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Abstract

Biological hard tissues are a rich source of design concepts for the generation of advanced materials. They represent the
most important library of information on the evolution of life and its environmental conditions. Organisms produce soft
and hard tissues in a bottom-up process, a construction principle that is intrinsic to biologically secreted materials. This
process emerged early on in the geological record, with the onset of biological mineralization. The phylum Brachiopoda is a
marine animal group that has an excellent and continuous fossil record from the early Cambrian to the Recent. Throughout
this time interval, the Brachiopoda secreted phosphate and carbonate shells and populated many and highly diverse marine
habitats. This required great flexibility in the adaptation of soft and hard tissues to the different marine environments and
living conditions. This review presents, juxtaposes and discusses the main modes of mineral and biopolymer organization in
Recent, carbonate shell-producing, brachiopods. We describe shell tissue characteristics for taxa of the orders Rhynchonellida,
Terebratulida, Thecideida and Craniida. We highlight modes of calcite and organic matrix assembly at the macro-, micro-,
and nano-scales based on results obtained by Electron Backscatter Diffraction, Atomic Force Microscopy, Field Emission
Scanning Electron Microscopy and Scanning Transmission Electron Microscopy. We show variation in composite hard tissue
organization for taxa with different lifestyles, visualize nanometer-scale calcite assemblies for rhynchonellide and terebratu-
lide fibers, highlight thecideide shell microstructure, texture and chemistry characteristics, and discuss the feasibility to use
thecideide shells as archives of proxies for paleoenvironment and paleoclimate reconstructions.

Keywords Diversity of brachiopod crystal and biopolymer assembly - Determinants of microstructure and texture -
Brachiopod microstructure and lifestyle - Brachiopod microstructure and environment - EBSD - AFM
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Introduction

Brachiopods are bi-valved lophophorates and form a group
of marine sessile organisms that secrete either phosphatic
(Linguliformea) or calcitic (Craniiformea, Rhynchonel-
liformea) shells. An important function of these shells is
to protect the soft-part anatomy housed between the pos-
teriorly connected ventral and dorsal valves. In addition to
protection, the valves also render hydrodynamic control of
water flow through the shell for nutrition (Shiino and Suzuki
2010; Shiino and Angiolini 2014). Unlike many bivalves,
brachiopod valves are not mirror images of each other;
although each valve has a mirror plane (Rudwick 1959,
1970; Schmahl et al. 2012).

Mantle tissue underlies the shell and consists of an
outer and an inner epithelium, with the outer epithe-
lium being responsible for shell secretion (Simonet Roda
et al. 2019b). The lophophore, the feeding and respira-
tory apparatus of brachiopods, is located in the anterior
shell region and occupies the largest part of the mantle cav-
ity. Other organs are positioned more posteriorly and use
the least space of the cavity between the valves (e.g. James
et al. 1992). Brachiopod shells grow mainly at commissural
margins and, to a lesser extent, along inner shell surfaces
(e.g. Williams 1966; Rosenberg et al. 1988; Baumgarten
et al. 2014).

Brachiopods have an excellent fossil record (Curry and
Brunton 2007; Carlson 2016; Harper et al. 2017). The first
species of both phosphate and carbonate shell-producing
orders appeared in the early Cambrian. During the Ordovi-
cian the phylum diversified (e.g. Carlson 2016; Harper et al.
2017) so that by the end of the Ordovician a wide range
of lifestyles, shell structures and morphologies had evolved
(e.g. Williams 1997; Harper and Drachen 2010; Harper et al.
2015, 2017; Finnegan et al. 2016). Loss of about 90% of spe-
cies during the end-Permian mass extinction (He et al. 2019)
severely impacted the taxonomic, morphological, functional
and ecological diversity of brachiopods (e.g. Curry and
Brunton 2007; Carlson 2016). Nonetheless, some brachio-
pods of the orders of the Lingulida, Craniida, Rhynchonel-
lida, and Terebratulida survived the end-Permian extinction
and subsequently diversified. The Thecideida appeared after
the end-Permian crisis in the Triassic (Carlson 2016).

Extant brachiopods belong to three subphyla: Linguli-
formea, Craniiformea and Rhynchonelliformea (Williams
et al. 1996). These diverged at the beginning of the Phanero-
zoic and developed distinct shell structures, morphologies,
mineralogies, anatomies, ontogenies and lifestyles (Ushat-
inskaya 2008; Holmer et al. 2011; Carlson 2016; Harper
et al. 2017). For example, when considering only macro-
scopic shell features, Linguliformea and Craniiformea have
no articulatory structures, while Rhynchonelliformea have
a well developed tooth and socket system. Linguliformea
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secrete organophosphatic shells, Craniiformea form organo-
carbonate shells, while Rhynchonelliformea secrete low Mg-
calcite organocarbonate shells. Three subphyla are present
since the early Cambrian, although the extant rhynchonel-
liform orders have fossil records that date back to the Early
Ordovician for the Rhynchonellida, to the Devonian for the
Terebratulida and to the Triassic for the Thecideida (Wil-
liams et al. 1996; Carlson 2016; Harper et al. 2017).
Species of the five extant brachiopod orders popu-
late today shallow to moderately deep, rarely abyssal, sea
floor environments and live in a wide range of marine habi-
tats (e.g. Richardson 1997a, b; Emig 1997a, b; Logan 2007,
Peck et al. 1997; Peck 2007; Peck and Harper 2010; Emig
et al. 2013; Cross et al. 2015, 2016, 2018; Harper et al.
2017; Emig 2017; Bitner 2010, 2019). The geological record
shows that brachiopods were and are able to colonize diverse
marine environments. They may live in the open ocean as
well as in sheltered, even cryptic habitats, and settle within,
as well as on hard rock substrates. When living on the sea
floor, brachiopods are either attached to hard substrata by a
pedicle or are cemented by their ventral valve, or lie free on
the sediment surface. Almost all linguliforms burrow and
live within the sediment. Accordingly, representatives of the
five extant brachiopod orders have different modes of lar-
val development, differ significantly in soft-tissue anatomy,
shell morphology, shell chemistry, shell microstructure and
texture, as well as in the amount, type and fabric of organic
material intercalated into the shell calcite. Thus today, we
observe a large diversity in brachiopod body plans as well
as in morphological, structural and chemical shell features.
The aim of this review is to highlight, juxtapose and
discuss shell microstructure, texture and chemical diversity
for Recent calcite-shelled brachiopods. We do not intend
to summarize diversity in overall shell morphology or bra-
chiopod biology. For the latter see the excellent review by
James et al. (1992). Rather, we aim to give a comprehensive
overview of the nano- and microstructure, texture, biopoly-
mer content and distribution for representatives of all four
extant calcite-shell producing brachiopod orders: the Ter-
ebratulida, Rhynchonellida, Thecideida and Craniida. We
investigated twenty Recent brachiopod taxa (Table S1): two
rhynchonellide, one craniide, three thecideide and fourteen
terebratulide species and base our results and conclusions
on Electron Backscatter Diffraction Measurements (EBSD),
complemented by AFM, STEM and FE-SEM imaging of
fractured and etched shell cross-sectional surfaces and
geochemical results obtained by Ion Microprobe and LA-
ICP-MS analyses. A number of studies in the last decades
address Recent brachiopod shell structure, microstructure
and texture (e.g. Rudwick 1959, 1970; Williams 1973,
1997; Williams and Cusack 2007; Schmahl et al. 2004,
2008, 2012; Griesshaber et al. 2005, 2007; Cusack and Wil-
liams 2007; England et al. 2007; Pérez-Huerta et al. 2007,
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Merkel et al. 2007, 2009; Cusack et al. 2008; Checa et al.
2009; Goetz et al. 2009, 2011; Gaspard and Nouet 2016; Ye
et al. 2018a, b). However, these rarely deal with the com-
posite (biomineral and biopolymer) nature of the shell or
the nanoscale arrangement of the calcite material. In addi-
tion, these studies concentrated on either one or only a few,
predominantly, rhynchonellide or/and terebratulide species.
In particular, the shell microstructure and texture of Recent
Thecideida and Craniida is, so far, little explored, which is
done in this study.
We discuss in this article the following:

1. Differences in microstructure and texture for representa-
tives of the different calcite-shelled orders.

2. Differences in shell structure between thecideide spe-
cies and the primary shell-layer of rhynchonellide and
terebratulide taxa.

3. Shell microstructures and textures of Recent Craniida.

4. Microstructure and texture of the brachiopod brachid-
ium.

5. The mode of organic substance intercalation in the dif-
ferent shell layers of rhynchonellide, terebratulide, the-
cideide and craniide taxa.

6. The nanometer-scale structure of Recent rhynchonellide
and terebratulide fibers.

7. The presence of a sparse network of thin biopolymer
fibrils within rhynchonellide and terebratulide fibers.

8. Paleoenvironmental reconstructions based on brachio-
pod shells relies strongly on the preservation state of
the fibrous shell layer. We place major attention on the
fibers and summarize the present knowledge of calcite
organization within the fibrous shell layer of rhynchonel-
lide and terebratulide taxa.

This review is divided into seven sections:

First (Sect. 1), we demonstrate the distinctness in shell
calcite organization for representatives of the Terebratulida,
Rhynchonellida, Thecideida and Craniida.

As second (Sect. 2), we describe characteristics of the
biocrystals, in particular, the diversity of crystal morpholo-
gies and, subsequently, as third (Sect. 3), the distribution
pattern of organic substance within the shells.

Then (Sect. 4), we focus on the internal structure of
brachiopod fibers, discuss nanometer-scale features of ter-
ebratulide and rhynchonellide fiber calcite and highlight, in
particular, (1) their hierarchical internal structuring and (2)
demonstrate for the first time that fibers incorporate a net-
work of thin organic fibrils.

In the next section (Sect. 5), we provide details for ter-
ebratulide, rhynchonellide, thecideide and craniide repre-
sentatives modes of shell calcite assembly and describe
characteristics of shell texture. We show that shells of
Recent calcitic brachiopods are constructed of seven types

of biocrystals: dendrites, fibers, columns, platelets, laminae,
acicles and polygons.

Subsequently (Sect. 6), we discuss Recent thecideide
shells in greater detail and highlight differences/similarities
in shell microstructure and chemistry between thecideide
and terebratulide species.

Our review concludes (Sect. 7), with a summary where
we discuss for Recent calcitic brachiopods: (1) microstruc-
tural adaptations to environments, (2) the advantage of a
hierarchical and composite hard tissue for the animal, (3)
determinants of brachiopod microstructure and texture fab-
rication, and (4) characteristics of thecideide shell micro-
structures in view of their applicability for paleoenvironment
reconstructions.

Materials and methods
Materials

We investigated the following Recent brachiopod speci-
mens (Table S1 in the supplementary section): Megerlia
truncata (Linnaeus, 1767) (Terebratulida), Magellania
venosa (Dixon, 1789) (Terebratulida), Terebratulina sep-
tentrionalis (Couthouy, 1838) (Terebratulida), Terebratalia
transversa (Sowerby, 1846) (Terebratulida), Magellania
flavescens (Lamarck, 1819) (Terebratulida), Terebratu-
lina crossei Davidson, 1882 (Terebratulina), Terebratalia
sp. (Terebratulida), Calloria inconspicua (Sowerby, 1846)
(Terebratulida), Magasella sanguinea (Leach, 1814) (Ter-
ebratulida), Laqueus rubellus (Sowerby, 1870) (Terebrat-
ulida), Liothyrella uva (Broderip, 1833) (Terebratulida),
Liothyrella neozelanica Thomson, 1918 (Terebratulida),
Gryphus vitreus (Born, 1778) (Terebratulida), Magellania
fragilis Smith, 1907 (Terebratulida), Terebratulina retusa
(Linnaeus, 1758) (Terebratulida), Notosaria nigricans
(Soweby, 1846) (Rhynchonellida), Neorhynchia strebeli
(Dall, 1908) (Rhynchonellida), Kakanuiella chathamensis
Liiter, 2005 (Thecideida), Pajaudina atlantica Logan, 1988
(Thecideida), Thecidellina blochmanni Dall, 1920 (Thecid-
eida) and Novocrania anomala (Miiller, 1776) (Craniida); 14
terebratulide, 2 rhynchonellide, 3 thecideide and 1 craniide
species. As species of a specific order show similar shell
structural patterns, we show here characteristics for select
specimens (underlined in Table S1), and we give references
for structural information on the other specimens listed in
Table S1, supplementary section.

Terminology
In this study, we may use the terms mineral units or

biocrystals for fibers, columns, acicles, and granules.
The outermost, mineralized, shell layer of terebratulide,
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rhynchonellide and craniide shells is called, following the
terminology used in the literature, primary or outer shell
layer. For what are called secondary and tertiary shell lay-
ers in the literature, we use the terms fibrous (for the sec-
ondary layer) and columnar (for the tertiary layer). It has
been shown for some three-layered Recent brachiopods that
fibrous layers may alternate with columnar layers (Goetz
et al. 2009 and this study) within the secondary layer.
Accordingly, the simple numbering of the two inner shell
layers into secondary and tertiary ones is not appropriate.
When we refer to the different shell layers we use our termi-
nology, but give in parentheses ‘secondary/tertiary’, the con-
ventional brachiopod shell layer terminology. Other terms
such as distal/proximal fiber regions/surfaces and ‘proximal
membrane’, lining the proximal surface of a fiber are indi-
cated and defined in Fig. 15C, D.

Methods
Microstructure and texture analyses

Electron Backscatter Diffraction measurements (EBSD) We
base microstructure and texture characterization on Electron
Backscatter Diffraction (EBSD) measurements (for further
information on microstructure and texture analysis see
Engler and Randle (2009), Schwartz et al. 2000; Wilkinson
and Britton 2012; Stojakovic 2012). The basics of calcite
crystallograpy and twinning patterns of calcite are covered
by Brock (1993) and Richards (1999).

