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ABSTRACT: Biominerals formed by animals provide skeletal
support and many other functions. They were previously
shown to grow by aggregation of amorphous nanoparticles but
never to grow ion-by-ion from solution, which is a common
growth mechanism for abiotic crystals. We analyze vaterite
(CaCO;) multicrystalline spicules from the solitary tunicate
Herdmania momus, with polarization-dependent imaging
contrast (PIC)-mapping and scanning and aberration-
corrected transmission electron microscopies. The first fully
quantitative PIC-mapping data, presented here, measured 0-
30° angle spreads between immediately adjacent crystals. Such

narrowly distributed crystal orientations demonstrate that crystallinity does not propagate from one crystal to another (0° angle
spreads), nor that new crystals with random orientation (90°) nucleate. There are no organic layers at the interface between
crystals; hence, a new, unknown growth mechanism must be invoked, with crystal nucleation constrained within 30°. Two
observations are consistent with crystal growth from solution: vaterite microcrystals express crystal faces and are smooth at the
nanoscale after cryo-fracture. The observation of 30° angle spreads, lack of interfacial organic layers, and smooth fracture figures
broadens the range of known biomineralization mechanisms and may inspire novel synthetic crystal growth strategies. Spherulitic
growth from solution is one possible mechanism consistent with all these observations.

Bl INTRODUCTION

Biominerals are polycrystalline minerals formed by living
organisms, with a multitude of functions, including skeletal
support," locomotion, biting,” mastication,” attack and defense
tools,* gravity and magnetic field sensing,”® and many others.”
Biominerals nearly always include intra- and intercrystalline
organic molecules,® even when pathological mineralization
occurs,”'® and at the end of their diverse formation
mechanisms they result in hard and tough tissues with varying
degrees of crystal co-orientation: from the single-crystalline sea
urchin spicules and spines to randomly oriented polycrystalline
aragonite in the outer part of Nautilus shells. Bone, teeth, and
various mollusc and brachiopod shell structures all have
intermediate crystal orientation angle spreads.’' ™"’

Rarely do organisms utilize vaterite (CaCOj5) as their mineral
components,”*’ possibly because vaterite is more soluble and
less stable than calcite and aragonite (both also CaCOj;). One
such organism is the sea squirt Herdmania momus,”" a tunicate
that forms vaterite spicules in its tunic and body presumably for
stiffening these tissues, while maintaining a flexible structure. Its
spicules exhibit a unique morphology: a series of pointy crystals

-4 ACS Publications  © 2015 American Chemical Society 6516

arranged in a “crown of thorns” motif, which helically surround
elongated core fibers. Each thorn is a larger, higher-quality
single crystal than any geologic or synthetic vaterite ever
observed. These thorns were therefore used recently to reveal
the double-structure of vaterite: electron phase contrast
imaging along the c-axis of a single thorn revealed a major
hexagonal structure identical to the one described by Kamhi®*
(space group of P63/mmc with a = 4.13 A and ¢ = 849 A),
whereas the other minor structure has symmetry still unknown
and larger crystal lattice spacing.””**

In this work we investigate entire vaterite spicules from the
same animal, their crystal orientations, and their formation
mechanism, by using polarization-dependent imaging contrast
(PIC)-mapping,”> ™' a mode of photoemission electron
spectromicroscopy (PEEM),” and scanning and aberration

corrected transmission electron microscopies (SEM and TEM).
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Figure 1. Composition of PIC-maps of vaterite tunic (T) and body (B) spicules from H. momus in polished cross-section. Color and brightness
quantitatively represent the orientation of vaterite crystals and demonstrate that each spicule is multicrystalline, with small-angle branching of
crystallites as shown by different but nearby colors in each spicule. Thorns, protruding from the core of each spicule, are the largest singly oriented
crystals. Synthetic vaterite crystalline domains (S) are randomly oriented. Spicule TS is segmented for efficient space use. The color bar displays in
different hues different angles between the vertical and the ¢’-axis (projection of the vaterite c-axis onto the polarization plane, which is in turn
perpendicular to the X-ray beam, and is tilted by 60° around the vertical with respect to the image plane shown here). A crystal with vertical c- or ¢'-
axis is cyan, and the horizontal one is red. Brightness displays how far off-plane the c-axis is oriented. Dark crystals, e.g., in spicules T4 and B2, have
their c-axes nearly normal to the polarization plane, and bright crystals have their c-axes in the polarization plane, as in spicule T6.

The TEM data also include nanobeam linescan electron
diffraction.

B RESULTS

Crystal Orientation Measurements. In Figure 1 we
present a montage of all the vaterite spicules analyzed in this
work, along with synthetic vaterite. In synthetic vaterite we
observe micrometer-size domains, each of which includes many
co-oriented nanoparticles, whereas domains are randomly
oriented with respect to one another. Each biogenic vaterite
spicule, instead, shows a small angle spread of crystal
orientations, evidenced by similar colors.

