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Some mollusc shells are formed from an amorphous calcium carbonate (ACC) com-
pound, which further transforms into a crystalline material. The transformation mecha-
nism is not fully understood but is however crucial to develop bioinspired synthetic
biomineralization strategies or accurate marine biomineral proxies for geoscience. The
difficulty arises from the simultaneous presence of crystalline and amorphous com-
pounds in the shell, which complicates the selective experimental characterization of the
amorphous fraction. Here, we use nanobeam X-ray total scattering together with an
approach to separate crystalline and amorphous scattering contributions to obtain the
spatially resolved atomic pair distribution function (PDF). We resolve three distinct
amorphous calcium carbonate compounds, present in the shell of Pinctada margaritifera
and attributed to: interprismatic periostracum, young mineralizing units, and mature
mineralizing units. From this, we extract accurate bond parameters by reverse Monte
Carlo (RMC) modeling of the PDF. This shows that the three amorphous compounds
differ mostly in their Ca–O nearest-neighbor atom pair distance. Further characteriza-
tion with conventional spectroscopic techniques unveils the presence of Mg in the shell
and shows Mg–calcite in the final, crystallized shell. In line with recent literature, we
propose that the amorphous-to-crystal transition is mediated by the presence of Mg.
The transition occurs through the decomposition of the initial Mg-rich precursor into a
second Mg-poor ACC compound before forming a crystal.

biomineralization j nonclassical crystallization j calcium carbonate j amorphous calcium carbonate

Species over all five biological kingdoms employ biomineralization as an answer to spe-
cific problems (1). This central constituent of the physiological activities is remarkable:
It relies on different mineralization strategies exerted by the living organisms and results
in a variety of hard tissue morphologies, involving different mineral compounds and
various crystalline and amorphous polymorphs (1). However, an overarching nanoscale
organo-mineral motif referred to as granules, observed for many species and orders
(2–4) with occurrences dating back to the Ediacaran period (5), points toward generic
mechanisms in the biomineralization process. Understanding these mechanisms is a
challenge of utmost importance as it might be the key to develop bio-inspired minerali-
zation strategies for tough and gossamer ceramics (6) or hierarchical structures (7). In
paleoclimatology, where marine biomineral proxies are used as paleotracers, under-
standing the biomineralization mechanisms is a key factor for improving the accuracy
of thermal records (8).
For most crystalline biominerals, the granular organization (9) associated with crys-

tallization kinetics, which involves different mineral polymorphs (10, 11), points
toward a mechanism different from classical crystallization theory (defined as the
addition of individual ions or molecules from a solution to a final bulk crystal). The
complexity of this question—the description of the biomineralization pathways—is
illustrated by the different aspects one has to address to fully understand and ultimately
reproduce the biomineralization mechanisms. From a physicochemical point of view, it
requires identifying the different minerals and organic molecules at play during the
mineralization process. Moreover, it also necessitates characterizing the morphology of
these constituents, the successively appearing polymorph phases, and the nature of the
different phase transitions. While the detailed descriptions of the final biominerals are
widely documented, the characterization of the transient states is challenging, as most
of the experimental approaches are performed ex vivo (11, 12).
In calcium carbonate biominerals, the repeated presence of an amorphous calcium

carbonate (ACC) phase, an otherwise metastable CaCO3 polymorph reported in sea
echinoderms (11), molluscs (13–18), and crustaceans (19, 20), is regarded as a transient
precursor of the crystallization pathway (21), which could be temporarily stabilized by
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factors such as granules of finite size (22, 23), organic macromo-
lecules (21) or trace elements (e.g., Mg) (21, 24), and/or by the
mantle cells (25). The presence of ACC is often observed, indi-
cating its involvement in the crystallization and justifying this
question as a topic of intensive research. It includes its speciation
and the possible presence of multiple amorphous phases, referred
to as polyamorphism (26, 27) and defined herein as different
atomic structures at short length scale (1 to 5 Å). In synthetic
systems, the existence of distinct, different ACC phases could be
demonstrated, which in turn also crystallize into different crystal
structures (28, 29). The amorphous phases are identified based
on their local (i.e., short range) structure, which resembles their
final crystallized form (i.e., aragonite, vaterite, and calcite in the
mentioned studies). The crystalline polymorph can be tuned by
changing the pH level (28) or the polymeric compounds during
the early stages of ACC formation (30), resulting in different
amorphous species of varying solubilities, affecting their thermo-
dynamic stability (31). While the synthetic compounds readily
crystallize from the amorphous state, ACC in biominerals shows
remarkable stability and is even present in the final, crystallized
biomineral, which helps to deduce its chemical nature. More-
over, there is evidence that compositional differences could also
play a role in the formation of biominerals. Recent research
showed the presence of hydrated and anhydrous ACC in corals
(32), sea urchin spines (11, 33, 34), or the nacreous layer of
bivalves (35) by X-ray photo emission spectroscopy. However, it
is not clear whether polyamorphism is at play here. The coexis-
tence of amorphous and crystalline phases in spatial proximity
led to the hypothesis of a transformation via secondary nucle-
ation onto an existing crystalline layer (10, 11). In this scenario,
the mineralization proceeds in three steps: i) the formation of
hydrated ACC, which transforms quickly into ii) an instable
anhydrous form, which finally transforms into iii) calcite.
Further identification of the transient amorphous phases in

biogenic systems requires highly sensitive and highly spatially
resolved spectroscopic techniques. Commonly used vibrational
spectroscopy techniques like Fourier-transform infrared spectros-
copy (36) and Raman scattering (37, 38) offer excellent sensitivity
for specific bonds and add important insights into the accessible
bonds. They are however not perfectly suited to resolve the finer
details of the bond structure. Other techniques like X-ray absorp-
tion near-edge structure (39) and X-ray photo emission spectros-
copy (40, 41) are sensitive to the very local environment of a target
atom and are extremely useful for the case where known reference
substances are available (42). By studying the extended X-ray
absorption fine structure, the short- and medium-range order can
be determined, but it requires scanning a wide energy range of
∼2 keV. Thus, attaining spatial resolution with a tightly focused
X-ray beam renders the X-ray spectroscopic approach difficult due
to the energy-dependent beam movement onto the sample. Fur-
thermore, the available absorption edges are limited by the accessi-
ble energy range of the instrument and by sample attenuation and
self-absorption considerations. Finally, spectroscopic-ptychography
approaches allow the circumvention of the necessity of a tightly
focused X-ray beam, but the acquisition of spectra with high sig-
nal-to-noise ratio requires extended experimental sessions (43–46).
Furthermore, they are usually carried out in the near-edge regime
(43–46), which does not yield quantitative information on the
short- and medium-range bond structures. While these techniques
have generated a great deal of insights, alternative strategies are
needed in addition to improve our understanding of the structure
of the amorphous phases.
An alternative strategy relies on the investigation of the pair

