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Abstract 

Amorphous calcium carbonate (ACC) has been found in many different organisms. Biogenic ACC 
is frequently a precursor in the formation of calcite and aragonite. The process of structural 
transformation is therefore of great interest in the study of crystallization pathways in 
biomineralization. Changes in the pre-peak/main peak (L2’/ L2) intensity ratio of the Ca L23-edge 
XAS of Ca-rich particles in skeleton-building cells of sea urchin larva revealed that ACC 
precipitates through a continuum of states rather than through abrupt phase transitions 
involving two distinct phases as hitherto believed. Using an atomic multiplet code, we show that 
only a tetragonal or “umbrella-like” distortion of the Ca coordination polyhedron can give rise to 
the observed continuum of states. We also show, based on structures obtained from previous 
molecular dynamics simulations of hydrated nanoparticles, that the Ca L23-edge is not sensitive 
to atomic arrangements in the early stages of the transformation process. 
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Introduction 

Amorphous calcium carbonate (ACC) is very significant in the growth of biogenic CaCO3 

minerals as it often serves as the precursor to the formation of the crystalline phases 1,2. 

Since it was identified as a precursor for calcite in the sea urchin spicule 3, ACC precursor 

phases to calcite or aragonite have been observed in various organisms from different 

phyla 4-12. The transformation of ACC to either calcite or aragonite has increased interest 

in how the short-range order, as defined by the coordination of oxygen around the 

calcium ions, controls the mineralization process.  

X-ray absorption spectroscopy (XAS), either by Extended X-ray Absorption Fine Structure 

(EXAFS) of the Ca K absorption edge or by X-ray Absorption Near Edge Structure  

(XANES) of both the Ca K-edge and the Ca L2,3-edge, is frequently used to study the 

coordination of cations in minerals 13-15. The Ca L2,3-XANES spectra of CaCO3 minerals, 

according to simulations and theory, is sensitive to changes both in the symmetry of the 

Ca-O coordination polyhedron and in the relative orientation of the polyhedra 16-18.  

Using both XANES and EXAFS, several ACC phases were discovered 13, 14, 19. Among these 

phases, two transient ACC phases were detected in the sea urchin larval spicule 14. The 

first is short-lived and similar to hydrated synthetic ACC, where nanoparticles of calcium 

carbonate surrounded by water represents a plausible model for this phase20, 21. This 

ACC rapidly transforms by dehydration into a second amorphous phase, which is 

believed to be similar to anhydrous synthetic ACC. The latter transforms more slowly 

into biogenic calcite. Thus the prevailing paradigm, until recently, in both the sea urchin 

larval spicule and, to some extent, also in the general field of biogenic ACC, was of two 

ACC phases and a three stage biomineralization process where hydrated ACC 

transformed to anhydrous ACC and then to calcite. 

 

In a recent study, we used cryo-soft X-ray microscopy (SXM) to detect Ca-rich moieties 

in skeleton-building cells of sea urchin larvae. Using cryo-SXM we observed hundreds of 

intracellular Ca-rich particles and measured their Ca L23-edge XANES 22. We calculated 
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the ratio of heights of the L2 pre-peak (L2’) to the main L2 peak (L2’/L2) (see Fig 1A for 

peak definition) of each particle as this ratio correlates with the stage of ACC 

transformation.  We used the L2 features in our analysis since the signal/noise for the 

ratio of the L2 pre-peak to the main peak was higher than the signal/noise for the 

comparable feature on the L3 peak.  The L2’/L2 values of the three previously identified 

calcium carbonate phases in the sea urchin larval spicule are 0.26 for hydrated ACC, 0.4 

for anhydrous ACC and 0.45 for calcite. The results we obtained in our recent study of 

the intracellular Ca-rich particles showed a continuum of disordered states, with L2’/L2 

values of particles ranging from 0.13, much lower than hydrated ACC, to 0.4, which is 

similar to anhydrous ACC. In an investigation of the dehydration of synthetic ACC, Tsao 

et al. measured the splitting between the L2’ pre-peak and the L2 main peak with 

temperature under conditions of 1.3% relative humidity21. They did not observe any 

change in the splitting as the ACC transformed from a hydrated to an anhydrous phase.  

