Gradual Ordering in Red Abalone Nacre
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Abstract: Red abalone (Haliotis rufescens) nacre is a layered composite biomineral that contains crystalline aragonite tablets confined by
organic layers. Nacre is intensely studied because its biologically controlled microarchitecture gives rise to remarkable strength and
toughness, but the mechanisms leading to its formation are not well understood. Here we present synchrotron spectromicroscopy
experiments revealing that stacks of aragonite tablet crystals in nacre are misoriented with respect to each other. Quantitative
measurements of crystal orientation, tablet size, and tablet stacking direction show that orientational ordering occurs not abruptly but
gradually over a distance of 50 um. Several lines of evidence indicate that different crystal orientations imply different tablet growth rates
during nacre formation. A theoretical model based on kinetic and gradual selection of the fastest growth rates produces results in qualitative
and quantitative agreement with the experimental data and therefore demonstrates that ordering in nacre is a result of crystal growth
kinetics and competition either in addition or to the exclusion of templation by acidic proteins as previously assumed. As in other natural
evolving kinetic systems, selection of the fastest-growing stacks of tablets occurs gradually in space and time. These results suggest that
the self-ordering of the mineral phase, which may occur completely independently of biological or organic-molecule control, is fundamental
in nacre formation.

Introduction

Nacre, or mother-of-pearl, is widely studied because of igssself-assembled, efficient, and accurately ordered architecture, toughness, and

fascinating and poorly understood formation mechanisms. Haliotis rufescengred abalone) and all other gastropods form columnar nacre:
a comGpsosite of layered 400 nm thsick aragonite crystalline tablets oriented with their [001] crystal axes spreagj around the normal to the layer

plane and stacked irregularly and 30 nm thick organic matrix sheets mostly composed of -chitin. Aragonite, a Tg\rd but brittle
orthorhombic CaCO3 polymorph, accounts for 95% of nacrel’ls mass, yet nacre is 3000-fold tougher than aragonite. No synthetic
composites outperform their components by such large factors. It is therefore of great interest to understand nacre formation.

We present here X-ray photoelectron emission sp@itroscopy (X-PEEM) data oHl. rufescensshells that yield unprecedented detailed and
quantitative information about the location, siaed orientation of individual tablets with submicreter spatial resolution, a large field of view
including hundreds of tablets, straightforward skmreparation, and negligible radiation damagee dhta exhibit a systematic spatial variation,
indicating that the aragonite tablets in nacre ogiladually, and are consistent with a theoreticatlel in which aragonite crystal layers are nueléat
sequentially in the presence of confining matrixeshi@nd grow epitaxially on aragonite crystalsirels below. All tablets compete for space, andeho
with ¢ axes oriented normal to the layers prevail oveongsited tablets.

12,13
llluminating polycrystalline samples with polarizedft X-rays generates a spectroscopic effect knas\d-ray linear dichroism in X-ray absorption
near-edge structure (XANES)
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Figure 1. (A) Visible light microscope composite image ofalighed section ofl. rufescenshell, acquired in differential interference costrédNomarski) mode. The
rectangles outline the areas in which the mapsweR acquired, while the white arrow indicatesribere prismatic boundary, which runs horizontatiyoss the entire
image. (B) Series of five X-PEEM polarization-depemidimaging contrast (PIC) oxygen maps obtainechfratios of images at 534 and 518 eV, that is, eryg
n*/pre-edge. Differences in pixel intensity in PIGps indicate different angles between the carbamgstalc axis and the polarization vector. The nacre gradiction
(bottom to top in this and all other images presetfitere) was 61° from the polarization vector abtifom the sample normal. These PIC maps demdedtrat contrast
diminishes with the distance from the boundary frrsists across the entire nacre thickness. (ChMed PIC maps at and away from the boundary (gsretowing
co-oriented columns of tablets and the contrastdx them.
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spectra. This effect is widely studied in manmade liquid
13 12 15,16

crystals, chemisorbed and magneltgc materials, and

tablets exhibit strikingly strong contrast, as shdwy the different
gray levels, due to different orientations of adjsccrystalline
tablets in each nacre layer. We note that oxygehcanbon PIC
occasionally in geologlc minerals and was recently maps, ratios of images acquired at #fi@nd c* energies, exhibit

discovered in nacre.” When XANES spectroscopy is combined the same gray level intensity in each plxel andstthe same
with X-PEEM imaging, the linear dichroism generabegmging contrast between adjacent crystalline tablets
contrast between differently oriented adjacent muojstals Theory predicts that the* intensity depends only on the polar

denoted polarization-dependent imaging contras(t)(PIBecause angle 6 and has a cosB dependence consistent with the
of aragonite’s symmetry in theb plane, thelcontrast arises from experimental data in F|gure 2A Others report tizatre tablets are