distribution function (PDF), i.e., the distribution of atom pair

distances contained in a given volume. This is usually obtained
from the measurement of the two-dimensional (2D) (diffuse)
scattering signal produced by the amorphous phase from neu-
tron or X-ray scattering, which is used to further extract the
PDF by Fourier transformation. This approach has already
been successfully applied to study “medium-range” structures
(from 5 up to 15 Å) in pure synthetic ACC (47–49). While
this technique has found widespread application in the study
of bulk amorphous systems (50, 51) and bulk biominerals (33,
52), recent progress in synchrotron hard X-ray instrumenta-
tion has brought spatially resolved (below 1 μm) PDF within
reach. Since full spectral information is acquired in a single
2D diffraction pattern in a very short time, PDF has become a
viable option to characterize samples with high spatial resolu-
tion. This method has been applied to hard condensed matter
problems such as state of matter under extreme conditions
with microfocused X-ray beams (53), structural organization
in thin films via grazing incidence PDF (54), or even three-
dimensional studies by using PDF tomography (55). So far,
the application to biominerals has been hampered by the low
scattering power of the amorphous compounds and the parasitic
contribution of the crystalline phase. These two difficulties have
been overcome in the present study by gathering a larger por-
tion of the reciprocal space and using a filtering approach to
eliminate the parasitic crystalline contributions. The obtained
PDF signal can be analyzed with standard analytical tools such
as principal component analysis (PCA) (56, 57) and reverse
Monte Carlo (RMC) modeling (27, 48, 49, 58) to gain new
insights into the structure and distribution of the amorphous
compounds. For reasons of brevity, we refer the reader to Mate-
rials and Methods for further details on the data analysis
approach.

Using submicrometer resolved PDF analysis, we show how
one can extract the amorphous contribution from calcareous crys-
tallized mineralizing units of a juvenile P. margaritifera mollusc
shell and use it for structural characterization of ACC at the
atomistic level. Our spatially resolved analysis identified three
main amorphous contributions, one arising from the organics
and another two from the mineral phase, apparently related to
the aging of the mineralizing unit. Finally, a reverse Monte Carlo
data modeling approach was used to obtain characteristic atom
pair distances in the amorphous phase. In addition, spectroscopy
results based on coherent Raman microscopy and energy disper-
sive X-ray microscopy evidenced the presence of Mg-rich calcite
and Mg atoms with a specific spatial distribution. This comple-
mentary set of results led us to propose a Mg-mediated mecha-
nism by which the amorphous phase transforms into calcite in
this system, forming the basis for studies of the amorphous com-
ponents in further biomineralizing systems.

Results

Juvenile P. margaritifera specimens were chosen for the mor-
phology of their calcareous shell (Fig. 1A), which allows easy
access to preserved early mineralizing crystalline units and
allows us to selectively probe the early stages of mineralization.
Each valve of the shell is organized in two main mineralized
layers: an external layer composed of elongated calcite prisms
and an inner layer made of aragonitic nacreous tablets (59).
The outside of the shell is lined with a thin organic membrane,
the periostracum, and both prisms and nacre tablets are envel-
oped in thin organic sheaths (16, 60). While all these organic
layers are composed of proteins, sugars, and lipids (16, 61), the
prismatic layer is produced by cells located at the very edge of
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the animal mantle and the nacre layer by other, more internal
cells (62). Therefore, only the prismatic layer is present at the
shell edge (Fig. 1B). In the mature part of the prismatic layer,
the prisms are juxtaposed polygonal units with a typical size of
20 to 50 μm. In their early stages of mineralization, they are
isolated, thin disc-like units (59), visible at the very edge of the
shell. The isolation greatly facilitates the experimental characteri-
zation, and a further characterization of their structure is pre-
sented by Duboisset et al. (12). The discs grow freely until their
expansion is constrained by neighboring units. Investigation of
the growth edge with stimulated Raman spectroscopy (SRS), a
coherent Raman spectromicroscopy approach, allows us to visual-
ize the distribution of chemical structures within the sample by
targeting specific chemical bond vibrations. Here, for our spectral
analysis we have chosen three distinct spectral regions, indicated
as colored regions in Fig. 1C. We chose the crystalline calcite
(CC) symmetric C–O stretch (m1) at 1,085 cm�1 (63) (blue-
shaded region in Fig. 1C), the previously reported biogenic amor-
phous CaCO3 (ACC) vibrations, a broad (30 cm�1) peak at
about 1,080 ± 5 cm�1 (64) (red-shaded region in Fig. 1C), and
the symmetric C–O stretch (m1) of Mg–calcite (Mg–CC) at
about 1,093 cm�1 (37) (green-shaded region in Fig. 1C). Two
example spectra are shown from a younger disc (black line, posi-
tion marked by black cross in Fig. 1 D and E) and a more mature
prismatic unit (magenta line, position marked by magenta cross
in Fig. 1 D and E). We chose to average a slightly larger spectral
range around each target vibration (see colored regions in Fig. 1C
and Materials and Methods for more detail) to account for
observed fluctuations in the peak position, potentially arising
from local compositional fluctuations. The resulting individual
intensity maps are presented in SI Appendix, Fig. 1. While the
spectral resolution of the SRS approach (∼12 cm�1) does not
enable an absolute quantification of the different constituents
(e.g., the ACC signal still contains a contribution from CC

