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Coral skeletons were long assumed to have a
spherulitic structure, that is, a radial distribution of acicular
aragonite (CaCO;) crystals with their c-axes radiating from
series of points, termed centers of calcification (CoCs).
This assumption was based on morphology alone, not on
crystallography. Here we measure the orientation of crystals
and nanocrystals and confirm that corals grow their
skeletons in bundles of aragonite crystals, with their c-
axes and long axes oriented radially and at an angle from
the CoCs, thus precisely as expected for feather-like or
“plumose” spherulites. Furthermore, we find that in both
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synthetic and coral aragonite spherulites at the nanoscale adjacent crystals have similar but not identical orientations, thus
demonstrating by direct observation that even at nanoscale the mechanism of spherulite formation is non-crystallographic
branching (NCB), as predicted by theory. Finally, synthetic aragonite spherulites and coral skeletons have similar angle
spreads, and angular distances of adjacent crystals, further confirming that coral skeletons are spherulites. This is important
because aragonite grows anisotropically, 10 times faster along the c-axis than along the a-axis direction, and spherulites fill
space with crystals growing almost exclusively along the c-axis, thus they can fill space faster than any other aragonite
growth geometry, and create isotropic materials from anisotropic crystals. Greater space filling rate and isotropic
mechanical behavior are key to the skeleton’s supporting function and therefore to its evolutionary success. In this sense,

spherulitic growth is Nature’s 3D printing.
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pherulites are polycrystalline structures in which acicular

crystals radiate from a common center and grow

approximately synchronously so the final shape of a
spherulite resembles a sphere.'~” Figure 1 shows two types of
spherulites: “spherical spherulite”, in which the crystal fibers
start from a point, or “plumose spherulite”, in which crystal
fibers radiate at an angle from the line.”

Spherulites start forming as an aggregate of parallel acicular
crystals termed “fibers”, then form a “sheaf of wheat” structure,
and with the growth of more fibers eventually become complete
spheres.” In an ideal spherulite, fibers radiate from the center
and contain all possible orientations within the sphere. Since
the fast-growing axis in aragonite (CaCOs) is the c-axis,” in
spherulites each fiber elongation direction coincides with the
crystalline c-axis.'”"' In real spherulites, biogenic'> and
synthetic,” the crystal orientations are not perfectly radial nor

continuously varying with angle, they deviate slightly from
radial and exhibit small but abrupt changes in orientation,
termed “branching”. In Figure 1 branching angles are smaller
than 30° in direction and in crystal lattice orientation. This is
distinct from crystallographic branching, which occurs in
snowflakes, where crystals have their lattices perfectly co-
oriented even when branches grow 60° from one another.
Non-crystallographic branching (NCB) is the first key
characteristic of spherulites, distinguishing them from dendritic

crystals or other spherical crystal forms.”®’
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Figure 1. Spherulites can be either (A) spherical or (B) plumose, that is, all crystals fibers radiate from a static point in space, or a point
moving along a line, which can be curved. Non-crystallographic branching (NCB) of crystals is shown here as branching angles of less than
30° between crystal fibers. Each line represents both the direction along which a crystal fiber grows and its crystal lattice (c-axis) orientation.
Each crystal fiber, however, is much wider than each line shows, and abuts all adjacent crystals, such that all together crystal fibers fill the
entire volume of a sphere (A) or a curved cylinder (B). The colored insets show two space-filled regions, in which colors indicate different

crystal c-axis orientations, identifiable in the color legend.

Space-filling is the second key characteristic of spherulites,
which distinguishes them from other crystals formed by
dendritic or fractal growth.”"> To fill space a spherulite must
contain crystals oriented in all possible directions, neighboring
crystals must be slightly mis-oriented by NCB, therefore the
two key characteristics are related to one another.

Aragonite grows acicularly, with growth rate along the c-axis
10x greater than along the a-axis.” Our hypothesis is that the
most efficient way for aragonite to fill-space is to grow all
crystals along the fast c-axis, that is, to grow spherulitically.
Space-filling biominerals'* provide an obvious evolutionary
advantage for the organism building them.'”"

Crystallization by particle attachment (CPA)'® is also
expected to be faster in that direction because CPA follows
the same rules as ion-by-ion attachment from solution, as
demonstrated by Gal et al,, who showed that in vitro CPA forms
nanoparticulate calcite rhombohedra.'” Rodrigues-Navarro also
showed this effect.'® Thus, both aragonite growth by CPA and
by ion attachment are faster along the c-axis.

