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Calcite Twinning in Mollusk Shells and Carrara Marble

Cristina Castillo Alvarez, John L. Grimsich, Connor A. Schmidt, Harrison Lisabeth,
Anne Voigtländer, and Pupa U. P. A. Gilbert*

Mollusk shells protect the animals that form and inhabit them. They are
composites of minerals and organics, with diverse mesostructures, including
nacre, prismatic calcite, crossed-lamellar aragonite, and foliated calcite.
Twins, that is, crystals mirror symmetric with respect to their coherent
interface, occurring as formation or deformation twins, are observed in all
mollusk shell mesostructures but never within calcite prisms. Here,
nanotwins and microwins within single calcite prisms are observed in
different shells. Using Polarization-dependent Imaging Contrast (PIC)
mapping with 20–60 nm resolution, twins are observed to be 0.2–3 μm thick
layers of differently oriented and colored crystals with respect to the main
prism crystal. Multiple twins are interspersed with the prism crystal, parallel
to one another, and similarly oriented. When comparing images of calcite
prisms and twins obtained by PIC mapping and by Electron Back-Scattered
Diffraction (EBSD), the images correspond precisely. All twins are e-twin
types, with 127° angular distance between c-axes. E-twins are the most
common deformation twins in geologic calcite, as also observed here in
Carrara marble. Location of all twins near the outer surface of all shells and
e-twin type both suggest that twins within calcite prisms in mollusk shells
result from deformation twinning.

1. Introduction

Two crystals are twinned when they form along preferred planes,
do not break bonds, and are tightly bonded to one another.
The crystal lattices of both twins are mirror symmetric with re-
spect to the twin plane. The twin plane is defined by atomic
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positions that are part of and coherent
with the crystal lattices of both twins. In
short, therefore: “the lattices of two twin
crystals are mirror symmetric with respect
to their coherent interface”. W. Lawrence
Bragg observed crystal twinning in arago-
nite (CaCO3) and calcite almost 100 years
ago, in 1924.[1]

Two adjacent twin crystals have a fixed
relationship, termed twinning law, charac-
teristic of each mineral structure. For cal-
cite, four such symmetry operations are
possible, described by Richards as “four
and only four” calcite twinning laws.[2]

These are summarized in Table 1. Re-
markably, Pokroy et al. found a fifth
twin in calcite crystals grown syntheti-
cally in the presence of a protein extracted
from the mollusk shell Pinna nobilis.[3]

There are two kinds of twinning mech-
anisms, occurring during or after crystal
growth, termed formation and deforma-
tion twinning, respectively.[4–8] Deforma-
tion twinning in calcite was observed ex-
tensively in rocks[6 ,9] and fossil shells,[10]

but it was not observed in modern shells.

2. Twinning in Other Biominerals

In biominerals, formation twinning was observed extensively.
In calcite brachiopod shells, formation twinning occurs, where

C. A. Schmidt, P. U. P. A. Gilbert
Department of Physics
University of Wisconsin
Madison, WI 53706, USA
H. Lisabeth, A. Voigtländer
Energy Geosciences Division
Lawrence Berkeley National Laboratory
Berkeley, CA 94720, USA
P. U. P. A. Gilbert
Departments of Chemistry, Materials Science and Engineering,
Geoscience
University of Wisconsin
Madison, WI 53706, USA

Adv. Funct. Mater. 2023, 2304288 2304288 (1 of 9) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202304288&domain=pdf&date_stamp=2023-08-08


www.advancedsciencenews.com www.afm-journal.de

Table 1. Twin planes possible in calcite are crystal lattice planes (001),
(012), (104), or (018). Twins mirror symmetric with respect to each of
these planes are termed c-, f-, r-, and e- twins. The angle 𝛿 between crys-
tallographic c-axes of calcite twin crystal and its host crystal.[2 ,11] The an-
gle 𝛾 is also the angular distance between c-axes, but it is different from
𝛿 because in PIC mapping the convention is to choose the smallest angle
c-axes form in 3D space, thus, when 𝛿 is >90°, then 𝛾 = 180° – 𝛿.

