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Abstract
The structural parameters and the thermal behavior of a complete series of Ca–Mg carbonates synthesized at high pressure 
and temperature (1–1.5 GPa, 1273–1373 K) in the range 0–50 mol%  MgCO3 have been investigated by in situ powder syn-
chrotron high-resolution X-ray diffraction at ambient and up to 1073 K under self-controlled  CO2 partial pressure. The crystal 
structures are disordered Mg calcite in the range 1–41 mol%  MgCO3, and Ca dolomite at 49 mol%  MgCO3. New calibration 
curves of the cell parameters for the Mg content and thermal expansion from ambient to 1073 K are given. Short-range 
structural effects of cation substitution and ordering and their thermal behavior as a function of Mg content were identified 
from three sets of data: the peak broadening, the cell parameter strains and the Raman band enlargements. Both intra- and 
inter-crystalline levels of compositional heterogeneity are identified and allow splitting the Mg calcites into two groups: 
low- and high-Mg calcites. The low-Mg calcites (up to 22 mol%  MgCO3) are homogeneous in Mg content with short-range 
ordering. High-Mg calcite (up to 41 mol%  MgCO3) displays domains with different local ordering configurations and similar 
or slightly different Mg contents, and to which is added a compositional variation between crystals, as determined by EMP, 
of the order of  ± 0.8 mol%  MgCO3. The cation ordering in Ca-rich dolomites similarly occurs in high-Mg synthetic calcites. 
The role of  (CO3)2− group ordering is shown to be an important factor in the formation of Ca–Mg carbonates.

Keywords Calcite–dolomite solid solution · RT and high-temperature X-ray diffraction · Crystal structure · Short-range 
cation order · Long-range cation order · Thermal expansion

Introduction

Among all carbonate systems, Ca–Mg carbonates on the 
calcite–dolomite join are the most studied due to their 
importance as geological and industrial materials. Low- to 
high-Mg calcites are main components of many biominer-
als, whereas Ca-rich dolomites with Ca excess up to 6 mol% 
occur in sedimentary rocks of diverse environments and 
ages. Most natural carbonates present morphology, struc-
ture, composition, stoichiometry, and/or cation ordering 
deviations from the ideal crystalline structures of calcite and 
dolomite (Deelman 2011; Rodriguez-Navarro et al. 2013). 
Such features may contain information about crystal growth. 
They may also reflect environmental factors that control Mg 
calcite and Ca dolomite formation and transformation in 
biominerals and sedimentary rocks.

Optically clear natural (OCN) calcite, dolomite and 
synthetic crystals on the calcite–dolomite join are com-
monly used as standards to study the physicochemical and 
structural properties of natural carbonates. Synthesized 
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Mg calcites were produced either at high pressure and 
temperature from solid mixtures (Bischoff et al. 1983; 
Goldsmith et al. 1958, 1961; Jenkins et al. 2018) or by 
crystallization in aqueous solutions under ambient pres-
sure and temperature (Glover and Sippel 1967) and refer-
ences therein, (Zhang et al. 2010). As a reference work, 
Bischoff et al. (1983) synthesized up to 24 mol%  MgCO3 
Mg calcites at high pressure (2, 10 and 15 kbar) and tem-
perature (973 K or 1273 K), and characterized the products 
by XRD and μRaman spectroscopy. The Mg calcites are 
reported as fully disordered calcite structures and display 
a nonlinear, but smooth, variation of unit cell param-
eters and volume with composition up to about 20 mol% 
 MgCO3. Bischoff et al. (1983) reported negative excess 
volumes changing from negative to positive at 20 mol% 
 MgCO3 (Fig. 1). Zhang et al. (2010) indicate that the cell 
parameters of Mg calcites synthesized in aqueous solu-
tions deviate from a simple linear trend above 28 mol% 
 MgCO3 (Fig. 1). Zhang et al. (2010) considered that this 
non-linear change of structural parameters is related to 
partially ordered arrangements of Mg and Ca and twin-
ning which are well known for compositions close to dolo-
mite (Reeder 1992; Rodriguez-Navarro et al. 2013; Wenk 
et al. 1983 and references therein). Thus, the relationship 
between Ca and Mg structural ordering observed by trans-
mission electron microscopy (Fang and Xu 2019; Larsson 
and Christy 2008; Meike et al. 1988; Reksten 1990; Shen 
et al. 2014; Van Tendeloo et al. 1985; Wenk et al. 1991) 
and the cell parameter variations as a function of Mg con-
tent are still a matter of debate and require new structural 
studies of high-quality Mg calcites of known composition. 
Further evidence of structural ordering (or not) can be 

obtained by studying the evolution of the crystal structure 
with temperature through in situ heating experiments. An 
interesting relationship between structure and physical 
property is observed in carbonates in terms of thermal 
expansion and its relationship with anion group liberation 
and cation octahedral composition (Reeder and Markgraf 
1986; Wang et al. 2018). Indeed, calcite displays negative 
and positive thermal expansions of a and c cell param-
eters, respectively, whereas dolomite and magnesite show 
positive, although quite anisotropic, thermal expansions 
of both a and c parameters. Noting this fact, Markgraf 
and Reeder (1985) wondered about the thermal expansion 
of the a cell parameter in magnesian calcites, and more 
specifically about the Ca:Mg ratio at which the thermal 
expansion of the a cell parameter changes from negative 
to positive.

The present study is a follow-up from a previous one on 
the same synthetic carbonate samples, already published 
by our group. The first study is a comprehensive charac-
terization by μRaman spectroscopy giving accurate data 
(both in wavelength position and full width at half maxi-
mum (FWHM) peaks of carbonate group vibration bands) 
on the local ordering of the carbonate groups along the 
calcite–dolomite join (Perrin et al. 2016). The aims of the 
present study are (1) to analyze the powder diffractograms 
obtained by synchrotron high-resolution X-ray powder dif-
fraction (HRXRPD), determine the cell parameters and 
identify the structural short- and (or) long-range order-
ing (if any) of Ca–Mg carbonates in the range 0–50 mol% 
 MgCO3; (2) characterize in situ the evolution with tem-
perature of the crystal structure of selected Mg calcites 
and determine their thermal expansion up to 1073 K under 
self-controlled  CO2 partial pressure.

Fig. 1  a, c and V parameters of synthetic calcites according to pre-
vious studies. Note the discrepancies above 20 mol%  MgCO3. Black 
triangles: Goldsmith et  al (1961); Blue stars: Erenburg (1963); blue 

crosses: Zhang et  al (2010); red squares: Bischoff et  al (1983). The 
line in the V–X diagram corresponds to the calibration curve of Jen-
kins (2018): V (Å3) = 366.788–0.9326 × mol%  MgCO3
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Materials and methods

Experimental syntheses

The samples were synthesized at high pressure and high 
temperature in a piston–cylinder apparatus (Perrin et al. 
2016). The Mg calcites cover the range 2–50 mol%  MgCO3 
(2 and 5 mol% step intervals between 2 and 30 and 30 and 
50 mol%  MgCO3, respectively). The starting materials con-
sist of pure synthetic calcite (Alfa Aesar) and natural mag-
nesite from Brumado (Bahia, Brazil). After desiccation in 
an oven at 383 K, about 60 mg of the mixture were loaded 
in a 7-mm-long by 5-mm-outer diameter gold capsule and 
welded shut. The gold capsule was placed in a salt-glass 
assembly pressurized and heated for ~ 96 h in the piston–cyl-
inder apparatus, at 1273 K and 1 GPa for compositions in 
the range 2–30 mol%  MgCO3. For compositions in the range 
35–50 mol%  MgCO3, higher pressure and temperature were 
selected (1373 K and 1.5 GPa) to avoid exsolution in the 
calcite–dolomite solvus as determined by Goldsmith et al. 
(1961). Large thick-walled capsules yielded sufficient quan-
tity of crystalline material in a single experiment to carry 
out different series of analyses while long run durations 
(~ 4 days) favored attainment of textural and thermodynamic 
equilibrium. All runs were quenched by the same proce-
dure at high pressures, by cutting off the electrical power. 
The quenching time was about 20 s from 1273 to 573 K 
and 5 min to room temperature. After the experiment, the 
run product was extracted from the capsule, part of it was 
mounted in epoxy and polished for electron microprobe 
(EMP), scanning electron microscopy (SEM) and µRaman 
analyses (Perrin et  al. 2016), while the remaining was 
ground and kept for X-ray diffraction (XRD). OCN calcite, 
dolomite, and magnesite crystals were also analyzed to serve 
as references. OCN calcite comes from a perfect rhombohe-
dron of unknown origin. OCN dolomite and OCN magnesite 
come from Azcárate quarry, Eugui, Esteríbar (Spain), and 
Brumado, Bahia (Brazil), respectively. Note that the number 
associated with the sample name (e.g. MgCc2, MgCc50) 
refers to the nominal composition in mol%  MgCO3 in the 
starting material. The actual concentrations measured by 
EMP are given in Table 1.

