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Abstract

Scaphopod molluscs are marine, infaunal, cosmopolitan animals. They encase their soft
tissue with an aragonitic tusk-shaped shell that has at its two ends an orifice, the aperture
and the apex. We investigated the shell of the dentaliid species Fissidentalium metivieri and
Antalis weinkauffi and characterized shell crystal organization with electron backscatter
diffraction (EBSD) and laser confocal and scanning electron microscopies. Based on crystal
size, morphology, organization and growth-line spacing, we distinguish five different
crystal arrangement motifs in the investigated shells. We find two slightly different mi-
crostructures for the shell proper, two microstructures for the attachment of muscles to
the shell and one microstructure for a secondary hard tissue growth product, secreted at
the apical orifice. Crystal organization motifs are crossed-lamellar, dendritic and pris-
matic. Crystal textures are crossed-lamellar, axial-like and crossed-lamellar-like. Crystal
organization with a crossed arrangement is utilized for shell formation by representatives
of many Ca-carbonate shell-secreting mollusc classes/subclasses: Scaphopoda, Gastrop-
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1. Introduction

The Scaphopoda form a distinctive class among the Mollusca (e.g., [1-3]). The class
is one of the smallest mollusc classes and comprises two orders (the Dentaliida and the
Gadilida), 14 families, and, up to now, 586 described species (e.g., [2-12]).

The Scaphopoda are exclusively marine. They are infaunal organisms and are wide-
spread in distribution [13-15]. The animals live fully immersed in soft sediment and dwell
within the upper layers (from the sediment surface to about 30 cm depth) of the sedimen-
tary cover. Although scaphopods favor marine habitats down to a few hundred meters
water depth [15], they are capable of dealing with considerable bathymetric ranges and
can be found in waters as deep as 7000 m [3,14]. Scaphopods tolerate water depths; how-
ever, they are not able to tolerate low salinities. Therefore, the Scaphopoda are not ob-
served in waters with salinities below 25%.; thus, they are not present in estuaries and
freshwater [7].

Scaphopods are bilaterally symmetrical and elongated animals (e.g., [2,3]). Their or-
gans and other soft tissues are enveloped by a mantle that is open at its two ends (Figure
2 in Reynolds [3]). The shell is secreted by the external surface of the mantle [2,3], which
is attached to large (not all) portions of the inner shell surface. At the mantle attachment
site, a scar forms, the pallial myostracum or the pallial scar. In a 2D cross-section, the pal-
lial scar is a line of crystals, called the pallial line [3,15].

Characteristic for the Scaphopoda is an external, conical shell, having the form of a
curved tube; however, tapered at one of its ends (e.g., [15] and references therein, and
Figure 1A of this study). The shell fully covers the soft tissue of the animal [2,3]. It has two
orifices: a small one, the apical aperture or the apex, and a large one, the frontal aperture.
When the scaphopod organism is alive, the shell is positioned 30° to 40° relative to the
sediment surface (Figure 2B in Lamprell and Healy [14], Figure 16.1C in Ponder et al. [15]).
The concave side of the shell is oriented upward, and the apex projects about 1 cm out of
the sediment surface and into the water (Figure 2B in Lamprell and Healy [14]). The
frontal aperture is always within the sediment and is oriented downward (Figure 16.1D
in Ponder et al. [15]).

Research on the Scaphopoda started more than two centuries ago, when Keferstein
(in Bronn 1862-1866 [16]) recognized that the Scaphopoda form a separate class of the
Mollusca. Since then, work concentrated on scaphopod diversity, soft tissue anatomy,
scaphopod classification and phylogeny (see references cited in reviews of [2,3,7-9]). Stud-
ies dealing with the scaphopod hard tissue dealt with shell morphology, size, surface ap-
pearance and ornamentation (e.g., [3,15]) as well as with the determination of the car-
bonate phase and the chemical composition of the shells [17]. Very little research was con-
ducted on the internal structure of the shells. Nonetheless, based mainly on light micros-
copy and some secondary electron imaging techniques, it was reported that scaphopod
shell crystals are assembled with a crossed-lamellar arrangement pattern (first suggested
by Cayeux [18]) and that two main layers form the shell, an outer and an inner shell layer
([3] and references therein).

With the present study, we report crystallographic information on shell crystal or-
ganization. The latter was gained with diffraction methods and was complemented with
laser confocal imaging. The present study has two objectives. Studies of the last decades
have shown that crossed crystal arrangement patterns are utilized for shell formation by
species of many mollusc classes and subclasses, such as the Scaphopoda, Bivalvia, Gas-
tropoda and Patellogastropoda (e.g., [15]). It was, however, also reported that there are
structural differences in the crossed crystal arrangement patterns for the shells of the spe-
cies of the above mentioned mollusc classes and subclasses [15]. As scaphopod shell crys-
tallographic data were not available so far, shell crystal organization patterns with a
crossed crystal motif could not be juxtaposed and discussed comprehensively for the
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above-mentioned mollusc classes and subclasses. This can be done now, as crystallo-
graphic data of scaphopod shells are available with the present investigation.

Accordingly, we give, first, an in-depth characterization of the dentaliid shell crystal
arrangement pattern (microstructure and texture) and report the latter for the different
parts/sections/layers of the dentaliid scaphopod shell. We investigated the shells of Fissi-
dentalium metivieri (Scarabino 1995) and Antalis weinkauffi (Drunker 1877). While F.
metivieri forms long (15-18 cm) and relatively thick (1-1.5 mm) shells, A. weinkauffi secretes
small-sized (10 cm and below), thin (I mm and below) shells. Previous studies investi-
gated dentaliid shell structure mainly with light and some secondary electron microsco-
pies. Imaging was performed on fracture surfaces, and the samples were taken from some-
where in the shell.

As stated above, our study is based on crystallographic aspects of A. weinkauffi and
F. metivieri shell crystals. Using results of crystal orientation measurements, we discuss
shell crystal organization and characterize the mode of crystal arrangement in different
shell sections and portions. Crystal organization, morphology and size, thus crystal mi-
crostructure and crystal texture, were measured with electron backscattered diffraction
(EBSD) and were complemented with laser confocal, SE (secondary electron) and BSE
(backscatter electron) imaging. Both EBSD measurements and laser confocal, SE, and BSE
imaging were performed on polished shell surfaces. Based on crystal size, morphology,
arrangement, growth-line spacing and distribution, we can distinguish, for the investi-
gated shells, three main crystal microstructures and one main crystal texture. Nonetheless,
the latter (microstructure, texture) vary for the different sections of the shell. Thus, for the
entire scaphopod hard tissue (the shell, the apical tube, the muscle attachment scars), we
find, in total, five crystal microstructures and three crystal textures.

Crossed-lamellar (described for aragonitic shells [19]) and crossed-foliated (de-
scribed for calcitic shells [19]) crystal arrangements are today widely utilized by Ca-car-
bonate-secreting organisms for shell formation (e.g., [20-24] and references therein). The
crossed-lamellar microstructure is reported for scaphopod, gastropod, bivalve and Poly-
placophora shells; the crossed-foliated microstructure is known for patellogastropod
shells (e.g., [22,25-34]). As with the scaphopod results we have now crystallographic data
for all mollusc classes/subclasses with the species constructing their shells with a crossed
crystal arrangement pattern, we juxtapose and discuss, as second, shell crystallographic—
structural characteristics for the species of the above-mentioned mollusc classes and sub-
classes. The latter is also feasible, as EBSD measurements render a large body of crystal-
lographic results for shell crystal organization characterization (e.g., [33,35]).

Accordingly, we juxtapose crystallographic—structural differences/similarities of
crossed crystal arrangement motifs for the Scaphopoda, Gastropoda, Bivalvia, Poly-
placophora, and the Patellogastropoda. (i) We show that for the species of the latter mol-
lusc classes/subclasses there is a broadly comparable crystal arrangement motif, namely,
a lamellar shell microstructure. However, this basic crystal organization motif is modu-
lated for each class by variation in crystal arrangement organization. (ii) We, furthermore,
demonstrate that the crystal arrangement of gastropod shells and Polyplacophora shell
plates are crossed but are not crossed-lamellar. (iii) As last, we discuss that, when crystal-
lographic aspects are regarded, the crossed-foliated crystal microstructure is not the cal-
citic equivalent of the crossed-lamellar aragonitic microstructure, as postulated previ-
ously [19]. The crossed-lamellar and crossed-foliated mollusc shell microstructures are not
only different in Ca-carbonate phase, but are also distinct in the mode of crystal organiza-
tion.
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2. Materials and Methods
2.1. Materials

We investigated the shell of the dentaliid species Fissidentalium metivieri (Scarabino
1995) and Antalis weinkauffi (Drunker 1877). F. metivieri was sampled in 1999 at about 750
m water depths in the Tulear region, close to Madagascar. A. weinkauffi was sampled in
2010 at about 200 m water depths at Alignay Island in the Philippines. For each species,
three shells were investigated. All three shells were scanned with EBSD and imaged with
laser confocal and scanning electron (using SE and BSE contrasts) microscopy. The shells
were sectioned in two directions: Cut A and Cut B (Figure 1B). Cut A is a section perpen-
dicular to the long axis of the tusk shell; Cut B is parallel to the long axis of the tusk shell.

In addition to the crystallographic characterization of F. metivieri and A. weinkauffi
shells, we discuss in this contribution crystallographic-structural characteristics of
crossed crystal arrangements of scaphopod, bivalve, gastropod and Polyplacophora shells.
Thus, in addition to the shells of A. weinkauffi and F. metivieri, we scanned with EBSD the
shells of Fissidentalium metivieri (Scarabino 1995) and Antalis weinkauffi (Roding, 1798) as
well. Laevicardium oblongum was sampled in littoral waters of Balerma, nearshore Almeria,
Mediterranean Sea, Spain. Glycymeris pilosa was sampled from subtidal waters of the Pas-
man channel, off Zadar, Adriatic Sea. Rhysoplax olivacea was sampled from the Mediterra-
nean Sea, at Benalmadena coast, littoral of Malaga, Spain. Acanthopleura vaillantii was sam-
pled from intertidal waters at Los Negros Escalante, the Philippines. Helcion concolor was
sampled from intertidal waters at Jeffreys Bay, Indian Ocean, South Africa. Patella piperata
was collected from intertidal waters in the Canary Islands, Eastern Atlantic Ocean, Spain.
Tanea lineata was sampled from subtidal waters of the Philippine Archipelago, Western
Pacific Ocean.

