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Architecture of Columnar Nacre, and Implications for Its Formation Mechanism
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We analyze the structure of Haliotis rufescens nacre, or mother-of-pearl, using synchrotron spectro-
microscopy and x-ray absorption near-edge structure spectroscopy. We observe imaging contrast between
adjacent individual nacre tablets, arising because different tablets have different crystal orientations with
respect to the radiation’s polarization vector. Comparing previous data and our new data with models for
columnar nacre growth, we find the data are most consistent with a model in which nacre tablets are
nucleated by randomly distributed sites in the organic matrix layers.
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Biominerals in general [1-6] and nacre, or mother-of-
pearl, in particular [7—10] attract the attention of scientists
in material science, biology, and mineralogy as well as
physics because of their remarkable mechanical properties
and their incompletely elucidated formation mechanisms.
Nacre is a composite of alternating layers of organic matrix
(OM) and aragonite, 30 and 400-500 nm thick [11,12],
respectively. Each aragonite layer consists of 5-10 um
wide tablets of irregular polygonal shape that completely
fill the space between preformed OM layers.

We investigate the structure of nacre using new experi-
mental measurements and address possible mechanisms of
nacre formation with theoretical simulations. Our experi-
mental data demonstrate c-axis orientation disorder of
nacre tablets across different nacre layers, and we show
that characterizing this disorder yields insight into nacre’s
formation mechanism.

We use x-ray photoelectron emission spectromicroscopy
(X-PEEM) or simply synchrotron spectromicroscopy [13]
to obtain information about the orientation of nacre tablets.
X-PEEM is a surface sensitive technique (probing depth of
3 nm at the carbon K-edge [14]) that enables imaging and
extraction of spectroscopic information from a single layer
of nacre tablets, or from a polished cross section including
many layers. X-ray absorption near-edge structure
(XANES) [15] spectra were extracted from individual
tablets, and compared with simulated spectra for aragonite
crystals. Our bulk x-ray diffraction data from the same
abalone shell are consistent with previously reported data
[12,16] and with the spectromicroscopy results reported
here, which were acquired on the VLS-PGM undulator
beam line at the SRC [17].

Figure 1 presents X-PEEM data of nacre tablets acquired
on the Spectromicroscope for the PHotoelectron Imaging
of Nanostructures with X-rays (SPHINX) X-PEEM [1,13].
The carbon map of Fig. 1(a) represents, with different gray
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levels, the intensity of the peak at 290.3 eV [18] in the C
K-edge XANES spectra have different nacre tablets, as
shown in Fig. 1(b). The 290.3 eV peak corresponds to the
Cls — 7 transition of the CO bond (hereafter referred to
as the 7 peak) [15,19]. Synchrotron radiation is linearly
polarized in the orbit plane. Under such illumination, the
intensity of the 7* peak depends on the crystallographic
orientation of each nacre tablet with respect to the polar-
ization, as detailed below. A map of nacre tablets exhibit-
ing such high contrast between adjacent tablets was
previously observed with dark field TEM imaging for the
intracrystalline OM [10], but never for the aragonite crystal
orientation. Interestingly, the oxygen 77* peak exhibits the
same variation, and maps as well as carbon does [see
Fig. 1(c)], while Ca distributions appear completely homo-
geneous [see Fig. 1(d)], as do all direct images of nacre
acquired at monochromatic energies outside the narrow
energy region around the 7* peak. The contrast observed
in the maps of Fig. 1 is the first observation of x-ray linear
dichroism, a polarization-dependent phenomenon widely
studied in materials physics [20,21], in a natural
biomineral.