Spherulites are found in a wide variety of materials systems,
including §e010gic minerals,"”*° metal alloys,21 nonmetallic
elements,>** salts,”>** organic molecules,">*° proteins,26 and a
vast number of synthetic”>*”** and natural* polymers.

Many biominerals have also been described as spherulitic
based on their morphologies, including coral skeletons, %123
avian eg; shells,>' ™ fish otoliths,'>**° crustacean statoliths,°
sponges,”” and kidney stones.”**’

The only evidence of spherulites in biominerals obtained
from crystal orientation analysis, however, is in bioinduced,
kidney stones, which are calcium oxalate monohydrate
pathological biominerals.”*” Spherulitic growth was suspected
to take place in vaterite spicules based on their crystal
orientations.” Benzerara et al. showed in a Porites coral
skeleton a radial distribution of aragonite crystal orientations
strongly suggestive of spherulitic structure, but did not
explicitly conclude that it was spherulitic.”’ For all other
biominerals, high resolution, quantitative crystal orientation
analysis has not been done. In this study, we do crystal
orientation analysis to understand if corals grow their skeletons
spherulitically.

Coral skeletons are among the most important biominerals
because they form coral reefs, the most biodiverse ecosystems
in the ocean. These have received increased attention in recent
decades because they are threatened by global warming and
ocean acidification.””** Corals that build hard skeletons, also
known as stony, or hermatypic, or scleractinian corals, build
their skeletons with aragonite today, even though in the past
some formed calcite skeletons.**~*® The centers of calcification
(CoCs) are believed to be the nucleation sites for biogenic
aragonite in coral. The coral skeleton can be divided into
several hierarchical structures: From the CoCs, acicular
aragonite fibers grow radially, then arrange into fan-like
bundles, and finally group into a structure shaped like a feather
duster called “trabecula”,'® similar to that in Figure 1B.
“Corallites” are tubular hollow structures on which the polyp
sits, with radial plates called “septa”, and each septum in cross-
section has many CoCs forming a line and crystals radiating
from them.

The CoCs were first discovered 120 years ago by Ogilvie'”
and have been studied in depth.'”**7>° In many different
species of coral the CoCs include abundant organic molecules
and submicrometer mineral granules.”">*> Although classical
assumptions described aragonite fiber growth from the CoC as
a purely physicochemical process in which crystals compete for
space, ”””°* many recent studies have shown that organic
molecules are present both within and around the fibers,”**°
suggesting biologically controlled skeletal formation. Several
studies revealed that the fibers consist of nanosized
grains.""*°~*® The observation of nanoparticles is consistent
with many other biominerals, such as sea urchin spicules,'”*
nacre,”®" and zebra fish bone,®* and is considered evidence of
crystallization via particle attachment.'® However, many of the
previous studies on coral used only atomic force microscopy
(AFM) after etching coral skeletons, thus the size of the
particles may have been underestimated, and no orientation
information was provided. Information on the nanocrystal
orientation is extremely desirable, as it would reveal the
arrangement of the coral skeleton building blocks, and thus
how aragonite crystals grew.
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Figure 2. Polarization-dependent imaging contrast (PIC) maps of (a) a coral skeleton and (b) a synthetic aragonite (SA) spherulite. (a)
Crystal orientations in coral calcified skeleton from Stylophora pistillata. Aragonite crystals radiate as bundles from the CoCs, so that within a
bundle adjacent crystals have small angular distances, within 30°, a feature characteristic of spherulitic growth. (b) Crystal orientations in a
synthetic spherulite grown in the absence of any organic molecules, observed in cross-section here, which appears to be formed by aragonite
fibers. The c-axes of aragonite crystals point outward along the radii of a sphere, and therefore display the full spectrum of in-plane
orientations in this polished cross-section.
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Figure 3. Representative PIC-maps taken in 12 regions from two adult and one spat coral samples. (a) Coral septum in a 4-week old coral
spat, after it settled and started calcifying. (b) Region of the same spat skeleton, at the tissue—skeleton interface. The tissue is black, at the top
of the images, because it does not contain any crystals. (c—e) Tissue—skeleton interfaces in fresh, forming adult corals. (f) An adult coral
skeleton where the polished surface exposed fibers nearly normal to the image plane. (g—m2) CoCs in adult corals. (k1, m1) Zoomed-in PIC-
maps (20-um field-of-view (FoV)) of the regions in panels k and m (60 gm FoV). (m2) Further zoomed-in (10-um FoV) PIC-map of panel
ml. See Figure S2 for more PIC-maps on coral skeleton.
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Figure 4. Comparison of experimental PIC-maps of SA spherulites with simulation results, using the same color scheme. Scale bar is 10 gm.
For the simulations, we use a simple radial model assuming that spherulites are perfect spheres and all the crystals radiate perfectly along the
radii from the centers. The z value is the distance (presented as fraction of radius) from the sample surface to the center of the sphere
estimated from the simulations. Positive z means that the center is below the sample surface and the fibers point toward the observer, whereas
negative z means that the center was above the surface and was polished off, thus the fibers point away from the observer. Since the X-ray
beam illuminates the sample from the right, at a 30° angle from the sample surface, different cross sections of the spherulite result in different
¢’-axes, and thus result in different color distributions. For example, if the cross-section analyzed is far away from the center and the great
circle, such as z = +0.6, cyan would disappear from the PIC-map. The further away from the center, the fewer the colors displayed. From the
comparison, we can then select and analyze PIC-maps taken near great circles where ¢’ is the most representative of c. The side-view
schematics on the right in each box show the position of the spherulite (white circle, with black dot at the center) with respect to the block of
epoxy in which it was embedded (transparent magenta rectangle). The top part of each spherulite is eliminated by polishing. See Figure S3 for