In a PIC-map different colors correspond to different crystal
orientations, measured based on linear dichroism,* an X-ray

effect that makes 7* peaks in carbon and oxygen absorption Figure 2. PIC-maps of one spicule (T1 in Figure 1) imaged after
spectra vary in intensity depending on the orientation of 7- physically rotating the sample. In all three PIC-maps the arrows point
bonded carbonate groups. When 7z orbitals are parallel/ toward the tip of the spicule. In the vertical position the crystals are

blue—cyan—green, indicating vertical or nearly vertical ¢’- and c-axes.
When the spicule is rotated horizontally, therefore, the colors become
orange—red—magenta to indicate a general horizontal direction of ¢'-
axes. In the horizontal positions the crystals are darker as expected,

perpendicular to the linear polarization of the illuminating X-
ray beam, the peak has maximum/minimum intensity,
respectively, because the dipole interaction is maximum/

minimum. In a PIC-map this orientation sensitivity is exploited because the image plane is 60° from the polarization plane. In
to visually display crystal orientations. addition, the two horizontal positions are different from one another:
In Figure 2 we show the tip of spicule T1 physically rotated the left-pointing spicule is almost completely black, indicating that the
to be imaged in three different positions. They therefore c-axes of its crystals are not in the image plane but 30° off-plane,
provide a complete 3D quantitative description of the vaterite c- perpendicular to the polarization plane; that is, they point straight into
axis orientation, rather than its projection onto a 2D plane. This the incident X-ray beam. See Figure S1 for a brighter version of this
is the first fully quantitative measurement of the arrangement of figure.
single crystals in their pristine crystal orientation pattern,
obtained with 20 nm resolution. Figure S1 shows a level- In Table 1 we present the measured angular distances
enhanced, nonquantitative version of Figure 2, to display between the c’-axes and c-axes in pairs of adjacent crystals.
vaterite crystals, even in the positions in which one can hardly Crystalline c-axes may be oriented anywhere in 3D, and their
see them in Figure 2. 3D orientation is measured, whereas ¢’-axes are projected onto
6517 DOI: 10.1021/acs.chemmater.5b01542
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Table 1. Angular Distances for Crystals in the Spicule of
Figure 2, Measured in Different Positions: Vertical or
Horizontal with the Tip on the Right”

crystals compared spicule orientation A (°) Ac (°)
1,2 vertical 3.9 4.1
1,2 horizontal 5.8 5.6
3,4 vertical 3.1 3.1
3,4 horizontal 5.1 33
5,6 vertical 1.6 1.7
5,6 horizontal 4.7 2.9
7,8 vertical 14.8 13.6
7,8 horizontal 20.2 16.2

“Crystals 1—8 are shown in Figure S2. The angular distance of two
adjacent crystals is measured in two different ways: Ac’ is the angular
distance of the c’-axes, thus in 2D; Ac is the angular distance of the c-
axes in 3D. Rotating the spicule from vertical to horizontal yields
identical measurements, within an error of 3°, for both Ac¢’ and Ac.
Furthermore, Ac’ and Ac are within 4° of one another. See Supporting
Information Sections 4.4 and 4.6 for further details and Figure S3 for a
schergljtic showing Ac” and Ac. In both measurements the uncertainty
is 2°.77

the 2D polarization plane, which is 60° from the image plane,
rotated around the vertical in the image, which is also the
laboratory’s vertical. The measured numbers are in excellent
agreement with one another, because for this spicule all
crystalline c-axes are nearly in the polarization plane, which is
the most favorable case. In the general case, if c-axes are farther
off-plane, the 3D angular distance Ac is perfectly quantitative,
but the 2D Ac’ could be either larger or smaller depending on
the projection angle onto the polarization plane. Notice that the
disagreement in Ac between the two rotator positions is always
smaller than the disagreement in Ac’, as expected.

The biogenic vaterite crystals in Figures 1 and 2 have small
angle spreads, between 0° and 30°, as shown in Figure 3.

15 T T

15 .
spicules

synthetic "

30
angle spread (°)

60 30 60

angle spread (°)

90

Figure 3. Histogram of angular distances Ac’ between two adjacent
crystals in biogenic vaterite spicules and synthetic vaterite, measured
from the PIC-maps in Figure 1. The biogenic vaterite crystals only
show small angular distances (0—30°), whereas synthetic vaterite
domains of nanoparticles are randomly oriented (0—90°).

In Figure 3 we show the angular distance of ¢’-axes across the
interface of vaterite orientation domains of nanoparticles in
synthetic vaterite or single crystals in spicules. Clearly the
orientation within a nanoparticle domain in synthetic vaterite is
most often homogeneous, but adjacent domains are randomly
oriented (“S” in Figure 1 and "synthetic" in Figure 3). On the
other hand vaterite spicules consistently show much smaller
angular distances, less than 30°.

6518

In Figures 4 and S4—S6 we present SEM micrographs of the
core and thorns of body spicules cryo-fractured in liquid N, to

B
Figure 4. SEM micrographs of a cryo-fractured body spicule. No
nanoparticulate texture appears in a broken thorn. Two thorns show
crystalline faces (arrows in A and B) of two euhedral (hexagonal
pyramid) crystals, which are more clearly visible in B and C. Notice the
smooth thorn fracture figure in D. Additional thorns and core crystals
are shown in Figures S4—S6.

expose their fracture figure, which is smooth and does not
exhibit nanoparticles.

Figures 5 and S7 show that vaterite crystals with different
orientations directly abut one another, with no organics at the
interface Table 2.

B DISCUSSION

The data in Figures 1—3 show that individual crystallites in
vaterite spicules form an elongated structure with core crystals
and euhedral thorns (Figure 4), all of which are space filling,
with neither voids nor organics at the interface of differently

Figure 5. A. HRTEM micrograph of a portion of body spicule,
including a core and a thorn crystal. B, C, D. Nanobeam linescan
electron diffraction obtained with 3-nm beam from the core (B), the
interface (C), and the thorn crystal (D). The two crystal lattices differ
in orientation, but there are no organics or other discontinuities at
their interface. The interface clearly shows reflections from both crystal
lattices. Additional abutting crystals are shown in Figure S7.

