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Abstract 

 Since the observation in 2005 of a disordered mineral layer at the surface of aragonite platelets 

in abalone Haliotis laevigata nacre, the model of the organo-mineral interface in such biomineralized 

tissue has been challenged. As a direct interaction between the aragonite crystalline core and the 

organic matrix is no longer appropriate to describe such interface, a structural description of the 

disordered mineral domains at the atomic level is a key for a comprehensive view of nacre 

ultrastructure. Here, we use European abalone Haliotis tuberculata as a model to investigate aragonite 

nacre through high-resolution transmission electron microscopy (HR-TEM) and multinuclear solid 

state nuclear magnetic resonance (ssNMR). The presence of a disordered domain around aragonite 

crystals is shown through HR-TEM observations similarly to Haliotis laevigata. The structure and the 

ionic composition of the disordered mineral environments of Haliotis tuberculata nacre are 

investigated through 1H, 13C, 43Ca and 23Na ssNMR. Interestingly, we demonstrate that the disordered 

mineral domains in nacre seem to be heterogeneous in terms of structure and chemical composition 

and do not match with amorphous calcium carbonate stricto sensu. At least three different carbonates 

species are evidenced, including CO32- and HCO3- present in the same mineral domain and closely 

associated to rigid H2O molecules. The local disorder around these ions is found to be inhomogeneous 

as some CO32- possess an aragonitic environment and are rather ordered (according to the position and 

line width of their 13C resonance) whereas, in opposition, the chemical environment around HCO3- is 

highly distributed. The analysis of potential cations as counter-ions revealed the presence of 

disordered Ca2+ and the presence of Na+ closely associated to HCO3-. Based on these structural data, 

we propose an atomic-level model for the disordered domains in abalone (H.tuberculata) nacre where 

the protonation level of carbonate ions, the proportion of sodium ions and the local disorder are 

increasing from the inner to the outer part of disordered domains. These results give an unprecedented 

structural view at the atomic scale of such disordered mineral domains in nacre aragonite tablets. 
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Introduction 

 The shell of marine mollusks is a composite material composed of calcium carbonate, CaCO3, 

intimately associated with an organic matrix secreted by the mantle epithelial cells , , . In abalone 1 2 3

shell, three distinct layers are typically observed: (i) an outer organic layer (periostracum), (ii) an 

intermediate prismatic or spherulitic layer and (iii) an internal nacreous layer1, , , . The mineral 4 5 6

formation is controlled by specific macromolecules secreted by the mantle , , , , . This mineral phase 7 8 9 10 11

represents about 95 w% of the natural composite material ; the remaining 5 w% being the organic 12

matrix. 

 The mineral phase in nacre crystallized in the form of aragonite tablets and their three-

dimensional (3D) organization varies from one species to another, forming brick wall-like disposition 

for bivalves or a columnar structure in the case of gastropods , , . Because of its lamellar 13 14 15

architecture and hybrid composition, nacre exhibits remarkable mechanical properties especially in 

terms of fracture resistance which can be three thousand times higher compared to a single crystal of 

aragonite.  16

The resulting confluent aragonite tablets are characterized by a diameter ranging from 5 to 10 µm and 

a thickness of about 0.5 µm. A thin (∼20 nm thick) organic matrix layer composed of proteins, 

polysaccharides and presumably lipids surrounds the mineral tablets. , . ,   17 18 19 20

 The polysaccharide fraction is made of β-chitin, sulphated and acidic polysaccharides.

14,20, , , ,  The second organic fraction is composed of two different types of proteins: silk and acidic 21 22 23 24

proteins. Silk proteins are the major protein fraction and are present in a hydrogel-like state within β-

chitin layer.  This fraction is proposed to be involved in nacre formation by controlling the growth in 25

thickness of aragonite tablets.25 On the other hand, the so-called “acidic proteins” are soluble in acidic 

extracting-solvent and are particularly rich in aspartic amino acid. They are proposed to be involved in 

calcium carbonate nucleation and in the selection of the aragonite polymorph by inhibiting calcite 

nucleation.9,10,  Overall, nacre formation is described to begin with the set-up of the organic layers 26

acting as a scaffold for the building of the nacreous layers. The mineral phase is described to grow 

afterwards in-between these layers. 

 Concerning the mineral fraction, mature aragonite tablets are described as single crystals as 

they display a unique electron diffraction pattern  and an homogeneous crystalline network through 27
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HR-TEM observations.  Moreover, aragonite crystals are described as co-oriented along their c-axis 28

parallel to the platelets stacking , , ,  even if recent findings highlighted some specific mismatch in 29 30 31 32

the co-orientation.  If no consensus appears yet, different crystallization processes have been 33

proposed in the literature to explain such organization.29,30,31 The heteroepitaxy mechanism was first 

described and proposed that the organic fraction acts as a template where carboxylic groups are 

nucleation sites for the calcium ions; the overall matching with the aragonite crystalline lattice.  Later 34

on, the observation of mineral bridges between adjacent tablets leaded to the description of 

homoepitaxial process for ionic crystals.28, ,  In addition, transmission (TEM) , scanning electronic 35 36 37

microscopy (SEM)25, , ,  as well as atomic force microscopy (AFM)  observations revealed that 38 39 40 41

aragonite crystals display a specific arrangement resulting from a possible assembly of colloidal 

nanoparticles with an average size of 50-100 nm. According to these observations, an alternative 

mechanism was proposed where calcium carbonate precursors are first deposited as amorphous 

nanograins that crystallized afterwards.   42

 Moreover, it was shown that intra-crystalline organic molecules are entrapped within 

individual crystallites18,  inducing anisotropic lattice distortions in Perna canaliculus.  43 44

Concomitantly, aragonite tablet in nacre was more recently described as mesocrystal with co-oriented 

nanocrystals diffracting like a single crystal.  According to these various proposed mechanisms, the 45

chemical description of the aragonite platelets surface is essential to understand the set-up of the 

organo-mineral and the mineral-mineral interface at the molecular scale. Moreover, since aragonite 

tablets are not perfect single crystals, a local disorder exists at the nanoscopic scale either at the 

surface or within the crystals. Describing such local disorder at the nanometer scale is also a challenge 

to understand the formation of such biomineral. 