more comparisons.

Cohen and McConnaughey showed that crystal morphology
depends on crystal growth rate, and that bundles of aragonite
crystal fibers that at least morphologically resemble spherulites
are likely a result of high growth rates compared to abiotic
mineral growth in equilibrium conditions.'’

Our hypothesis is that spherulitic aragonite fills space faster
than any other aragonite structure because the fastest growing
direction is the c-axis, thus having c-axes grow in all possible
directions is the most efficient way for polycrystalline aragonite
to fill space in three dimensions.

Here we test this hypothesis by analyzing the skeleton of
Stylophora pistillata coral and synthetic aragonite spherulites for
crystal orientations at the nanoscale. S. pistillata is abundant in
the Indo-Pacific and the Red Sea, and is a commonly used
model species for studying coral calcification.”***** We map
the crystal orientations using polarization-dependent imaging
contrast (PIC)-mapping, a method based on X-ray linear
dichroism in carbonate minerals, which was initially only
semiquantitative,”>~ % but is now fully quantitative in providing
the c-axis orientation of carbonate minerals in three dimensions,
expressed with color, including hue and brightness.*””*”"

Figure 2a shows a PIC-map of the CoCs in the skeleton of a
Stylophora pistillata coral. Orientations of the aragonite crystals
are color-coded in this map according to their ¢’-axes, which are
the projections of the crystals’ c-axes onto the polarization
plane in a photoemission electron spectromicroscopy (PEEM)
experiment.”*’>””® The color scheme is consistent throughout
the article: 0° represents an in-plane, vertical c-axis. If the c-axis
(or its ¢’-axis projection onto the polarization plane) is rotated
clockwise from the vertical the angles vary from 0° to 90°,
counterclockwise from 0° to —90°, and the corresponding ¢’
angle hue is assigned to each pixel. The angles formed by the ¢-
axes and the polarization plane are represented by brightness,
with in-plane c-axis pixels displayed in bright colors, and off-
plane ones darker, up to black when the off-plane angle is 90°,

that is, when the c-axis points directly into the X-ray beam."””’

The PIC-map in Figure 2a is representative and reproduced in
24 other regions in two adult coral skeletons and one newly
settled spat skeleton, presented at various magnifications in
Figure 3 and Figure S2. Lower magnification optical micro-
graphs in Figure S1 show the positions in the coral and
spherulite samples where the PIC-maps in Figure 2 were taken.
Repeated PIC-maps, shown in Figures S2ab and S2tu,
demonstrate the reproducibility of the method on both the
spat and the adult coral skeletons. Aragonite crystal fibers
radiate from the CoCs and fill space, leaving no pores between
crystals. For comparison and further understanding of crystal
orientation and growth mechanisms in coral, we PIC-mapped
synthetic aragonite (SA) spherulites grown abiotically, an
example of which is presented in Figure 2b.

