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ABSTRACT: Nacre, or mother-of-pear], the tough, iridescent
biomineral lining the inner side of some mollusk shells, has
alternating biogenic aragonite (calcium carbonate, CaCO;)
tablet layers and organic sheets. Nacre has been common in
the shells of mollusks since the Ordovician (450 million years
ago) and is abundant and well-preserved in the fossil record,
e.g, in ammonites. Therefore, if any measurable physical
aspect of the nacre structure was correlated with environ-
mental temperatures, one could obtain a structural paleother-
mometer of ancient climates. Using X-ray absorption near-

edge structure (XANES) spectroscopy, Photoelectron emission spectromicroscopy (PEEM), and X-ray linear dichroism we
acquired polarization-dependent imaging contrast (PIC) maps of pristine nacre in cross-section. The new PIC-map data reveal
that the nacre ultrastructure (nacre tablet width, thickness, and angle spread) is species-specific in at least eight mollusk species
from completely different environments: Nautilus pompilius, Haliotis iris, Haliotis rufescens, Bathymodiolus azoricus, Atrina rigida,
Lasmigona complanata, Pinctada margaritifera, and Mytilus californianus. Nacre species-specificity is interpreted as a result of
adaptation to diverging environments. We found strong correlation between nacre crystal misorientations and environmental
temperature, further supported by secondary ion mass spectrometry measurements of in situ §'*O in the nacre of one shell. This
has far-reaching implications: nacre texture may be used as a paleothermometer of ancient climate, spanning 450 million years of

Earth's history.

B INTRODUCTION

The nacre organic—mineral composite comprises ~2 wt %
parallel organic sheets, alternating with aragonite crystals that
constitute ~98 wt % of the final material."* Nacre lining the
inner surface of eight mollusk shells is shown in Figure 1. It has
been widespread since the Ordovician, 450 million years
ago.3_S Nacre is much more resilient than aragonite;é_8 thus,
its structure inspired the synthesis of novel materials.””"!
Bivalves form sheet nacre,'"”'> while gastropods and cephalo-
pods form columnar nacre."'*'* Both kinds of nacre are
formed by epithelial cells in the mollusk mantle and are made
of irregular polygonal aragonite tablets, growing between
predeposited, accurately spaced organic sheets. During their
formation, however, sheet and columnar nacre differ signifi-
cantly: on the growing surface of sheet nacre, only two or three
consecutive layers of crystalline tablets are formed at once;
while at the growing surface of columnar nacre, twenty or thirty
layers of tablets are formed simultaneously and stacked into a
column, with the bottom tablet larger and the overlying ones
decreasing in size to form an approximately conical stack. Many
columns are formed simultaneously; hence, the forming shell
appears as conical pine trees in a forest (see Figure 2). Despite
these different formation geometries, the resulting nacre
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appears similar in visual appearance across species, as shown
in Figure 1.

We analyzed nacre from eight species of mollusks that live in
dramatically different environments: in fresh and salt water,
ranging in depth from 1 to 2300 m and temperature from 0°C
to 32°C. During the course of nacre evolution, or during the life
of a single organism, nacre structural parameters may have
changed, in adaptation to changing environmental conditions
and locations. In order to detect the existence of such effects,
we selected a diverse set of eight modern mollusk species: five
bivalves, one cephalopod, and two gastropods, all shown in
Figure 1.

Metzler et al. reported the first observation of X-ray linear
dichroism*"** in X-ray absorption near-edge structure
(XANES) spectroscopy of calcite and aragonite and observed
this effect in mollusk shell nacre from red abalone (Haliotis
rufescens)."¥'®* They used this effect to display contrast
between nacre tablets by photoelectron emission spectromicro-
scopy (PEEM) but with a non-quantitative approach to
polarization-dependent imaging contrast (PIC) mapping. A

Received: November 16, 2011
Published: February 7, 2012

dx.doi.org/10.1021/ja210808s | . Am. Chem. Soc. 2012, 134, 7351-7358


pubs.acs.org/JACS

Journal of the American Chemical Society

Figure 1. Photographs of the eight mollusk shells studied here: Np:
Nautilus pompilius, the emperor nautilus collected off the coast of Jolo
Island, Philippines. Hi: Haliotis iris, the paua shell, or blackfoot abalone
from New Zealand. Hr: Haliotis rufescens, the red abalone from Santa
Cruz, CA. Ba: Bathymodiolus azoricus, a deep-sea mussel from the Mid-
Atlantic Ridge collected by a robot 850 m under the water surface. Ar:
Atrina rigida, the pen shell from Sanibel Island, FL. Lc: Lasmigona
complanata, a freshwater mussel from the shallow waters of the
Milwaukee River, WI. Pm: Pinctada margaritifera, the Tahitian black
pearl oyster from Rangiroa Island, French Polynesia. Mc: Mytilus
californianus, the oceanic black mussel from the intertidal zone in
Bolinas, CA. All images have the same scale bar.