The fine structure in the L3 and L2 absorption peaks is related to the arrangements of the 

oxygen anions around the Ca cation. In earlier work, atomic multiplet theory was shown 

to give excellent agreement with the fine structure observed in both calcite and 

aragonite, and could also explain the structural distortions that might be responsible for 

the fine structure observed both in anhydrous and hydrated ACC 16. A plausible model of 

the transformation process was then proposed based on these distortions. A limitation 

of the earlier work is that the code used, CTM4XAS 23,24, only permitted crystal field 

interactions based on group theory and would only allow for distortions consistent with 

either C4v or D4h symmetry around the Ca ion. To explore a wider range of possibilities in 

this work we have used the code of Uldry et al. 25, which accounts for the crystal field by 

explicitly calculating the electrostatic interactions from the neighboring ions modeled as 

point charges and has no symmetry restrictions. We were particularly interested in 

distortions that can give rise to a continuous range of L2’/L2 values. These are relevant 

for the later stages of the transformation process where the anhydrous phase 

transforms to calcite. We examined several options and observed that the tetragonal 

distortion where the atoms at the apices of the polyhedron move inwards and the other 
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atoms move outwards gives a linear variation in the L2’/L2 ratio, as does a distortion 

where the atoms in the x,y plane move upwards with respect to the apical atoms. We 

call this latter distortion an “umbrella” distortion and in some ways it is similar to the 

distortion shown as Fig. 3 in Rez and Blackwell 16 (Supplementary Information, Fig. S1). 

To investigate whether the L2 pre-peak to main peak ratio gives useful information on 

the early stages of the transformation involving formation of hydrated ACC we 

calculated spectra for nano-crystalline models previously developed by Raiteri and Gale 
26. They considered a range of nanoparticle sizes from 90 to 864 CaCO3 units with 

varying degrees of initial hydration. It should be noted that in the approach taken in 

their earlier work, water was introduced into the ACC structure in a manner that led to a 

relatively homogeneous distribution15, the atomic structure is shown in Supplementary 

Information, Fig. 2A and B. In contrast, in their more recent work 27, small dry ACC 

nanoparticles (36 formula units) were arranged in a 3D lattice and intercalated with 

water to mimic the presence of channels of water, as was proposed by Goodwin et al.28 

(hereafter referred to as “heterogeneous” based on the water distribution, to 

differentiate it from the more homogeneous nanoparticles of the earlier work) shown in 

Supplementary Information, Fig. 2C. As a comparison, the same 36 formula unit ACC 

nanoparticles were used to build a 3D ACC dry structure 27. Note that water molecules 

can cover the surface of these dry nanoparticles. The models have some similarity to the 

nanoparticle models of Rez et al.20 used to explain the diffraction profiles from both 

synthetic and biogenic ACC. During these earlier studies molecular dynamics (MD) was 

used to locally equilibrate the system, recognizing that exploration of the full 

configuration space would occur on a timescale well beyond that accessible to unbiased 

simulation. In this work, we took the final structures of these nanoparticles and ran 

short MD simulations with a more recent CaCO3 force field 29. This should give a more 

realistic representation of any distortion of the carbonate anion because it does not use 

a rigid description of this species, unlike the earlier model used in Raiteri and Gale, and 

the vibrational frequencies of carbonate were used during the parameterization of the 

flexible force field. The simulations were run at 300 K for a few hundred ps with a time 
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step of 1 fs using LAMMPS 30. Again, we note that the objective was to only relax the 

structure in response to the change of forcefield, rather than to re-explore configuration 

space. The arrangements of oxygen ions within 2.8 Å of each Ca ion were extracted as 

separate files to be used for the calculation of the XANES spectra, which were averaged 

over all the extracted configurations. Note that the ACC structures from Huang et al.27 

included one bicarbonate ion, which in this work has been converted to a carbonate to 

maintain charge neutrality in the system. 

In the above nanoparticle models, the coordination of oxygen ions around the calcium 

ions was described by the distribution of bond lengths, bond angles and even 

coordination number, and not just by a particular symmetry. Using the code of Uldry et 

al.25 we simulated the Ca L2,3-edge spectra that would be observed from the range of 

nanoparticle structures generated here. The fine structures were consistent with the 

highly disordered and fully hydrated form of ACC with some indication of the L2’ peak 

emerging from models based on small heterogeneous nanoparticles. However, given 

the low value of the pre-peak to main peak intensity, the Ca L2 fine structure is not 

sensitive to details of nanoparticle structure.  This confirms the view that the structures 

obtained from MD simulations only represent the initial stage of the dehydration 

process. 

