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ABSTRACT: X-ray absorption near-edge structure (XANES) spectroscopy and
spectromicroscopy have been extensively used to characterize biominerals. Using either
Ca or C spectra, unique information has been obtained regarding amorphous biominerals
and nanocrystal orientations. Building on these results, we demonstrate that recording
XANES spectra of calcium carbonate at the oxygen K-edge enables polarization-dependent
imaging contrast (PIC) mapping with unprecedented contrast, signal-to-noise ratio, and
magnification. O and Ca spectra are presented for six calcium carbonate minerals:
aragonite, calcite, vaterite, monohydrocalcite, and both hydrated and anhydrous amorphous
calcium carbonate. The crystalline minerals reveal excellent agreement of the extent and
direction of polarization dependences in simulated and experimental XANES spectra due to
X-ray linear dichroism. This effect is particularly strong for aragonite, calcite, and vaterite. In
natural biominerals, oxygen PIC-mapping generated high-magnification maps of unprece-
dented clarity from nacre and prismatic structures and their interface in Mytilus californianus
shells. These maps revealed blocky aragonite crystals at the nacre—prismatic boundary and the
narrowest calcite needle-prisms. In the tunic spicules of Herdmania momus, O PIC-mapping revealed the size and arrangement of
some of the largest vaterite single crystals known. O spectroscopy therefore enables the simultaneous measurement of chemical and
orientational information in CaCO; biominerals and is thus a powerful means for analyzing these and other complex materials.
As described here, PIC-mapping and spectroscopy at the O K-edge are methods for gathering valuable data that can be carried out
using spectromicroscopy beamlines at most synchrotrons without the expense of additional equipment.

B INTRODUCTION X-ray absorption near-edge structure (XANES).> For CaCO,,

Mollusk and foraminifera shells, eggshells, plant cystoliths, corals, this analysis has been pferformed at the Ca K-edge,4 Ca L-edge,s
sea urchin spines, and tunicate spicules are a few examples of and C K-edge, where in the latter case the XANES spectrum
the myriad of biominerals formed from calcium carbonate was demonstrated to vary according to the crystal orientation.
(CaCO,)." The mechanisms by which organisms generate
such biominerals have been the subject of considerable interest,
due in part to the potential to translate these methods to
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synthetic materials.” One of the most powerful experimental Received: April 15, 2014
methods used to study biominerals and their formation has Revised: ~ May 8, 2014
proven to be spectroscopy and spectromicroscopy based on Published: May 12, 2014
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Figure 1. (A) Scanning electron micrographs of all the synthesized minerals analyzed in this work: calcite, aragonite, vaterite, monohydrocalcite
(MHC), and hydrated amorphous calcium carbonate (ACC-H,0). (B) Oxygen K-edge spectra for the five synthetic minerals in A plus biogenic ACC
from a sea urchin spicule extracted from a Strongylocentrotus purpuratus embryo, prepared and analyzed as in Gong et al. 2012.%" The ACC-H,0 O
spectrum is normalized to the beamline throughput intensity at each energy (I,), whereas the ACC spectrum was normalized to a simultaneously
acquired spectrum from an epoxy I, region. The other crystalline carbonate O spectra were obtained by averaging two spectra collected with linear
polarization vertical and horizontal and previously normalized to an epoxy I, region. All spectra were scaled so that the post- and pre-edge are at 1 and 0,
respectively, and displaced vertically for clarity. The solid lines are the results of peak-fitting, whereas the experimental data are displayed as black data
points. Notice that for aragonite there are six Lorentzian peaks, whereas for all other minerals there are four. (C) Calcium L-edge experimental spectra
from the same six minerals, distinct from one another at the crystal field peaks, indicated by vertical lines. All Ca spectra are scaled so that the most
intense L, peak is 1 and the pre-edge is 0, and displaced vertically for clarity. All peak-fitting parameters for O and Ca spectra are presented in Tables S1
and S2 of the Supporting Information. All text-file spectra are available to the reader as Supporting Information.