DOI: 10.1021/acs.chemmater.5b01542
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Table 2. Summary of the Techniques Used in This Work, the
Parameters Each Measured, and the Main Observations
Each Provided in Vaterite Spicules

technique parameter measured observation in spicules

orientation of
crystals, 20 nm

PIC-mapping angle spreads < 30°

resolution

FIB + TEM  orientation of angle spreads < 30°; no organics
crystals, 2 nm between adjacent crystals
resolution

SEM Surface morphology  faceted thorn crystals, smooth non-

nanoparticulate cryo-fractured
crystals

oriented crystals (Figure S). These crystallites have narrowly
distributed angle spreads, within 0—30° around the spicule axis;
thus, all crystals in a spicule have their c-axes aligned with the
spicule axis, not perfectly, but within +15°.

Similar 0—30° angle spreads were previously observed in
nacre,'” where aragonite (CaCO,) crystalline tablets are
separated by organic sheets everywhere, except in Checa
bridges.”>*® In materials science, interfaces between crystals
with similar but usually smaller mis-orientation angles, on the
order of 15° and below, are termed “low angle grain
boundaries” or “mosaicity”.”’

The observed angle spreads of 0°-30° make vaterite spicules
different from single crystals, either bulk or branched as
snowflakes, and from fractal crystal growth, where adjacent
crystals are randomly oriented. They likely correspond to low
angle boundaries, which have been observed in many materials
with high degree of crystallinity, including metals, ceramics,
minerals, and molecular crystals.”” The lack of organics at
crystal interfaces, shown in Figure S and Figure S7,
corroborates this interpretation.

Crystals growing with low-angle branching (e.g,, 30°) were
previously observed and termed “non-crystallographic branch-
ing”, in spherulitic crystals.””™** “Spherulitic crystal growth” is
defined as radial polycrystalline growth resulting from
successive noncrystallographic branching (NCB) from a central
nucleus.*”** The vaterite spicules presented here clearly do not
resemble spheres and do not exhibit the radially distributed
acicular crystals that in spherulites appear at all angles, starting
from a single center. However, locally the vaterite crystals in
each spicule may be interpreted as a small-angle sector of a
spherulite, in which the centers of radially distributed crystals
move along the spicule axis as the spicule grows, making this a
feather-like or “plumose” spherulite.”* The present data do not
demonstrate spherulitic growth, because low-angle branching of
crystals is necessary but not sufficient to identify spherulitic
growth. Hence other mechanisms, distinct from spherulitic
growth, may produce nucleation of crystals with lattices at 0—
30° angle spreads, on the surface of previous crystals.

Adjacent crystals are always space-filling** and directly abut
one another inside the spicule, at either end of each spicule and
along its length. They were therefore never observed to form
with the morphology of branches or dendrites; hence, the term
“branching” does not seem appropriate to describe crystal
lattices tilted by a 0—30° angle from one another.

Spherulitic growth is observed most frequently in crystals
formed ion-by-ion from solution,*” in sulphates,**” carbo-
nates,”™* and oxalates,”® or via phase-transformation, for
instance in the case of glass to crystalline phase, e.g., in small
organic molecules,”"*” or crystallization of polymers from the
melt, e.g,, in plastics> or metals.””** If vaterite spicules grow

6519

spherulitically, it is conceivable, therefore, that they either grow
by attachment of amorphous precursor particles and solid-state
transformation to crystalline vaterite, as indicated by the Wolf
group in in vitro studies,”® or grow ion-by-ion from solution.
We attempted to distinguish between these two possibilities
with SEM experiments. In Figures 4, S4, and S5 we noticed that
the fracture figure of vaterite crystals is smooth and does not
exhibit nanoparticles. The presence of nanoparticulate fracture
demonstrates growth by particle attachment; its absence,
however, does not rule it out. Crystal growth from solution is
a possible interpretation of smooth crystal fracture.

Figure S8 shows a typical cryo-fracture figure of a sea urchin
spicule, which does form by aggregation of amorphous
precursor nanoparticles’ and fractures accordingly.’>>’ We
only know the formation mechanisms of a few biominerals, but
for all those cases, nanoparticulate fracture is a shared
character.”® ™'

The smooth fracture figures of core crystallites and thorns in
spicules suggest that these vaterite crystals may not have grown
nanoparticle-by-nanoparticle®” but ion-by-ion from solution or
by aggregation of particles followed by dissolution and
reprecipitation. Additional evidence consistent with the
possibility of ion-by-ion crystal growth is provided by the
crystal faces observed in vaterite spicule thorns (Figures 4 and
S6). Such euhedral crystals, with flat faces and sharp corners,
are rarely observed in mature, eukaryotic biominerals forming
via amorphous precursors. They have been observed in
biominerals formed by unknown mechanisms in unicellular
organisms®>®* and in only two other animal biominerals: (i)
the limpet radula teeth, which are made of goethite, show
crystal faces common in synthetic and geologic goethite, and
appear to form from solution;** and (ii) enamel hexagonal
nanorods, which form via an amorphous precursor at first,®
and then overgrowth is from solution. ® Observation of
euhedral crystals in vaterite spicules may therefore indicate
that these crystals grew from solution. Again this is not
conclusive proof, simply an indication, which in our opinion is
stronger than the smooth fracture. Furthermore, the two
separate and independent indications, smooth fracture and
faceted crystal morphology, strengthen one another.

