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a b s t r a c t

We report a newly discovered dense microstructure of dendrite-like biocalcite that is formed by marine
organisms. High spatial resolution electron backscatter diffraction (EBSD) was carried out under specific
analytical conditions (15 and 10 kV) on the primary layer of the modern brachiopod Gryphus vitreus. The
primary layer of modern brachiopods, previously termed nanocrystalline, is formed by an array of con-
cave/convex calcite grains with interdigitated recesses and protrusions of abutting crystals without
any cavities in or between the dendrites. The interface topology of this structure ranges from a few tens
of nanometres to tens of micrometres, giving a nanoscale structure to the material fabric. The dendritic
grains show a spread of crystallographic orientation of several degrees and can thus be referred to as
mesocrystals. Individual dendritic mesocrystals reach sizes in one dimension larger than 20 lm. The pre-
ferred crystallographic orientation is similar in the primary and adjacent fibrous shell layers, even though
these two layers show completely different crystal morphologies and grain boundary topologies. This
observation indicates that two separate control mechanisms are active when the primary and the fibrous
shell layers are formed. We propose a growth model for the interdigitated dendritic calcite grain struc-
ture based on a precursor of vesicles filled with amorphous calcium carbonate (ACC).

� 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Mineralized structures generated by biological control are
widely recognized in material science and nanotechnology as pro-
totypes for advanced materials. Regardless of whether they are car-
bonate-, phosphate- or silica-based, they are hybrid composites
with complex structures on several hierarchical levels (e.g. [1–
3]). Within the hierarchical organization, each level contributes
to the overall function of the biomaterial and thus influences the
properties and shape of the final product (e.g. [2,4–6]). Thus, the
investigation of biological hard tissues may not only provide path-
ways for the development and production of tougher materials,
notably in the low-energy/cost sector, but also new materials for
extreme performance requirements.

Brachiopods are marine invertebrates that exist since the early
Cambrian (e.g. [7,8]). They live in a wide range of marine habitats
and mineralize either low-Mg (<5 wt.% Mg) calcite (the Rhyncho-
nelliformea and Craniiformea) or Ca-phosphate (the Linguliformea)
shells [9]. Their formation of two different types of shell chemis-
try (carbonate and phosphate) with distinct shell design strate-
gies makes them interesting candidates for understanding

biomineralization processes and material properties of exoskele-
ton biomaterials employed in marine habitats [10–16]. In bra-
chiopod and bivalve shells the hierarchical design of the
composite material is of profound importance to the shell’s
mechanical properties [10,12,15–19]. For example, as the scale
of the microstructure decreases, the weakening influences of de-
fects become less important [20]. Thus, the small-scale composite
structure and a hierarchical architecture are intrinsic features of
all biomaterials [3]. Therefore, a complete and thorough under-
standing of the different parameters involved in the construction
of biomaterials is essential for the biomimetic development of ad-
vanced engineering materials [21].

Calcitic brachiopod shells are multi-layered on the submillime-
tre scale (Fig. 1). The majority of modern calcitic brachiopods
synthesize two-layered shells, with a thin, fine-grained (nano- to
microscale) ‘‘primary’’ outer layer with a thickness of 0.05–
0.1 mm and a coarser grained, fibrous ‘‘secondary’’ inner layer with
a thickness of 0.5–1 mm (e.g. [7,8,12]). Some brachiopod species
build three-layered shells composed of a primary layer, a fibrous
layer and a columnar layer [10], as is the case for the investigated
species Gryphus vitreus. The fibres and the columns are calcite sin-
gle crystals within the precision of electron backscatter diffraction
(EBSD), i.e. �0.1–0.5�. We observed lengths of these crystals up to
1 mm. Cross-sections are of the order of 5–15 lm for fibres and
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20–100 lm for the columns, respectively. The crystals are sepa-
rated by intercrystalline biopolymer layers [12,15,16,22]. They also
contain nanoscale biopolymers within the crystals [15]. It is likely
that the calcite is produced from an amorphous precursor [23],
which has been described for many biomaterials [24–26].