4,19

differences in the crystals’axes orientation.  In this work we  misoriented in thab plane or thatc axes have a spread at the
analyzed 11 samples from four differert rufescensshells,
approximately 10 cm long, with two X-PEEM instrunenthe . , . i
Spectromicroscope for photoelectron imaging of samotures —OPServations reported here and elsewheggovide the first
with X rays (SPHINX) at the Synchrotron Radlatlorermar evidence oft axis orientation variations in immediately adjacent

nacre tablets. The experimental data shown in Eig@B
(SRC) and PEEM-3 at the Advanced Light Source (ALSljhe

demonstrate that the PIC contrast arises from mist@tion of the
shells were cut, embedded, polished, and Pt c@ateldscribed in c axes with respect to each other and to the potizaector,

macroscopic scale but to our knowledge our recent
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Figure 2. Angular dependence of the carbohpeak intensity from a
macroscopic single crystal of aragonite. (A) Thelane crystat axis was
rotated, with the polarization vector fixed and konital. The polar angle

(top) and the prismatic layer (bottom), frorklarufescengross section. In
this pattern of contrast stacks of tablets with gbee gray level have the
same crystal orientation, and the decrease in bwenatrast moving away

between polarization arahxis was varied between -90° and +120°. A eachfrom the nacre-prismatic boundary indicates thhletec axis orientations

angle a carbon spectrum was collected, andritpeak intensity was
reported (black dots). The red curve is a fit ofakeerimental datd  m1 +

m2 cosze with fit parametersl ) 0.61,m2 ) 2.98,2) 0.2). (B) With the polar
angle fixed ab ) 32°, the sample was rotated in #iteplane around the
axis. The azimuthal angiewas varied, and again th&peak intensity was
reported. These data show no variation wjthas shown by the flat
distribution of data points. A linear fit of the das shown in red () m3 +
mée; m3) 3.18;m4 ) 0.0002).

29
twinning, could not generate the contrast observed. While Pl
images do not yield quantitative information on #mgle of the
axis of each tablet in nacre, differently orientadblets can be
identified.

The Haliotis rufescenshell samples were all mounted with the
growth direction (perpendicular to the organic rmatsheets)
vertical and in-plane on the polished sample serfand then
imaged with the prismatic layer at the bottom aadra on top.

The source of PEEM-3 at the ALS is a state-of-the-a
elliptically polarizing undulator in which the poization can be
rotated (0°-90°) to maximize the contrast. Fosathples analyzed
using PEEM-3, the polarization was rotated frontieal (parallel
to the growth direction) to horizontal (perpendal Maximum
contrast was obtained in all cases at 45°, comtistéth the
inflection point at 45° in Figure 2A; around thisgén small
variations of angle cause large variations inith@eak intensity,
yielding large contrast between bright and darketabin PIC
images.

Figure 3A, a carbon PIC image taken near the naiésenatic
boundary, shows stacks of co-oriented tablets W«hsame gray

level, consistent with the idea that mlneral brmige through a

single but porous organic nucleation S|te transmit the
orientation of crystals across successive layers.odserve here
that the stacks of co-oriented tablets have fingmtt, so it is
plausible that a fraction of nucleation sites natdenew crystal
orientations.
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Figure 3. Experimental and simulated data on nacre orde¢&)gCarbon
PIC map obtained by the ratioof and c* images acquired with PEEM-3
at the ALS in a region at the nacre-prismatic beupdseparating nacre

become closer to perpendicular to the organic méiyiers. In this image
the polarization vector formed an angle of appratety 45° with the
vertical nacre growth direction. (B) Simulationuks for a model in which
each layer grows to completion before the nextrlagenucleated, all
nucleation sites are randomly distributed wittand y coordinates each
constrained to be within a distangefrom a nucleation site in the layer
below, and each tablet adopts the orientation ef tdblet below its
nucleation site with probability k.-The growth rates () gray levels) of the
tablets in the first layer as well as those notitented with the tablet below

re chosen uniformly and randomly in the range(2,-1 +8/2]. Parameter

alues are: ) 0.015,5 ) 0.25, andy ) 1.5 pm. A two-dimensional vertical
slice through the three-dimensional simulatiorhisven. Gray levels denote
the growth rates of the tablets (light represenghdr growth rate). The
ordering moving away from the boundary, includingcibasing tablet
contrast, tablet size, and stacking directionjragrialitative agreement with
the experimental data.