EBSD measurements for this study were performed in
step increments between 300 and 500 nm. The microstruc-
ture is shown with coloured EBSD maps, where similar col-
ours visualize similar crystal orientations, while, different
colours indicate differences in crystal orientation. The term
texture relates to the varieties of crystal orientations within
a material and is given with pole figures.

For EBSD measurements shell samples were embedded
in epoxy resin. The embedded samples were subjected to
several sequential mechanical grinding and polishing steps.
The last two steps consisted of etch-polishing with colloidal
alumina in a vibratory polisher and, subsequently, by ion
polishing with an Ar beam in an ion polisher. For EBSD
measurements the samples were coated with 4-6 nm of car-
bon. Measurements were carried out with a Hitachi SU5000
field emission SEM, equipped with an Oxford Instru-
ments EBSD detector. During measurements, the SEM was
operated at 20 and 15 kV; Kikuchi patterns were indexed
with the CHANNEL 5 HKL software.

Information obtained from EBSD measurements is pre-
sented as band contrast measurement images and as colour-
coded crystal orientation maps with corresponding pole
figures. The latter give either individual data points or, in
the contoured version, the strength of the clustering of poles.
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When we show the contoured data, we use the lowest pos-
sible degree for half width and cluster size: a half width of
5° and a cluster size of 3°, respectively. The half width con-
trols the extent of the spread of the poles over the surface of
the project sphere. A cluster comprises data with the same
orientation.

We use two colour-codes for showing calcite orientation
in EBSD maps. These are given in appendix figures, Figs.
S12E and S13A. The relevant colour-code for a particular
EBSD map is given in the appropriate figure caption.

Terminology

1. EBSD band contrast gives the signal strength of the
EBSD-Kikuchi diffraction pattern and is displayed as
the grey-scale component in a map. The strength of the
EBSD signal is high when a crystal is detected (bright in
the map), whereas it is weak or absent when a polymer is
scanned, such as organic matter (dark/black in the map).

2. Crystal co-orientation statistics are derived from
Kikuchi diffraction patterns measured at each image
pixel of an EBSD map. The degree of calcite co-orien-
tation within as well as between mineral units/crystals
is obtained from orientational density distribution meas-
urements. Thus, calcite co-orientation is given with the
contoured version of the pole figures and by the MUD
value.

3. The MUD (multiple of uniform (random) distribution)
value is calculated using the Oxford Instruments CHAN-
NEL 5 EBSD software. A high MUD indicates high
crystal co-orientation, while low MUD values reflect
low to random crystallite or/and mineral unit co-orien-
tation. With a half width of 5 and a cluster size of 3 an
MUD value above 700 indicates very high crystallite co-
orientation strength, as it is the case for a single crystal.

4. Pole figures are stereographic projections of the orienta-
tions of crystallographic axes or plane normals meas-
ured on all pixels of an EBSD map. They can either
display individual data points or orientational probabil-
ity density distributions. We display the pole figures in
the same spatial orientation as the corresponding EBSD
map using the data points on the lower hemisphere of
the stereographic projection.

5. The term fexture relates to the distribution of crystal
orientations within a material and is illustrated by pole
figures, showing either colour-coded orientation data or
contoured versions of density distributions of c- and a*-
axes poles.

6. A fiber texture or axial texture is present when the meas-
ured orientations have a one-dimensional orientational
order. For brachiopod shell calcite usually the c-axes of
the individual crystals are co-oriented, showing a cluster
concentration around one particular direction in the {001}
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(=c-axis) pole figure, whereas the {100} (=a*-axes) scat-
ter in orientation is on the great circle. The latter is perpen-
dicular to the c-axes orientations (e.g. Figs. 19E, F, 21C).

7. A three dimensional texture or three dimensional ori-
entational order is present when all crystallographic
axes in the investigated map are co-oriented, such that
there is a concentrated cluster of data points around one
particular direction in the c-axes pole figure but also dis-
tinct clustering on the great circle perpendicular to this
direction in the a*-axes pole figure. Since, for calcite,
the c-axis is a unique direction and bears the 3 symmetry
axis, there are six maxima in the a*-axis pole figure.
However, only three of those are usually visible in the
pole figure because data of only one hemisphere are dis-
played in the stereographic projection (e.g. Fig. 22E-H).

8. The term microstructure refers to the sum of grains, their
sizes, morphologies, modes of interlinkage, co- and mis-
orientations and is shown with coloured EBSD maps.
Similar colours visualize similar crystal orientations,
different colours indicate differences in crystal orienta-
tion.

Imaging with Field-Emission Scanning Electron
microscopy (FE-SEM)

To visualize the distribution pattern of the organic substance
within shells, we etched them in cross-sections. First, flat
surfaces were obtained by cutting and polishing the sam-
ples with glass and diamond knives. The surfaces were then
etched with a 0.1 M HEPES buffer (pH 6.5) and 2.5% glu-
taraldehyde solutions for 90 and 120 s, respectively. Etch-
ing was terminated by rinsing the samples three times in
100% isopropanol for 10 s each. Subsequently, samples were
critical-point dried and etched surfaces were coated with
4-6 nm of Pt/Pd. SE or/and BSE images were taken at 4 kV,
with a Hitachi SU5000 FE-SEM; the used contrast (SE or
BSE contrast) is given in the figure caption.

Imaging with Atomic Force Microscopy (AFM)

The sub-micrometer and nanostructure of brachiopod shell
calcite were visualized by AFM. Samples were measured
in contact mode with a JPK NanoWizard II AFM using
silicon cantilevers. The lateral and vertical deflection traces
were measured and processed with the NanoWizard® IP
image processing software and the Gwyddion free and
open-source software. We used the “Gold” scale for col-
our. The lateral and vertical deflection traces are the result
of the interaction between the cantilever tip and the sample
surface.

Imaging with Scanning Transmission Electron
Microscopy (STEM)

Magellania venosa shell fibers were imaged with a STEM
detector attached to a Hitachi SU5000 field emission SEM.
40-100 nm thin sections were cut from fresh shells using
a Reichert Ultracut S and an Ultra-type diamond knife
(Diatome). Sections were mounted on copper EM grids
and imaged with a HAADF Annular SEM STEM detector
(Deben).

Geochemical analyes
Oxygen isotope analysis by lon Microprobe

Oxygen isotope compositions of two specimens of the
Recent brachiopod P. atlantica and one specimen of the
Recent brachiopod M. venosa was analysed by ion micro-
probe. We investigated primarily the ventral valves for both
species. To assess the variability in oxygen isotope com-
position, transects through the shells were performed from
outermost to innermost shell portions; 20 pm spots were shot
with a step size between spots of 50 um. Prior to analyses,
the valves were cut from anterior to posterior shell regions
into halves. One half was embedded in epoxy resin and pol-
ished with diamond paste down to 1 um. Measurements were
carried out at CRPG (Centre de Recherches Pétrographiques
et Géochimiques, Nancy, France) and closely followed the
technique described by Rollion-Bard et al. (2007). A Cameca
IMS 1280-HR2 was used for measurements. Instrumental
mass fractionation (IMF) was corrected for by normalizing
the results gained on the samples with two in-house cal-
cite reference materials, BRET (6180 =-10.87%0 V-PDB,
Rollion-Bard and Marin-Carbonne 2011) and CCciAg
(880 =— 11.61%0 V-PDB). IMF was also corrected for the
effect Mg content with the correction of — 0.3 x MgO wt%
(Rollion-Bard and Marin-Carbonne 2011). The internal 20,
error was less than +0.1%o. External reproducibility (1o),
based on replicates of the calcite in-house reference materi-
als, was +0.13 and 0.28%o, depending on the analytical ses-
sion. The total error for each 8'30 value takes into account
the external reproducibility and the internal error. All $'30
values are reported in%o and are given relative to V-PDB
(Vienna Pee Dee Belemnite) international standard.

Trace and minor element compositions by Laser
Ablation Coupled to an ICP-MS (Inductively Coupled
Plasma Mass Spectrometer)

The method described in Rollion-Bard et al. (2019) was
applied for measuring the trace and minor element com-
positions. An Analyte G2 Excimer laser ablation system
(193 nm), coupled to a quadruple Agilent 7900 series
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Fig. 1 EBSD band contrast
measurement images depict-
ing the shell microstructures
that we find for both valves of
Liothyrella neozelanica (A) and
Magellania venosa (B). Note (1)
the difference in microstructure
between the primary (yellow
star in A and B) and the other
mineralized shell layers; (2) for
the shell of L. neozelanica the
distinctness in the mineral unit
(biocrystal) size and morphol-
ogy. Note further the alternation
of fibers (green stars in A) and
columns (large orange stars in
A) within the innermost miner-
alized layer of L. neozelanica
(see also Goetz et al. 2009; Ye
et al. 2018a, b). Red dots in A
and B indicate endopunctae.
The transition from columns to
fibers is sharp. A delineating
organic membrane is absent
between fibrous and columnar
shell layers (red stars in A)

columns transversely cut fibers
L S TT

(LA-Q-ICP-MS) was operated at a repetition rate of 5 Hz
and an energy fluence of 3.7 mJ/cm?. Samples were analyzed
using a laser spot of 40 um diameter. The isotopes "Li, *Na,
2 Mg, % Mg, 271 Al, *Ca, and ®3Sr were monitored. Measure-
ments of NIST glass standard 610 and 612 were acquired
before and after each run of 10 to 20 analyses, depending on
the shell thickness. The overall precision (relative standard
deviation, RSD) of the element ratios, calculated adding the
errors in quadrature, are based on repeated measurements of
NIST 612 glass. RSD was 10% for Li/Ca in M. venosa, 20%
for Li/Ca in P. atlantica and 2% for Na/Ca, 4% for Mg/Ca
and 2% for St/Ca in both species.

Section 1: Diversity of Recent brachiopod
shell microstructures

EBSD band-contrast images highlight the distinctness and

diversity of biocrystal shapes, sizes and microstructures
that we observe in Recent rhynchonellide and terebratulide
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(Fig. 1), thecideide (Fig. 2A), and craniide (Fig. 2B) brachio-
pod shells.

Depending on the species, Recent rhynchonellide and
terebratulide valves consist of up to four layers: an outer
organic layer, the periostracum and, at most, three miner-
alized layers, the primary, fibrous (secondary) and colum-
nar (tertiary) shell layers. Although the three mineralized
layers have distinctly different microstructures (Fig. 1), the
calcite of rhynchonellide and terebratulide shells exhibits a
systematic pattern of crystallographic preferred orientation
and, accordingly, a well-ordered structure (this study and
Schmabhl et al. 2004; Griesshaber et al. 2007, 2009; Cusack
et al. 2008; Goetz et al. 2009; Ye et al. 2018a, b).

This well-ordered structure in terebratulide and rhyn-
chonellide shells contrasts profoundly with the degree of
mineral unit and calcite crystallite arrangement and order-
ing in thecideide and craniide shells (Fig. 2). The degree of
crystal co-alignment in the shells of thecideide and craniide
taxa is low, close to random (Sect. 5 and Simonet Roda et al.
2021). Modern thecideides secrete mineral units, biocrys-
tals, which have a multitude of sizes and shapes (Fig. 2A);
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Fig.2 EBSD band contrast
measurement images depict-
ing the shell microstructure
that we find for both valves of
Pajaudina atlantica (A) and
Novocrania anomala (B). The
shell of P. atlantica consists of a
multitude of differently shaped
and sized calcite crystals with-
out any systematic assemblage
pattern. Most of the calcite in N.
anomala consists of a multitude
of small crystal entities (red
dots in B) that comprise few
(on average three to six) small
tablet-shaped crystals (see also
Figs. 29, S16). The crystals
form arrays of parallel layers
that are curved and undulate
within the shell (B). Yellow
dots in B indicate punctae. A
Modified after Simonet Roda

et al. (2021)

these comprise the shell without any obvious arrangement
pattern. Modern craniides form most of their shell of (1)
a myriad of small crystals (red dots in Fig. 2B) and (2) of
interlinked laminae (discussed further in Sect. 5.1, e.g.
Figs. 24A, 25, S15). The small crystals consist of few tablets
and are arranged in arrays of thin, generally curved, layers
(Fig. 2B). Being tablet-shaped, the tabular mineral units in
craniide shells were previously categorized as ‘semi-nacre’
structures (Williams and Wright 1970; England et al. 2007,
Pérez-Huerta et al. 2007), because they resembled the nacre
of bivalve shells. However, in accordance with Checa et al.
(2009), our study shows that the microstructure and texture
of craniide shells are mineralogically and crystallographi-
cally dissimilar to any nacreous or foliated crystal assem-
blies observed in bivalve shells.

In summary, the shells of Recent rhynchonellide, tere-
bratulide, thecideide and craniide taxa exhibit a wide range
of mineral unit/biocrystal morphologies, arrangements and

Pajaudina
= -, atlantica
P

architectures. We will show in this review that craniide shells
have the weakest texture as calcite crystals in these shells are
the least co-oriented. Relative to Craniida, the calcite in the-
cideides has a slightly higher preferred co-orientation. The
highest crystallographic preferred co-orientation is observed
for the columnar shell layer of Terebratulida. Relative to the
columns, slightly reduced in co-orientation strength, is the
primary shell layer of Rhynchonellida and Terebratulida.
The fibrous shell layer of Rhynchonellida and Terebratulida
always has a lower preferred co-orientation, when compared
to that of the primary and columnar shell layers. Accord-
ingly, not only structural characteristics of mineral units and
their microstructural arrangement but also the textures vary
widely for rhynchonellide, terebratulide, thecideide and cra-
niide shells.
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Fig.3 The primary and fibrous
shell layers of Notosaria nigri-
cans. SE image of a microtome
knife polished, etched and
critical-point dried cross-section
through the shell. Well visible
is the lack of an organic matrix
in the primary shell layer, but
its presence in the fibrous shell
layer portion, respectively. Note
the stacks of transversely and
longitudinally arranged fibers.
Well visible in most fibers is a
striation, indicative of the mode
of calcite secretion: deposition
of thin layers, increments, of
calcite; described in great detail
in Simonet Roda et al. (2019a)

Section 2: Diversity of brachiopod shell
biocrystal morphologies

Figures 3, 4, 5, 6, 7, 8,9, 10 and S2, S3 visualize mor-
phological differences of biocrystals in rhynchonellide,
terebratulide, thecideide and craniide shells. We show char-
acteristics on the micrometer and submicrometer scale lev-
els. Nanometer scale characteristics of calcite fibers will be
discussed in Sect. 4.