The ion-by-ion crystal growth suggested by Figures 4 and
S4—S6 does not exclude that amorphous nanoparticles were
initially delivered to the mineralization site. If such particles
were present, they may have undergone dissolution and
reprecipitation; thus, only the final stage of crystal formation
was via ion-by-ion growth from solution. This is the case in
synthetic vaterite growth, which starts from amorphous calcium
carbonate that rapidly dissolves and reprecipitates as vaterite.’”

Finally, Figures S and S7 show that vaterite crystals with
different orientations directly abut one another, with no
organics at the interface. This is also unusual for biominerals
and typical of polycrystalline materials growing abiotically.®

All these independent lines of evidence concur to
demonstrate that vaterite spicules are most unusual among
eukaryotic biominerals and may point in the direction of
possible growth mechanisms, which remain to be demon-
strated. Such mechanisms are strongly constrained by the
present observation of crystals nucleating within 0—30° angle
spreads and immediately abutting other crystals.

If the spicules grow from solution, we see, among others,
three possible scenarios: (1) The whole spicule is one single
crystal, resulting from one nucleation event, and the differently
oriented crystallites result from internal or external stress

DOI: 10.1021/acs.chemmater.5b01542
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during the crystal growth process. (2) There is a new
nucleation event for each differently oriented crystallite, with
similar but not identical orientation. (3) The similarity of
orientation is a result of faster growth rate along the
crystallographic c-axis and confinement in an organic compart-
ment that does not allow the spicule to expand radially but only
to grow longitudinally. The first scenario is consistent with the
observation that spicules are extremely flexible when seen at the
optical microscope in a droplet of ethanol as it evaporates and
convects vigorously. If the spicule is bent during crystal growth,
the stress could be significant, and the resulting growth strained
and mis-oriented. The second and third are plausible, as in
other biomineral similar mechanisms have been ob-
served 136970

Perhaps the most promising avenue to pursue in elucidating
such formation mechanisms is a broader study of spherulitic
biominerals. Many biominerals have been assumed from their
morphology to be spherulitic, including corals,”" vertebrate
otoconia,”” crustacean statoliths,”> fish otoliths,”*” and avian
eggshells.”””” Some corals show a radial distribution of crystal
orientations in transmission PIC-mapping,78 and others show
random orientations in polarized light microscopy.”” Some
eggshells have randomly oriented calcite crystals and others a
preferred radial orientation.*” Only bioinduced, not biocon-
trolled,” kidney stones have been demonstrated to form
spherulitically, with crystal orientation analysis.”’~** For all
other biominerals, however, there is no high-resolution
quantitative analysis showing the orientations of crystals and
their cryo-fracture figures. In the absence of such data it is hard
to assess whether the present results are widespread or rare.

Orientation analysis will demonstrate whether or not other
biominerals grow spherulitically and show differences or
similarities with vaterite spicules. We stress that high-resolution
PIC-mapping was necessary in order to measure the nano- and
microcrystal orientations described here in vaterite spicules.
Coarser resolution, however, is sufficient for quantitative crystal
orientation analysis of larger biominerals, including corals and
eggshells; thus narrowly distributed angle spreads can be
demonstrated using X-ray diffraction, or even simple visible
light microscopy with crossed polarizers. Once sufficient studies
of other biominerals are completed, the significance of
spherulitic biomineral growth will be clearer.

In synthetic vaterite, the morphology of crystals depends on
the growth conditions evolving from hexagonal monocrystalline
plates, to florets and finally to spherulites as the supersaturation
increases.” Adding alcohol also changes the morphology of
synthetic vaterite crystals." Unknown, biologically controlled
conditions for biomineral formation, therefore, may determine
the morphology and crystal orientation patterns in vaterite
biominerals, such as the spicules described here or defective
vaterite mineralization in mollusk shells,**™* freshwater
lackluster pearls,89 green turtle eggshells,90 and coho salmon
otoliths.”"

Few biominerals have been studied with this question in
mind, but it is possible that ion-by-ion growth from solution is a
widespread growth mechanism, e.g, in poorly controlled
biological mineralization processes such as in calcareous algae.

The evolutionary advantage, if there is one, of making
vaterite spicules, instead of calcite or aragonite, remains
obscure. Among the three anhydrous polymorphs of calcium
carbonate, vaterite is the most soluble, has the lowest density,
has no hydrated polymorphs, and is the least thermodynami-
cally stable, but H. momus masters vaterite stabilization; in fact,

6520

its spicules remain vateritic even years after extraction from the
animal or a year in seawater.”’ It is possible that there exist
correlations between the vaterite polymorph selection, the large
crystal sizes, the 0—30° orientation angles described here, and
the mechanical support function of the spicules. Future
experiments will investigate possible correlations.

B METHODS

Detailed methods are described in Supporting Information Detailed
Methods. Briefly, vaterite spicules were extracted from H. momus,
embedded in epoxy, polished, and coated with 1 nm Pt in the area to
be analyzed by PEEM and 40 nm around it, as described in refs
28—30. PEEM experiments were done on PEEM-3" at the Advanced
Light Source in Berkeley, CA, U.S.A. SEM and TEM experiments were
done at Technion, Haifa, Israel, using a Zeiss Ultra-Plus Field Emission
Gun (FEG)-SEM and an aberration-corrected Titan FEI (S)TEM.
Synthetic Vaterite Synthesis. A total of 100 mL of 50 mM
CaCl,-2H,0 was equilibrated by KOH to have a pH of 13. In paralle],
100 mL of 50 mM NaHCO; solution was prepared. Both solutions
were cooled to § °C, after which the CaCl, solution was added to the
second solution via a syringe pump at a rate of 1.5 mL/min, over 1 h
with gentle stirring. The formed powder was filtered and air-dried at
room temperature followed by drying in a vacuum oven at 60 °C for 2

h.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.chemma-
ter.5b01542.