In the coarse microstructure, the crystallographic texture plays
a major role in improving the shell’s mechanical strength
[10,12,15,16,27]. Textural properties were determined by EBSD
analyses. An accelerating voltage of 20 kV was used in previous
studies and a typical spatial resolution of 1 lm was obtained. This
resolution served to obtain a rough estimate of the general crystal-
lographic texture of the primary layer [15,28], but failed to resolve
corresponding texture data at the nanoscopic scale of the structure.
Steinmetz et al. [29] have recently significantly improved the spa-
tial EBSD resolution by applying lower accelerating voltages. The
decrease in accelerating voltage leads to a smaller interaction vol-
ume and thus to a better spatial resolution [30]. By using this tech-
nique, our aim in this study was to resolve the nanometre-sized
crystals of the brachiopod primary layer in order to obtain a deeper
insight into the texture and microstructure, and thus a better
understanding of the synthesis and the properties of this material.
To achieve these objectives, we chose to analyze the primary layer
of the calcitic, three-layered brachiopod species G. vitreus that has
recently been investigated microchemically and mechanically in
great detail [31].

2. Samples and methods

The investigated sample was a specimen of the dorsal valve of
the modern brachiopod G. vitreus (Born). The shell was sectioned
along its median plane (Fig. 1) and 200 lm thick shell wafers were
cut out. A highly smooth surface of the shell wafer was prepared by
first polishing the section with diamond paste (0.25 lm particle
size) and subsequently attack-polishing the sample with a suspen-
sion of alumina nanoparticles. The samples were then cleaned,
dried and coated with the thinnest possible conducting carbon
coating.

High-resolution EBSD patterns were collected on a Zeiss 1540
XB dual-beam focused ion beam (FIB) field-emission scanning
electron microscope (SEM) with an EDAX/TSL EBSD system (TSL
OIM Data Collection software version 5.31). The accelerating volt-
ages used in the experiments were 15 and 10 kV, respectively.
The aperture used was 30 lm, the beam currents were 490 pA
at 15 kV and 390 pA at 10 kV, and the spot size was under
5 nm. The sample was tilted 70� towards the detector, resulting
in an angle of 20� between the electron beam and the sample sur-
face. Although the pattern quality was significantly better for
15 kV, the use of an accelerating voltage of 10 kV also gave index-
able Kikuchi patterns with good confidence indices. The step sizes
used were between 0.05 and 0.15 lm. For both accelerating volt-
ages 40–60% of the obtained Kikuchi patterns could be indexed
crystallographically. The average diffraction pattern quality (PQ;
[32]) of the indexed patterns was 2200–2400 for 15 kV and
1500 for 10 kV, respectively. All orientation data were processed
with confidence index standardization and grain dilation single
iteration procedures. For the data shown in Fig. 4, the grain dila-
tion iteration was performed twice, while for the data sets shown
in Fig. 5 it was performed only once. Details of the orientation of
the sample are shown in Fig. 1. SEM images of the samples were
taken using a field emission gun SEM JEOL JSM 6500 F electron
microscope in which the samples were tilted 23�, resulting in
an angle of 77� between the sample surface and the electron
beam. All images were collected with a secondary electron (SE)
detector. However, even though the contrast formed by the SE
detectors is dominated by secondary electrons, backscatter elec-
trons (BSE) also exert an influence on the contrast [33]. As the
thin section investigated is very flat, the images are sometimes
influenced by BSE contrast.

