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Using X-ray scattering, we measured detailed maps of the diffuse scattering

intensity distribution and a number of phonon dispersion branches for a single

crystal of inorganically formed natural calcite and for high-quality mesocrystals

of biogenic calcite from a Mediterranean sea urchin spine. A comparison shows

that the known differences in the mechanical properties between the ‘strong’

biogenic and ‘brittle’ abiotic material should be attributed to the mesoscopic

architecture of the crystal rather than to a modification of the calcite crystal

structure. The data are rationalized by comparing them to the results of ab initio

model calculations of lattice dynamics. For the mesocrystal, they are augmented

by the evaluation of the faceting of the constituent nanocrystals.

1. Introduction

Biomineralogy is a rapidly expanding domain of knowledge

dealing with mineral phases produced by living species for

mechanical support, protection, defence and other purposes.

Depending on phyla, a variety of minerals can be found; here,

we focus on biogenic calcium carbonate (Addadi & Weiner,

1997). Sea urchins are known to have both spines and dents

consisting of single crystals of carbonates interspersed with

proteinaceous domains (Weiner et al., 2000). Sea urchin spines

have been optimized by nature for at least 450 million years,

and we would like to know whether this optimization concerns

the mesoscopic protein/mineral architecture only or includes

the design of the crystalline material as well, e.g. by doping or

ordering. Calcites of biological origin show anisotropically

distorted unit-cell parameters (Zolotoyabko & Pokroy, 2007)

and�50% increased atomic displacement parameters (ADPs)

(Magdans & Gies, 2004) compared to inorganically formed

natural or synthesized calcite (Markgraf & Reeder, 1985).

2. Experimental

X-ray diffuse scattering maps were collected at the ID23

beamline at the European Synchrotron Radiation Facility. The

measurements were performed in shutterless mode with a

wavelength of 0.7749 Å and a beam spot of �50 mm � 50 mm

on the sample. Diffraction images were collected by

performing ’ scans with 0.1� steps in the ’ = �180� range.

Inelastic X-ray scattering (IXS) measurements were

performed at the ID28 spectrometer (Krisch & Sette, 2007),
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operating at 0.6968 Å and providing an instrumental energy

resolution of 3 meV. An intact spine of Paracentrotus lividus

(�1 mm diameter) was used for the IXS experiment and an

optically uniform sector fragment without apparent porosity

was isolated for the diffuse scattering study (�0.2 mm). The

expected Mg content is of the order of a few percent (3.7%

reported for the same species before; McClintock et al., 2017).

2.1. Computational details

Density functional theory (DFT)-based atomistic model

calculations have been employed for the parameter-free

calculation of phonon frequencies and displacement patterns.

Details of the calculations were presented previously (Stekiel

et al., 2019), where the excellent agreement of the lattice

dynamic calculations with experimentally obtained dispersion

curves and diffuse scattering distributions has been used to

understand phase transitions in carbonates.

3. Results and discussion

The intensity maps obtained here for inorganically formed

natural calcite contain a large number of distinct features,

which can be fully rationalized as thermal diffuse scattering

and hence are reproduced by the atomistic ab initio models

(Fig. 1, left column). The diffuse clouds around the Bragg

nodes are more isotropic for biogenic than for abiotic calcite.

In addition, a significant amount of anisotropic small-angle

scattering is observed in the central parts of the reconstructed

images of the spine. The change of the anisotropy of the

diffuse clouds in the proximity of the Bragg nodes can be due

to a change of elastic moduli or to the appearance of an extra

component of diffuse scattering. The inelastic scattering

experiment can unambiguously resolve the origin, as it sepa-

rates the phonon component (which is related to the elasticity)

from the defect-related contribution.