Subsequent to collection, samples were washed several times with distilled water,
air-dried and kept in dry condition until embedding the shells into resin and for further
preparation treatments, described below. In the case of Fissidentalium metivieri and Antalis
weinkauffi, we investigated three specimens per species. As L. oblongum, R. olivacea, A. vail-
lantii, H. concolor, P. piperata and T. lineata are concerned, we investigated two specimens
per species. Each species was measured with six to eight EBSD scans.

2.2. Methods

2.2.1. Imaging with Laser Confocal and SEM Microscopies, Electron Backscatter
Diffraction (EBSD) Measurements

For laser confocal and SEM microscopy imaging as well as EBSD measurements, the
shells were embedded in EPON resin. For obtaining even surfaces, the embedded shells
were subjected to eight grinding and polishing steps, using different polishing cloths and
polishing agents. The final polishing step consisted of etch polishing in a vibration pol-
isher [36]. The polishing agents were: water and three different suspensions (MetaDi with
0.3 um large diamond particles, MetaDi with 0.1 um large diamond particles and the
acidic alumina suspension (OP-A)) [36].

To visualize subtle internal structures, samples prepared for EBSD measurements
were additionally etched with distilled water for 15 min. These surfaces were imaged with
SE, BSE, and laser confocal microscopies.

For laser confocal imaging, the samples remained uncoated. For SE and BSE imaging,
the samples were coated with 4 nm of Pt/Pd. For EBSD measurements, the samples were
coated with 4 to 6 nm of carbon.

SEM imaging and EBSD measurements were carried out with a Hitachi SU5000 field
emission SEM (Hitachi High-Technologies Corporation, Tokyo, 105-8717, Japan)-
equipped with a high-resolution Nordlys II Oxford Instruments EBSD and an OXFORD
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Instruments X-Max80 EDS detector (Oxford Instruments, High Wycombe, BUCKS, HP12
3SE, UK). During measurements, the SEM was operated at 20 kV; scans were taken with
a spot size of 50 to 60 nm, and EBSD measurements were taken with a step size of 200 to
300 nm. Laser confocal imaging was carried out with a Keyence 3D laser scanning confocal
microscope (VK-X1000), (Keyence Korporation, Osaka, 533-8555, Japan). Laser confocal
imaging was performed in coaxial, reflective mode at 5, 10, 20 and 50 times magnification.

All analyses and data evaluation were performed at the Department of Earth and
Environmental Sciences, LMU Munich, Germany.

EBSD crystal orientation data were evaluated with two Oxford Instruments pro-
grammes: HKL CHANNEL 5.0 and AZtecCrystal 3.0 (including MapSweeper 3.0). AZtec-
Crystal and MapSweeper were used for evaluating the scaphopod, bivalve and gastropod
measurements. The polyplacophoran and patellogastropod EBSD scans were evaluated
with CHANNELS and AZtecCrystal. Data evaluation with MapSweeper was performed
to improve the angular precision of the scan below 0.1° and to better determine misorien-
tations between adjacent crystals (for further information see references [33,34]).

We performed a statistical evaluation of crystal misorientation data for this contribu-
tion. Misorientation data were gained from EBSD measurements. For the statistical eval-
uation, we used EBSD measurements with very high hit rates (>70% for aragonite, >90%
for calcite). With the exception of the gastropod shell (T. lineata), we evaluated, for each
other mollusc class/subclass, misorientations for two species (Scaphopoda: Fissidentalium
metivieri and Antalis weinkauffi, Bivalvia: Laevicardium oblongum and Glycymeris pilosa, Pol-
yplacophora: Rhyssoplax olivacea and Acanthopleura vaillantii, Patellogastropoda: Helcion
concolor and Patella piperata). For the class Gastropoda, the shell of only one species (Tanea
lineata) was investigated. Each shell was scanned with at least five EBSD scans. For each
scan, we calculated: (i) the misorientation angle distribution, (ii) the point-to-point miso-
rientation on a trajectory from A to B across four to six adjacent lamellae and (iii) the point-
to-point misorientation on a trajectory from C to D in a lamella and following the long
axis of the lamella. For each shell and each type of misorientation, we calculated 10 relative
frequency-misorientation diagrams.

We refer to differently sized grains. The grain size can be obtained from EBSD meas-
urements. However, as it was not the focus of this study, a statistical grain size analysis is
not given in the present study.

2.2.2. Definition of Structural and Crystallographic Terms Used in This Study

Subsequently, we define structural—-crystallographic terms that we use in our contri-
bution that are related to crystal microstructure and crystal texture. For further infor-
mation on EBSD measurements and data evaluation, see reference [33-35].

Microstructure refers to the sizes, morphologies, co- and misorientations, and modes
of interlinkage of crystal grains in a material. It is shown with color-coded EBSD maps,
where similar colors reflect similar crystal orientations and different colors highlight dif-
ferent crystal orientations. For large parts of the investigated scaphopod shells, we ob-
serve the crossed-lamellar microstructure. In a crossed-lamellar mode of crystal organiza-
tion, the crystals are arranged into bands, also called first-order lamellae. The lamellae are
parallel or perpendicular to the shell margin (e.g., [22]). The first-order lamellae comprise
smaller units, the second-order sheets. These are substructured by third-order laths [22].
Second- and third-order lamellae of adjacent first-order lamellae dip in opposite direc-
tions [22]. The angles between adjacent first-order lamellae vary between 90° and 130° [37].

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 color-
coded crystallographic axes orientation data or the contoured version of the density dis-
tribution of the crystal orientation poles.
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Pole figures are stereographic projections of crystallographic plane-normal or axes ori-
entations and are measured for all pixels of an EBSD map or a selected area (subset). The
viewing direction of the pole figures is the same as the viewing direction of the corre-
sponding EBSD maps. All pole figures shown in this contribution display the lower hem-
isphere. This ensures that the pole figures are displayed in the same spatial orientation as
the corresponding EBSD map. With pole figures, we show either individual orientation
data points or the density distributions of the orientation data.

We discuss here axial, axial-like, crossed-lamellar and single-crystal-like textures.

An axial texture is characterized by c-axes clustering in one particular direction and
the corresponding a- and b-axes scattering in orientation on a great circle perpendicular
to the c-axis orientation (e.g., [31,33]). We describe with this study an axial-like texture. We
find large scattering for all three crystallographic axes of aragonite; thus, scattering also in
c-axes as well as in b- and a-axes. As we do not find clustering of the c-axes, we call the
observed texture pattern axial-like. A crossed-lamellar texture is characterized, for each first-
order lamellar setl and set2, by two maxima each for the a- and the b-axes orientation
distributions and one maximum for the c-axes orientation distributions (e.g., [31-34]).
Thus, in the case of a crossed-lamellar texture, when both first-order lamella setl and set2
are scanned with EBSD, we find in the corresponding pole figure two c-axes, four b-axes,
and four a-axes orientation clusters. A single-crystal-like texture is present when, in the pole
figures, we observe a single orientational maximum for each crystallographic axis of the
scanned crystal. Hence, in the case of aragonite, we need to find in the pole figure one
cluster each for the c-, b-, and a-axes orientation distributions.

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 gray-scale component in the
map; white to light gray colors indicate a high intensity of the Kikuchi signal, correspond-
ing to strong mineralisation; dark gray and black colors point to a weak or absent Kikuchi
signal, e.g., when organic matter is scanned.

2.2.3. Scaphopod Shell-Related Terminology Used in This Study

Instead of using the often topologically ill-defined terms of inner and outer shell, we
use, for the latter, according to biological convention, the terms distal and proximal shell
rims and/or surfaces. The terms distal and proximal are directional terms and describe the
relative locations of distal and proximal structures.

The distal shell section or surface is the shell portion or surface that is most distant
from the median line of the shell arch. Previous work often refers to the distal shell surface
as the outer surface.

The proximal shell section or surface is the opposite section or surface to the distal
shell parts. Previous work often refers to the proximal shell surface as the inner surface.

We follow in this study for the different parts of the scaphopod shell the terminology
used by Shimek and Steiner, Palmer and Steiner and Reynolds [2,3,7]. Based on digital
tomography imaging, Sigwart et al. [10] visualized in 3D the position of the organ system
and orientation of the body axis of the dentaliid scaphopod Rhabdus rectius. The authors
suggest a different interpretation for the position of the different body parts, relative to
the interpretation given in [2,3,7] and suggest a change in the body axis. Accordingly, the
nomenclature of the anterior and posterior as well as of the dorsal and ventral shell sec-
tions is interchanged (Figure 1E in [10]), relative to the nomenclature used by Shimek and
Steiner, and Reynolds [2,3]. Nonetheless, a change in soft tissue organization and orienta-
tion does not affect our study. The above-cited studies regard scaphopod organs and other
soft tissues, while here we describe crystal organization in the scaphopod shell. The scaph-
opod shell has two orifices, the frontal aperture and the apical aperture, and two well-
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distinguishable shell sides, namely, the convex and the concave side. We use the latter
nomenclature for the localization of the observed crystal assembly patterns.

3. Results

We investigated the shell of the scaphopod species Fissidentalium metivieri and Antalis
weinkauffi. We concentrated mainly on the shell of F. metivieri (Figures 1-9, S1 and 54-510);
nonetheless, we checked all major findings that we observed for F. metivieri for the shell
of A. weinkauffi as well (Figures 1 and 52-54). Figure 1A highlights the orientation of a
dentaliid scaphopod organism in life position and gives the terms for the shell sections
that are used in this contribution. All structures that we show subsequently were obtained
from sections through the shells cut in two directions. Cut A runs perpendicular to the
long axis of the shell; Cut B runs parallel to the long axis of the shell (Figure 1B).

Previous studies report that scaphopod shells comprise two layers: an outer and an
inner shell layer. The observation of these layers was based on light-microscopy imaging.
We show in Figures 1C,D and S1 the position and some internal features of these two shell
layers. However, the close inspection of the shell structure with laser confocal and SEM
imaging reveals for the investigated scaphopod species two further shell layers (Figure
1D-F). We find, in addition to the previously observed outer and inner shell layers, an
outermost (red stars in Figure 1D) and an innermost (blue stars in Figure 1E) shell layer.
The outermost and the innermost shell layers seam the distal and the proximal surface of
the shell (Figures 1E,F and 2C).