Additional PIC-maps for coral are presented in Figure 3 and
Figure S2, and for SA spherulites in Figure 4 and Figure S3. In
Figure 2b, the full spectrum of colors displayed indicates 180°
of nearly continuous and radial ¢’-axis orientations, spanning
360° around the center, because the c-axis is a double-headed
vector. Note that this cross-section exposes a surface that is
close to a center cut through the spherulite, termed great circle.
In fact, comparing with simulated PIC-maps as done in Figure
4, we estimate that the surface is only approximately 0.04R
away from the center, where R is the radius of the spherulite.
This is important because only when the cut is close to the
great circle do the crystals lie in plane, and only then the ¢’-axis
is most representative of c-axis, as demonstrated in Figure 4 for
both experiments and simulations.

Even at a glance, comparing Figure 2 panels a and b reveals
some similarity in the color distribution with position and angle
with respect to the CoCs or the spherulite center. For example,
aragonite crystals pointing in the +30° direction from the CoCs
in the coral central bundle, or the center in the synthetic
spherulite, both appear green. The same is true at all other
observed angles within a coral bundle.


http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b00127/suppl_file/nn7b00127_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b00127/suppl_file/nn7b00127_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b00127/suppl_file/nn7b00127_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b00127/suppl_file/nn7b00127_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b00127/suppl_file/nn7b00127_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b00127/suppl_file/nn7b00127_si_001.pdf
http://dx.doi.org/10.1021/acsnano.7b00127

PIC-map Simulation Simulation PIC-map Simulation

>

side view
PIC-map  Simulation PIC-map  Simulation
¢’ angle

(=) N ] I =
-90° -60° -30° 0° 30° 60° 90°

side view

Figure 5. Comparison of selected experimental PIC-maps of coral skeletons (left in each box) with simulation results (right), using the same
color scheme. For the simulations, we use an ideal plumose spherulite model, which is an extension of the simple radial model of Figure 4.
Here, the nucleus of the radiating crystals is a line instead of a point. The three parameters &, f§, and y are defined in Figure S4. The
comparison shows that the colors around the CoCs in the PIC-maps can be matched well with simulation results, thus coral skeletons can be
approximated by plumose spherulites. The schematics at the bottom of each box show a side view of the sample, where epoxy is represented
by a transparent magenta rectangle, the plumose spherulite central line and a cone of aperture 2y are shown in white. Along each central line
many coaxial cones exist, only one of which is shown for clarity, in a randomly selected position. Again the top part of each plumose spherulite
is eliminated by polishing. We also display a top view of an array of c-axes obtained from the same simulation. See Figure SS for more
comparisons.
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Figure 6. Distribution of crystal orientations in (a) three bundles of coral aragonite crystals from Figure 2a and (b) three circular sectors from
the SA spherulite in Figure 2b. The ratio of fit parameters a/b in eq 1 is directly related to the off-plane angle of the crystal c-axis, and ¢’ is the
in-plane angle. Therefore, the plots here are showing the distribution of c-axis orientations in real-space for all the pixels within the
correspondingly labeled area. Each bundle in panel a is defined as a set of crystals with similar colors, emanating from the same CoC,
elongated in similar directions, with no high-contrast orientation boundaries in the PIC-map, as shown in the inset. For comparison, the
sectors in panel b are chosen to have similar sizes and orientations as the bundles in panel a. These plots demonstrate that the angle spread is
limited within each coral bundle, as observed in a sector of a spherulite. Figure S6 shows contour maps for these same data.

Figure 4 and Figure S3 show qualitative comparisons of we expand the simulation to a more complex one for a plumose
experimental PIC-maps of SA spherulites and simulation spherulite as that in Figure 1B. Crystals in a plumose spherulite
results. By assuming an ideal spherulite in a simple radial grow from the central line and radiate outward like cones. The
model where the crystals are radiating from the center, we can microstructure of a trabecula in coral”'>*” resembles a plumose
reliably simulate the colors of idealized spherulites and compare spherulite, in which the CoCs serve as the central line.
the simulations with experimental PIC-maps of SA spherulites Simulations of idealized plumose spherulites match the
(see Supporting Information for details on the simulation). experimentally observed ones in coral skeletons, around the
Even when the crystals in SA spherulites do not grow perfectly CoCs, as presented in the PIC-maps of Figure 5. Very different
along the radii, the simulation still agrees with experimental distributions of colors are observed across PIC-maps of

data. On the basis of this agreement for spherical spherulites, different coral trabeculae, but it is always possible to match
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Figure 7. Histogram of angular distances between the c-axes of two adjacent crystals in (a) a bundle of crystal fibers in a coral skeleton and (b)
an SA spherulite. Two adjacent domains with homogeneous color in PIC-maps were selected and their angular distance Ac, that is, the
difference in orientation of their c-axes were calculated as described in Figure S8 caption. The crystals for these measurements in coral were
within one bundle, not across different bundles, as shown in Figure S8. For the Ac measured here, 102 out of 106 values for coral and the
entire 233 values for the SA spherulite fall within the 0°—30° range. Furthermore, both coral and SA spherulite show a peak frequency at Ac ~