To understand the origin of the peculiar tabletgratrevealed by
PIC images, we developed a theoretical model forenbormation
that makes minimal assumptions, generated simuladede, and
compared it to the experiments. The model focusesore vertical
growth and neglects radial shell growth. It makeandard
assumptions well supported by experimental obsematOrganlc

matrix sheets confine growth of the aragonite tabletand crystal
growth is “poisoned” when a tablet hits the overtyiorganic
37 32

sheet; There is a single nucleation site per nacre tablet;
Nucleation sites are independently and randomlyridiged on
5

organic matrix sheetsTablets in a given layer grow until they

38
reach confluence;A tablet in a given layer is highly probable to

have the same orientation as the tablet directiyvb&s nucleation
30,31,39
site. The aragonite tablets in the first layer hawexes that are

not perfectly aligned. This assumption is suppodidctly by the
experimental data presented here. In the simpletion of the
model, appropriate for sheet nacre, growth of aemilayer is
completed before the next layer is géxgeated. Todehahe

columnar growth of nacre iHl. rufescens nucleation sites in
successive layers are constrained to be withined fiistance from
the one below, set by a parameter in the model. bEt@vior is
similar for the sheet and columnar models; theltgesu
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Figure 4. Quantitative measurements of tablet gray levelrasticorresponding to crystal orientation, tabliitiy and tablet stacking direction in nacre meaddrom

PIC images across three shells (green, light lalne red solid dots). All three quantities are jldtas a function of distance from the prismaticce®doundary, first in the
short ranges (0-50 pm) for all shells (A-C) andhtirethe long-range, up to 800 um, for one shdjf ¢iD-F). The blue circles are results obtainedrfithe theoretical model,
and the blue lines are exponential fits of the moekllts. More details on all these data and fépeovided in Supporting Information Table S1 aiglfes S9-S11. Notice

the quantitative agreement between the simulatioitlae experimental results.

shown here are for the columnar model. In addition to the
standard assumptions listed above, our model posits that
there is a distribution of aragonite crystal tablet growth rates

tablet widths. Figure S11 shows data for tabletkstey directions
and compares to the results for the model in thertay-layer limit
(nfw). One obtains qualitative agreement between theony

with tablets with ¢ axes oriented normal to the layers growingexperiment for the stacking directions even in lingt because of

faster than misoriented tablets. (See Supportifagimation Figure
S8 for further details.) Because the sheet andmumdn models
behave similarly, the model is a test bed for $iviglle hypothesis.
A simulation of the model defined by these assumptigelds
the configuration shown in Figure 3B, which is strijty similar to
the experimental data in Figure 3A. The param&tdre spread of
growth rates of different crystal orientations,atatines the length
over which the ordering evolves, the fraction Eatlets that fail to
adopt the crystal orientation of the tablets betheir nucleation
sites limits the ultimate degree of order far frolme prismatic
boundary, and the degree of columnarity is specifted
constraining nucleation sites in successive layerise within an
in-plane distance) from the position of the previous nucleation
site. In all the figures shown in the main t&xt0.25, E ) 0.015, and

n is set to be 0.8lz/.N, whereN is the number of nucleation sites in

the increase in tablet widths moving away fromrbere-prismatic
boundary (Figure S11).

Distributions of tablet growth rates at differengtdnces from the
prismatic boundary yielded by the model, shown up@rting

Information Figure S12, clearly show narrowing o tistribution

with distance from boundary.

Figure 5 presents experimental and simulation am@ldata of a
single nacre layer. Visible light microscopy (FigA) shows that
tablets are irregular polygons arrasr;ged in a Vorgatern, as

previously reported by Rousseau et dlhe new observation here
is that the boundaries between adjacent tabletoftea slightly
curved. Curved tablet boundaries are characterigtithe tablet

41
pattern obtained when there are different in-plgrevth rates.
Figure 5B shows a pattern with only straight edglesined with
all tablets growing out of randomly located nudleatsites at the

each layer and. the linear dimension of the square domainsame rate. Figure 5C shows the result of growth witiniform

simulated; thusy ) 1.5 pm.

