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Background  

Vast majority of literature work concludes that the strong Mg2+ hydration is the 

ultimate blockage to low-T anhydrous Mg-CO3 crystallization and the incorporation of 

Mg2+ in carbonate (i.e. the dolomite problem).  A direct manifestation of the strong Mg-

H2O association can be found in the products of low-T Mg-CO3
 precipitation which 

yields exclusively hydrated phases (barringtonite MgCO3·2H2O, nesquehonite 

MgCO3·3H2O, lansfordite MgCO3·5H2O; hydromagnesite Mg5(CO3)4(OH)2·4H2O, 

dypingite Mg5(CO3)4(OH)2·5H2O, and artinite Mg2(CO3)(OH)2·3H2O) depending on 

experimental conditions1.  However, a closer look at these minerals indicates that rarely 

any obvious and predictive trend can be deduced concerning their water content.  For 

example, it is widely known that tri-hydrated nesquehonite is the most commonly formed 

at ambient condition and magnesite only occurs at T > 60 – 100 oC2,3,4.  If higher T favors 

the dehydration as shown by the shift from tri-hydrate to anhydrate at increasing 

temperature, we would expected to see di-hydrate (barringtonite) or even mono-hydrate 

en route.  Yet it was reported that higher T (> ~ 40 oC) only brings up various basic 

forms5,6,7,8.  Furthermore, if octahedron is the dominant geometry of Mg2+ hydration shell 
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(9, why is there no hex-hydrate Mg-CO3 but only penta-hydrated lansfordite?  More 

curiously, if the hydration shell of Mg is weakened or breached, or if crystallization can 

be performed under dry (i.e. non-aqueous) conditions at low temperature, will magnesite 

form?  Whereas those observations come out simply from curiosity, it may hold the key 

for us to expand our understanding of the Mg-Ca-CO2-H2O system and ultimately may 

shed light on the dolomite problem.   

Despite the large body of literature documenting the assumed inhibitory role of 

cation hydration, little work has been found to directly test the solvation effect.  Thus, the 

current understanding on the part water plays in obstructing magnesite (and dolomite) 

formation leads to an intriguing and yet fundamental question: will anhydrous Mg 

carbonate salts precipitate readily if the cation solvation shells are non-aqueous?  In the 

last funding period, we followed this trail of thought by testing the possibility of 

magnesium carbonate crystallization in water-methanol binary solvent and pure methanol.  

It was expected that the presence of methanol in the solvent would at least distort the 

hydration shell around Mg2+ due to the hydrogen bond formation.  As such, we 

anticipated possibility of anhydrous magnesium carbonate phase (crystalline or 

amorphous) precipitation in the experiments, particularly at dry conditions.  Experimental 

results however did not reveal the formation of any anhydrous MgCO3 salts, suggesting 

methanol may not be able to affect the hydration shell significantly.  On the other hand, 

the results showed the precipitation of amorphous Mg-CO3 containing phase, implicating 

the difficulty of MgCO3 crystallization when the availability of water is limited.   To 

further elucidate the role of water, we conducted more experiments in this funding period 

using aprotic solvents to completely eliminate the presence of free protons in the solution 

so that the carbonate equilibria have no chance to shift toward carbonic acid to produce 

H2O.  The overall goal is to test the role of cation hydration in MgCO3 crystallization and 

to provide direct insight into the dolomite problem.      

In this funding period, we explored the possibility of magnesite (MgCO3) and 

dolomite (CaMg(CO3)2) formation under ambient conditions in dry formamide (an 

organic solvent, O=CH-NH2). We chose formamide because it has a high dielectric 

constant (ε = 109.8) and resembles water in many physical properties, such as density, 

dipole moment and surface tension. The strong polarity of formamide allows us to 
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prepare high-concentration solutions containing Mg2+ (and Ca2+) cations or CO3 anions. 

In addition, the hydrogen bonding between formamide molecules is also much weaker 

than that between water molecules due to the stronger steric effect10, which is indicative 

of a much weaker solvation effect on the solute ions. 

Results and Discussion 

We started our experiments by first making stock solutions of 0.1M of MgCl2
 

(stock 1), 0.1M of (Ca,Mg)Cl2 (stock 2), and 0.1 M CsCO3 (stock 3) in formamide.  