 In parallel, a disordered mineral layer at the surface of the aragonite tablets from mature nacre 

in Haliotis laevigata was evidenced through HR-TEM and 13C ssNMR.  Such a layer was also 46

observed in forming nacre tablets in Perna viridis.  In fact, the exact chemical nature of this 47

amorphous-like phase is still unclear due to the difficulties in determining the atomic composition 

although it is often referred to an amorphous calcium carbonate (ACC) layer46, .The role of this layer 48

is also unclear although the presence of a distinct disordered surface mineral layer around the 

crystalline core of some biominerals appears to be a common feature in vivo in calcified 

tissues46, , ,   and for synthetic analogues. ,  Different attempts are found in the literature to clear 49 50 51 52 53
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these issues. More precisely, specific analytical techniques are used to obtain structural information at 

the atomic level. Solid state NMR appears a key technique in the biomineralization field , , . For 54 55 56

example, 13C ssNMR was efficient to reveal disordered carbonates in a proton-rich environment in the 

nacre of Haliotis laevigata that were assigned to the ACC surface layer of aragonite crystals.46 

Additionally, it was shown that this surface layer contains hydrogen carbonate groups and water 

molecules presumably at its outer surface.  More recently, the whole aragonitic shell (not only the 57

nacreous part) of Perna canaliculus was studied through multinuclear ssNMR in order to describe the 

organo-mineral interface.  Different disordered carbonate environments were identified and divided 58

in two categories: “exposed carbonate”, located at the surface of aragonite particles in interaction with 

the organics molecules, and “buried carbonate” defects within the mineral bulk in the aragonite tablet 

surface region. Finally, hyperpolarized 13C solid state NMR experiments have recently evidenced a 

large amount of exposed bicarbonates in the nacre of Haliotis tuberculata and that these bicarbonates 

are involved at the organo-mineral interface as close proximities with organic moieties.  59

 To progress in the understanding of the above mentioned issues we report in this work, the 

detailed structural analysis of disordered mineral domains in nacre of the European abalone Haliotis 

tuberculata, a key model to study the basic mechanisms of shell mineralization. Larval development 

and shell formation were previously studied showing that the early larval shell is mostly composed of 

ACC, followed subsequently by the deposition of aragonite in the juvenile and the adult shells. ,  60 61

The adult shell of the European abalone is composed of two main aragonite layers (underlying the 

periostracum), namely the outer sphrerulitic layer and the innermost nacreous layer. The abalone nacre 

has been largely studied revealing a typical columnar structure, remarkable mechanical properties and 

potential uses in jewellery and as biomaterial.7,17, , ,  To go further, we performed an atomic level 62 63 64

analysis of the calcium carbonate disordered domains in Haliotis tuberculata’s nacre through HR-

TEM and multinuclear (including 1H, 13C, 43Ca and 23Na) ssNMR in order to localize spatially the 

disordered mineral environments and identify the ionic composition of such domains. HR-TEM 

observations of a focused ion beam (FIB) nacre thin cross-section revealed the presence of an outer 

disordered layer around the aragonite tablets while the ssNMR results evidenced certain structural 

heterogeneities within the disordered mineral domains. In particular, we highlight the presence of 

different divalent (CO32- and Ca2+) as well as monovalent ions (HCO32- and Na+). In addition, the local 
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disorder around these ions is not homogeneous. Therefore, disordered mineral domains in European 

abalone are chemically and structurally complex and cannot be assigned to an ACC phase stricto 

sensu. This original data provides new insights to improve our understanding of the organo-mineral 

interface which is fundamental for the formation of this biological material.  
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Experimental section 

Biological material and reference sample synthesis 

 One and four years-old European abalone, Haliotis tuberculata, specimens were obtained from 

France Haliotis farm (48°36'46N, 4°33'30W; Plouguerneau, France). After dissection, shells 

measuring between 1 (1-year-old) and 5 cm (4-years-old) in length were washed with distilled water, 

dried and stored at room temperature until analysis.  

.  

 The ACC reference sample was prepared according to the synthesis reported by Jiang et al. . 65

ACC was obtained by mixing calcium chloride (0.1 M) and magnesium chloride hexahydrate (0.5 M). 

Anhydrous sodium carbonate (0.1 M) was then added rapidly to the mixed solution though mechanical 

stirring at ambient temperature. The precipitated colloidal phase was filtrated immediately and washed 

by ethanol. The precipitate was dried in a vacuum desiccator for one day. The amorphous nature of the 

resulting sample was checked by 13C NMR (see Supporting Information - Fig. S8). 

 Aragonite reference sample was prepared according to synthesis reported by Matijevic et al.  66

where 0.25 M of CaCl2 was mixed to 13C-labeled Urea (2.25 M). The obtained solid was filtrated 

using 0,22 µm Millipore membranes and rinsed with distilled water. The precipitate was finally dried 

in a vacuum oven overnight at 90°C and then stored in a desiccator.  