Analytical methods

Synchrotron high‑resolution X‑ray powder 
diffraction

HRXRPD of the samples was performed at the ID22 
beamline of the European Synchrotron Radiation Facility 

(ESRF, Grenoble, France). The instrument is equipped 
with a double-crystal monochromator  Si(111) and crystal 
analyzer optical elements in the incident and diffracted 
beams, respectively. A description of the diffraction instru-
ment is given by Fitch (2004). The setup allows high-
quality powder diffraction patterns with high signal/noise 
ratio, combined with narrow peaks, accurate positions and 
intensities. The instrumental contribution to peak width 
(FWHM) does not exceed 0.003° 2θ. The typical resolu-
tion (Δd/d) is ∼ 10−4. Incident beam size on the sample 
is typically 1.5 mm × 1.5 mm. The selected wavelength 
λ = 0.41068(1) Å (30 keV) was calibrated with Si stand-
ard NIST 640c (certified cell parameter a = 5.4311946 
(92) Å). One-millimeter-outer diameter quartz capillar-
ies were filled with sample powder, then sealed, mounted 
horizontally, and spun at 1000 rpm during data collec-
tion to improve particle statistics. Data were collected in 
the 1° < 2θ < 45° range, in continuous motion 5°/min, and 
rebinned in 2θ step of 0.003°. Data acquisition time was 
30 min for each sample at room temperature (RT) to ensure 
good counting statistics. For in situ heating measurements, 
the capillaries were heated with a hot air blower mounted 
vertically, perpendicular to the capillary. Temperature was 
controlled by a thermocouple located in the hot air stream. 
The measurements (three recording patterns of 10 min at 
each T) were performed at RT, then in steps of 60 K from 
353 to 1073 K (heating rate of 10 K/min) and again at 
room temperature after cooling.

HRXRPD pattern analysis

Cell parameters

Both whole powder pattern and single peak analyses were 
performed with the Fullprof software suite (Rodriguez-
Carvajal 1993). In the Rietveld refinements, the diffraction 
peak profiles were fitted with a pseudo-Voigt profile func-
tion and corrected for the asymmetry due to axial diver-
gence (Rietveld 1969). All samples were refined in the 
rhombohedral system using the R3c space group for cal-
cite, Mg calcite and magnesite, and the R3 space group for 
dolomite and Ca-dolomite. Starting atomic coordinates, 
cell parameters, and isotropic temperature factors of cal-
cite and magnesite are taken from Maslen et al. (1995) 
while those of dolomite and Mg calcite are from Althoff 
(1977). The atomic composition of each powder sample 
was determined by EMP with a mean value and a standard 
deviation. Consequently, (1) the random occupancy of Ca 
and Mg into octahedral sites for Mg calcite samples was 
not refined but constrained to the EMP composition, (2) 
the  CO3 group was considered as a rigid structural unit. 
The C–O bond length was previously found to be very 
close to 1.284 Å for several carbonate phases, including 
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magnesite and otavite (Reeder 1983; Zemann 1981). The 
C–O bond length was fixed as a function of Mg content 
(nMg), between the C–O bond lengths in calcite (nMg = 0, 
d(C–O)calcite = 1.2864  Å) and in dolomite (nMg = 0.5, 
d(C–O)dolomite = 1.2831 Å). It was constrained according 
to the linear relation d(C–O)MgCc = -0.000068 × nMg + 1.28
64 (with nMg: mol%  MgCO3 determined by EMP reported 
in Table 1). The background function, scale factors, unit-
cell parameters, Gaussian and Lorentzian-broadening 

coefficients of the pseudo-Voigt profile function, and 
March-Dollase preferred orientation parameters were 
refined for each entire diffractogram. Atomic positions 
were refined only for OCN calcite, dolomite and magne-
site. In the synthetic Mg calcites, where oxygen position 
and Ca and Mg occupations were constrained, typical 
agreement factors, χ2, Rp, and Rwp ranged from 3 to 13, 
0.08 to 0.10, and 0.12 to 0.15, respectively.

Table 1  Refined unit cell parameters, microstructural parameters [FWHM broadening, size 〈L〉 and microstrain 〈ɛ〉] of synthetic magnesian cal-
cites and dolomite

(wavelength of λ = 0.41068(1) Å (30 keV)) (standard deviation in brackets).*Broadening coefficients of the pseudo-Voigt profile function con-
strained to the same values. Composition measured by EMP (Perrin et al. 2016)

Samples Composition
EMP

Proportion Space group Unit cell parameters Microstructural parameters

Name_nominal 
composition

MgCO3 (mol. %) Weight % a (Å) c (Å) FWHM (1 0 
4) 2θ (°)

Size 〈L〉 (µ) Micro-
strain 〈ɛ〉 
 10–3

P = 1 GPa T = 1273 K
 MgCc_2 0.66 (0.05) R3̅c 4.98708 (9) 17.05868 (4) 0.0076 0.911 0.053
 MgCc_4 3.23 (0.10) 4.97620 (1) 17.00054 (5) 0.0066 1.008 0.144
 MgCc_6 4.02 (0.12) 4.95942 (2) 16.92903 (9) 0.0074 0.874 0.188
 MgCc_8 6.08 (0.12) 4.96344 (1) 16.94464 (5) 0.0141 0.822 0.138
 MgCc_10 9.67 (0.30) 4.94726 (2) 16.86430 (9) 0.0089 0.930 0.370
 MgCc_12 9.52 (0.13) 4.94731 (1) 16.86683 (5) 0.0085 1.083 0.186
 MgCc_14-1 11.64 (0.68) 4.93507 (1) 16.80922 (8) 0.0107 1.346 0.226
 MgCc_14-2 11.31 (0.22) 4.93805 (1) 16.82313 (8) 0.0108 0.957 0.291
 MgCc_16 12.45 (0.21) 4.93596 (1) 16.80992 (5) 0.0071 0.952 0.224
 MgCc_18 14.46 (0.14) 4.92730 (1) 16.76702 (7) 0.0073 1.023 0.117
 MgCc_20 16.31 (0.27) 4.92161 (2) 16.73950 (8) 0.0080 0.886 0.163
 MgCc_22 18.23 (0.26) 4.91308 (1) 16.69584 (8) 0.0092 0.925 0.140
 MgCc_24 20.69 (0.27) 4.90156 (1) 16.63502 (5) 0.0078 1.305 0.188
 MgCc_26 22.02 (0.40) 4.89639 (1) 16.60686 (8) 0.0103 1.011 0.158
 MgCc_28 23.97 (0.26) 43 4.88237 (4) 16.5271 (2) 0.0108

36 4.88655 (5) 16.5547 (2) 0.0163
21 4.89116 (4) 16.5811 (2) 0.0187

 MgCc_30 25.69 (0.22) 28 4.87987 (5) 16.5220 (2) 0.0151*
42 4.87732 (5) 16.5010 (2) 0.0151*
30 4.87428 (5) 16.4786 (2) 0.0151*

P = 1.5 GPa T = 1373 K
 MgCc_35 28.25 (0.30)

33.26 (0.23)
31 4.87108 (5) 16.4689 (2) 0.0155*
29 4.86668 (6) 16.4387 (2) 0.0155*
21 4.86117 (6) 16.4052 (2) 0.0155*
18 4.83564 (3) 16.26039 (1) 0.0978

 MgCc_40 37.77 (0.50) 46 4.84199 (3) 16.2942 (1)0 0.0108*
25 4.83869 (4) 16.2677 (2) 0.0108*
29 4.83462 (3) 16.2427 (1) 0.0108*

 MgCc_45 41.43 (0.36) 31 4.82739 (8) 16.2045 (3) 0.0097*
21 4.82516 (1) 16.1833 (5) 0.0097*
48 4.82191 (6) 16.1633 (3) 0.0097*

 MgCc_50 49.23 (0.29) R3̅ 4.80585 (1) 16.05064 (5) 0.0085 1.580 0.196
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Long‑range and short‑range atom ordering

The degree of order is of primary importance in the cal-
cite–dolomite–magnesite system. As summarized by Putnis 
(1992), the degree of order involves two different concepts.

Long-range order involves the occupancies of the sites 
averaged over the complete crystal. It is defined in terms of 
relative occupancy of non-equivalent sites. In the case of 
dolomite, the disordered state occurs on sites of two distinct 
layers, Ca layers labelled α and Mg layers labelled β. The 
degree of cation order is described by the order parameter s 
defined as s = (nCa,α − nCa,β)/(nCa,α + nCa,β), where nCa,α and 
nCa,β are the occupancy of Ca-type cations in Ca-type lay-
ers and Mg-type layers, respectively. The long-range order 
parameter equals 0 in the fully disordered state and 1 in the 
fully ordered state. Other equivalent formulations for the s 
order parameter were found for stoichiometric dolomites: 
s = − 1 + 2 × nCa,α (Reeder and Wenk 1983) and for Ca-rich 
dolomite s = (2 × nCa,α − nCa,β)/(2 − nCa,α − nCa,β), where nCa,α 
and nCa,β are the occupancy of Ca-type cations in Ca-type 
layers and in Mg-type layers, respectively (Reeder 2000).

