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Nacre is a complex biomaterial made of aragonite-tablet bricks and organic mor-
tar that is considerably resilient against breakage. Nacre has been studied with a
wide range of laboratory techniques, leading to understanding key fundamentals, and
informing the creation of bio-inspired materials. In this article we present an opti-
cal polarimetric technique to investigate nacre, taking advantage of the translucence
and birefringence of its micro-components. We focus our study on three classes of
mollusks that have nacreous shells: bivalve (Pinctada fucata), gastropod (Haliotis
asisina and Haliotis rufescens) and cephalopod (Nautilus pompilius). We sent polar-
ized light from a laser through thin samples of nacre and did imaging polarimetry
of the transmitted light. We observed clear distinctions between the structures of
bivalve and gastropod, due to the spatial variation of their birefringence. The patterns
for cephalopod were more similar to bivalve than gastropod. Bleaching of the sam-
ples disrupted the transmitted light. Subsequent refilling of the bivalve and gastropod
nacre samples with oil produced optical patterns similar to those of unbleached sam-
ples. In cephalopod samples we found that bleaching produced irreversible changes
in the optical pattern.
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1 INTRODUCTION

Nacre is a fascinating self-assembled structure in the natural
world. It is a structure that was specialized by evolution to
give shelled mollusks protection against predators and other
causes threatening their survival. It is a remarkable structure
that combines rigidity with toughness against breakage [1].
Many mollusk-shell organisms use inorganic materials such
as calcium carbonate (CaCO3) to build a nacreous structure
in their shell. There are four classes of shelled organisms
that have nacre: bivalves, gastropods, cephalopods and mono-
placophorans. Bivalves, featuring two separate shells joined
by a hinge, have a large contingent of species with nacre,
such as clams and pearl oysters. Gastropods are single-shelled

mollusks, with a small fraction of species having nacreous lay-
ers in their shells. They include popular examples, such as
abalone and the great green turban. Cephalopods encompass a
broader range of species, such as squids and octopuses, which
do not have any nacre. One exception is Nautilus pompil-
ius, a fascinating cephalopod species featuring a spiral-shaped
chambered shell. It is the only species of its class that has
an external shell. Monoplacophorans constitute a class of
species that are mostly extinct, but some species with nacreous
shells live in the deep ocean [2]. In this study we concentrate
on shelled species from 3 of the 4 classes: Pinctada fucata
for bivalves, Haliotis asinina and Haliotis rufescens for gas-
tropods and Nautilus pompilius for cephalopods. Photos of the
corresponding shells are shown in Fig. 1 .
Nacre is composed of ordered aragonite crystals and organic

molecules. Aragonite belongs to the orthorhombic class of



2 J.A. Jones ET AL

FIGURE 1 Images of the nacre side of the shells of Pinc-
tada fucata (a), Haliotis rufescens (b), Haliotis asinina (c) and
Nautilus pompilius (d).

biaxial crystals with distinct indices of refraction in the three
mutually orthogonal optic axes a, b and c. The indices of
refraction along these axes are: na = 1.530, nb = 1.681 and
nc = 1.685 [3]. Themicroscopic design of nacre is a “brick and
mortar" scheme consisting of a regular arrangement of arago-
nite tablets 5-10 �m in extension and 0.3-0.5 �m in thickness.
Planar and cross-sectional views of the aragonite tablets in
Pinctada fucata taken with an electron microscope are shown
in Fig. 2 . The aragonite tablets are separated by 30-nm thick
organic mortar made of long organic molecular chains [4, 5].
In most shells nacre forms only an inner fraction of the width
of the shell. The outer fraction of the shell is composed of
calcite crystals arranged in a semi-ordered way, constituting
what is known as the the “prismatic” layer of the shell. In
some species, such as the great green turban, nacre forms
the entire width of the shell. Mollusk organisms build nacre
by facilitating two basic self-assembled microscopic designs:
sheet structure, deposited layer after layer; or columnar, where
island columns of aragonite tablets first grow vertically to then
proceed to grow transversely until the layers are all filled. In
addition to the brick and mortar components, recent studies
have found evidence of organic material located within each
individual aragonite brick [6]. though the exact location of
the organic material within the aragonite crystals is unknown.
The formation mechanism is a complex self-assembly process
in which organic elongated proteins such as chitin facilitate
the conversion of amorphous calcium carbonate into aligned
aragonite tablets [7].
The two designs have separate lineages dating back to their