excited by the higher wavenumber tails of incidents beams), we
were able to eliminate the effect of parasitic signals by calculating
the symmetric difference of the intensity maps, i.e., the difference
between the CC and ACC (respectively [resp.] CC and Mg–CC)
intensity images, normalized by the sum of the two maps. In this
way we produced divergent distribution maps (Fig. 1 D and E),
where higher values correspond to CC-rich regions and lower val-
ues to ACC-rich or Mg–CC-rich regions; the individual intensity
maps are presented in SI Appendix, Fig. 1. A more detailed
account and simulations are presented in ref. 12. Fig. 1D shows
the distribution of CC-rich (blue) and ACC-rich (red) regions.
While the more mature prisms at the bottom exhibit a
CC-dominated signal, the younger discs exhibit elevated levels of
ACC-rich signal, especially in their center, along annular struc-
tures (rings) and at their margins. Fig. 1E displays the distribu-
tion of CC (blue) and Mg–CC (green) contrast. The Mg–CC
distribution pattern is largely similar to ACC, indicating that the
ACC-rich and Mg–calcite-rich signals are found in the same
regions of the sample: the early discs, the rings, and their margins.
To quantify the amount of Mg in the Mg–CC phase more accu-
rately, we have carried out micro-Raman spectroscopy experi-
ments. Thanks to the largely enhanced spectral resolution of this
method, the ACC, CC, and Mg–CC contributions to the m1
peak can be accurately deconvoluted; and therefore, from the
Mg–CC peak position and the known peak shift relation, we can
determine the ratio of Mg to Ca in the Mg–CC contribution
(65). The results are presented in SI Appendix, Fig. 2 B–D and
the full fit results are presented in SI Appendix, Fig. 3. The
Mg–CC content in early-stage discs (9.77% ± 2.43) is signifi-
cantly higher compared to mature prisms (8.77% ± 2.99). An
additional observation is the comparable peak width of the
CC and Mg–CC contribution (5 to 10 cm�1), which is indic-
ative of a crystalline contribution rather than the broad width
of 20 cm�1 or more, which an amorphous compound would

Fig. 1. Structure and composition of P. margaritifera shells. (A) Micrograph of a juvenile P. margaritifera specimen. The black rectangle indicates the investi-
gated shell edge. (B) SEM image of the shell edge, showing the isolated, disc-like early mineralization units at the Top and the more developed prism struc-
ture that is slowly forming. (C) SRS spectrum (bulk sensitive) of an early (black) and more mature (magenta) region of the shell, exhibiting spectral features
of ACC (red region), CC (blue region), and Mg–CC (green region). The location of the two spectra is indicated by crosses in D and E. (D) Symmetric contrast
map of ACC (red) vs. CC (blue), showing the presence of ACC, in particular in the early stage discs as well as an accumulation of ACC around the discs and
prisms. Black and magenta crosses indicate the position of the spectra shown in C. (E) Symmetric contrast map of Mg–calcite (green) vs. CC (blue). The maps
show the presence of Mg–calcite in the sample, in particular in the early-stage discs but also strongly around discs and in interprismatic units. (F) EDX map
(surface sensitive) displaying the qualitative distribution of Mg and Ca in a mature prism. The Mg map shows the presence of Mg in the prism. Interestingly,
we observed repeatedly annular structure of higher Mg content in the prisms (highlighted with white arrows). The Ca signal shows rather homogenous
distribution of Ca throughout the sample, with a slight depletion in the center of the prism and a heterogeneous distribution toward the prism edges.
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produce. Consequently, evidencing the presence of different
ACCs (weak contribution and large peak width) is here rather
challenging and likely beyond the limit of the two considered
Raman approaches. In order to track the elemental composi-
tion, energy-dispersive X-ray spectroscopy (EDX) was used to
map the Ca and Mg distribution in the sample (Fig. 1F). The
Mg map shows the presence of Mg in the prisms, in particular,
distributed over several annular zones. The Ca map shows
rather homogeneous regions alternated with depletion regions in
the center of the prism, while the outer margins exhibit a hetero-
geneous distribution structure. In addition to the data from a sin-
gle sample we present here, these observations were confirmed
through the investigation of 10 other samples, which exhibit con-
sistent behavior with respect to our previous work (12).
While SRS and EDX are powerful tools to map out chemical

and elemental species with high sensitivity and spatial resolution,
information on the fine structure of the (possibly different) amor-
phous compounds is better attained through the PDF approach
presented below. Recent improvements in high-energy X-ray
instrumentation, like the availability of submicrometric beams
(66) and the advent of hard X-ray single photon counting detec-
tors (67, 68), provide the improved spectral resolution, weak-
signal sensitivity, and spatial resolution that enable nano-resolved
PDF analysis. In addition, to isolate the amorphous contribution
from the crystallized mineralized prismatic units, we designed the
data acquisition and analysis strategy described hereafter.
Fig. 2A shows a scheme of the synchrotron-based PDF setup,

where the sample scanning directions, along x and y, allow one
to translate the sample across the incoming beam (500-nm
width). An additional scanning rotation, named ω, allows the
rotation of the sample about the vertical axis. The illumination
of the sample by a high-energy X-ray beam (60 keV) results in
diffracted and diffuse scattering intensity patterns reaching the
2D detector placed perpendicular to the forward beam direc-
tion. By acquiring the intensity patterns over a 30° range of tilt
angle about the vertical axis (ω), it is possible to explore a large
portion of the reciprocal space for each individual position
along x and y. The single-crystalline regions of the biomaterial
gives rise to Bragg peaks appearing as sharp, isolated signals
both on the detector and along the angular scan, while the scat-
tering contribution from the amorphous compounds in the
sample is invariant along the ω-rotation direction. Low-pass fil-
ters applied to the scattering intensities sorted along the rocking
axis ω provides an efficient means to separate the crystalline
scattering contribution from the amorphous, and therefore
retain only the latter component for subsequent PDF analysis
(SI Appendix, Fig. 4). Prior to the diffraction experiment, the
shell border was surveyed visually (Fig. 2B) with crossed-
polarized light microscopy. Having thus determined the

morphology of the shell border, the X-ray fluorescence (XRF)
signal of Ca was then used at the synchrotron beamline to
select a region of interest for diffraction scans (Fig. 2C). Finally,
two datasets were acquired along x, y line scans (red and yellow
lines in Fig. 2C), using a 1-μm step size. The lines cover an
early-stage disc as well as more mature neighbor prisms, further
away from the growth edge.

The extracted experimental scattering data I(q), with q being
the amplitude of the scattering vector (Fig. 3A), is reduced to the
structure function S(q) (Fig. 3B) and then further transformed
into the pair-distribution function, D(r) with r being the distance
between atoms (further described in Materials and Methods as
well as in SI Appendix, Fig. 5). The presence of resolved maxima
in D(r) provides direct access to the characteristic interatomic
distances in the sample representing short-range order (1 to 5 Å).
The lack of a long-range ordered structure in the amorphous com-
pound thus isolated is visible in the rapid intensity falloff of D(r)
as well as the featureless I(q) and S(q) function (Fig. 3 A and C).