Calcite twin type Angle 𝛿 between c-axes Angle 𝛾 in PIC mapping

c-twin (001) 180° 0°

f-twin (012) 54° 54°

r-twin (104) 91° 89°

e-twin (018) 127° 53°

adjacent twin crystals are as large as the entire lamellae in semi-
nacre or foliated structures.[12] In foraminifera shells too, calcite
formation twinning is observed, and it is templated by an organic
sheet.[13] For reasons not well understood, in echinoderm calcite
biominerals twinning is not observed.[14]

2.1. Twinning in Mollusk Shells

Several structures exist in mollusk shells, all different from one
another in morphology, size, and shape, and orientation of calcite
or aragonite crystals, all collectively termed “mesostructures”[15]

described in detail by Taylor.[16] These mesostructures include
aragonite nacre (e.g., inside abalone shells and pearl oysters),[17]

crossed-lamellar aragonite structure (e.g., in conch shells),[18]

foliated calcite also known as lamellar microstructure (e.g.,
in the windowpane oyster shell Placuna placenta, all edible
oysters and scallops, and saddle shells),[7 ,19 ,20] and prismatic
calcite (on the outer side of bivalve and gastropod shells,
including the pteriidae Pinctada pearl oysters, the pinnidae
Pinna and Atrina, and gastropods such as snails and abalone
shells). Twinning was observed in most of these structures, but
never within individual prisms of the calcite prismatic shell
layer.

In Pinna nobilis shells, inter-prism macroscopic twin bound-
aries were observed between calcite prisms in the prismatic layer,
where each prism is single crystalline and ≈10 μm wide.[21] In
a similar shell, Atrina rigida, calcite prisms were observed to be
harder than geologic calcite due to hindered dislocation motion,
but this hardening was not associated with twinning, and twins
were not observed in Atrina rigida, only in geologic calcite, in that
work.[22]

In Placuna placenta shells, a toughening mechanism due to
twinning was elegantly demonstrated at the nanoscale by Li
and Ortiz, after artificial, nanoindentation-induced, deformation,
nanotwinning of calcite in the foliated lamellar microstructure.[7]

Li and Ortiz demonstrated that nanotwins make the shell more
resistant to penetration of the indenter, and they keep the defor-
mation localized resulting in approximately an order of magni-
tude greater energy dissipation in the shell than in geologic cal-
cite.

In nacre, the inner lining of many gastropod, bivalve, and
cephalopod shells, each aragonite tablet is multiply twinned.[23 ,24]

In the conch mollusk shell of Strombus gigas Shin et al.
showed that naturally occurring aragonite nanotwins contribute

significantly to the toughness of the crossed-lamellar structure
of conch shells.[25] The crossed-lamellar is a well-known mol-
lusk shell mesostructure, distinct from all others: nacre, pris-
matic, etc. In the crossed-lamellar structure there are three or-
ders of lamellae, from 60 μm to 60 nm in size, with parallel
aragonite needles, stacked so that the crystal orientations al-
ternate by 90° at the 1st order. Zooming into this structure,
there are more hierarchical levels with alternating orientations
also for the 2nd and 3rd order lamellae.[18] Nanotwins add a
4th hierarchical level, and demonstrate that nanoscale twin-
ning toughens the material by stopping crack propagation at
twin interfaces, where cracks are deflected.[25] Crack deflection
is a key toughening mechanism, well-established at multiple
scales.[26 ,27]

Biominerals often achieve greater toughness than monolithic
minerals.[11 ,18 ,28 ,29] Twinning significantly modifies the mechan-
ical properties of biogenic minerals.[11] Twinning boundaries pro-
vide crack impeding and deflection in the biomineral building
blocks.[11] Twinned crystals, therefore, have been interpreted as
conferring mollusk shells mechanical improvements compared
to untwinned crystals.[11]

Twinning has not been reported within individual prisms of
the calcite prismatic layer of any mollusk shells. Do calcite twins
exist naturally within mollusk shell calcite prisms? If so, are they
formation or deformation twins? To answer these questions, we
set out to explore the existence of twins in the calcite prismatic
layer of various mollusk shells, using methods that provide si-
multaneously nano- or micro-scale resolution necessary to detect
twins if they exist, surface sensitivity to analyze one crystal at a
time in each image pixel, and measure the precise angles formed
by twins with the calcite prism crystal.