F. metivieri and A. weinkauffi shells consist of aragonite crystals that are assembled
within the shells with a crossed-lamellar arrangement pattern (Figures 2—4, S2 and S3).
We see, from distal to proximal, a gradual increase in crossed-lamellar unit size (Figure
54), such that small, submicrometer-sized units, seam the distal shell surface; however,
significantly larger crystal entities are towards the proximal surface of the shell (Figure
54). In addition, we observe a strong increase in growth-line presence from distal to prox-
imal shell sections (Figures 1C,D and S1). While at distal and central shell sections the
growth lines are widely spaced, the growth lines are very closely spaced at inner/proximal
shell portions (Figures 1D and S1). The innermost shell layer (blue stars in Figure 1E,F)
does not have a crossed-lamellar crystal organization. It consists of granules and prisms.
These become enlarged towards the innermost, proximal, shell surface.

Figures 2—4 and Supplementary Figures S2 and S3 visualize the microstructure and
texture of F. metivieri and A. weinkauffi shell crystals. Crystal orientation is shown color-
coded; similar colors indicate similar crystal orientation, and different colors point to dif-
ferent crystal orientations. The outermost shell portion comprises an about 100 um thick
layer of small, submicrometer-sized crystals (Figure 2B,C). These increase in size towards
central and proximal shell sections (Figure 2B,D). We find from distal to proximal a grad-
ual transformation in crossed-lamellar unit appearance, from blocky to elongated entities.
The large, elongated crystals have lamellar morphology (Figures 2D, 3D, S1 and 54). We
furthermore observe a wide spacing of growth lines at distal, relative to their spacing at
proximal shell sections (Figures 3 and S1). In general, growth lines do not seem to affect
the organization of crystals in the crossed-lamellar units (yellow arrows in Figures 3, 4
and S5). Nonetheless, we find instances as well where growth lines offset crystal organi-
zation within the lamellae (Figures 1D and 4A). Crystals at growth lines increase slightly
in size and are, rather, prismatic in morphology (Figures 3D and S5).

Pole figures in Figures 2, 4, S2 and S3 visualize the texture patterns of the different
shell sections. For the outermost shell layer, the layer that is formed by the submicrometer-
sized crossed-lamellar units, we find an axial-like texture pattern (Figure 2E). Nonetheless,
the observed texture pattern cannot be termed as clear-cut axial, as we see in the c-axis
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pole figure a very broad orientation distribution (Figure 2C). For the central and inner
shell portions, we find a clear-cut crossed-lamellar texture (Figures 2F, 4, S2 and S3).

Apical i
aperture A CutA Antalis B
(apex) weinkauffi
v\¢$§ \
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S
0 ‘0\\\\\
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Figure 1. (A) The conchological terms that we use in this contribution. (B) Light microscopy micro-
graphs showing the orientation of the sections that were cut out from the shells (Cut A, Cut B) and
were investigated in this study. (C-F) Laser confocal micrographs of the shell of the investigated
scaphopod species: Antalis weinkauffi and Fissidentalium metivieri. Previous studies identified for
dentalid shells two mineralized layers: an outer and an inner shell layer [2,3,7,15]. We indicate the
position of these layers with yellow and white stars on shell cross-sections, in (C,D). However, we
observed additional shell crystal assembly patterns: 1. red stars in (D): the assembly motif of crystals
that form the layer at the outermost shell section, 2. blue stars in (E,F): the assembly of crystals that
form the layer at the innermost shell section. (C,D) Well observable is the crossed-lamellar arrange-
ment of shell crystals and the differentiation of the latter into an outermost (red stars), an outer
(yellow stars) and an inner (white stars) shell section. White arrows in (D) point to the presence of
growth lines. The crystals that form the innermost shell section have prismatic morphologies; how-
ever, as this study shows, also assembled in the shell with a crossed-lamellar organization pattern.

Yellow star in (C): outer shell; white star in (C): inner shell. Red star in (D): outermost shell; yellow
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star in (D): outer shell; white star in (D): inner shell. Blue star in (EF): innermost shell. (B) A.

weinkaufii and F. metivieri, (C) A. weinkaufii, (D) F. metivieri, (E,F): F. metivieri.

: . f I .‘ -'4 % * . ., 3 ‘ ‘.A .. A “.
C Outermost shell |
= - ~ 4 4 » . - : ! Y § , : 4 ~' :

Figure 2. The difference in crystal organization between the outermost and the outer shell sections,
respectively (A-F). We observe along the distal surface of the shell a seam of small crystals (C),
having a slightly less regular arrangement, relative to the arrangement of the crystals that form the
outer shell (EBSD maps in (C,D)). The array of small crystals (of the outermost shell) converges
smoothly into the large first-order lamellar units of the outer shell (EBSD map in (D) and image in
(A,B)). (B) The increase in crystal unit size from the distal shell surface towards the lamellae of the
outer shell is well visible. (E,F) Pole figures highlighting the difference in crystal texture at the outer-
most (left) and at the outer shell layer (right), respectively. (A,B) Laser confocal microscope image;
(C), from left to right: BSE micrograph, EBSD band contrast measurement image (gray-scaled),
color-coded crystal orientation map. (D) EBSD band contrast measurement map (gray-scaled) and
color-coded crystal orientation map.
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F. metivieri

Inner
| “shell

Figure 3. The internal structure and crystal arrangement pattern of the central portion of the outer
shell layer and the arrangement of the crystals that form the inner shell layer (A-E). White arrows
in (A) and yellow arrows in (B,D) point to growth lines; these become densely packed at inner shell
sections (A,C,E). Within the outer shell layer, growth lines do not influence crystal orientation in the
crossed-lamellar units (see yellow arrows in (B,D)). (A,B) BSE micrographs. Left in (D,E): EBSD
band contrast measurement images, gray-scaled. Right in (D,E): color-coded EBSD crystal orienta-
tion maps. See in the color-coded crystal orientation map in (E) the displacement of lamellae across

growth increments, the latter indicated with white stars in (D).
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Figure 4. (A-C): Crystal microstructure and crystal texture at the central section of the outer shell.
Imaging and EBSD measurements are done on a section cut parallel to the long axis of the shell, Cut
B. (A) Laser confocal image; (B,C) EBSD band contrast micrographs (gray-scaled) and crystal orien-
tation maps (in color). Pole figures in (B,C) visualize the corresponding crystal texture. The parallel
arrangement of the first-order lamellar sets is well observable. The measurement in (B) is traversed
by a growth line (yellow arrow in (B)); we do not observe a marked change in the growth line in the
crystal arrangement of the first-order lamella (see color-coded EBSD map in (C)). The pole figures
in (B,C) demonstrate the crossed-lamellar texture of the crystals in the EBSD-scanned shell section,
as we observe four clusters for the a-axes, four clusters for the b-axes and two clusters for the c-axes.
Thus, for a first-order lamellar setl and set2 crystals, we find, for each set, one cluster for the c-axes

and two clusters each for the a- and the b-axes, respectively.
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Figure 5. The apical tube of F. metivieri at apical shell portions (A-E) and its structural relation to
the inner shell layer and the cavity of the tusk shell. The sketch in (A) is modified after [3] and
visualizes the position of the apical tube. The latter forms at the apex (yellow arrow and yellow dots
in inserts in (B)) and is considered to be the product of secondary mineralization, secreted during
shell growth. As the scaphopod organism grows, new shell is added to the frontal aperture and the
apex is enlarged. According to Reynolds [3,14], apex orifice enlargement occurs through resorption
and decollation. The orifice at the apex needs to be stabilized by hard tissue. A tube (A) forms as the
apical tube ((A-E) [14]). The apical tube is strongly mineralized; its crystals are intimately connected
to the crystals of the inner shell (C,D). The apical tube consists of a dense aggregation of intercon-

nected aragonite dendrites (E).
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Figure 6. Microstructure and texture of apical tube aragonite (A-F). The apical tube and the tusk
shell were sectioned parallel to the long axis of the shell, Cut B. The apical tube crystal units (A-C,F)
are dendrites. Individual crystal units (e.g., (B,E)) appear to consist of assemblies of granules. We
observe rows of dendritic crystals, alternating slightly in orientation (C). The texture of the apical

tube crystal units can be described as crossed-lamellar; see pole figures in (A,B,D-F).
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Figure 7. Light microscopy (A,B) and laser confocal microscopy (C-E) images of the mantle muscle
attachment and of the dorso-ventral longitudinal pedal muscle attachment scars. The mantle (pal-
lium) secretes the shell. At mantle attachment to the shell, a hard tissue scar or myostracum forms.
The pallial scar consists of an assembly of prismatic crystals; in 2D it is a row of prismatic crystals
(white arrows in (C-E) and Figure 9B,C). For foot retraction into the shell, Scaphopoda use longitu-
dinal pedal muscles [2,3,7,15]. These attach to the inner surface of the shell (e.g., [2]) and to the pallial
myostracum (C-E). The pedal muscle attachment scar is a bulge, an internal shell wall thickening
close to the apex (blue stars in (C-E)) that protrudes into the cavity of the tusk shell (red rectangle
in (A), red arrows in (B)). The figure in (B) is a zoom-in into the figure in (A). The red rectangle in
(A) indicates where the figure shown in (B) was taken. The bulge is circumferential along the inner
surface of the shell and is always adjacent and proximal to the pallial line (C,D). Laser confocal
images highlight that the bulge also has a prismatic internal structure (D,E), as is the case for the
pallial myostracum.
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Figure 8. The microstructure and texture of the bulge (blue stars in (A-D)). The shell is sectioned

parallel to the long axis of the shell, Cut B. Well observable is the prismatic nature of the pallial line
crystals (red rectangle in (A), white arrows in (B,C)) and the transmission of the pattern of crystal
orientation from the inner shell to the crystal orientation of the pallial myostracum and further, to
the crystals of the bulge. For both EBSD measurements (A,D), we observe a crossed-lamellar texture
(see pole figures in (A,D)). (A,D) EBSD measurement, color-coded for orientation. (B) Laser confocal
microscopy image. (C) EBSD band contrast measurement image. White dashed line in (A): the prox-

imal surface of the shell.
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Figure 9. The texture of the inner shell layer (A), of the pallial myostracum (B), and of the longitu-

dinal pedal muscle attachment scar, the bulge (C). The crossed-lamellar texture pattern is transmit-
ted from the inner tusk shell (A) to the pallial (B) and to the longitudinal pedal myostracum (C) (see
the c-axes orientations and the a- and b-axes orientations encircled in red). However, at the muscle
scars, an additional crystal orientation develops (see the c-axes orientations and the a- and b-axes
orientations encircled in red), relative to the orientation of the crystals that comprise the inner shell.
(Left) In the figure: EBSD band contrast measurement images (in gray), superimposed, for the rele-
vant subset, with crystal orientation (in color). (Right) In the figure: pole figures showing the texture

patterns of the inner shell and of the two myostraca.