Figures S1—S9, detailed methods (PDF)
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Supporting Information:
Figures S1-S9, Detailed Methods

Figure S1. PIC-maps of the same spicule in 3 positions. All 3 images are
identical to those in Figure 2 in size and position, but all 3 here have
been brightness-enhanced by adjusting “levels” in Adobe Photoshop®.
This enhancement makes it possible to see both horizontal spicules, and
may be more aesthetically pleasing, but the color and brightness are no
longer representative, nor quantitative.

Figure S2. Spicule T1 in
Figures 1 and 2, showing
regions 1-8, from which the
orientation data for Table 1
were extracted.
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sample surface plane

polarization plane, perpendicular to k

Il: = x-ray vector

% = polarization angle

@ = polarization vector

8, = horizontal component of polarization vector
8, = vertical component of polarization vector
6 = off-plane angle

€ = c-axis vector

¢€'= projection of the c-axis vector

onto the polarization plane

¢’ = azimuthal angle around the beam axis,
identical to the ¢’ angle fit parameter

Ac = angular distance of vectors €, and €,
Ac’ = angular distance of vectors €, and €,

Figure S3. Schematic showing (top) other relevant angles used in section
4 of the methods, (bottom) the angular distances Ac and Ac’ measured in
Table 1 and for the data of Figure 3.
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Figure S4. Increasing magnification SEM micrographs of a body spicule
cryo-fractured in liquid nitrogen. Notice that at the highest magnification

no nanoparticulate texture appears in a broken core crystallite.



Figure S5. SEM micrographs of another cryo-fractured body spicule.
Again, no nanoparticulate texture appears in broken thorns even at the
highest magnifications. Notice the hexagonal cross-section of euhedral
crystal on top right of B.



Figure S6. SEM micrograph of euhedral thorn crystals. Two thorns show
smooth, non-nanoparticulate fracture (albeit overexposed), the other
three are complete hexagonal pyramidal crystals. The original grayscale
images was converted to a tri-tone image in Adobe Photoshop, using
linear white, non-linear black and blue profiles, which were custom-
designed.



Figure S7. (A) HRTEM micrograph of a portion of body spicule, including
a core and a thorn crystal. B, C, D. Fast Fourier Transform (FFT) of the
image obtained from the (B) core crystal region, (C) the interface, and (D)
the thorn crystal region. Even though the core crystal is in better focus
than the thorn crystal, it is clear that the two crystal lattices abut one
another with no organics or voids at their interface. The interface clearly

shows the FFT pattern from both crystal lattices.
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Figure S8. SEM micrographs of sea urchin spicules cryo-fractured in LNo,
at increasing magnifications. Notice the nanoparticulate texture in the
spicule cross-section (C) and on the cylindrical side surface (D).



Detailed Methods

1. Sample preparation and PEEM data acquisition

Herdmania momus spicules were extracted as described in 1.2, synthetic
vaterite was prepared as follows: 50 ml of 20 mM sodium carbonate
solution was added stepwise over 10 min to 50 ml of 20 mM CaCl,
solution while stirring. All solutions were first cooled to 5°C prior to
reaction and Ammonium hydroxide was added prior to reaction to the
CaCly solution so that the starting pH was 11. After all the sodium
carbonate solution was added to the calcium chloride solution the
mixture was allowed to rest for S min, then filtered and the powder
collected was dried in a vacuum oven over night at 120°C.

Spicules were double-rinsed in ethanol, embedded in EpoFix (EMS,
Hatfiled, PA), along with synthetic vaterite in the same EpoFix blocks,
polished with 300nm, then 50nm Al>O3 suspension (MicroPolish and
MasterPrep, respectively, Buehler, Lake Bluff, IL) dialyzed against 22 g/L
NazCO3 in DDH>0 3. The polished sample was rinsed in NaxCO3s solution,
then ethanol, air-dried, and finally coated with 1 nm Pt in the area to be
analyzed by PEEM, and 40 nm Pt around it, as described in 3-5. They
were then analyzed in PEEM-3 at the Advanced Light Source (ALS) 6. We
acquired images at x-ray polarizations varying in increments of 5° from
horizontal to vertical (19 images), while maintaining the photon energy
constant at 534 eV, at the most polarization-sensitive oxygen K-edge n*
peak. The rotator used to acquire the images in Figures 2 and S1 is
transferred in and out of the vacuum chamber along with the sample.
This device rotates the sample position azimuthally, that is, around the
normal to the sample surface. We imaged the end of the spicule (T1 in
Figure 1) opposite to the tip we wished to image for Figure 2, rotated the
sample by ~10° at a time, and placed the end of the spicule back into the
field of view. Once each 90° rotation was complete, we moved to the tip of
the spicule, re-adjusted tilt, focus, and stigmators, and acquired a new
stack of 19 images.

For all images the field of view was 20 um, and the pixel size 20 nm. The
sample voltage was -18 kV, and the microscope pressure 1x10-8 Torr. All
data processing to produce the color PIC-maps was done in Igor Pro®
(WaveMetrics, Lake Oswego, OR), using Gilbert Group (GG) Macros,
distributed free of charge on our web site 7.