This dependence was first observed in the polymorph aragonite® is widely used in optical microscopy of minerals to determine their
then in calcite minerals and biominerals,***” but it has not orientation, but it is complementary to it because of higher spatial
previously been observed in vaterite. resolution, down to 20 nm."!

This orientation dependence of the XANES spectrum is due to We present the first oxygen K-edge XANES spectroscopy of all
X-ray linear dichroism, a physical effect that generates dramatic the stable synthetic calcium carbonate minerals and biominerals.
spectral differences due to changes in the carbonate group Previous O spectroscopy was published recently for a generic
orientation with respect to the polarization of the illuminating CaCO,,"* as well as for MnCO; and FeCO,."* Our results show
X-rays.® This effect lies at the heart of the imaging method that O spectroscopy can be used to provide simultaneous
polarization-dependent imaging contrast (PIC) mapping,**~ %"’ chemical and orientational information on CaCOj; biominerals
in which the orientations of crystals are displayed by different gray and that the differences in the O spectra are significant enough
levels. In the case of calcium carbonate, the carbonate groups lie in to enable the different carbonate polymorphs to be distinguished
only a few distinct orientations in a crystal, and these are repeated in unknown specimens. The polarization dependence was also
periodically in three dimensions to generate the entire lattice. The studied in detail, and it was found that X-ray linear dichroism
linear dichroism effect is therefore strongly amplified in crystals, makes the polarization-dependent contrast at the O K-edge three
and PIC-mapping takes full advantage of such amplification. We times greater than that at the C K-edge; this effect is strong in
emphasize that this technique is just as effective for synthetic, calcite, aragonite, and vaterite (all CaCO,). For completeness,
geologic, or biogenic carbonate crystals because they all share we also include in this analysis the spectra for monohydrocalcite

the same crystal structure, spectral line shape, and polarization (MHC, CaCO4-H,0) and both anhydrous and hydrated amor-
dependence.”® This method is analogous to pleochroism,'® which phous calcium carbonate (ACC and ACC-H,0, respectively).

8450 dx.doi.org/10.1021/jp503700g | J. Phys. Chem. B 2014, 118, 8449—8457
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Figure 2. Polarization dependence of the O spectra in the three crystalline polymorphs of CaCO; and MHC. In each plot, the linear polarization vector
(E) of the illuminating X-rays is either parallel or perpendicular to the crystallographic c-axis, and each plot shows the spectra acquired with vertical and
horizontal polarization. All spectra are normalized to the nonpolarization-dependent epoxy curve acquired simultaneously at each polarization and are
scaled so that the post- and pre-edge intensities are 1 and 0, respectively. They are all plotted with the same vertical scale, such that the magnitude of the
polarization dependence of each mineral can be appreciated. The greatest variation with linear polarization rotation is observed for aragonite, then
calcite, vaterite, and most weakly for MHC. Notice that in all spectra, peak 1 is a 7* peak, peaks 3 and 4 are 6* peaks anticorrelated with 7* peak 1.
The peak numbers are positioned as in the spectra of Figure 1B and Table S1 of the Supporting Information.
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Figure 3. FEFF-simulated spectra for all four crystalline minerals. In all of these the crystal c-axis is vertical, and the orientation of the linear polarization E
varies between vertical (6 = 0°, black) and horizontal (6 = 90°, green) in 10° increments. Each plot also shows the energy positions of the experimental
peaks, and their labels are as in Figures 1 and 2 and Table S1 of the Supporting Information. Notice that, despite the dissimilarity in line shape and peak
positions between these simulated spectra and the experimental ones shown in Figure 2, for all minerals the 7* and ¢* peaks (1, 3, 4) exhibit
anticorrelated behavior as in the experimental spectra. Remarkably, in calcite and aragonite the 7* peak is at a maximum at 6 = 0°, whereas in vaterite the
7* peak is at a maximum at @ = 90°. This is entirely consistent with the structures of these crystals. All four sets of spectra are plotted on the same vertical
axis, such that the extent of their polarization dependence variation is clearly visible. All structural data (in cif format) and text files containing the inputs
for the calculation of FEFF spectra (feffinp) required to reproduce these simulations are available to the reader as Supporting Information.