evolutionary separation in the Cambrian period (ca. 550 mil-
lion years) [8]. In Pinctada fucata and other bivalve shells the
bulk of the nacreous aragonite crystals are organized such that
their optic c-axes are perpendicular to the aragonite tablets
forming the shell surface, with their optic a- and b-axes aligned
within a layer, but with smooth variations from layer to layer
[9]. In gastropods the c-axis is also perpendicular to the tablets
but the a- and b-axes are aligned only within a column, and dif-
fering from column to column [10, 11]. Nautilus pompilius is

the only cephalopod known to have nacre [12], and its structure
is believed to be columnar, similar to gastropod [13].

FIGURE 2 Electron microscope images of aragonite tablets
in layered nacre (Pinctada fucata): (a) planar view and (b)
cross section.

Nacre exhibits a colorful iridescence that is caused by
diffraction and interference of light off the aragonite tablets and
nacre’s multilayered structure [14, 15]. Although these optical
effects are byproducts of amaterial that evolved for its mechan-
ical properties, they can be used to study its structure. The
birefringent nature of calcite and aragonite crystals stacked
together in these shells makes them amenable to their investi-
gation using polarized light [16]. Here we present the use of a
coherent polarimetric imaging technique to explore the align-
ment of optic axes of the tablets composing the shells [17].
This is similar to previous techniques that investigate materials
via polarization-sensitive imaging [18, 19]. We complement
our results with images from SEM and optical microscope. We
use the results of polarimetric imaging to compare the structure
of shells of different species.

2 RESULTS

We studied the structure of nacre by sending polarized laser
light through thin shell samples. Light was focused onto the
sample illuminating a transverse area of a fraction of a mil-
limeter in diameter. The polarization of the transmitted light
was subsequently imaged with a digital camera.
The results presented here are representative of a study that

involved multiple shells and multiple samples per shell. We
explored all points of each sample.

2.1 Bivalve Shell: Pinctada fucata
Figure 3 shows an example of the polarization patterns that
were produced for each of the six input polarization states.
The format of the images throughout the article is as follows.
The false color of the images encode the orientation of the
polarization ellipse (e.g., red = horizontal, green = diagonal,
teal = vertical and blue = antidiagonal). The color saturation
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encoded the intensity. We also show ellipses drawn at regular
intervals representing the state of polarization the light at those
points. We established a minimum intensity level for showing
the ellipses. Otherwise they would appear in random shapes
and orientations, which can be distracting.
The figure was produced with a shell sample of Pinctada

fucata. Samples had thickness that ranged between 150�m
and 500�m. We can see that the polarization pattern is very
uniform across the beam profile, implying that the a and b
crystalline axes of the aragonite tablets were uniform in the
transverse plane. This has been found in previous studies using
other methods [10]. This uniformity in the polarization is
remarkable considering that the light had to pass through a
large number of aragonite tablets: between 10,000 and 100,000
depending on the beam and sample dimensions.

FIGURE 3 Polarimetry results for Pinctada fucata with each
of the six encoded input states: (a) linear vertical (V), (b) linear
antidiagonal (A), (c) linear horizontal (H), (d) linear diago-
nal (D), (e) right circular (R), and (f) left circular (L). Ellipses
denote the polarization of light at the corresponding image
point, color indicates orientation of polarization ellipse, and
saturation corresponds to the intensity of the light.

As described in a later section, we obtained the 4×4Mueller
matrix of the illuminated portion of the shell samples. The rela-
tions between the values of the Mueller matrix elements mij
specify particular optical transformations. A few examples are
shown in the list below:

• Unitary optical element (i.e. without absorption): m11 =
1 and m12 = m13 = m14 = m21 = m31 = m41 = 0.