2. Color PIC-mapping

In GG Macros 7 the intensity vs. polarization angle curve from each pixel
was fit to the equation f(y) = a + b cos?(y — ¢'), where a, b, ¢ are fit
parameters.



Each polarization-dependent intensity curve is normalized to the
beamline Izero before the fit is performed, so a and b are dimensionless
quantities; c'is and angle in degrees.

For calcite and aragonite the maximum x-ray linear dichroism, that is,
the maximum response to polarized light, occurs when the polarization is
parallel to the c-axis, and the minimum response occurs when they are
perpendicular. For vaterite the opposite effect is observed: the response
is maximum and minimum when the polarization is perpendicular and
parallel to the c-axis, respectively 8. For this reason, for the vaterite
spicules in this work the fit parameters were transformed (in the Igor
macros) in the following way:
a—-a+b
b—- —b
¢ - +90°
where the sign in the last transformation is chosen so that —90° < ¢’ <
+90°. These transformations ensure that b is negative without affecting
the shape of the fit curve; b must be negative for vaterite for the reason
explained above. Thus vertical c-axes for calcite, aragonite, and vaterite
look the same, and are displayed in cyan.
The hue of the PIC-map displays the ¢’ angle, that is, the projection of
the c-axis onto the polarization plane. The brightness displays the value
b, which represents the off-plane angle of the c-axis (where a, b, ¢’, are
the transformed values). In-plane c-axis is assigned maximum brightness,
normal is black.
Bis the largest-modulus (absolute value) for b observed in either
synthetic or biogenic vaterite at hundreds of different orientations, when
acquiring data with the same parameter. In the present case the
parameters were: exposure time = 3 sec; exit slit 200um horizontal x 150
um vertical; B = —260. Thus, maximum brightness is defined to occur for
b = B = —260, and is identical for all vaterite PIC-maps presented here.
Minimum brightness is defined to occur for b = 0.

Once the color PIC-map is produced by the GG Macros, the color file is
exported and saved with all the relevant parameters in the filename.

For each PIC-map file we:

Opened it in Adobe Photoshop®

Placed all the vaterite images into 1 Photoshop file, each on its own layer
Rasterized all the layers to make them editable

Duplicated these layers and left the originals unedited

Hid all layers except the one at the top part of the spicule (image 1)

Cut out the colorbar at the bottom of 1, and the leftmost column of pixels,
which contains artifacts.

Repeated for all layers



Placed the first 2 images at top, and flipped between 1 and 2 to check
how well they match for a coarse positioning

Repeated for all layers for coarse positioning

Used perspective tool on image 2 to make it as similar as possible to 1
(edit->transform->perspective /skew)

perspective only had to change on left side of the image
skew used for small changes to better stitch spicules

These changes were necessary because the PEEM images have
distortions at their edges.

Repeated this matching for each layer by only using the perspective and
skew tool and shifting the image

Added scale bar (FOV was 20um, so a 5 um scalebar is 256 pixels wide)
and color bar (default colors and angles, but now changed to show ¢’
angle rather than n’ angle as in 8, because n’ angle is not well-defined for
vaterite.)

3. Image Cleaning

Since the spicules are long and thin, images of partly overlapping
segments were acquired for each spicule, and these needed to be stitched
together. In addition, synthetic vaterite particles were embedded with the
vaterite spicules, and were analyzed simultaneously; we needed to
display them separately. Lastly, small distortions occur at the edges of
these non-aberration corrected images, hence small adjustments termed
“cleaning” were needed to seamlessly stitch them. Figure S9 shows
typical images before and after image cleaning. Note that all
measurements were done on the original data and not on the cleaned
images.

1.

w N

We created a separate layer for cleaning. All cleaning changes are
on this layer and not on the original spicule data layers, so the
original data remain always retrievable, and directly comparable
with the cleaned versions.

Outlined spicule roughly using the pencil tool.

Zoomed in closely and using the brush tool outline the spicule
carefully (brush size varies between 5 and 70 pixels, depending on
area). We erred on the side of caution and left more epoxy versus
possibly shaving parts of the spicule.

Once the entire spicule was outlined, we filled the outside of the
outline (bucket tool, no anti-aliasing, “cleaned” layer only,
tolerance 1, contiguous).

The spicule was cleaned at this point and none of the spicule was
covered since the outlining process avoided the spicule.

A few missing corners needed to be filled in, to do this the clone
stamp tool in Adobe Photoshop® was used, hardness 3%, size
variable between 10 and 100 pixels depending on the area. The
edges of the clone stamp tool are blurry by default. In some cases
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the edges between images differed slightly in brightness or physical
dimensions due to distortions (e.g. Figure S9). We blended these
few edges using the clone stamp, always only in the “cleaned”
layer, so the original data are unaltered and can be retrieved if
needed.

All spicules were finally combined into one file for Figure 1. For printing
and display purposes, since most spicules in Figure 1 printed extremely
dark, we slightly enhanced the “levels” in Photoshop® for all colored
elements simultaneously, including all spicules, synthetic vaterite, and
the color bar. Levels were only adjusted for Figure 1, not for Figure 2.

-90° -60° -30° 0° 30° 60° 90°|-90° -60° -30° 0° 30° 60° 90°

¢’ angle ¢’ angle
Figure S9. PIC-maps of spicule T6 before (left) and after (right) “image
cleaning” as described in section 3. The green arrow points to one of the
synthetic vaterite particles, clearly separate from the spicule, the red
arrow shows distortion of the image on top that makes it imperfectly
overlap the image below. Notice that the epoxy, which is non-polarization
dependent, is completely black before and after image cleaning.