MHC is rarely observed in biominerals,'* whereas ACC-H,O is
the form of all stable biogenic amorphous calcium carbonate
(plant cystoliths, crustacean cuticles, ascidian spicules, etc.'®),isa
precursor phase in sea urchin spicules and spines,'® and most
recently was mapped with 20 nm resolution using spectromicro-
scopy at the Ca L-edge.”™"

B RESULTS

In Figure 1 we present XANES spectra at the oxygen K-edge of
six synthetic and biogenic calcium carbonate minerals. Ikaite
(CaCO4:6H,0) is not included as it rapidly recrystallizes to
calcite at room temperature. We also acquired Ca L-edge spectra
before and after each O spectrum to confirm the assignment of
each mineral®®”™'” and to rule out radiation damage effects. This
is particularly relevant for ACC-H,O, which transforms into
anhydrous ACC and then into calcite upon X-ray exposure.”
Figure S1 of the Supporting Information shows the Ca spec-
tra acquired from the same pixels as for the O spectrum of ACC-
H,O0 and ACC in Figure 1. All other O spectra in Figure 1 were
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obtained by averaging two spectra acquired with vertical and
horizontal linear polarization, to minimize polarization depend-
ence.

At first glance, the O spectra in Figure 1 look similar to one
another, apparently having four peaks, which have been labeled 1
through 4. However, significant differences can be found with
careful inspection and further analysis. Notice in particular that
for aragonite, peaks 3 and 4 are double-peaks such that there are
six peaks rather than four. Of these, only five are evident in
Figure 1, whereas all six are evident upon changes in the linear
polarization, as shown in Figure 2.

Carbonate groups are trigonal planar (D5, point group), with
carbon lying at the center and the three oxygen atoms at the
corners of the triangle. The 2p orbitals of each O atom, which
combine with the 2p orbitals of C to form the & orbitals of
carbonate, are perpendicular to the plane of the triangles. These
triangles are displayed in red in the animated structures of all
of the crystals shown in Movies M1—M4 of the Supporting
Information. Hereafter we refer to the direction of the 7 states as

dx.doi.org/10.1021/jp503700g | J. Phys. Chem. B 2014, 118, 8449—8457
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Figure 4. PIC-maps of aragonite nacre from a Mytilus californianus shell embedded, polished, coated,** %% and imaged in cross-section. (A) PIC-map at
the O K-edge. Notice the staggered co-oriented tablets, revealed by similar gray levels. This map is enabled by the polarization dependence of O spectra
in Figures 2 and 3. (B) PIC-map of the same region as in A but acquired at the C K-edge, as in most previous PIC-maps. The signal/noise ratio for O is
three times greater than that for C; hence, the contrast and pixel resolution achievable are both greater at the O K-edge. White arrows, identically
positioned in the two maps, point to the contrast between adjacent nacre tablets, which is visible in the O but not in the C PIC-map. Quantitative analysis

of contrast is provided in Figure S3 of the Supporting Information.

a vector; this corresponds to the principal axis of the electron
density, which is orthogonal to the red triangles. In Figure 2, if the
polarization vector is parallel to the 7 orbitals, the O 1s = z* C=0
transition signal, which is hereafter referred to as a 7* peak, is
maximal and the O 1s — 6% C=0 absorptions, or 6* peaks, are
minimal. The z* and ¢* peaks are always anticorrelated.

In Figure 1, the vaterite and calcite O spectra are surprisingly
similar, with the exception of a small shift of peak 2. In Figure 2,
the most remarkable spectral behavior is observed for the 7*
peak 1 in aragonite and calcite, which is at a maximum at 6 = 0°,
whereas in vaterite the 7* peak is at a maximum at & = 90°. This is
entirely consistent with the structures of these crystals and is
observed in experimental and simulated spectra of Figures 2 and 3.