Our simulated XANES spectra obtained using the FEFF
software package [22,23], as well as our experimental
XANES measurements on single aragonite crystals at dif-
ferent orientations, confirm that the intensity variation of
Fig. 1(a) arises because the polar angle 6, the angle be-
tween the c-axis and the polarization vector, differs for
each tablet, and the c-axes of different tablets are not all
parallel to each other but misoriented. The contrast must
arise from polar orientation variations, because the relative
intensities of the peaks cannot vary when only the azimu-
thal angle is varied, and aragonite has triangular symmetry
in the ab-plane [15]. X-ray diffraction measurements on
nacre by us and by others [16,24] indicate that c-axis
orientation in nacre varies by =11° over centimeter length
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b Carbon K-edge XANES spectra
of abalone nacre tablets
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FIG. 1. X-ray linear dichroism generates contrast in nacre
tablets. In this nacre sample the growth direction was perpen-
dicular to the image plane; thus, the nacre layers are almost
parallel to the surface, and appear as contour lines where they are
not flat. The polarization vector is 16° from the growth direction;
the microscope geometry is described in [13]. (a) Distribution
map of the carbon 7*/c™ signal on the polished surface of red
abalone nacre. The map was obtained by digital ratio of two X-
PEEM micrographs acquired with SPHINX at 290.3 and 302 eV.
The immediately adjacent tablets 1 and 5 exhibit the highest
dichroic contrast. (b) Carbon K-edge XANES spectra extracted
from the correspondingly labeled regions in (a). The 7" peak at
290.3 eV and the o™ peak at 302 eV have anticorrelated inten-
sities that change dramatically from tablet to tablet. Each spec-
trum is normalized to the beam line background and to a linear
background fit above 310 eV, so the pre- and post-edge inten-
sities, below 283 eV and above 310 eV are 0 and 1, respectively.
These spectra were all acquired simultaneously from a stack of
200 images, and confirmed in a repeated acquisition.
(c) Distribution map of oxygen 7*/pre-edge signal at 534 and
531.7 eV, respectively, showing the same dichroic contrast as the
carbon map. (d) Distribution map of calcium, showing only the
Ca-poor OM layers, and no crystal tablet contrast.

scales, while there is no long-range order in ab orienta-
tion. The X-PEEM results yield the new information that
the polar variability occurs on the scale of individual
tablets.

The spectromicroscopy data for a cross section of red
abalone nacre shown in Fig. 2(a) demonstrate that tablet
orientation is conserved across approximately 10 layers.
This result is consistent across different shells, and differ-
ent areas of the same shell, with 40 as the maximum
number of co-oriented tablets observed in red abalone.
Figure 2(a) demonstrates that the growth direction of nacre
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FIG. 2. (a) X-PEEM oxygen 7" map of a polished cross
section of red abalone nacre, obtained by ratio of 534 and
518 eV images. The angle between the growth direction and
the polarization vector was ~61°. The growth direction in this
sample was 60° from the normal to the polished nacre surface, so
the layer thickness appears to be greater than 500 nm.
(b) Outlines of the tablets in (a) from 3 distinct nacre co-oriented
columns, bisected by vertical lines. (c)—(d) Results from two-
dimensional models of abalone nacre growth. Both models
assume randomly distributed nucleation sites in the first layer
(bottom, in each model), that the orientation of the tablet
nucleated at a given location in row n + 1 is the same as that
of the tablet in row n, directly below the nucleation site, and
assume that horizontal growth occurs at a uniform rate, and is
only arrested when tablets become contiguous. Co-oriented
tablets are indicated by the same gray level. (c) Tablet nucleation
in layer n + 1 occurs within a 0.7 um diameter of the nucleation
site of the underlying tablet in layer n (the maximum diameter of
the tablet in layer n when it reaches a height of 0.4-0.5 pum,
based upon the growth rate of nacre tablets found by Lin and
Meyers [25]). (d) Nucleation sites for tablets in layer n + 1 are
distributed uniformly and randomly on the OM layer separating
layers n and n + 1.

cannot be identified with the c-axis of nacre tablets, as
usually assumed, because the c-axis is oriented differently
in neighboring columns of tablets.

Figure 2(b) shows that a vertical line bisecting each
tablet within a column of co-oriented tablets does not
necessarily align with the column axis. Rather, several
co-oriented tablets are stacked, with each successive tablet
(n+ 1, n + 2, etc.) offset in one direction [right or left in
Fig. 2(b)] relative to tablet n. Other columns of tablets are
stacked approximately along the vertical growth direction.
For simplicity, hereafter we refer to this appearance as
“skewed columns.”

We now discuss modeling results that show how our
experimental results yield insight into possible growth
mechanisms of nacre. Recent results of Nudelman et al.
report a single nucleation site per tablet [7], and optical
micrographs of individual layers of nacre tablets in abalone
(not shown) yield patterns of tablets that are consistent
with the hypotheses that each tablet has a single nucleation
site, that the nucleation sites are randomly distributed in
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the ab-plane, the tablet growth is isotropic in the ab-plane,
and growth only stops at confluence. The simplistic as-
sumption of isotropic growth in the ab-plane is conceiv-
able for either growth of aragonite crystals from solution
ions or growth of aragonite tablets via nanograin aggrega-
tion [10,26,27].