4. PIC theory in the uniaxial approximation
4.1. Definition

This section of the SI is about how to translate from PIC stacks to
images and angular distances. In this, we will assume that the crystal is
effectively uniaxial, so that the only direction of importance is that of an
energy-independent optic axis, which would be the c-axis of calcite,
aragonite, or vaterite.
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4.2. Basics
The main assumption is that if the x-rays come in with a
polarization vector ¢ and the axis of the crystal at the pixel of interest is
¢, then the intensity from that pixel is given by
[=1(A+B(é-¢)) (1)
where A and B are energy-dependent quantities °. Here and in what
follows, unit vectors are indicated as hatted variables. Now, in PEEM-3 at

the ALS, the incident beam comes in from a direction k tilted by 30°
from the x-axis:

k = (cos,0,siny) (2)
where the coordinate system is such that x is along the projection of the

beam direction onto the sample surface, z is perpendicular to the sample,
so y is vertical, in the plane of the sample surface and perpendicular to

the beam, and the angle ¥ between x and k is 30°. The horizontal (H)

and vertical (V) polarization vectors are perpendicular to k , so they must
be

e, =(siny,0,—cosy)

R (3)
eV = (09 1: O)
making the polarization vector at an angle ¥
e=cos ye, +sin ye, = (sin ysiny,cos y,—sin ycosy). (4)

At y=0°, ¢=(0,1,0), i.e. the polarization is vertical, along the y direction.
At ¥y =90°, e=(siny,0,-cosy) , and this is the most nearly perpendicular to
the sample surface, in fact 30° from perpendicular.

Next, we need the c-axis direction in polar coordinates. We could take the
polar angle as @ and the azimuthal angle as ¢, so that the direction is

¢ =(cos@cosb,singcos G,sin §), (5)
where we've taken the somewhat unusual convention that 6=0

represents the vector lying down and 6=90° as pointing straight up.
However, it will be much simpler to do the math if we take polar
coordinates defined relative to the beam axis:

¢=cos®(singé,, +cos¢'e,)+sin 'k (6)
where ¢’ is the azimuthal angle around the beam axis (which is identical

to ¢’ defined above) and 6'is the polar angle, defined so that 6'=90°
means that ¢ is along the beam axis. This we later express in terms of the
sample-based polar coordinates 6,¢ .

4.3. PIC signal
Substituting (4) and (5) into (1) yields
1/1, = A+ B cos?8'cos?(¢p’ — x). (7)
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The PIC-map produces a set of coefficients such that
Ip;c = a+ b cos?(y — ¢') (8)
which leads to the identification
¢'=c

6’ = cos™ (£J/(b/a)/(B/4)). 9)
Since 0’ is a polar angle, it's restricted to the range [0, 7], which makes
taking the inverse cosine unambiguous. How can we know A and B, or,
more precisely, their ratio D=8/ A? One way we could do it would be to
measure a large set of random grains and look for the maximum
dichroism, that is, the maximum dependence on } . Intuitively, one
would expect this to occur when the orientation is in the plane defined by

the polarization vectors, i.e. perpendicular to the beam direction k. Thus,
one such maximum is when ¢'=x/2, 8'=0. In that case,

I

max_dich

=A+Bcos’ y (10)

so the ratio B/A may be measured as

I,

D:B/A:rnax|: 220 ]—1 (11)
1=90°

where the maximum is over all crystal grains.

We note that there is an ambiguity in the measurement of the
orientation of ¢ . If this unit vector is “reflected” to a position mirror-
symmetric with respect to the polarization plane, so that the projection
along the beam axis changes sign but the component in the plane does
not, then all measured quantities remain the same. Thus, there are two
possible values of orientation, which will take the same color in a PIC-
map presented in terms of ¢’,8 (hue and brightness in the main text).
One way to resolve this ambiguity is to rotate the sample azimuthally,
that is, around the normal to its surface; this was done for one spicule
(Figure 2).

4.4. Angular distance Ac

One way to go beyond qualitative imaging and get more-
quantitative data about orientation is to measure the angular distance
between the orientations of adjacent grains. This measure is independent
of the coordinate system used to describe the orientation. One could then
compare the distribution of angular distances between adjacent grains
with those of pairs of randomly-chosen grains, in order to see if adjacent
grains tend to be oriented in the same direction. If we have two

orientations with axes ¢,,¢,, then the angular distance between them is
given by

Ac=cos™'(¢,-¢,), (12)
which can be evaluated using the form (6)
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Ac =cos™ [cos 6, cosB] cos(¢; — ¢, ) +sin0 sin 92’] ) (13)
Substituting (9) into (13) yields

cosAc:l bib, cos(cl'—c;)+\/(D—ﬁJ(D—b—2] (14)
D alaz a1 az

where a4, by, c1, a,, b,, c; are the fit coefficients for the two grains.

A word about signs: we have implicitly assumed D to be positive,
as it is for aragonite and calcite. However, vaterite has its n orbitals in
the basal plane, normal to the c-axis, which makes D negative. In that
case, the fitting must be done so that the b coefficients are also negative,
which is enforced by the correct choice of ¢’. Note that in (8), the sign of b
flips if 90° is added to c¢’. Similarly, if D>0, then ¢’ must be chosen so that
b>0. For the Ac measurements in Table 1, D = -0.6 is used, since this is
the largest-modulus d value observed in this spicule, in 3 different
positions, across 6 PIC-stacks.