HR TEM 

Focused Ion Beam (FIB) was performed on the nacre layer from 1 year-old H. tuberculata shell using 

Zeiss Crossbeam Neon40 at IMPMC (Sorbonne Université, Paris). A thin section of approximatively 

100 nm in thickness has been prepared and observed by HR-TEM. The observations were performed 

on a JEOL-2100F microscope operating at 200 kV, equipped with a field emission gun, a JEOL 

detector with an ultrathin window allowing detection of light elements, and a scanning TEM (STEM) 

device, which allows Z-contrast imaging in HAADF mode (STEM-HAADF). 
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Solid-State NMR  

 For the ssNMR analyses, the outer layers (the periostracum and the sphrerulitic layer) from 4-

years-old H. tuberculata shell were removed by sanding in order to obtain only the nacreous layer. 

Nacre was then manually grinded in an agate mortar and the resulting powder directly packed into a 7 

mm (∼230 mg) or a 4 mm (∼85 mg) NMR rotor. 

 13C solid state NMR spectroscopy experiments were carried out on a Bruker Avance III 

spectrometer operating at a magnetic field of 7.1 T. The corresponding Larmor frequencies are 

300.29 MHz for 1H and 75.51 MHz for 13C. Powder samples were packed into 7 mm zirconia rotors 

and spun at the magic angle at a frequency νMAS = 5 kHz. Direct acquisition spectrum was recorded 

with a recycle relay RD = 2000 s. 1H-13C CP MAS experiments were recorded with RD = 1 or 10 s. 

1H-echo-13C CP MAS experiment (1D and 2D) was performed through the addition of a 1H-echo 

sequence (π/2-τ-π-τ), before a standard cross polarization sequence. The 1H-echo delay τ corresponds 

to one rotor period i.e. 0.2 ms. The contact time tCP is indicated in the Figure captions. Two 

dimensional 1H-echo-13C HetCor experiment was performed through the addition of an evolution 

period (t1) after the 1H-echo allowing the refocusing of the 1H chemical shift. Two dimensional 1H-

echo-13C HetCor spectrum was recorded using RD = 10 s, τ = 0.2 ms and 6720 transients for each 32 

t1 increment (total experimental time = 24 days, 21 hours and 20 min). Slow MAS rate 13C CP MAS 

NMR experiments were recorded with νMAS =1.5 kHz and tCP = 10 ms. The set-up of the Hartmann-

Hahn condition was performed directly on the nacre sample in order to maximize the sensitivity. 

 Crystalline NaHCO3 (>99.7%) and isotopically labeled crystalline Na213CO3 (>99.9%) 

references have been purchased from Sigma Aldrich. Low MAS experiments were performed on a 

Bruker NMR Avance III spectrometer operating at 14T (1H NMR frequency of 600 MHz) with a 

Bruker 4mm MAS triple-resonance probe, at MAS frequency νMAS = 2 kHz. For Na213CO3 , 13C 

spectrum was recorded by direct 13C excitation. For NaHCO3 , 13C spectrum was recorded by 1H-13C 

CP excitation (tCP = 4ms). ΔCSA and ηCSA were obtained by fitting the spinning sideband intensities 

with the DMFIT software.  67

 43Ca solid state NMR spectroscopy experiments were carried out on a Bruker Avance III 

spectrometer operating at a magnetic field of 16.44 T. The corresponding Larmor frequency is 

46.8 MHz for 43Ca. Powder samples were packed into 4 mm zirconia rotors and spun at the magic 
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angle at a frequency νMAS = 14 kHz. 43Ca direct excitation after dual frequency sweep preparation 

(43Ca DFS NMR) spectra were recorded with variable RD indicated in the Figure captions. 

 23Na solid state NMR spectroscopy experiments were carried out on a Bruker Avance III 

spectrometer operating at a magnetic field of 7.1 T. The corresponding Larmor frequency is 

79.390 MHz for 23Na. Powder samples were packed into 7 mm zirconia rotors and spun at the magic 

angle at a frequency νMAS = 5 kHz. Direct acquisition spectra was recorded with a recycle relay RD = 

0.5 s. 1H-23Na CP MAS experiments were recorded with RD = 10 s and tCP = 1 ms. The set-up of the 

Hartmann-Hahn condition was performed directly on the nacre sample in order to maximize the 

sensitivity. Low power radio-frequencies irradiation conditions (typically νRF(1H) = 5 kHz) were 

chosen in order to avoid distortion of the quadrupolar 23Na lineshape. {23Na}-1H TRAPDOR 

experiments was recorded with RD = 10 s and a recoupling delay τ of 10 rotor periods i.e. 2 ms.  

 Chemical shifts were referenced (0 ppm) to TMS (1H and 13C), saturated aqueous solution of 

CaCl2 (43Ca) and NaCl (23Na).  

DFT calculations  

 Geometry optimisations and NMR shielding calculations were carried out by the DFT based 

CASTEP 8.0 DFT code ,  using the Perdew–Burke–Ernzerhof generalised gradient approximation 68 69

(PBE-GGA).  The structures were described as extended solids using periodic boundary conditions. 70

In all calculations, the so-called “ultra-soft” pseudopotentials (USPP)  were used to describe the 71

interaction of the valence electrons with the nuclei and core electrons.  

 The all-electron information, needed for the calculation of NMR shielding constants, was 

reconstructed using the GIPAW68 method. The wave functions were expanded using a plane wave 

(PW) basis set with a kinetic energy cut-off of 600 eV that produces converged results for both the 

geometry optimisation and the calculation of NMR parameters. 