Peak 2 behaves differently across crystals: in calcite and MHC,
peak 2 is anticorrelated with peak 1; in vaterite it is correlated
with peak 1; and in aragonite, the intensity of peak 2 is nearly
polarization-independent. Peak 2 is sharper in calcite and vaterite
compared to that in aragonite, MHC, ACC, or ACC-H,0. We
suspected that O—Ca interactions are important to peak 2, as the
same crystals with a sharp peak 2 also have a sharp crystal field
peak at the pre-edge of the Ca L-edge spectra (Figure 1). We
tested this hypothesis by running simulations of an artificial
calcite structure in which all Ca atoms are replaced by Be. The
results, displayed in Figure S2 of the Supporting Information,
show that peak 2 disappears; hence, it must be generated by O—
Ca interactions in all carbonates. Its polarization dependence in
MHC (Figure 2) must be due to the orientation of O—Ca bonds.
Peak 2, therefore, should not be considered either a carbonate
group 7% or a 6 peak.

The spectra in Figure 3 were simulated using mu]tiple—scatterin§
calculations and muffin-tin potentials in the code FEFF 9,'
hereafter referred to as FEFF, based on structures from the literature
for the four crystals aragonite,19 calcite,® vaterite,”* and MHC.*
For vaterite, we decided to use the hexagonal structure proposed by
Kamhi,*" which includes partial occupancy of the carbonate sites, so
that the spectra can be computed from a single structure. It has been
recently shown that vaterite is composed of multiple structures.”®
However, this is unlikely to substantially alter the computed spectra.

In calcite and aragonite, the carbon and oxygen 2p- orbitals in
CO,* are parallel to the c-axis, whereas in vaterite they are
perpendicular to the c-axis and to the sides of a hexagon whose
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normal is the c-axis. This is clearly visible in Movies M1—M4 of
the Supporting Information, where the carbonate groups are
represented as red triangles and the 7 orbitals are perpendicular
to the triangles. Hence, for calcite and vaterite, the 7* peaks are
maximized when the polarization is parallel or perpendicular to
the c-axis, respectively. This is clearly seen in the experimental
and simulated spectra of Figures 2 and 3.

In MHC, there are nine distinct orientations of the carbonate
groups, generated by symmetry from three independent
carbonates, and these lie such that the vector sum of the 7
orbitals is smaller and parallel to the c-axis; therefore, the
polarization dependence is weaker but in the same direction as
that for calcite and aragonite (Figure S4 of the Supporting
Information). This is nicely supported by the simulated spectra
shown in Figure 3 and can be readily rationalized by the crystal
structure shown in the Movies M1—M4 and Figure S4 of the
Supporting Information.

Although the FEFF-simulated spectra in Figure 3 show a
different number of peaks and thus do not resemble the
experimental spectra all that closely, the essential features are in
remarkable agreement: the 7** and ¢* sensitivity to polarization
matches perfectly. The greatest variation with linear polarization
rotation is observed for aragonite, then calcite, vaterite, and most
weakly for MHC. This is in excellent accord with the
experimental data shown in Figure 2.

The strong polarization-dependence of oxygen K-edge
XANES spectra of aragonite, calcite, and vaterite makes the O
K-edge ideally suited for polarization-dependent imaging
contrast mapping. Indeed, as shown for the analysis of three
biominerals in Figures 4—6, the resultant PIC-maps show
unprecedented levels of contrast, signal/noise ratio, and
therefore effective spatial resolution.