Further, there is the ambiguity mentioned in the previous section.
If one takes two orientations and “reflects” one to a position mirror-
symmetric with respect to the polarization plane, then the angular
distances measured in these two positions are different. Reflecting also
the second orientation brings the distance back to the original value.
Thus, there are actually two possible values for the angular distance
computed for any two grains. We resolve this ambiguity in Table 1 by
measuring the same pairs of crystals in two different orientations,
computing both possible values of Ac in both orientations, and adopting
the Acvalues that agree in both orientations.

4.5. Sample-centered coordinates

Transformation to these coordinates was not used for any of the
data presented here. However, we include it for completeness. Suppose
we now want the orientation of the axis in coordinates referred to the
sample, rather than the beam, i.e. expressed as in Eq. (5) instead of (6).
This is easily accomplished by taking appropriate dot products:

sin@=¢-Z=cos@'sing’e, -Z+cos@ cos¢’é, - Z+sin0'k -z (15)

=—cos& cos¢ cosy +sin @' siny
for the polar angle, and
¢y _cost(é, ysing’ +é, Jeos@)+k-Psing

¢-%  cost(é, - Rsing +é, - kcosg)+k-xsin@’

(16)
cos&'sin ¢’

cos@'sin ¢’siny +sin @ cos
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where caution must be used in taking the arctangent to be sure of
getting in the correct quadrant. This can be done using the two-
argument atan2 (y, x) function found in many programming languages.

Once this transformation is done, one can rotate an image by an angle 0
and compensate by subtracting d from ¢ . Such a procedure would, with

no loss in information, let one make images of similar structures so that
they're aligned the same way with consistent color schemes, even though
the original images had them pointed in different directions.

4.6. Angular distance Ac’
We measured 100 angular distances each in biogenic and synthetic
vaterite, then displayed them in 45-bin histograms (2° bins) in Figure 3.

The difference in orientation between two adjacent crystals is
180~ =} if|e; —cy| > 90
A’ = o 17)
‘cl —cz‘ otherwise

where c¢; and c; are the ¢’ angles of two adjacent crystals 1 and 2.

To obtain the angles ¢; and c;, crystal interfaces were found manually (5-
10 per PIC map). The whole crystal is selected as a region of interest
(ROI) by manually tracing its contour in Igor. The spectra in the pixels in
the ROI are then averaged together, and the resulting spectrum is fit to
the equation f(x) = a + b cos?(y — ¢') (this is done by pressing the
“Analyze ROI as 1” button in GG Macros, Polarization Analysis Package 7).
The value ¢’ obtained from this fit was then transformed to be
appropriate for vaterite, ¢’ - ¢’ + 90°, as described above. The analysis is
completed in two adjacent crystals, and the obtained values ¢; and c; are
plugged into the equation for Ac’ above using Microsoft Excel® in order to
calculate the angular distance between the two crystals.

5. SEM and TEM experiments

Most of the SEM experiments were done at the Technion Electron
Microscopy Center of the Department of materials science and
engineering. Figures 4, S2, S3 were acquired on a Zeiss Ultra-Plus Field
Emission Gun (FEG)-SEM and an In-Lens detector, at an acceleration
voltage of 1.8 kV. The images in Figures S4 and S5 were acquired at an
acceleration voltage of 2.0 and 4 kV respectively.

The sea urchin spicule images in Figure S5 were acquired at the UC-
Berkeley Electron Microscopy Laboratory (EML), using a Hitachi SS000
FESEM, secondary electrons, and 5.0 kV. For these experiments,
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spicules were extracted from 72h embryos as described in !°, and
bleached. The extracted spicules were let crystallize for about a week at
room temperature, then were crushed gently in mortar and pestle, with
liquid nitrogen, then were coated at EML with 1nm of Au+Pd mixture,
50%+50%.

TEM investigation was carried out at the Technion, utilizing a Titan FEI
(S)TEM with a dedicated platform for corrector and monochromator
technologies, which enable a resolution of 0.7 Angstrom. In order to
acquire Figure 5, the sample was prepared by a FEI Strata 400S FIB. The
acceleration voltage was 300 keV for imaging, whereas for diffraction we
used a linescan with a beam size of 3 nm.

FIB was used for TEM sample preparation for several reasons. First, FIB
enables the preparation of specific sample size by cutting a particular
part of the examined object in the required direction. Second, sample
preparation, utilizing microtomy, does not provide the required result
due to weak adhesion between vaterite and the epoxy commonly used for
microtomy. The FIB used was a Strata 400 STEM Dual-Beam system,
which is a fully digital field emission scanning electron microscope (FEG-
SEM) equipped with FIB technology and a flip-stage-STEM assembly. It is
a high-tech tool for complete in situ sample preparation and high-
resolution analysis. The FIB is equipped with ultra-high resolution
electron optics with secondary electron (SE) and backscatter electron
(BSE) in-lens detectors and STEM imaging, high-resolution (field
emission) ion optics (Sidewinde column), advanced control of gas
chemistries including delineation and metal etching,
carbon/platinum/gold/SiO2 deposition, high-precision piezoelectric
specimen stage having a 100 mm stroke along the x- and y-axes, an in-
situ nano-manipulator (Omniprobe, AutoProb 200) sample extraction
system for lift-out TEM specimen preparation, and flip-stage pivoting
TEM grid mount.
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