method to quantitatively measure the orientation of tablets in
nacre, although most desirable, remained elusive until recently,
as described for calcite nanocrystals.”* In this study, we present
the first experimental results of quantitative orientation
measurements for each aragonite crystal, with respect to the
linear polarization vector.

The method used here is also termed PIC-mapping and uses
XANES-PEEM. This version of PIC-mapping provides
simultaneous measurement of three ultrastructural parameters:
thickness, width, and crystal orientation for each aragonite
tablet, in large cross-sectioned arrays of nacre tablets in their
pristine mutual arrangement. In one sample, XANES-PEEM
maps were combined with in situ measurements of 5'°0 by ion
microprobe in immediately adjacent regions.

B RESULTS

Figure 3 shows PIC-maps of nacre from each of the eight
species. In these PIC-maps the gray level represents the
orientation of the aragonite crystal c-axis. The c-axis is defined
here as follows: at the atomic scale, each CO; group in the
aragonite structure forms a plane, and all CO; planes are
parallel to one another and perpendicular to the c-axis.

The linear polarization vector (magenta arrow in Figure 3)
can be rotated in the plane perpendicular to the X-ray direction,
shaded in magenta. For each image acquired, the orientation of
this vector is defined by the elliptically polarizing undulator
(EPU) angle, labeled EPU°. The angle between the c-axis and
this vector is called 6, which we cannot directly measure. What
we can and do measure quantitatively is the 0 angle between
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Figure 2. Schematic representations of forming nacre. (A) Columnar
nacre formed by gastropods and cephalopods. (B) Sheet nacre formed
by bivalves. These schematics are adapted from Addadi and Weiner,'
combined with Nudelman et al.,'® Schiffer et al,'” Gilbert et al.'® and
observations in this work. In both schematics the organic sheets are
represented by horizontal black lines; the nucleation sites, which are
also organic,16 are magenta donuts with a hole at their center;
aragonite tablets are light blue, and mantle cells at the top are magenta.
The nacre growth direction perpendicular to the organic sheets is
oriented from bottom to top. (A) The bottom two layers of aragonite
tablets are fully formed and have filled all available space. Those in the
third layer are still growing and will soon close the white gap at the
center and stop growing when they abut one another. The fourth layer
tablets will then follow and so on up to the 11th layer displayed (see
for example ref 19). (B) Nine sheet-nacre aragonite layers have filled
space, while only two are currently forming (see, for example, images
of forming nacre from Atrina rigida in Nudelman et al.'®). Notice that
the organic nucleation sites are stacked approximately on top of one
another in columnar nacre but staggered diagonally in sheet nacre.
This arrangement is deduced from the PIC maps of nacre cross-
sections in this work. In Figure 3 the columnar nacre in Np, Hi, and Hr
clearly shows stacks of co-oriented single-crystalline tablets, with their
stacking axis approximately perpendicular to the nacre layers. Sheet
nacre, instead, often has staggered stacks of co-oriented tablets, as is
most evident in Pm and Mc PIC-maps in Figure 3. Co-orientation in
these stacks is maintained by mineral bridges traversing the organic
sheets, as first described by Schiiffer et al.'” Notice that there cannot be
multiple mineral bridges per tablet. If there were multiple pores
through the organic sheets, and therefore multiple nucleation sites per
tablet, then, in one nacre layer, nacre tablets would have jagged edges
and not smooth, straight, or slightly curved polygonal edges.'® The
polygonal shape of nacre tablets, invariably observed in columnar and
sheet nacre, can only result from one nucleation site per tablet, as in a
Voronoi construction."®*® This geometrical prediction was verified
experimentally by Nudelman et al.,"® who indeed found one nucleation
site per tablet, which contains nucleating proteins highly conserved
across species. This nucleation site is organic; thus, it must not be
continuous but porous, so the underlying crystal can bridge through it
and propagate its orientation to the nucleating tablet above. This is
why we represent the nucleation sites as magenta donuts in cross-
section, with a pore at their center. Each tablet starts its growth from
these sites, though these are not rigorously nucleation sites as no new
nucleation event occurs for each tablet.
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Figure 3. PIC-maps of nacre from the eight shells, labeled as in Figure 1. The samples are all normal cross-sections; thus, the nacre layer planes are
perpendicular to the plane of the image and the nacre growth direction is from bottom to top. The schematic on the top-left shows one nacre tablet
(cyan cuboid), the direction of the illuminating X-ray beam, and the magenta plane in which the EPU angle can be rotated. The schematic on the
bottom-left shows how the shells (magenta) were embedded into epoxy (yellow), polished, and then coated with platinum (gray).25’26 The PIC-
maps in grayscale show the angle 8’ between the vertical direction, which, because the sample is mounted vertically, is always in-plane on the sample
surface, and the projection of the aragonite crystal c-axis onto the magenta plane, as shown in the schematic on top-left. In PIC-maps Np, Hi, Hr, Ba,
Ar, Lc, Pm, and Mc the gray level quantitatively represents the orientation of the c’-axis, according to the grayscale bar at the bottom of each PIC-
map. Notice in each map the differences in orientation of tablets, and in tablet width and thickness. Data from these and many other PIC-maps are