The above described structural attributes and crystal organization patterns cover the
crystals that comprise the scaphopod shell proper (Figures 1-4, S1-S5). However, we find,
at specific shell sections, further microstructures (Figures 5-9 and S6-510). These are:

(i) At the apical shell portion, at the very tip of the apex (Figures 5, 6 and S6-58).
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(i) Along the proximal surface of the shell, developed as a seam of crystals lining most
of the inner shell surface (white arrows in Figures 7, S7 and S8).

(iii) Along the proximal surface of the shell and proximal to the, above mentioned, seam
of crystals.

(iv) The latter is developed as a mineralized bulge (blue stars in Figures 7, 8, S9 and 510).
The bulge is only present at the apical shell section. It is, however, not positioned
right at the apex but further towards the frontal aperture (Figures 7A,B, S9D and S10).

As scaphopods grow, a new shell forms at the frontal aperture. This ensures that the
shell grows in length and that the orifice at the frontal aperture is enlarged. However, with
organismal growth, the orifice at the apex has to be enlarged as well. Enlargement of the
apex takes place via shell resorption and decollation [7,37-40], processes that slightly in-
jure the apical orifice. For apical orifice enlargement and restoration, an additional hard
tissue is secreted in the form of a pipe or a tube, the apical tube [14]. The pipe/tube might
extend outward from the apex ([3] and Figure 5A). We sectioned the apical portion of the
shell in two directions and found for F. metivieri the apical tube (Figures 5, 6 and S6-S8).
Phase detection with EBSD proved that the apical tube consists of aragonite as well. As
shown in Figures 5A, 57 and S8, the crystals of the apical tube are intimately fused with
the crystals of the inner shell. Furthermore, as shown in Figures S56-S8, the apical tube
crystals are always proximal to the crystals of the pallial line, the scar that forms on the
inner shell surface when the mantle attaches to the inner surface of the shell (also called
the pallial myostracum). Crystal organization and structure of the apical tube are specific
(Figure 5). EBSD measurements demonstrate that the microstructure of the apical tube
(Figure 6) significantly differs from the microstructure of the rest of the shell (e.g., compare
EBSD maps in Figure 3 with the map in Figure 6A). Dendritic units (Figures 6B,F) appear
to form rows (subsets 1 and 2 in Figure 6C). The rows have slightly different orientations
(see pole figures in Figure 6D,E) and alternate in orientation (Figure 6A). The apical tube
dendrites appear to have a granular internal structure (Figure 6). Even though the apical
tube microstructure appears to be different from the microstructure of the rest of the shell,
the texture pattern of apical tube crystals and the texture pattern of shell wall crystals are
similar. With the exception of the seam of the small-size crossed-lamellar units at the distal
shell surface, the largest part of shell wall aragonite is assembled with a crossed-lamellar
texture (pole figures in Figure 4); the latter is also the texture that we find for the apical
tube crystals (pole figures in Figure 6).

We detected a further hard tissue, different in microstructure from that of the shell
wall proper and that of the apical tube. At the apical shell section (for the definition of the
apical shell section see Figure 1A), we observe a mineralized bulge, consisting of aragonite,
running circumferentially along the inner shell surface, and protruding into the cavity of
the shell (red arrows in Figures 7A-E, S9 and 510). The crystals of the bulge are intimately
connected to the crystals of the rest of the shell. As is the case for the apical tube, the bulge
is also always proximal to the pallial myostracum (Figures 7 and S10). The bulge is inter-
nally structured and has a prismatic appearance (blue stars in Figures 7C-E and S9B-D).
We investigated the extent of the bulge in two F. metivieri specimens (Figures 7A,B and
510). We did not find a connection between the bulge and the apical tube. In both speci-
mens, the bulge thins out at its two ends: towards the frontal orifice and towards the apex
(Figures S9D,E and 510). We consider the bulge as the attachment site of the longitudinal
pedal muscle to the shell, the scar of the pedal myostracum.

Figure 8 shows two EBSD scans on cross-sections covering the inner shell, the pallial
myostracum, and the bulge. The difference in microstructure between the inner shell is
well observable, on the one hand, and the pallial myostracum and the bulge, on the other.
The crystals of the inner shell are fine-grained and granular; the crystals of the pallial my-
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ostracum are prismatic (white arrows in Figure 8C); the crystals of the bulge are also pris-
matic (blue stars in Figures 7 and S9). The textures of the inner shell, that of the pallial
myostracum and that of the bulge, are similar (see pole figures in Figure 9). We find for
all three shell sections a crossed-lamellar-like texture. However, relative to the mode of
crossed-lamellar arrangement of crystals characterizing the inner shell (pole figures in
Figure 9A), we find for the pallial myostracum and for the pedal myostracum (bulge) de-
velopment of an additional crystal orientation for the a- and b-axes (pole figures in Figure
9C,D). Thus, the two myostraca have a prismatic microstructure and a crossed-lamellar
texture; however, complemented with an additional mode of crystal organization (Figure
9).

4. Discussion

The combination of EBSD measurements, SE, BSE and laser confocal microscopy im-
aging discloses many structural characteristics of structural hard tissues. When taking
crystal unit size, morphology, growth-line spacing and pattern of crystal organization into
account, we are able to identify for the investigated dentaliid scaphopod shells five differ-
ent crystal arrangement patterns (Table 1): (i) one crystal assembly pattern for the shell
proper; (ii) the latter modified at outermost shell section; (iii and iv) two crystal assemblies
for the attachment sites of two muscle tissues to the shell; and (v) one crystal assembly
pattern for the hard tissue that forms when the apical orifice is enlarged at organismal
growth. Despite significant variation in microstructure, we find only three crystal textures:
(i) the main crystal texture, (ii) the slight modification of the latter by crystal size, and (iii)
the slight modification of the main texture by addition of a further crystal orientation.

Table 1. Summary of the microstructures and textures detected for the investigated dentaliid scaph-

opod shells.
Microstructure Texture
Shell proper crossed-lamellar crossed-lamellar
(the bulk of the shell)
crossed-lamellar-like texture
Shell proper o
) motif influenced by a large
(outermost/distal crossed-lamellar . . .
. spread in crystallite orienta-
portion of the shell) .
tion
Mantle Prlsma_tl.c influenced by a crossed-lamellar-like with a
attachment scar competitive growth crystal . . .
. . third orientation
(pallial myostracum) growth mechanism

Longitudinal pedal muscle
attachment scar prismatic
(pedal myostracum)

crossed-lamellar-like with a
third orientation

Apical tube dendritic to prismatic crossed-lamellar

In essence, the main crystal microstructure and crystal texture of the investigated
scaphopod shells is crossed-lamellar; however, modulated in crystal organization at the
distal shell portion, at the myostraca and at the apical tube.

4.1. The Dentaliid Scaphopod Shell

Figures 10 and S11 depict shell cross-sections of Fissidentalium metivieri, cut perpen-
dicular to the long axis of the shell. The pole figures of Figure 10 show that there is a
gradual transformation of the texture from an axial-like texture (red rectangle), measured
at the outermost (distal) shell, to a crossed-lamellar texture (orange rectangle) measured

https://doi.org/10.3390/cryst16080513


https://doi.org/10.3390/cryst16080513

Crystals 2026, 16, 513

19 of 37

at the inner (proximal) shell. We see well in the pole figures the formation of crystal ori-
entation maxima/clusters, in particular for the a- and b-axes poles, when progressing to-
wards proximal shell sections, relative to the broad a- and b-axes orientation distributions
of the axial-like texture at distal shell sections (Figure 10). As is visible from the pole fig-
ures in Figure 10, the a-, b-, and c-axes orientation maxima are narrowest for the measure-
ment taken at the proximal shell. Laser confocal microscopy images visualize (Figures 10,
54 and S11):

(i) The crossed-lamellar nature of the crystals at distal shell sections (Figure S11B) and,
most importantly.
(ii) The increase in crossed-lamellar unit size from distal to proximal shell (Figure S4).

Thus, where the a-, b-, and c-axes orientation maxima are broad and the a- and b-
orientations scatter on a great circle, the first-order lamellar units are small, while where arag-
onite crystallographic axes orientation maxima are narrow, the first-order lamellar units are
large. We conclude from the results shown in Figures 11, 54 and S11 that the microstruc-
ture and texture motif of the shell proper become modulated by the crystal unit size. When
crystal units are small but are quite irregularly assembled in the shell (Figure 2C,E, Figure
10 red star and Figure S11B,E), even though having a crossed-lamellar appearance, an
axial-like texture forms. This texture pattern cannot be termed clear-cut axial, as an axial
texture is defined to have one sharp crystallographic axis orientation cluster (in general,
the c-axis) and the other crystallographic axes orientations scattering on a great circle, per-
pendicular to the texture axis [33,35]. For the outermost layer of the investigated scapho-
pod shells, we do not see a clear-cut c-axis orientation cluster, but a very broad crystal
orientation distribution. However, when the crystal units are large and are stringently
organized in the shell (Figure S4), for the investigated shells a clear-cut crossed-lamellar
texture is developed (pole figures in Figure 10, orange star and in Figure S11F). This crys-
tal size/structure—crystal texture dependency has not been shown yet for another biologi-
cal Ca-carbonate hard tissue. Our observation demonstrates the high structural flexibility
of the crossed-lamellar microstructure, which, today, is the dominant microstructure pat-
tern utilized by molluscs for shell construction [24,29,41,42].

F. metivieri

Figure 10. The evolution of aragonite texture on a shell cross-section through the shell extending
from the outermost (red star) to inner shell sections (blue and orange stars). The shell was sectioned

perpendicular to its long axis, Cut A. (Left): laser confocal measurement image with the position of
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the EBSD scans indicated by differently colored stars. The corresponding pole figures on the (right)
visualize the texture patterns that are present for the different shell sections. In particular, the trans-
formation from an axial-like texture at the outermost, distal, shell section to a crossed-lamellar tex-
ture for the rest of the shell, in particular for inner shell sections (regions indicated with orange and
blue stars in the laser confocal microscope image). The large scatter in a-, b-, and c-axes orientation
along the outermost shell section is well observable, and changes to well-defined maxima for a-, b-,

and c-axes orientations at inner shell sections.