10°.

them with analogous simulated plumose spherulites, by best-
fitting three parameters: polar angle @, azimuthal angle f, and
inclination angle y, all defined in Figure S4. The excellent
agreement between simulated plumose spherulites and
experimentally observed coral trabeculae (Figure S and Figure
SS) demonstrates that crystals around the CoCs grow as
plumose spherulites.

To reveal similarities and differences between coral and SA
spherulites, we present two different quantitative analyses of the
results in PIC-maps, as shown in Figures 6 and 7. The pixel
intensity in the set of data used to generate a PIC-map varies as
a function of the polarization angle y according to a cosine-
square function’"”® described by eq 1 in the Methods. Figure
6a shows a plot of fit parameters a/b versus ¢’ for all pixels
within three S. pistillata coral bundles. The highly concentrated
data points in the plot illustrate that the crystal orientations are
limited within each coral bundle. This indicates that, as the
bundle fans out from the CoC, the angle spread within the
bundle is not random, but closely matches that of a sector in a
complete spherulite, as demonstrated in Figure 6b for
comparison. In the plot of Figure 6a all pixels extracted from
one bundle are close to one another, as are those in Figure 6b.
Furthermore, because the regions selected for coral bundles and
SA sectors in Figure 6 have similar positions with respect to the
CoC or the center, and span similar angles, the c-axis angles are
also similar. Blue pixels are mostly between —20° and —70° for
¢’ and between 0.5 and $ for a/b, green pixels have ¢’ around 0°
and a/b below 3, red pixels are mostly between 40° and 80° for
¢’ and between 1 and 6 for a/b. This observation strengthens
the idea that coral skeletons grow spherulitically.

Some differences exist between Figure 6 panels a and b. In
the SA spherulite sectors there is more scatter in both ¢’ and a/
b angles compared to coral bundles, and this is confirmed also
in the contour maps of Figure S6. These are 2-dimensional
histograms of c-axes coordinates for all pixels as in Figure 6.
From the contour maps, we can clearly see that the

distributions within the similar angle spread range are
significantly different for coral and SA spherulites. The
explanation for this difference is that a few fibers expand in
size as the coral skeleton grows, whereas in SA spherulites fiber
sizes remain the same at the center and at the periphery of the
spherulite, thus the orientations are many, not a selected few.
Indeed, a closer look at the PIC-maps in Figure 2 reveals that
the fibers, that is, domains of co-oriented, homogeneously
colored pixels, grow larger in size as the bundles fan out from
the CoC in the coral trabecula, which does not happen at all in
SA spherulites. This may be related to a previous observation:
fibers elongate at night and thicken during the day,”®”””* thus
it is possible that fibers elongate mostly along the c-axis at night,
and mostly thicken along the a- and b-axes during the day, but
how this is biologically controlled, if it is, remains unknown.

A similar, corroborating result is shown in Figure S7, where
we define arc regions at increasing distances from the CoC in
one of the coral bundles or the center in a SA spherulite, in
order of formation time. The ¢’ angle distributions in Figure S7
demonstrate that initially aragonite grows spherulitically near
the CoCs, but as the coral skeleton continues to grow a few
crystal orientations prevail and spread into larger domains. This
result for the ¢’-axis in-plane angle in Figure S7 is consistent
with that for the full three-dimensional c-axis orientations in
Figure S6, and with that in PIC-maps from 25 different coral
regions in Figure 2, Figure 3, and Figure S2. Whether or not the
few prevailing orientations result from active biological control
remains unknown.