Both FIB sectioning and TEM imaging was performed at
Forschungszentrum Caesar, Bonn, Germany. TEM imaging was
performed on FIB-prepared samples. FIB lamellae were cut 90� to
the surface mapped by EBSD. The FIB lamellae were obtained
on a LEO XB1540 FIB workstation with a combination of high-
resolution SEM and a GEMINI field-emission column. Ion milling
was performed with Ga ions at 30 keV. The beam was tilted 1.3�

Fig. 1. (a) Generic sketch of the shape of the brachiopod valves. The black rectangle in the centre image indicates the area that has been investigated in this study. (b) SEM
image (SE contrast) of the investigated EBSD sample. It was taken in the same sample orientation as the EBSD maps: the soft tissue of the animal was located next to the valve
in the upper part of the image, while the outer border of the primary shell layer gives the shell portion that was in contact with sea water. (c) SEM image (SE contrast) of the
fractured surface of a brachiopod shell, showing all three (columnar, fibrous and primary) layers. (d) A further magnification of the primary and fibrous layers (SE contrast).
Single fibres of the fibrous layer can be easily distinguished, whereas the primary layer has a rough and grainy fracture surface.
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to the 90� milling direction to compensate for the convergence of
the beam. For final milling, a probe current of 10 pA was applied.

TEM imaging was done on a corrected illumination scanning
probe Zeiss Libra 200 transmission electron microscope (TEM).
The instrument is equipped with a Schottky field-emission gun, a
monochromator for the electron beam, a Cs corrector for the illu-
mination system and several imaging energy filters for the produc-
tion of energy-selective TEM images. In order to optimize the
diffraction contrast, the samples were tilted near a zone axis.
TEM images were taken with a large objective aperture.

3. Results

3.1. SEM and TEM observations

In the SEM images of fractured surfaces (Fig. 1d), the primary
layer appears bulky and shows a rough surface. On the thin section
electron micrographs (Fig. 2a and b), the primary layer is seen to
consist of an array of interdigitated calcite grains. The cross-sec-
tions of the grains are elongated, showing lengths of 2–6 lm and
widths of 0.5–1.5 lm. The elongation direction is always perpen-
dicular to the surface of the shell. The morphology of individual
grains shows concave recesses reminiscent of skeletal or dendritic
crystals. Neighbouring grains have mutually grown into the recess
zones of the abutting crystals, forming a dense microstructure of
interlocked crystals. These microstructural features can also be
found after measurements of an EBSD map. Within the grain

boundaries, organic molecules are destroyed by the electron beam.
The remains are non-conductive and show a brighter contrast in SE
images (Fig. 2c). This specific structure is also visible from the EBSD
maps (see Sections 3 and 4 below).

The TEM micrographs in Fig. 3 highlight the internal structure
of the primary shell layer in more detail. TEM images were ob-
tained on FIB-prepared samples. On the micrometre scale
(Fig. 3a) we find several grains exhibiting pseudotopographic
phase contrast at their boundaries due to varying focus conditions
caused by sample bending. The boundaries in Fig. 3a are imaged
through a slight defocusing of the TEM.

Fig. 3b and c show the boundary between two differently ori-
ented grains within the primary shell layer. While the grain on
the left-hand side of Fig. 3b shows intense phase contrast effects,
most probably because it is oriented near a low indexed zone axis,
the contrast in the crystal on the right-hand side is dominated by
absorption contrast. Here, small somatoid (cigar-shaped) areas of
lower density are observed. These areas are unlikely to be pro-
duced by beam damage during the investigation, as their appear-
ance did not change during the TEM investigation. Fig. 3c
contains the boundary in Fig. 3b at higher magnification. Besides
the somatoid areas of lower density, the linear boundaries are
the most prominent feature. The area is correctly focused, as
indicated by the lattice fringes visible in the centre of Fig. 3c, while
the linear structures show a finite width of about 1 nm. In analogy
to the organic membranes separating the fibrous crystals in
brachiopod shell secondary layers [23], we assume a thin organic
membrane to be present between two grains.