 The self-consistent field (SCF) calculations were considered to be converged when the total 

energy of the system was stable within 10−5eV (10−7eV for isolated molecules) for geometry 

optimization and 10−8 eV for NMR calculations. The integrals were calculated over the Brillouin zone 

with k-point spacing <0.03 Å−1 on the Monkhorst–Pack (MP) mesh. The size of standard grid was set 

to 2 and size of fine grid to 3. For the Na2CO3   and NaHCO3  crystals, geometry optimization was 72 73
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performed with semi-empirical dispersion correction using the Tkatchenko-Scheffler scheme prior to 

magnetic resonance calculations. For calculations on isolated molecules, one molecule was placed into 

a 25x25x25 Angström Supercell to avoid intermolecular interactions. 

 In order to compare the GIPAW calculated 13C shielding values directly with the 

experimentally measured isotropic chemical shift values the following expression was used: 

where σref = 170.9 ppm is used for 13C (TMS) ,  74 75

δiso, calc = σref − 

σiso
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Results and Discussion  

Transmission electron microscopy  

 There are only few examples of the description of an amorphous layer in nacre. So far, only 

two articles reported such observation.46,47 The preparation of nacre thin section using a diamond knife 

can be difficult and tedious due to the exceptional mechanical properties of the material. To overcome 

this problem, we used focused ion beam (FIB) as an alternative to produce thin cross-section. Then, 

the surface of the aragonite platelets of H. tuberculata’s nacre was investigated by HR-TEM. Figure 

1a. displays a STEM-HAADF view of the investigated zone where the stacking arrangement of the 

aragonite tablets is seen. The HR-TEM observation reveals a continuous amorphous layer coating the 

crystalline lattice of aragonite. This result is in accordance with previous observations performed on 

H. laevigata46 suggesting that the presence of an amorphous layer around aragonite tablets may be 

more general in abalone nacre than previously assumed. Indeed, if the 3D organisation of aragonite 

tablets in nacre varies among mollusc taxathe local structure around the tablets within the Haliotidae 

group seems to be similar.7, ,  76 77

We observe that the thickness of such domain is rather homogeneous and is found to be ∼5 nm. This 

amorphous layer appears to be a little bit thicker compared to that observed for H. laevigata: 5 nm vs. 

3-5 nm, respectively. Such slight difference in thickness is difficult to discuss since experiments from 

the literature were performed on older specimen from a different species. 

%  
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Figure 1: a) STEM-HAADF observations of a thin FIB section of Haliotis tuberculata nacre. b) HR-

TEM images of the surface of aragonite tablets, revealing the presence of a disordered surface layer. 

Solid state NMR study of disordered mineral environments 

Carbonate and bicarbonate ions 

 Interestingly, one open question is the nature of this layer described as an ACC-like domain in 

the literature. To unveil the nature of such disordered mineral domains, we used ssNMR to clear its 

ionic composition. As mentioned above, solid state NMR is a particularly suitable spectroscopy for the 

study of calcified biological tissues thanks to its non-destructive aspect and enables the study of 

organic and mineral species independently or in a correlated manner in order to probe their 

interfaces. ,  Moreover, it was shown that ssNMR allows the specific edition of surface (vs. bulk) 78 79

biomineral species and provides access to structural and dynamical information at the atomic scale for 

the surface layer of different biominerals.49,58 

 Since nacre is composed of carbon-containing species in both the organic and the mineral 

fractions, the choice of specific NMR pulse sequences is mandatory to edit the different components 

of nacre and distinguish aragonite from the surrounding organic matrix. Significantly, Figure 2 

displays the direct 13C and 1H-13C CP MAS NMR spectra of H. tuberculata’s nacre. As the 13C 

chemical shift allows the identification of the different CaCO3 crystalline polymorphs (calcite, 

aragonite and vaterite),  the direct 13C acquisition NMR spectrum (Fig. 2a) highlights that the mineral 80

part is composed of highly ordered aragonite crystals as shown by the single thin characteristic 

resonance at δ(13C) = 171 ppm (LW =0.6 ppm). In addition, the organic fraction is hardly observed in 

this spectrum because of its small proportion (less than 5 w%). 

In contrast, 1H to 13C cross polarization experiments reveals carbon species in proton-rich environment 

such as found in the organic matrix. Consequently, the 1H-13C CP MAS NMR spectrum, recorded with 

RD =1s and tCP = 1 ms, reveals the main organic components of H. tuberculata’s nacre and in 

particular, β-chitin as the corresponding 13C resonances seem to be present between 50 and 110 ppm23 

(Fig. 2c). Moreover, additional resonances in the range 20–50 ppm together with the strong carbonyl 

resonance at 175 pp might correspond to proteinaceous material.  81
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Finally, the so-called “interfacial” mineral species, which are nearby a proton source, are also 

accessible through 1H-13C CP MAS NMR experiment. It was shown in the literature that they can be 

revealed by changing the CP MAS NMR conditions compared to those used to edit the organic 

components.46,57 Indeed, longitudinal relaxation time parameters (T1(1H) and T1ρ(1H)) are much longer 

for interfacial mineral species. Thus, by using longer recycle delay (RD = 10 s) and longer contact 

time (tCP = 10 ms), the organic resonances are no longer observed (due to T1ρ(1H) relaxation) and a 

single resonance centered on a similar chemical shift of aragonite is revealed (Fig. 2b). This signal, 

significantly broader and asymmetric (shoulder on the right), corresponds to interfacial carbonates of 

H. tuberculata’s nacre nearby a 1H-rich environment. Such observation is in accordance with similar 

experiments performed on the nacre from H. laevigata for which the resulting 13C signal were 

assigned to carbonates within the ACC-like surface layer of aragonite tablets.46 

  

Figure 2. 13C NMR spectra of Haliotis tuberculata’s nacre: a) direct acquisition (RD = 2000 s), b) CP 

MAS (RD = 10 s; tCP = 10 ms), c) CP MAS (RD = 1 s; tCP = 1 ms).  