In order to extract some characteristic components of the
PDF, a PCA was first performed, using non-negative matrix
factorization (Materials and Methods) on the normalized func-
tion G 0(r) (Fig. 4A), where the different peak contributions
have been numbered from #1 to #5. These features are located
at 2.35 Å (#1), 2.8 Å (#2), 3.2 Å (#3), 3.7 Å (#4), and 4.3 Å
(#5) and match well with reported values in the literature, sum-
marized in SI Appendix, Tables 1 and 2. We stress here that,
since each PDF feature can reflect multiple, overlapping sets of
interatomic distances, the PCA approach is motivated by its
independence of peak assignments. To ensure consistency in
the analysis, the three principal components (labeled PC1,
PC2, and PC3) of the decomposition (shown in Fig. 4A) were
kept constant for the two line scans, while their respective con-
tributions were adjusted to fit the data. In total, the three first
principal components (PCs) account for more than 96% of the
variability of the dataset (SI Appendix, Fig. 6 A and B). The
very good agreement between the fit result and the data is fur-
ther illustrated in Fig. 4B for the horizontal line scan, while the
vertical line scan is presented in SI Appendix, Fig. 6C. The three
PCs look appreciably different and combine to match closely
the overall shape of the PDF. The most visible feature is a shift
of peak #1. It shows a strong shift in PC2 to smaller distances
compared to PC1 and PC3. The peaks #2, #3, and #4 are dis-
tributed among the three PCs with shifts in their position,
while peak #5 appears only in PC2. While the PCs retrieved
are not necessarily representing individual components in a 1:1
fashion, we note that their shape bears resemblance to the PDF
of different amorphous compounds. PC1 reproduces the prom-
inent peaks #1, #3, and #4, which were reported in the G(r) of
ACC (27, 48, 69). PC2 with its shift of peak #1 resembles the

Fig. 2. PDF data acquisition and sample. (A) PDF nanobeam (500-nm width) scanning setup showing the sample translation in x-y and the rotation
around ω. The scattered radiation (red cone), including diffuse scattering and crystalline Bragg peaks, was collected by a 2D detector. (B) The optical wide
field image shows the presence of early-stage discs and more mature prisms in the selected sample. The region in the blue rectangle was further investi-
gated in C. An XRF map of the Ca Kα fluorescence, showing the early-stage disc and its neighboring discs and prisms. Horizontal (red line) and vertical (yellow
line) line scans were carried out with a 1-μm step size. The start/stop scan positions are indicated in the scan.
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G(r) of amorphous magnesium carbonate, which features peaks
at ∼2.1 Å and 3.8 Å (70, 71). PC3 bears some characteristics
of ACC G(r) (27, 48, 69) again, in particular peak #2 at 2.8 Å,
which was not featured in PC1.
The relative contributions of the PCs are shown in Fig. 4 C

and D, for the horizontal and vertical scans, respectively. From
the spatial distribution of the PCs, the center of the disc presents
mostly PC1 and PC2 contributions, but less PC3. The interpris-
matic spaces of the periostracum (visible in the horizontal line
scans and highlighted by red lines) feature mostly PC1. As the
prisms are tightly abutting vertically, the gap between the two
mineralizing units is hardly visible, in contrast to the horizontal
line, where the gap is larger and therefore, the effect appears
stronger. The more mature prisms (Fig. 4 C, Right and Fig. 4 D,

Left) in turn exhibit strong contributions from PC3, less PC1,
and very little PC2. The two line scans are consistent with each
other as they exhibit similar PC fractions at their crossing point
(Fig. 4C, position #27 and Fig. 4D, position #21).

While this approach helps to unravel the defining traits and
relative amounts of the different contributions to the D(r) with-
out prior assumptions, the chemical nature of the signal can
only be inferred from comparison to reference PDF data, if
available. In addition, since each component does not have to
represent directly the partial PDF of a distinct phase, it is diffi-
cult to pin down the characteristic atom pair distances of each
possible ACC compound by PCA alone. In order to overcome
this, fitting of D(r) with a reverse Monte Carlo (RMC) simula-
tion was carried out. This method calculates the scattering
from an assembly of atoms whose positions are moved by small
random amounts until they match the experimental data. In
this way, information on the local structure and their short-
and medium-range order can be obtained. It is an established
tool (47, 48, 58), which allows one to study quantitative
changes in the atomic arrangement of the sample. In order to
check the convergence properties, every dataset was fitted four
times with different, randomized starting guesses. These four
runs converged to essentially similar results. The obtained struc-
tural model is shown in SI Appendix, Fig. 7. In SI Appendix,
Fig. 7A, the CaCO3 atom clusters are shown as a turquoise iso-
surface and the water O atoms are shown as gray spheres. This
representation shows that the CaCO3 clusters show a continu-
ous, random network with the water O atoms organized around
it without apparent structuring. A comparision of a typical con-
figuration extracted from the center of the reconstructed volume
is shown in SI Appendix, Fig. 7 B and C for a young prism (hor-
izontal #31) and a mature prism (horizontal #48), respectively.
The Ca atoms are represented as blue spheres, surrounded by
their coordination of C and O atoms (brown and red spheres)
together with the oxygen atoms from the water molecules (gray
spheres). The configuration of the Ca atoms shows a remarkable
stability between young disc and mature prism and only the
coordinating C and O atoms of the carbonate group show a
slightly different configuration along with the water oxygen
atoms. While the atomic configuration gives an excellent insight
into the structure, a more detailed analysis of the bond configu-
ration allows a statistically more relevant analysis. We focused
our analysis on the range from 2 to 4 Å, which describes the
most relevant interatomic distances, i.e., those involving Ca, C,
and O atoms in our sample.

Fig. 3. Total scattering data after removing the crystalline contribution. (A) Scattered intensity summed over five scan positions for a horizontal line position
in the periostracum (from positions #9 to #14, blue) and the prism (from #31 to #35, purple), exhibiting diffuse scattering features at about 2.5, 5, and
9 Å�1. (B) The structure function S(q), obtained after removing the atomic form factor contribution, highlights the oscillations due to the sample structure.
(C) The pair distribution function D(r) obtained after data treatment and Fourier transformation, giving insights into the local atomic distribution structure.