Stock 2 was made such that [Mg2+]+[Ca2+] = 0.1 M while the Mg/Ca (molar) ratio varied 

from 1:5 to 5:1. We then carried out the synthesis by mixing or titrating stock 3 into stock 

1 or stock 2 at room temperature in an open (to air) setting (see Methods).  Consistent 

with the prediction of cation hydration hypothesis, precipitation occurred either 

immediately upon the mixing or gradually during the titration. However, X-ray 

diffraction (XRD) analyses of the isolated solid phases (Fig. 1) showed that the 

precipitates’ crystallinity was highly dependent of the Mg mol % content in the solution.  

In the pure-Mg system (combination of stock 1&3) (Fig. 1a), exclusively amorphous 

material was formed. Infrared spectroscopy (IR) analyses of these amorphous phases (Fig. 

2) confirmed that they were composed of disordered carbonate with characteristic peaks 

in the 870 cm-1, 1080 cm-1, and 1430 cm-1 regions, and were anhydrous in nature (no 

water absorption near 3400 cm-1). In the high-Mg, mixed-cation experiments (the 

combination of stock 2&3), the lack of crystallinity remained as the precipitates from 

solutions with Mg/Ca = 5:1 and 2:1 showed no diffraction peaks in their XRD spectra 

(Fig. 1 b-c). We note that the amorphous nature of the precipitates from high-Mg systems 

was not altered by changing the mixing rate of the stock solutions, e.g., by titrating stock 

3 into stock 1 or 2 over a period of ~4 h or mixing the two within 1 min. Continuous 

decline in the Mg content finally led to the development of crystalline phases when Mg 

mol % in the solutions was decreased below ~50%.  For example, at Mg/Ca = 1:1, 

disordered dolomite of moderate crystallinity was observed; and at Mg/Ca = 1:2 and 1:5, 

magnesian calcite of good crystallinity was formed (Fig. 1d-e). Using a previously 

established method11, we determined the Mg contents in the crystalline phases to be ~ 37 

mol% (1:1), ~23-25 mol% (1:2), and 9-10 mol% (1:5), respectively.  ICP-OES analyses 

upon dissolving the precipitates in 1% HNO3 solution (Table 1) fully corroborated the 
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XRD results showing a Mg accounts of 71, 60, 40, 26, and ~15 mol % in the 5:1, 2:1, 1:1, 

1:2, and 1:5 systems, respectively.  It is worth noting that the amorphous phases were 

quite stable as no discernable XRD diffraction pattern was detected on the samples ~ 120 

days after the synthesis. 

 The evolving crystallinity and composition in the precipitates were further 

revealed by scanning electron microscopy (SEM) and high-resolution transmission 

electron microscopy (HR-TEM) coupled with energy dispersive spectroscopy (EDS). 

SEM analyses (Fig. 3) indicated that the precipitates in high Mg/Ca (5:1, 2:1) and pure-

Mg solutions were composed of nano-sized spheres with no specific crystal habit whereas 

those in low Mg/Ca conditions (1:5, 1:2) appeared as (sub)micron sized euhedral crystals, 

consistent with the XRD analyses. TEM images (Fig. xx to yy) suggested that the crystals 

formed in the 1:1 and 1:2 solutions becomes significantly elongated relative to those 

(almost perfectly euhedral) seen in the 1:5 samples, agreeing well with previously 

observed Mg2+ effect on calcite morphology in AFM study12.  Selected Area Diffraction 

(SAED) pattern showed the presence of both amorphous and crystalline phases in the 1:1 

solutions (Fig. 4B, 2&3) and the exclusive amorphous nature of the precipitates in 5:1 

(Fig. 4C2) and pure-Mg solution (Fig. 4D).  EDS analyses estimated that the crystalline 

Ca-Mg-CO3 phase (rhombohedral to oval-shaped, Fig. 4A1) in the 1:2 solutions were 

composed of ~ 32 mol % of MgCO3 (Fig. 4A2).  Further increase to Mg/Ca ratio to 1:1 

raised the MgCO3 content to ~38 mol %  in nano-crystals and ~47 mol % in amorphous 

phase (Fig. B, inset).   The distribution of Mg2+ and Ca2+ in the dolomitic species formed 

in the 1:1 solutions (over-shaped crystals in Fig. 4B1) appeared to be completely random 

(Fig. 4B2).    