The investigated scaphopod shells comprise many growth lines (Figures 1, 3 and S1-
S3). Surprisingly, growth-line distribution appears to be structured in the shell, such that
at the outermost, outer and central shell sections we observe only a few growth lines,
while at inner shell portions, close to the soft tissue of the animal, we find an increased
concentration of densely spaced growth lines (Figures 1C,D and S1). The disparate distri-
bution of growth lines led to the suggestion of previous works that the scaphopod shell
consists of two layers, an outer and an inner shell layer (Figures 1C and S1). Our results
show that growth-line formation does not (or, at least, not markedly) influence the crystal
organization of the first-order lamella (yellow arrows in Figures 3 and S5). Nonetheless,
we find that at the position of a growth line, crystallite sizes are slightly enlarged and
become rather prismatic in shape, in contrast to the laths and sheets that form the first-
order lamellae.

First-order lamella ¥

a-axes  b-axes  c-axes

® @, @ el 1N
R e | o O o 2
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Figure 11. The evolution of aragonite texture on a cross-section through the shell (A) ranging from
the apical tube (B), the pallial line (C) via the inner (D) to the outer (E) shell section. We see strong
similarity in the texture pattern. The basic texture for all these regions is the crossed-lamellar texture;
however, the latter is here modulated by the degree of misorientation between the crystals. We find
for the inner shell strongly clustered a-, b-, and c-orientation maxima in the pole figures (C,D), while
for the apical tube and the outer shell we see the a-, b-, and c-orientation maxima as well; however,
significantly less clustered, relative to the a-, b-, and c-orientation maxima of the inner shell. (C)
Note that the crossed-lamellar texture pattern of the inner shell is overlain by the texture of the
misoriented crystal assembly of the pallial line. (F) The microstructure and texture of the crossed-
lamellar inner shell (right in the EBSD map) and of the apical tube (left in the EBSD map). (G) Mi-

crostructure and texture of the pallial line.

4.2. The Apical Tube

The scaphopod mantle and shell are open at their two ends (e.g., [15]). At the orifice
of the frontal aperture, the foot and the captacula (the food-catching devices) extend out
of the shell. The orifice of the apex facilitates the passage of water through the shell for
respiration and for elimination of waste and delivery of gametes [7,14,38,39]. With animal
growth, the shell and the orifices have to be enlarged. The frontal aperture becomes stead-
ily enlarged at secretion of the bulk shell. The apex is enlarged through resorption and
decollation (Figures 2 and 3 in Lamprell and Healy [14]). However, for apex orifice regen-
eration, additional hard tissue is secreted (Figure 3 in Lamprell and Healy [14]), often
termed secondary secretion. This hard tissue has the form of a tube, termed the apical tube
(Figure 2 in Lamprell and Healy [14]). Apical tube material lines the apical shell internally
(Figure 3 in Lamprell and Healy [14]) and can extend out from the orifice of the apex
(Figure 2 in Lamprell and Healy [14]).

The microstructure and texture of the apical tube are described in this study for the
first time. Apical tube microstructure is most interesting (Figures 6 and S8); it is divergent
from the microstructure of the shell proper (Figures 2—4) and from the microstructure of
the muscle scars (Figures 8 and 9). The apical tube crystals interlink closely with the crys-
tals of the inner shell (Figure 11A). They are not lath- and sheet-shaped, as are the crystals
of the crossed-lamellar shell proper, but are rather dendritic (Figure 6B,F). The dendrites
appear to consist of granules. Nonetheless, irrespective of this specific microstructure pat-
tern, the texture of the apical tube crystals is crossed-lamellar (see pole figures in Figure
6). Thus, we observe that a crossed-lamellar texture can be formed without a clear-cut
crossed-lamellar microstructure and a clear-cut, typical crossed-lamellar crystal/crystallite
shape. We measured several times that the shell proper has a crossed-lamellar microstruc-
ture and a crossed-lamellar texture. The apical tube forms subsequent to shell formation,
subsequent to apex orifice resorption at apex orifice rim regeneration. As shown in Figure
11B-E, the crossed-lamellar microstructure of the shell proper is not transmitted to the
crystals of the apical tube, but the crossed-lamellar texture is. As it is well observable in
Figure 11B-F (see black circles in the pole figures), we find a similar texture pattern for the
outer and inner shell layers, and for the apical tube, only the texture pattern of the pallial
line is different (Figure 11F,G). Thus, at the formation of these different shell sections, the
crystal texture is kept, and the crystal microstructure is varied.

The attachment of the mantle to the inner shell surface is well observable, due to the
specific microstructure of the muscle attachment scar and the pallial line (Figures 9B, S7
and S8). Whenever we imaged the shell proper and the apical tube, we always found the
pallial line between these two hard tissue structures, and the apical tube was always run-
ning proximal to the pallial line (e.g., Figure S8). This is a clear indication that the apical
tube is secreted subsequent to shell proper formation.
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4.3. The Muscle Attachment Sites

With this study, we are able to characterize for dentaliid shells the microstructure
and texture of two muscle attachment scars. These scars are located intermittently be-
tween the shell proper and the muscular system of the foot. Both scars consist of aragonite;
one scar forms when the secreting mantle attaches to the shell, the other scar forms when
the longitudinal muscle of the foot hydrostat system attaches to the shell [43,44], always
to the pallial line (Figures 7 and S9).

All movement of soft and hard tissue requires the action of muscles, and these are
part of muscular systems [45—47]. The arrangement and function of muscles in a muscular
system are directly related to the skeletal support system of the organism [46]. Vertebrates
and invertebrates developed two skeletal support systems and, related to the latter, utilize
two different muscular systems [46,47]. One muscular system uses mineralized tissue as
skeletal support. The associated musculature is arranged in distinct bundles, consisting of
striated, oblique or smooth muscles and uses different muscle types for different hard
tissue movements [45-47]. Representatives of the latter muscular system are the adductor
muscles of bivalved marine organisms ([41,42,48,49] and references therein).

The other muscular system uses a so-called hydrostatic skeleton for support
[46,47,50,51]; the associated muscular system is termed muscular hydrostat [47]. A mus-
cular hydrostat does not use mineralized tissue as skeletal support; it consists solely of
soft tissue, but with a densely packed aggregation of various muscles. A muscular hydro-
stat system functions as an actuator for movement, but also as skeletal support, even
though it does not contain any mineralized tissue. The movements of muscular hydrostat
systems rely on the incompressibility of internal fluids for: (i) maintaining the overall vol-
ume of the hydrostatic skeleton and (ii) transmitting forces. Hydrostatic skeletons contain
cavities filled with body fluid. These skeletons remain constant in volume when pressur-
ized or depressurized by muscle action [46], as the localized contraction of the hydrostatic
skeleton results in the movement of the fluid from one portion of the hydrostatic skeleton
to the other. The latter enables the transmission of force for initiating soft tissue action,
such as elongation, shortening, bending, and torsion. Muscular hydrostats are packed
with muscles (Figures 3, 5 and 6 in [2]). These are arranged in 2D as sheets and in 3D as
arrays of sheets (Figures 16.2 and 16.3 in [15]), but not as bundles [46]. A prominent ex-
ample of a muscular hydrostat system is the agile mollusc foot ([52] and references
therein). Even though the latter consists only of soft tissue, it performs a variety of actions,
such as movement, orientation, anchorage, digging, and many more [52].

In essence, the dentaliid foot and captacula are moved by a muscular hydrostat sys-
tem [15,52] and (references therein), while the movement of the mantle tissue is performed
by a muscular system that acts relative to the hard tissue of the shell. Irrespective of the
latter, both muscular systems generate well-observable aragonitic scars at the inner sur-
face of the scapopod shell proper (Figures 7C,D and S9B,C).

The scaphopod mantle is attached to the shell at its apical region [2,44] and adheres
to the inner surface of the shell for about two-thirds of its length (this study). The site of
mantle attachment to the shell, the pallial myostracum, is in 2D a line. It is easily observ-
able due to the marked difference in microstructure between the shell and the pallial scar
(white arrows in Figures 7, 8B,C, and S7). The thickness of the dentaliid scaphopod pallial
myostracum is, for adult animals, about 30 pum and is kept constant for almost the entire
length of the scar. Pallial myostracal crystals are granular to prismatic in morphology,
increase gradually in size towards the inner shell surface, and are oriented with the arag-
onite c-axis perpendicular to the inner shell surface (Figure 8). These structural attributes
are similar to structural characteristics of the crystals that form the pallial myostraca of
other molluscs, e.g., that of the bivalves and of the Polyplacophora [41,42,49,53]. The
above-described structural characteristics indicate, for the aragonite of the pallial scar, a
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different growth process relative to that of the shell proper, namely, crystal growth
through growth competition, as described in detail in [33,34,41,42]. However, despite the
marked difference in pallial myostracum and shell proper microstructures, the texture
patterns of the pallial myostracum and the shell proper are (almost) similar (Figure 9). We
find a crossed-lamellar crystal texture for both the shell and the pallial myostracum (Fig-
ure 9A,B). Accordingly, the pallial myostracum adopts the texture pattern of the adjacent
shell. This finding has been observed multiple times for a large variety of bivalve shells
[33]. However, in addition to the crossed-lamellar texture of the shell, we find that an
additional crystal orientation develops for the hard tissue of the pallial myostracum (red
circles in the pole figures in Figure 9B,C). This finding is reported here for scaphopod
shells for the first time, was, however, observed previously for bivalve shells (Figures 8
and 9 in [31]).

The Scaphopoda move two of their organs in and out of the shell: the foot and the
food-catching devices [3,15,44]. The scaphopod foot, a thick, muscular, cylindrically
shaped entity of soft tissue, is vital for the organism and is used for many tasks. It can be
moved far out of the shell (at maximal extent, more than half of the shell length [44]) and
is used for burrowing, locomotion, anchoring and orienting the shell within the sediment
[3,15]. Extension and retraction of the foot takes place via the body musculature, via the
cooperation of longitudinal, circular, radial, and oblique muscles [54-57]. As stated above,
we observed, in addition to the attachment scar of the mantle to the shell, a further muscle
scar. However, in contrast to the pallial (mantle) scar, the site of the latter is quite localized.
On longitudinal cuts through the shell, it coincides with the presence of a hard tissue bulge
(red square, red arrows in Figure 7A,B). The bulge is located at apical shell portions and
is circumferential along the inner surface of the shell. The bulge is always proximal to the
pallial myostracum (Figures 7 and 8) and has also, as the pallial myostracum, a prismatic
internal structure (Figures 7, 8 and S9). We also observe, for the bulge as well, relative to
the crossed-lamellar texture of the shell proper, an additional crystal orientation as well
(Figure 9D).