Modern brachiopod shell valves consist of two or three
mineralized layers formed of distinct material microstruc-
tures: (1) the outermost primary (Fig. 3), (2) the adjacent
fibrous, secondary (Fig. 3), and (3) the innermost, colum-
nar, tertiary (Fig. 6B), layer, respectively. The primary shell
layer of rhynchonellides and terebratulides (Figs. 4A, B,
5B, 6, S2) consists of interdigitating mineral units. These
are often larger-sized at the base of the primary layer, next
to the fibers (yellow star in Figs. 4A, 5B), and decrease in
size towards the outer primary layer region (Fig. 4A). Even
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though, we observe often that the outermost primary shell
layer section is seamed by a row of large crystals (yellow
arrows in Fig. 6). The anterior margin of both valves of rhyn-
chonellide and terebratulide brachiopods is always formed
of primary-shell layer-type calcite material (white arrows
in Fig. 6).

The primary layer of rhynchonellide and terebratulide
brachiopod shells is not nanogranular as described by Wil-
liams (1973). This shell layer has a specific microstruc-
ture and is devoid of intercalations of organic material
(Griesshaber et al. 2009). TEM and EBSD measurements
(Figs. 19A-C, 20A; Griesshaber et al. 2009; Goetz et al.
2011) show that large fractal-like, dendritic and differently
oriented mineral units interdigitate in three dimension. An
assembly of these strongly interdigitated crystals forms the
primary shell layer; the specific mode of interlinkeage of
the irregularly shaped, dendritic mineral units creates the
impression that this part of the shell is nanogranular (Goetz
et al. 2011). The transition from the primary to the fibrous
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Fig.4 SE images of microtome
knife polished, etched and
critical-dried (A, B, E, F) and
of fractured surfaces (C, D)

of the different shell layers of
Liothyrella uva (A, B), Ter-
ebratalia transversa (C, D) and
Gryphus vitreus (E, F). A, B
Primary shell layer C, D fibrous
shell layer, E, F columnar shell
layer. Even though the etching
procedure was similar for all
shell layers, we see, for the
calcite of the different layers,

Liothyrella uva

structural differences at the
submicron scale: B irregularly
shaped units comprise the
primary layer, D sequences of
layers with nano-sized calcite
entities form the fibers, F calcite
crystals with rhombohedral
morphologies (yellow arrow in
F) constitute columns. Insert in
F: SE image of non-biological
calcite; note the similarity in
crystal morphology between
columnar layer calcite (F) and
that of inorganic calcite, calcite
crystals precipitated from solu-
tion (insert in F). Yellow star
in A: primary shell layer; green
star in A: fibrous shell layer.
Red stars in C and D: sequences
of nano-scale layers within a
calcite fiber. White arrows in

E point to organic membranes
between adjacent columns

shell layer is sharp (Figs. 5B, 6), and an organic membrane
delineating the two shell layers is absent.

In all rhynchonellides and terrebratulides, the layer next to
the primary shell layer is formed by stacks of fibers (Figs. 3,
4C, D, 5, 6), the latter being within a network of organic mem-
branes, the extracellular biopolymer matrix (Sect. 3, and Fig.
AS5B in Simonet Roda et al. 2019b). The membranes are about
100-120 nm thick (see Sects. 3 and 4). However, individual
fibers are not fully encased by the organic substance, only one
surface of the fiber is covered by an organic lining (see Sect. 3
and Simonet Roda et al. 2019b).

Within the fibrous shell layer, the fibers form stacks con-
sisting of, more or less, parallel arrays of fibers (Figs. 3, 5,
6, and Griesshaber et al. 2007, 2009; Goetz et al. 2011).
Usually, the stacks change their orientation within the
layer by a few tens of degrees, occasionally by up to almost
90°. Accordingly, in two-dimensions, we find diagonally,
transversely and longitudinally arranged fibers (Figs. 3,
5B, 6). This arrangement pattern of the stacks of fibers
is comparable to fiber organization in a twisted plywood

““. & Terebratalia
3 n
: transversa

Gryphus vitreus

structure. When cut in cross-section, the convex-concave
(keel and saddle) morphology of the fibers and their stag-
gered arrangement is a unique characteristic of terebratulide
and rhynchonellide brachiopod shells (Figs. 3, 4C, 6A, E,
and Simonet Roda et al. 2019a, b), which differs signifi-
cantly from fibrous assemblies of other biological hard tis-
sues, such as calcite fibers in Mytilus edulis shells. It has
been shown by Ye et al. (2018a, b) that brachiopod fiber
length, roundness and convexity of Recent rhynchonellides
and terebratulides can be related to ontogenetic development
and environmental conditions. Calcite fibers in brachiopod
shells are curved, unlike those calcite fibers noted in Mytilus
edulis shells, especially at endopunctae (insert in Fig. 5A,
Checa et al. 2019). In cross-section, the calcite within an
individual fiber is arranged in thin, 80-100 nm-sized, layers
(Figs. 4D, 5C, 18).

When present in a shell, the columnar shell layer is
formed of large, prism-shaped entities, called columns
(Figs. 4E, 6B). The columns are delineated from each other
by organic membranes (white arrows in insert in Fig. 4E),
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Fig.5 The fibrous shell layer of Megerlia truncata (A), Notosaria
nigricans (B) and Terebratalia transversa (C). A, C SE images of
fractured surfaces. B EBSD band contrast measurement on a cross-
section through the primary and the fibrous shell layer. Well visible
are in B: (1) the differently oriented stacks of, more or less, paral-
lel fibers and (2) a row of large, primary layer, crystals (yellow star
in B) at the transition from the fibrous to the primary shell layer. C
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Staggered arrangement of fibers in a stack of fibers; sequence of thin
calcite layers within individual fibers (white arrows in C). Insert in
A: note the bending of fibers around an enodpuncta (red stars) and
Griesshaber et al. (2005). It is remarkable that with the bending of a
fiber the calcite lattice remains coherent, even though, due to bend-
ing, the morphological axis of the fiber changes direction
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Fig.6 EBSD band contrast measurement images through cross- structure and te xtur . Arr y of parallel fibers form stacks. These
tions of terebratulid brachiopod shells. Note: (1) the cut through stacks are misoriente d to each other, often by about 90°; when cut in

differently oriented stacks of fibers and (2) the string of large/larger two dimensions, we observe stacks of longitudinally and transversely

crystallites (yellow arrows) that seam outermost primary layer sur- anged ﬁb espectivi ly (well visible in Calloria inconspicua and

faces. The anterior margin of the valves (white arrows) consists M egerlia tru t )

always of primary layer type material with its characteristic micro-
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Fig.7 EBSD band contrast (grey) measurement images A, B of
a cross-section through the shell of Liothyrella neozelanica. Figs.
A and B show two different cuts through the shell for: (1) a better
visualization of column morphology and (2) the change-over from
the columnar to the fibrous microstructure. In colour in A and B we
show for selected columns calcite orientation. Columns have irregular
morphologies and might interdigitate (e. g. the two columns marked
with a yellow and magenta star in A). The transition from columns
to fibers is smooth (A and white arrows in B). In both cuts through

@ Springer

ﬁbers

Liothyrella

neozelanica

& OV fibers
: columns

olumns
> | <

the shell there is an alternation between columnar and fibrous shell
layers. It is well visible in B that columns form through competitive
growth; see the first-formed small-sized columns (black arrow in
B) that develop with increasing distance away from the nucleation
front to large columnar units; see also Goetz et al. 2009; Schmahl
et al. 2012. The pole figure in C shows calcite co-orientation for the
selected columns given coloured in B. The pole figure in D gives cal-
cite orientation for all measurements shown in B. The colour-code is
given in Fig. S13
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Novocrania anomala

Fig.8 SE images of fractured surfaces (A-E) and EBSD band con-
trast measurement image (F) of the shell structure and microstructure
of Novocrania anomala. Most of the shell (ventral valve, see also Fig.
S3), consists of a sequence of 300—400 nm thin and curved calcite

have irregular morphologies (Fig. 6B) and interdigitate
slightly (yellow/magenta stars in Fig. 7A). For L. neoze-
lanica we see an alternation between columns and fibers
(Fig. 7A, B). The transition from columns to fibers is sharp,
especially between columns and longitudinally arranged fib-
ers (Fig. 7A, B). When etched, calcite crystallites within the

layers (A-D, F), the latter formed of strings of platelet-shaped calcite
crystallites (F). The shell is interspersed by many punctae (white dots
in A, E); the calcite layers curve around the punctae (E)

columns have rhombohedral morphologies similar to that of
the non-biological calcite analogue (Fig. 4F). Goetz et al.
(2009) and Schmabhl et al. (2012) described brachiopod col-
umn growth in detail and found that columns form through
a competitive growth process (Fig. 7B). Competitive growth
in calcite is based on the fact that the c-axis is the fastest
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Fig.9 AFM and SE images depicting characteristics of Novocrania
anomala shell calcite. A AFM height; B, C AFM lateral deflection,
D-G SE images of fractured surfaces. Curved arrays of 300—400 nm-
thick layers of calcite A, D that constitute the largest part of the
ventral valve. Individual layers are formed of crystals that exhibit
morphologies similar to those of non-biological calcite (E) and (G).
Individual layers consist of calcite crystals that exhibit crystallo-
graphically regular growth edges (E, G, white star in B, C). In side
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view, individual crystals appear to be curved tablets (D). In top view,
these crystals/tablets show a spiral structure (E-G). Note: the spiral
features are on the 1 pm scale level while classical growth spirals on
inorganic crystals are on the dngstrgm scale level. The microscale
growth spirals are confined to individual or/and their immediate
neighbouring crystals; the spirals do not extend over several adjacent
crystals. The curved platelets show an internal nanostructure (B, C)
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Fig. 10 SE images, A and B,
of microtome knife polished
and etched shell surfaces of the
thecideide brachiopod species
Kakanuiella chathamensis.
The shell of K. chathamensis
consists of an assembly of
interdigitating, dendritic calcite
units that are highly irregular
in size and morphology. C-F
Vertical deflection AFM images
depicting the mineral units

that comprise both valves of
the shell of the thecideide bra-
chiopod Pajaudina atlantica. In
the shell of this species as well
there is no regularity in crystal
morphology or crystal size.
Adjacent crystals interdigitate
(white stars in F). C-F Modi-
fied after Simonet Roda et al.
(2021)

growth direction, and that only crystals with their c-axis
parallel to the main growth direction of the shell extend in
size. Crystals that have their c-axis inclined to the plane of
nucleation are hindered in growth since they abut with their
neighbors. Brachiopod column generation will be addressed
in greater detail in Sect. 7.3.

Modern craniide and thecideide species form their shell
with different structural design concepts (Figs. 8§, 9, 10).
Most of the calcite in craniide shells is assembled into two
microstructures: (1) an arrangement of laminae forming pre-
dominantly the dorsal valve (discussed in detail in Sect. 5.1)
and (2) sequences of 300400 nm thin layers consisting of
crystallites comprising tabular calcite (Figs. 9, S3). The lay-
ers are curved and are formed of platelet-shaped crystallites
that do not interdigitate and are only slightly misoriented to
each other. In surface view, individual tabular crystals vary
in size and often exhibit a spiral aspect (Figs. 9, S3).

S

Kakanuiella chathamensis

N S

A A
REETERN

Modern thecideides form their shell of a multitude of dif-
ferently sized and shaped mineral units (Fig. 10) without any
obvious and regular assembly pattern (Fig. 2A). We note
the occasional interlinking of mineral units (white stars in
Fig. 10F).

Section 3: Organic matrices within shell
calcite

The distribution pattern of organic substance is not only
distinct for representatives of the four calcite shelled bra-
chiopod orders, it varies also for the different shell layers
of terebratulide and rhynchonellide species. Figures 11, 12,
13, 14, 15 and 16 and supplementary Figs. S4-S11 high-
light the mode of distribution of organic biopolymers within
shells. Figures 11, 12 and 13 show extracellular matrices;
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Terebratalia transversa

Fig. 11 SE images of microtome knife polished and etched surfaces
of the primary and fibrous shell layer of Terebratalia transversa (A)
and the fibrous layer of Liothyrella uva (B). The primary layer A does
not contain any organic substance (this study; observations by TEM
in Griesshaber et al. 2009). In contrast, an extracellular matrix is pre-
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sent within the fibrous shell layer formed of an assembly of organic
membranes. Yellow star in (A) and (B): organic membranes of the
extracellular matrix separating adjacent fibers; white star in A and B:
the calcite of the fibers
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Terebratalia transversa

Fig. 12 SE images taken on microtome knife polished, etched and
critical-point dried shell cross-sections visualizing the presence and
fabric C-F of biopolymer membranes of the extracellular organic

Figs. 15F, S9B depict the thin network of organic fibrils that
is occluded within the calcite of the fibers.