Next, to understand how domains of co-oriented crystals are
oriented with respect to their neighbors we analyzed the
angular distance between a domain and its immediate
neighbors. The results are presented in Figure 7. The angular
distance Ac is a direct measurement of misorientation between
the c-axes of two adjacent crystals.** The histogram in Figure 7a
clearly shows that almost all the pairs of adjacent crystals
measured have an angular distance between 0°—30° and the
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Figure 8. High resolution PIC-maps of (a) coral CoCs and (b) the center of a SA spherulite showing nanoscale domains of crystal
orientations. Insets show the lower magnification PIC-maps of the regions from which these zoomed-in PIC-maps with 10 nm pixels were
acquired. Both maps show domains of homogeneous orientations (colors), and their adjacent slightly mis-oriented crystal domains with edges

jagged at the ~100 nm scale.

most probable angular distance is 10°. This is almost identical
to the Ac measurement on an SA spherulite, as plotted in
Figure 7b, which also shows a misorientation distribution
within 30° and a peak at 10°. This slight misorientation is
essential to the formation of spherulites, and is in good
agreement with the observations reported across spherulites in
various materials systems, including polymers, alloys, minerals,
etc.” Interestingly, even though we found that the crystal fibers
in coral become larger at a distance from the CoCs, they exhibit
the same Ac profile as the SA spherulite.

In addition to PIC-maps, we also used petrographic
microscopy to examine the crystal texture in thin sections of
coral skeletons. Figure S9 shows the petrographic micrograph
of a S. pistillata coral skeleton, polished perpendicular to the
CoCs or plumose spherulite central lines, and analyzed in
transmission with cross-polarizers in visible light microscopy.
Figure S9 clearly shows that there are Maltese crosses
everywhere in the coral when the CoC lines run perpendicular
to the image plane. Maltese crosses result from cancellation of
birefringence every 90°, hence all the vertical or horizontal
crystals are black in the image, and dark crosses are observed,
with centers indicated by the red arrows in Figure S9. The
movie of Figure S9 shows an animated version of this image,
acquired as the crossed polarizers were rotated at seven
different angles, which makes it much easier to see the Maltese
crosses. This is a characteristic of spherulites,” and it
demonstrates that all 180° in-plane orientations of crystal
fibers are present.

From all the crystal orientation analyses in Figures 2—7 and
Figures S6—S9, we conclude that S. pistillata coral skeletons are
indeed spherulitic, as long assumed based on their morphology.

Spherulitic growth is known to take place in growth
conditions with high driving forces,””” which are also associated
with high growth rates. In biogenic and synthetic aragonite,
indeed we see that it enables the crystals to grow along their ¢-
axes, which are the fast growing axes (10X faster than along the
a-axes, whereas along the b-axes aragonite only grows 1.6X

faster than along the a-axes).”®® Moreover, the slight
misorientation between neighboring crystals driven by
spherulitic growth allows them to fill space efficiently. Other
growth geometries, such as a radial cluster of needles with fixed
needle width, grow crystals fast along the c-axes but do not fill
space. While aragonite in coral skeletons adopts a spherulitic
structure, our data also suggest that its growth is not a purely
physicochemical process where crystals simply precipitate from
seawater, as conventional coral growth models assumed based
on crystal morphology.'” The change in crystal domain sizes
and orientations as trabeculae develop may be associated with
passive or active biological control on the growth environment
such as pH'' or the presence of organic molecules.”

Previous studies showed that by precisely controlling high
supersaturation states, thus high driving forces and high growth
rates, along with controlled temperature, it is possible to obtain
abiotic spherulitic growth with different polymorphs of
CaCO;. """ However, whether these spherulites result from
classical ion-by-ion crystal growth from solution or from other
crystal growth modes has never been demonstrated.
Aggregation of amorphous calcium carbonate (ACC) nano-
particles is a route to achieve high growth rates in CaCO;
systems, and has been reported extensively in calcareous
biominerals®”®"**7** a5 a formation mechanism. In a separate
study, using spectroscopic analysis, we recently found that
Stylophora pistillata coral skeletons are formed from ACC
precursors (unpublished data).

High resolution PIC-maps were taken at the CoCs of a coral
skeleton and at the center of an SA spherulite, as shown in
Figure 8. Unexpectedly and interestingly, both of them show
subdivision into domains of homogeneous crystal orientation
and color at the nanoscale in zoomed-in PIC-maps. These
nanodomains, as well as larger domains of orientation, are
separated by irregular and jagged edges. Previous studies have
shown nanoparticles present in the CoCs of different coral
species,"***® but here we directly measured the crystal
orientation at the nanoscale. Figure 8 shows that, instead of
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randomly oriented, adjacent crystalline domains are similarly
oriented.