Based on the above-described structural characteristics, we consider the bulge to be
a muscle scar, namely, the muscle scar of the longitudinal dorso-ventral muscle of the
scaphopod foot muscular hydrostat system. The foot is a vital organ for the Scaphopoda
[2,3,15]. E.g., scaphopod locomotion through the sediment takes place in such a way that
first the foot is extracted from the shell and anchored in the sediment at a slightly different
position, relative to the position of the shell. Next, the shell is pulled over the extended
foot via contraction of the dorso-ventral longitudinal muscles [44], and this movement
initiates a change in the position of the animal. Shimek and Steiner, and Reynolds [2,3]
report that the longitudinal muscles attach directly to the shell. Our results show that the
bulge is proximal to the pallial myostracum. Thus, the longitudinal muscles do not attach
directly to the shell proper, but to the pallial myostracum; the crystals of the bulge are
intimately connected to the crystals of the pallial myostracum (Figure 9A,B). Only the pal-
lial muscles attach to the inner surface of the shell proper (Figure 11B). It is observed for
modern rhynchonellate brachiopods as well that the adductor muscles that open and close
the valves cause the formation of hard tissue bulges for muscle attachment sites to the
shell. These adductor muscle scars are always present at inner shell surfaces [49].

4.4. Crossed Crystal Assembly Modes of Mollusc Shells

This study presents the first crystallographic characterization of scaphopod shell
crystals, which was determined with EBSD measurements. One main advantage of the
EBSD technique is the feasibility of an in-depth evaluation of the measured diffraction
data. The microstructure and texture pattern of the hard tissue in question are given with
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numerical results. These can be combined with numerical results of other structural at-
tributes of the hard tissue in question, e.g., the misorientation pattern between the crystals.
As we now have crystal orientation data on scaphopod shells as well, we can assess simi-
larities and differences in a particular microstructure motif used by species for shell for-
mation of different mollusc classes and subclasses, namely the crossed crystal arrange-
ment motif. Crossed crystal arrangement patterns, such as the crossed-lamellar and the
crossed-foliated microstructures, are today the most widely used crystal organization pat-
terns for shell fabrication by the Mollusca (e.g., [24] and references therein). As crossed
crystal arrangements are present in the shells of many mollusc classes/subclasses, it was
proposed that the crossed mode of Ca-carbonate crystal organization evolved in the geo-
logical past independently and several times [20,58]. It was also suggested that the
crossed-foliated microstructure is the calcitic equivalent of the aragonitic crossed-lamellar
microstructure (Beggild, p. 251 [19]).

As stated above, with the EBSD measurements and evaluation of the diffraction data,
we now have the possibility to check the latter suggestions and will discuss subsequently:

1.  Similarities/differences in scaphopod, bivalve, gastropod, and Polyplacophora shell
aragonite, described as crossed-lamellar (Figures 12-15 and S12-514, Table 2).

2. A possible analogy between the crossed-lamellar and crossed-foliated crystal ar-
rangement patterns.

First, for definitional purposes, we detail the nature of the crossed-lamellar crystal
organization pattern. We describe the latter for the shell of the aragonitic bivalve
Glycymeris glycymeris (Linnaeus, 1758). We imaged the crystals that form the crossed-la-
mellar microstructure on three hierarchical levels (Figure 12A,D,E) and measured their
organization with EBSD on two hierarchical levels (Figure 12B-G).

The aragonitic crossed-lamellar crystal arrangement is a hierarchical assemblage of
polysynthetically twinned, nanometer-sized laths. The third-order lamellar laths are the
basic crystal units of the crossed-lamellar microstructure (red stars in Figure 12F). At a
higher hierarchical level, the laths form second-order lamellar sheets (yellow stars in Fig-
ure 12D,F). The laths in the sheet have similar c-axis orientations but different a- and b-
axes orientations (white and blue arrows in Figure 12D and EBSD measurement in Figure
12E). The difference in a- and b-axes orientation of the laths in a sheet is determined by
{110}-aragonite twin formation (see pole figures in Figure 12E). The third-order lamellae,
the laths, are internally twinned, such that a single lath can have different orientations of
the a- and b-axes in twin relationship. The twins are not between the third-order lamellae,
but within the third-order lamellae. Hence, the observation of the {110}-twin misorienta-
tion, for aragonite a misorientation at 63°/64°, is fundamental for the identification of a
crossed-lamellar crystal arrangement pattern. On a further hierarchical level, the second-
order sheets arrange into stacks and generate the first-order lamella (white stars in Figure
12A-CE).

In color in Figure 12E, we show a first-order lamella; the colors code for crystal ori-
entation. This first-order lamella comprises two subunits, defined by different a- and b-
axis orientations (one subunit and orientation is shown in yellow, the other subunit/ori-
entation in red (Figure 12E)). The subunits are related to each other by the {110}-aragonite
twin law. Accordingly, for one first-order lamella, we observe in the pole figures a very
structured distribution of c-, b and a-axes, namely, a correspondence in c-axis orientation
distribution (blue circles in the pole figures in Figure 12E) and a structured variation in b-
and a-axes orientations, determined by the misorientation of the polysynthetic {110}-arag-
onite twins. The crossed-lamellar shell microstructure consists of arrays of first-order la-
mellae (Figures 12A and S12A), with alternating first-order lamellar sets, setl and set2
(Figures 12A—C and S12B). Lamella setl and set2 are defined by different c-, b-, and a-axes
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orientations (see pole figures in Figure 12G). Accordingly, for an array of first-order la-
mella, formed of alternating lamella setl and lamella set2 of a crossed-lamellar microstruc-
ture (EBSD map in Figure 12G), we need to see in the pole figures two c-axis orientation
maxima, four b-axes, and four a-axes orientation maxima (EBSD map and corresponding
pole figures in Figure 12G).

In conclusion, the aforementioned mode of crystal organization of laths, sheets and
lamellae, with the orientation of the crystals being controlled by their mode of assembly
on the different hierarchical levels and the {110}-aragonite twin law, is the fingerprint of
the (classical) crossed-lamellar microstructure and texture of a structural hard tissue. The
mode of crystal organization is reflected in the pole figures with the position and number
of the c-, b-, and a-axes orientation maxima (Figure 12B,C,F). To state the crystal organi-
zation of a structural hard tissue as crossed-lamellar, the latter described crystal orienta-
tion maxima need to be seen in the pole figures.

st-order ; b-axes ®
Iamella setd & ¥ s
7 e X E
& a-axes

Fust-order lamella set1

Fst-order lamella sef 2

irst-order lamella (stack ofsheets)
econd-order lamella (a sheet)
Third-order lamella (a lath)

*1?: A a-axes:
? ‘ \r‘ l
AR ST
c-a;ixes -axes
: . s i
200 nm P2 3 ¥ i s

Figure 12. (A-G): Crystal organization in the shell of Glycymeris glycymeris (Linnaeus, 1758), the
latter formed of crossed-lamellar aragonite. (A,D,F) BSE images of first-order lamella, sets 1 and 2
(A), of the second-order sheets (D), and the third-order laths (F). Indicated by yellow and blue ar-
rows in (A) is the difference in dipping direction of the arrays of second-order sheets in adjacent
first-order lamellae. (B,C,E,G) EBSD maps and corresponding pole figures of first-order lamella,

setl and set2 (in blue in (B): first-order lamellar setl; in yellow to red in (C): first-order lamella set2;
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the entire measurement is given in Figure S11B). As the color-coded first-order lamella in (E) shows,
there is an internal structuring of the latter: we see two main colors; thus, two main crystal orienta-
tions. The difference in crystal orientation is defined by a twin relationship between the two crystal
assemblies. White and blue arrows in (D) and blue circles in the pole figures in (E) indicate the mode
of c-axes orientation of the crystals that form the second-order sheets and the third-order laths. We
find for an array of sheets similar c-axes orientations, but different a- and b-orientations (pole figures
in (E)). The difference in a- and b-orientations is rooted in the twin relationship within the third-
order lamellae. Accordingly, for a crystal assembly with a crossed-lamellar microstructure and tex-
ture, formed of adjacent setl and set2 first-order lamellae (see EBSD crystal orientation map super-
imposed on the EBSD band contrast map and the pole figures in (G)), we need to find in the pole
figures two c-axis orientations, four b-axes, and four a-axis orientations (for each set: one c-axis, two

b- and two a-axis orientations). Figure modified after [31,32].

Figures 13, 14, and 513 highlight the lamellar nature of Fissidentalium metivieri (Scaph-
opoda), Laevicardium oblongum (Bivalvia), Glycymeris pilosa (Bivalvia), Tanea lineata (Gas-
tropoda), Rhysoplax olivacea (Polyplacophora), Helcion concolor (Patellogastropoda) and Pa-
tella piperata (Patellogastropoda) shells. We show for the shells of these species the micro-
structures (EBSD maps), the textures (pole figures) (Figures 13 and 513) and the misorien-
tation pattern between the crystals, as measured with the EBSD scan (Figure 14). We give
the misorientation (i) within a lamella as well as (ii) between adjacent lamellae.

When entire EBSD scans are regarded, comprising set 1 and set 2 first-order lamellae
(left in Figure 13), then we find for F. metivieri (Scaphopoda), L. oblongum, and G. pilosa
(Bivalvia) two orientation maxima for the c-axes and four orientation maxima for the b-
and the a-axes, respectively. Thus, as required by the classical crossed-lamellar crystal ar-
rangement pattern, for individual first-order lamellae (right in Figure 13), we find one c-
axis orientation maximum and two b- and two a-axes maxima and see from the pole fig-
ures that the a-, b-, and c-axes orientations between and within the first-order lamellae are
determined by the {110}-aragonite twin law (best observable with the pole figures shown
for G. pilosa, Figure 13C). Thus, for the scaphopod and the bivalve species, we see for shell
aragonite a crossed-lamellar crystal organization motif; however, inherent to the species
of the different mollusc classes, also some structural modulation of the overall mode of
crystal organization.