summarized in Table 1.

the vertical direction and the c-axis, that is, the projection of the
c-axis onto the magenta plane.** In Figure 3, the PIC-maps
display in gray levels the crystal orientation of each nacre tablet,
with different @' angles corresponding to different gray levels
according to the grayscale bars under each map.

Several observations stand out in Figure 3. First, each tablet
behaves as a single crystal of aragonite, as expected.'”’ >
Second, immediately adjacent tablets in the same nacre layer do
not have the same orientation; we observe tablets in the same
nacre layer with c’-axes spread by as much as 45° in Ba, 32° in
Lc, 28° in Pm, 19° in Ar, 18° in Mc, 18° in Hi, 16° in Hr, and 6°
in Np. This quantitative observation of large angle spread is
unprecedented and counterintuitive. The tablet-to-tablet
boundaries are flat, but these are not crystal faces and have
no correlation with crystal orientations. Most other authors
have stated that the c-axis in mollusk shell nacre is oriented
perpendicular to the shell surface and has the same orientation
for all tablets in nacre.>’ ~>° This statement is inaccurate at the
microscopic scale. The spread in orientation is species-specific
and can be visually appreciated at a glance in Figure 3: co-
oriented tablets would appear homogeneously gray in PIC-
maps while Figure 3 shows great tablet contrast. Third, the
tablet widths and thicknesses are very different across the
different species and again are species-specific, as shown in
Table 1. The tablet widths are clearly visible and measurable in
PIC-maps such as those in Figure 3, as the different crystal
orientations highlight the exact location where one tablet ends
and the adjacent tablet begins in each nacre layer. Fourth, we
observe that the columnar nacre formed by the cephalopod Np
exhibits very tall, straight stacks of tablets that share the same
orientation (gray level), while adjacent columns have different
orientations. Co-orientation in each stack of tablets must be
transmitted via mineral bridges as described previously'”'%3%%”
and in Figure 2. In gastropod columnar nacre from Hi and Hr
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the columns are also straight, in agreement with previous
observations in Haliotis rufescens.">>® In the sheet nacre formed
by the five bivalves, instead, stacks of co-oriented tablets include
very few (one to six) tablets as seen in these cross-sections, are
never straight, and in Mc and Pm are staggered. These
observations of differences in nacre architecture between the
bivalve and gastropod—cephalopod nacre are consistent with
those observed by Wise,'*” Erben,*® and Mutvei.>***~* The
aragonite twinning within each tablet shown by Mutvei* is not
detectable with PIC-mapping, because PIC-mapping is only
sensitive to c-axis orientations and not to rotations around the
c-axis as occur in aragonite twinning.18

The width of a tablet in a nacre cross-section strongly
depends on where the cross-section is taken. A polygonal tablet
polished near a vertex of the polygon would appear smaller;
one polished near its center would appear larger. Hence, the
absolute width measured on one tablet does not represent a
meaningful parameter. The average of all tablet widths in a PIC-
map, however, is a meaningful parameter and has a value
characteristic of each mollusk species. Correspondingly, the
error bars on the average tablet width are large, as reported in
Table 1. Average tablet widths are between 3 and 4 ym in most
bivalves but much larger, up to 8 um, in Ar.