3. Experimental Section

Pinctada margaritifera (Pm) dry shells were collected by one of
the authors (PG) in 2004 from the Ferme Perlière Paul Gauguin,
Rangiroa, French Polynesia. Sample Pm2-5 was analyzed dur-
ing the April 2021 beamtime, here, area 3 from this sample in
Figure 1 was presented.

Sample Pm2-M3 was analyzed during the April 2022 beam-
time, here, area 1 from this sample in Figure 1B was presented.

Sample Pm25-5 was analyzed during the June 2022 beam-
time, here, area 1 from this sample in Figure 1C was presented.
Figure 2 shows two shells at once, Pm2-5 and Pm2-M3.

Calcite prisms in Pm had width 34 ± 10 μm (Avg ± St Dev,
n = 19).

Haliotis rufescens (Hr) live animals and their shells were pur-
chased in 2013 from the Monterey Abalone Company, Monterey,
CA, USA. Sample Hr1-4 was analyzed during the June 2022
beamtime, here, area 1 from this sample in Figure 4 was pre-
sented.

Calcite prisms in Hr has width 25 ± 8 μm (Avg ± St Dev,
n = 18).

Atrina rigida (Ar) live animals and their bivalve shells were pur-
chased in 2014 from Gulf Specimen Marine Laboratory, Panacea,
FL, USA. Sample Ar7-2 was analyzed during the June 2022 beam-
time, here, areas 1 and 2 from this sample in Figure 5 were pre-
sented.

Adv. Funct. Mater. 2023, 2304288 2304288 (2 of 9) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Calcite prisms in Ar had width 21 ± 9 μm (Avg ± St Dev,
n = 24).

Carrara marble (Cm) samples were collected by one of
the authors (AV) from the Lorano Quarry, Carrara, Tuscany,
Italy. Sample M0 was previously published as the untreated
control by Voigtländer et al. (See Supporting Information of
ref. [30]).

Here, sample M0 was analyzed during the December 2022
beamtime, and area 30 from this sample was presented.

3.1. Sample Preparation

All samples were cut with a low-speed diamond saw using
Na2CO3 (22 g L−1) as a coolant, then rinsed in ethanol, and
embedded into EpoFix (EMS, Hatfield, PA, USA). They were
then ground with increasingly fine SiC grit (320, 600, 800, 1200,
4000, Buehler, Lake Bluff, IL, USA), polished with 300 nm Al2O3
powder (MicroPolish Powder, Buehler, Lake Bluff, IL, USA) sus-
pended in Na2CO3 (22 g L−1), then with 50 nm Al2O3 (Master-
Prep Suspension, Buehler, Lake Bluff, IL, USA), dialyzed against
Na2CO3 (22 g L−1) for 24 h.

All samples were then coated with 1 nm Pt in the area to
be analyzed by PEEM, and with 40 nm around it. Both coat-
ings were done with a Cressington 208HR sputter coater with
a rotary tilt stage and a precision Cressington thickness con-
troller MTM20 (both from Cressington Scientific Instruments,
Watford, UK, sold by Ted Pella, Inc.), as described in detail
before.[31 ,32]

3.2. Polarization-Dependent Imaging Contrast (PIC) Mapping

Polarization-dependent Imaging Contrast mapping or PIC
mapping[33] is a method that uses PhotoEmission Electron Mi-
croscopy (PEEM) to image the sample surface[34 ,35], measure the
c-axis orientation in 3D space, and display it in 2D images with
quantitative color-coding. PIC mapping is based on X-ray linear
dichroism at the O K-edge.[36] The resolution of PEEM images
was 20–60 nm in this work, depending on magnification, the
probing depth was 5 nm at the oxygen K-edge[32] and the c-axis
orientation measured by PIC mapping resolution was ≈2°.[37] As
mentioned in Table 1, the angle between c-axes measured by PIC
mapping, termed 𝛾 , was different from 𝛿 because the smallest
angle c-axes form in 3D space was chosen in PIC mapping, thus,
if 𝛿 was >90° then 𝛾 = 180° – 𝛿.