 Decreasing the contact time would be of great interest to characterize more precisely such 

disordered carbonates. However, at shorter contact time (tCP < 10 ms), the strong overlap with the C=O 

signal from the organic phase prevents such study (Fig. S1). To avoid the presence of such unwanted 

13C organic signals, we have taken advantage of the difference in transverse relaxation time (T2(1H)) 

between the organic and the disordered mineral domains, particularly at moderate static magnetic field 
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and MAS frequency (B0 = 7 T and νMAS = 5 kHz, respectively, in the present study). Indeed, the proton 

homonuclear dipolar coupling is higher for the organic phase due to a higher density of proton leading 

to shorter T2(1H) compared to the disordered mineral phase (Fig. S2). Consequently, addition of a 1H-

echo sequence (π/2-τ-π-τ), before the cross polarization sequence, acts as a T2(1H)-filter and enables 

the removal of organic 13C signals at tCP shorter than 10 ms (1H-echo-13C CP MAS experiment; Fig. 

S1). A similar approach was recently used through the implementation of 1H double filtering 

techniques (T1 and T2) that were successfully used to reveal hidden proton resonances in biomimetic 

mineral composites.  The resulting 1H-echo-13C CP MAS NMR experiment at short contact time (tCP 82

= 4 ms) displays a spectrum (Fig. 3) more complex to what is observed in standard CP conditions (Fig. 

S3) and to what is usually shown in the literature.46,57,58 In the conditions set here, at least three 

different carbonate resonances are revealed (see Table 1): one sharp resonance at δ(13C) = 171 

(resonance A), a twice larger resonance at δ(13C) = 170 ppm (resonance B) and a broad one ranging 

from 161 to 168 ppm with a maximum at 166 ppm (resonance C) that was barely observable at long 

tCP = 10 ms (Fig; 1). Interestingly, this experiment highlights that the disordered mineral domain in 

nacre of H. tuberculata is structurally more complex than an ACC phase as previously proposed for H. 

laevigata.46 The resonance A possesses a chemical shift and linewidth very close to biogenic 

crystalline aragonite and might arise from carbonate still in the crystalline lattice but close from a 

source of proton. Resonance B is slightly shifted to lower value and displays a linewidth two-times 

broader and might correspond to CO32- still in an aragonitic environment but of disordered 

neighborhood. Concerning resonance C, the assignment of is less straightforward. According to its 

chemical shift, resonance C might correspond to several environments: CO32- in calcitic or in ACC-

like environment (around 168.5 ppm)79 or HCO3- in bicarbonate salt-like environment such as 

NaHCO3 (167 ppm – see Table S1).  
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Figure 3: 1H-echo-13C CP MAS NMR spectrum of Haliotis tuberculata’s nacre (RD = 10 s; tCP = 4 ms; 

τ = 0.2 ms) together with its spectral deconvolution highlighting three main resonances.  

Table 1: 13C NMR parameters of the resonance A, B and C evidenced in Fig. 3 and their relative 

assignement. The 13C CSA tensorial parameters ΔCSA and ηCSA are defined as follow: ΔCSA = δ33 - δiso 

and ηCSA = (δ22 - δ11) / (δ33 - δiso) with δiso = 1/3 (δ11+δ22+δ33) and the chemical shielding principal 

values δ11, δ22, δ33 ordered as follows: |δ33 - δiso| ≥ |δ11 - δiso| ≥ |δ22 - δiso|. The cross polarization 

parameters M0 and TCH are obtained through Eq. 1. 

155160165170175180185

B

C

A

δ13C(ppm)

Resonance A Resonance B Resonance C
13C Chemical shift (ppm) 171 170 166

Linewidth (ppm) 0.7 1.6 5.4

ΔCSA (ppm) -53 ± 5 -55 ± 5 +43 ± 15

ηCSA 0.3 ± 0.1 0.5 ± 0.1 0.8 ± 0.2

TCH (ms) 5.00 ± 0.50 1.90 ± 0.10 0.90 ± 0.02

Assignment CO32- CO32- HCO3-
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 In addition to the isotropic 13C chemical shift, the chemical shift anisotropy (CSA) also 

informs on the chemical environment. The CSA depends on the electronic distribution around the 

nucleus and is thus very sensitive to the symmetry of the carbon sites. As a consequence, the origin of 

the CSA is essentially intramolecular for small rigid molecules with hybridized 13C atomic orbitals. 

Hence for carbonate ions, the protonation state (CO32- vs. HCO3-) can be determined on the basis of 

the CSA parameters (ΔCSA and ηCSA). For this purpose, we compared theoretical DFT calculations both 

for free ions (CO32- vs. HCO3-) and crystalline systems (Na2CO3 vs. NaHCO3) and found very different 

CSA values being, to some extent, modulated by the crystalline environments (Table S1 and Fig. S4). 