Although PIC images do not provide numerical valioes axis
angles or crystal growth rates, valuable quangigatiformation on
the evolution of the contrast, tablet size, andletalstacking
direction can be extracted, as presented in Figure
4. All these quantities show greater disorder ndhe
prismatic-nacre boundary with order evolving ovdergth scale
of approximately 50 um. Figure 4 and Supportingoimfation
Table S1 and Figures S9-S10 demonstrate that tlielnagrees
quantitatively with experimental measurements efdiependence
on distance from the prismatic boundary of imagiogtrast and

distribution of growth rates between 0.85 and 1% 0.3); the
slightly curved tablet edges, typical of a multipliively weighted
\oronoi construc

(41) Mu, L.Prof. Geogr.2004, 56, 233—-239.
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Figure 5. Experimental data and simulation results of anlam@ view of a layer of nacre tablets. (A) Visibght microscopy image obtained in differentialdrference

contrast (Nomarski) mode from a polished nacreaserfThe lines visible in this image are the bouedaetween tablets. (B) Simulated layer of natr@ined using a
single isotropic growth rate for all tablets. Tlablets grow radially from their nucleation siteguare dots) until they hit each other. Each poiotg a boundary is
equidistant from the nucleation sites of two ta)lsb the resulting irregular polygons form a Vaiaronstruction with straight lines separating amy adjacent tablets. (C)
Simulated nacre layer, obtained from the same mahddistributed nucleation sites in B, but with istdbution of tablet growth rates. The resultinattprn of tablet

boundaries is a multiplicatively weighted Vorononstruction, and the lines separating adjacenttsiare often curved. The growth rate spiep@.3, similar to that used
in Figure 4, yields a pattern similar to the expemtal data shown in A, in which some lines areawicurved.

tion, resemble strikingly the experimental data of Figure 5A. When the co-orientation of tablets in successiyerkis perfect SO
Note that this value of & also yields good agreement with the 212
evolution of side-view tablet widths and contrass, shown in
Figure 4.

From the \ggronoi constructions in Figure 5 and ¢hadf

thate ) O, the solution to this equationlis- 1(y) o« 1(y)e
Therefore, wher ) 0, for any R > 0 the width of the distribution
decreases as the square root of the number oklayet becomes
arbitrarily narrow as the number of layers tendmfimity.

Rousseau et al.we observe that there is one nucleation site pegvhen¢ is nonzero but small, so that the co-orientatietwieen

tablet. Nudelman et al.confirmed this by directly observing the successive layers is not quite perfect, the ineipicture of the
nucleation sites in the organic matrix sheets, 2 @t most per Pprocess is that the distribution gets narrower smlea

tablet, inAtrina rigida. These observations are in agreement withmnisorientation, or “mutation”, occurs. The “mutat& or
misorientations prevent the peak from narrowingefimdtely, so

after many layerKy) approaches a stationary distribution

*(y) that does not change &sncreases further. A full analysis
using the techniques in ref 43 shows that the idigion *(y)
consists of two peaks, a broad one with amplitudad width

-1/2 and a narrow peak with amplitudeeland an extremely small

the concept of mineral bridges introduced by Sdaa#ét al.?O
provided that the single nucleation site in theaoig sheet is
porous and one or more mineral bridges extend thenunderlying
aragonite tablet to the overlying one through gasous region of
the organic sheet.

To obtain analytic insight into the model’s behayige define Rlz)
I(y) to be the fraction of the area in layemisoriented from the Steady-state width that is proportional e with C being a
normal by an angle. This function is a direct analog of a fitness constant. Thus, the degree of ordering is limitgthle reliability of
function in population biology. Tablets with) O grow fastest, and the co-orientation of crystals in successive layers
therefore, their share of the area in ldyet will be greater than in  TWo additional novel observations yielded by out Rkperiments
layer |. Because the maximum is at) O, one expects the are presented in Figures 6 and 7. Figure 6 shdvigharesolution

dependence dfy)ony to be quadratic. Therefore PIC image of a side view of nacre tablets. Somentaties
) between two adjacent tablets in the same layer roe
I(y) Ry perpendicular to the layer. The angles of tablegtdet boundaries
Ry22 near the prismatic-nacre boundary may be as sreal5a (e.g.,
) L-F e black arrows in Figure 6A); after 50 um they araroaly
[-1(y) NI 2 NI distributed around 90°. A possible mechanism legthrformation

of such small angles, based upon the above obsmrsandicating
that the growth rates of immediately adjacent tabimay be
different, is described in the caption of Figure. 8Bhen two

where R is a numerical coefficient aNtis a normalization factor
that is fixed by the normalization condition