Both EDS (Fig. 4) and ICP-OES (Table 1) detected the presence of small 

quantities of Cs in the precipitates, more in amorphous phases than in crystals.  The 

higher level of Cs associated with lower crystallinity, along with the coupled appearance 

of Cs and Cl in amorphous phases (Fig. 4), seem to suggest that Cs may exist in lattice as 

well as in surface adsorption or as trapped residual solute.   

These findings are of significance in multiple fronts.  First of all, the lack of 

crystallinity in the precipitates harvested in magnesium-only and high Mg/Ca solutions 

suggest that long-range orders in the MgxCa(1-x)CO3 solid  cannot be readily achieved at 
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high magnesium % content (x > 0.38 in our experiments), exposing a previously 

unrecognized intrinsic difficulty for Mg2+ and CO3
2- to attain the R3c (in magnesite) or 

R3 (in dolomite) arrangements at ambient conditions. It is noteworthy that such difficulty 

is unlikely caused by the reaction kinetics of Mg2+ and CO3
2- because varied mixing rates 

(i.e., slow titration versus quick mixing) showed little effect on the precipitate’s 

morphology and crystallinity. Secondly, in contrast to the widely reported crystallization 

of magnesium carbonate hydrates such as nesquehonite, MgCO3·3H2O, (monoclinic, 

P21/n) from aqueous environments at ambient conditions, the observed formation of 

amorphous MgCO3 anhydrates in the present study implies that water facilitates the 

nucleation process by direct incorporation into the lattice. Thirdly, comparing the 

partitioning behavior of Mg in this study (in formamide) with those in previous work (in 

water) (Fig. 4), we found that far higher molar % of Mg was incorporated into the 

crystalline solids (calcite) formed in non-aqueous environments. For example, the 

distribution coefficient for Mg, DMg = (Mg/Ca)solid/(Mg/Ca)solution, was estimated to be ~ 

0.6 – 0.8 in this study, about one order of magnitude higher than that in water at similar 

conditions (0.02 – 0.09, depending on the specific experiments)13.  This observation is 

consistent with the hypothesized role of water in limiting Mg-rich carbonate formation 

and likely constitutes the first direct evidence that quantifies the hindrance of cation 

hydration on Mg2+ incorporation into calcite lattice. Lastly, our experimental approach 

provided a synthetic route to produce anhydrous amorphous magnesium carbonate at 

room temperature and atmospheric pCO2, which may help to extend the current effort in 

understanding amorphous calcium carbonate (ACC)14 to amorphous magnesium 

carbonate (AMC), both of which provide a low energy pathway for carbonate 

mineralization in biological (organic-rich) environments. To the best of our knowledge, 

no literature report is available to date documenting the formation of anhydrous AMC 

although the synthesis of hydrous forms, Ca1-xMgxCO3·nH2O (0 ≤ x ≤ 1), was achieved at 

elevated temperature15. 

We ascribe the major difficulty in anhydrous MgCO3 mineralization at ambient 

conditions to the reduced freedom of the CO3 groups in magnesite that, consequently, 

incurs a high-energy (chiefly from entropy decrease) penalty for the crystallization 

process.  Previous studies on the crystal structure of carbonate minerals revealed that, Mg 
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and O form much more compact octahedra in magnesite than Ca and O do in calcite.  As 

a result, the CO3 groups in magnesite have far less freedom in motion than those in 

calcite, although the C-O interatomic distance is nearly uniform in the two minerals, due 

to the stronger interactions between the Mg-O octahedra16. For example, the CO3 group 

within the calcite structure can undergo translational, librational (i.e. rotational), or screw 

motions depending on the energy level of the environment, whereas only translational 

motion is allowed for the CO3 group in magnesite.  The enhanced lattice restriction in 

magnesite is also confirmed by the outcome of structural refinement for calcite and 

magnesite formed under different temperature/pressure conditions17. Specifically, the C-

O and O-O interatomic distances in the magnesite-CO3 groups maintain a much higher 

stability when external conditions change, resulting in a lower overall distortion in the 

groups at higher temperature/pressure, presumably due to the stronger confinement by the 

highly compact and rigid Mg-O octahedra. Some researchers18 even suggested that the 

CO3-structural change is mainly responsive to the expansion/compaction of the Mg-O 

octahedra at the elevated temperature/pressure.   