When the occupancy of Ca-type cations could not be 
refined, it is usual to calculate the long-range order param-
eter in dolomite structure from the intensity of b-type peaks. 
In the dolomite diffractograms, the periodic layer arrange-
ment of the non-equivalent sites gives rise to b-type order-
ing peaks [(1 0 1), (0 1 5), (0 2 1)] characteristic of the 
R3 space group (Goldsmith and Heard 1961; Reeder and 
Nakajima 1982; Deelman 1999). In this case, the long-range 
order parameter is related to the intensities of normal (0 0 
6) and b-type (0 1 5) peaks, and defined as 

√

(I0 1 5/I0 0 6) 
((Zucchini et al. 2012) and references therein).The order 
parameter 

√

(I0 1 5/I0 0 6) was determined from diffraction pat-
terns computed with Fullprof for stoichiometric dolomites 
(Supp. Mat. Fig. S1). From nCa,α = 1 to 0, 

√

(I0 1 5/I0 0 6) = 0
.0058 × (nCa)2 + 1.0621 × nCa + 0.0335, where nCa is the Ca 
occupancy at its normal site in the dolomite structure. The 
order parameter 

√

(I0 1 5/I0 0 6) varies almost linearly between 
1.1 and 0 from fully ordered (nCa = 1) to fully disordered 
(nCa = 0) dolomite. In the present study, the linear relation 

√

(I0 1 5/I0 0 6) = 1.1 × nCa was used to quantify the disordering 
in dolomite structure.

Short-range order was first introduced and theorized 
by Warren et al. (1951), Cowley (1950, 1960). It involves 
the occupancies of the sites over a scale of a few Å. It is 
defined by the probability that an atom is in the first coor-
dination sphere surrounding an arbitrary atom relatively to 
the random probability. In the case of Mg calcite, the dis-
ordered state occurs on one set of equivalent cation (Ca, 
Mg) sites. The degree of short-range order (α) is defined 
as α = 1 − PMg/nMg, = 1 − PCa/nCa where nMg or Ca is the Mg 
(or Ca) occupancy fraction, i.e. the random probability 
and PMg or Ca the probability of Mg (or Ca) atoms is within 

the first coordination sphere surrounding a central Ca (or 
Mg) atom. In the random structure α = 0, while in the fully 
ordered structure α = 1. In the Rietveld analysis of the Mg 
calcite powder diffractograms, the substitution of Mg for Ca 
could not be refined, it was considered as fully random and 
disordered. All kinds of short-range order being not consid-
ered, led to lower agreement factors values. Besides, short-
range order such as preferential occupancy of Ca and Mg 
into octahedral sites within domains would generate vari-
ations of intensities and non-uniform broadening of select 
families of reflections (Radha et al. 2007). In particular, (h 
k l) stacking faults would selectively broaden the peaks due 
to the (h k l) family of reflections. The heat treatment of Mg 
calcites is expected to induce lattice parameter distortions 
and Ca and Mg re-ordering, but also change the average 
domain size and crystal lattice microstrain. For these spe-
cific microstructural characterizations, each single peak in 
the diffractogram was analyzed with the Winplotr program 
(Roisnel and Rodriguez-Carvajal 2001) and we used the 
Williamson–Hall plot method (Williamson and Hall 1953) 
in which the broadened peak is analyzed by a pseudo-Voigt 
function. The integrated intensity, coherent domain size 
⟨L⟩ and average microstrain values ⟨ε⟩ are estimated from 
the refined profile width parameters. The coherent domain 
size was determined using the Scherrer (1918) formula: 
⟨L⟩ = λ/βcos(θ), where λ, β, and θ are the wavelength, inte-
gral breath, and Bragg angle, respectively (Scherrer 1918). 
The microstrain effect is the variance of the lattice spacing 
(Δd/d) and the angular dependence of the form is defined as 
Δd/d = β/tan(θ) (Stokes and Wilson 1942).

Results and interpretations

HRXRPD characterization of magnesian calcite 
syntheses

Whole pattern analysis and cell parameters

HRXRPD patterns of OCN calcite, OCN dolomite, and syn-
thetic magnesian calcite MgCc24 (~ 20.7 mol%  MgCO3) 
are shown in Fig. 2. Note the narrowness of the peaks in the 
synthesized materials. No phase other than Mg calcite and/
or dolomite was detected. No indication of extended basal 
cation stacking order such as b-type ordering reflections char-
acteristic of the ( R3 ) ordered structure of dolomite was found 
in the synthetic carbonates in the range 2–45 mol%  MgCO3. 
MgCc50 with 49.2 mol%  MgCO3 is the only synthetic sample 
with this type of ordering reflections. (1 0 4) peaks of OCN 
calcite, OCN dolomite and synthetic samples in the range 
2–50 mol%  MgCO3 are shown in Fig. 3. The plots of the (3 
0 0) and (0 0 12) peaks (distinctive a and c basal reflections, 
respectively) are provided as supplementary materials (Supp. 
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Mat. Fig. S2). The three figures show the same general fea-
tures and allow identifying two groups of syntheses: a first 
group comprising the MgCc2 to MgCc26 samples is charac-
terized by narrow and symmetric peaks, a second group from 
MgCc28 to MgCc45 displays largely broadened and asym-
metric peaks. The two groups will be referred to as low- and 
high-Mg synthetic calcites, respectively. Diffractograms of 
the high-Mg synthetic calcite group can be analyzed in differ-
ent ways: the peak broadening corresponds to a distribution 
curve of single-phase Mg calcites with either (1) different Mg 

compositions, (2) different sizes and microdistortions (Ca/Mg 
disordering), or (3) different Mg compositions, sizes or micro-
distortions (Ca/Mg disordering). Table 1 reports the Rietveld 
refinement results of the simplest model involving three or 
four calcites with different compositions (and thus different 
cell parameters) and similar peak broadening. The origin of 
peak broadening will be discussed below. Refined unit cell 
parameters, microstructural parameters (FWHM broadening, 
size 〈L〉 and microstrain 〈ɛ〉) for, synthetic Mg calcites, syn-
thetic dolomite and OCN crystals are given in Tables 1 and 

Fig. 2  HRXRPD patterns of a OCN calcite (black), b synthetic mag-
nesian calcite MgCc24 (blue) and c OCN dolomite (red) [wavelength 
of λ = 0.41068(1) Å (30 keV)]. Bragg peaks in the range 5.5 to 12° 

(2θ). R3c space group reflections in black, and R3 space group b-type 
ordering reflections in red

Fig. 3  Bragg (1 0 4) diffraction peaks of OCN calcite (black), synthetic magnesian calcites (MgCc2 to MgCc45), synthetic MgCc50 dolomite 
and OCN dolomite (red) [wavelength of λ = 0.41068(1) Å (30 keV)]
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2. Unit-cell parameters and volumes obtained for all synthetic 
samples are shown as a function of their Mg contents in Fig. 4. 
For the high-Mg synthetic calcites, values of the three phases 
used in the refinement are plotted in the diagram. The a and 
V parameters show a small negative deviation from the Cc-
Dol straight line, whereas the c parameter displays almost no 
deviation. These parameters can be fit with a second-degree 
polynomial with R2 > 0.995:

a (Å) = 4.9897 − 0.4747 ×
(

XMg

)

+ 0.2037 ×
(

XMg

)2
,

(XMg: mole fraction of  MgCO3 in the carbonate).
The fitting curves are shown in Fig. 4. As stated by 

Reeder (1983),  d(1 0 4) has long been used to determine the 
Mg content of rhombohedral carbonates. In the present 
study, the following relationship is determined:

It should be noted that  d(1 0 4) does not provide a unique 
description of the cell while lattice parameters do, and 
thus cell parameters should be preferred to determine Mg 
contents in Ca–Mg carbonates (Reeder 1983). For natural 
carbonates (including biominerals) that may contain sig-
nificant amounts of other components such as Fe, Mn, Sr, 
S, organic matrix, etc., direct measurements of composi-
tions (by EMP for instance) should be preferred.