Strikingly, ΔCSA theoretical values are found to be either positive or negative according to the 

protonation state: negative values for CO32- (-46.8 ppm for the DFT calculations in Na2CO3 crystal) 

and positive values for HCO3- (+63.6 ppm for DFT calculations in NaHCO3 crystal). We also 

experimentally determined the CSA parameters for the two crystalline reference samples Na2CO3 and 

NaHCO3 (by fitting of the spinning side bands manifold of 13C spectra). It appears that the 

experimental values for the crystalline reference samples are in good agreement with the theoretical 

values and possess characteristic negative (≈ -51 ppm) and positive (≈ +62 ppm) ΔCSA values for 

Na2CO3 and NaHCO3 respectively (Fig. S4 and Table S1). The calculations on pure ideal ions allow to 

understand the switch of the sign of CSA asymmetry parameter based on symmetry consideration. 

Similar results have been observed for CSA asymmetry parameter of phosphate ions for which the 

sign of ΔCSA depends on the protonation state.  Therefore, the determination of 13C CSA can inform 83

on the nature of the various carbonate ions in nacre’s disordered mineral domain. 

Thus, we performed 1H-13C CP MAS experiment at slow MAS frequency (νMAS = 1.5 kHz) on 

H. tuberculata’s nacre to acquire the 13C CSA spinning side bands manifold and to extract the 13C CSA 

parameters (ΔCSA and ηCSA) for the three resonances, namely A, B and C. The corresponding spectrum 

is depicted in Figure 4 together with the corresponding fitting (CSA parameters are listed in Table 1). 

Resonance A and B display close negative ΔCSA values (-53 and -55 ± 5 ppm, respectively), whereas 

resonance C possesses a positive ΔCSA value (+43 ± 5 ppm). According to our CSA parameters DFT 

calculations, resonances A and B can be safely assigned to CO32- and the resonance C to HCO3-. It is 

worth noticing that our experimentally determined CSA parameters are in accordance with previous 

data reported in the literature for various calcium carbonates phases, ,  and in particular, for 84 85
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aragonite for which the ΔCSA and ηCSA are very close (-53.5 ppm and 0.2, respectively), confirming the 

aragonitic environment around resonance A and B. Concerning, resonance C, we observe a ΔCSA much 

lower than the reference compound (+43 vs +62 ppm for NaHCO3) that can be explained by the 

relatively poor S/N and the difficulty to determine precise experimental ΔCSA value for resonance C. 

Finally, we note that such approach consisting in the careful examination of the spinning side band 

manifold of slow MAS 13C NMR spectra for carbonate/bicarbonate differentiation has already been 

used to evidence the partition of carbon dioxide into CO32- or HCO3- inside layered double hydroxide 

materials.  Our results confirm that the disordered mineral domain in nacre is different from a 86

biogenic ACC for which one homogeneous single broad resonance is observed.  By contrast here, 87

different carbonate resonances are observed reflecting different chemical environments and different 

protonation state indicating relatively well structured CO32- and more structurally disordered HCO3- 

possessing a distribution of 13C chemical shifts.  
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Figure 4. a) 1H -13C CP MAS NMR spectrum (RD = 10 s, tCP = 10 ms; νMAS = 1.5 kHz) of Haliotis 

tuberculata’s nacre and b) the corresponding fitting: c) dark blue: resonance A; light blue: resonance 

B; red: resonance C. arrow: isotropic resonance; stars: spinning side bands. 

 To go further, in order to identify the source of proton magnetization in the CP experiment, we 

performed two dimensional 1H-echo-13C HetCor NMR experiment at short contact time (tCP = 4 ms) as 

shown in Figure 5. Two main 1H resonances are observed at 5 and 14.5 ppm allowing the 

identification of the source of proton magnetization in disorder domains. The two resonances are 

assigned to H2O and proton from HCO3-, respectively, based on their chemical shift. The latter 

assignment is made on the basis of 2D 1H-13C HETCOR spectrum of crystalline NaHCO3 (Fig. S5). 

This 1H resonance confirms the presence of bicarbonate ions in the disordered domain. More 

specifically, both carbonates and bicarbonate A, B and C correlate with protons in HCO3- and H2O 

(Fig. 5). This result demonstrates the proximity between CO32- (A and B) and HCO3- (C) with both 

protons from bicarbonates and, to a lesser extent, from rigid H2O molecules and suggests that these 

species are located in the same disordered domain. The careful examination of the correlation 

resonance involving bicarbonate C reveals a distribution of chemical shift both for 13C (from 164 to 

169 ppm) and 1H resonances (from 13 to 15 ppm) where δ(1H) decreases together with δ(13C). 

  

Figure 5. 2D 1H-echo-13C HetCor NMR spectrum (RD = 10 s; tCP = 4 ms; τ = 0.2 ms) of Haliotis 

tuberculata‘s nacre together with comparison of the 13C rows extracted at δ(1H) = 5 and 15 ppm..  
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 To go further in the study of the disordered environment, we performed an analysis of the CP 

dynamic through the variation of the contact time tCP. The 13C magnetization evolution is a direct 

indication of the 1H-13C dipolar coupling strength that depends on the 1H-13C spatial proximity 

between the two nuclei and thus informs on proton environment around carbonate ions.  

%  

Figure 6: Evolution of the normalized 13C magnetization recorded through variable contact time 1H-

echo-13C CP MAS NMR experiments for Haliotis tuberculata’s nacre (RD = 10 s; τ = 0.2 ms). Dark 

blue: resonance A; light blue: resonance B; red: resonance C. Solid lines are the numerical 

simulations according to Eq. 1. 