Figure 4A,B shows PIC-maps of the aragonite nacre from a
Mytilus californianus shell. The observed structure is in excellent
agreement with the recognized structure of this biomineral.
However, a comparison of PIC-maps at the O K-edge (Figure 4A)
and at the C K-edge, as shown in Figure 4B and in most previous
nacre data,®”*™* demonstrates that there is significantly greater
signal and contrast when mapping at the O K-edge. Figure S3 of
the Supporting Information presents quantitative analysis of these
improvements.

dx.doi.org/10.1021/jp503700g | J. Phys. Chem. B 2014, 118, 8449—8457
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Figure 5. Color PIC-maps at the O K-edge of calcite and vaterite

biominerals in cross-section,** 2® with 20-um field of view and 20 nm

pixel size. (A) Calcite prismatic layer in a M. californianus shell. Notice
that the variations in color, corresponding to the distribution of calcite
orientation angles, reveal some of the smallest calcite prisms ever reported
in any mollusk shell. (B) Vaterite tunic spicule from the tunicate Herdmania
momus, along the diagonal of the image. Here the homogeneous color
reveals the size and outline of each vaterite crystal in the spicule cross-
section: these are some of the largest vaterite single crystals ever observed,
exceeding 10 um in length. Color bars for PIC-maps in A and B are shown
to the right of each map and display different angle ranges to enhance color
contrast between crystals. The color describes the in-plane orientation of
the 7 orbitals in carbonate groups, and the brightness (from bright color to
black) describes how far off-plane the  orbitals are. Note that the organics
in A and the epoxy in B appear black because they exhibit no polarization
dependence. (Figure SS of the Supporting Information provides more
details on the definition of 7 and 7z’ and the color displayed.)

Compared to the nacre cross-section PIC-maps in Olson
et al,”’ the data in Figure 4 are also dramatically improved. In
that earlier work the contrast was enhanced through the use of a
nonlinear grayscale gradient to better display morphological
differences in nacre from different species. In this work we wish
to be rigorously quantitative about ¢’-axis orientation measure-
ment. Hence, we do not artificially alter either the grayscale in
Figure 4 or the color bars in Figures 5 and 6; they are generated as
linearly varying gradients and not altered in subsequently used
graphics software. When treated identically, the present O
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PIC-maps are far superior, with sharper edges and greater
contrast, as seen in Figure 4.

Figure S shows for the first time PIC-maps in color, where the
color describes the orientation of carbonate groups. Further-
more, these color oxygen PIC-maps show previously unappre-
ciated and unobserved characteristics of a calcite and a vaterite
biomineral: the calcite prismatic layer in a M. californianus (Mc)
shell, and vaterite tunic spicules from the tunicate Herdmania
momus. PIC-maps show the ultrastructure of these materials with
unprecedented clarity. The calcite prisms displayed in Figure SA
range in size from 0.5 to 2 ym in cross-section and are among the
narrowest calcite prisms ever reported.”® These dimensions are
such that it is more appropriate to term them needle-like prisms,
or needle-prisms. Such narrow needle-prisms may afford Mc
greater resistance to wear.”* The vaterite crystals in the tunicate
spicule in Figure SB are among the largest vaterite single crystals
ever regorted, including synthetic, geologic, or biogenic
vaterite.”” These large, perfect single crystals recently facilitated
a detailed structural analysis, which revealed that vaterite exhibits
a double-crystal structure,”*** also predicted on the basis of
theoretical calculations.”* Figure SB displays not only the size of
homogeneously colored crystals but also their orientation with
respect to one another in the pristine arrangement in the spicule,
which is a result of biomineralization controlled by the H. momus
organism. Notice that the maximum 7z’ angular distribution
observed in this entire region is within 34° (+17° angle spread
footprint, not full width at half-maximum).

In low-contrast samples, greater contrast may also provide
greater spatial resolution. Hence, going from the previous
C PIC-mapping to the new O PIC-mapping may enable greater
magnification. To test if this was the case for biominerals, we
analyzed a M. californianus shell with an unprecedented small
field of view and pixel size, 10 gm and 10 nm, respectively, and
obtained satisfactory results as presented in Figure 6. The color
contrast at the nacre—prismatic boundary in Figure 6A is 60°
excluding the orange and purple aragonite crystals (155° including
them); in Figure 6B, it is 46° excluding the outlier magenta tablet
(90° including it); and in Figure 6C,D, they are 30° and 25°. The
angular distribution measured at or near the boundary in nacre is
much larger than ever previously observed for the Mc shell,” but it
decays to the prior value of 30° at greater distance from the nacre—
prismatic boundary’ (Figure 6C). We note the black, purple,
and orange aragonite regions at the boundary in Figure 6B, which
had never been observed before. Figure S6 of the Supporting
Information shows a distribution map of aragonite and calcite at
a boundary region, demonstrating that the material displayed in
purple and orange here is indeed aragonite but is not layered nacre.
Hence, we conclude that this must be the blocky aragonite usually
and somewhat erroneously’' termed “spherulitic aragonite” at the
nacre—prismatic boundary of other shells.”***