Fig. 2. SEM micrographs of the investigated shell section of the modern brachiopod G. vitreus. The top part of (a) shows the fibrous shell layer while the lower part gives a
detailed image of the microstructure of the primary layer (BSE and SE contrast are present). (b) A higher-magnification image of the primary shell layer. Clearly visible
interdigitating grains form a nanoscale array of grain boundaries, forming a jigsaw-like composite (BSE contrast). (c) Image of the primary layer after an EBSD map has been
measured on that shell portion. Grain boundaries are clearly visible (SE contrast).

Fig. 3. TEM bright field images taken on an FIB lamella cut out from the primary layer of G. vitreus. In (a) several differently sized grains can be observed. The image has been
defocused to highlight the discontinuity at the grain boundaries of neighbouring crystallites. (b) Two abutting grains. Areas of lower density appear as white spots and some
are marked with black arrows. (c) A thin (0.5–1.5 nm), presumably organic, membrane is visible at the boundary between the two grains shown in (b).
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3.2. EBSD mapping of microstructure and texture

Figs. 4 and 5 show EBSD measurements on the primary and the
fibrous shell layers of G. vitreus measured at 15 kV (Figs. 4 and 5a
and b) and 10 kV (Fig. 5e). The largest EBSD map analysed in this
study (Fig. 4a and b) covers a shell portion with both the primary
and the fibrous shell layer. The crystallographic and microstruc-
tural aspects of the coarse-grained fibrous layer have been de-
scribed in detail in previous studies on other brachiopod species
(Megerlia truncata [16], M. truncata, Terebratalia transversa
[12,15], Liothyrella neozelanica, L. uva [10]), and G. vitreus forms
no exception.

In the EBSD maps, individual grains appear as areas of uniform
colour. In the present paper we use the continuity argument to de-
fine a grain: directly neighbouring measurement points in EBSD
maps that have the same crystallographic orientation within ±3�
belong to one grain. Misorientation in the range of 3–15� between
two different grains is marked with grey lines (small angle grain
boundaries), while above 15� they are marked with black lines
(grain boundaries). In EBSD maps of the fine-grained (earlier re-
ferred to as nanocrystalline, e.g. [10]) primary layer these grains
comprise elongated concave/convex shapes with multiple recesses
and protrusions which sometimes have dimensions like the bulk
grain interior. These shapes are also observable from the orienta-
tion-contrast in the SEM images of Fig. 2 and the TEM images of
Fig. 3. Thus the individual grains of the primary layer resemble
dendritic structures. However, unlike dendrites, these grains form
a dense interdigitating microstructure (Figs. 4b, 5a and b, 6c and d)

Fig. 4. High-resolution EBSD map of the primary and the fibrous shell layers of the modern brachiopod G. vitreus. EBSD maps are coloured in an inverse pole figure colour
scheme. The black regions in (a and b) correspond to measured points, with a confidence index of <0.1. Small-angle grain boundaries are marked with grey lines, grain
boundaries with black lines. In the upper part of the map of (a) a cross-section through the fibrous secondary shell layer is shown. In the lower part of the figure the primary
shell layer, with its micro-/nanoscale fabric, is presented. (b) Higher-magnification image of the red rectangle in (a). Examples of strongly splined and interlocked grains in the
interdigitated jigsaw microstructure of the primary layer are highlighted: the blue circles indicate prominent examples of interdigitating grains, while the black circle
emphasizes grains which are almost completely embedded in another grain. The red parallelogram outlines a shell portion which is composed of only two dominant grain
orientations (or grains) that form a section through the interface of two distinct dendritic crystals. (c) The recalculated pole figures of the texture of the primary layer and the
fibrous shell layer. A sharp (0 0 0 1) fibre texture for both layers is observed. The probability density is indicated in ‘‘times random’’ multiples.