Building on these lines of previous understanding, we deduce that the specific 

configuration of Mg and CO3 in magnesite, where the CO3 groups are precisely and 

securely interlocked between the Mg-O octahedra, may be rather difficult to reach at 

ambient conditions. Unless the Mg-O octahedra are efficiently compressed so that the 

CO3 group can have more freedom in motion (Fig. 5), the energy barrier for forming an 

ordered Mg-CO3 arrangement may be too high to be overcome at low 

temperature/pressure conditions due to the entropic loss associated with the atoms’ strict 

spatial distribution. Therefore, we attribute the main force inhibiting Mg-CO3 

crystallization in water-free environments to the thermodynamic hindrance resulting from 

the entropy decrease associated with intensified restrictions on the CO3 groups in 

magnesite.  

Other than the high energy barrier for establishing long-range order in anhydrous 

MgCO3 salt, the amorphism of the MgxCa(1-x)CO3 phases (x > 0.37)  in our high-Mg 

systems may also result from the internal lattice strains and stresses induced by the large 

size- and charge-density-mismatch between Mg2+ and Ca2+.  Both experimental and 

computational investigations in the literature provided evidence indicating that calcite 
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crystals with low concentrations of Mg are stable in structure19 (17, 67-69); these studies, 

however, predicted that high concentrations of Mg (≥ ~50 atom %) may prevent crystal 

formation due to the increasing structural stiffness and distortion resulted from the 

random Mg-substitution of Ca. Recent studies20 using computational methods reported 

that substituting Ca by Mg in calcite crystals can alter the cation-C and the cation-cation 

interatomic distances significantly and cause local tilt of the CO3
2- groups while 

maintaining the C-O (within the CO3
2-) and the cation-O bond lengths. Moreover, 

literature data indicated that pyramidal distortion of the CO3 group needs to occur in 

magnesite to satisfy the R3c space-group symmetry21.  Altogether, these structural 

distortions at high lattice-Mg content will stiffen the crystal structure by reducing the 

equilibrium volume and raising the bulk modulus. Our experimental observations that no 

crystalline phase with Mg mol% greater than ~37% can precipitate directly from high-Mg 

solutions is largely in line with these previous understanding.  

 

Conclusion 

In summary, we have approached the long-standing geochemical question why 

anhydrous high-Mg carbonate minerals (i.e., magnesite and dolomite) cannot be formed 

at ambient conditions from a new perspective by exploring the formation of MgCO3 and 

MgxCa(1-x)CO3 in non-aqueous solutions. Data collected from our experiments in this 

funding period suggest that a fundamental barrier, other than cation hydration, exists that 

prevents Mg2+ and CO3
2- ions from forming long-range ordered structures. We propose 

that this barrier mainly stems from the lattice limitation on the spatial configuration of 

CO3 groups in magnesite crystals. On the other hand, the measured higher distribution 

coefficients of Mg between magnesian calcites formed in the absence and presence of 

water give us a first direct proof to support and quantify the cation hydration effect.  

These findings may expand our current understanding of the Mg(-Ca)-CO3 system and 

provide important insight into dolomite/magnesite formation as well as the processes 

involved in biomineralization and mineral carbonation.  
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Table & Figure Captions 
 
Table 1. Chemical compositions of the precipitated solids by inductively couple plasma-

optical emission spectroscopy (ICP-OES). 
 
Figure 1. X-ray diffraction analyses of the precipitated solids in formamide solutions at 

22˚C, atmospheric conditions. The corresponding peak positions for calcite 
(green) and dolomite (red) are indicated. 

 
Figure 2: Infrared spectroscopy analysis of the amorphous solids formed in pure-

magnesium and high [Mg2+]/[Ca2+] solutions.  
 