Results 

Our starting point for the calculation of spectra was to find the parameters that give the 

best goodness of fit (χ2 test, explained in SI, supplementary methods) between the 

experimental and calculated XANES spectra of calcite and aragonite, as well-defined 

reference systems; these are summarized in Table 1. The corresponding spectra for 

calcite and aragonite with these parameters are shown in Figure 1 A, C. The separation 

between the L2 and L3 peaks is controlled by the spin-orbit splitting and the Coulomb 

interaction parameters, the split between the pre-peaks and the main peaks is 

controlled by the effective charge of the coordinating atoms and the crystal field. As 

discussed in Uldry et al. 25, the matrix elements of the Coulomb interaction, the spin-
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orbit coupling and the crystal field were scaled to match the experimental 

measurement. The broadening was chosen to match the resolution achievable in 

synchrotron-based XAS. Scaling the effective charge in a model with fixed charges at 

point atoms is only an approximation to the charge distribution in a solid that should be 

calculated by density functional theory. In aragonite there are 9 oxygen atoms in a 1st 

coordination shell with a range of distances from 2.42 to 2.69 Å, followed by a 2nd 

coordination shell of C atoms with a range of distances from 2.9 to 3.4 Å. Good 

agreement for aragonite could be obtained with an oxygen charge of -2.0. Adding the 

2nd coordination shell with Carbon atoms with a charge of +1.0 made very little 

difference. The aragonite parameters were therefore considered appropriate for the 

disordered nanoparticle structures representing the early stages of transformation of 

ACC described by the nanoparticle models. In calcite the Ca are coordinated by 6 oxygen 

atoms in the 1st shell at 2.35 Å, followed by 6 Carbon in a 2nd shell at 3.21 Å and 6 more 

oxygen in a 3rd shell at 3.46 Å. With the same charges as used for aragonite, it was 

necessary to include all 3 coordination shells for the relative peak heights to better 

match the experimental measurement in this more ordered structure (Fig 1B). Choosing 

an effective charge of -1.2 for the oxygen in the 1st coordination shell has the same 

effect as summing over the different coordination shells with alternating charges (Figure 

1A). The calcite parameters listed in Table 1 were used for calculations for distortions 

from the calcite structure representing the later stages of transformation of ACC to 

calcite. We note that the experimental intensity is greater than the theoretical estimate 

at energies above the L2 peak, 353-356 eV, as the transitions to continuum states have 

not been included in our calculation. 
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Table 1 – Best fit parameters for calculation of XANES spectra using the code of Uldry et 

al. code 25 

Parameter  Calcite Aragonite 

Coulomb interaction scaling * 0.75 0.7 

Crystal field scaling * 1.16 0.8 

Spin-orbit scaling * 0.91 0.9 

Core-hole lifetime Lorentzian broadening * 0.15 0.15 

Effective charge of Oxygen atoms -1.2 -2 

χ2 0.003 0.002 

* Parameters are in eV 
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Figure 1. Comparison between simulated 

(dashed line) and experimental (solid line) 

spectrum of Ca-L2,3 XANES. (A) Simulation 

of calcite with 1st coordination shell and 

oxygen effective charge of -1.2. (B) 

Simulation of calcite with oxygen effective 

charge of -2 and 1st (green) and 3rd (blue) 

coordination shell. (C) Simulation of 

aragonite with 1st coordination shell and 

oxygen effective charge of -2. 
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After achieving good agreement for both calcite and aragonite, we turned to the results 

for the ACC nanoparticles previously created by Raiteri and Gale with varying sizes and 

degrees of hydration 26, 27. Using the atomic coordinates from their simulated 

nanoparticles, after annealing with the updated force field model, we calculated, using 

the aragonite parameters, the Ca-L2,3 XANES averaged for all the calcium ions in the final 

nanoparticle configuration of the MD simulations. No difference was observed when the 

configurations of the final 9 frames of the trajectory sampled every 250 ps were used. 