Organic material content is high in the fibrous shell layer
of terebratulide and rhynchonellide brachiopods as well
as throughout the shell of N. anomala (Craniida). In the
shell of these taxa the organic substance is developed as an

matrix (white stars in A-D) delineating adjacent fibers (yellow stars
in A-D). Figure 8C modified after Griesshaber et al. (2017). E, F
Surface view of the organic membrane covering a calcite fiber

extracellular biopolymer matrix (Figs. 11, 12, 13C-F, S5B,
C) that delineates neighboring fibers in terebratulides and
rhynchonellides and neighboring layers in craniides.

No organic material has been observed in the primary
shell layer of terebratulides and rhynchonellides (Figs. 11A,
S4A, Griesshaber et al. 2009), even though it was searched
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Fig. 13 SE images of microtome knife polished, etched and critical-
point dried shell cross-sections depicting membranes between col-
umns (A, B) in G. vitreus and calcite layers (C-F) in Novocrania

for with various biochemical preparation as well as SEM
and TEM imaging techniques (Griesshaber et al. 2009;
Simonet Roda et al. 2019a). However, we do find biopoly-
mers within the fibrous and columnar shell layers. Appli-
cable to both fibrous and columnar shell layers, organic
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anomala. White stars and white arrows in A-C, E, F point to organic
membranes incorporated into the shells; the yellow star in E shows
calcite sandwiched between organic membranes

material is developed as membranes and delineates neigh-
boring columns from each other (Fig. 13A, B). In cross-
section (Figs. 12A, B, S4B-S4D) the organic membrane
varies in thickness between 50 and 150 nm and appears to
be compact. However, in surface view (Fig. 12) it becomes
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Fig. 14 SE images taken on microtome knife polished, etched and
critical-point dried shell cross-sections visualizing the distribution
pattern of organic substance in the two valves of the thecideide bra-
chiopod Pajaudina atlantica. Thecideides incorporate much organic

quite apparent that the organic membranes consist of a rather
porous fabric.

Organic membranes delineate calcite layers in the shell of
N. anomala (Figs. 13C-F, S5B, C). Membrane thickness in
craniide shells is well below 100 nm, and it varies between
20 and 40 nm. In the shell of terebratulides, rhynchonel-
lides and craniides the distribution of organic matter is pat-
terned, as it is an extracellular matrix. In contrast, in Recent

Pajaudina atlantica
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substance into shell calcite. The organic component is developed as
thin membranes (white star in A and B) and as networks of fibrils
(E, F). Note: both membranes and fibrils are irregularly distributed
within the shell

thecideides there is no obvious regularity in the distribution
of the organic substance within the shells (Figs. 14, S6-S8).
Organic material in the latter is developed predominantly
as a network of fibrils (e.g. Figs. 14B, E, F) and, to a lesser
extent, as thin membranes (Figs. 14A-D, S6, S7). The
mode of biopolymer occlusion into and distribution within
thecideide shells is, more or less, random (white arrows in
Figs. 14, S6-S8).
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«Fig. 15 Transverse cut through calcite fibers of Notosaria nigricans
(A, F) and Liothyrella uva (C-E). Insert in A depicts the shell of
L. uva; the full image is shown in Fig. 12D. A SE image taken on
a microtome polished, etched and critical-point dried shell cross-sec-
tion surface. Insert in A vertical deflection AFM image indicating the
start of fiber calcite nucleation and growth (yellow arrow). B Sketch
depicting successive growth of the fibers by addition of thin calcite
layer increments (see striation within individual fibers). B Modi-
fied after Simonet Roda et al. (2019a). C, D Lateral deflection AFM
images depicting in high-resolution neighboring fibers; the calcite of
the fiber (green star in C, D) and the fiber growth terminating mem-
brane (white star in C, D) on the proximal surface of a fiber. C, D
Visualize that the distal surface of a fiber is not covered by an organic
membrane, only its basal, proximal, surface (white star in C and D).
E Vertical deflection AFM image showing the extracellular matrix
(white star in E) within the fibrous shell layer. F Lateral deflection
AFM image demonstrating the presence of a thin organic network
within the fibers (white arrows in F; and Fig. S9). White stars in C-E
point to organic membranes, green stars in C-E mark calcite

Section 4: Nanometer and sub-micrometer
organization of fiber calcite (rhynchonellides
and terebratulides)

Understanding how diagenetic overprinting influences
microstructural archival data is of fundamental importance
in palaeoecological and palacoclimatological studies (e.g.
Immenhauser et al. 2015). Of particular interest is the iden-
tification of low degrees of diagenetic overprint, as a severe
overprint is easily recognized due to the, more or less, com-
plete destruction of the hard tissue’s microstructure and
texture during shell recrystallization (e.g. Figs. 10C, 11E in
Casella et al. 2018). Studies have shown that the identifica-
tion of altered nanostructure is of immense importance in
identifying low degrees of diagenetic overprinting. It has
been shown that, even though original structural character-
istics and features may be preserved at the micrometer scale,
the nanostructure of the hard tissue might be completely
reset by diagenesis (Fig. 4C in Casella et al. 2018).

Since the fibrous shell layer of rhynchonellide and ter-
ebratulide brachiopods is regarded an appropriate archival
material for environmental reconstruction, it is important
that we focus on the nano- and submicrometer scale charac-
terization of the fibers (Figs. 15, 16, 17, 18, S9-S11). Mod-
ern brachiopod fibers are hierarchical composites where
biopolymers and calcite are interlinked on at least five levels:
(1) the rotated plywood structure of stacks of fibers, (2) a
stack of fibers, (3) the individual fiber, (4) calcite sublayers
within a fiber, and (5) nanoscaled internal structure and com-
posite nature of a sublayer within a fiber. Simonet Roda et al.
(2019a, b, 2021) investigated in great detail fiber secretion
and fiber organization of the Recent terebratulide M. venosa
and showed that individual fibers are not fully sheathed by
an organic membrane. In contrast to the observations of
Williams (Williams 1966, 1997), who suggest that individ-
ual fibers are fully encased by organic substance, Simonet

Roda et al. (2019a, b) demonstrated that only the convex
surface of a fiber is covered by an organic lining or mem-
brane, specifically the proximal surface of the fiber (white
stars in Fig. 15C-E). The concave, distal sides of each fiber
are juxtaposed to the proximal membrane of neighboring
fibres. Accordingly, solely the mode of fiber stacking, that
is specific for brachiopod fibers, creates the impression that
an individual fiber is fully sheathed by organic substance.

Simonet Roda et al. (2019a) demonstrated that mantle
epithelial cells are in direct contact with the calcite of a
forming fiber. Calcite deposition of a new fiber starts at the
proximal surface of the proximal membrane of a previously
secreted fiber (yellow arrows in Fig. 15A, B). Ongoing fiber
growth is achieved by the successive addition of thin calcite-
layer increments to previous layered increments within the
fiber (see the striation, indicating growth lines, of all fibers
in Fig. 15A, sketch shown in Figs. 3, 15B). Fiber growth
is terminated by the addition of a membrane (white star in
Fig. 15C-E) along the proximal surface of the fiber. In addi-
tion to the extracellular organic matrix, modern rhynchonel-
lide and terebratulide fiber calcite contains organic matter as
well. As the AFM image in Fig. 15F and the enlargement
in Fig. S9B highlight, calcite fibers contain a thin/sparse
network of organic fibrils (see white arrows in Figs. 15F,
S9). However, the latter is almost negligible, and as we will
discuss below, does not influence crystal organization within
brachiopod fiber.

When etched with a HEPES solution (pH of 6.5 and
0.1 M) we find for many terebratulide and rhynchonellide
species a structural sub-division of fibers into porous/spongy
material in the distal region (white dots in Figs. 16A, C-G,
S10 white arrows in Fig. 16B) and dense material in the
proximal region (red dots in Figs. 16A, C-E, S10), respec-
tively. Accordingly, material that etches easily is readily
removed, such as ACC or remains of specific biopolymers.
We find that easily etched areas are concentrated in distal
parts of a fiber; the first secreted fiber portions.

The calcite of fibers is further substructured (Fig. 17A, B
and STEM images of Fig. 17D-F). STEM images made on
60—100 nm thick microtome cuts of shell calcite (Fig. 17C)
show that fibers have an internal nano-scale structure (see
the patchiness within individual fibers). Furthermore,
STEM images visualize that the calcite of a fiber consists
of 80—-100 nm-thick layers (yellow star and black arrows in
Fig. 18A, yellow stars in Fig. 18B, C). In turn, these lay-
ers consist of 50-100 nm-sized calcite crystallites (yellow
arrows in Fig. 18 A-C). It is important to note that the SE
images in Fig. 18A, B, and the STEM images, are not made
on etched surfaces, thus, sample surfaces are not etched or
modified by any chemical processes.

Imaging results presented in this section show that indi-
vidual fibres, with their single crystallinity documented on
the micrometer scale with EBSD measurements, have an
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Liothyrella uva

Fig.16 AFM and SE images of fibers in Liothyrella uva. When A Lateral deflection, B, D Vertical deflection AFM images. C-G SE
etched with HEPES solution, the calcite in distal regions has a images of microtome knife polished, etched and critical-point dried
porous, spongy fabric, and in proximal sections (white dots in A, surfaces. White stars in A-F point to the organic membrane lining at
C-G, white arrows in B) a dense appearance (red dots in A, C-E). the proximal surface of a fiber
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Fig. 17 Submicrometer to nanomete-scale structuring of calcite fibers
in M. venosa. The features are visualized with AFM vertical deflec-
tion (A), AFM lateral deflection (B) and STEM (D-F) images. STEM
images are taken on 80-100 nm thin layers C cut from the calcite of
the fibers (white arrows in C); the obtained calcite ribbon rests on a

TEM grid. The white star in A, D-F points to the organic membrane
between adjacent fibers. The patchiness visualized with STEM imag-
ing D-F indicates that the calcite of brachiopod fibers consists of
about 50-100 nm-sized, crystallographically perfectly aligned, crys-
tallites. Red stars in D-F indicate individual fibers
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Fig. 18 The internal nanoscale structure of calcite fibers in Notosaria
nigricans. These are visualized with SE images of fractured surfaces
(A, B) and a vertical deflection AFM image (C). Well visible are the
thin sublayers (black arrows in A, yellow stars in B, C) that comprise
a fiber and the 50-100 nm-sized highly co-oriented crystallites (yel-

internal nanometric structure (Figs. 17D-F, 18A). These
consist of (1) thin sublayers within the fibers, (2) each sub-
layer consists of smaller nanometric units. The calcite of

@ Springer

low arrows in A) that constitute a calcite sublayer (yellow stars in
B and C). A sequence of these sublayers forms a fiber (Figs. 4C, D,
15A, B). Important to note: images in Figs. 18A, B were taken on
fractured surfaces, the surface of the fiber was not modified by etch-
ing or other chemical means during sample preparation

these nanometric units as well as the thin sublayers that con-
stitute the fibers are highly co-oriented (Sect. 5 and Schmahl
et al., 2008, Fig. A8C in Simonet Roda et al. 2019a). The
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nanometric units should not be regarded as individual nano-
particles but rather part of the crystal which has grown con-
secutively in separate compartments of the pre-existing
organic matrix. The sparse organic network occluded into
a fiber does not cause much misorientation between crys-
tallites within a fiber, at least misorientation that can be
resolved within our 1.5° experimental orientational-resolu-
tion capacity.

In summary, modern thecideides, craniides and rhyn-
chonellides/terebratulides differ significantly in the min-
eral unit, biocrystal, morphology, presence of extracellular
matrix and microstructure. Even though, at the submicrom-
eter scale the structure of crystallites in the mineral units/
biocrystals is similar for the aforementioned groups of spe-
cies (S11).

Section 5: Recent brachiopod shell
microstructures and textures

The different modes of calcite assembly in shells

Assembly patterns of shell calcite for representatives of the
four extant calcite-secreting brachiopod orders are given in
Figs. 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, S12-S16.
Modern rhynchonellides and terebratulides produce three
calcite material fabrics with similar textures, but with dis-
tinct crystal morphologies (Figs. 19, 20, 21, S12, S13) and
calcite co-orientation strength (Figs. 31, 32).

Previous studies demonstrated (Goetz et al. 2011;
Schmabhl et al. 2012) that the primary shell layer of Recent
rhynchonellides and terebratulides is not nanogranular
(Figs. 19A-C, 20A). Instead, primary layers of Recent bra-
chiopod shells consist of an array of large calcite grains with
concave/convex outer surfaces (yellow stars in Fig. 19A, B,
and Goetz et al. 2011) and dendritic morphologies (Fig. 4B).
These calcite grains, termed dendrites, interdigitate strongly
with-one-another (Fig. 19C). Recesses and protrusions of
abutting crystals occur without any cavities in or between
the dendrites. The interface between the primary shell layer
grains ranges from a few tens of nanometers to a few tens of
micrometers. Dendrites show a range of several degrees in
their crystallographic orientation, and can be referred to as
mesocrystals. Individual mesocrystals range in size from 20
or more micrometers (Figs. 19C, 20A) and are, accordingly,
not nanometer-sized grains, as described, on the basis of SE
images, in previous studies. The preferred crystallographic
orientation of the primary shell layer is similar to that of the
adjacent fibrous shell layer (Fig. 20), although these two
layers consist of biocrystals with totally different crystal
morphologies and grain boundary topologies.