• Retarder (a general birefringent optical element): m32 =
m23,m42 = −m24 andm43 = m34, withm22 ≠ m33 ≠ m44.

• Rotator: m22 = m33 ≠ 0, m23 = −m32, m44 = 1 and
m24 = m34 = m42 = m43 = 0.

A monolithic birefringent material would likely behave as
retarder due to the difference in the index of refraction along
orthogonal axes. The regular structure of bivalve shells, with
all their optic axes aligned within a layer is likely to approach
that of a monolithic retarder. However, the layered structure
also allows a progressive rotation of the a and b axes from layer
to layer, analogous to cholesteric liquid crystals, making it also
behave as a rotator. In Fig. 4 we show the computed Mueller
matrix corresponding to the imaged data of thePinctada fucata
shell sample that yielded the results of Fig. 3 .

FIGURE 4 Mueller matrix corresponding to the data of
Fig. 3 . The size of the image is 960×1280 pixels.

An evaluation of the matrix M of an average of values
of each point in a central region of the images measuring
200×200 pixels gives
⎛

⎜

⎜

⎜

⎜

⎝

1.00 −0.10 ± 0.29 −0.15 ± 0.15 −0.04 ± 0.11
−0.03 ± 0.16 0.31 ± 0.12 0.45 ± 0.23 −0.37 ± 0.17
−0.06 ± 0.21 0.50 ± 0.14 0.02 ± 0.10 0.55 ± 0.23
−0.07 ± 0.18 0.41 ± 0.12 −0.32 ± 0.17 −0.50 ± 0.20

⎞

⎟

⎟

⎟

⎟

⎠

.

(1)
The uncertainties are the standard deviation of the measure-
ments. The matrix reveals some of the characteristics of the
retarder, such as combination of matrix elements that should
give zero: m23+m32 = −0.05±0.23, m42−m24 = 0.04±0.20,
and m34+m43 = 0.22±0.35. Three diagonal elements besides
the first one add to 1:m22+m33−m44 = 0.82±0.25. Finally,m1i
andmi1 (i = 2, 3, 4) are consistent with zero, as expected. Even
smaller subsets are consistent with these values. A monolithic
retarder with a retardance of 134 ± 7 degrees oriented 18 ± 3
degrees would have a matrix similar to the one shown in Eq. 1.
The inserts to the panes of Fig. 3 are states computed with
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these retardance values. As can be appreciated from compar-
ing the calculated ellipses with the measured ones, the values
extracted from the Mueller matrix are consistent with the data.
We have done similar experiments with a monolithic sample of
calcite and found consistent results. Our findings reported in a
previous conference proceeding also show the rotator behavior
in nacre samples [17].

2.2 Gastropod Shell: Haliotis asinina and
Haliotis rufescens
The columnar structure of nacre in gastropods is optically quite
distinct from the layered bivalve. The nonalignment of the a
and b axes from column to column, separated by as low as 5-10
�m, transforms the polarization of the incoming light in a way
that varies within the beam width. We have not modeled this
process, but we imagine that optically it behaves like a material
with a honeycomb type structure where each cell, a colum-
nar stack of tablets, is a birefringent column, with retardance
varying from column to column. This honeycomb picture is
only idealized because in reality the stacks are not necessar-
ily straight columns. Our optical beams were focused in such a
way that the light had a planar wavefront as it passed through
the sample. Due to its transverse extension, the light beammay
go through 100-500 columnar domains.
The light beam transmitted through the gastropod-shell sam-

ple showed a broad speckle pattern. Figure 5 shows repre-
sentative patterns of the polarization of the light transmitted
throughHaliotis asinina (a,b) andHaliotis rufescens (c,d). The
patterns are quite irregular compared to the uniform patterns
produced by the bivalve shell (Fig. 3 ). Each pattern con-
tains illuminated regions of predominantly smoothly-changing
polarization. The pattern has similar spatial extent for distinct
input states of polarization. The domains vary in size as we
vary the input polarization, but they are quite broad. These
results imply that the light undergoes a complex refractive
process as it travels through the sample.