Fig. 4. Principal component analysis. (A) G0(r) of an individual scan position
(black) with the respective contributions of PC1 (blue), PC2 (orange), and
PC3 (green). The numbers indentify the main peaks. (B) Comparison of the
PCA component (red) and the experimental data (black) in some positions
of the horizontal line scan. (C) The relative contribution of the three compo-
nents in each point of the horizonal line scan. The disc borders are sche-
matically indicated by the red lines. (D) Same as C, for the vertical line scan.
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Fig. 5 shows the bond parameters extracted from RMC
modeling as a function of scan position in the horizontal (Left
column) and vertical (Right column) direction, with error bars
indicating the 99.7% confidence interval. The average Ca–O
atom pair distance (Fig. 5A) shows an expansion at the edges of
the disc and into more mature prisms (Right side of A), reach-
ing 2.43 Å, whereas the atom pair distance is reduced to about
2.38 Å and 2.41 Å in the center of the disc and in the older
prism, respectively. A similar behavior can be observed for the
vertical line scan (Fig. 5B) with a reduced Ca–O atom pair dis-
tance in the disc and an increased atom pair distance in the
more mature prism (first ∼15 scan positions). The Ca–C pair
in the horizontal and vertical lines (Fig. 5 C and D) presents a
rather similar trend with longer distances (∼3.275 Å) in the
mature prism and a contraction toward the disc (∼3.23 Å).
The Ca–Ca distance extracted from the horizontal line (Fig.
5E) is marginally shorter in the mature prism (3.65 Å) than in
the center of the disc (3.66 Å). We note that the vertical line
(Fig. 5F) shows an opposite trend with a distance slightly lon-
ger in the mature prism than the disc, probably indicating the
limit of the analysis sensitivity.

Discussion

Summary of the Findings. Our SRS results show the presence
of ACC in the shell structure of P. margaritifera and an
enhanced concentration of ACC in young discs. This goes
along with the specific distribution of Mg–calcite-rich regions,
where both ACC-rich and Mg–calcite-rich regions are confined
to annular structures and margins of mineralizing units. The
investigation of a mature prism with EDX confirms the pres-
ence of Mg and unveils enrichment in annular zones, corre-
sponding to the edges of the successive growth units as shown
recently (12). PDF analysis revealed a clear spatial pattern in
the structure of the ACC. The PCA decomposition, a model-
free approach, shows three distinct, spatially separated PCs.
PC1 is associated with the periostracum, whereas PC2 is mostly

found in the younger disc and PC3 in the older prisms. The
first interatomic distance of the PC2 (prevalently Ca–O) is
markedly shifted toward smaller distances with respect to PC1
and PC3, with a structure resembling the G(r) of ACC (27, 48,
69) and amorphous magnesium carbonate (70, 71). The RMC
modeling approach allowed us to model explicitly interatomic
distances for the Ca–O, Ca–C, and Ca–Ca pairs. They present
a consistent behavior between the two scans but also some key
spatial variations. The average Ca–O distance of ∼2.4 Å is
clearly different from the bond length found in crystalline cal-
cite (2.36 Å, see SI Appendix, Table 3) and compares well with
the literature reports of biogenic (SI Appendix, Table 1) and
synthetic (SI Appendix, Table 2) amorphous calcium carbonate.
The most striking feature is the contraction of the Ca–O bond
in the young disc region (2.38 Å) with respect to the periostra-
cum (2.43 Å) and the older prisms (2.41 Å), as anticipated by
PCA decomposition. The clear difference in nearest-neighbor
Ca–O and Ca–C distances between the young disc and older
prism indicates a degree of transformation between these two
amorphous components. To this regard, we note that this
behavior can be explained by varying amounts of Mg in the
ACC structure and does not necessarily support the notion of
polyamorphism as the structures appear very similar except for
their Ca–O and Ca–C distances.

Potential Amorphous Calcium Carbonate Transformation Pathways.
The literature is proposing essentially two different mechanisms
of amorphous calcium carbonate transformation: one invoking
the presence of Mg (24, 72–74), the other a form of ACC
hydration (10, 35). In brief, the first scenario involves an
Mg-rich ACC phase transforming upon loss of Mg into a
Mg-poor ACC (72). Although the exact composition of this
phase is not clear, on an atomistic level a gradual transition
between a shorter Mg–O and a longer Ca–O atom pair dis-
tance in a pure amorphous MgCO3 and a pure amorphous
CaCO3 has been reported experimentally (75) and further con-
firmed by simulations (76) (see SI Appendix, Tables 1 and 2 for

Fig. 5. Bond parameters extracted from RMC modeling. (A) Ca–O atom pair, horizontal line. (B) Ca–O atom pair, vertical line. (C) Ca–C atom pair, horizontal
line. (D) Ca–C atom pair, vertical line. (E) Ca–Ca atom pair, horizontal line. (F) Ca–Ca atom pair, vertical line. Error bars show the 3σ SE.
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a further summary). This is consistent with the reported Mg–O
atom pair distance of a pure biogenic amorphous MgCO3 car-
bonate of around 2.05 Å (24). We note, however, that Alb�eric
et al. (77), reported a longer, albeit only minor (0.02 Å) differ-
ence in the bond length of fully hydrated, amorphous MgCO3

with respect to the fully hydrated ACC, both being character-
ized in ref. 77. This contrasts with the literature cited above
(24, 75, 76), with the well-reported Ca–O atom pair distance
contraction if Mg is introduced into the calcite lattice (78) or
with the generally smaller Mg–O bond found in Mg carbonates
like dolomite or magnesite (79). A second proposed scenario
focuses on the role of water, which has proved to be an alterna-
tive means of stabilizing ACC (80). There, the loss of first free
and then bound water results in the formation of an anhydrous
ACC phase (80). From the available data in the literature, the
fully hydrated ACC phase presents a Ca–O atom pair distance
longer than the semihydrated or the anhydrous phase (77, 81).
We furthermore note that the anhydrous state is rather unstable
due to the increased ordering upon dehydration (82–84) but is
a necessary step for crystallization and might explain the
repeated observation of this state during the crystallization pro-
cess (80, 83). While these two scenarios present rather distinct
cases of ACC stabilization and crystallization, one needs to con-
sider the multifaceted nature of biomineralization, so some sig-
nificant overlap may exist between the two scenarios as
highlighted in a recent review (85). Indeed, mixed modes of
Mg- and H2O-mediated ACC stabilization exist (76). Mg ions
may modify the amount of water in the ACC structure (76)
and organic impurities are susceptible to stabilize differently
depending on their mode of interaction (86). An additional fac-
tor influencing the short-range order is carbonate concentration
at the time of formation. It was shown by Mergelsberg et al.
(87) that a high carbonate ion concentration stabilizes a Ca-rich
ACC phase, exhibiting a highly ordered Ca–O distance of
2.36 Å. A low carbonate ion concentration favors a Mg-rich phase
with a mixed Ca and Mg short-range order. The Mg short-range
order is characterized by a Mg–O distance of ∼2.13 Å.