A simple two-dimensional model yields insight into how
different nucleating mechanisms affect the resulting orga-
nization of successive layers. Our growth models all start
with an initial condition of randomly distributed nucleation
sites for the first growth layer and arbitrarily assigned
crystallographic orientations for each tablet in the first
growth layer. We assume that a tablet nucleated in layer
n + 1 has the same crystallographic orientation as the
tablet in layer n, directly below the nucleation site.
Figure 2(c) shows growth when the nucleation site in layer
n + 1 is restricted to be close to the nucleation site of a
tablet below it in row n, which corresponds to nucleation
occurring soon after the tablet in layer n reaches its full
height [11,28]. This model results in aligned columns that
do not resemble the skewed columns observed in bulk
nacre [Fig. 2(a)].

Figure 2(d) shows growth when the nucleation sites for
layer n + 1 are chosen at random locations anywhere
within the OM layer between tablet n and n + 1, with
the orientation of the tablet in row n + 1 the same as the
tablet in row n, directly below the nucleation site. This
model generates columns that are qualitatively similar to
those measured experimentally [Fig. 2(a)].

Our results are consistent with a growth mechanism in
which the OM layers are formed first, with randomly
distributed nucleation sites that have no associated crys-
tallographic orientation. Once a tablet in layer n reaches a
nucleation site, the latter nucleates a tablet in layer n + 1
with the same orientation.

We propose that nucleation sites are preexisting in the
OM layers before crystal nucleation and growth, but do not
become active until growth has proceeded to an appropri-
ate stage. We propose the following mechanism to describe
nucleation sites consisting of active organic molecules: on
side n of the OM layer, a STOP molecule arrests aragonite
growth for tablet n along the growth direction, while its
counterpart START molecule on the other side of the same
OM layer is activated and nucleates a new aragonite tablet
n + 1. It is possible that a templating mechanism exists, in
which organic molecules alone determine the crystal ori-
entation of aragonite, as described by Gilbert et al. [1];
alternatively, crystal orientation could be determined by
the underlying crystal directly. Specifically, the ring-
shaped nucleation sites observed by Nudelman et al. [7]
would simply have pores at their center through which the
underlying crystal grows [28,29]. The latter could be either
the aragonite crystal or the organic crystal observed by
Rousseau et al. [10]. Regardless of the mechanism by
which the crystal orientation is templated, the time se-

quence must be enforced. This can be achieved with either
or both the START/STOP molecules, and a porous region
in the OM layer as the “nucleation site.” These scenarios
are both fully consistent with the recent proposal by
Addadi et al. that amorphous calcium carbonate may
be a precursor to aragonite in nacre tablet formation [30].
In this scenario, growth of aragonite tablets at the
expense of amorphous calcium carbonate is expected,
and crystal orientation determined by a separate templating
mechanism.

To summarize, we have shown that aragonite exhibits x-
ray linear dichroism. Exploiting this novel contrast mecha-
nism, we have used XANES and X-PEEM spectromicro-
scopy to resolve individual tablets in pristine bulk nacre. It
appears that individual tablets indeed behave as single
crystals under polarized x-ray illumination, and the nano-
grains observed by Rousseau et al. in Pinctada maxima
[10] and Li et al. in Haliotis rufescens [26] are all co-
oriented within each tablet. The c-axes of individual ara-
gonite tablets in nacre are not oriented parallel to the
growth direction, and there are significant differences in
the orientation of the c-axes of neighboring tablets.
Furthermore, we reveal that there are columns of co-
oriented tablets, with the number of tablets per co-oriented
column varying between 1 and 40. These observations
allow us to discriminate among possible formation mecha-
nisms for nacre growth. The model that best resembles
bulk columnar nacre has randomly distributed nucleation
sites, preformed on organic matrix layers before tablet
nucleation and growth. The resulting scenario reconciles
apparently discrepant lines of evidence, and encompasses
the present results and all other data currently available on
the mystery of abalone nacre formation.
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