L ER -Ry%72 neighboring tablets have significantly different\gtio rates, the

1)f (27W)|(Y)dY)N I @me | md slower-growing tablet determines the orientationtiod crystal
- facet while the fast-growing tablet fills space. ¥{eess that we

00 cannot assign growth rates to gray levels; theeefdark tablets

may be faster or slower growing than light ones fechanism in
Figure 6B and 6C, if correct, would indicate thatldtablets 1-6
are slower growing than the lighter ones.
Supporting Information Figures S14-S16 show micesheX-ray
diffraction data in agreement with the X-PEEM obséons:
co-oriented tablets appear as clusters of aragmeflestions rather
112 than single spots in Laue diffraction; theaxes of immediately
w(v) ) (0/(2)) . This misorientation process is analogous toadjacent tablets are misoriented with respect ¢h ether, and the

mutation in population genetics.Therefore, the evolution is spread ofc axis orientations is- 24° near the prismatic-nacre
governed by the equation

We also assume that there is a small probakilityat when a tablet
nucleates, instead of adopting the sagmes the tablet below its
nucleation site, it takes on a value chosen fromrabability
distributionw(y) that we \évill choose to be Gaussian,

.Y 2

boundary, gradually decaying t06° at 35 um
@ y22 “ 1-Ry22

12
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Figure 6. (A) High-resolution carbon PIC map Hf rufescensacre near
the nacre-prismatic boundary, showing that withisirggle nacre layer
tablet-to-tablet boundaries are not perpendicoléne layers. Furthermore,
co-oriented tablets in the same stack often exBihitlar angles in tablet-
to-tablet boundaries. This can be seen most sgfikim the six tablets
indicated by numbers 1-6. Other areas also shawmitas effect with less
accurate alignment, e.g., the boundaries indichietlack arrows. This
map was also acquired on PEEM-3 at the ALS, byadtie ofr*/c* images,
with the polarization vector at 70° from the nacre growth direction. (B)
Schematic representation of tablet growth duringcreaformation,
assuming (arbitrarily) that the dark/light gray ééwcorresponds to the
slow/fast growth rate. The tablets on the left gadawly toward the right,
while those on the right grow faster and towardéfite The crystal facets of
the dark tablets are oriented as those in tabléténlA. Light gray tablets
are oriented at other arbitrary angles. (C) Snapshthe same tablets in B
at a later point in time. The slow-growing tableésve advanced little, while
the fast-growing ones have advanced more. Whentahiets join each
other, the slow-growing tablet (e.g., tablet 1)aimost immobile and
maintains its facet while the fast-growing tablés fihe remaining space,
independent of its facet orientation preference ditientation of the tablet-
to-tablet boundary in fully formed nacre, therefaseonly determined by
the slow-growing tablets and their preferred crhydtet orientation.
Slow-growing tablet 2 had a tablet-to-tablet bougdaientation similar to
tablet

1. However, since it started growing later it alwived later, so its
boundary is left of 1. Tablet 3 protrudes moreht® ight because it met on
the right side with a tablet growing at a differeate (different gray level in
A), which was presumably slower; thus, 3 overgrevant 2. Tablet 4
stopped approximately where 1 and 2 did, consistétit similar gray
levels on the joining right tablets. Tablet 5 overgs 4 again, similarly to 3,
and finally, 6 follows the trend of 1, 2, and 4. ©hstion of
nonperpendicular tablet-to-tablet boundaries ad agl overgrowth of
certain tablets (e.g., 3 and 5) is less frequemtydvom the prismatic-nacre
boundary, consistent with all other data presehéezd that the growth rates
become more homogeneous moving away from the ptisimaundary.

from the boundary. These data are in quantitatigeeement with
8,28

macroscopic texture analysis of nacre.

Figure 7 presents a new observation found in dozens of other PIC
images acquired at the nacre-prismatic boundary of different H.
rufescensshells: the transition from prismatic calcite to aragonite
does not coincide with the onset of layered nacre formation. The first
~ 3 um from the calcite prisms are not nacre but spherulitic aragonite

crystals exhibiting great disorder in their orientation and sizes
ranging between 0.5 and 2 um. These crystals were identified as
aragonitesgggause their Ca L-edge spectra are typical of

aragonite. Calcite has very sharp and intense peaks in the
crystal field region, and thus, it can be mapped as in Figure 7C. This
map shows that the transition from calcite to aragonite is abrupt and
that the separating line is not straight but irregularly shaped.
Aragonite polymorph selection, therefore, occurs first followed by
deposition of nacre organic matrix sheets and growth of the familiar
layered nacre structure. Although nacre is invariably aragonitic, the
prismatic layer of other mollusks, e.g., nautilus, is formed by
spherulitic  aragonite.  This  spherulitic  aragonite at the
prismatic-nacre boundary has not been reported previously for
Halitos rufescensinterestingly, most of the aragonite spherulites in
this transition zone become layered nacre without changing their
crystal orientation, as can been seen in Figure 7A.