Evidence for a Mg-Mediated Transformation Pathway. Our
experimental findings point toward the Mg-stabilized ACC sce-
nario (24, 75, 76) of a shorter Ca–O atom pair distance in the
younger disc via RMC modeling; the distinct amorphous com-
pounds in the old prisms and young disc found by PCA decom-
position; the presence of Mg–calcite in the final, crystallized state
by SRS microscopy and Raman microscopy; and the finding of
annular zones of Mg enrichment observed by scanning electron
microscopy (SEM)-EDX. Interestingly, the Mg-stabilization
mechanism has been investigated in more detail recently. It was
invoked to explain the formation of a prestressed biogenic calcite
single crystal by the brittle star Ophiocoma wendtii (72) and was
recently shown to be a widespread strategy of biomineralization
(74). In this model, an initial Mg-rich ACC precursor undergoes
a spinodal decomposition into Mg-rich amorphous nanoparticles
and a Mg-depleted amorphous matrix. In a second step, these
two constituents crystallize and form a biphasic structure (73).
Ref. 72 also showed that, depending on the size of the Mg-rich
particles, either a transportation along the crystallization front
(leading to a layered structure) or direct inclusion (leading to a
homogenous matrix) can be observed, based on the physical
behavior of the amorphous matrix like its viscosity and the size of
the Mg-rich particles. Here, the observation of 1) shorter Ca–O
atom pair distance in the young disc (Fig. 5), where we expect to
find fresh Mg-stabilized ACC; as well as 2) the occurrence of
Mg-enriched, annular zones (Fig. 1F), possibly resulting from the

proposed spinodal decomposition and subsequent mineralization
process; and 3) the spectroscopic evidence of a Mg–CC phase
containing more Mg in the discs than in the prism (SI Appendix,
Fig. S2) are in very good agreement with this model. The compo-
sitional differences observed postcrystallization between young
discs and mature prisms likely results from initial differences in
the composition and/or from a different efficiency of the crystalli-
zation process. We note that this mechanism, along with a poten-
tial additional stabilization by hydration of the ACC might well
be at play in the case of P. margaritifera biomineralization.

Conclusion

In conclusion, we have presented the quantitative characterization
of amorphous calcium carbonate compounds in the shell of
P. margaritifera by X-ray PDF techniques with submicrometric
spatial resolution. Using PCA analysis of the PDF we show that
distinct amorphous components are present in the periostracum as
well as in young and older mineralizing units. Further analysis by
RMC modeling unveils differences in the first coordination shell
of ACC, with a notable contraction of the Ca–O atom pair dis-
tance in young discs. Combining these observations with SRS and
EDX characterization, we can summarize these findings as a
Mg-mediated ACC stabilization mechanism. Not only the pres-
ence of Mg fully explains the observed structural differences and
appears more probable than the presence of several polyamorphous
components, it is also in accord with recently published reports of
the effects of Mg on the stabilization and crystallization of ACC.

This study sheds light on the nature of the amorphous cal-
cium carbonate components and their role in the shell forma-
tion of P. margaritifera shell by establishing an experimental
approach to obtain PDF data on partially crystalline systems.
This opens the door for the study of other amorphous com-
pounds in various biomineralizing systems like sea urchins or
corals as well as expanding this approach to study technical
materials such as energy-relevant materials.

Materials and Methods

P. margaritifera Specimens. Juvenile specimens of P. margaritifera were
grown in the ’Institut Français de Recherche pour l’Exploitation de la Mer’
(IFREMER) hatchery facilities in Taravao-Vairao (Tahiti). They were cultivated under
optimal growth conditions (pH = 8.2, T = 28 °C) and controlled sanitary envi-
ronment to avoid contamination during the growth process. The samples used
for PDF analysis were collected at an age of 48 d with a diameter of 7 mm,
stored in a 70% ethanol solution and transferred to Marseille, France. The SRS
and EDX samples were slightly older (3 mo, with a diameter of 10 mm) but pro-
duced in the exact same conditions. For the X-ray experiment, a small piece con-
taining early stage mineralizing units was isolated and mounted on a metallic
tip to feature a free-standing shell piece in the beam.

Coherent Raman Microscopy. Coherent Raman microscopy provides chemi-
cal sensitivity by targeting specific molecular transitions and observing the
Raman shift of this transition with a spectral resolution of about 12 cm�1 (88)
and a lateral resolution of about 350 nm. In this work, we employed the SRS
imaging modality. In brief, two pulsed laser beams generated by a mode-locked
laser (picoEmerald, APE, 80 MHz repetition rate), one laser at 1,032 nm (Stokes
laser), and one other laser, tunable between 730 nm and 960 nm (pump laser),
synchronized in time and space, are focused on the sample with a microscope
objective (40×, numerical aperture [NA] 1.15, CFI Apo Lambda S LWD, Nikon).
The wavelength difference between the two laser beams is tuned to the targeted
molecular vibration. The signal is collected in transmission geometry with a long
working distance in-air objective (40×, NA 0.6 LUCPLFLN, Olympus) and focus-
ing on the detection module (APE SRS detection set), which comprises a photodi-
ode and a lock-in amplification scheme. For the SRS data acquisition the beam
intensity of the Stokes beam is modulated with an electrooptical modulator and
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the intensity, transferred from the Stokes to the pump beam, is measured over
an integration time of 100 ns (89). The sample was placed in a single-well
0.8-mm Secure-Seal spacer (Thermo Fisher), submerged in demineralized water,
and covered with a coverslip on each side of the spacer. For the acquisition, the
laser beams (75 mW power each) were scanned with a galvanometric scanner
(6200 H, Cambridge Technology) over the sample with a step size of 400 nm lat-
erally and 500 nm along the thickness direction. The total dwell time in every
pixel was 80 μs and five scans were accumulated to produce the final map.
Twelve wavenumbers were targeted between 1,057 and 1,105 cm�1 (see
spectrum in Fig. 1C), including the C–O stretch m1 mode (1,084 to 1,086 cm�1)
of calcite as well as an off-peak mode for ACC (1,073 to 1,081 cm�1) and the
Mg–CC range (1,092 to 1,093 cm�1). For the analysis, three spectral ranges
were defined to account for slight peak shifts due to varying composition of the
sample, presented in Fig. 1C as blue (CC), red (ACC), and green (Mg–CC) ranges.