The primary shell layer is well developed in all Recent
rhynchonellide and terebratulide brachiopod shells. Hence,

irrespective of differences in environments this outer shell-
margin structure is of major importance to Recent rhyn-
chonellide and terebratulide brachiopods. The primary shell
layer together with the periostracum forms a ‘protective cap’
against external mechanical impacts for the inner shell lay-
ers and for the internal soft tissue. The interlocked nature of
the dendrites affects the hardness (Vickers hardness) of the
primary shell layer; it is about twice as hard as that of non-
biological calcite (Griesshaber et al. 2007; Schmahl et al.
2008). The overall hardness of the adjacent fibrous shell
layer is significantly lower and is similar to calcite precipi-
tated directly from solution (Tretsch 1950). Primary shell
layer material with its specific microstructure and hardness
forms also the anterior margin of both valves, as shown for
N. nigricans in Fig. 6D.

The fibrous layer of Recent rhynchonellide and terebratu-
lide shells is pliant and tough. These properties are obtained
by virtue of the composite nature of the fibers, their hierar-
chy and their mode of layer organization. Individual fibers
are hierarchical mesocrystal composites that vary in length,
in 3-D dimension and fiber morphology (Ye et al. 2018a, b).
Fibers of all Recent terebratulide and rhynchonellide shells
have one convex proximal and three concave distal sur-
faces. The specific morphology of fibers allows their stag-
gered arrangement and facilitates their interlocked packing
(Figs. 3, 4C, 6A, C, E). The internal organization of calcite
within a fiber (Figs. 4D, 18B) evokes their conchoidal mode
of fracture.

Another unique feature of brachiopod fibers is that they
have curved outer surfaces, while the calcite within the
entire length of the fiber has a coherent crystallographic lat-
tice orientation (Figs. 19D, insert in 5A). Thus, while the
morphological orientation of a fiber can change, its calcite
lattice orientation remains always the same, a material prop-
erty feature that is specific to biologically secreted materials.
Analogous non-biologic calcite or aragonite breaks with the
slightest deformation. For Recent calcite-shelled brachio-
pods, morphological fiber axis direction and the orientation
of calcite c-axes are generally perpendicular to each other.

Neighboring fibers are often co-oriented due to stack-
ing formation (e.g. see the similarity in colour in Fig. 19D:
mainly green colours on the left and mainly blue colours on
the right-hand side of the image, respectively). However,
even though differing in crystal morphology and microstruc-
tural arrangement relative to that of the primary shell layer,
the fibrous shell layer as well has a strong fiber or axial
texture (the terminology for the latter is explained in the
methods section; compare EBSD maps and pole figures of
the different shell layers in Figs. 20, S12A). In contrast to the
valves, the texture of the fibers at the hinge, within the tooth
and the socket, is not axial, but is bi- or even multi-modal
(Figs. S12B-S12D, and Griesshaber et al. 2007). We observe
at the hinge two different calcite crystal arrangements, one
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within the tooth (Fig. S12D) and one within the socket (Fig. and the fibrous shell layers, the columnar shell layer has a
S12C). strong axial or fiber texture (see the pole figures in Figs. 21,

The columnar shell layer was investigated for G. vitreus ~ S13), even though the morphology of the columns is dis-
and L. neozelanica (Figs. 7, 21, S13). Similar to the primary  tinctly different to that of fibers and to the primary shell
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«Fig. 19 The microstructure (EBSD maps) and texture (pole figures)
of the primary and fibrous shell layer of terebratulide and rhyn-
chonellide brachiopods. The primary layer of these brachiopods is
not nanocrystalline; it consists of large, several micrometer sized,
units (yellow stars in A, B) that are highly interdigitated (A—C). The
primary shell layer has a dendritic, microstructure. C Three inter-
weaved dendritic crystals with slightly diferent orientations; see the
three clusters of c- and a*-axes data points in the pole figure given
in C. The fibrous shell layer (D-F) consists of parallel arrays of fib-
ers. These arrays change orientation; accordingly, in 2D views stacks
of fibers are longitudinally or transversely arranged (see also Figs. 3,
5B, 6). Brachiopod fibers can be curved (D), often around endopunc-
tae (Fig. 5A). The used colour-code for (A) and (E) is given in Fig.
S12, for (B-D, F) in Fig. S13

layer dendrites. Calcite within individual columns is highly
co-oriented, it is almost single crystalline, as indicated by
MUD values that range from 650 to 720 (Fig. 21). Although
similar in general microstructure and texture, we find one
difference between the columnar layers of G. vitreus and that
of L. neozelanica. In L. neozelanica columnar-layers there
is always an alternation between columns and fibers, gener-
ally, longitudinally oriented fibers (Figs. 7, 21C; Griesshaber
et al. 2009; Goetz et al. 2009). This is never observed in G.
vitreus (Fig. 21A). Instead, the thickness of the fibrous and
columnar shell layers can vary significantly in G. vitreus,
even within the same specimen (Figs. S13A, B). Sometimes,
the fibrous layer dominates the shell cross-section while the
columns are minor (Fig. S13); even though, the opposite
arrangement has also been observed in G. vitreus shells.
The transition between fibers and columns is sharp in both
L. neozelanica (Fig. 21C) as well as in G. vitreus (Fig. 21A,
B). The calcite of the columns starts adjacent to the organic
membrane lining the proximal surface of a fiber. Calcite
orientation within a fiber and within the adjacent column is
continuous; as documented by their similarity in colour in
EBSD maps (Fig. 21B).

The support or brachidium of the lophophore of articulated
brachiopods consists of calcite. We investigated the micro-
structure and texture of the brachidium of M. venosa. The bra-
chidium structure of this species is laminated (Fig. 22A) and
comprises, at least, two subregions (white and yellow stars in
22A). One region has a honeycomb structure (white star in
Fig. 22A), while the other region has a smooth surface with-
out any internal structure pattern (yellow star in Fig. 22A).
MUD values of the primary and the fibrous shell layers of M.
venosa range from 90 to 100 (Fig. 32), whereas the calcite in
the brachidium is highly co-oriented as documented by its
higher MUD value of 175 (Fig. 22C, D). Based on calcite ori-
entation one can distinguish between individual units within
the brachidium (Fig. 22E, F). Calcite co-orientation strength
in these is high with MUD values of 470 and 517, which
approach those of a single crystal.

The microstructure and texture of representatives of
extant calcite-shelled brachiopod orders that live in less open

marine habitats and are cemented to substrate (Thecideida,
Figs. 23, S14; Craniida, Figs. 24, 25, 26, 27, S15, S16) is
distinct from what we find in shells of extant Terebratu-
lida and Rhynchonellida. Structural order for the shells of
cemented species is low to almost absent, especially for the
ventral valves of Craniida. There is, however, one differ-
ence between the shell microstructure of the investigated
cementing taxa. While Recent thecideides form shells with
a large diversity in crystal shape and size (Figs. 23, S14),
craniides build their shells of mainly two biocrystal/mineral
unit types: (1) thin calcite crystals consisting of platelets
(Figs. 2B, 8, 25A, S15), and (2) irregularly shaped, inter-
linked, laminar units (Fig. 25B). The platelet strings form
thin calcite layers, and arrays of layers form the largest part
of the shell, especially most of the ventral valve. Structural
order in individual layers or for arrays of layers was not
observed for the shell of Craniida (e.g. Figs. 24, S15).

Williams and Wright (1970), England et al. (2007),
Pérez-Huerta et al. (2007) addressed structural features of
Recent and fossil craniide shells. Crystallographic charac-
terization of craniide calcite crystals and microstructures
was given by Checa et al. (2009). When based on calcite
orientation and sectioned in different directions (sagittally:
Figs. 24, 25, S15; tangentially: Figs. 26, 27, S16) we find
the following four microstructures in N. anomala shells: (1)
an assembly of laminae; these form the entire dorsal valve
and the outermost shell part of the ventral valve (Figs. 24B,
25A, B), occasionally addressed as primary shell layer (2) an
assembly of small mineral units/biocrystals (Figs. 24A, 25A,
S15), with each of these consisting of very few (less than
10) calcite tablets (Figs. 29, S16), (3) an assembly of irregu-
larly shaped, substructured and interdigitated large crystals,
that are occluded in the central portions of the ventral valve
(Fig. 26C-F), and (4) a honey-comb structure intercalated
into the innermost layers of the ventral valve consisting of
dense calcite walls encasing a multitude of minute calcite
crystallites (Fig. 26B, G, H). The latter structures form
lenses (white arrows in Fig. 26B) and are also, as the rest
of the ventral valve, permeated by punctae (Fig. 22B). We
observe two to four lenses per ventral valve. These lenses,
consisting of calcite with this specific microstructure, are the
muscle attachment sites.

Another, specific structure in craniide shells are con-
centric centers between adjacent puncta (yellow arrows
in Fig. 27B, C, G), best observed in surface views of the
shells (Fig. 27). We consider these as being target patterns
and morphological traits. We find within these concentric
centers a spiral arrangement of the organic membrane that
delineates adjacent calcite layers (Fig. 27D). However, there
is no trace of any systematic spiral arrangement of calcite
that would extend over many calcite crystals (Fig. 29). Even
though, as shown in Figs. 9, S3, in surface views individual
platelets have a spiral surface structure. The linear structures
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Fig.20 EBSD band contrast and colour-coded orientation measure-
ment images taken on a cross-section through a valve of Magasella
sanguinea. A Shown in colour are selected dendrites of the primary
shell layer and their orientation; B shown in colour is the orienta-
tion of adjacent fibers; C shown in colour is the orientation of fibers
close to the inner shell margin. Pole figures in A—C give the orienta-

@ Springer

tion of only those shell portions that are highlighted in colour. Note
that there is no difference in crystallographic orientation and texture
between the primary and fibrous shell layers even though crystal mor-
phologies (dendrites, fibers) comprising the two layers are distinct.
Colour-code as in S13
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Fig.21 Columnar shell-layer microstructure (EBSD maps) and tex-
ture (pole figures) deduced from EBSD measurements. Gryphus vit-
reus (A, B) and Liothyrella neozelanica (C) develop a columnar shell
layer consisting of large irregularly shaped, prism-resembling cal-
cite units. The calcite of the columns is coherently attached onto the
proximal membrane covering the basal surface of a fiber (white circle
in B); accordingly, there is full crystallographic continuity between
fibers and columns. In L. neozelanica we find an alternation between
columns and fibers (C), a feature not observed in shells of G. vitreus

Liothyrella
neozelanica

C-axes

(A) (see also Goetz et al. 2009; Ye et al. 2018a). For both taxa, calcite
crystallites in the columns are highly co-oriented (see the pole fig-
ures and the high MUD values in A and C). For the columns an axial
texture prevails: all c-axes in the pole figure point in one direction,
while a*-axes co-orientations scatter on a great circle. Numbers given
in black in the columns are MUD values; the latter are very high and
are almost similar to those of crystalline calcite grown from solution
(Yin et al. 2019). Colour-codes as in S13 for A and B and S12 for C
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Magellania venosa brachidium

Fig.22 Structure (A, BSE image), microstructure (B, EBSD band
contrast measurement image) and texture (C-H) of the brachidium
of Magellania venosa. Since the brachidium is thin and flat, it was
not possible to prepare it with conventional preparation techniques
for EBSD measurements. However, the flat surface of the brachidium
allowed EBSD measurements on the pristine, unprepared surface.
The brachidium of M. venosa has laminated and honey-comb portions
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(A) and (B). In both brachidium portions, calcite crystallites are well
co-aligned (e.g. MUD value of 175 for the measurement shown in C).
The brachidium consists of large mineral units (E-H). The pole fig-
ures in E-H show that these mineral units consist of calcite with well
co-aligned single-crystal in 3-dimensional co-orientation. The colour-
code is in S13
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Fig. 23 Microstructure and texture of shell calcite of two valves of titude of irregularly shaped, sized and co-oriented calcite crystals (A—
the thecideide brachiopod Pajaudina atlantica deduced from EBSD C). These show weak co-orientation strength and texture (see pole
measurements. The shell of this thecideide species consists of a mul- figures). The colour-code for A and C is given in S13, for B in S12
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Fig. 24 Microstructure and texture patterns in Novocrania anomala
shells deduced from EBSD band contrast (grey-scaled) and orienta-
tion (in color) maps and corresponding pole figures. The shell (SE
image in the center of the figure) is sectioned sagittally. We show
measurements from different sites of the ventral and the dorsal valve
(A-E). For the largest part of the shell two main microstructures are
observed: (1) an arrangement of calcite laminae in the dorsal valve
and B in the outermost, the primary shell layer part, of the ventral
valve, and (2) a sequence of calcite layers consisting of calcite tablets
that form the secondary layer of the ventral valve (A, C-E). For a

following regular crystallographic edges in Figs. 9E-G
and S3G are the projections of the actual growth surfaces
which are (sub)perpendicular to the face. These growth sur-
faces have heights in the 100 nm range (or slightly larger).
It should be kept in mind that the micrometer-scale spiral
growth patterns observed in N. anomala are not at all related
to atomistic spiral growth. For the latter, steps would be in
the 1 angstrgm range and one would expect the steps on
growth faces perpendicular to the face we are looking at in
Figs. 9E, G, and S3G. Figure 27C, D show clearly that there
are organic membranes penetrating perpendicular into the
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better visualization of the structure we show enlargements of EBSD
maps given in this figure in Figs. 25 and S15. The dashed blue line
in C delineates the primary from the secondary shell layer. Crystal-
lite co-orientation strength is weak for N. anomala calcite; see the
low MUD values, in particular for shell portions consisting of calcite
tablets (A, D). Calcite crystallites that form the laminae of the dorsal
valve have higher co-orientation strength, with corresponding higher
MUD values (B); see also Fig. 25. Colour-code for calcite orientation
is given in Fig. S12