PIC mapping data were acquired on PEEM-3 at the Ad-
vanced Light Source (ALS), Lawrence Berkeley National
Laboratory (LBNL), which is a PhotoEmission Electron
Microscope.[34 ,35 ,37 ,38] The spatial resolution varied between
45 and 56 nm, and was limited by the pixel sizes selected, not by
the optics resolution, which is 20 nm at best.[33 ,35 ,38]

In each area, multiple PIC maps were collected, partly over-
lapping, and then stitched together in Adobe Photoshop 2023 for
Mac, using the “Edit, Auto-Blend Layers” tool. Twin thicknesses
were measured in Photoshop using the “Image, Analyze, Set
Measurement Scale, Custom” tool, and exporting all measure-
ments into Microsoft Excel 16.71 for Mac to obtain the statistical
analysis in Table 3.

3.3. X-Ray Absorption Near-Edge Structure (XANES)
Spectroscopy

One of the Pm shells and its prisms and twins was analyzed with
X-ray absorption near edge structure (XANES) spectroscopy was
using the same PEEM instrument used for PIC mapping. Ca L-
edge spectra were acquired scanning the photon energy between
340–360 eV, with 0.1 eV steps, acquiring a PEEM image at each
energy step, so, in the resulting stack of images each 56 nm pixel
contains the full Ca spectrum. Ca spectra originated from the
topmost 3 nm of the sample surface.[32 ,39] The two spectra in
Figure 3 were extracted from lines 100 pixel long, selected to be
completely within the twin or the main crystal, and correspond-
ingly labeled.

3.4. Electron Back Scatter Diffraction (EBSD)

EBSD data were collected on a Zeiss EVO 10 scanning elec-
tron microscope, using an EDAX AMETEK DigiView EBSD
detector. The first ever paper on the Kikuchi patterns that
produce EBSD was published in 1954 by Alam, Pashley, and
Nicholson.[40] Since then, much progress was made in instru-
mentation and sample preparation, resulting in many wonder-
ful papers in materials science, biomineralization, and earth
sciences.[41 ,42]

In this work, calcite twins were measured and assigned from
the pole figures in Figure 7. The pole figures were generated
using MATLAB with the MTEX toolbox for displaying crystallo-
graphic textures from EBSD data.

EBSD was the most quantitative and accurate method available
to do these experiments and measure the twin type precisely. It
is surface sensitive; therefore, it detected one crystal at a time
not many crystals in depth as hard X-ray methods do, could an-
alyze embedded and polished entire shells, with many prisms
in their original position and configuration. Transmission elec-
tron microscopy (TEM) and electron diffraction would also be
quantitative and informative, but only for individual twins, ex-
tracted from microscopic areas of the shell. TEM was not well-
suited to analyze many twins at the micro-scale as done here with
EBSD.

4. Results

We first observed calcite twinning in various locations of the cal-
cite prismatic layers of three different Tahitian pearl oysters from
Pm, as shown in the PIC maps of Figure 1. In a PIC map, color
displays in 2D the 3D orientation of the calcite crystal c-axis,
with hue and brightness corresponding to the in-plane and off-
plane angle of the c-axis, respectively, as shown in the color bar
of Figure 1 and described previously.[15 ,36 ,43] Each prism in Pm
is not a single crystal, as previously observed.[44 ,45] It gradually
changes in orientation; thus, it appears as a gradient of color in
the PIC maps of Figure 1. Calcite twins are present in the three
prisms of Figure 1: twins are distinct from the calcite prism, and
they appear as parallel layers of a distinct, but consistent color.
Parallel twins are not connected in space, but they are consis-
tently colored because they have the same misorientation with re-
spect to the calcite prism crystal. The thickness of the twins in Pm
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Figure 1. Polarization-dependent Imaging Contrast maps (PIC maps) of
calcite prisms from the prismatic layers of three different Pinctada margar-
itifera (Pm) shells. A photo of a Pm shell, seen from the outside, where
the calcite prisms are, is presented on top right. Twins are evident in all
three panels, and they appear as layers of differently oriented and colored
crystals. Notice that multiple twin layers are parallel to one another and
similarly or identically colored. Calcite prisms in Pm are not single crystals
of calcite. Most prisms gradually change in crystal orientation, displayed
as a gradient of colors in PIC maps (blue to purple in A), green to red in
B), and magenta to red in C)). Fascinatingly, as the calcite prism crystal
tilts in orientation the twins curve in morphology. This is most evident in
the central prisms in (B,C). The scale bar in (C) applies to (A–C).