All three ultrastructural parameters, angle spread, tablet
width, and tablet thickness, are species-specific. We interpret
the specificity as a result of adaptation to changing environ-
ments. As the environmental changes occurred, each genus and
species may have adapted by regulating nacre ultrastructural
parameters.

In order to test for correlations between the structural and
the environmental parameters reported in Table 1, we plotted
each parameter as a function of all others and observed their
correlation coefficients, as reported in Table 2. Thus, instead of
formulating a priori hypotheses on which factors influenced
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Table 2. Correlation of Structural Parameters (tablet
thickness, width, angle spread) and Environmental
Parameters (maximum hydrostatic pressure, minimum,
maximum, and mean annual temperature)®

correlation coefficient

R=0.40-0.00

Mean Annual Temperature

Tablet Width
Tablet Thickness
Max Temperature
Min Temperature

Angle Spread
Max Pressure

Tablet Width 13% 34%

o
=
=)
=

Tablet Thickness

Angle Spread | 8%

6% 10%

“The correlation coefficient R varies between 0 and 1, for parameters
correlated 0% and 100%, respectively. We color-coded the R-values for
each pair of parameters in this table, according to the legend on top
left. White cells indicate uninteresting parameter correlations. The
tablet width and angle spread measurements are further described in
Methods Summary. The angle spread is strongly correlated with the
maximum temperature (82%), while the tablet thickness is strongly
correlated with maximum pressure (76%) (see Figures 4 and $);
hence, we will only consider these most striking results and neglect the
weaker correlations at this time.

Max Pressure

1%

Max Temperature

Min Temperature | 18%

Mean Annual Temperature | 34% | 9%

. . )
nacre ultrastructure during the course of its evolution,” or

during the life of a single organism, we measured all parameters
and let them suggest any possible effects by showing strong
correlations. This approach represents a first step toward more
refined hypotheses, which will then be tested on a more
focused set of mollusk shell samples.

The only two pairs of parameters that are strongly correlated
in Table 2 are the angle spread with maximum temperature,
and tablet thickness with maximum pressure. Interestingly, the
minimum temperatures do not appear to play any role (R =
13%) in nacre structure, while the maximum temperatures do
(R 82%). The mean annual temperature shows an
intermediate correlation coefficient (R = 48%), which can be
assumed to depend only on the maximum temperatures.
Hence, the minimum and mean temperature can be neglected
in an analysis of nacre structural parameters. We now present a
more in-depth analysis of the strongly correlated parameters
observed from Table 2, discuss their significance, and formulate
two new hypotheses.

Tablet thicknesses vary dramatically in Table 1, by a factor of
4, from 0.28 to 1.10 um for Np and Lc, respectively. Assuming
that the thickness of the organic sheets separating nacre tablet
layers is uniform across all species, thinner tablets in some

species result in significantly larger ratios of organic/crystalline
nacre components compared with thick-tablet nacre. This may
be the result of slower metabolic rate at higher pressures.
Alternatively, if this organic material serves to resist fracture by
absorbing energy60 or enabling tablet sliding and Iocking,61 this
observation may indicate that nacre from the deep-sea shells

7355
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Figure 4. The average nacre tablet thickness decreases as the
maximum depth or maximum hydrostatic pressure increases. The
latter are the maximum pressures experienced by each nacre-forming
mollusk species, labeled as in Figures 1 and 3. Tablet thickness data
were averaged for each species. The vertical error bars represent the
standard deviation of the three to six average thicknesses per species
shown in Table 1, and for several data points they are smaller than the
marker. The Np data were acquired from two different shells from
different locations and show excellent reproducibility. The black curve
is an exponential fit of the data, with correlation coefficient R = 76%.
Clearly the Hi shell, with its very small tablet thickness, is an outlier,
but this data-point is included in the exponential fit and the correlation
is still strong (excluding this data-point makes the fit far better, with R
= 94%).

Hr, Np, and Ba is likely more resistant to fracture than nacre
from other species, consistent with Currey’s observation that
nacre with thicker layers is weaker® and Mutvei’s observation
that a much larger fraction of organic components rendered
ancient nacre far more flexible than modern nacre.>*” The plot
in Figure 4 demonstrates the trend of decreasing tablet
thickness with increasing maximum hydrostatic pressure.
Future mechanical tests on nacre tensile and compressive
strength, as well as fracture toughness, might substantiate the
hypothesis presented here that nacre tablet thickness is
inversely proportional to mechanical resilience. For now, we
just remark upon the strong correlation (76%) of tablet
thickness with depth.