The amount of ACC and Mg–CC was compared to CC by calculating the sym-
metric difference maps for ACC and Mg–CC with respect to CC, as further
described by Duboisset et al. (12). These maps correspond to the difference
between the two intensity maps measured at different wavenumbers, normal-
ized by the sum of the two intensity maps. The maps can be interpreted in the
following way: A signal fully dominated by a CC contribution (resp., ACC or
Mg–CC) would yield a value of +1 (resp,.�1), while a value of 0 would indicate
equivalent contributions of CC and ACC/Mg–CC (only if the peak widths are simi-
lar). This approach allows one to extract a qualitative phase content without the
need to deconvolute the spectra and the unknown respective peak widths of the
ACC and CC and Mg–CC phases.

Micro-Raman Spectroscopy. Raman spectroscopy, although less sensitive
than SRS (90), allows the increase of the spectral resolution to follow more subtle
changes in the peak position. Raman measurements were carried out on a Lab-
RAM HR 800 instrument (Horiba) equipped with a 632.8-nm laser and a peltier-
cooled charge-coupled device camera. Together with a 1,200 lines/mm grating
and the 800-mm spectrometer path, this gave a spectral resolution of
∼0.6 cm�1. The laser was focused onto the sample with an in-air objective
(100×, NA 0.9, MPLAN, Olympus). A 200-μm confocal pinhole on the spectrom-
eter beampath defines the spatial resolution to ∼2 μm. The sample area of
40 × 40 μm was scanned with a 1-μm step size to ensure slight oversampling
with an exposure time of 25 s and two repetitions per point. The spectral window
of the spectrometer was selected as 650 to 1,250 cm�1. After correction for the
CCD dark noise, the baseline was fitted as a fourth order polynomial model and
subtracted from the data. The C–O stretch m1 region (1,064 to 1,107 cm�1) was
fitted with three Lorentzian peak model and a linear background. The three
peaks constituted the ACC, CC, and Mg–CC contribution. The ACC peak width
and position were restrained to 20 to 60 cm�1 and 1,070 to 1,082 cm�1,
respectively. The CC peak position was fixed at the calcite reference position (65)
(1,085.71 cm�1) and the width restrained to 4 to 9 cm�1. The Mg–CC peak
width and position were restrained to 4 to 10 cm�1 and 1,086.7 to 1,096 cm�1,
respectively. All peaks were enforced to be positive. The Mg content of the
Mg–CC phase was estimated from the peak shift of the Mg–CC position with
the linear relation 1,085.71 + 0.256 x, where x is the Mg content in the
MgxCa(1-x)CO3 solid solution, expressed in mol% (65). The results are presented
in SI Appendix, Fig. 2 and the full fit results are presented in SI Appendix, Fig. 3.
The average Mg content was compared for the young and mature prism and sig-
nificance tested with a two-sample t test and a significance level of 0.005.

X-Ray Data Acquisition. The X-ray experiments were carried out at the ID15A
(66) beamline at the European Synchrotron Radiation Facility (ESRF, pre
Extremely Brilliant Source upgrade). A monochromatic beam with an energy of
60 keV (0.206 Å) and an energy bandwidth of 0.25% was selected with a
LN2 cooled Si (111) Laue monochromator. The X-rays were focused to a spot of
300 × 500 nm full width at half maximum with a dynamically bent multilayer
Kirkpatrick-Baez mirror system. The sample had a thickness of ∼1 μm and was
illuminated in a transmission geometry. The forward scattered photons were col-
lected using a Dectris Pilatus3 X CdTe 2M detector, placed 215 mm downstream
of the sample, giving access to a scattering vector q range of 1 to 22 Å�1. A
beam stop placed directly in front of the detector was used to block the direct
beam. The fluorescence photons were detected with a Hitachi Vortex EM XRF
detector. In order to minimize air scattering from the transmitted direct beam,

the air path was reduced by placing a helium-filled flight tube between the sam-
ple and the beam stop.

For the data acquisition, as the investigated early-stage mineralization unit
(disc) already showed some crystallization, the sample was rotated from �15°
to 15° around ω and data were collected in 1° increments with 20-s exposure
time at each point. Two line scans across an early stage mineralization unit (disc)
were carried out with a step size of 1 μm each. The horizontal and vertical lines
covered 50 and 38 μm, respectively. At the beginning of each line scan a back-
ground was acquired with the same scan parameters by removing the sample
from the X-ray beam.

SEM and SEM-EDX Data Acquisition. The SEM micrograph shown in Fig. 1B
was acquired with a Phenom X Pro. The samples were mounted with carbon
tape and the instrument was operated in low-vacuum mode to reduce sample
charging. The acceleration voltage was set to 15 kV and the backscattered elec-
trons were used as the imaging contrast. The SEM-EDX data shown in Fig. 1F
were acquired on a JSM-7900F (Jeol) with an annular flat-quad detector XFlash
5060F (Bruker). Samples were fixed on carbon tape and sputtered with a thin
layer of C. Data were acquired at 6 kV acceleration voltage in high-vacuum mode
with a pixel dwell time of 32 μs and 764 repetitions.

Data Processing. The following section presents an overview of the data reduc-
tion steps from the 2D scattering images to the calculation of the PDF (SI
Appendix, Fig. 4). The X-ray data were first normalized to the incident beam inten-
sity and the sample data were corrected for the 2D background scattering. The
(q,v) intensity distributions were azimuthally regrouped using pyFAI (91) with
custom-written python scripts. From the full rocking curve data at every spatial posi-
tion, the median was calculated first along the rocking curve direction and then
along the azimuthal direction to separate the diffuse scattering signal from possible
crystalline contributions (SI Appendix, Fig. 4B). The rationale behind this approach
is that a reflection from the crystalline part of the sample is more localized in recip-
rocal space (i.e., tails off fast when not in Bragg condition) compared to the isotro-
pic and diffuse signal from the nonperiodic part of the sample. Therefore, the total
scattering intensity from the sample was sorted along both ω and v and a low-
pass filter was applied to obtain an azimuthally integrated I(q) virtually rid of contri-
butions from crystalline CC. The I(q) scattering curves (as shown in Fig. 3A) were
binned in constant steps of q, with q the wavevector transfer defined as:

q =
4πsinθ

λ
, [1]

where 2θ is the scattering angle and λ the X-ray wavelength. The following section
gives a brief overview over the PDF formalism used, based on Peterson et al. (92).
The scattered intensity I(q) can be related to a set of atomic coordinates through
the Debye scattering equation and includes effects of thermal atomic displacement
by introducing the Debye-Waller term σmμ.