We considered CaCO3 nanoparticles with 864 formula units and a homogeneous water 

distribution. Two initial hydration states were investigated; one was a hydrated state 

(wet) with a ratio of water to CaCO3 of 1.3 and the other a partially dehydrated (dry) 

nanoparticle with a ratio of water to CaCO3 of 0.4. As all of the nanoparticles examined 

gave spectra that resemble aragonite more than ACC or calcite, as shown in Fig. 2a, we 

conclude that the structures from the work of Raiteri and Gale 26, which have a relatively 

uniform distribution of water, represent the very early stages of ACC evolution. This 

should not be surprising.  An analysis of oxygen coordination shows a substantial 

number of cases of 7-fold and 8-fold coordination for calcium, as shown in Fig. 3 Ai and 

Bi. This is somewhat less than the 9-fold coordination of calcium by oxygen in aragonite, 

but much greater than the 6-fold coordination found in calcite. We note for comparison 

that in water Ca2+ typically exhibits between 6- and 8-fold coordination, with the 

average being close to 7-fold29, 31, 32. The distribution of bond lengths (Fig. 3Aii and Bii) is 

also quite broad, about 0.3 Å wide. The distribution of the bond lengths is slightly 

asymmetric as packing constraints limit the possibility of shorter bond lengths. The 

distribution of bond angles has peaks at 51o, 77o and 123o (Fig. 3Aiii and Bii), which is 

hard to reconcile with any structure based on small distortions from the near perfect 

octahedral symmetry of calcite.  

We then calculated spectra based on the 36 formula unit nanoparticles as generated by 

Huang et al. 27.  A feature corresponding to the L2’ pre peak can be seen to begin to 

emerge in the heterogeneous nanoparticles.  This is also apparent in spectra acquired by 

Tsao et al 31 at a relative humidity of 1.3%.  Although the bond length distributions (Figs. 
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3Cii, 3Dii) are similar to the bond length distributions from the homogeneous 

nanoparticles, the peaks in the bond angle distribution at 51o and 123o are suppressed 

(Figs. 3Ciii, 3Diii) and there is a much wider range of coordination (Fig 3Ci,3Di). 

 

 

Figure 2. Averaged Ca-L2,3 XANES simulation of 4 CaCO3 nanoparticles compared to experimental spectra. 

(A,B) nanoparticles from the homogenous model with 864 formula units 26. (A) Nanoparticle with initial 

H2O to CaCO3 ratio of 1.3. (B) Nanoparticle with initial H2O to CaCO3 ratio of 0.4. (C) hydrated (wet) and 

(D) dehydrated (dry) nanoparticles from the heterogeneous model 27. Arrows pointing to the emerging L2’ 

feature. 
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Figure 3. Distribution of (i) coordination number of oxygen around calcium (ii) Ca-O bond lengths and (iii) 

distribution of angles between Ca-O bonds. The distributions are presented for (A) nanoparticle with 864 

formula unit nanoparticle and an initial H2O to CaCO3 ratio of 1.3 (wet) from the homogenous model. (B) 

nanoparticle with 864 formula unit nanoparticle and an initial H2O to CaCO3 ratio of 0.4 (dry) from the 

homogenous model. (C)hydrated (wet) nanoparticle from the heterogeneous model and (D) dehydrated 

(dry) nanoparticle from the heterogeneous model. 

The next step was exploring several possible distortions of the oxygen polyhedron. We 

changed Ca-O bond lengths of each oxygen atom randomly between calcite and 

aragonite bond lengths, while randomly changing the angles of the Ca-O bonds relative 
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to the x and y axes, (Ca-O)xy bonds. These random changes were done without fixing the 

structure by symmetry and reducing the symmetry according to D4h and C4v, as depicted 

in Rez and Blackwell’s paper in Fig. 3 16, reproduced as Supplementary Figure S1. 

Although it was possible to match spectra from hydrated ACC and aragonite, it was not 

possible to generate a linear trend in the L2’/L2 ratio with respect to the magnitude of 

the distortion (Table S1 and Table S2). 

We continued to explore the Ca-O coordination polyhedron distortions suggested by 

Rez and Blackwell 16, reducing the symmetry of the calcite octahedron to a tetragonal 

symmetry as shown in Fig. 4A. We systematically changed the ratio between the (Ca-

O)xy bond length and the Ca-O bond lengths projected along the z axis, (Ca-O)z, 

comparable to the process performed by Gueta et al. 33. This change resulted in a 

gradual and continuous change in the L2’/L2 values (Fig. 4B). The minimum value of the 

L2’/L2 ratio was for a small elongation in the z direction when (Ca-O)z/(Ca-O)xy=1.01. We 

then kept this ratio constant and changed (Ca-O)xy bond length (Fig. 4C). This distortion 

proved valuable as it resulted in a wide range of L2’/L2 starting from 0.2 (lower than 

hydrated ACC). Examplary spectra can are found in the Supplamentry Information, 

figure S3.  