Figure 3: SEM images of the precipitated solids in formamide solutions. (a) 

[Mg2+]/[Ca2+] = 1:5; (b) [Mg2+]/[Ca2+] = 1:1; (c) [Mg2+]/[Ca2+] =5:1; and (d) 
pure-magnesium. The indicated scale bars are 200 nm.  Notice the lack of 
morphology in the precipitates in the 5:1 and pure-Mg solutions. 

 
Figure 4: TEM and EDS analyses of the precipitated solids. A1: round-cornered 

rhombohedral crystals formed in the 1:2 solution. A2: Close examination of an 
individual unit shows that they are polycrystalline and comprise nanoscale 
crystals. Inset displays an EDS spectrum for the nanocrystals at the bulk edge 
(with ~32 mol % of MgCO3). B1: Amorphous and oval-shaped crystalline 
phases formed in the 1:1 solution. EDS spectra of various spots (e.g., the upper 
right for the dash-circled area and the lower right for the solid-circled one) show 
that both types of solids are composed of Ca-Mg-CO3, of which the amorphous 
consists of 47 mol % of MgCO3 content and the crystalline consists of 37 mol 
%. Trace amounts of Cs, Na, and Cl were also observed in the EDS spectra, 
likely due to the adsorption of residue solutes at the precipitates’ surface. B2: 
Close examination of an oval-shaped unit reveals that they are polycrystalline 
and comprise nano-scale crystals, as those less elongated ones in the 1:2 
(Mg/Ca) system. Inset is a selected-area electron diffraction (SAED) pattern for 
the [010] zone axis, displaying the characteristic diffraction arcs for Ca-rich 
dolomite and suggesting the existence of low-angled grain boundaries between 
the nanocrystals. The distribution of Ca2+ and Mg2+ cations in these poly-
crystals is highly random because no super-lattice reflections i.e., (003) were 
observed. B3: High-resolution images of the dolomite nanocrystals with a fast 
Fourier transform (FFT) pattern for the [010] zone axis. No super-lattice fringes 
or reflections were observed. C1: Microscopic images of the precipitates in the 
5:1 (Mg/Ca) system, indicating that highly fine and amorphous phases were 
formed. Inset is an EDS spectrum for the solids which consist of 73 mol % of 
MgCO3, where Na, Cl, and Cs were also detected. C2: High-resolution images 
and a SAED pattern for the precipitates confirming their amorphous nature. D1: 
Microscopic images of the precipitates in the pure-Mg system. The EDS and 
SAED analyses indicate that these solids are amorphous and dominantly consist 
of MgCO3. 
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Figure 5: Comparison of the Mg-distribution coefficients in the crystalline/amorphous 
Mg-Ca-CO3 phases formed in formamide (this study) and in water (previous 
studies). The results for this study are based on ICP-OES (solid triangle) and 
XRD (void triangle) analyses, respectively. The results for previous studies are 
average values (with error bars) of those from Mucci and Morse, 1983, Mucci 
1986, Hartley and Mucci, 1996, and Huang and Fairchild, 2001. 

 
Figure 6. (Left) Ambient-pressure structure of magnesite. The arrows indicate the 

direction in which the MgO6 octahedra may rotate upon compression. (Right) 
High-pressure structure of magnesite. The MgO6 octahedra have rotated about 
c-axis and are approaching alignment with one another, allowing for a 
lengthening of the C-O bond. This results in a lengthening of the C-O bond and 
a noticeable enlargement of the carbonate group relative to the MgO6 octahedra. 
(from Santillan et al., 2005). 

 
 

 
 
 
  



Calcite
XRD Analyses of the Precipitates

(a) Pure Mg

Calcite
Dolomite

(b) 1Ca:5Mg

(c) 1Ca:2Mg

(d) 1Ca:1Mg

(e) 2Ca:1Mg

(f) 5Ca:1Mg

Figure 1



Figure 2g



A B5Ca:1Mg 1Ca:1Mg

C D1Ca:5Mg Pure Mg

Figure 3 



Figure 4



Figure 5 



Low‐pressure, 0 GPa High‐pressure, 50 Gpa

Figure 6



11 
 

References 
                                                 
1 Konigsberger, E.; Konigsberger, L. C.; Gamsjager, H. (1999) Low-temperature 

thermodynamic model for the system Na2CO3-MgCO3-CaCO3-H2O. Geochimica 
Et Cosmochimica Acta, 63, 3105-3119. 