Fig. 5. EBSD maps and corresponding pole figures of the primary layer of G. vitreus.
Grain orientations (a) are displayed by the inverse pole figure colour scheme in (d).
Note that the entire map is dominated by only one grain (appearing in green). The
black circle marks an example of a crystal that is entirely surrounded by another
grain. (b) The same EBSD data set as in (a) with diffraction PQ shown in greyscale
and the internal mesocrystal mosaicity of the dominant grain highlighted in
rainbow-colours coding for the a⁄-axis orientation with respect to a continuous
colour scale covering 10� (c). The EBSD map of (e) is dominated by a single large
grain appearing in very light green; the variations in green shades show the internal
mosaicity. Pole figures that correspond to the EBSD maps of (a), (b) and (e) are given
in (c) and adjacent to (e), respectively.
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where grain diameters between 500 nm and 5 lm prevail. Occa-
sionally we even observe grains longer than 20 lm (e.g. in the
map shown in Fig. 5a and b).

As indicated by the dashed red parallelogram in Fig. 4b, often
only two distinct grain orientations (here shown by light green
and yellowish green colours) are present in large portions of the
EBSD map. In Figs. 4b (black circle), 5a (black circle) and 5e (black
circle) shell portions are highlighted where the cross-section of one
grain (area of uniform colour) is completely surrounded by another
grain (i.e. another area of uniform colour). The crystallographic ori-
entation of the grains in the primary layer is such that calcite c-
axes [0 0 0 1] (parallel to the (0 0 0 1) pole in the trigonal system)
are perpendicular to the surface of the shell. No preferred orienta-
tion of the a⁄-axes f10�10g is present; however, neighbouring
grains are always rotated by at least 15� (indicated by black grain
boundaries) relative to each other around their c-axes. Thus, the
preferred crystallographic orientation of the primary layer is a
[0 0 0 1] fibre texture with (0 0 0 1) plane normals perpendicular
to the shell surface. Pole figures of the crystals of the fibrous layer
and of the interlocked crystals of the primary layer (Fig. 4g and h)
show essentially the same (0 0 0 1) fibre texture, with the c-axis
parallel to the radius of the curvature of the shell. The maximum
of the (0 0 0 1) pole figures is 57 times random for the primary
layer and 49 times random for the secondary layer. These observa-
tions underline the strong similarity in the textures of both layers
even though their microstructures are extremely different (Fig. 4c).

4. Discussion

In the present study, the EBSD step size and spatial resolution,
area of coverage, diffraction resolution and grain statistics have
been much improved and are now sufficient to interpret the pri-
mary layer structure in a more consistent manner. One major
observation of the present study is that we obtain similar orienta-
tion distributions functions for the primary and secondary shell
layers even though they have fundamentally different grain mor-
phologies and grain boundary topologies (see Fig. 4a and c). From
the conspicuous microstructure of the columnar layer of the shell
of L. neozelanica [10] we concluded that the axial texture of the pre-
ferred crystallographic orientation in brachiopod shells is caused
by competitive growth starting from nuclei with a random orienta-
tion distribution. The similar texture of the primary layer and the
fibrous layer presented in this study shows that this model is prob-
ably not valid. It appears that nucleation already occurs with a
well-defined orientation with respect to the entire skeleton. This
probably takes place in the same way for all brachiopod shell layer
microstructures: the interdigitated (primary), the fibrous and the
columnar shell layers.

The definition that we use here to define a grain (directly neigh-
bouring measurement points in EBSD datasets that have the same
crystallographic orientation within ±3� belong to one grain) allows
a situation where a grain gradually changes its orientation over its
length: in the investigated samples for up to 10� within one grain
(compare Fig. 5a and b). The change in orientation within individ-
ual grains indicates that these crystals represent mesocrystals, i.e.
they are highly ordered aggregates consisting of nanoparticles that
assemble in good but not perfect crystallographic register [34].
Mesocrystalline arrangements are commonly observed in calcitic
biomaterials [35,36]. The present study reveals that the primary
layer microstructure of G. vitreus consists of a complex assembly
of micrometre-sized three-dimensionally interdigitating grains.
Apart from the direct spatial and crystallographic observation of
interlocking recesses and protrusions among abutting crystals,
we observe several occasions where areas with similar orientation
are separated by a grain of different orientation. We assume that