On the basis of the new observation that polymaegiaction and layering

are independent phenomena, we infer that the apiditeins that enact
4

polymorph selectiormust start working first, before organic matrix skee
are formed, and continue to work during all of shésequent nacre growth.

Discussion

The simulations of Figures 3B and 5C and the erpamtal data in Figures
5A and 6A give strong and independent indicatidra aragonite tablets
grow at different rates in nacre. Different in-ptagrowth rates are evident
because tablet-totablet boundaries are often cuwiile in cross-section
the different growth rates manifest as tablet-tdelboundaries at angles
much smaller than 90°. Different growth rates fiffedent tablets in nacre

were first suggested by W?éée and Nakahal?z:‘{35 based on scanning
electron microscope images of the indented commaphology of stacks
of tablets at the nacre growth front in gastropiells.

An independent line of evidence for different growates is provided by
the agreement of the model results with the expental data presented
here. One of the assumptions of the model was dhtfe existence of
different growth rates. The model, however, goethéar and demonstrates
that selection of the fastest-growing tablets isistsient with detailed
measurements of tablet patterns. Although PIC imaggnnot provide
directly the variability of either crystal orieni@ or growth rate,
comparison to the model indicates that the spreapidwth rates is on the
order of 25%.

PIC imaging reveals that stacks of co-oriented geguowth rate) tablets
start and end abruptly. This is consistent withnaals probability of
nucleating a different crystal orientation-6f1.5%.

Our results provide strong evidence that the groreties of aragonite

tablets depend on crystal orientation, but theticrlahip between tablet

growth rates and crystal growth rates remains telbeidated. Geologic
47

aragonite grows 10 times faster along ¢leis than along tha axis and

may also do so in nac?gebut either faster or slower growth rate along the
[001] direction can yield tablet growth rates thae maximized when the
tablets are perpendicular to the layers, dependlinigow tablet nucleation
and growth is biologically regulated. A possibl@laxation for the gradual
alignment of thec axis along the layer normal igz as follows. Since th

organically distinct nucleation sites are pre-engst the sooner a tablet
reaches the organic sheet above, the more likédytd hit the nucleation
site and thus propagate its orientation beforetamndablet does so. In this
“competition for space” hypothesis having the fggiwing direction, the
axis, aligned with the normal ensures
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Figure 7. (A) Carbon PIC images of spherulitic aragonite talgs ranging between 0.5 and 2.0 um, that apperegprismatic boundary with different gray levels
indicating disordered crystal orientations. Theesplitic crystals are invariably detected at thesrpatic-nacre boundary df. rufescensshells, demonstrating that
polymorph selection and nacre formation in layeesiadependent phenomena separated in space timetirT his map was acquired on PEEM-3 at the AyShke ratio of
n*/ * images, with the polarization vector at 45° frtime vertical nacre growth direction. (B) Ca L-edgectra from nacre layers, the spherulitic crystats the boundary,
and the prismatic crystals, extracted from theethiegions shown in A (same colors as the spedthe) prismatic spectra are typical of calcite; thecéra from nacre and
spherulitic crystals are clearly aragonite as theé@ctra resemble those from geologic and biogeagonite. (C) Distribution map of calcite obtairwydthe ratio of images
at 351.6 (a sharp calcite peak) and 345 eV. Thésgen of energies shows the highest contrastéatvealcite (lighter gray levels at the bottom) arajonite (darker) and

the boundary between the two polymorphs. More irsadi¢his kind are presented in Supporting InfororaFigure S13.

that the nucleation site is reached as soon as possible. This
may explain why aligned tablets gradually prevail. This
hypothesis is consist‘gnt with similar “corrzwg)%tistion for space”

models in minerals and biominerals, successfully
applied to sheet nacre in bivalves, in which the fast-growing
direction (the b axis grows 1.6 times faster than theaxis in
aragonite) azlé%?s with the radial shell growth diren, and it does

so gradually, as we report here for columnar nacre andthds
alignment. This similarity corroborates the pregestilts and their
interpretation with a kinetic model, which can bees as a
“competition” model. Our model, however, is morengel as it
also takes into account nucleation of new orieotati and
quantitatively explains not only the gradual cristaentation but
also the increase in tablet size.