 
2 Sayles, F. L.; Fyfe, W. S. (1973) The crystallization of magnesite from aqueous solution. 

Geochimica et Cosmochimica Acta, 37, 87-96. 
 
3 Deelman, J.C. (2001) Breaking Ostwald'srule.- Chemie der Erde, Jena, Bd. 61, p. 224-

235. 
 
4 Giammar, D. E.; Bruant, R. G.; Peters, C. A. (2005) Forsterite dissolution and 

magnesite precipitation at conditions relevant for deep saline aquifer storage and 
sequestration of carbon dioxide. Chemical Geology, 217, 257-276. 

 
5 Davies, P. J. and Bubela, B. (1973) TRANSFORMATION OF NESQUEHONITE 

INTO HYDROMAGNESITE. Chemical Geology  12, 289-300. 
 
6 Fernandez, A. I.; Chimenos, J. M.; Segarra, M.; Fernandez, M. A.; Espiell, F. (2009) 

Procedure to obtain hydromagnesite from a MgO-containing residue. Kinetic study. 
Industrial & Engineering Chemistry Research, 39, 3653-3658. 

 
7 Zhang, Z. P.; Zheng, Y. J.; Ni, Y. W.; Liu, Z. M.; Chen, J. P.; Liang, X. M. (2006) 

Temperature- and pH-dependent morphology and FT-IR analysis of magnesium 
carbonate hydrates. Journal of Physical Chemistry B, 110, 12969-12973. 

 
8 Hanchen, M.; Prigiobbe, V.; Baciocchi, R.; Mazzotti, M. (2008) Precipitation in the 

Mg-carbonate system - effects of temperature and CO2 pressure. Chemical 
Engineering Science, 63, 1012-1028. 

 
9 Ikeda, T., Boero, M., Terakura, K. (2007) Hydration properties of magnesium and 

calcium ions from constrained first principles molecular dynamics. The Journal of 
Chemical Physics 127 (DOI: 10.1063/1.2768063). 

 
10 Pullman A, Berthod H, Giessnerprettre C, Hinton JF, Harpool D (1978) Hydrogen 

bonding in pure and aqueous formamide. J Am Chem Soc 100: 3991-3994. 
 
11 Zhang F, Xu H, Konishi H, Roden EE (2010) A relationship between d(104) value and 

composition in the calcite-disordered dolomite solid-solution series. Am Mineral 95: 
1650-1656. 

 
12 Davies KJ, Dove PM, Wasylenki LE, De Yoreo JJ (2004) Morphological consequences 

of differential Mg2+ incorporation at structurally distinct steps on calcite. Am 
Mineral 89: 714-720. 

 
13 Mucci A, Morse JW (1983) The incorporation of Mg2+ and Sr2+ into calcite 

overgrowths-Influence of growth rate and solution composition. Geochim 



12 
 

                                                                                                                                                 
Cosmochim Ac 47: 217-233; Mucci A (1986) Growth-kinetics and composition of 
magnesian calcite overgrowths precipitated from seawater – quantitative influence 
of ortho-phosphate ions. Geochim Cosmochim Ac 50: 2255-2265; Hartley G, Mucci 
A (1996) The influence of PCO2 on the partitioning of magnesium in calcite 
overgrowths precipitated from artificial seawater at 25˚ and 1-atm total pressure. 
Geochim Cosmochim Ac 60: 315-324; Huang YM, Fairchild IJ (2001) Partitioning 
of Sr2+ and Mg2+ into calcite under karst-analogue experimental conditions. 
Geochim Cosmochim Ac 65: 47-62. 