The present experimental results show beyond any doubt
that the mechanism leading to mis-orientations in spherulites,
synthetic or biogenic, is NCB. This confirms theoretical
predictions® but is not what we expected to find at the
nanoscale. We honestly expected to find an aggregate of
nanocrystals oriented in all directions, in which only those with
c-axis orientation close to the radial direction had space to grow
and thus prevailed in a competition for space model. What we
did find, instead, is that even at the nanoscale, the orientations
are not random but narrowly distributed, as clearly shown by
all PIC-maps and histograms presented here. The only
possible interpretation of this result is NCB at the nanoscale.

A possible source of NCB is high supersaturation,”””"!
which, in the present spherulite growth can be interpreted as
greater attachment rate of either individual ions or larger
nanoparticles, or greater driving force. Another possible source
of NCB is strain at the surface of each nanocrystalline domain
or fiber during spherulite growth, which generates slight mis-
orientations. Strain can be induced by something minimal, such
as the presence of Mg ions in solution.

Spherulitic growth may provide a distinct evolutionary
advantage to corals: a full spectrum of crystal orientations
explains and contributes to the isotropic mechanical properties
reported in coral skeletons,* despite the strongly anisotropic
nature of aragonite crystals.” Furthermore, subdivision into
nanoscale components, as observed in Figure 8, is known to
increase materials strength and fracture toughness.gé’87

CONCLUSIONS

With quantitative orientation analyses, and comparing abioti-
cally synthesized aragonite spherulites and biogenic aragonite in
S. pistillata coral skeletons, we confirm that coral grows
spherulitically. Sectors of aragonite spherulites in coral, termed
bundles of fibers, fill space and provide the coral skeleton with
the needed structural support.

The present data show that adjacent aragonite crystalline
domains have slightly different orientations, within 30°, both in
SA and in coral skeletons. Interestingly, the size of crystal fibers
away from the CoCs is greater in coral skeletons than in SA
spherulites.

Corals benefit from spherulitic growth because aragonite
growth rates are strongly anisotropic: 10X faster along the c-axis
direction than along the a-axis; thus in spherulites, where most
crystal growth is along the fast c-axis direction, more efficient
space filling is achieved with spherulitic growth than with any
other growth geometry. Fast, isotropic, three-dimensional space
filling is precisely what 3D printing emulates. Thus, spherulitic
growth is Nature’s 3D printing, which long predated human-
made 3D printing.

METHODS

Materials preparation. Four Stylophora pistillata coral skeleton
samples were either collected under a special permit from the Israeli
Natural Parks Authority in front of the Interuniversity Institute of
Marine Biology (IUI) in Eilat (1 old nubbin and fresh spats samples)
or cultured in an aquarium system at the Marine and Costal Science
Department at Rutgers University (three fresh nubbin samples).
Samples of adult coral and spats were prepared with the corallites
either in cross-section or longitudinal-section, thus exposing top-views
or side views of corallites. The three fresh specimens were fixed in 2%
paraformaldehyde and 0.05 M sodium cacodylate buffer in 22 g/L
Na,CO;, washed with 0.05 M sodium cacodylate buffer in 22 g/L

Na,CO;, then dehydrated in 50%, 60%, and 70% mixtures of
anhydrous ethanol and 1 g/L Na,COj, then in 80% and 90% mixtures
of anhydrous ethanol and 0.5 g/L Na,COj;, and finally in 100%
anhydrous ethanol twice. The duration for each dehydration step was
S min.

SA formed in the presence of high Mg concentrations often appears
in the form of spherulites, especially when preparing a growth solution
with 5:1 concentration ratio of Mg“:CaZ* ions, and diffusing carbonate
into it by the spontaneous decomposition and sublimation of solid
ammonium carbonate ((NH,),CO;) in the confined air space of a
desiccator containing the solution. Other methods, such as solution
mixture®”® and hydrothermal synthesis,®® can also produce spherulitic
aragonite with different additives and thermal treatments. Aragonite
spherulites synthesized from different methods, however, can have
different morphologies. For example, the spherulites reported by Koga
et al.*® showed fewer but coarser aragonite rods compared to ours in
Figure 2b.