 
Figure 4. Tetragonal distortion to the coordination polyhedron and its impact on L2’/L2. (A) A schematic 

drawing of the changes in the oxygen positions, the upper left drawing is a octahedron and the lower right 

drawing is the distorted polyhedron, which now has a tetragonal symmetry. (B) L2’/L2 values obtain from 

Ca-L2,3 XANES  generated for (Ca-O)xy=2.537Å (1.08 times that of calcite) and various (Ca-O)z/(Ca-O)xy 

ratios. (C) L2’/L2 values obtain from Ca-L2,3 XANES generated for (Ca-O)z/(Ca-O)xy=1.01 and various (Ca-O)xy. 
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A similar trend was also obtained by creating an umbrella-like distortion, changing 

uniformly the angle between the atoms originally in the xy plane and the z axis (Fig. 5). 

In this case, we kept the bond distances the same as in calcite. 

 

Figure 5. “Umbrella” distortion. (A) A schematic drawing of the changes in the oxygen positions, the upper 

left drawing is a octahedron and the lower right drawing is the distorted polyhedron. (B) L2’/L2 values 

obtain from Ca-L2,3 XANES generated for displacing the oxygens originally located in the xy plane, by a few 

degrees relative to the xy plane, while keeping (Ca-O)xy constant. 
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Discussion and conclusions 

In this study, we tested several possible atomic configurations of the oxygen 

coordination polyhedron around the Ca atom in calcium carbonate minerals. Our aim 

was to explain the continuum of short-range disordered states of ACC observed in the 

sea urchin larval spicule-forming cells measured by soft X-ray microscopy 12. Two main 

distortions to the oxygen polyhedron resulted in a continuous range of L2’/L2 values, a 

reduction in symmetry from octahedral to tetragonal and the “umbrella” distortion. Our 

results reinforce the conclusion made by Kahil et al. that the process of ACC 

precipitation occurs with no abrupt phase transitions of whole CaCO3 nano-particles 22. 

The combination of both studies provides a clarification, from the atomic point of view, 

as to the nature of the deposition process of ACC, including the transition between the 

hydrated and anhydrous ACC phases, which takes place in a gradual manner with 

several possible distortions to the oxygen polyhedron.  

Multiplet calculations with the code of Uldry et al. allow for a wider range of oxygen 

coordination possibilities around the Ca ion, not limited to particular symmetries 25. This 

meant that it was possible to explore theoretical models, such as those arising from the 

MD simulations, describing both the earlier stages of the transformation process where 

water distribution is likely to be more homogeneous as well as the later stages where it 

is more probable that distinct nanoparticles have formed with residual water located in 

voids between them. Our calculations showed that the XANES spectra and the L2’/L2 

ratio for the early stages were consistent with a disordered local environment similar to 

aragonite. The calculated spectra from the model based on discrete nanoparticles with a 

heterogeneous water distribution shows signs of the emergence of the L2’ pre peak, also 

observed by Tsao et al 31 in spectra acquired at a relative humidity of 1.3%.  It is 

interesting to note that this model is consistent with the structures proposed by Rez et 

al. to explain diffraction profiles from synthetic and biogenic ACC 20. However, the L2’/L2 

ratio is a very sensitive measure of distortion of the coordination polyhedron in the later 

stages of the transformation process, and there appears to be a linear relationship 

between the L2’/L2 ratio and the degree of distortion. By itself, this measure cannot be 
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used to distinguish between the “tetragonal” distortion and the “umbrella” distortion. 

However, these new results are still consistent with the transformation mechanism to 

calcite proposed by Rez and Blackwell 16. In the initial stages the coordination polyhedral 

are highly distorted with random orientations. They then go through a phase with the 

“tetragonal” or “umbrella” distortion, but randomly oriented around the apical (z) axis. 

The final stage is the disappearance of the distortion and the alignment and ordering of 

the polyhedra. 
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