2.3 Cephalopod Shell: Nautilus pompilius
Figure 6 shows the results for two distinct samples of Nau-
tilus pompilius, (a,b) and (c,d), taken from the same shell. The
polarization pattern of the transmitted light is puzzlingly sim-
ilar to that of bivalve nacre. A further puzzling result is that
the samples barely showed any birefringence: in all cases the
output polarization was close to the input polarization. The
Mueller matrix of the shell showed a more complex birefrin-
gence than what would be expected from the figure, perhaps
implying that a fortuitous optical cancellation rather than a
non-birefringent transformation is responsible for the observa-
tions. These measurements were repeated with three separate

FIGURE 5 Polarimetry data of light passing through shells
Haliotis asinina in (a,b) and Haliotis rufescens in (c,d) for
different input polarization states, respectively. Color encodes
orientation and saturation encodes intensity.

samples, finding consistent results in all of them. The unifor-
mity of the patterns suggests that the columnar regions all have
their optic axes aligned. The apparent lack of birefringence
could be explained if the two axes with similar index of refrac-
tion (b and c) were contained in the plane of the aragonite
tablets. However, this contradicts previous findings [13].

FIGURE 6 Polarimetry data of light passing through Nau-
tilus pompilius shell: in two separate samples (a,b) and (c,d) for
different input polarization states, respectively. Color encodes
orientation and saturation encodes intensity.
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2.4 Bleaching and Refilling
We investigated the optical role of the organic mortar in
between the aragonite tablets by bleaching the samples. We
took polarimetric images of each sample before and after
bleaching. In Fig. 7 we show the results for bivalve in (a),
gastropod in (b) and cephalopod in (c). The polarization of the
bleached-sample images changes rapidly from point to point,
consistent with significant light scattering. The polarization
appears randomized, as expected from multiple scattering of
polarized light. The polarization of bleached gastropod sam-
ples appeared much more randomized than those of bivalve
and cephalopod samples, as can be seen in comparing images
(a) and (c) with (b).
We further refilled the bleached samples to test if bleaching

permanently affected the structure of the shell. We then redid
the polarimetry imaging with the refilled samples. Here we
saw a significant difference between either bivalve or gastropod
and cephalopod. For all the bivalve and gastropod shells we
investigated, the polarization pattern resulting from the refilled
shell showed no significant difference from the ones observed
before bleaching. Figures 7 (d) and (e) show the images of the
refilled samples corresponding to those in panes (a) and (b),
respectively. Conversely, the refilled samples of Nautilus pom-
pilius did not return to their original state. If it were to return
to the original pattern we would expect a pattern similar to
Figure 7 (d). Instead, it looks more like those of Figure 7 (e).
These results leads us to conclude that the immersion oil

plays the same optical role as the organic matter of optically
blending the space in between tablets. For bivalves and gas-
tropods nacre does not seem to rely on the organic mortar to
support the tablet structure. Mineral bridges must support the
tablet locations independently of the presence of organic mat-
ter [1, 13]. The results for cephalopod nacre show that bleach-
ing causes irreversible changes in the pattern. This implies that
organics in cephalopod play a vital role in holding aragonite
tablets together, to the point that in the aragonite tablets lose
their original relative position or orientation when bleached.

3 DISCUSSION AND CONCLUSIONS

In summary, we used optical polarimetry to study the struc-
ture of nacre in several shelled species. This was possible
due to two optical properties of this self-assembled biomin-
eral: transparency and birefringence. We found that Pinctada
fucata behaved like a transversely uniform optical sample.
This confirms the general understanding of the structure of
bivalve shells: a full alignment of the crystallographic axes of
aragonite tablets arranged in a layered fashion. Rotator prop-
erties observed in some samples implies that the transverse
optic axes often rotate smoothly through the layers. The light

FIGURE 7 Polarimetry images for samples of Pinctada
fucata in (a) and (d), Haliotis asinina in (b) and (e), and
Nautilus pompilius in (c) and (f). The samples were bleached
in (a)-(c), and refilled with oil in (d)-(f). Ellipses denote the
polarization of light at the corresponding image point, color
indicates orientation of polarization ellipse, and saturation
corresponds to the intensity of the light.