Note again that the substitution of Mg for Ca in Mg cal-
cite has been considered as fully random and disordered in 
this analysis of the entire diffractograms. A more precise 
structural model that would take into account preferen-
tial occupancy of Ca and Mg into octahedral sites within 
domains, would possibly lead to better agreement-factor 
values. However, in the present state of our knowledge, too 
many variables remain undetermined to allow this type of 
modelling with reasonable degree of confidence.

c (Å) = 17.0643 − 2.1221 ×
(

XMg

)

+ 0.0646 ×
(

XMg

)2
,

V(Å3) = 367.9028 − 114.8121 ×
(

XMg

)

+ 38.4623 ×
(

XMg

)2

d(
1 0 4

)(Å) = −0.003032 ×
(

XMg

)

+ 3.033503
(

R
2 = 0.994

)

.

Table 2  Refined unit cell parameters, microstructural parameters 
(FWHM broadening, size 〈L〉 and microstrain 〈ɛ〉) and conventional 
Rietveld R-factors for OCN calcite, dolomite, and magnesite [wave-
length of λ = 0.41068(1) Å (30 keV)] (Standard deviation in brackets)

Samples Calcite Dolomite Magnesite
Unit cell param-
eters

Space group R3̅c Space group R3̅ Space group 
R3̅c

 a (Å) 4.98899 (3) 4.80892 (1) 4.63491 (1)
 c (Å) 17.05813 (2) 16.01536 (5) 15.02125 (5)

FWHM (104) 
2θ (°)

0.0072 0.0091 0.0104

Size 〈L〉 (µ) 0.541 1.156 0.717
Microstrain 〈ɛ〉 

 10–3
0.197 0.144 0.129

Conventional rietveld R-factors
 Rp % 11.10 11.80 9.81
 Rwp % 15.30 18.60 13.3
 Rexp % 12.61 9.39 5.91
 χ2 1.47 3.92 5.06

Fig. 4  Unit cell parameters and volume as function of Mg composi-
tion for OCN calcite, OCN dolomite (black plus) and for synthetic 
carbonate (blue, red and green plus). Dashed line is the quadratic 

least-square adjustment as discussed in the text. Solid line is the 
straight line between OCN calcite and OCN dolomite
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Single peak analysis and microstructural 
parameters

Short-range disorder in Mg calcites associated with the shift 
in position of atoms and distortion of octahedral sites must 
generate variations of (h k l) l = even intensities because of 
large differences in X-ray scattering factors between cal-
cium and magnesium atoms. Misorientation of carbonate 
ions must generate variations of (h k l) l = odd intensities. 
As far as long-range order is concerned, the spatial extent 
and the structural nature of long-range order in Mg calcites 
domain must generate non-uniform widening of some fami-
lies of reflections. Below, both intensities and FWHM of 
the diffraction peaks are analyzed to characterize both the 
structural short- and/or long-range order and the length of 
structural coherence.

Intensities of several first (h k l) peaks for even and odd 
(l)s are shown in Fig. 5a, b as a function of Mg contents, and 
they are compared to those calculated from randomly dis-
ordered Mg calcite structure. Intensities of all (h k l) peaks 
vary linearly as a function of Mg content. No particular (h k 
l) intensity variation as a function of Mg content is observed. 
Some of them increase while others decrease. The devia-
tions from linearity (SD 0.10) are small and not correlated 
to Mg content and (h k l) families. A small deviation could 
be attributed to random distribution of structural distortions 
such as locally restricted cation ordering and anion posi-
tional disorder (off-planar tilting of the  CO3 groups) (Althoff 
1977; Paquette and Reeder 1990). In the present case, the 
deviations are erratic and prevent refining a better structural 
model with confidence.

Concerning the FWHM, it has been mentioned earlier 
that two groups can be defined on the basis of peak FWHM 
differences, as observed in Fig. 3 (see also Supp. Mat. Fig. 
S2). In the low-Mg synthetic calcites (0–26 mol. %  MgCO3), 
the FWHM variation of each (h k l) peak as a function of 
Mg content is small (usually less than 0.3%) (SD in Fig. 6). 
The largest values and variations are for (h k l) peaks with 
large l values such as (1 0 10), (2 0 8), (0 0 12), (0 2 10) and 
(1 1 12). The (h k l) families with large l values are sensi-
tive to local basal stacking disorder, but here again we must 
remain cautious as differences with variations observed in 
OCN calcite are small (Fig. 6). The structural distortions 
determined with the Williamson–Hall plot method are given 
in Table 1. The mean coherent domain size ⟨L⟩ [1.0 µm (SD  
0.2)] is similar to OCN calcite (Fig. 7a). However, the aver-
age microstrain ⟨ε⟩ = 2 × 10–4 (SD = 0.7 × 10–4), that is four 
times higher than in OCN calcite (Fig. 7b), could be related 
to the random distribution of structural distortions leading 
to small intensity deviations described above.

In the case of high-Mg synthetic calcites, the FWHM 
of the diffraction peaks are three to four times larger than 
low-Mg calcites (Fig. 3, Supp. Mat. Fig. S2). In addition, 
the peaks are asymmetric whatever the Mg content, and in 
a similar way for each (h k l) peak family. Thus, the FWHM 
broadening cannot be interpreted in terms of domain size 
and microstructural defects but rather in terms of coexist-
ence of tiny domains with different compositions in a single 
crystal (Table 1). This interpretation will be developed in 
the discussion below.

Special emphasis must be put on the MgCc50 sam-
ple that shows the characteristic superlattice peaks of 

Fig. 5  Observed intensities of (h k l) peaks a l = even (distortion of 
octahedral sites); b l = odd (misorientation of  CO3 groups) of syn-
thetic carbonates as a function of Mg composition for synthetic car-
bonates (filled circles). The dashed line represents the intensities 

calculated for ideally disordered Mg calcites. All observed and calcu-
lated intensity are normalized to the same scale factor. Intensity axis 
is offset for each (h k l) for clarity
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dolomite. In this case and compared with OCN dolomite, 
no FWHM broadening of the (h k l) peaks indicative of 
disordered stacking sequences is observed (Figs. 3, 8). 
FWHM of the (1 0 4) peak (Fig. 3) and calculated size 
〈L〉 and microstrain ⟨ɛ⟩ are similar to those of OCN dolo-
mite (Tables 1, 2). For OCN dolomite, the long-range 
cation order parameter 

√

(I0 1 5/I0 0 6) is equal to 1.07 
whereas 

√

(I0 1 5/I0 0 6) for MgCc50 dolomite equals 0.64 
(as a reminder, 

√

(I0 1 5/I0 0 6) of a fully ordered dolomite 
equals 1.1). Thus, OCN dolomite is almost fully ordered 
with only 3% cation disorder, while the synthetic MgCc50 
dolomite is characterized by 36% cation disorder. Such 
highly disordered dolomite is expected at 1373 K since the 
critical temperature for the transition between long-range 
ordered and disordered dolomites has been located close to 
1473 K (Goldsmith and Heard 1961). A similar degree of 
disorder (s = 0.75) is reported by Reeder and Wenk (1983) 
in a natural dolomite, thermally treated at T = 1373 K and 
P = 1.1 GPa.

Thermally processed magnesian calcite syntheses

OCN dolomite, and the synthetic MgCc24, MgCc40, and 
MgCc50 samples have been thermally processed following 
the step-mode heating process previously used for OCN 
calcite and MgCc10 (Floquet et al. 2015). In this previous 
work, no phase decomposition of OCN calcite or MgCc10 
was observed until 1073 K. As expected, the calcite unit 
cell showed contrasting thermal contraction and expansion 
for the a and c parameters, respectively. For Mg calcite 
MgCc10, the a cell parameter decreased until 673 K, then 
increased, while the c parameter expanded monotonically 
all along the temperature range. Figures 9 and 10 display 
the XRD patterns collected at different temperatures for 
the MgCc24, MgCc40 and MgCc50 samples.

Fig. 6  FWHM of OCN calcite (h k l) peaks (black crosses). Mean FWHM of (h k l) peaks of 13 samples of synthetic low-Mg carbonates 
(MgCc2 to MgCc26) (red dots, vertical bars are standard deviations)

Fig. 7  a Mean coherent domain size ⟨L⟩; b average microstrain values ⟨ε⟩ calculated by the Williamson–Hall plot method for OCN calcite 
(black crosses) and for low-Mg synthetic carbonates (MgCc2–MgCc26) (red dots). Dashed lines are linear least-square fitting curves
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Thermal decomposition of Mg calcites and dolomite

Refined unit cell parameters and FWHM of (104) peaks 
of the samples as a function of temperature are given in 
Table 3 and as supplementary data (Supp. Mat. Tables S1 
and S2). Partial decomposition (PD) [or ‘half decomposi-
tion’ according to many authors (e.g. (Valverde et al. 2015) 
and refs therein)] meaning that an original magnesian calcite 
progressively decomposes at high temperature into a less 
magnesian calcite plus MgO is observed for the three sam-
ples. The beginning temperature of partial decomposition 
(TPD), decreases as the Mg content increases. For instance, 
MgCc24, MgCc40, MgCc50 start forming low-Mg calcite 
(2.8–6 mol%  MgCO3) and periclase at TPD of about 893 K, 
833 K and 773 K, respectively (Figs. 9, 10, Table 3). After 
annealing at 1073 K for 20 min followed by cooling down 
to RT, MgCc24 and MgCc40 are only partially decomposed, 
whereas the dolomite sample (MgCc50) is completely 
transformed into low-Mg calcite (~ 5.1 mol. %  MgCO3) and 
MgO. These observations are in great part in agreement 
with those of Reeder and Markgraf (1986) who observed the 
beginning of dolomite decomposition at ~ 973 K and total 
transformation into Mg calcite at ~ 1023 K in partial  CO2 
pressure. The average sizes of newly formed Mg calcite and 
periclase determined from the FWHM of the peaks using 
the Scherrer method, ⟨L⟩  ~ 80 and ~ 50 nm, respectively, are 
similar to those reported from XRD analysis of the thermal 
decomposition of dolomite (Hashimoto et al. 1980; Rodri-
guez-Navarro et al. 2012).