B DISCUSSION

The advantages of using oxygen, rather than carbon, for
PIC-mapping are the significantly greater signal-to-noise ratio,
contrast, and therefore magnification and pixel resolution, as
shown in Figure 4 and Figure S3 of the Supporting Information.
These improvements are simply explained by the 3:1 ratio of [O]
and [C] in carbonates. However, this means that more energy is
deposited into the sample per unit area and unit time; hence,
radiation damage is greater or faster. In the experiments presented,
such effects were not observed, as all data were acquired before the
onset of radiation damage. Another advantage is that all carbonates
have distinct spectra at the O K-edge but not at the C K-edge.

dx.doi.org/10.1021/jp503700g | J. Phys. Chem. B 2014, 118, 8449—8457
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Figure 6. Color O PIC-maps with 10 ym field of view and 10 nm pixel size. All maps are from the same M. californianus shell (A) at the nacre—prismatic
boundary, (B) in a nacre region 50 yim away from the boundary, (C) in a nacre region 110 #m away from the boundary, and (D) in the calcite prismatic
layer, again showing small calcite needle-prisms. Here several needle-prisms are less than 1 ym in cross-section. The color bar is the same for all maps in

A, B, C, D and displays 7z’ angles from —80° to 80°.

Indeed, aragonite and calcite are indistinguishable at the C K-edge.
The use of O rather than Ca spectroscopy does, however, have a
distinct disadvantage: the O spectra are far more complex to
normalize than Ca spectra, as beamline throughputs (I,) have dips
at the O K-edge due to oxygen contamination of the optics. In
contrast, at the Ca L-edge, the I, is a featureless second-order
polynomial. Although at the Ca L-edge calcite, aragonite, and
vaterite spectra are different from one another, MHC is similar to
ACC-H,0 and differs only in the relative intensities of peaks, not
in their energy positions or line shape*>** (Figure 1), whereas at
the O K-edge, all calcium carbonates are spectroscopically distinct.
In carbonates, Ca is bonded only to O, and C is bonded only to O,
whereas O is bonded to both C and Ca; this is consistent with the
observed greater variability of O spectroscopy compared to that of
both other elements. Furthermore, Ca does not exhibit significant
dichroism.

Compared to electron back-scatter diffraction (EBSD),**
another method to measure the orientation of nanocrystals in
minerals and biominerals, PIC-mapping is equally surface
sensitive, has better spatial resolution,'! and provides data for
every pixel in an image. Thus, unlike EBSD, it is not limited to
those pixels that could be indexed. Unlike EBSD, however, which
can resolve any crystalline structure, only dichroic crystals, that is,
those with a noncubic crystal structure, can be PIC-mapped.
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PIC-mapping also provides only semiquantitative orientation of
the c-axis,”™° whereas EBSD generates full 3-dimensional
orientation of the a-, b-, and c-axes. A significant advantage of PIC-
mapping over EBSD, however, and one of the salient benefits of the
technique, is that it can be combined with full spectromicroscopy of
the same sample region, providing elemental composition,*** redox
state,”” and electronic structure of crystalline and amorphous
components alike.** EBSD is of course limited to the analysis of
crystalline materials.

O spectroscopy and PIC-mapping require a synchrotron, an
undulator source with variable linear polarization, and a PEEM
instrument. Most synchrotrons around the world have at least
one, and often several such instruments, and these are typically
available free of charge to any interested users, selected on the
basis of scientific proposals. Therefore, we expect that both O
spectroscopy and PIC-mapping will become widely used. The
systems that can be analyzed with these methods not only
include a wide variety of noncubic minerals and biominerals but
also extend to polycrystalline metals and semiconductors or their
oxides.