going through the nacre of gastropod shells Haliotis asinina
and Haliotis rufescens is consistent with a birefringence that
varies transversely along the biomineral. This confirms the
distinction between bivalve and gastropod: gastropods have a
columnar structure of aragonite tablets with optic axes that
vary from column to column, as opposed to the transversely
uniform birefringence of bivalves. These transverse variations
of gastropods may be more gradual than sharp, because the
polarization of the light traversing the shell is not fully ran-
domized but it retains a certain degree of order. We find that
cephalopod Nautilus pompilius has an optical behavior sim-
ilar to the bivalve shells, contrary to the expectation, given
their columnar structure [13], with the additional oddity that
apparently it does not affect significantly the polarization of the
input light; findings that prompt further investigation. These
results could be reconciled if the alignment of optical axes of
the aragonite tablets is the same from column to column.
We found that bleaching the sample destroys the polariza-

tion order of the transmitted light. We attribute this depolar-
ization to multiple scattering. Refilling the bleached sample
with index-matching fluid made the nacre of bivalve and gas-
tropod shells regain the optical properties they had prior to
bleaching, implying that the removal of organic matter did not
affect the relative position of the aragonite tablets. This is likely
due to mineral bridges that are not affected by the bleaching
action, which keep much of the nacre structure in place. Our
results also show that cephalopod nacre gets visibly affected
by bleaching, implying a distinct structural composition that
relies on organic matter to hold nacre together.
In conclusion, optical polarimetric data confirm previous

understanding of the composition of nacre and further adds
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new clues on its structure that have not been obtained by other
methods.

4 METHODS

4.1 Shell Sample Preparation
We prepared thin samples of shells purchased from a commer-
cial vendor (cnpearls.com). Each shell was fractured to find
flat samples that were about 1-cm in size. The samples were
cleaned with ethanol and polished on the outer prismatic side
until the nacre layers were reached. The total thickness of the
samples varied between 0.3 and 0.5 mm. We did the polish-
ing by hand on silicon papers lubricated with deionized water.
This stage used papers with 600-1200 grit. A final polish was
accomplished with a nylon pad and 50-nm alumina slurry. This
eliminated scratches that would produce scattering. We veri-
fied this with an optical microscope. The inner nacre layer was
either left intact or lightly polished to remove any scratches. A
photo of a sample of Pinctada fucata is shown as an insert to
Fig. 8 .

4.2 Bleaching
The samples were bleached by submersing them in a sodium
hypochlorite solution to remove the organic mortar located in
between the aragonite tablets. The samples did not come apart,
suggesting other links between tablets, such asmineral bridges,
hold the tablets together [1]. It should be noted that the pris-
matic layer ofPinctada fucata shells placed in bleach dissolved
into individual crystals while the aragonite tablets of nacre did
not. After the bleaching, the sample exhibited a cloudy appear-
ance [17], a sign of significant light scattering. A careful look
at the sample of Pinctada fucata taken after bleaching with
the scanning electron microscope, shown in Fig. 2 a, indeed
showed gaps between the aragonite tablets. After the optical
analysis of the bleached shell we refilled it with oil. This was
done by immersion into type-A non-drying immersion oil, of
refractive index 1.5114 [20], under vacuum to fill the gaps
between the aragonite tablets.

4.3 Optical technique
Our technique consisted of preparing a laser beam in a def-
inite state of polarization, focusing it, and passing it through
thin samples of nacre, as shown in Fig. 8 . We then imaged the
polarization of the transmitted beam, which in themost general
case varied across the beam. This method is similar to the one
used in a previous study [16], but with important differences: in
this work we used longer focal length for the focusing and rec-
ollimating lenses (L3 and L4) so that the wavefront remained

close to that of a plane wave as the light passed through the
samples. The polarization analysis of the two studies is also
different.
The optical beam was generated by a linearly-polarized

helium-neon laser (HeNe, of wavelength 633 nm). After pass-
ing the beam through a neutral density intensity filter (F) and
steered by twomirrors (M1 andM2), the beamwas sent through
two lenses (L1 and L2) to expand it to a 1-mm spot size, as
shown in Fig. 8 . It was subsequently sent through a polarizer
oriented vertical (P1) followed by a quarter-wave plate (Q1) and
a half-wave plate (H1). These prepared the beam in one of six
polarizations states: linear vertical (V), linear horizontal (H),
linear antidiagonal (−45◦; A), linear diagonal (+45◦; D), right
circular (R), or left circular (L).