surface of observation, the surface shown in Figs. 9E, G,
and S3G. Coherent crystal lattice growth spans across a few,
three to five, of these perpendicular membranes but does
not follow in complete helical circles around the concentric
structure (e.g. Fig. 27D, also Fig. 27C). Again, indicating
that the observed micrometer-scale growth helices are not
related to any atomistic spiral growth pattern. The texture
pattern of concentric growth centers, as shown in Fig. 27F,
is rather multiaxial (see pole figures in Fig. 23H, I) with
the c-axes clustering parallel to the shell surface having a
spread of 30°—40°. The texture strength at concentric growth
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Fig.25 Assemblage of laminae forming the dorsal valve (B) and the
outermost shell region of the ventral valve (A). Colour-code for cal-
cite co-orientation is given in Fig. S12. The transition from laminae
to layers of tablets is smooth (A); the two microstructures grade into
each other. The dorsal valve is formed of large, interlinked laminae;
the latter with irregular morphologies (B). Calcite within individual

laminae is well co-aligned, MUD values for selected laminae are 160,
330, 197. MUD value of the entire measurement shown in B is 41.
It is significantly lower, relative to MUD values of individual lami-
nae, however, it is increased relative to MUD values that we find for
the secondary layer of the ventral valve consisting of calcite layers
formed of calcite tablets (see also Fig. 5D, E)
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Fig.26 Additional microstructures in Novocrania anomala shells
detected with EBSD band contrast and crystal orientation measure-
ments. The colour-code is given in Fig. S12. These structures are
observed only in the ventral valve, when the latter is sectioned tan-
gentially (A). In certain shell portions (white arrows in B) we find
a honeycomb structure (G, H) consisting of dense calcite walls and
an assembly of small to minute crystals between the walls, the sites
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of muscle attachment to the shell. In addition, we find assemblies of
large, substructured crystals (C=F). These are irregular in shape, size
and are interlinked in 3D (white arrows in D). Puncta branch in the
primary shell layer and appear to be smaller in outer shell sections
(white star in B), relative to puncta in the secondary layer (yellow star
in B). This may be because puncta terminate in the primary layer as
finely divided branches (Williams and Wright 1970)
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Fig. 27 Surface view of a shell of Novocrania anomala. A, B Depict
a large number of puncta that pervade the shell (white arrows in
B). A-D, G BSE images; E, F EBSD band contrast and orientation
images, respectively. Between puncta (white arrows in A and B) enti-
ties with concentric features are developed (yellow arrows in B, C,
G) consisting of, more or less, parallel arrays of calcite layers demar-
cated from each other by organic membranes (red arrows in D). We

consider these concentric entities (yellow arrow in B, G) as morpho-
logical traits. The microstructure of these concentric structures (E, F)
is formed of calcite crystallites consisting of few calcite tablets. The
crystals have a weak axial fiber texture (pole figures in H and I) and
show low crystal co-orientation strength (MUD of 20). White dots in
E indicate the position of puncta, red dot in E points to a concentric
structure between the puncta
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«Fig.28 Carbonate shell material formed of tablet/platelet-shaped
crystals: Mytilus edulis (A), Tegula atra (B), Haliotis ovina (C)
aragonite, Novocrania anomala calcite (D, E). Even though all four
shell structures are formed of tabular crystals, there is significant dif-
ference between the aragonitic (A—C) and the calcitic (D, E) plate-
let arrangements in: mineralogical phase, microstructure, texture and
crystal co-orientation strength (see the difference in MUD values).
Accordingly, there is no structural relationship between the structure
of aragonitic nacre in bivalves, gastropods, cephalopods and the cal-
cite tablets in N. anomala. Williams and Wright (1970; England et al.
(2007); Perez-Huerta et al. (2007) described the tabular arrangement
of N. anomala shells as a ‘semi-nacreous’ microstructure, a term that
(1) should not be used for the shells of N. anomala (this study and
Checa et al. 2009). Figures A-D are EBSD band contrast measure-
ment images; Fig. 28E shows calcite orientation. The colour-code is
given in S13

centers is weak, as indicated by the low MUD value of 20
(Fig. 27F).

Figure 25B depicts the structure of the laminated micro-
structure for the dorsal valve of N. anomala. If based on
co-orientation, we can discern large, interlinked and sub-
structured laminar units (Fig. 25B). These laminar units are
strongly mineralized, the calcite shows a graded arrange-
ment and has high co-orientation (see the high MUD values
in Fig. 25B).

The tabular morphology of Craniida calcite initiated the
term ‘semi-nacre’ for the calcite of craniide shells (Williams
and Wright 1970; England et al. 2007; Perez-Huerta et al.
2007). Nacre and nacreous assemblies refer to and define
columnar and sheeted aragonite tablet arrangements (Bev-
elander and Nakahara 1969; Nakahara 1991; Cartwright
and Checa 2007) with a spiral growth pattern that covers a
large sequence of tablets (see the ‘tower grain’ in Fig. 2 in
Griesshaber et al. 2013) and not only one (e.g. as described
in Checa et al. 2009) or very few (this study) tablets, as
it is the case for craniide shells. Accordingly, even though
being tablet shaped, N. anomala platelets should not be com-
pared to nacre tablets. Tablet arrangements that we find in V.
anomala shells are unlike the nacreous microstructures that
we find for mollusc shells. Neither the carbonate phase, nor
the size of the platelets, nor crystal co-orientation strength,
nor the microstructure nor the texture of craniide shells can
be compared to the nacre secreted by bivalves, gastropods,
and cephalopods (Fig. 28, and Checa et al. 2009). The nacre
of mollusc shells is formed of aragonite, tablet assemblages
are sheeted or columnar, have high aragonite crystal co-ori-
entation strength (e.g. MUD values of 185, 130, 102 com-
pared to an MUD around or/and below 10 in N. anomala)
and a strong fiber texture (Griesshaber et al. 2013; Peter
et al. 2021). For N. anomala shells a weak fiber texture is
observed only for the interlinking laminae in the dorsal valve
(see pole figure in Fig. 24B for the entire measurement). For
most EBSD scans made on the ventral valve of N. anomala
(Fig. 24) calcite co-orientation strength is exceptionally low

and a clear-cut fiber texture cannot be deduced from the dif-
fraction data. The use of platelets for craniide and mollusc
shell construction should rather be regarded as analoguous
fabrics resulting from convergent evolution, as it is the case,
for example, with the use of fibers for shell formation in
brachiopod and bivalve shells. Microstructures and textures
are unique in the later-evolved craniids.

In Rhynchonellida, Terebratulida and Craniida, the
preferred crystallographic orientation is passed from one
shell layer to the other (Terebratulida: primary to fibrous
to columnar; Rhynchonellida: primary to fibrous; Craniida:
primary to fibrous). Neighboring layers smoothly grade into
each other (also noted for Craniida by Checa et al. 2009).
Thus, the calcite in adjacent shell layers has a similar pre-
ferred crystallographic orientation, even though crystal
morphologies and grain boundary topologies in neighboring
shell layers are distinct (this study, and Goetz et al. 2011).
This observation holds for taxa of different brachiopod
orders.

Characteristics of the different textures

This review is based on more than one hundred EBSD meas-
urements (Table S1) and has allowed us to deduce textural
patterns for shell calcite of the investigated terebratulide,
rhynchonellide, thecideide and craniide taxa (Figs. 30, 31,
32).

EBSD links the molecular with the macro-scale (Fig. 30),
as it connects the orientation of planes formed by ions in
a crystal structure (Fig. 30B) with the macro-scale archi-
tecture of the skeleton, or skeletal elements (Fig. 30, and
Schmahl et al. 2004; Griesshaber et al. 2007). This char-
acteristic holds for the valves of the layered shells of Ter-
ebratulida and Rhynchonellida where we find a sharp, axial
texture, irrespective of how an EBSD measurement was
scanned, such as (1) different, several or (2) just one layer
in the shell. In shells of rhynchonellides and terebratulides,
calcite c-axes are more or less perpendicular to the surface
of the valves and rotate with their curvature (Fig. 30). This
important characteristic was shown first for the Recent bra-
chiopod M. truncata (Schmahl et al. 2004) and is recognized
as an intrinsic feature of biologically secreted carbonate hard
tissues (e.g. brachiopods, molluscs, benthic and planktonic
foraminifera shells and sea urchin teeth (Schmahl et al. 2004;
Griesshaber et al. 2007; Goetz et al. 2014; Yin et al. 2021).
The valves of rhynchonellide and terebratulide brachio-
pods have a uniaxial fiber texture, while the hinge shows a
bimodal, occasionally even a multimodal, distribution pat-
tern of calcite c-axes (Figs. 30C, S12B-S12D, Griesshaber
et al. 2007).

Comparing the texture of terebratulide species with three
mineralized layers (L. neozelanica, G. vitreus) to each other
(Fig. 31A-C), we find the following characteristics: (1)
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Novocrania anomala

Fig.29 Tablet arrangement, microstructure and texture of mineral
units, biocrystals, of Novocrania anomala. Further information is
shown in Fig. S16. White and red dots in A and B indicate a punctum

the columnar layer has the strongest calcite co-orientation
strength, thus the strongest texture and is followed (2) in cal-
cite co-orientation strength by the primary shell layer. The
fibrous shell portion (3) has the weakest texture and lowest
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and a concentric center between adjacent puncta, respectively. Col-
our-code is given in S12

co-orientation strength of calcite crystallites compared to
those of the columnar and primary shell layers. For both, G.
vitreus and L. neozelanica, we investigated six specimens
each and show in Fig. 31 pole figures and MUD values for
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truncata

Brachiopoda
Megerlia truncata
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Fig.30 Pattern of calcite ¢- and a*-axes orientation measured on
a cross-section through the median plane of both valves of the ter-
ebratulide species Megerlia truncata. Calcite c-axes are parallel to the
radius of the curvature of the shell, are perpendicular to the shell sur-
face (A and Schmabhl et al. 2004) and rotate with the curvature of the

two specimens per taxon. We observed a stronger texture for
shell calcite of G. vitreus (for all shell layers higher MUD
values, Fig. 31A—C) compared to the texture strength of L.

shell vault (B and Griesshaber et al. 2007). The valves have a sharp
axial fiber texture, while at the hinge a bimodal or even multimodal
distribution of c-axes prevails (B and Griesshaber et al. 2007). C-axes
pole data are always on the right, a*-axes pole data are on the left of
the pole figure

neozelanica shells (lower MUD values for all shell layers,
Fig. 31A-C).

For the shells of craniides and thecideides, textural
strength is significantly lower than for Rhynchonelliformea
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Fig.31 Comparison of orientation between terebratulide, thecideide
and craniide shells. MUD values give calcite co-orientation strengths.
With a half width of 5 and a cluster size of 3 an MUD value of 1 indi-
cates random crystal orientation, while an MUD above 700 indicates
single crystallinity. For Gryphus vitreus and Liothyrella neozelanica
we show the texture of two specimens, and for the Thecideida and
Craniida three specimens each. We deduce the following: (1) relative
to the terebratulide species, calcite crystals in thecideide and craniide
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shells are significantly less co-aligned, (2) the least co-aligned is the
calcite in craniid shells, (3) there is a huge difference in calcite co-
orientation strength between L. neozelanica and G. vitreus. (4) for the
latter two species the fibrous layer has the lowest calcite co-orienta-
tion strength (see MUD values given in red), while, (5) co-orientation
is highest for the columnar layer, (6) it is, however, also high for the
primary shell layer
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Fig.32 Comparison in crystal co-orientation strength between spe-
cies with a primary and a fibrous shell layer. We see the following:
(1) calcite co-orientation in the primary shell layer is always higher

(Fig. 31D, E); for both taxa we investigated several speci-
mens but show two examples per taxon. The pole figures
show that thecideide shells have an axial, cylindrical, tex-
ture as well, similar to the texture of terebratulide and rhyn-
chonellide taxa. However, calcite co-orientation strength
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relative to that in the fibrous layer and (2) there is a significant dif-
ference in calcite co-orientation strength for the different Recent ter-
ebratulide and rhynchonellide taxa

in thecideide shells is low (see MUD values in Fig. 31D),
thus the shell has a weak texture (compare pole figures
and MUD values of Fig. 31A-D). The craniide species N.
anomala forms its shell with little textured calcite (Fig. 31E,
see MUD values). Even though the calcite achieves almost
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complete random distribution, there is still some pattern of
calcite organization, especially in the laminated arrangement
of the dorsal valve, as described in Sect. 5.

Figure 32 compares the texture strength of the primary
and fibrous shell layers for taxa that form their shell of only
two mineralized layers. We observe that: (1) for the same
specimen, calcite in the primary shell layer is always more
co-oriented; it has always the stronger texture, relative to
the fibrous shell layer, (2) texture strength differs for the
different species, for both the primary and the fibrous shell
layers. The largest difference can be observed for C. incon-
spicua (MUD 370 and 65) and M. sanguinea (MUD 47 and
27) (Fig. 32). Interestingly, both species live in comparable
environments, in Doubtful Sound, New Zealand.

Are thecideide shells reliable archives
for environmental reconstruction?

Palaeoclimate and paleoenvironmental reconstructions are
based on analyses of geochemical proxies performed on
archives such as biogenic hard tissues and cements (e.g.
Brand et al. 2011). Shells of the Terebratulida and Rhyn-
chonellida are one of the most used biogenic structural
materials for paleoenvironment reconstruction as they
cover almost the entire geologic record, are wide-spread in
marine habitats and, most of them, secrete low-Mg calcite
shells (Al-Aasm and Veizer 1982; Veizer et al. 1999; Brand
et al. 2003, 2011; Auclair et al. 2003; Parkinson et al. 2005;
Angiolini et al. 2009; von Allmen et al. 2010; Payne and
Clapham, 2012; Garbelli et al., 2012, 2014; Cross et al.
2015; Immenhauser et al. 2015; Rollion-Bard et al. 2016;
Ye et al. 2019; Jurikova et al. 2020).