Moreover, nacre crystals may not grow one ion #@ina as in

abiotic aqueous solutions. Addadi etszadind Nudelman et gls
provide some evidence that sheet nac/tiima rigida grows from
a transient amorphous calcium carbonate (ACC) phidaging
different growth rates in different directions sngpatible with an
ACC precursor if crystal conversion at the expen$eACC
proceeds faster (or slower) along the [001] dioecthan along the
others. Nassif et al. showed that aragonite tahblettialiotis
IaeVi%ata nacre are surrounded by a 3-5 nm thick layer dilsta

ACC. ltis conceivable that this layer is a remnanthef precursor

ACC phase that failed to convert to crystallinegarate as a result

of organic molecules excluded by the rest of tlystat as proposed
3 37

by the same authorsyr by crystal goisoning, or by Asp-rich

glycoproteins adsorbed onto the sheets.

In Figure 6B and 6C we proposed a mechanism to explain
the ,90° angle of tablet-to-tablet boundaries observed in
Figure 6A. The idea that fast-growing tablets fill space
independent of their crystal facet preference is consistent
with the observation that the in-plane morphology of nacre
tablets before confluence does not affect the final in-plane
pattern of confluent tablets. In different species, in fact,
nonconfluent forming Qgcre tablets appear as cylinders in

Pinctagiza margaritifera as hexaggsrgal crystals in Atrina

rigida, or as polygons in Haliotis, but they all converge
toward final irregular polygonal patterns similar to that of

Figure 5A at confluencs%*. This demonstrates that crystals fill

space until they can, independent of their crystal facet
preferences. Clearly, faster-growing crystals fill space more
rapidly than slow-growing ones; thus, the final tablet-to-tablet
boundary is closer in morphology to the crystal facet
orientation preferred by the slow-growing tablet.

The presence of spherulitic aragonite at the npdegnatic

boundary inHaliotis rufescensas not been reported previously.

Zaremba et al. report spherulitic calcite, not ardig, preceding
54

aragonitic nacre growth id. rufescensflat pearl”. DiMasi et al.

observed a jumble of randomly oriented crystals the

nacre-prismatic boundary, which is compatible whité spherulitic
23

aragonite layer documented here at higher resolutiall other
authors reported that the prismatic layer hh rufescensis

completely calcmc In bulk H. rufescensnacre we often
observed organic growth lines followed by spheiailéragonite
58

(data not shown), as also observed by Su et al.

Dauphin et al. and Mutvei observed similar sphéoudiragonite at
the nacre-prismatic boundary of otlitaliotis species in which the
prismatic layer is composed either
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exclusively by aragonite spherulité$. @labraandH. asining or a
mixture of aragonite spherulites, rods, and ca:lcprlsms M.
57,

tuberculatg H. lamellosaandH. rotundatg. InH rufescens
however, the prismatic Iayer was thought to be amsed
35,57,6

exclusively of calcite prisms. Thus the presence of the layer
of aragonite spherulites at the nacre-prismaticndaty reported
here is both unexpected and unprecedented. Ittésesting to
notice, however, that the spherulites reported hreke rufescens
appear to have an interfacial behavior, as observed.

28,51
nacre. The model and experiments presented here do naiteeq
templation by organic molecules but do not rutait. We identified
and clarified another component to the complex m@shaof nacre
formation, that is, the fundamental role playedtsy mineral phase
itself and its gradual ordering, which it directly controlled
biologically or organically.

Conclusions

Using state-of-the-art imaging we demonstrate thatdegree of

tuberculataandH. lamellosa direct contact of calcitic prisms and orientational order of crystalline aragonite tabliet nacre increases

57
aragonitic nacre was never observeldurthermore, Dauphin et al.
report gradual appearance of nacreous layers in fia#
aforementioned—|aliotis species, exactly as observed hereHin

with distance from the prismatic boundary over agtd scale of
about 50 um. The theoretical and experimental requiesented
here show that different crystal orientations increatablets
correspond to different growth rates. Kinetic ondgiin nacre arises

rufescens As shown in Figure 7A, the aragonite spherulites ingo-ause oriented tablets grow faster than misedemnes and

this transition zone become layered nacre withtwainging their
crystal orientation. A similar observation was poensly reported

60,61
in Nautilusby Mutvei.  In Haliotis rufescensdt provides further
30

evidence for mineral bridges between nacre layers.