Variation of cell parameters with temperature

The variations of the unit cell parameters of MgCc24, 
MgCc40 and MgCc50 in the range RT-1073 K are plotted 

Fig. 8  HRXRPD diffractograms of the OCN and synthetic 
MgCc50 dolomites (in red and green, respectively) (wavelength of 
λ = 0.41068(1) Å (30 keV)). Bragg peaks in the 2θ range from 5.5 to 

12 (°). Normal reflections and b-type ordering reflections for space 
group R3 are noted in black and red, respectively. The red (OCN 
dolomite) has been shifted in 2θ for clarity

Fig. 9  Selected HRXRPD diffractograms in the 10.9–11.7 2θ 
(°) range of the synthetic MgCc24 sample recorded from RT to 
T = 1073 K and then back to RT after heating (293 K A–H), showing 
(1) the (2 0 2) peaks of untransformed magnesian calcite (T in the 
range RT-653 K, indexes in italics) and partially decomposed product 
(at T > 653 K), and (2) the (2 0 0) peak of MgO resulting from par-
tial decomposition (above 653 K). The black diffractogram collected 
at RT after annealing is shifted in intensity for clarity (black vertical 
arrow) [wavelength of λ = 0.41068(1) Å (30 keV)]
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in Fig. 11. Note that in the experiments undergoing par-
tial decomposition, cell parameters were determined on 
the remaining magnesian calcite that did not undergo par-
tial decomposition. The unit cell shows a thermal expan-
sion for both a and c parameters, even for MgCc24 with 
20.7 mol%  MgCO3. The temperature dependence of a, c 
and V is not linear over the entire temperature range, as 
best observed in the c/a vs T plot (Supp. Mat. Fig. S3). 
Note that for MgCc40, a model with two Mg compositions 

(MgCc40-1 and MgCc40-2) has been used to refine the 
diffractogram, hence two curves are plotted in Fig. 11, 
Supp. Mat. Fig. S3 for the MgCc40 experiment. The devia-
tion from a linear expansion is positive for a, but negative 
for c, except for MgCc24 that shows a linear expansion 
for c. The c/a ratio of the unit cell deviates negatively 
from linearity at Tdif of about 653 K, 673 K and 773 K for 
MgCc24, MgCc40 and MgCc50, respectively (Supp. Mat. 
Fig. S3). A similar deviation occurs at ~ 673 K for MgCc10 

Fig. 10  a HRXRPD patterns of synthetic MgCc40 recorded at RT 
(purple line, indexes in italics) and after annealing back to RT (black 
line). The original material (high-Mg calcite) is partially transformed 
into low-Mg calcite (~ 6.0  mol. %  MgCO3) and MgO; b HRXRPD 
patterns of the synthetic dolomite MgCc50 recorded at RT before 

thermal processing (green line, and indexes in italics) and at RT after 
annealing at 1073  K (black line). The original dolomite has been 
totally transformed into low-Mg calcite with ~ 5.1 mol%  MgCO3 and 
MgO [wavelength of λ = 0.41068(1) Å (30 keV)]

Table 3  Partial decomposition temperature, composition, structural 
parameters (refined unit cell parameters) and microstructural param-
eters (FWHM broadening, size 〈L〉) of the decomposition products 

measured at RT after final step of annealing at 1073 K for MgCc24, 
MgCc40 and MgCc50

[wavelength of λ = 0.41068(1) Å (30 keV)]. (ah: after heating)
(1) Mg contents calculated from the present study calibration curve that links the V parameter to the Mg content of synthetic Mg calcites (Fig. 4c)

Partial decomposition 
temperature (K)

Partial decomposition products at 
RT

Quantity 
weight %

Unit cell parameters FWHM (1 0 4)

Formula Mg mol. %
(1)

a (Å) c (Å) 2θ (°)

MgCc24 893 MgCc24-ah 20.5 90.8 4.90154 (1) 16.6345 (5) 0.008
MgCc 2.8 8.4 4.97000 (1) 17.0500 (5)
MgO 0.8 4.2523 (9)

MgCc40 833 MgCc40-1-ah 37.2 38.3 4.84346 (4) 16.2870 (2) 0.014
MgCc40-2-ah 39.0 21.5 4.83823 (4) 16.2435 (2) 0.020
MgCc 6.0 32.8 4.9500 (1) 17.0172 (5)
MgO 7.4 4.2144 (7)

MgCc50 773 MgCc 5.1 73.9 4.95435 (1) 17.0359 (5) 0.059
〈L〉 = 80 nm

MgO 26.1 4.2164 (2) 0.130
〈L〉 = 55 nm
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due to the parabolic expansion of the a parameter (Floquet 
et al. 2015). The change of the thermal unit cell deforma-
tion starts at a temperature (Tdif) lower than the beginning 
of partial decomposition (TPD) for Mg calcite, and at the 
same temperature for the synthetic dolomite (Tdif ~ TPD).

Above, two important temperatures are put forward: 
Tdif which is the temperature of the beginning of devia-
tion from a linear expansion of the a, c (and V) param-
eter, and TPD the temperature of beginning of partial half 
decomposition of Mg calcites. The physical meaning of 
 TPD is straightforward, as discussed above, while that of 
Tdif is not. On the basis of Raman characterizations, it 
has been argued that significant short-range Ca–Mg cat-
ion order is present in magnesian calcites that crystallized 
at 1273 K or 1373 K. Three reasons have been invoked: 
(1) the wavenumbers of magnesian calcites are close to 
the calcite–dolomite line (and not to calcite-magnesite), 
(2) the FWHM of the T, L, and ν4 modes reach a maxi-
mum around 30 ± 5  mol%  MgCO3, and (3) the active 
mode (ν2, A2g) in dolomite at 880 cm–1 is observed in 
high-magnesian calcites above ~ 10 mol%  MgCO3 (Perrin 
et al. 2016). It should be noted also that short-range order 
greatly depends on temperature, it increases as tempera-
ture decreases. Thus, Tdif is interpreted as the temperature 
at which re-ordering (by diffusion) of calcium and mag-
nesium atoms is activated to reach a more stable short-
range ordering configuration. For the studied Mg calcite 
samples, Tdif is lower than TPD and the two processes are 
expected to produce effects on Bragg peaks as a function 
of temperature, in addition to the thermal vibrational effect 
reflected in the Debye–Waller factors. Actually, the partial 
decomposition is mainly related to the decrease of all (h 
k l) peak intensities. In contrast, a short-range re-ordering 
should (1) produce thermal deviation excess of the cell 
parameters and (2) lead to different variations of the (h k 

l) peak intensities, and therefore could be detected by the 
variation of the intensity ratio as function of temperature.

Thermal expansion coefficients along the calcite–dolomite 
join

High-temperature single crystal (Markgraf and Reeder 
1985; Reeder and Markgraf 1986) and powder (Antao et al. 
2009; De Aza et al. 2002; Merlini et al. 2016) diffraction 
experiments have been conducted on calcite, dolomite and 
magnesite. The relative thermal expansion of the cell param-
eters a/a293 K, c/c293 K of OCN calcite, OCN magnesite and 
synthetic MgCc50 dolomite are compared to those of these 
previous data in Supp. Mat. Fig. S4. The comparison shows 
(1) a good agreement between OCN crystal data with pow-
der diffraction experiments, but small discrepancies with 
single crystal experiments, (2) a marked deviation at about 
773 K (Tdif) for synthetic MgCc50 dolomite compared to 
OCN dolomite. Similarly, the relative thermal expansion 
of the cell parameters for OCN calcite, synthetic MgCc10, 
MgCc24 MgCc40, and MgCc50 are presented in Supp. Mat. 
Fig. S5. The figure illustrates (1) the change of slope of the 
a parameter as a function of temperature, from negative to 
positive, at about 10 mol%  MgCO3 (Supp. Mat. Fig. S5a), 
and (2) the deflection of slope of the c parameter as a func-
tion of temperature, at about 653 K (Tdif) (Supp. Mat. Fig. 
S5b). The thermal coefficients obtained by fitting the data 
to the usual second-order polynomial curve are reported in 
Table 4. The coefficient of thermal expansion of parameter 
x (x = a, c or V) �

x
= (1∕x)(dx∕dT  ) is obtained by differen-

tiating the polynomial expression of the thermal expansion 
x = f(T) and then dividing by the x parameter (Dubrovinsky 
2002).