Thecideide brachiopods are the last brachiopod order to
appear in the fossil record (early Triassic; Carlson 2016). In
contrast to the rthynchonellides and terebratulides, thecideides
are small-bodied, relatively thick-shelled animals that live in
tropical and warm seas, in cryptic habitats and are cemented to
the hard substrate (e.g. Rudwick 1970; Baker 1990; Richardson
1997a, b; Liiter 2005; Carlson 1995, 2007; Nebelsick et al. 2011;
Simonet Roda et al. 2021). Thecideide shell microstructure was
proposed to be similar to the primary layer microstructure of
rhynchonellides and terebratulides (Williams 1973, 1997; Baker
2006; Williams and Carlson 2007). However, Simonet Roda
et al. (2021) showed that the microstructure and texture of mod-
ern Thecideida is specific and unique to that order.

If thecideide shell microstructure were similar to the
primary shell layer of Rhynchonellida and Terebratulida,
then, thecideide shells could not be considered a reliable
paleoenvironmental archive, since geochemical studies have
demonstrated that the primary layer of rhynchonellide and
terebratulide shells is not precipitated in isotopic equilibrium
with ambient seawater (Carpenter et al. 1991; Carpenter and
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Lohmann 1995; Parkinson et al. 2005; Brand et al. 2011;
Rollion-Bard et al. 2019). Subsequently, we focus on this
issue and complement our microstructural work (chap-
ters 1-5) with geochemical analyses obtained on a terebrat-
ulide (M. venosa) and a thecideide (P. atlantica) specimen
(Figs. 33, 34 and Milner Garcia 2018).

For the terebratulide M. venosa, the 830 signature of
the primary shell layer is strongly depleted in '30, relative
to the isotopic equilibrium field (Fig. 33B), a feature attrib-
uted to kinetic and physiological effects (Auclair et al. 2003).
Towards the inner shell surface, 8'30 values become heavier:
at the innermost shell sections, formed of fibers, 5'30 values
are close or within the equilibrium field (Fig. 33B). Water
temperature variation at the sampling location of M. venosa
is 3.5 °C and accounts for a 8'30 variation of about 1%e.
Accordingly, the observed variation of about 3% in 8'%0 val-
ues for the fibrous layer of M. venosa is due to physiological
and kinetic effects (see also discussions in Yamamoto et al.
2010, 2013; Takayanagi et al. 2013; Bajnai et al. 2018; Brand
et al. 2019; Rollion-Bard et al. 2019; Ye et al. 2019).

For the thecideide P. atlantica, 5'%0 results diverge from
what we find for M. venosa (Fig. 33A). Furthermore, for P.
atlantica there are differences in 8'%0 values between ven-
tral and dorsal valves (Fig. 33A). In the ventral valve 31%0
values fluctuate close to the field of isotopic equilibrium
with seawater, while 8'20 values of the dorsal valve scatter
fully within the range of values that span the equilibrium
field (Fig. 33A). Water temperature variation at sampling of
P. atlantica was 3.7 °C and accounts for a variability in $'30
values from 58 to 77% of the overall shell 880 value. The
remaining can be attributed to kinetic effects. For transects
through the ventral valve we find that outer shell layers of P.
atlantica are depleted in '30 relative to equilibrium values,
while the inner shell portions are secreted in equilibrium
with ambient seawater (Fig. 33A). As the overall variability
across the transect through the valve is not in agreement
with the temperature variation of 3.7 °C, we can assume
that kinetic effects affect mainly outer and to a lesser degree
inner shell sections; a result that is in concert with 880
measurements of Brand et al. (2003). Hence, inner shell cal-
cite of P. atlantica incorporates oxygen isotopes, more or
less, in equilibrium with ambient seawater.

Magnesium concentration across shell transects of the
terebratulide M. venosa follows a characteristic trend: high
Mg-contents in the primary shell layer that decrease in the
fibrous layer, however, increase again at innermost shell sur-
faces (Fig. 34); a previously described well-known trend
(e.g. Griesshaber et al. 2007; Romanin et al. 2018; Rollion-
Bard et al. 2019). Mg content in the thecideide P. atlantica
(Fig. 34) is also structured and its concentration is distinct
from what we observe for M. venosa shells: (1) the Mg/Ca
ratio in P. atlantica is significantly higher relative to values
that we observe for M. venosa (Fig. 34), (2) within the outer
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Fig. 33 Oxygen isotope com-
position along cross-sections
through the shells of Pajau-
dina atlantica and Magellania
venosa. Error bars represent the
standard deviation. The grey
field in the figures indicates

the region of 5'30 where
inorganic calcite precipitates

in equilibrium with seawater.
The calculation of the latter is
based on the equation given by
Watkins et al. (2013), and for
the brachiopod sample locali-
ties. The relative distance along
the shell cross-section is that
0% corresponds to outermost,
and 100% to innermost layers,
respectively. For further infor-
mation see Milner Garcia 2018
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Fig. 34 Li/Ca, Na/Ca, Mg/
Ca and Sr/Ca variations along
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half of the shell (in cross-section) Mg/Ca ratios fluctuate
between 50 and 90 mmol/mol, while Mg contents increase
within the inner half of the shell and vary between 80 and
120 mmol/mol (Fig. 34).

Strontium distribution in M. venosa shells resembles
that of magnesium (Fig. 34). As Sr/Ca values are negatively
correlated with oxygen isotope compositions, an influence
of precipitation rate can be suggested (this study, cf. Ull-
man et al. 2017; Romanin et al., 2018; Rollion-Bard et al.
2019). Indeed, kinetic effects tend to decrease the value of
8'%0 in carbonate (McConnaughey 1989; Zeebe and Wolf-
Gladrow 2001; Beck et al. 2005; Rollion-Bard et al. 2011),
while an increase in precipitation rate increases the incor-
poration of Sr into the calcite lattice (Lorens, 1981; Morse
et al. 1990). In P. atlantica, Sr is homogenous within the
shell, Sr/Ca ratios scatter between 1.9 and 2.1 mmol/mol
across the cross-section through the shell (Fig. 34 and for
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other thecideides Lowenstam 1961; Delaney et al. 1989;
Carpenter et al. 1991; Carpenter and Lohmann 1995; Brand
et al. 2003).

The lithium distribution in the shell of M. venosa
(Fig. 34) is comparable to that of Sr. The primary layer has
some of the highest and most variable values, which is fol-
lowed by a drop in Li contents in the fibrous shell layer (this
study, and Rollion-Bard et al. 2019). In P. atlantica as well,
Li contents are higher in the outer, relative to the inner por-
tions. However, the decrease in P. atlantica is less marked
compared to the trend in Li contents in M. venosa.

Sodium concentration distribution in M. venosa cross-
sections through the valve follows closely the trend of Li
and Sr (Fig. 34). The primary shell layer is enriched in Na,
relative to inner shell regions. Such a trend is observable for
Na contents along cross-sections through P. atlantica valves
as well (Fig. 34), however, less pronounced.
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Finally, even though much of the literature invokes precipi-
tation rate effects to explain the deviations from equilibrium
with sea water, the simplest explanation, however, is that bra-
chiopod calcite does not precipitate directly from seawater but
from the liquid hydrous phase in the extracellular polymeric
substance in the well-controlled narrow (maximum some
tens of nanometers) space between the epithelial cells and
the growing calcite (Simonet Roda et al. 2019a, b). Thus, per-
haps brachiopods with their epithelial cells and extracellular
hydrous phase control their Sr, Mg, Li and Na shell contents.
This intriguing aspect deserves more research.

Section 7: Concluding summary

In Sections one to six, we presented: (1) the diversity of cal-
cite crystal assembly solutions which are utilized by calcite-
secreting extant brachiopod orders for shell formation, and
(2) a summary of the current knowledge of brachiopod shell
structure, micro-and nanostructure, texture and pattern of
organic matrix distribution and organization.

In the present section, we place our findings related to
microstructure and texture diversity of extant brachiopod
shells in a broader context and discuss: (1) a possible adap-
tation of microstructure and texture to environments, (2)
advantages gained for the organism from a shell material
that has a composite nature and a hierarchical architecture,
(3) determinants of brachiopod microstructure fabrication,
and (4) the microstructure of Recent thecideides that we
consider to be unique and distinct from the primary layer
structure of terebratulide and rhynchonellide.

Microstructure, texture, lifestyle and environment

Modern, calcite-secreting brachiopods show indeterminate
mineralization and growth; valves grow in both, length and
thickness (Williams 1966; Rosenberg et al. 1988; Baum-
garten et al. 2014). The shells of all extant calcite-secreting
brachiopods consist of two, differently sized valves. For
the species we discuss in this study (Table S1) size differ-
ence between the valves is most pronounced in cementing
specimens (Craniida, Thecideida), while for species of taxa
living attached to substrate by a pedicle (Terebratulida,
Rhynchonellida) the difference in ventral and dorsal valve
dimensions is less marked.

For the investigated species, we find major differences
in shell microstructure and texture between taxa that live
in sheltered/cryptic habitats and those that live in relatively
open marine environments. K. chathamensis, P. atlantica
(live in cryptic habitats), N. anomala (live in sheltered hab-
itats) are cemented to the substrate and form shells with
low crystal co-ordination, of an almost untextured calcite
(Figs. 23, 24, 25, 26, 27, 28, 29, 31). The investigated

terebratulide and rhynchonellide species live in open marine
waters attached to the substrate by a pedicle and secrete
shells with well to highly textured calcite (Figs. 19, 20, 21,
30, 31, 32).

When focussing only on the fibrous shell layer, character-
istic relationships emerge between structural features of the
fibers and environmental and ontogenetic conditions for both
terebratulides as well as rhynchonellides (Ye et al. 2018a,
b). Ye et al. (2018a, b) investigated adult specimens of six
Recent brachiopod species living in three different habitats
(Antarctica, the Pacific about New Zealand, Mediterranean
Sea) for their fiber convexity, roundness and length. The
following characteristics and relationships could be estab-
lished: (1) there is no difference in morphometric features
between fibers in ventral and dorsal valves, (2) there is a
connection between morphological characteristics of fibers
and ontogenetic development, and (3) there is a link between
fiber morphometry and environmental conditions. The lat-
ter was, however, only observed when the comparison was
made between cogeneric species that live in water with simi-
lar salinity, but different temperature and carbonate satura-
tion state. Accordingly, the study of Ye et al. (2018a, b)
demonstrates that Recent terebratulide and rhynchonellide
brachiopods respond to changes in temperature and carbon-
ate saturation state with subtle changes in microstructure
and texture. Nonetheless, any specific brachiopod secretes
only one type of fiber.

Peck and Harper (2010) investigated shell size variations
of terebratulides and rhynchonellides with latitude and water
depth. The study showed a relationship between maximal
shell size and environmental conditions (latitude and depth)
for the Terebratulida however, not for the Rhynchonellida.

Balthasar and coworkers (Balthasar et al. 2020) investi-
gated, in addition to few Recent species, predominantly fos-
sil (Ordovician and Silurian) taxa and observed a possi-
ble connection between shell thickness and environmental
perturbations. According to this study, one might conclude
that brachiopod shell thickness reflects some, predominantly,
major changes in environmental conditions (Balthasar et al.
2020).

Composite nature and hierarchical architecture

Calcium and carbonate are abundant in seawater and are
readily available to marine organisms. However, the pure
carbonate phases, calcite and aragonite, are of little value
as shell construction materials as they are brittle and break
easily. For the hard tissue to be protective and functional,
the structural biomineral has to be functionalized right from
the outset of its formation. The two main means of biomate-
rial functionalization are the generation of (1) a hierarchical
architecture and (2) fabrication of a hybrid composite mate-
rial; the latter on all scale levels of the biological hard tissue.
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1. Organisms employ a bottom-up construction process in
fabricating their shell, tooth or skeleton. Material fabrica-
tion starts at the level of cells with the secretion of min-
eral and biopolymer components. As secreted by cells, the
first-formed entities have to be small, even though the final
product, e.g. the shell, is macro-sized. This specific charac-
teristic is accomplished by utilizing hierarchical assembly
principles (e.g. Dunlop and Fratzl 2010; Staudart 2012;
Wegst et al. 2014). For Recent rhynchonellide and tere-
bratulide fibrous shell layers, we recognize at least 5 levels
of hierarchy: (1) nanometric calcite crystals (Fig. 18A), (2)
crystallographically perfectly co-oriented calcite growth
increments within fibers (80—100 nm sized, Fig. 18 A-C),
(3) individual fibers (Figs. SA, 15C), (4) stacks of fibers
(Figs. 3, 6E) the twisted plywood structure of the fibrous
layer of the shell (Figs. 3, 5B, 6A). The entire shell that
forms the sixth level of the hierarchy.

2. To fabricate a shell, tooth or skeleton of pure calcite
or aragonite is biomechanically unsuitable, as it is the
case for the formation of a tooth, skeleton or shell of
biopolymers alone. To be protective and functional,
the structural biomaterial has to be functionalized
to satisfy the specific needs of the organism (Merkel
et al. 2009; Schmabhl et al. 2012). This is achieved with
the formation of biopolymer-carbonate composites
and various modes of crystal organizational arrange-
ments, microstructures and textures. Phosphate-based
biomaterials (e.g. phosphatic brachiopod shells) are
composites as well, however, these materials show a
gradation in phosphate mineral content (Merkel et al.
2007, 2009). Composite formation occurs on all scales
of the hard tissue, from organic membrane bound and
mineral/ion-filled vesicles to the macro-scale level of
the shell. The latter consists of shell layers formed of
a mineral component that incorporates an extracellu-
lar matrix (e.g. the fibrous and columnar shell layers
of Rhynchonelliformea or the calcite layers within the
shell of Craniiformea). Hence, when the biomineral is
functionalized with biopolymers, the organic substance
becomes incorporated into the mineral. This incorpora-
tion is an important and major characteristic that makes
the biocarbonate different from its non-biologic calcite/
aragonite counterpart. The biologic and non-biologic
carbonate minerals have little in common, except (1)
the crystal structure of the carbonate phase (calcite or
aragonite) and (2) the gross chemical composition of
the mineral.