these similarly orientated areas belong to the same grain, and that
we look at the interface structure of two interdigitated grains (see
the shell portion within the white parallelogram in Fig. 4b). This
observation also means that we can identify grains within the pri-
mary shell layer of this brachiopod species that are larger than
20 lm (such as the large grain shown in Fig. 5a and b). Accordingly,
the ‘‘grain size’’ of the formerly discussed ‘‘nanocrystalline primary
layer’’ is not simply nanoscaled, as it has hitherto been described.
In two-dimensional images this interlocked microstructure can
lead to an incorrect interpretation of the average grain size. More-
over, as for dendritic crystals, the common term ‘‘grain size’’ needs
to be differentiated into the width of cross-sectioned branches of
the dendrite and the extension of the complete dendrite with
coherent crystallographic orientation of all its branches. The pres-
ent study shows that the skeletal calcite mesocrystals of the bra-
chiopod primary layer reach lengths of several tens of
micrometres. The nanoscale feature of the primary layer is rather
the distance between interfaces of abutting interdigitated crystals.
The interlocking grains of the brachiopod shell primary layer as ob-
served in the present study is in concert with the TEM observations
on the primary layer of the terebratulide brachiopod M. truncata
[23], where image series taken at different specimen tilts highlight
the nanoscale cross-sections of the individual crystallites together
with their interdigitating boundaries.

The newly discovered microstructure also resolves the question
why the primary layer is twice as hard as the secondary layer in
microindentation [12,15], while both layers have the same hard-
ness in nanoindentation [15,27]. The nanoscale indents simply
probe individual crystals of calcite, while microindents probe the
microstructure.

From our EBSD data sets we can identify two major mecha-
nisms for mechanical optimization of the primary layer material:

a) Crack deflection and crack splitting within the biocalcite
crystallites is improved by the mesocrystalline assemblage
(possibly involving intracrystalline macromolecules [15]) –
a mechanism common in biominerals (e.g. [20]).

b) The jigsaw topology of the polycrystalline assembly:
- distributes the stress at a crack tip over a large volume

and leads a crack into a labyrinth lowering the chance
of catastrophical failure; and

- increases the abrasion resistivity of the primary layer: a
simple fracture through one grain cannot remove the
grain from the microstructure. Note that the primary
layer is the outer mineralized layer.

We are not aware of any inorganic microstructure that shows
such a strong interdigitation of crystals. The primary layer calcite
crystals resemble dendrites. In dendritic alloy solidification, for
example, there are no structures with a similarly dense interdigita-
tion of crystals as observed here. Eutectic and eutectoid micro-
structures also show grain interlocking somewhat similar to
those found in this study [37–40], but these are either multi-phase
aggregates [39] or do not show an interlocking microstructure of
crystals of the same phase [38]. Interdigitated microstructures
are extremely favourable for the mechanical behaviour of cera-
mic-like compounds [41]. Microstructures with a smaller degree
of interlocking than observed in this study already proved their
resistivity in SiC ceramics in Ref. [42], where it was shown that
the interlocking of elongated grains can dramatically improve the
sliding wear resistance of the ceramic material.

We observed crystallization phenomena on two length scales:
(i) the formation of mesocrystals (mosaic crystals) composed of
nanoscale units [34] and (ii) the formation of the three-dimen-
sional (3-D) jigsaw structure of interdigitating microscale
mesocrystals.