The first new discovery made here, that vaterite tunic spicules
from H. momus contain large single-crystals of vaterite, is highly
unexpected and significant. Previously, vaterite was observed to
occur only as nanocrystals.”***® The only other papers where

dx.doi.org/10.1021/jp503700g | J. Phys. Chem. B 2014, 118, 8449—8457
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vaterite spicules from H. momus were analyzed are by Kabalah-
Amitai et al,?>**° but in those works the spicules had to be cut
and thinned to be imaged in transmission electron microscopy.
Only submicrometer fragments of spicule crystals could be
analyzed; hence, the size of co-oriented crystals could not be
measured. The present observation of 10 ym-single crystals of
vaterite is new and paradigm-shifting, as vaterite is no longer only
nano-, but microcrystalline, which represents a three-order of
magnitude increase in the expected size of vaterite. The
orientation of vaterite microcrystal 7" angles is within a narrow
distribution of 34°, which is the result of an as yet unidentified
crystal growth mechanism.

The second discovery presented here is that prismatic calcite
“needles” in Mc are smaller than 2-ym in diameter, instead of the
well-known 20—50 gm diameter prisms,”” which is in agreement
with previous observations in M. edulis by scanning electron
microscopy after weathering and separation of the prisms,*’ or
directly within the Pristine prismatic layer by electron back-
scatter diffraction.>® Comparative studies of prism size and
mechanical performance of the prismatic layer of mollusk shells
have not yet been performed. We know that the hardness of Mc
prismatic layer is not greater than that for other shells with larger
prisms.”* Smaller prism width, however, may still be a significant
parameter; for instance, by increasing the surface/volume ratio
or the organic/inorganic concentration ratio, smaller prism width
may thus confer greater fracture resistance to the host shell.
Future mechanical studies will elucidate the answers to these
questions.

The third discovery made here is that there is spherulitic
aragonite at the nacre—prismatic boundary in M. californianus.
These aragonite crystals are highly mis-oriented with respect to
one another, but interestingly they do not seem to propagate
their orientation to the adjacent nacre layers, as previously
observed for many other species.”'”**!

In conclusion, we have presented oxygen K-edge spectra for
three calcium carbonate polymorphs, as well as monohydro-
calcite and both hydrated and anhydrous amorphous calcium
carbonate, and have demonstrated excellent agreement between
experimental and simulated polarization dependences for the
four crystalline minerals, with some differences in line shape. For
the anhydrous crystalline minerals (aragonite, calcite, and
vaterite), the polarization dependence is so strong that it enables
unprecedented contrast, signal-to-noise ratio, and pixel reso-
lution in PIC-maps. Extension of this technique to the O
PIC-mapping of three natural biominerals confirmed its potential
for obtaining unique insights into the ultrastructures of these
remarkable materials. Thus, superior images of aragonitic nacre
were obtained, spherulitic aragonite in M. californianus was
discovered, spicules that contain some of the largest single
crystals of vaterite were imaged, and some of the smallest calcite
needle-prism crystals yet reported were observed. Taking the
potential of this method one step further, O is largely present in
water and in air, in different forms including H,O, O,, CO,, CO,
N,O, and NO,, all of which have distinct spectra at the O
K-edge.” We therefore envision that it may also be feasible to
investigate the possible role of water, or even gases, in the formation
of biominerals with O spectroscopy and spectromicroscopy.

B ASSOCIATED CONTENT

© Supporting Information

Additional spectra; peak-fitting parameters for O and Ca spectra;
detailed methods; animated rotation of the four crystal
structures, each showing one unit cell with a few additional
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atoms added at its periphery for clarity; structural data (in cif
format); text files containing the inputs for the calculation of
FEFF spectra. This material is available free of charge via the
Internet at http://pubs.acs.org.
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