The mean coefficient of thermal expansion over 
the temperature range from T1 to T2 is expressed as 

Fig. 11  Thermal expansion of the unit cell parameters a a parameter; b c parameter for synthetic MgCc24 (blue), MgCc40-1 and 2 (purple and 
pink) and MgCc50 (green), respectively
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�
X

 = ∫ T2
T1

�
x
× dT∕ ∫ T2

T1
dT  . Because of the noticeable devia-

tion of the thermal unit cell parameters at Tdif, the mean 
thermal expansion coefficients �

a
 , �

c
 and �

V
 are calculated 

below and above Tdif, i.e. within two temperature ranges: 
293–653 K (LT) and 653–1073 K (HT). The mean thermal 
expansion coefficients for the cell parameters are com-
pared to those of OCN calcite, magnesite and dolomite 
(De Aza et al. 2002) in Fig. 12, no measurements on OCN 
dolomite was realized by ourselves.

The particular features of the thermal expansion coeffi-
cients of calcite, dolomite and magnesite, in both low- and 
high-T ranges, are (1) the negative �

a
 of calcite and (2) all 

coefficients of dolomite lie off of the calcite–magnesite 
line. These particularities were comprehensively studied 
and discussed by (Markgraf and Reeder 1985; Reeder and 
Markgraf 1986). In the Ca–Mg carbonate structure, the 
variation of the c parameter is related to the variation of 
lateral oxygen bonds of the (Ca, Mg)O6 octahedra, while 
the variation of the a parameter is related to the variation 

of basal oxygen bond which is limited by the resistance of 
rigid  (CO2−)3 groups. Accordingly, the thermal c expan-
sion and a contraction in calcite is related to the strong 
anisotropy of the thermal expansion of the  CaO6 octahe-
dra and the large magnitude of libration of the  (CO2−)3 
group (Markgraf and Reeder 1985; Reeder and Markgraf 
1986). In magnesite, characterized by the a and c thermal 
expansion, the thermal expansion anisotropy of the  MgO6 
octahedra is moderate and the dominant motion of  (CO2−)3 
group is the translation. In dolomite, the corner sharing 
between  CaO6 and  MgO6 octahedra in adjacent layers 
induces a lack of anisotropy of the  CaO6 octahedra and 
a low amplitude of both libration and translation motions 
of the  (CO2−)3 group. Thus, the shift of the cell thermal 
expansion of dolomite from the calcite–magnesite line is 
explained by the perfect structural stacking alternating Ca 
and Mg basal planes on both sides of each  CO3 plane. The 
systematic corner sharing between  CaO6 and  MgO6 octa-
hedra in dolomite is ruled out in the disordered structures 
of MgCc calcites and dolomite. The thermal–structural 

Table 4  Thermal expansion coefficients of unit cell parameters 
obtained by fitting the data to the expression X(T) = X0 + X1 × 10−5 T 
+ X2 × 10−5T2;�

X
=
(

∫ T2

T1
�
X
× dT∕ ∫ T2

T1
dT

)

  10−5 K−1 is the mean lin-

ear thermal coefficient between T1 and T2, where �
X
= (1∕x)(dx∕dT  ) 

is the thermal expansion coefficient of parameter x (x = a, c or V) and 
T is the temperature (K)

No thermal measurements on OCN dolomite was realized by ourselves

Unit cell param-
eters X (Å, Å3)

αX653 K  (10–5 K−1) αX923 K  (10–5 K−1) X0 X1  (10–5 K−1) X2  (10–8 K−2) References
293 K < T < 653 K 653 K < T < 923 K

Calcite a − 0.462430 − 0.35238646 4.991380 − 2.992400 1.651090 Floquet 2015
c 2.879871 3.09441674 17.053300 45.205000 10.152000
V 1.946290 2.37520437 367.94400 533.66000 456.60000

MgCc10 a − 0.142341 − 0.00435799 4.952266 − 2.232100 1.670167 Floquet 2015
c 2.765296 2.94037101 16.734160 41.563489 6.076303
V 2.477873 2.93080465 355.435213 554.827012 372.619230

MgCc24 a 0.163899 0.25715705 4.900691 − 0.096501 1.025117
c 2.766580 2.760282 16.498839 45.766889 0.114855
V 3.097712 3.28500822 343.171514 933.115278 153.983152

MgCc40-1 a 0.434491 0.54096424 4.837140 1.158570 1.068103
c 2.701174 2.52356043 16.149320 49.132930 − 5.866155
V 3.579215 3.62828059 327.244200 1148.113210 37.903090

MgCc40-2 a 0.466206 0.57499191 4.831066 1.153930 1.189404
c 2.678535 2.48017763 16.237620 45.986310 − 6.918950
V 3.620646 3.644942 325.567100 1156.664000 33.493130

MgCc50 a 0.513846 0.643788 4.801714 0.968444 1.587677
c 2.519860 2.266482 15.899370 53.065870 − 11.783200
V 3.557747 3.580010 317.479300 1182.483000 − 11.375760

Dolomite a 0.546529 0.704501 4.803719 1.159773 1.652530 De Aza 2002
c 2.410878 2.768941 15.924700 26.210036 13.255800
V 3.514414 4.209588 318.261370 667.070207 502.375754

Magnesite a 0.708000 0.770483 4.62600 2.828820 0.48015
c 2.371147 2.457921 14.91929 33.3164 2.568100
V 3.787114 3.975891 276.504425 952.21804 118.59584
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relationships, as described by (Markgraf and Reeder 1985; 
Reeder and Markgraf 1986), imply that the thermal behav-
ior of the synthetic MgCc calcites and MgCc50 dolomite 
is dependent of the structural arrangement of the  CaO6 and 
 MgO6 octahedra. The thermal coefficients are expected 
in the calcite–dolomite line for fully disordered MgCc 
calcites. Thus, a thermal coefficient excess from the cal-
cite–dolomite line would be characteristic of the structural 
order of  CaO6 and  MgO6 octahedra.

In the low- and high-T range (Fig. 12), the mean ther-
mal expansion coefficients of the synthetic MgCc calcites 
and MgCc50 dolomite lie off of both calcite–dolomite and 
calcite-magnesite lines. In the low-T range (Figs. 12a–c), 
a significant positive deviation from the calcite–dolomite 
line is observed for the �

a
 and �

V
 coefficients, with a maxi-

mum deviation close to 25 mol%  MgCO3 for �
a
 . Conversely, 

the �
c
 coefficients lie in between calcite–dolomite and cal-

cite–magnesite line. In the high-T range, positive deviation 
from calcite–dolomite line occurs for the �

a
 coefficients 

(Fig. 12d). On the contrary, large negative deviation are 
observed for the �

c
 and �

V
 coefficients (Figs. 12e, f).

For the synthetic MgCc calcites and MgCc50 dolo-
mite, in the LT range 273 K-653 K, the thermal expan-
sion excess (with respect to the calcite–dolomite line) is 
positive for a, c and V ( Δ�

a
= 1 × 10−6 , Δ�

c
= 1 × 10−6 , 

Δ�
V
= 3 × 10−6 ). These results are consistent with the 

thermal–structural relationships proposed by Markgraf 
and Reeder (1985) and Reeder and Markgraf (1986), 
and could be related to the state of order–disorder as do 
the cell parameters that are similarly deviating from the 
calcite–dolomite line (Fig. 4). In the HT range, excess is 
unchanged for a ( Δ�

a
= 1 × 10−6 ) but largely negative 

for c and V ( Δ�
c
= −5 × 10−6 , Δ�

V
= −3 × 10−6 ). The 

differences observed between the low- and high-T range 
comes from the positive and negative inflection of the a 
and c parameters, respectively, starting at Tdiff in all syn-
thetic MgCc (Fig. 11 and Supp. Mat. Fig. S3) whereas not 
recorded in OCN dolomite powder (De Aza et al. 2002; 
Merlini et al. 2016) and in dolomite single crystal (Reeder 
and Markgraf 1986) (Supp. Mat. Fig. S4).