 
14 Loste E, Wilson RM, Seshadri R, Meldrum FC (2003) The role of magnesium in 

stabilizing amorphous calcium carbonate and controlling calcite morphologies. J 
Crystal Growth 254: 206-218; Aizenberg J, Lambert G, Weiner S, Addadi L (2003) 
Factors involved in the formation of amorphous and crystalline calcium carbonate: 
a study of an ascidian skeleton. J Am Chem Soc 124: 34-39; Raz S (2003) The 
transient phase of amorphous calcium carbonate in sea urchin larval spicules: the 
involvement of proteins and magnesium ions in its formation and stabilization. Adv 
Funct Mater 13: 480-486; Faatz M, Grohn F, Wegner G (2004) Amorphous 
calcium carbonate: Synthesis and potential intermediate in biomineralization. Adv 
Mater 16: 996-1000. 

15 Radha et al. (2012) Energetic and structural studies of amorphous Ca1-xMgxCO3·nH2O 
(0 ≤ x ≤ 1). Geochim Cosmochim Ac 90: 83-95. 

 
16 Oh KD, Morikawa H, Iwai S, Aoki H (1973) The crystal structure of magnesite. Am 

Mineral 58: 1029-1033; Markgraf SA, Reeder RJ (1985) High-temperature 
structure refinements of calcite and magnesite. Am Mineral 70: 590-600; Gottlicher 
S, Vegas A (1988) Electron-density distribution in magnesite (MgCO3). Acta 
Crystallogr B 44: 362-367; Maslen E N, Streltsov VA, Streltsova NR (1993) X-ray 
study of the electron density in calcite, CaCO3. Acta Cryst 49: 636-641; Skinner AJ, 
LaFemina JP, Jansen HJF (1994) Structure and bonding of calcite: a theoretical 
study. Am Mineral 79: 205-214; Catti M, Pavese A (1996) Theoretical structure 
factors and electron density of magnesite (MgCO3). Acta Crystallogr A 52: 413-418.  

 
17 Peterson et al. (1979) Electron density study of calcite. EOS 60: 415-416; Reeder RJ, 

Wenk HR (1983) Structure refinements of some thermally disordered dolomite. Am 
Mineral 68: 769-776; Williams Q, Collerson B, Knittle E (1992) Vibrational spectra 
of magnesite (MgCO3) and calcite-III at high pressures. Am Mineral 77: 1158-1165; 
Gillet P, Biellmann C, Reynard B, McMillan P (1993) Raman spectroscopic studies 
of carbonates. Part I: High-pressure and high-temperature behavior of calcite, 
magnesite, dolomite and aragonite. Phys Chem Minerals 20: 1-18; Grzechnik A, 
Simon P, Gillet P, McMillan P (1999) An infrared study of MgCO3 at high pressure. 
Physica B 262: 67-73; Santillan J, Catalli K, Williams Q (2005) An infrared study 
of carbon-oxygen bonding in magnesite to 60 GPa. Am Mineral 90: 1669-1673. 

 
18 Fiquet et al. (2002) Structural refinements of magnesite at very high pressure. Am 

Mineral 87: 1261-1265 



13 
 

                                                                                                                                                 
19 Radha et al. (2012) Energetic and structural studies of amorphous Ca1-xMgxCO3·nH2O 

(0 ≤ x ≤ 1). Geochim Cosmochim Ac 90: 83-95; Reddy MM, Nancollas GH (1976) 
The crystallization of calcium carbonate. (IV) The effect of magnesium, strontium 
and sulfate ions. J Cryst Growth 35: 33-38; Ma et al. (2009) The grinding tip of the 
sea urchin tooth exhibits exquisite control over calcite crystal orientation and Mg 
distribution. PNAS 106: 6048-6053; Zolotoyabko et al. (2010) Differences between 
bond lengths in biogenic and geological calcite. Cryst Growth Des 10: 1207-1214. 

 
20 Elstnerova et al. (2010) Ab initio study of thermodynamic, structural, and elastic 

properties of Mg-substituted crystalline calcite. Acta Biomater 6: 4506-4512. 
 

21 Effenberger H, Mereiter K, Zemann J (1981) Crystal structure refinements of 
magnesite, calcite, rhodochrosite, siderite, smithonite, and dolomite, with 
discussion of some aspects of the stereochemistry of calcite type carbonates. Z 
Kristallogr 156: 233-243; Burton B, Kikuchi R (1984) Thermodynamic analysis of 
the system CaCO3-MgCO3 in the tetrahedron approximation of the cluster variation 
method. Am Mineral 69: 165-175. 

 
 