The spherulites at the nacre-prismatic boundaneappmuch
more misoriented and have completely different rhotpgy,
compared to those in bulk nacre, formed on orggrowth layers,
but it is intriguing to connect the two observasg@and consider the
possibility that aragonite crystals, however omehtconstitute a
preferred substrate for the onosgt of nacre growthegrovvth7 as

previously observed iNautilus " and otheHaliotis species.
In this case, however, the absence of aragonitéflan pearl”
54

substratesis puzzling.
Acidic proteins in mollusk shells that were firspoeted by
62

Gregoire and then found to be present in many different isgec
were suggested to function as a template for miizetin by
63

Weiner and Hood. In principle, it is possible that templating

proteins become more aligned and therefore morectafe at
aligning thec axes of crystals in a gradual manner, not abrugtly,
the onset of nacre formation. A templation mechanifor
aragonite crystal orientational ordering reqléirdasrez)chemical

matching of organic molecules and mineral lattis®d is expected
to determine the crystal polymorph and its origatatExcellent
4 64

data by Belcherand Falini showed that these proteins play a key

role in nucleating aragonite in vitro, thus in paolyrph selection,
but not in crystal orientation. To this day theyoimidirect evidence
that orientational ordering is due to organic teatiph is that
reported by Weiner and Traub, describing co-ortémaof the
-polymorph of the chitin polysaccharide crystalstiire organic
matrix sheet, and the overlaying aragonite crylsmallge at least

along thea andb axes, in several mollusk species. However,
such co-orientation has never been describeHaliotis nacre,
despite extensive studies on this species. Twor dihes of
evidence rule out templation iRlaliotis: the Iayeg of ACC

surrounding each nacre tablet Hhaliotis laevVigata and the
completely random orientation of aragonite tabétsmg thea and
b axes in the nacre of all gastropods. Checa etuidrout
templation, or heteroepitaxy, in their model andewations of
bivalve

(61) Mutvei, H.Biomineral. Res. Ref972, 4, 81-86.

(62) Gregoire, C.; Duchateau, G.; Florkin, Ahn. Inst. Oceanogr. (Paris)
1955, 31,1.

(63) Weiner, S.; Hood, LSciencel975, 190, 987-989.
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gradually prevail in their competition for space.

A theoretical model of nacre assembly based onugiladinetic
selection of faster growth rates and a small pridiyabf nucleating
a new orientation produces results in remarkableeagent with
side-view and in-plane experimental data.

Materials and Methods

More details about the materials and methods aveiged in the

Supporting Information.

Samples. Haliotis rufescenshells and geologic aragonite crystals
22

were embedded in epoxy, polished, Pt coateshd PIC imaged
20
with one of two X-PEEM instruments: SPHINXat SRC and

PEEM-321at ALS.

The polarization-dependent imaging contrast (Pl@xges were
obtained by the ratio of two X-PEEM images, acqlimether* and
o* energies of either carbon (292.3 and 302 eV)xygen (534 and

540 eV) since these are equivalent.

The PEEM-3 instrument differs from SPHINX in thdt uses
electrostatic rather than magnetic lenses, is densbly more
complex and fully automated, and its source is Hiptieally
polarizing undulator (EPU) in which linear polatiom can be
rotated by 90°. In this work this feature was usetgnsively to yield
the highest possible contrast for each image, whéttally occurred
with the polarization at 45°, since all samplesev@ounted with the
growth direction oriented vertically.

Simulation Method. Each layer in the simulation was a square of

dimension 40% 400 arbitrary units with 600 randomly distributed

nucleation sites. Nucleation sites are restricedhat thex andy
coordinates are each within ) 1.5 pmofthe coordinates of a
nucleation site in the previous layer. The grovetes in the initial
layer are chosen uniformly at random in the intef/as/2, 1 +8/2].

In subsequent layers, for each nucleation sité) pibbability 1 €
the tablet’'s growth rate is the same as for th&etabirectly below
the nucleation site, and with probabilitit is random in the range [1
-8/2, 1 +5/2]. The outer 10% of the transverse dimensionthef
simulational domain are discarded in all plots tmid possible
boundary effects.

The experimental data for the difference betweemtimimum and
the maximum gray scale values for tablets in amgilager (mean

tablet widthss 5 um) in afield of view of 40 um were compared
to the values of the 15th percentile of the grasleswalues in the
model at the nucleation sites in each layer.
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