Synthetic aragonite (SA) spherulites were synthesized by diffusing
ammonium carbonate ((NH,),CO;) into calcium-containing solutions
in a closed container.*” The solution contained final concentrations of
1 mM CaCl, and 5 mM MgCl, to keep the [Mg**] to [Ca®'] ratio at
S:1. A glass slide of approximately 1 cm X 1 c¢m area was placed into
each beaker along with 10 mL of the mixed solution, and the beaker
was then covered with aluminum foil and sealed tightly with Parafilm
M (Bemis, Neenah, WI). Three pinholes were pierced through the
aluminum foil at the start of the experiment to allow slow diffusion of
ammonium carbonate vapor. Ammonium carbonate powder (~10 g)
was placed in a separate beaker, sealed and pierced the same way as the
growth solution beakers. The solution and the ammonium carbonate
were then placed inside a desiccator for 48 h at room temperature. The
glass slide on which the spherulites had grown was taken out of the
solution, rinsed with ethanol, and air-dried. The spherulites were then
scraped off the glass slide using a razor blade to prepare samples for
further analyses.

All coral skeleton and SA spherulites samples for PEEM analysis
were embedded in EpoFix (EMS, Hatfield, PA), polished with Al,O5
suspensions of 300 nm (MicroPolish II, Buehler, Lake Bluff, IL) and
then SO nm (Masterprep, Buehler, Lake Bluff, IL) particle sizes, rinsed
with anhydrous ethanol and gently cleaned with TexWipe Cotton
(Texwipe, Kernersville, NC), air-dried, and finally coated with 1 nm Pt
on the area to be analyzed and 40 nm Pt around it.°*"° Before
polishing the Al,O; suspensions were dialyzed against 22 g/L Na,CO,
solution, and the 22 g/L Na,COj; solution was also added onto the
polishing felt regularly during polishing.

Polarization-Dependent Imaging Contrast (PIC)-Mapping.
PIC-mapping was done by fixing the photon energy at the oxygen K-
edge 7* peak (534 eV) and rotating the linear polarization from
horizontal to vertical with 5° steps.”” Nineteen acquired images were
then load into a stack and analyzed with GG Macros,”® which run in
Igor Pro (WaveMetrics, Lake Oswego, OR) on both PC and Mac, to
produce a quantitative PIC-map. In each pixel the recorded intensity
vs polarization angle was extracted, and best fitted by a cosine-square
function of the polarization angle y:

) =a+bcos’(y — ¢) 6))

where a, b, and ¢’ are fit parameters. Since the X-ray beam has an
incident angle of 30° with respect to the sample surface, ¢’ is the
projection of c-axis onto the polarization plane. The produced PIC-
map then displays ¢’ as the hue and €’ as the brightness for each pixel,
where ¢’ is the in-plane angle and @' is the off-plane angle (with respect
to the polarization plane):*

0" = cos ' (x+/(b/a)/(B/A)) (2

B/A is the maximum value of b/a across the image. Thus, the ratio of a
and b is directly associated with 6'.

All data for PIC-maps were acquired on PEEM-3 at the Advanced
Light Source, LBNL, Berkeley, CA.

PIC-map analyses in Figure 6 and Figures S7—S8 were done by
exporting the a, b, and ¢’ maps from Igor Pro and extracting pixel
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values with Fiji (ImageJ) 1.51 h from NIH. Each bundle/sector in
Figure 6 includes 30000 to 130 000 pixels.

Angular Distance Calculation. The procedures for calculating
the angular distances were as follows: First, domains of homogeneous
colors in the PIC-map were selected by hand in Igor Pro. Then, we
calculated the fit parameters for that domain as a single crystal.”® Each
domain, or crystal, was then assigned a number, as shown in Figure S9,
and the neighboring crystals of that domain were then listed in a table
(Table S1 and Table S2). Finally, we calculated the angular distance
between each two adjacent crystals by inserting fit parameters 4, b, and
¢’ into the equation from Pokroy et al.:*’

| 1] |bb
Ac = cos™ ! —[ L2 cos(e) = ¢))

D\\ aja,

)

All the angular distances calculated were then plotted into the
histogram in Figure 7 with a bin size of 2° using Kaleidagraph 4.1
(Synergy Software, Reading, PA).

Thin Section Microscopy. The sample for thin-section petro-
graphic microscopy was first embedded and polished to the cross-
section of interest, then glued on one side to a glass slide with a small
amount of epoxy resin (EpoFix, EMS, Hatfield, PA), and further
polished on the other side. The final thickness of the sample was 15
pum. Petrographic microscopy was done on an Olympus BXS1
(Olympus, Center Valley, PA) microscope with white transmission
light and cross-polarizers, in Huifang Xu’s laboratory, in the
Geoscience Department, at UW-Madison.
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