decompositions can be quantified in a single measurement, allowing a

guick and precise characterisation of heat flow and sample properties (Fig. B.3-1).
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Figure B.3-1. Thermogravimetric analysis - differential scanning calorimetry thermogram of inulin showing the changes in
weight loss (black dots) and heat flow (blue line) with increasing temperature (modified after Leyva-Porras et al., 2019).

B.4 MICRO-COMPUTED TOMOGRAPHY (MICRO-CT)

Micro-computed tomography (Micro-CT) is an imaging technique that compiles a series of two-
dimensional X-ray images into three-dimensional models. As the prefix in micro-CT indicates, the pixel
size of the scanned cross-section images is in the micrometre range. Slice by slice, the sample is captured
and, after every scan, rotated slightly until reaching a half or full turn. A conical X-ray beam is
transmitted through the sample and detected by the 2D screen arranged behind the sample. During
reconstruction, a computational process transforms or stacks the singular images into a three-
dimensional model (Fig. B.4-1). Due to its non-destructive nature, high image resolution and quick
measurement setup, micro-CT tomography is a widespread analysis technique in biomedical and
material science.
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Figure B.4-1. lllustration highlighting the principle of micro-CT scanning. Using X-ray projection imaging, a multitude of
images are created and recorded from varying angles (a). In the second step, the radiography images are reconstructed using
computed tomography processing methods such as back-projection (b). The reconstruction and combination of all angular
scans give a three-dimensional scanned model that can showcase different material properties, such as the distribution of
organic material and adductor muscles in undamaged M. venosa brachiopod shells (c). The micro-CT illustrations (a, b) are
modified after Ying et al., (2022).

B.5 NANOINDENTATION TESTING

Nanoindentation is based on continuously pressing a probe of fixed load into a smooth sample
surface to create nanosized displacement marks. Depending on the nanomechanical material properties,
the indentation depth will be large for soft samples and small for hard samples. Other than hardness,
nanoindentation can also give information about a material’s stiffness, fracture toughness, delamination,
tensile strength and stress relaxation. Different nanoindentation probes may be used for different fields
of work, the most important of which include a spherical probe, the Vickers indenter, and the Berkovich
indenter. Since they are considered very sharp and ensure precise control over the indentation process,
Berkovich indenters are the most commonly used indentation tips (Fischer-Cripps & Nicholson 2004).
For analysis with a Berkovich tip, the hardness H is related to the indenter load P, the contact depth of
penetration, hc, and a constant that attributes the projected area of contact for the standard angle of 6 =
65.27°.

P

= 24512 B.1-1

Modern nanoindenters, such as the instruments used in this study, can not only measure the total
displacement depth against the applied force but also give immediate and detailed displacement
feedback during the measurement (Fig. B.5-1a). Evaluating the dislocation activity throughout the
loading and unloading cycle can give information about the surface quality of the sample as well as
irregular deformation activities. The latter include pile-ups or sink-ins (which can be prevented by

preparing a smooth sample surface) and pop-in events, all of which may distort the obtained
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nanomechanical properties (Fig. B.5-1b). Some nanoindenters, such as the Hysitron TI 950
Tribolndenter used for a majority of the nanoindentation measurements reported in this thesis, feature

integrated in-situ scanning probe microscopy, allowing pre- and post-observation of the material

surfaces.
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Figure B.5-1. Examples of a regular nanoindentation cycle (a) and pop-in events (b) measured for corals on the Hysitron
TI1-950 Tribolndenter used for the majority of measurements reported in this thesis. The stiffness can be calculated by the
measured load and indentation depth. Pop-in events, caused by free movement of the indenter during cracking, induce

displacements which can affect the calculations of the nanomechanical properties (b). Adapted from Moynihan et al. (2021).

Measurements were conducted on two nanoindentation instruments. Samples of G. bimaculata,
G. nummaria, D. scalaris as well as the aragonitic and calcitic single crystal references were tested at
the Institute for Energy- and Climate Research (IEK-2), Forschungszentrum Jilich, using a
Nanoindenter G200X (KLA, USA). All other measurements featured in this thesis were tested using a
Triboindenter T1-950 nanomechanical tester (Hysitron, USA) at the Max-Planck Institute of Colloids

and Interfaces, Potsdam.
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