Figure 1 varies between 0.2–3.1 μm, as summarized in Table 3,
thus we observe both nanotwins and microtwins, as defined by
Zhao et al.[46]

Interestingly, when the calcite prism crystal orientation gradu-
ally tilts, the shape of the microtwins curves in space. This is most

Figure 2. Polarized Light Micrograph (PLM) of Pm shells, indicating with
magenta boxes the locations of twins in Figure 1A,B. The same scale bar
applies to A,B).

evident for the curving twins at the center and top of Figure 1B,
or the twins at the bottom of Figure 1C. Correspondingly, the
crystal around curved twins has a steep gradient of color, mean-
ing that the prism crystal orientation changes gradually and
rapidly.

The twins in Figure 1 were in prisms adjacent to fractured
lamellae in Pm. Figure 2 documents this observation.

The twins are spectroscopically identical at the Ca L-edge to
the main calcite crystal of the prism, as shown in Figure 3. No-
tice that the twins are completely invisible at the calcium L-edge
(Figure 3B), as they are with other methods, such as scanning
electron microscopy. They are, however, unequivocally composed
of calcite, which is distinct from all other minerals at the Ca L-
edge[36 ,47] especially in the peaks 2 and 4 energy regions, as la-
beled in Figure 3C.

We then explored other shells from the California red abalone
Haliotis rufescens and found several twinned prisms, as displayed
in Figure 4.

We analyzed another bivalve shell from Ar and found twins in
Ar prisms as well. All calcite twins in Ar occurred near the outer
surface of the shell in each prism, suggesting that the outer sur-
face of the shell was twinned in response to mechanical stress.
Figure 5 shows this result in two regions of the same Ar shell
cross-section. In all PIC maps in Figures 1, 4, and 5, the shell
cross-sections are oriented similarly, with the outer shell surface
at the bottom, well distinct from the embedding epoxy, which ap-
pears black in all PIC maps because it does not vary with X-ray
polarization.

To test the hypothesis that the observed twins in mollusk shells
are the result of mechanical stress, we indented some of the
mollusk shells using a diamond scribe and imaged the resulting
twins with optical microscopy. Figure 6 shows the results of this
qualitative test. Notice the twins that appeared after scratching
the surface, but were absent before.

To validate both PIC mapping and observations in shells, we
analyzed a Carrara marble sample known to have extensive twin-
ning due to mechanical stimuli, such as compaction or shear
deformation after metamorphism and recrystallization.[48] We
found that indeed most calcite crystals in Carrara marble were
twinned. This validates the PIC mapping method for detecting
calcite twins.

Furthermore, we measured the precise orientation of twins
with respect to the calcite prism crystal using EBSD, in three of
the shells and one Carrara marble sample, in precisely the same
locations as Figures 1, 4, and 5 (Figure 7).

Quantitative analysis of pole figures obtained from EBSD
data revealed that all the twins observed in Carrara marble are
e-twins (011̄8, with c-axes 127° apart), as shown in the pole
figures in Figure 8 and Table 2. E-twins have the lowest crit-
ical resolved shear stress at low temperatures and are com-
monly interpreted to be twins induced by purely mechanical
stimuli.[49]

All twins observed in mollusk shells here are also e-twins, thus,
the c-axes misorientation is 𝛿 = 127° or, choosing to measure
the smallest angle between two axes, 𝛾 = 180° – 127° = 53°. The
latter convention is typically used in PIC mapping (Table 1). All
twins in mollusk shell prisms were indexed as calcite in EBSD,
not as other mineral crystals, as already shown by Ca L-edge spec-
troscopy in Figure 3.