T. lineata (Gastropoda) and R. olivacea (Polyplacophora) are special cases. For entire
EBSD scans taken on T. lineata shells, we see only one orientation maximum for the a-axes
and only two orientation maxima for the b- and c-axes (left in Figures 13D and S13). For
individual set 1 and set 2 first-order lamellae of T. lineata, we find for the c-, b- and a-axes
only one orientation maximum (right in Figure 13D and 513). However, as shown in the
misorientation angle diagram of Figure 15D, we observe, for T. lineata, the 63°/64°, twin-
related, misorientation peak. For entire EBSD scans of R. olivacea shells, we find for the c-,
b-, and a-axes orientation distributions only one orientation maximum per axis (Figure
13E). The maxima are substructured and comprise submaxima. Well observable is the lat-
ter for the c- and a-axes (black arrows in Figure 13E). R. olivacea shell aragonite is not
twinned; there is no 63°/64° misorientation peak in the relative frequency—misorientation
angle diagram (Figure 15E).

Regarding c-axes maxima-overlap for F. metivieri, L. oblongum, G. pilosa, and T. lineata
(black arrows in the c-axes pole figures of Figure 13 and Table 2), we find significant var-
iation in c-axes maxima-overlap. For example, the two c-axis orientation maxima of T.
lineata are in very close contact (Figure 13D), while the misorientation between the c-axis
orientation maxima of G. pilosa is about 60° to 70° (Figure 13C, Table 2).
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Figure 13. EBSD maps, color-coded for crystal orientation, visualizing the lamellar pattern of scaph-
opod, bivalve, gastropod and Polyplacophora shells. For the scaphopod and bivalve species, we
observe a well-defined crossed-lamellar microstructure and texture, consisting of arrays of first-or-
der lamella sets, set 1 and set 2. We find the related maxima of c-, b-, and a-axis orientation distri-
butions in the corresponding pole figures; for each crossed-lamellar set, one c-axis, two b- and two
a-axis orientation maxima. In the case of the gastropod shell, we see for each lamella one c-axis, one
b-axis, and one a-axis orientation maximum (this figure and Figure S13). For the polyplacophora
shell, we find for the entire measurement one c-axis, one b-axis, and one a-axis orientation maximum;
however, we can observe that the c- and a-axes maxima are substructured (black arrows in Figure
13E).

Figure 14A gives the corresponding misorientation pattern for the F. metivieri, L. ob-

longum, G. pilosa, T. lineata, and R. olivacea shell microstructures. We show point-to-point
misorientations versus distance diagrams across adjacent lamellae (trajectories A to B) and
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point-to-point misorientations versus distance diagrams within a first-order lamella, par-
allel to the long axis of the lamella (trajectories C to D). We see for the scaphopod, bivalve,
and gastropod shells:

(i) Difference in internal structuring within individual first-order lamellae (trajectories
AtoB).

(if) The twinned nature of the aragonite, as the variation in misorientation is between 1°
and 65° (trajectories C to D; best observable for G. pilosa, T. lineata).

(iii) A slightly increased degree of misorientation for the shells of F. metivieri and L. ob-
longum, relative to the degree of misorientation of G. pilosa and T. lineata shells. Mis-
orientation across lamellae and in a single lamella for F. metivieri and L. oblongum
scatters between 1° and about 90°. Misorientation across lamellae and in a single la-
mella for G. pilosa and T. lineata scatters between 1° and about 65°.

Comparing the misorientation diagrams of F. metivieri, L. oblongum, G. pilosa and T.
lineata to the misorientation diagrams of R. olivacea, we find strong differences between
the misorientations for R. olivacea shell crystals and the misorientations for F. metivieri, L.
oblongum, G. pilosa, and T. lineata shell crystals (Figure 14). Irrespective of whether the
trajectories traverse adjacent lamellae (trajectory A to B) or run within a lamella (trajecto-
ries C to D), the degree of misorientation between crystals for R. olivacea scatters between
1° and about 20° (Figure 14). In particular, we did not observe a peak in the misorientation
angle diagram of R. olivacea around 64°. The latter would indicate aragonite {110}-twin-
formation, and this is, for R. olivacea, never the case.

Figure 14B highlights structural characteristics of the crossed-foliated calcitic shell of
the patellogastropods H. concolor and P. piperata. The shells of these species, as well, have
a lamellar microstructure (see EBSD maps in Figure 14B); however, they have a signifi-
cantly different crystal texture relative to the texture pattern of the shells of the so far dis-
cussed aragonitic mollusc species (Figures 13 and S14). We find, for H. concolor and P.
piperata, as well as orientation maxima in the pole figures (Figures 14B and S14B); however,
for each lamella, one c-axis orientation maximum and three a*-axes orientation maxima.
Regarding the misorientations, we observe a significant difference between the shell of
the patellogastropods and the shell of the Polyplacophora, the scaphopod, bivalve and
gastropod species. Misorientation between adjacent patellogastropod lamellae is 90° to
95°; misorientation within a lamella is between 1° and 5°/6° (Figure 14B). For the patello-
gastropod shells, we did not observe a twin-related misorientation. The shells consist of
calcite; the calcite twin-related misorientation peak is at 60°, and a peak at 60° misorienta-
tion is not observed in the misorientation angle diagrams (Figure 15F,G).

Figure 15 shows relative frequency versus misorientation angle diagrams for F.
metivieri, L. oblongum, G. pilosa, T. lineata, R. olivacea, H. concolor, and P. piperata. With Fig-
ure 15A-G, we give, for each of the above-discussed species, two misorientation angle
graphs (shown in red and black) and find, with the exception of T. lineata (Figure 15D), a
very good correspondence between the two misorientation angle graphs. However, when
we compare the misorientation angle distributions of F. metivieri, L. oblongum, G. pilosa, T.
lineata, R. olivacea, H. concolor, and P. piperata, we see differences in relative frequency of:

(i) The small-angle misorientations.
(i) The 63°/64° misorientation.
(iif) The overall range of the misorientation angle.

Comparing, e.g., (i) the misorientation angle distribution of R. olivacea (Figure 15E) to
that of the scaphopod, bivalve, and gastropod species (Figure 15A-D) and (ii) to the mis-
orientation angle distribution of H. concolor and P. piperata (Figure 15F,G), we find im-
mense differences. For R. olivacea, H. concolor and P. piperata, we find only small-angle
misorientations; the latter for R. olivacea with a very low relative frequency (Figure 15E),
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while, for H. concolor and P. piperata, however, with very high relative frequencies (Figure
15F,G), in contrast to the frequencies of F. metivieri, L. oblongum, G. pilosa and T. lineata
(Figure 15A-D).

Figure 15H-] summarizes the relative frequencies of the misorientation angles for the
discussed species (aragonitic and calcitic). We see:

(i) A very high peak in small-angle misorientation for the calcitic species (Figure 15I).

(if) A very broad distribution of small-angle misorientations (between 5° and 30°) for the
aragonitic shell of R. olivacea (Figure 15H,1).

(iii) A well-developed peak at 63°/64° misorientation, indicating the twinned nature of
the aragonite of F. metivieri, L. oblongum, G. pilosa and T. lineata (Figure 15H,]).

In essence, the main findings of the juxtaposition of structural-crystallographic at-
tributes between F. metivieri (Scaphopoda), L. oblongum (Bivalvia), G. pilosa (Bivalvia), T.
lineata (Gastropoda), R. olivacea (Polyplacophora), H. concolor (Patellogastropoda) and P.
piperata (Patellogastropoda) are (Table 2, Figures 13-15, 513 and S14):

(i) The aragonite of R. olivacea is assembled with a crossed arrangement of crystals.
However, the crossed arrangement of R. olivacea is not similar to the crossed-lamellar
arrangement of crystals that we find for the conchiferan shells (bivalves, gastropods,
scaphopods), irrespective of the lamellar microstructure of the hard tissue, the shell
being aragonitic, and of previous reports (e.g., Haas [25]).

(if) The nature of the crossed-lamellar and the crossed-foliated crystal arrangements is
distinct, not only in the Ca-carbonate phase but also in crystal organization, irrespec-
tive of the lamellar structure of the hard tissues and of previous reports (e.g., Baggild
[19]).

(iii) It was suggested that the crossed-lamellar microstructure and texture were invented
several times for invertebrate shell formation (e.g., Taylor et al., Wilmot [20,22]). Our
study shows that the crossed-lamellar microstructure evolved three times, namely
for scaphopod, bivalve and gastropod shell formation. It is now clear that the three
groups evolved their crossed-lamellar materials independently. We see the overall
crossed-lamellar crystal organization motif modulated and being specific for scaph-
opod, bivalve and gastropod shells. In addition, their common ancestors (helcionel-
loids) never had hard tissues with a crossed-lamellar crystal arrangement pattern.
Hence, the crossed-lamellar microstructure appeared for hard tissue formation later,
when the lineages were already established.
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Figure 14. Crystallographic—structural differences/similarities between crystal arrangements of

scaphopod, bivalve, gastropod, Polyplacophora, and patellogastropod shells (A,B). Previous work
phop g % yplacop p g P (A/B)

reports a crossed-lamellar mode of crystal orientation for the aragonitic shells and a crossed-foliated

mode of crystal orientation for the calcitic shells. It was suggested that the crystal arrangements of

the crossed-lamellar and crossed-foliated microstructures are equivalent. We do find laminar mi-

crostructures for the shells of the Scaphopoda, Bivalvia, Gastropoda, Polyplacophora, and Patello-

gastropoda (EBSD maps in (A,B)); however, the textures (Figures 13 and 14B) and the point-to-point

misorientations versus distance diagrams (Figure 14) demonstrate that there is significant variation

in crystal organization for these laminated microstructures. We find comparability of crystallo-

graphic—structural attributes for the shells of F. metivieri, L. oblongum, G. pilosa, and, to some extent,

of T. lineata. However, we find a big difference in crystallographic—structural attributes of the latter

shells and the shells of R. olivacea, P. piperata and H. concolor.
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Figure 15. Relative frequency-misorientation angle distributions in Figures 13 and 14 for the dis-
cussed mollusc species (A-J). We show differences in small angles (<10°) and the 63°/64°, the arag-
onite twin-related misorientations. (A-G) Two relative frequency—misorientation diagrams per in-
vestigated mollusc species, performed, for each species, on two different shells. Note the very good
correspondence of these diagrams per species, with the exception of the diagrams for T. lineata (Fig-
ure 15D). We observe for P. piperata and H. concolor (F-H) a huge peak of small-angle misorientation
and absence of the twin-related misorientation peak (for calcite, the 60° misorientation). Scaphopod,
gastropod and bivalve aragonite is twinned (H,]); polyplacophoran plate aragonite is not twinned
(HI).
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Table 2. Summary of Ca-carbonate phase and crystallographic—structural attributes that we ob-

tained for the shells investigated in this study.