FIGURE 8 Schematic of the optical setup. A HeNe laser
beam is steered by mirrors (M1, M2), expanded by lenses L1
and L2, focused by lens L3 onto the sample (S; shown in photo
insert), and imaged by lens L4 into a digital camera (C). Polar-
ization optics composed of polarizers (P), quarter-wave plates
(Q), and half-wave plates (H) were used to encode and decode
respectively the initial and final states of polarization of the
light.

The polarized beam was focused with a lens (L3, of 8.5-
cm focal length) to a beam waist of 50-100�m at the sample.
A lens placed after the sample (L4, of 8.5-cm focal length)
imaged the light onto a digital camera (C). Before reaching
the camera the beam traveled through a polarization-decoding
stage consisting of two half-wave plates (H2 and H3), a quarter-
wave plate (Q2), and a polarizer (P2). The decoding stage is a
polarization filter. We took images with each of the filter states
yielding intensity values IH, IV, IA, ID, IR and IL for each
pixel. They were then used to obtain the Stokes parameters:

S0 = IH + IV (2)
S1 = IH − IV (3)
S2 = ID − IA (4)
S3 = IR − IL, (5)

from which we could obtain the polarization ellipse parame-
ters. One parameter is the ellipticity of the polarization, defined
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as

� = ±b
a
= tan−1

⎛

⎜

⎜

⎜

⎝

S3
√

S2
1 + S

2
2 + S

2
3

⎞

⎟

⎟

⎟

⎠

, (6)

where b is the semi-minor axis and a is the semi-major axis of
the polarization ellipse. The other parameter is the orientation
of the polarization ellipse relative to the horizontal, given by

� = 1
2
tan−1

(

S2

S1

)

. (7)

We used a particular 3-waveplate system to decode the polar-
ization because the two half-wave plates H2 and H3 specify
respectively the ellipticity and orientation of the polarization
ellipse [21]. This allowed greater flexibility in diagnosing the
polarization pattern of the light even before obtaining the
Stokes parameters [22]. For a given input polarization, the
images taken with six filters were further processed to deter-
mine the polarization at each imaged point. We took data with
the 6 input polarization states to obtain the Mueller matrix cor-
responding to the shell. The elements the Mueller matrix are
defined in Table 1 [23, 24]. The Mueller matrix allowed us to

TABLE 1 Matrix elements of the Mueller matrix expressed
in terms of the measured intensities. The first and second
subindices in the terms (e.g., IHH) represent the polarization
the incident and detected state, respectively.

Element Definition
m11 0.5(IHH + IHV + IVH + IVV)
m12 0.5(IHH + IHV − IVH − IVV)
m13 0.5(IDH + IDV − IAH − IAV)
m14 0.5(ILH + ILV − IRH − IRV)
m21 0.5(IHH + IVH − IHV − IVV)
m22 0.5(IHH + IVV − IVH − IHV)
m23 0.5(IDH + IAV − IAH − IDV)
m24 0.5(ILH + IRV − IRH − ILV)
m31 0.5(IHD + IVD − IHA − IVA)
m32 0.5(IHD + IVA − IHA − IVD)
m33 0.5(IAA + IDD − IDA − IAD)
m34 0.5(ILD + IRA − ILA + IRD)
m41 0.5(IHL + IVL − IHR − IVR)
m42 0.5(IHL + IVR − IVL − IHR)
m43 0.5(IAR + IDL − IAL − IDR)
m44 0.5(ILL + IRR − IRL − ILR)

obtain the polarization transformation applied by the shell, as
discussed in the previous section.
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