Inelastic scattering data for a few representative directions

are shown as intensity maps in momentum transfer–energy

(Q–E) coordinates in Fig. 2. The scattering intensity of inor-

ganically formed natural calcite (left column) vanishes at zero

energy transfer, and its dynamical structure factor reliably

corresponds to the results of the ab initio calculations (right

column). The latter have been calculated with an established

formalism (Bosak et al., 2015) using phonon eigenvalues and

eigenvectors from Stekiel et al. (2019). Intensity maps for the

sea urchin spine (middle column) show essentially identical

phonon dispersions and do not contain any extra features,

except for a divergence of the intensity of the elastic line

towards the Brillouin zone centre (zero reduced momentum

transfer).
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Figure 1
Diffuse scattering intensity maps for inorganically formed natural calcite
in comparison to ab initio calculations [left column; for experimental and
computational details see Bosak et al. (2015)] and for sea urchin spine
(right column). Laue symmetry elements are applied to the reconstructed
maps in order to remove the detector gaps. Combined linear greyscale/
logarithmic colour scale visualization is applied to the experimental data.

Figure 2
Linear greyscale intensity maps in (Q–E) coordinates, measured for
abiotic (left column) and biogenic (middle column) calcite, compared to
the ab initio calculated dynamical structure factor (right column). Data
are scaled for visualization purposes: zero intensity is mapped to white
and saturation cut-off to black.



Since the phonon contributions into diffuse scattering

patterns are practically the same, the difference in diffuse

scattering has to be attributed to a static disorder. Variations

of Ca/Mg composition and associated displacements, and

fluctuations in shape and size of the structurally coherent

volumes serve as the main components of the static disorder in

biocalcite. In terms of the average structure, the static disorder

smears out the scattering density and the smearing is normally

parameterized with ADPs. Thus, a �50% increase in ADPs

for biocalcite compared to the synthetic analogue (Magdans &

Gies, 2004) can be attributed to static disorder but not to the

difference in the vibrational spectra.

The intrinsic elasticity of biogenic calcite is thus hardly

distinguishable from that of abiotic natural calcite. The elastic

diffuse scattering from biogenic calcite, clearly visible near the

centres of its diffuse scattering maps, i.e. at the origin of

reciprocal space, can be interpreted in terms of small-angle

scattering originating from the shapes of mesoscale crystal-

lites. In practice, qualitatively, the shape of diffuse clouds can

be reproduced as a sum of thermal diffuse scattering char-

acteristics for the given node with the properly scaled small-

angle scattering corresponding to the shape function of indi-

vidual crystallites. It is compatible with truncation of the

crystallites by {104}-type planes, which are low energy clea-

vage planes. Fig. 3 illustrates the shape function (power

spectrum of the crystal shape) of an equilateral crystal; real

spine domains are neither equilateral nor monodisperse, but

the anisotropic envelope of their shape functions with diffuse

tails protruding along 104 is conserved (to be compared with

the h0l section in Fig. 1), while interference ripples are lost.

Nanoscale faceting with {104} facets derived from the diffuse

scattering perfectly corresponds to the electron micrographs

taken for similar samples (Seto et al., 2012).

4. Conclusions

The inelastic scattering component is very similar for single-

crystal abiotic natural calcite and sea urchin spine, which

implies a close similarity of the elastic stiffness coefficients.

The difference in material strength between biogenic and

abiotic natural calcite thus originates from the mesoscopic

structure, as detailed by Seto et al. (2012), and the difference in

diffuse scattering is due to a mesoscale structure with {104}

nanofaceting of biogenic calcite crystals. A detailed study of

diffuse scattering combined with small-angle scattering for

different subclasses of Echinoidea should be performed both

for spines and for the individual calcite plates of the internal

skeleton to confirm and extend the insight gained in the

present study. The unique micromechanical properties of sea

urchin spines are likely related to their intricate mesoscopic

structure and microscopic architecture (Tsafnat et al., 2012),

rather than to modification of the microscopic properties of

their component calcite crystallites. The highly porous single-

crystal material of spines with developed mesoscale structure

may also be considered as a prototype of a new lightweight

construction materials developed by nature (Presser et al.,

2009).
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Figure 3
(a) Equilateral calcite rhombohedron with {104} faceting; (b) power
spectrum of such a crystal in isointensity surface representation; (c)
isointensity surface representation of small-angle scattering on sea urchin
spine – tails are pointing towards 104 spots. Real space and reciprocal
space scales are arbitrary and frame orientation is selected to be the same.
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