A.J. Goetz et al. / Acta Biomaterialia 7 (2011) 2237–2243 2241
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We can envisage two possible mechanisms to produce this
interdigitating structure. The first is to build an organic precursor
structure pre-defining the dendrite-like shapes with membranes
and to subsequently mineralize the caverns between the mem-
branes. The second and more likely mechanism, which also ex-
plains the formation of mesocrystals at the same time, is
sketched in Fig. 6: nanosized capsules (Fig. 6a) filled with amor-
phous calcium carbonate (ACC) and surrounded by delicate vesicle
membranes are assembled (Fig. 6a) and the ACC crystallizes within
the capsules, starting from calcite nucleation sites. Indeed, Griess-
haber et al. [23] observed the crystallization of an ACC fibre in sec-
ondary layer brachiopod shell material in situ in a TEM. The ACC
capsules are formed as vesicles inside the epithelial cells and are
then moved to the primary layer by exocytosis, according to an
observation of Williams [43]. The crystallization of calcite from
ACC proceeds from one capsule to the next. Mineral bridges
[44,45] punctuating the vesicle membranes are able to carry the
information on crystallographic orientation from one capsule to
the next. The mineral bridges may form by disruption of the mem-
branes, e.g. induced by forces of crystallization (Fig. 6a). In conse-
quence, numerous capsules, connected by continuous pathways of
crystallization through mineral bridges, form one calcite grain.

The crystallization process from ACC will induce stresses due to
at least three reasons: volume and/or shape change, accumulation
of organic material at the crystallization front and occlusion of
organics during crystallization (the latter has been shown in Ref.

[15]). When the crystallization front passes a mineral bridge, this
branch of the crystal has a very small diameter and is therefore
sensitive to small stresses. The stresses and occlusions will result
in small changes of orientation of the lattice and in potential
growth faults. Thus small orientation gradients will be present in
the association of capsules composing a grain (Fig. 6a and b).

The jigsaw structure develops as follows: simultaneously active
crystallization pathways originating from different nucleation cen-
tres will form neighbouring grains of different orientation (Fig. 6c
and d). Depending on the random connectivity of the ACC capsules,
simultaneously growing calcite crystallites will form interlocking
nano- to microstructures (Fig. 6c and d). A second mechanism
may even be more important: as crystallization advances, rem-
nants of vesicle membranes (as observable in Fig. 3b and c) are
pushed ahead by the crystallization front and accumulate in thick-
er films (indicated by the wiggly and black lines in Fig. 6a and c,
respectively). These films will eventually obstruct the crystal
growth fronts and also generate random boundaries between dif-
ferent crystals of the observed dendritic microstructure of the pri-
mary shell layer that is sketched in Fig. 6d.

5. Concluding summary

1. We found a new distinct type of micro/nanoscale structural
architecture of biogenic calcium carbonate material. It consists
of interdigitated dendrite-like calcite mesocrystals. We put for-
ward a model of crystallization from an amorphous calcium
carbonate precursor containing organic constituents.

2. The mesocrystal dendrites reach sizes of tens of micrometres.
However, these grains are strongly interdigitating, resulting in
a nanoscale topology of grain boundaries. This gives the
extraordinary microhardness of the brachiopod shell primary
layer.

3. As in the case of the now well-known types of carbonate shell
material architectures – laminar nacre [1], fibrous calcite [12]
and calcite seminacre [46] – the biologically controlled mineral
nano/microstructure has no correspondence to inorganic car-
bonate fabrics, and it is highly optimized towards mechanical
performance.

4. The preferred crystallographic orientation is quantitatively sim-
ilar in calcite shell layers with completely different grain mor-
phologies and grain boundary topologies. This indicates a
common control mechanism for nucleation, probably from a
common ACC precursor, but different modes of growth in the
distinct organic matrices of the two layers.

5. We describe four hierarchical levels of structure of brachiopod
shell material: nanosized capsules or granules, mesocrystals
consisting of capsules, a 3-D jigsaw microstructure in the pri-
mary layer and submillimetre scale layering of the shell involv-
ing other fibre or columnar architectures [10,12,15] not
described here.
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