On rare occasions, the inorganic microstructure alone,
rather than a hybrid composite assembly, functionalizes
the overall material properties of the carbonate biological
hard tissue. We observe this in the primary shell layer of
rhynchonellide and terebratulide brachiopods. The tightly
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interdigitating crystals with dendritic outlines, the jigsaw
topology of grain boundaries, the polycrystalline assembly
of dendritic calcite crystals form material properties that
are characteristic for the primary shell layer. A layer with a
specific microstructure, a high microhardness and increased
resistence to abrasion, relative to the significantly softer sub-
jacent fibrous layer (Griesshaber et al. 2007).

An important feature that distinguishes biogenic from
non-biogenic calcite is the absence of (104) cleavage and the
increased hardness of the biocalcite, relative to the inorganic
equivalent. When not the result of a specific microstructure,
an increase in hardness is imparted by the composite nature of
the biomaterial, the intercalation of organic substance in the
biologically secreted mineral (Merkel et al. 2009; Schmahl
et al. 2012). In the composite hard tissue, the mineral compo-
nent contributes stiffness, provides compressive and bending
strength, hardness and abration resistance. The organic com-
ponent provides morphogenetic control of the biocrystal (e.g.
tablet, fiber, prism, Checa et al. 2016), tensile strength, flexibil-
ity, ductility (Wegst et al. 2014). As shown in previous sections,
the extracellular matrix is a dominant feature of the fibrous
shell layer of rhynchonellide and terebratulide brachiopods.
The organic matrix makes the biological fibrous composite
deformation tolerant, as: (1) it allows for dislodged fibers, (2)
deviates and blunts cracks and (3) inhibits crack propagation.

Fibers of brachiopod shells are not just simple rods, but
are sophisticated structures. They are variable in roundness,
convexity, lengths and thickness (Ye et al. 2018a, b), have
elaborate morphologies and are interleaved in three dimen-
sions. Throughout the life of an organism, its structural mate-
rial is subject to and has to sustain compressive, bending and
shearing forces. As fibers within an organic matrix cannot
be reorganized after secretion, they must be properly packed
and oriented within the hard tissue right from the beginning
of their formation. This is accomplished by the generation
of stacks of parallel fibres, with the stacks being arranged in
a twisted plywood-like structure (Figs. 3, 5B). Brachiopod
fiber morphology is specific and unique (Fig. 5 and Simonet
Roda et al 2019b). The one convex and the three concave
sides allow for the staggered arrangement of the fibers and
for the interleaved packing in and to stacks (Figs. 3, 4C,
6C, E, 11B, E). Hence, the specific morphological charac-
teristics of brachiopod fibers, their packing into stacks and
the twisted plywood arrangement of the stacks ensures that
all components of the fibrous composite are interleaved in
three dimensions and on all length scales. Simonet Roda
et al. (2019a) noted that rhynchonellide/terebratulide bra-
chiopod fiber arrangements resemble tablet arrangements
of sheeted nacreous aragonite in bivalve shells (Fig. A7 in
Simonet Roda et al. 2019a). Accordingly, the combination of
staggered arrangements and twisted plywood architectures
generates highly successful shell microstructures, whether
formed by bivalve nacre or brachiopod fibrous shell layers.
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Two-layered brachiopod shells consist of a stiff, hard and
resilient, protective cap, the primary shell layer, constructed
as a thin, surface sheet. Adjacent and inward is a massive,
ductile but tough layer, the fibrous shell layer, consisting of
a highly efficient fiber-composite structural material (e.g.
Figures 3, 6A, C, E, S12A, and Schmahl et al. 2012).

Determinants of microstructure and texture

EBSD measurements of brachiopod shells over the last two
decades demonstrate that the shells of the four extant calcite-
secreting orders consist of seven types of biomineral units
and biocrystals: (1) dendrites (Rhynchonellida, Terebratu-
lida), (2) fibers (Rhynchonellida, Terebratulida), (3) columns
(Terebratulida), (4) platelets (Craniida), (5) laminae (Cra-
niida), (6) acicles (Thecideida), and (7) polygonal crystals
(Thecideida). Fibers and platelets are intimately associated
with an extracellular biopolymer matrix. Columnar layers
of terebratulides and polygonal crystal assemblies of thecid-
eides also contain organic matrices, however, the fabric of
these is less regular, especially that of the thecideide shells.
The matrix of thecideide shells is formed of submicrome-
ter-sized polygonal calcite crystallites that are blended with
micrometer-sized or even tens of micrometer-sized crystals.
Randomly distributed organic membranes and networks of
organic fibrils strengthen the cohesion of the shell material
(Figs. 14, S6-S8). Dendrite-shaped crystals form the pri-
mary layer of rhynchonellide and terebratulide shells. No
organic matter has been observed between interdigitating
dendrites with SEM or with TEM, on etched or on unetched
shell surfaces (Giesshaber et al. 2009).

An interesting case is the columnar shell layer of ter-
ebratulides. Organic membranes are intercalated into the
columnar layer, often, delineating individual and neighbor-
ing columns. It has, in addition, been also demonstrated
that columns form through a competitive growth process
(Schmabhl et al. 2012). Those observations pose an important
question concerning the determinant that influences/controls
columnar layer microstructure formation: (a) is it the organic
matrix that guides mineral assembly? or (b) is it a competi-
tive crystal growth process? Checa (2018) described deter-
minants for microstructure formation in mollusc shells and
demonstrated that microstructure fabrication can be influ-
enced by (1) mainly physical, (2) mainly biological or (3)
by both physical as well as biological determinants. For the
columnar layer of brachiopods, the main determinant of col-
umn formation is growth competition, supported by a mem-
braneous organic matrix, thus a mix of physical and biologi-
cal determinants. Physical determinants only would operate
(1) if the pattern organizes merely by crystal competition,
whereas mixed physical plus biological determinants would
have to be invoked (2) if the organic matrix is also respon-
sible for the organization of the microstructural pattern. In

the latter case, the pattern would follow the evolution of an
emulsion between the fluid precursors of the organic and
mineral phases. In addition, for the pattern to be continued,
mantle cell recognition and differential secretion would have
to occur, as it is the case for the columnar prismatic layers in
bivalves (Checa et al. 2016; Checa 2018).

Column- and prism-shaped brachiopod crystals that form
through crystal growth competition are the closest analogues
to non-biologic carbonate (von Allmen et al. 2010). Further
prominent examples of biocarbonates that form through
competitive growth are myostracal shell layers of bivalves
(Crippa et al. 2020a, b) and the carbonate hard tissue of the
cephalopod Argonauta argo (Stevens et al. 2017). The latter
biomaterials consist of highly co-oriented aragonite prisms
or calcite crystallites with high MUD values for individual
mineral units/biocrystals (MUD > 700). This is what we
observed for the columns of L. neozelanica and G. vitreus
(Fig. 21). MUD values for individual columns are close to
700 or above (Fig. 21A, C). High co-orientation strength
of crystallites and high MUD values (well above 700) are
characteristic for non-biological calcite and aragonite pre-
cipitated directly from solution (e.g. Yin et al. 2019).

Castro-Claros et al. (2021) investigated calcium trans-
port to myostracal and non-myostracal shell layers in the
bivalves Anomia ephippium and Ostrea stentina. The authors
observed that during mineralization of the myostracum,
mantle cells are not in contact with the myostracal shell,
while when the ostracum and the hypostracum are mineral-
ized, mantle cells are directly adjacent to the shell. Castro-
Claros et al. (2021) suggest that two modes of shell secre-
tion are in operation in both these bivalves: (1) Ca transport
by vesicles at myostracal prism formation and (2) minerali-
zation in direct contact with mantle cells at ostracum and
hypostracum formation. Thus, the above mentioned bivalves
utilize, at least, two different mineralization processes when
they form their shell. It is important to note that the two
modes of shell mineralization are mirrored by differences in
carbonate microstructure. (1) Myostracal aragonite assembly
resembles that of the non-biological mineral counterpart,
whereas (2) ostracum and hypostracum shell microstructures
are highly sophisticated, hierarchical and diverse.

Simonet Roda et al. (2019a, b) demonstrated that the pri-
mary shell layer of the terebratulide brachiopod M. venosa,
even though being in close contact with the secreting cells,
is secreted by cell extensions only, the latter being devoid of
cell nuclei. In contrast, the mineralization of fibers, during
secretion also in close contact with the cells, occurs through
mantle epithelial cells that contain cell nuclei and other
organelles. This review clearly demonstrated that primary
and fibrous shell layers have highly different microstructural
arrangements and biopolymer contents. Furthermore, three-
layered terebratulide shells have an additional microstruc-
ture: an assembly of columns with microstructural features
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highly distinct from those of the primary and fibrous layers.
This might indicate that another mode of mineralization is
applicable for the columnar shell layer secretion. The colum-
nar shell layer forms through competitive growth, a process
that is little dependent on microstructure or, especially, the
controlling influence of an organic component. Accordingly,
and most probably, three-layered terebratulide brachiopods
are not only able to (1) exert different modes of calcite secre-
tion when they form their shell but also to (2) apply, more or
less simultaneously, distinct types of determinants for shell
fabrication: (1) biological determinants that are in control
for forming the fibrous microstructure where mineralization
is fully controlled by the activity of the mantle cells [contact
recognition connected to differential subcellular secretion
of organic and mineral components and cell cooperation
(Simonet Roda et al. 2019a, b)] and, (2) physical determi-
nants (growth by crystal competition) when forming colum-
nar microstructures.

Unique microstructure of modern thecideide shells

Modern terebratulide and rhynchonellide brachiopods form
layered shells. Descriminants between the layers are the
microstructures of the mineral and the fabric of the organic
components. For the shell of these taxa the molecular arrange-
ment of ions forming a plane in calcite is linked to the mac-
roscopic morphology of the shell via the orientation pattern
of the calcite c- and a*-axes (Fig. 21A, and Schmabhl et al.
2004). Both calcite crystallites as well as the occluded organic
components have well organized structures and fabrics.
These characteristics are not present in Recent thecid-
eide shells (this study, and Goetz et al. 2009). Instead, the
hierarchical architecture typical of terebratulide and rhyn-
chonellide shell calcite (up to 6 levels of hierarchy) was not
detected in Recent thecideide shells. The latter form com-
posite shells with calcite and organic components with little
ordered arrangements (Figs. 10, 14, 23, 24). A further dis-
tinction between Recent thecideide and terebratulide/rhyn-
chonellide shells is the distribution pattern of organic mate-
rial within the shell. With the exception of the primary shell
layer, terebratulide and rhynchonellide fibrous and columnar
calcite occludes an extracellular matrix that delineates the
mineral units (fibres, columns) from each other. In addition,
we know that the fibers intercalate some amount of organic
substance in the form of a network of fibrils (Fig. 15F).
Accordingly, in terebratulide/rhynchonellide shells the dis-
tribution pattern of organic material is structured and hier-
archical, another feature that we do not observe in Recent
thecideide shells. In the latter, much organic material is
intercalated into the calcite (membranes, fibrils) however,
without any structured distribution pattern, consisting essen-
tially of an extracellular matrix filled with mineral. The
mineral component in Recent thecideide shells consists of a

@ Springer

groundmass of submicrometer-sized calcite crystallites with
interspersed irregularly-shaped micrometer-sized crystals
(Figs. 23, S14). These calcite crystals do not have a dendritic
structure typical for the primary shell layer of terebratulides
and rhynchonellides. Nor do we see in thecideides strong
interdigitation of neighboring crystals, as it is the case for
the primary shell layer of Terebratulida and Rhynchonellida.

In summary, our review demonstrates that the micro-
structure and texture of Recent thecideides is a unique
structure amongst extant taxa, specific to this brachiopod
order (Simonet Roda et al. 2021). It is dissimilar to the
microstructure and texture of the primary layer of Recent
rhynchonellide and terebratulide brachiopods; the latter con-
sists of interlocked crystals with dendritic boundaries, being
devoid of organic substance and having a strong texture.
These contrast all structural characteristics we find for the
hard tissue of Recent Thecideida.

Our geochemical results (Figs. 33, 34) substantiate the
distinctness between thecideide and terebratulide shells:
(1) P. atlantica (thecideide) secretes high-Mg calcite, M.
venosa (terebratulide) forms its shell of low-Mg calcite,
(2) the range in Li, Na, Mg, Sr concentration is larger for
M. venosa shells, in comparison to what we observe for P.
atlantica valves. Even though, oxygen isotope results for
inner ventral valve sections of P. atlantica (thecideide) fall
within the 8'%0 equilibrium zone (this study, and Brand
et al. 2003). This result could be interpreted that parts of
thecideide shells might be appropriate as archives for envi-
ronmental reconstruction. However, the drawback is that the-
cideide shell fabric is not sub-structured into layers, sections,
regions. Thus, the problem is, where in the thecideide shell
do we base the distinction between outer and inner shell
portions, between valve sections precipitated in equilibrium
or in disequilibrium with ambient seawater? Even if this
distinction could be made for thecideide shells, localization
between different shell portions will vary for each specimen
and in some cases might not be possible. In addition, due to
their high-Mg calcite shells, thecideides are more prone to
diagenetic overprinting, relative to low-Mg calcite shelled
brachiopods. Thus, in contrast to terebratulides and rhyn-
chonellides, their unstructured shell fabric does not allow
for a distinction between (1) overprinted shells that lost
their pristine microstructure due to diagenesis or simply (2)
a possibly pristine but little organized shell fabric, that is an
intrinsic feature of representatives of Recent thecideide taxa.
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