 Figure 6 shows the evolution of the normalized 13C magnetization for the three resonances of 

interest and the corresponding numerical simulation carried out through the classical I-S model:  

M(t) = M0 × (1 - exp(-tCP/TCH))  (1) 

where M0, tCP, TCH, are the CP intensity, the contact time, the CP rate constant, respectively. Table 1 

gathers the numerically extracted CP dynamic parameters. Different CP MAS behaviors emerge: 

resonance C exhibits a rapid growth of the 13C magnetization (short TCH) characteristic of bicarbonate 

for which the main source of proton is intramolecular. On the other hand, carbonate A possesses the 

slowest magnetization growth meaning the furthest proton source (water molecule and proton from 
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bicarbonate according to the 2D HetCor). Interestingly, carbonate B possesses intermediate TCH value 

revealing that carbonate B is closer to the proton source (still water molecule and proton from 

bicarbonate according to the 2D HetCor) than carbonate A.  

 As a conclusion, the 13C ssNMR study reveals that disordered mineral domains in nacre of H. 

tuberculata is composed of bicarbonates and at least two types of 1H-polarizable carbonates. These 

carbonates are distinguished on the basis of their relative proximity with respect to the proton source. 

As a consequence, in the case of interfacial disordered mineral domains, our results suggest the 

presence: (i) slightly disordered carbonate in an aragonitic environment; (ii) more distorted aragonitic 

carbonates close to structural water and bicarbonates; and finally, (iii) highly disordered bicarbonates. 

  If some ssNMR structural studies of carbonates ions and their interface in carbonate-

based biomineralized systems exist in the literature46,57,87, ,  according to our knowledge, an 88 89

equivalent study of the cations as counter-ions is missing.  

Counter ion study: Ca2+ 

 There are only few examples of biogenic calcium carbonate study through 43Ca solid state 

NMR. To the best of our knowledge, only one paper reports 43Ca NMR spectra of crystalline aragonite 

in coral and in mussel pearl. , Such a study is essential to investigate the local environment around 90

Ca2+ within both the crystalline lattice and the disordered environments of the nacre tablets. The 43Ca 

nucleus is of very low sensitivity due to its low natural abundance (0.14 %), its low gyromagnetic ratio 

(7% compared to γ(1H)) and its spin 7/2. Thus, natural abundance experiments usually require large 

sample volumes, high magnetic field and signal-enhancing NMR pulse sequences such as dual 

frequency sweep (DFS) . 91

 Figure 7a displays the 43Ca DFS NMR spectra of H. tuberculata’s nacre recorded at 16.44 T. A 

single thin resonance at δ(43Ca) = -30 ppm is observed in agreement with a synthetic aragonite 

reference sample (Fig. 7e). However, we note that the linewidth is larger in the case of nacre revealing 

a higher local disorder in the crystalline lattice of the biogenic sample. It was shown that T1(43Ca) in 

synthetic highly crystalline aragonite is unusually long for a quadrupolar nucleus.  Thus, reducing the 92
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recycle delay from 30 to 1 s (Fig. 7a-c) acts as a T1 filter. As a result, it leads to the decrease of the 

relative intensity of the 43Ca crystalline aragonite resonance and reveals the presence of a deshielded 

signal as a left broad shoulder (δ = -26 ppm, LW = 20 ppm). The gaussian lineshape of this signal 

suggests a distribution of disordered environments (Fig. 7d). This is confirmed by the comparison with 

the 43Ca DFS NMR spectrum of an ACC reference sample that displays analogous position and 

linewidth (Fig. 7f). To the best of our knowledge, this is the first time that highly disordered Ca2+ 

environments are evidenced in nacre. This result strongly suggests that Ca2+ ions localize within the 

disordered mineral domain as counter-ions of the carbonates evidenced previously.  

%  
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Figure 7: 43Ca DFS NMR spectra of Haliotis tuberculata’s nacre recorded with the following recycle 

delays: a) RD = 30 s, b) RD = 5 s, c) RD = 1 s. d) fitting of the spectrum c). 43Ca DFS NMR spectra of 

e) synthetic aragonite and f) ACC. The arrow highlights calcium in disordered environments. 

Counter ion study: Na+ 

 The presence of monovalent anions (HCO3-) in such disordered mineral domain also questions 

the presence of monovalent cations as counter-ions in addition to Ca2+. We focused on sodium ions, 

the most abundant cation in seawater (10.7 g.L-1), as Na+ has been shown to be the most abundant 

minor element in biogenic CaCO3 from corals, bivalves, and foraminifera.  For instance, the amount 93

of Na+ ranges from ∼2000 to ∼4000 ppm in marine Molluscs shell. However, to the best of our 

knowledge, investigation by 23Na ssNMR of Na+ in nacre is performed for the first time. Direct 23Na 

acquisition NMR spectrum (Fig. S6) displays three resonances centered at 0, -16 and -22 ppm. The 0 

ppm resonance corresponds to residual NaCl (Fig. S6), certainly originating from seawater, whereas 

the third peak at -22 ppm is still from unknown origin. The 1D 1H-23Na CP MAS NMR spectrum 

displays only one broad single resonance centered at -16 ppm without any quadrupolar lineshape 

suggesting the presence of sodium ions in disordered environments. The two dimensional 1H-23Na 

Hetcor experiment (Fig. 8) shows that Na+ strongly correlates with protons from bicarbonates ions at 

δ(1H) = 14.5 ppm, evidencing the presence of Na+ as counter-ions. Such result is confirmed through 

{23Na}-1H TRAPDOR experiments (Fig. S7) where a strong dephasing of the 14.5 ppm resonance of 

the 1H spectrum is observed after 23Na irradiation. In addition, the 1H resonance arising from organic 

species (δ(1H) ≈ 2 ppm, highlighted by an arrow in Fig. S7) do not display any dephasing. It has been 

proposed through Na K-edge XANES studies that the incorporation of Na+ in biogenic calcite and 

aragonite is linked to substitution mechanism involves charge compensation through the creation of 

CO32- vacancies.88 Here, we demonstrate that, in addition to Ca2+, Na+ are present in the disordered 

mineral domains of H. tuberculata nacre where they may balance the charge of bicarbonates. 
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Figure 8: 2D 1H–23Na HetCor NMR spectrum of Haliotis tuberculata’s nacre (νMAS = 5 kHz; RD = 10 

s; tCP = 1 ms). * denotes spinning side band. 