Fig. 12  Mean thermal expansion coefficients of the cell parame-
ters αa, αc and αV as a function of Mg content for OCN calcite and 
OCN magnesite (double crosses), natural dolomite (De Aza 2002) 

(crosses), and for synthetic MgCc10, MgCc24, MgCc40 and MgCc50 
(plus): a–c Low-temperature ranges (293–653 K) (blue) and d–f high-
temperature ranges (653–923 K) (red)
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Intensities and FWHMs of the Bragg peaks as a function 
of T: interpretation of the data

In the case of MgCc24, both intensity effects are detected. 
The variations of the (1 0 4) peak intensities as a function 
of T for MgCc24 are shown in Fig. 13a. The regular shift 
of the (1 0 4) peak towards lower 2θ values is due to the 
progressive change of cell parameters with temperature. 
Concerning intensities, different zones can be defined: (1) 
intensities increase between 293 and 413 K, (2) intensities 
decrease regularly between 413 and 713 K (= Tdif), (3) a pla-
teau is observed between Tdif (713 K) and TPD (953 K), (4) 
intensities decrease past  TPD. Interestingly, the two patterns 
determined at RT before (initial sample) and after anneal-
ing (remaining undecomposed sample) are almost identi-
cal (Supp. Mat. Table S1). Besides, the intensity ratio I(1 0 
4)/I(1 1 0) and I(1 0 4)/I(1 1 3) shown in Fig. 13b displays 

two marked slope disruptions at 713 K and 953 K relevant 
to both diffusion and decomposition processes. However, no 
notable FWHM effect on the Bragg peaks was detected. The 
variations of (h k l) FWHMs as a function of T are unrelated 
to the Mg content of the samples, the variations among dif-
ferent samples are not significant (Supp. Mat. Table S1), and 
no irregularity is observed even for (h k l) peaks with large l 
values such as (0 1 8) (0 0 12) (0 2 10) and (1 1 12).

Concerning the synthetic dolomite MgCc50, Tdif equals 
 TPD and normal and b-type peak intensities display differ-
ent behaviors. Normal peak intensities (e.g. 0 0 6) plotted 
in Fig. 14 decrease progressively up to Tdif = TPD = 773 K, 
then faster above Tdif. This observation is valid for all normal 
peaks. On the other hand, b-type peak intensities [e.g. (0 1 
5)] decrease up to Tdif, then increase up to 1013 K (Fig. 14).

These data indicate that cation long-range reordering 
within the dolomite structure starts at 773 K. The order 

Fig. 13  a Bragg (1 0 4) diffraction peaks for MgCc24; b Intensity ratio I(1 0 4)/I(1 1 3) and I(1 0 4)/I(1 1 0) for MgCc24 (wavelength of 
λ = 0.41068(1) Å (30 keV)) recorded from RT to T = 1073 K. Note the slope breaks at 713 K and 953 K

Fig. 14  a HRXRPD patterns in the 2θ range corresponding to the (0 0 6) and (0 1 5) peaks; b intensity ratio I(0 1 5)/I(0 0 6) (green plus) and 
√

(I0 1 5/I0 0 6) order parameter (black crosses) for MgCc50 (Ca-dolomite) from RT to T = 1073 K (wavelength of λ = 0.41068(1) Å (30 keV))
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parameter 
√

(I0 1 5/I0 0 6) shows that the MgCc50 dolomite is 
almost fully ordered at T = 1073 K, with less than 10% cation 
disordering (Fig. 14b) which is not surprising since ordered 
dolomite is expected at 1073 K. (Hammouda et al. 2011; 
Zucchini et al. 2012). In addition, (Goldsmith et al. 1961; 
Reeder and Wenk 1983) concluded that cation ordering in 
dolomite results in a decrease of c and a slight increase of 
a, thus a marked decrease of the c/a ratio. Data reported 
above with c/a of MgCc50 deviating from linearity at Tdif 
(Supp. Mat. Fig. S3) is interpreted as an effect of cation 
ordering activated by temperature, in a disordered dolomite 
initially synthesized at 1373 K. Similarly to MgCc50, the 
changes of cell parameters arising at Tdif = 653 K, 673 K for 
MgCc10, MgCc24 and MgCc40 are interpreted in terms of 
ordering process in partially disordered Mg calcite samples 
synthesized at 1273 K or 1373 K. Note that in the case of 
MgCc50, both short- and long-range ordering is implicated 
while in more calcitic syntheses only short-range ordering 
would be implied. Summarizing, in the range RT–Tdif, the 
variation of cell parameters is simply due to a thermal effect. 
Above Tdif, both thermal effect and cation ordering affect the 
cell parameters. More interactive and interlinked effects are 
expected once the partial decomposition starts.

Discussion

Comparison with previous data and interpretation 
of high‑Mg calcite XRD patterns

Our data are consistent with previous experimental stud-
ies (Byrnes and Wyllie 1981; Goldsmith et al. 1955; Gold-
smith and Heard 1961; Harker and Tuttle 1955; Irving and 
Wyllie 1975; Newton et al. 1969) that predict a continuous 
(or almost continuous) solid solution between  CaCO3 and 
 (Ca0.5Mg0.5)CO3, in the pressure and temperature conditions 
of our experiments. Indeed, Goldsmith and Heard (1961) 
locate the top of the calcite–dolomite solvus at a temperature 
of 1348 K and a composition of 43 mol%  MgCO3. The vari-
ation of cell parameters as a function of composition are in 
agreement with most previous studies (Bischoff et al. 1983; 
Goldsmith et al. 1958, 1961) but disagree with the results of 
Zhang et al. (2010) that strongly deviate from previous data, 
particularly above 30 mol%  MgCO3 (Fig. 1).

The identification of two groups characterized either by 
narrow and symmetric peaks (low-Mg synthetic calcites: 
MgCc2–MgCc26) or broadened and asymmetric peaks 
(high-Mg synthetic calcites: MgCc28–MgCc45) is of major 
importance and deserves further interpretation. First of all, 
the features on which the separation into two groups are 
robust since (1) all MgCc above 26 mol%  MgCO3 display 
similar patterns, (2) higher temperatures (1373 K instead 
of 1273 K) and pressure (1.5 GPa instead of 1 GPa) are not 

responsible for the peak widening because two of the high-
Mg calcites (MgCc28 and 30) synthesized at 1273 K, 1 GPa 
display similar broad peaks. Actually, the broadening of the 
peaks corresponds to (1) a compositional variability in the 
high-Mg calcites of the order of ± 1 mol%  MgCO3, (2) a 
mean apparent strain ⟨ε⟩ of about 4 × 10–3 against 2 × 10–4 
in low-Mg calcites, (3) both effects of compositional het-
erogeneity. One of them could be related to compositional 
variation between crystals as determined by EMP of the 
order of ± 0.8 mol%  MgCO3. But the second, finer level of 
compositional heterogeneity could be due to the coexist-
ence in a given crystal of coherent scattering domains, the 
components of which have different cation ordering and 
slightly different compositions and are producing micro-
structural strain. The actual distribution of Ca and Mg in 
each microcrystal cannot be determined because the broad-
ening of the diffraction peaks depends also on the strain, 
size and distribution of the coherent scattering domains. 
Nanoscale heterogeneous microstructures are very common 
in Ca-rich dolomite natural samples. They were reported in 
numerous HRTEM studies by interpreting HAADF image 
modulations and satellite reflections in the diffraction pat-
terns (Fang and Xu 2019; Larsson and Christy 2008; Meike 
et al. 1988; Reksten 1990; Shen et al. 2014; Van Tendeloo 
et al. 1985; Wenk et al. 1991). But actually, if many micro-
structures were proposed at the nanometric scale, no further 
structural details of the domain model would be provided at 
the micrometric scale by single crystal diffraction method 
(Reeder 2000—natural dolomites with 44 and 45.5 mol% 
 MgCO3−sorder = 0.84 and 0.71) and by comprehensive Riet-
veld techniques (Drits et al. 2005—natural dolomites with 
45.1, 47.8 and 48.4 mol%  MgCO3). Considering all this, it 
is very likely that the constraints on cation order in Ca-rich 
dolomite similarly occur in the high-Mg synthetic calcite. 
Clearly, further studies are required to validate the nanoscale 
compositional heterogeneity, but additional valuable insights 
at the short-range-order scale could be given from our pre-
vious Raman data (Perrin et al. 2016), as discussed below.

Length scales of the cationic disorder state

Unit-cell parameters and volume obtained for all the MgCc 
samples show small deviations from the almost straight cal-
cite–dolomite–magnesite line. Assuming that a total disor-
dered MgCc corresponds to an ideal solid solution and plots 
along the straight line, the strain associated with the partial 
order (p-ord)–total disorder (t-dis) transformation is defined 
as εX = (Xp-ord  − Xt-dis)/Xt-dis = ∆X/Xt-dis where Xp-ord is the 
value of a, c or V obtained for a MgCc sample and Xt-dis is 
the value of a, c or V calculated for the same composition 
from the straight line through the end-members. The strains 
εa, εc, εV calculated for the a, c and V parameters, for all the 
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MgCc samples are plotted as a function of the Mg content 
in Fig. 15.