Misorienta-
Ca- Laminar  Clusters in tion Clusters in -MmOflentatmn Sn}all .Angle Twin-Related
. Between a-,b-and in a First-Order Misorienta- ..
Carbonate Micro- c-Axes . . Misorienta-
Phase  Structure Pole Figures c-Axes Clus- ar-Axes Lamina tions tions (°)
J ters Pole Figures ) ©)
)
Scaphopoda aragonite yes 2 40-45 4 90 very low 63-64°
. . aragonite yes 2 60-70 4 60-70 very low to low 63-64°
Bivalvia . o
aragonite yes 2 4045 4 70 very low 6364
Gastropoda aragonite Yes 2 10-15 4 50-65 low 63-64°
by aragonite yes 1 - 1 20-25 very low absent
placophora
Patello-
atello calcite yes 2 90 6 5-10 very high absent
gastropoda

5. Conclusions

The Scaphopoda are marine infaunal animals that encase their soft body parts with a

continuous, tusk-shaped shell.

We addressed in this contribution the different sections of the Antalis weinkauffi and

Fissidentalium metivieri (dentaliid Scaphopoda) shells and characterized their internal

structure, crystal microstructure and crystal texture using EBSD and light and electron

microscopes. As crystallographic data are now available for shell crystals of representa-

tives of all mollusc classes and subclasses using crossed crystal arrangements for shell

formation, we juxtapose and discuss crystallographic attributes of the different crossed

crystal arrangement patterns.

We draw the following conclusions from our study:

The scaphopod shell proper, the apical tube, and the muscle attachment scars consist
of aragonite. The crystals are arranged in these shell portions with different micro-
structures.

The shell proper has a crossed-lamellar microstructure. From distal to proximal, there
is a strong increase in the crossed-lamellar unit size. Distal shell sections are seamed
by the smallest crossed-lamellar units. The largest crossed-lamellar units are present
at proximal shell sections. The change in crossed-lamellar unit size is smooth.

There is an unbalanced distribution of growth lines within the shells. At the outer-
most, outer, and central shell portions, growth lines are widely spaced. At in-
ner/proximal shell sections, shell portions adjacent to the soft tissue, growth lines are
densely spaced.

The shell proper has two crystal textures. Most of the shell has a clear-cut crossed-
lamellar texture. The seam of small crossed-lamellar crystals at distal shell sections
has an axial-like texture. The difference in crystal texture arises, most probably, from
the utilization of differently sized crossed-lamellar crystals. We observe an axial-like
texture at shell sections with small, less stringently co-oriented crystals, in contrast to
shell portions comprising large crossed-lamellar crystals, where the crystal units and
crystallites are highly co-oriented.

The Dentaliida secrete upon widening the apical orifice a pipe-shaped structure, the
apical tube. The crystals of the apical tube consist of aragonite and connect seamlessly
with the crystals of the inner shell proper. Apical tube crystals have a dendritic to
prismatic microstructure and a crossed-lamellar crystal texture.
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6. We find at the inner shell surface the scars of two muscle systems: (i) the scar of the
pallial myostracum and (ii) the scar of the pedal myostracum of the muscular hydro-
stat system of the foot. The pallial myostracum has a prismatic microstructure and a
crossed-lamellar-like texture. Pallial myostracum crystals show a gradual increase in
prism size towards the inner shell surface and orientation of aragonite c-axes normal
to the inner shell surface. These structural characteristics indicate a competitive
growth-related process for pallial myostracum crystal formation. The longitudinal
muscles of the scaphopod foot attach to an aragonite bulge that is proximal to the
pallial myostracum. The bulge is circumferential along the inner surface of the shell
and protrudes into the shell cavity. It is not connected to the apical tube. Bulge arag-
onite has a lamellar to prismatic microstructure and a crossed-lamellar texture. The
texture pattern of the inner shell is transmitted to the adjacent muscle scars that form
when the muscles attach to the inner surface of the shell. However, we observe, for
the scars, formation of a further crystal orientation pattern, in addition to the crossed-
lamellar crystal orientation of the inner shell.

7. The crossed (crossed-lamellar and crossed-foliated) mode of crystal organization is
today the dominating microstructure and texture pattern of Ca-carbonate mollusc
shells. The crossed-lamellar as well as the crossed-foliated crystal arrangements have
a lamellar microstructure. Nonetheless, our study shows that there is similarity in
crystallographic attributes of the crossed-lamellar microstructure and texture be-
tween scaphopod and bivalve shells, and only, in part, between gastropod shells.

8.  Even though being lamellar in structure, polyplacophoran shell aragonite and patel-
logastropod shell calcite are distinct in microstructure and texture from: (i) the
crossed-lamellar crystal arrangement of scaphopods and bivalves and (ii) each other.
Hence, even though based on lamellar microstructures, there is no resemblance in
crystallographic attributes between the crossed-lamellar shell crystal arrangement of
the Polyplacophora and the crossed-foliated shell crystal arrangement of the Patello-
gastropoda. The biologically secreted crossed-lamellar crystal organization is not
analogous to the biologically secreted crossed-foliated crystal arrangement.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/cryst16080513/s1. Figure S1: Laser confocal microscope im-
age depicting the microstructure of F. metivieri shell cut longitudinally, cut parallel to the long axis
of the shell. Note the difference in internal structure between the outermost, outer and inner shell
sections, respectively. Figure S2: Microstructure and texture of the outer and inner shell layer of A.
weinkauffi. The cut is perpendicular to the long axis of the tusk shell, Cut A. Well-observable from
the EBSD map and the corresponding pole figures is the crossed-lamellar mode of crystal assembly.
A: SE micrograph, B, C: EBSD maps and corresponding pole figures, visualizing patterns of shell
crystal organization. The colors in B and C code for crystal orientation. Figure S3: icrostructure and
texture outer shell layer of A. weinkauffi. The shell was sectioned longitudinally, Cut B. In this mode
of sectioning as well, the crossed-lamellar assembly of the shell crystals is also well-visible. Figure
S4: Laser confocal microscope images of a shell cross-section of F. metivieri and A. weinkauffi, Cut A.
For both investigated species we observe an increase in crossed-lamellar unit size from distal to
proximal shell surfaces. Figure S5: The microstructure pattern that prevails at a growth line. High-
resolution EBSD measurements visualize larger-sized crystals at the sites of growth lines, relative
to the size of the crystals that form the shell. Figure S6: Laser confocal micrograph depicting a cross-
sectional cut through the shell of F. metivieri. The cut was taken at apical position. Well observable
is the pallial line (white arrows) and the position of the apical tube (white stars). It is, also, well
observable that the pallial line and the apical tube are circumferential along the inner surface of the
shell. The dashed rectangle indicates the position of micrographs shown in Figure S7. Figure S7:

Laser confocal micrographs of a cross-sectional cut through the shell and the apical tube of F.
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metivieri. The position of the micrographs on the shell cross-section is indicated with a rectangle in
Figure S8. Well visible is the assembly of prisms and the typical structure of the pallial myostracum
(white arrows) and the difference in internal structure of the growth lines (yellow arrows in both
micrographs) and the pallial line (white arrows in both micrographs). Figure S8: Laser confocal mi-
crographs of tusk shell and apical tube cross-sections of F. metivieri (A, B). The cut for the images
shown in the figure is perpendicular to the long axis of the tusk shell, Cut A. Well-observable is the
course of the pallial myostracum (white arrows in A and B). B: microstructure (EBSD map) and
texture (pole figures) of the apical tube crystals. While for the tusk shell we find elongated crystals
in crossed-lamellar arrangement (A), for the apical tube we find an irregular internal structure, dom-
inated by elongated, granular to vaguely prism-shaped crystals (image of the apical tube in A and
EBSD map in B), assembled in the shell without a clear-cut arrangement pattern. Figure S9: The
internal structure of the bulge, of the longitudinal pedal muscle attachment scar of F. metivieri. A:
the internal thickening (red and blue arrows) of the shell close to the apex. B to D: size, shape and
organization of aragonite crystals that comprise the bulge (blue stars in A to D). Well-observable is
the prismatic shape of the bulge crystals (B, C, D), their difference in shape to the crystals of the shell
proper (C), their slight increase in size towards proximal shell surface (B) and their position proxi-
mal to the pallial myostracum (B, C, D). Note the yellow arrows in C are supposed to highlight the
curved nature of the proximal surface of the bulge; the bulge tapers out (A) towards the apex and
towards the frontal aperture (D, E and Figure S10). The bulge is not connected to the apical tube (A
and Figure 5B,D). A: light microscopy image, B to E: laser confocal microscopy images. Figure 510:
The bulge, consisting of aragonite, protruding into the shell cavity (blue and red arrows in A and B)
and being present at the convex as well as concave shell section inner surface close to the apex (A,
B). The white, red and blue stars in A to E indicate the extent of the bulge and its tapering/thinning
out towards apical as well as frontal aperture directions. A, B: light microscopy images, C to E: laser
confocal microscope images. Figure S11: Microstructure and texture of the outermost and outer shell
section of F. metivieri (A to D) and change of the texture pattern from a rather axial texture, prevailing
at outermost shell, to a crossed-lamellar texture, present at the inner shell (C to F). A to C: laser
confocal microscopy images. D, E: EBSD map and subsets of the latter with the corresponding tex-
ture patterns (E). Figure S12: The crossed-lamellar shell of Glycymeris glycymeris (Linnaeus, 1758). A:
BSE image of a fracture surface depicting four adjacent first-order lamella set 1 and set 2. White
arrows indicate the dipping direction of the arrays of second-order sheets, comprising the first-order
lamella. B: EBSD-map, color-coded for crystal orientation, visualizing the, more or less, parallel ar-
rangement and alternation of the first-order lamella setl and set2. Furthermore, well observable is
the internal, crystal orientation-related, structuring of individual first-order lamella (e.g., the lamella
marked with a white star in B). For further information see also Crippa et al. 2020a, b [31,32]. Figure
S13: EBSD map showing the laminated nature of the T. lineata shell. Nonetheless, a classical crossed-
lamellar crystal texture, as defined for bivalve shells, is not observable for T. lineata from the pole
figures, we see for the entire scan two c-axes, but only two b-axes and one a-axes maxima, respec-
tively. For individual first-order lamella we find one c-axes, one b-axes and one c-axes maximum.
Figure S14: Overview of different crystal textures derived from crystal organizations forming lamel-
lar microstructures. Lamellar microstructures are utilized today for shell formation by species of
five different mollusc classes/subclasses: the Scaphopoda, Bivalvia, Gastropoda, Polyplacophora,

Patellogastropoda.
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