Discussion and Conclusion 

 In summary, the multinuclear ssNMR analysis highlights that disordered mineral domains are 

structurally more complex than an ACC phase (Fig. S8). Indeed, synthetic or biogenic ACC displays 

an homogeneous distribution of chemical environments around CO32- and Ca2+ leading to a 

distribution of 13C and 43Ca chemical shifts. In contrast, the disordered mineral domains of H. 

tuberculata’s nacre is structurally heterogeneous both in terms of local disorder and composition. At 

least, three different carbonates species, including CO32- and HCO3-, localize inside such domain. The 

local disorder around these ions is not homogeneous as some CO32- have an aragonitic environment 

and are quite ordered whereas the chemical surrounding around HCO3- is highly distributed. In 

particular, we observe a correlation between the δ13C and the LW of interfacial carbonates: LW is 

increasing as the δ13C is decreasing, meaning that the disorder around carbonates increases as soon as 

the δ13C moves away from aragonite. 

 Concerning Ca2+, these ions exhibits surprisingly a much more disordered chemical 

environment (close to what is found in ACC) compared to the more structured carbonates. Noticeably, 

43Ca seems to be very sensitive to structural disorder compared to ½-spins such as 13C. Along the line 
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of such hypothesis, the case of 31P and 43Ca spectra of bone apatite may help to illustrate these 

differences in line width. Indeed, bone apatite crystalline lattice is more disordered than synthetic 

stoichiometric hydroxyapatite. As a consequence, the 31P (I = ½) ssNMR spectrum of bone apatite is 

larger than stoichiometric apatite but still characteristic of a crystalline sample.  However, the effect 94

of the local disorder in the crystalline bone apatite lattice on the 43Ca ssNMR spectrum is much 

stronger. Hence, while two 43Ca resonances (i.e. corresponding to the two crystalline sites) are 

observed in synthetic apatite, only one broad featureless resonance is observed in bone apatite  95

similarly to what is observed here in nacre.  

 From all these results, the Figure 9 displays an example of a possible model of disordered 

mineral domains in H. tuberculata’s nacre compatible with our results. Schematically, the distorted 

mineral environments can be described as follow: near the highly crystalline aragonite lattice stands (i) 

aragonitic carbonates polarizable by a proton-source; (ii) carbonate, still aragonitic but more distorted, 

are closer to the proton source composed of rigid structural water and protons from bicarbonate. 

Calcium ions stand close to these carbonates ensuring the electroneutrality; (iii) bicarbonates exhibit 

the higher molecular disorder and some of them are associated to sodium ions as counter-ions. 

Interestingly, bicarbonates in H. tuberculata nacre have been evidenced to stand near the surface of 

such disordered domains and to be strongly involved in the organo-mineral interface through 

hyperpolarized 13C MAS NMR59. The absence of any strong correlation between sodium ions and 

water molecules (as evidenced through 1H-23Na HetCor and 23Na-1H TRAPDOR NMR experiments), 

although a weak correlation is seen with bicarbonate ions is difficult to explain at this stage. It could 

be explained by a dipolar motional averaging of water molecules located at aragonite surface due to 

high mobility. Then, these water molecules would be trapped inside the disordered domains upon ions 

ordering/crystallization explaining the strong correlation observed with carbonate and the weaker 

correlation observed with bicarbonates. 

  

Aragonite

Aragonitic CO3
2-

Distorded aragonitic CO3
2-

Distorded bicarbonates (Na+)HCO3-
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Figure 9. Schematic representation of a possible model of disordered mineral domains in H. 

tuberculata’s nacre compatible with NMR results. 

 As mentioned above, interestingly, the presence of a disordered mineral domain has also been 

evidenced in bone where the bone apatite platelets are covered by an amorphous-like hydrated surface 

layer. Moreover, the model of biomineral surface possessing an increasing gradient of disorder from 

the core to the particle surface was recently proposed for apatite crystallites formed in the presence of 

acidic binding peptide derived from osteonectin.  This similar structural organization of these 96

biominerals may result from certain common processes in the formation of biological mineralized 

tissues even if the mineral phases are different. Indeed, the deposition of amorphous transient mineral 

precursors was proposed as a first step of mineral nucleation both for bone apatite ,  and aragonite 97 98

from nacre.61,  The observed disordered surface domain could result from the incomplete 99

transformation of the amorphous mineral precursors. 

 Our results give an unprecedented representation at the atomic scale of the ions repartition 

within the mineral disordered layer around aragonite tablets in nacre from the European Abalone H. 

tuberculata. We confirm the presence of sodium ions in biogenic aragonite and we demonstrate the 

presence of Na+, in addition to the calcium ions, and their role as counter-ions of bicarbonates within 

such layer. Their presence questions their role as stabilizing agents of the disordered domains by 

interacting with the HCO3- ions. This finding will be helpful for further experiments dedicated to the 

understanding of the interface of such domains with the organic matrix and the understanding of nacre 

formation. 
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