For each PIC-map of each area, we extracted the histogram
of c-axis angles, as shown in Table 1 and Supporting
Information Figures S1—S4. We then measured the footprint
of each histogram and termed it “angle spread”. All angle
spreads are reported in Table 1 and are in reasonable
agreement with previous X-ray diffraction data obtained for
red abalone (Hi and Hr give 34° and 35° here) by measuring
the footprint of a rocking curve (22°)* or the footprint of a
pole figure (32°).3%%> We then averaged all angle spreads
measured for each species and plotted them as a function of
minimum, maximum, and mean annual temperature. Only one
of these plots produces a strikingly high 82% correlation: the
plot with maximum environmental temperature, as presented in
Figure S.

In both Figures 4 and 5 we omitted data for Ba, a mussel
collected in deep water on the Mid-Atlantic ridge. Maximum
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Figure 5. A strong correlation is observed between maximum
environmental temperature and the average angle spread in each
nacre-forming mollusk species, labeled as in Figures 1, 3, and 4. Angle
spread data were averaged for each species. The vertical error bars
represent the standard deviation of the averaged angle spreads, while
the horizontal error bars are +0.1°C, estimated by comparing the 95%
ile maximum temperatures for subsequent years in each location.
(Only the bivalve data were included in this linear fit, represented by
the black line. The Hr, Hi, and Np data-points are excluded from the
fit. Including these points makes the fit far worse, with R = 33%).
Again Np shows excellent reproducibility.

temperature data are not available for Ba. In both Figures 4 and
S, Ba is an outlier, with an averaged angle spread of (67.8 +
27.2)°, an average tablet thickness of (0.55 + 0.09) pm, and a
maximum pressure of 230 bar. This deep-sea shell, thriving
around hydrothermal vents, may have followed its own path in
evolution, generating the discrepancy in nacre structure
observed here.

In Figure 6 we present angle spread data and oxygen stable
isotope data, acquired in situ by secondary ion mass
spectrometry (SIMS) with 10 ym beam spot size from the
same nacre regions in one Pm shell. 5'°0 data are sensitive to
the environmental temperature at the time of calcium
carbonate deposition.”* % If the oxygen isotope ratio
(**0/™0, expressed as 6'%0) of seawater was constant during
the lifetime of the Pm mollusk, then §'%0 will be lower (more
negative) at higher water temperatures.*>"® Thus the
correlation of minima in 60 and maxima in angle spread
data (green dots, Figure 6) strongly supports the hypothesis
that nacre angle spread corresponds to variations in environ-
mental temperature, as suggested by the results of Figure S.

B DISCUSSION

Previous studies addressed the effect of water temperature on
mollusk shell aragonite/calcite ratio,éé’67 on oxygen and carbon
isotopic fractionation,”® and on nacre tablet morphology.”’
Other studies looked at the effect of Mg/Ca ratio in seawater
on the mollusk shell aragonite/calcite ratio,”° and the effect of
pressure on nacre ultrastructure.*> All these studies measured
variations in water composition, temperature, or pressure over
time. The present study differs, in that it does not formulate a
priori hypotheses but uses an a posteriori approach: we
measured structural and environmental parameters, plotted
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Figure 6. Angle spread data and 6'%0 data derived from the ratio of
180/%0 concentrations, obtained by secondary ion mass spectrometry
(SIMS) from 140 spots, each 10 ym in diameter, 1 ym deep, and 10
pum apart, collected from a Pm shell cross-section. The SIMS pits were
identified in PEEM, and angle spread data were acquired from
immediately adjacent regions, which were formed nearly simulta-
neously by the mollusk. The angle spread data were extracted from 68
PIC-maps, spanning a distance of 1400 ym. Both plot lines for 5'°0
and angle spread were smoothed (black line), over five and nine data
points respectively, to facilitate comparison of the two plots. 630 is
lower (more negative) at higher temperature; therefore, dips in 'O
are expected to align with peaks in angle spread. Although the data are
noisy and the alignment of maxima and minima is not perfect, in
several regions the alignment is acceptable. The positions in nacre in
which maxima and minima align are highlighted by green dots in the
figure.

them in pairs, and let an unbiased correlation coefficient tell us
which pairs of parameters are related. Because this analysis is
not designed to test any hypothesis in particular, it may be most
useful in formulating new hypotheses. Two new hypotheses
suggested by the data are as follows.