The strain values are negative for εa and εV and generally 
positive for εc; they display different behavior for low- and 
high-Mg synthetic calcites. In the range 0–22 mol%  MgCO3 
(low-Mg: MgCc2–26), all strain values increase as the Mg 
content increases, while in the high-Mg synthetic calcites, 
εa and εV decrease, and εc increases. The transition between 
the two groups is marked by a discontinuity (negative jumps 
for εa and εv, negative for εc). In the carbonate structure, 
strongly bonded coplanar  (CO3)2− groups are arranged paral-
lel to the (0 0 1) plane and connected through much weaker 
bonds to 6-coordinated divalent cations. Thus, the negative 
strain along the a-axis could be related to the distance  O1–O2 
of the  MO6 octahedra (M = Ca or Mg), connecting two rigid 
 (CO3)2− carbonate groups in the (001) plane. On the other 
hand, the positive strain along the c-axis could be related to 
the variation of  O1–O6 bond in the  MO6 octahedra. Cation 
ordering affects the orientation of the  (CO3)2− groups (1) by 
their rotation (δ) around the c axis and (2) tilting out (γ) of 
the carbonate groups in the (001) plane. The rotation gener-
ates a negative a strain, while tilting generates a positive c 
strain. On this basis, both in-plane rotation (δ) and tilting 
out (γ) of the  (CO3)2− groups increase as the Mg content 
increases in the low-Mg calcites, whereas in-plane rotation 
(δ) decreases and tilting out (γ) increases in the high-Mg cal-
cites, as the Mg content increases. The basal rotation (δ) and 
tilting out (γ) of the  (CO3)2− groups are maximal at 25 and 
50 Mg mol. %, respectively. The above correlation indicates 
that the deviation with respect to an ideal solid solution in 
the calcite–dolomite range is related to the local ordering or 
clustering of Ca and Mg in cation layers involving reorien-
tation of  (CO3)2− groups, associated with an inverse strain 
of the unit cell parameters, negative for a and positive for c.

Neither loss of rotational symmetry nor long-range cat-
ion ordering is observed by X-ray diffraction in the syn-
thetic magnesian calcites, only structural distortion. Thus, 

partial ordering can only be short-range. This conclusion is 
in agreement with the Raman study of the same synthetic 
magnesian calcites reported in a previous study (Perrin et al. 
2016). As shown in Supp. Mat. Fig. S6, the FWHMs of the 
Raman bands change as a function of Mg content and type 
of vibrations within the  (CO3)2− groups [bending deforma-
tion modes (doubly degenerate Eg) that involve both car-
bon and oxygen motion, and stretching mode (A1g) which 
is like the respiration mode of oxygen]. A comparison of 
Figs. 15 and S6 shows that the unit cell strain determined 
by XRD and the Raman band enlargement are correlated. 
The strain εa for the a parameter (Fig. 15a) and the FWHM 
of the bending modes [particularly the internal translation 
mode (T) (Supp. Mat. Fig. S6a) are similar]. On the other 
hand, the strain εc for the c parameter (Fig. 15b) is more 
consistent with the enlargement observed for the single 
stretching mode ν1 (Supp. Mat. Fig. S6e). Below 25% Mg 
content, the heterogeneity between local cationic configura-
tions increases inside the crystals. Above 25% Mg content, 
the single phase–multi-phase transition from homogeneous 
to heterogeneous crystals linked to the strain relaxation is 
marked for both modes with a decrease of the local cationic 
configuration heterogeneity towards dolomite like ordering. 
The heterogeneous MgCc crystals could be made of different 
domains with different local ordering configurations having 
similar or slightly different magnesium contents.

Thus, both the bending deformation and stretching modes 
observed by Raman spectroscopy can be related to the two 
types of site-symmetry of the  (CO3)2− group: the off planar 
tilting (γ) and the in plane rotation (δ), respectively. The 
genetic connection between the off plane tilting (γ) specific 
to the dolomite structure and the stretching mode (ν1, A1g) 
is also supported by the out of plane bending mode Raman 
peak (ν2, A2g). This peak, which is active in dolomite 
structure, is weak in synthetic magnesian calcites but can 
be detected from about 10 mol%  MgCO3 and its intensity 
progressively increases thereafter until 50 mol%  MgCO3 

Fig. 15  Strain in magnesian calcites at RT as a function of Mg content a εa; b εc; c εV (black: OCN calcite and OCN dolomite; blue: low-Mg 
synthetic samples; red: high-Mg and MgCc50 synthetic samples)
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(Perrin et al. 2016). As seen above, the synthetic MgCc50 
dolomite is characterized by 36% cation disordering in both 
types of cationic layers. No anomalous intensity (except for 
the b-type reflection) nor FWHM broadening of the (h k l) 
peaks (potentially indicative of ordered stacking sequence) 
were detected. The cation disordering corresponds to the 
maximal positive strain of the c parameter. A medium nega-
tive strain of the a parameter is observed (Fig. 15). Short-
range disordering can be characterized from previous Raman 
data. As observed in Supp. Mat. Fig. S6, both enlargement 
of the stretching mode (ν1, A1g) and intensity of the dolo-
mite bending mode (2ν2, A2g) are maximal (Fig. 7 in (Perrin 
et al. 2016)), whereas enlargements of the other bending 
modes start decreasing above 25 mol%  MgCO3. Thus, the 
short-range Ca, Mg disorder set to 36% from √(I0 1 5/I0 0 6) 
order parameter, is characterized by a decrease of the a 
parameter, an increase of the c parameter, and an increase 
of both in plane rotation and off-plane tilting variability.

Conclusion

These data confirm the presence of an almost continuous 
solid solution between calcite and dolomite above 1273 K, 
and the presence of a second-order transition between long-
range disordered Mg calcite and dolomite in the interval 
41–49 mol%  MgCO3 at 1373 K. In the Mg calcites, the 
deviation from the Cc-Dol straight line in the a/Mg, c/Mg, 
or V/Mg diagrams is interpreted in terms of cationic short-
range ordering in the Mg calcites. This short-range order is 
accompanied by in plane rotation and the off planar tilting 
of the  (CO3)2− groups in the anion layer that are maximal at 
25 and 50 Mg mol. %, respectively. As a result, the role of 
 (CO3)2− group ordering is an important factor in the crystal 
structure of Ca–Mg carbonate. The thermal expansion of 
MgCc10, 24, 40 and 50 have been determined up to 650-
750 K. The thermal expansivity deviates from the Cc-Dol 
straight line. Compared with calcite, dolomite and magnesite 
previous results, this trend is interpreted in terms of interac-
tive contributions of  CaO6 and  MgO6 octahedra and  CO3 
groups to the thermal expansion and thus explained by the 
structural short-range ordering observed at RT. At higher 
temperatures, complications arise from cation reordering or 
partial decomposition of the samples. The excess of thermal 
expansion coefficients from the Cc-Dol straight line are con-
sistent with the thermal–structural relationships proposed 
by Markgraf and Reeder (1985) and Reeder and Markgraf 
(1986), and supports the cationic short-range ordering in 
the Mg calcites. The peak width of the diffractograms allow 
separating the synthetic Mg calcites into two groups: low- 
and high-Mg synthetic calcites. Low-Mg synthetic calcites 
are homogeneous in Mg content while high-Mg synthetic 

calcites display domains with slight differences in Mg con-
tent and degree of short-range order. The short-range Ca, 
Mg disorder could be at random or set into a mosaic of the 
different planar ordering configurations reported in TEM 
studies for dolomite and Ca-rich dolomite (Fang and Xu 
2019; Larsson and Christy 2008; Meike et al. 1988; Reksten 
1990; Shen et al. 2014; Van Tendeloo et al. 1985; Wenk et al. 
1983) and by computer simulation approach (Burton and 
Van de Walle 2003; Lacivita et al. 2017; Reeder 2000; Wang 
et al. 2011). Further studies are required to better character-
ize the size and spatial distribution of these domains. One 
of the ways to quantify the local ordering state at the length 
scale of a few unit cells could be to combine Z-contrast 
imaging from scanning transmission electron microscopy of 
appropriate samples and image simulation, a novel approach 
developed by Fang and Xu (2019). This new complete series 
of structural data on Mg calcite including thermal properties 
will serve as references in many fields of research involving 
synthetic crystals obtained in solution-based crystallization 
processes (nanocrystals, mesocrystals, calcite/polymers 
crystals), biogenic crystals and geological minerals. It will 
also provide a robust basis for studies to come on the physi-
cal chemistry of precipitation, dissolution and ionic diffusion 
of Mg carbonates, and for the thermodynamic modeling of 
solid solutions which is an important research topic in many 
areas of materials science and geoscience.
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