Adv. Funct. Mater. 2023, 2304288 2304288 (4 of 9) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. Ca spectroscopy in a Pm shell. A) The same PIC map as in Figure 1A, acquired at the O K-edge, showing two lines along which Ca L-edge
spectra were acquired. B) Photoelectron image of the same region at the Ca L-edge, where the twins do not show any contrast. The two lines, identically
positioned to those in (A), are 1 pixel high and 100 pixels long. Each pixel is 56 nm. C) X-ray absorption near edge structure (XANES) spectra, acquired
at the Ca L-edge, show that the Ca spectra from the twin and the main crystals are identical, and that both are characteristic of calcite, having four sharp
peaks labeled 1–4.

Table 2 shows the precise results for misorientation angle 𝛿

measured by EBSD for pairs of twins.
A summary of all twin thicknesses, measured from the PIC

maps in Figures 1, 3, 4, 6 and others not shown, are presented
in Table 3. Carrara marble has the most diverse twin thicknesses,
varying from <0.2 μm to >15 μm, and correspondingly the great-
est standard deviation. The mean thickness of twins in Carrara
marble increases with temperature, as shown in lab experiments
by Rybacki et al..[8]

5. Discussion

5.1. First Observation of Twins in Mollusk Shell Calcite Prisms

We observed twins in the calcite prisms of three different mol-
lusk shells, including two bivalves (Pm and Ar) and a gastro-

Figure 4. PIC map of the calcite twins in a Haliotis rufescens (Hr) shell. A
photo of an Hr shell outer surface is on top right. In four of the calcite
prisms, twins appear as differently colored, parallel lines. The location of
these twins is near, but not exactly at the outer surface of the shell. The
embedding epoxy appears black at the bottom of this PIC map.

Figure 5. PIC map of the calcite twins within calcite prisms in two areas
of an Atrina rigida (Ar) shell. A photo of an Ar shell outside is on top right.
Notice the calcite twins consistently near the outside surface of the shell
(bottom). The same scale bar applies to both areas.

Figure 6. Visible light micrographs of Pm calcite prisms before A) and
after B) scratching the surface with a diamond scribe. The aragonite nacre
layer appears on top left of this polished cross-section, calcite prisms are
everywhere else in the figure. Organic envelopes frequently separate calcite
prisms. Comparing (A,B) it is evident that a single prism is completely
untwinned before scratching and twinned after.

Adv. Funct. Mater. 2023, 2304288 2304288 (5 of 9) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 7. A–C) Electron Back-Scatter Diffraction (EBSD) micrographs of a region of Carrara marble (Cm), Atrina rigida shell (Ar), and Pinctada margar-
itifera shell (Pm). All EBSD micrographs are Inverse Pole Figures (IPFs) that display in color the orientation of the crystal in each pixel. The EBSD-IPF
color legend is in D). All EBSD-IPFs show extensive twins in calcite crystals, geologic and biogenic. E–G) PIC maps of the same regions, geologic and
biogenic, where the boxes indicate the regions analyzed by EBSD. Where twins are thicker than ≈0.5 μm, EBSD captures them as well as PIC mapping,
when they are thinner EBSD cannot capture them, as demonstrated by the green twins at the bottom of (F), which cannot be indexed by EBSD in (B).
The twins labeled 1–5 in (A–C) could be indexed by EBSD and formed the angles with the calcite marble grain or prism crystal displayed in Table 2.

pod (Hr). Zhao et al. defined as nanotwins those observed to be
20–300 nm in thickness, and microtwins between 0.8 and
10 μm.[46] The twins we observed here in mollusk shell calcite
prims were between 200 nm and 3 μm, we therefore chose to call
them both nanotwins and microtwins.[46] For brevity, however, in
all figures we just called them twins.

Intra-crystalline aragonite, but not calcite twins were previ-
ously observed to occur naturally in mollusk shells.[18 ,25] (Inter-
crystalline formation twins were observed between calcite prisms
in the ribs of Pinna nobilis shells, and those are formation
twins.)[21] Calcite twins were induced artificially by nanoindenta-
tion in the foliated calcite of Placuna placenta.[7] The multiple par-
allel and intersecting twins within calcite prisms, described here,
were not previously reported. We observed them consistently in
multiple shells, and document their size, morphology, and pre-
cise orientation with nanoscale resolution.