Since nacre angle spread and maximum temperature are
highly correlated, it is possible that the co-orientation of nacre
tablets in bivalves is directly affected by water temperature
(hypothesis 1). This hypothesis is supported in at least one
shell, the only shell studied by SIMS in sufficient detail, as
shown in Figure 6. In addition, the data of Figure 6 suggest that
tablet angle spread responds immediately to water temperature.
The evolutionary or structural advantages of co-orientation or
misorientation of nacre tablets (or any other biomineral) are
unclear at this time. The fact that the strong correlation is
neither with mean annual temperature nor with minimum
temperature may be extremely significant. It suggests that nacre
is preferentially deposited, and that aragonite tablets grow
faster, when the temperature is higher. This inference is
supported by Lowenstam’s observation that more aragonite
than calcite is deposited in mollusk shells at higher temper-
ature.”” Abiotically, calcium carbonates grow faster at higher
water temperatures.” /> It is possible that the thermodynamic
driving force at high temperatures overwhelms mollusk crystal
growth control mechanisms’* and may be the origin of the
greater angle spreads observed in biogenic aragonite in nacre.

Because nacre tablet thickness and maximum pressure are
highly correlated, it is possible that mollusks (especially
nautiloids) adapted, during the course of their evolution or during
the life of each mollusk, to higher maximum pressures by reducing
the thickness of their nacre tablets (hypothesis 2). The idea that
nacre tablet thickness is inversely proportional to mechanical
resilience may be substantiated by future mechanical tests.

dx.doi.org/10.1021/ja210808s | J. Am. Chem. Soc. 2012, 134, 7351-7358
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Both hypotheses must be verified by decoupling the effects of
temperature and pressure from each other, by studying shells
from the same family that live at a variety of temperatures or a
variety of pressures.

B CONCLUSIONS

We showed that the ultrastructure of nacre is sensitive to the
environmental pressure and temperature in which the mollusks
live and to which they have adapted. This sensitivity suggests
that it may be possible to determine the maximum temper-
atures at which a certain mollusk, extant or extinct, lived by
measuring the angle spread in its nacre crystals, thus using
nacre as a thermometer. Ironically, we revealed this possibility
by using high-resolution imaging but then integrated all the
microscopic information into the strongly averaged data of
Figure S. This means that access to XANES-PEEM is not
required to measure average angle spreads; in fact, X-ray
diffraction experiments can measure the footprint of a rocking
curve®***377 or of a pole figure.’*®* Also electron back-
scattered diffraction’® or direct imaging of partly etched
tablets”” could give the same information, using scanning
electron microscopy. Naturally, before nacre crystal misor-
ientation can be used reliably as a thermometer or
paleothermometer of ancient climates, extensive validation is
necessary and cross-validation with well-established stable
isotope geochemistry methods. Once validated, nacre paleo-
thermometry has immediate and far-reaching implications: it
would provide the maximum temperature at which a fossil
ammonite lived and formed its shell, but also, using the tablet
thickness—pressure correlation, it provides an estimate of the
maximum depth at which the mollusk lived. This combination
of temperature and distance from the water surface may prove
valuable to reconstruct ancient climate on a time scale
potentially spanning 450 million years.

B METHODS SUMMARY

The shells of the eight mollusk species were cut, embedded, and
polished perpendicularly to the nacre layers. They were then coated
with Pt and analyzed with PEEM-3 on beamline 11.0.1 at the Berkeley-
Advanced Light Source. Nineteen images were collected at the same
290.3 eV photon energy, and a sample voltage of —15 kV, while the
linear polarization vector was rotated between 0° and 90° in 5°
increments. Each pixel of these stacks of 19 images, therefore,
contained the polarization-dependence curve, which was fit to the
function A + B cos*(EPU° + @), in which the fit parameter 6 was
optimized, measured, and displayed as a quantitative gray level as
shown in Figure 3. The analysis was repeated for all 10° pixels in each
stack of 20 ym X 20 pm images, with 20-nm pixel size. Angle spread
measurements were taken as the “footprint” of the distribution of all &'
angles observed in individual PIC-maps, as shown in Supporting
Information Figures S1—S4. In situ oxygen isotope data were acquired
in the WiscSIMS Laboratory at UW-Madison by a CAMECA ims-
1280 large radius multicollector ion microprobe. Full SIMS data are
provided in the Supporting Information in a spreadsheet file. Detailed
methods are also described in Supporting Information.

B ASSOCIATED CONTENT

© Supporting Information

Detailed methods, additional figures, and spreadsheet with full
SIMS data. This material is available free of charge via the
Internet at http://pubs.acs.org.
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