I qð Þ = ∑
mμ
bcoh,mbcoh,μ

sin qrmμ
� �
qrmμ

exp
�σ2mμq

2

2

 !
, [2]

where bcoh,m is the coherent scattering length of atom m, and rmμ = rm � rμ
�� �� is

the interatomic pairwise vector of atoms m and μ. The commonly used structure
function S(q) is introduced to normalize I(q) and correct it by the Laue diffuse scat-
tering term:

S qð Þ = I qð Þ
Nhbcohi2

� hb2toti � hbcohi2
hbcohi2

, [3]

where N is the number of atoms illuminated in the sample, hb2toti = hσtoti=4π is
the average total scattering power of the system, σtot is the total cross-section, and
hbcohi2 is the average coherent scattering power of all atoms in the sample. This
expression can be related to the commonly employed reduced total scattering
structure function F(q)

F qð Þ = q S qð Þ � 1½ �: [4]

This description takes the q dependence of X-ray scattering factors into
account and enhances the weight of the scattering at high q. From F(q), the PDF
was calculated as G(r)

G rð Þ = 2
π
∫ ∞
0 F qð ÞsinðqrÞdq: [5]
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The PDF was then scaled to D(r) for RMC refinements

D rð Þ = hbi2G rð Þ: [6]

The reader is referred to Keen et al. (93) for a further discussion of the differ-
ent scaling terms. In order to enable non-negative matrix factorization, the data
need to be scaled to zero mean and unit variance, yielding D0(r)

D0 rð Þ = ðD rð Þ � mean D rð Þð Þ
standard deviation D rð Þð Þ : [7]

To ensure positivity for the non-negative matrix factorization, the G0(r) func-
tion (69) was obtained as:

G0 rð Þ = D0ðrÞ
4πρ0r

+ 1, [8]

where ρ0 is the average number density of the material and the limiting values
are:

G0 r < r0
� �

= 0
G0 r ! ∞ð Þ = 1:

[9]

The q range from 1 to 18 Å�1 was used for the initial G(r) calculation in the
pdfgetx3 code (94). The effect of the qmax cutoff was investigated in more detail
and the results are presented in SI Appendix, Fig. 8. The monohydrocalcite stoichi-
ometry (CaCO3*H2O) was used to estimate the density (mass ρ = 2.38 g/cm3) for
the calculation of the weighted total scattering factor S(q), F(q), and D(r).

To minimize propagating systematic noise introduced by the data reduction
(azimuthally regrouping and filtering) to the diffraction data, the F(q) data were
fitted with splines prior to Fourier transform. The rationale of the approach is
that correctly weighted splines can eliminate outliers instead of redistributing
their intensity through smoothing (51). To check for bias in the PDF data thus
obtained, the analysis was repeated on two more iterations of F(q) spline fitting:
one closely reproducing the raw F(q) and one with a reduced number of knots
(i.e., more outliers rejected). Subsequent fittings and analysis on the three var-
iants of the same data confirmed the robustness of the approach. A comparison
of the procedure can be seen in SI Appendix, Fig. 3.

Data Analysis (PCA and RMC). The goal of multivariate PCA analysis of the
PDF data (56, 57) is to represent the full dataset as a series of linear combina-
tions of a small number of significant components, their relative weights chang-
ing between the points of the line scan across the early stage mineralization
unit. For multivariate analysis, the series of G0(r) data were used (93) to ensure
positiveness of the matrix formed by data points along the line scans. Non-
negative matrix factorization of the preshaped data were done using the python-
scikit-learn package (95). From a random initial guess the non-negative matrix
factorization algorithm calculates profile and weight of a specified number of
components in order to minimize the difference between their linear combina-
tion and the experimental G0(r). The number of significant components was esti-
mated by eigenvalue analysis of the data matrix, whereby three components
were found to account for >96% of data variance across the sample line scan.

Atomistic structural models of the amorphous calcium carbonate mixture
were obtained through reverse Monte Carlo fits of the D(r) PDF data, using the

software RMC profile (58). The initial structural model is an hexagonal monohy-
drocalcite cell expanded to a 6 × 6 × 6 supercell. To account for the presence of
proteins, an additional C–O group was added per each CaCO3 molecule. It was
decided to not include Mg atoms as an additional atomic species as the scatter-
ing length differences between Mg and Ca make the distinction difficult as the
Mg pairs are largely “invisible” next to their Ca counterparts. A summary is given
in SI Appendix, Table 4. Reports in the literature underline the difficulty of refin-
ing Mg atom pairs next to Ca atom pairs with X-ray methods (96). Furthermore,
our own simulations where 5% Mg inclusion was tested in our RMC model
show neglibile impact of the Mg presence on the atom pair distance (SI
Appendix, Fig. 9A) and a general increase of the residual error during the refine-
ment (SI Appendix, Fig. 9B).

The density of the supercell was chosen as 2.38 g/cm3, corresponding to the
monohydrocalcite density. We further used the u-curve approach (SI Appendix,
Fig. 10), outlined by Gereben and Pusztai (97) and employed also by Goodwin
et al. for the case of ACC (48), to estimate density and obtained a minimum
value of ∼2.4 g/cm3, matching well with the chosen density. The u curve was
run on horizontal point #30 with a fixed scaling term. Distance restraints
between nearest-neighbor atom pairs were imposed in order to preserve physi-
cal cation–anion distances, given in SI Appendix, Table 5. The fitting range was
limited to 10 Å due to the absence of long-range order in ACC. Atomistic config-
urations corresponding to the best fit for each scan point were analyzed using
python scripts after removing the protein C–O from the fitted atomic configura-
tion. The atom pair distances and coordination numbers for the Ca–O (0 to
2.8 Å), Ca–C (3 to 3.5 Å), and Ca–Ca (0 to 4 Å) were extracted from the fitted
data. The threshold values were chosen to include the first full coordination shell
around the central Ca atom. The SE was estimated for each bond type and the
error bars for the 99.7% confidence interval are included in Fig. 5. A further
breakdown of the errors in each subcell is presented in SI Appendix, Fig. 11.
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the article and/or supporting information.
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