5.2. Curved Twins

Twins are observed to curve in Pm, not in Hr and Ar. This is un-
derstandable, because Pm prisms are known not to be single crys-
tals of calcite, but to have gradient orientations, in which the crys-
tal lattice tilts gradually in space.[44 ,45] Hr and Ar prisms, instead
are known to be single crystalline calcite and correspondingly the
twins in them are morphologically straight, as expected, and pre-
viously observed in innumerable geologic studies and in Carrara
marble in this work.

Curved twins in geologic samples are typically interpreted as
evidence of two distinct phenomena: i) temperatures >200 °C
and the onset of glide along r- and f-slip systems[6 ,49] or ii) lat-
tice distortion of the calcite prism crystal, which can include
complex sub-grain structure, heterogeneous dislocation densi-
ties, impurities, residual stress, etc..[9 ,50] It is unlikely that Pinc-

tada shells were ever exposed to 200 °C temperatures, thus, the
latter interpretation is preferred here. In this case, the lattice dis-
tortion at the origin of curved twins is the gradient orientation
observed in the calcite prisms of all six species of Pinctada re-
cently analyzed.[45] As far as we know, curved twins have never
been observed previously in mollusk shells or any other biomin-
eral.

5.3. Location of Twins in Mollusk Shell Calcite Prisms Suggests
Deformation Twinning

The Pm twins (Figure 1) were present in locations suggesting
that damage occurs near the outer surface of the shell. We in fact
observed twins only appearing in prisms adjacent to fractured
lamellae (Figure 2) in Pm. Similarly, in Ar and Hr twinned prisms
were located near the outer surface of the shell (Figures 4 and 5).

It remains unclear why twins observed in shells are more ho-
mogeneous in size, varying only between 0.2 to 3 μm, whereas
twins in Carrara marble have a much greater spread of sizes from
0.2 to 15 μm. Thinner twins may be due either to lower me-
chanical stimuli in the biogenic case compared to the geologic,
or to materials composition, for instance, the presence of pro-
teins interspersed with calcite crystals in biogenic, but not geo-
logic calcite. Alternatively, the lower temperatures to which mol-
lusk shells are exposed, never exceeding ≈50 °C, even in tidal
pools may only induce thinner twins, whereas the greater tem-
peratures experienced by Carrara marble may result in thicker
twins, as shown in lab experiments.[8]

The location of twins in all shells studied here, but especially
in Ar (Figure 5), near the outer surface of the shell suggests
damage-induced deformation rather than formation twinning.
The most commonly observed deformation twinning is the e-
type twinning in geologic calcite.[2 ,9] This is in fact the twin type

Adv. Funct. Mater. 2023, 2304288 2304288 (6 of 9) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 8. Four pole figures for each of the five twins in Figure 7 in each row. Twins 1 and 2 are from Carrara marble (Cm), 3 and 4 from Atrina rigida (Ar)
and twin 5 from Pinctada margaritifera (Pm). In each row, the four pole figures for the four common calcite twin laws (Table 1) indicate that all the twins
analyzed here have a (011̄8) twin plane, making them e-twins. Blue dots are poles from the main crystal (calcite grain in Cm, or prism in Ar and Pm),
green dots are poles from the twin. C-axis poles are stars. The zone axis is the line where the two planes perpendicular to the c-axes of the two crystals
intersect. The zone axis is perpendicular to both c-axes. The zone axes are grey dots in all panels, and the planes perpendicular to them are grey great
circles. In all pole figures on the right, the coincident blue and green (011̄8) poles are identified with a red double circle. In these pole figures, the blue
and green great circles indicate the planes perpendicular to the c-axes of the two crystals, the red great circle is the (011̄8) twin plane.

we observed in Carrara marble here and confirmed by many
other observations.[2 ,9] Thus, the observation of e-twins corrobo-
rates our interpretation based on location in mollusk shell calcite
prisms. These two results support one another and, combined,
twin location and type, strongly suggest deformation twinning.

Figure 6 supports deformation twinning as well: it shows that
twins in shell calcite prisms can result from mechanical damage.

Deformation twins may be beneficial to the living organism
because they would localize damage as observed by Li and Ortiz
in the calcite of a different shell and mesostructure, the lamellar

Table 2. Angles 𝛿 between c-axes of the calcite prism crystal and the twins
labeled 1–5 in Figure 7. All five twins are e-twins.

Angle 𝛿 from EBSD Calcite twin type

Figure 7A twin 1 127.7° e-twin (011̄8)

Figure 7A twin 2 127.2° e-twin (011̄8)

Figure 7B twin 3 126.6° e-twin (011̄8)

Figure 7B twin 4 126.0° e-twin (011̄8)

Figure 7C twin 5 125.8° e-twin (011̄8)

Adv. Funct. Mater. 2023, 2304288 2304288 (7 of 9) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Table 3. Quantitative data on all twins in Figures 1, 4, 5, and 7. The table
displays how many twins were observed in each figure, the minimum and
maximum thickness measured, as well as the average and standard de-
viation. The thinnest twin in mollusk shells was 0.2 μm and the thickest
3.06 μm. On average, all twins were ≈0.5 to ≈1.0 μm, with a significant
spread in each shell, ≈0.3–0.6 μm. Many more PIC maps were acquired on
Carrara marble than displayed in Figure 7; all were counted in this table.

Sample Pm Pm Pm Hr Ar Cm

Figure 1A 1B 1C 4 5 7 and others

# twins measured 29 23 10 16 51 47

min twin thickness (μm) 0.20 0.56 0.78 0.43 0.28 0.17

max twin thickness (μm) 1.30 3.06 1.56 1.07 0.89 15.47

average twin thickness (μm) 0.60 1.02 1.25 0.74 0.54 1.25

St Dev twin thickness (μm) 0.28 0.59 0.24 0.17 0.13 2.41

microstructure of Placuna placenta,[7 ,20] where deformation twins
arrest or deflect crack propagation[7] and toughen the biomineral.
Tougher shells last longer and better protect the soft-bodied mol-
lusk inside them; therefore, they may provide better sheltering
and longevity to the forming animal. Li and Ortiz measured a
factor of 10 toughening after artificial nanoindentation and cal-
cite nanotwinning of Placuna placenta shells[7] and Shin et al.
observed a significant contribution to toughening by aragonite
nanotwinning in the crossed-lamellar structure of Strombus gigas
shells.[25] Both effects were observed at the nano- or atomic-scale
in calcite or aragonite nanotwins.

Here we observe microtwins and nanotwins in mollusk
shells. The same crack-deflection mechanisms occurring at the
nanoscale also occur at the microscale.[45] Furthermore, nano- or
micro-scale toughening is well known to increase at larger scales,
as elegantly demonstrated by the crack-deflecting layering of sil-
ica sponge spicules.[51] In general, toughness at the micro-scale
is accompanied by even greater toughness at the macro-scale.[45]

We did not measure toughness in the present study, because
it was previously measured by other authors, before and after
twinning, albeit in different shell mesostructures[18 ,24 ,25 ,27 ,29] or
in geologic calcite.[4 ,9 ,42 ,48 -50 ,52] Thus, we cannot assign a func-
tion to the twins observed here. In a completely different mate-
rial, cryoforged titanium, Zhao et al. showed that nanotwins and
microtwins confer strength and ductility to the material at the
macroscopic scale.[46] Zeng et al. showed that twinning confers
toughness to nanotwinned copper.[53] Twins in cryoforged tita-
nium and in mollusk shell calcite are remarkably similar in mor-
phology, size, and orientation. This similarity does not demon-
strate a function for nanotwinning in calcite shell prisms. It only
suggests a potential function.

6. Conclusion

As far as we know this was the first observation of naturally oc-
curring twinning within mollusk shell calcite prisms. Further-
more, we observed damage localizing calcite twins near the outer
surface of shells, and unprecedented curving twins. All twins
thus far observed were e-twins, but in principle any other twin
type is possible in prisms. Further studies will determine how
widespread twinning is in calcite prisms across species, what type

of twins will be observed, and if the intracrystalline organics play
any role in twinning. The future of calcite twins is crystal clear.
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