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An experimental and computational 
study to resolve the composition of 
dolomitic lime.  

J. Grant,a G.L. Pesce,b R.J. Ball, b M. Molinari ,a S.C.Parker a* 

Lowering the environmental impact, and moving away from a reliance on 

cement based binders, is a key challenge of the construction industry.  

Dolomitic lime binders are produced at lower temperatures than cement, re-

adsorb released CO2 during strengthening, and are recognised for their 

superior permeability, flexibility and resilience.  While dolomite consists of 

alternating layers of magnesium and calcium the distribution in dolomitic lime 

is not yet fully understood.  Here we combine experimental and 

computational methods to confirm that dolomite phase separates into lime 

and periclase during thermal decomposition.  Raman inactivity of 

decomposed dolomite agrees with XRD studies suggesting phase separation. 

Our results rule out the formation of mixed phase oxides and predict an upper 

bound for bulk and surface substitution defect concentrations.  Transferred 

to study macroscopic models of lime mortars these findings indicate that the 

only pure phases need be considered and that for the construction industry 

superior artificial mortars should be obtained from mixing fine powders of 

pure magnesium and calcium hydroxide. 

Introduction 

Cement and concrete production accounts for 7% of the 

anthropogenic CO2 production1.  The main contributions to this 

come from the fuel source and the CO2 released during the 

production of cement.  In contrast dolomitic lime binders are 

produced between 900 and 1250°C instead of 1450°C, and 

unlike cements set via carbonation.  In addition they are more 

durable 2-4, more permeable to water 5, 6, reducing damp 

problems, are self-healing 7, withstanding small movements 

without cracking, and have mild antiseptic properties against 

moulds.  The reduced cost of production, carbon recapture 

during setting and longer lifetimes mean lime mortars have the 

potential to replace cement and impact CO2 levels in the short, 

medium and long term.  Dolomitic lime mortars therefore offer 

an alternative to our continued reliance on cement based 

materials in construction. 

Historically lime is one of the oldest inorganic binders after clay 

and gypsum with finds in Turkey having been dated to about 

12000BC8.  Lime mortars were used by the Phoenicians, in Egypt 

and Greece, reaching a technological peak with the Romans.  

During the Renaissance, lime was widely used and new 

technical treatises were published with detailed descriptions of 

the production and use of lime.  However in the 18th and 19th 

century English and French engineers and scientists such as 
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Smeaton and Vicat contributed to the development of the first 

scientific knowledge on lime and a new hydraulic binder, 

cement9.  The practical properties of cement, in particular fast 

setting times meant that use and knowledge of lime mortars 

again went into decline. 

Lime is typically produced by decomposing limestone, CaCO3, 

into CaO releasing CO2 but is also obtained from dolomite 

CaMg(CO3)2 which was known historically to enhance the 

properties of resulting mortars10-12 and has recently been 

rediscovered13-16.  Under mechanical testing medieval mosaics 

in St Mark’s Basilica in Venice, bonded with dolomitic lime 

showed superior strength and durability13, 17.  Other researchers 

have also identified beneficial properties including lower 

porosity18 and higher plasticity leading to better workability19.  

Before the mechanical and setting properties of the mortars can 

be studied we first need to identify the atomic structure of the 

initial mortar.  Since the mortar is obtained from slaking 

calcinated dolomite it is reasonable to assume that the nature 

of the oxide mineral(s) will determine that of the mortar 

produced in thermal decomposition: if the oxides are phase-

separated, the hydroxides in the mortar will be as well.  

Therefore an understanding of the decomposition products and 

thermodynamics of pure and mixed phase oxides and 

substitution defects is required. 

Recent studies suggest that although the exact decomposition 

process of dolomite depends on the heating rate and 

conditions, it appears to decompose into phase-separated 

calcium and magnesium rich minerals 20, 21.   Where 

decomposition appears to proceed in two stages, MgO first 

appears suggesting that it decomposes and migrates leaving 

CaCO3 to decompose on longer timescales. One of the principle 

methods used to determine the decomposition products has 

been X-Ray diffraction.  While CaO, and/or Ca(OH)2 and MgO 

have been identified in studies, researchers have not 

considered the potential properties of mixed phase oxides or 

defects in their analytic studies.  There have been a number of 

theoretical studies of binary Ca-Mg systems of carbonate 

minerals.  A number of these have investigated disordered 

mixed phase forms such as calcium-rich dolomite22 and found 

them to be thermodynamically unstable, suggesting their 

existence is kinetic in origin22-25.  In contrast dolomite is found 

to be stable in agreement with experiment, and Raman spectra 

have also been reproduced26.  In the case of mixed phase oxides 

there is experimental evidence that these exist at high 

temperature27 and as a result of molecular beam epitaxy28-30.  

Some theoretical work investigating thermodynamic stability 

has been reported at high pressure and temperature31 and 

using the local density approximation(LDA)32. 

In this study we directly investigate the composition of 

dolomitic lime, confirming the degree of phase-separation and 

defect concentration following decomposition.  This is essential 

to determining the relative properties of pure lime and 

dolomitic lime mortars.  First, we compare experimental studies 

of carbonate minerals with simulation to validate the 

computational approach.  We then consider the predicted 

properties of mixed-phase and minerals containing substitution 

defects in order to determine the constitution of decomposed 

dolomite. 

Methodology 

Samples and experiment 

A reference sample of calcite was obtained from Jachymov, 

Czech Republic, magnesite was obtained from Brumado, Brazil.  

The dolomite reference was sourced from Bruch and der Mur, 

Austria while the decomposition sample was from a quarry near 

the city of Genoa, Italy. This stone has been used for production 

of lime mortars and plasters since the Middle Ages 14, 15.  

Samples were prepared by first crushing the stone with a 

hammer and then, the fragments obtained were finely 

powdered with a ceramic mortar and pestle. The resulting 

powder was sieved and particles between 60 and 125μm were 

used for the decomposition process and the analyses. 

All samples were decomposed using a thermo-balance 

SETARAM for TG/DTA analysis model TGA 92_1750 with a 

1600˚C module. Tests were carried out on samples of 

26.1±0.1mg using a dynamic regime, with a heating rate of 

5˚C/min and a cooling rate of 20˚C/min. All tests were stopped 

at a temperature of about 80˚C in order to minimize water 

condensation on the sample particles and, thus, prevent 

carbonation while the samples were moved to a different 

laboratory for the subsequent analyses. During the 

decompositions, air gas was fluxed inside the furnace (internal 

pressure 150kPa) in order to optimize the heat distribution and 

to promote the CO2 removal from the crucible. 

Raman spectra were acquired using a Renishaw inVia Raman 

Microscope. The system was equipped with lasers operating at 

wavelengths of 582 and 785 nm. The analyses were performed 

by focusing the laser with objective magnification 50x. Laser 

power was reduced to 50% whereas the acquisition time was 

set at 3s for each of the 3 accumulations acquired. Each 

spectrum was taken over the wavenumber range 100–

3200cm−1. Prior to the analysis, the spectrometer was 

calibrated using a monocrystalline silicon standard specimen. 

Peak fitting and deconvolution of Raman spectra was 

performed using Renishaw WiRe 4.0 software. 

Models and computation 

Our calculations have been performed VASP at  the DFT level of 

description33-36 using PBE exchange-correlation functionals37, 38 

with a correction for van der Waals(vdW) forces, optB86b-

vdW39, 40.  We studied single unit cells of carbonates, oxides (and 

elements) and 2*2*2 supercells of oxides using 4×4×1, 4×4×4 

and 2×2×2 k-point meshes respectively, maintaining similar k-

point densities.  For the majority of the systems studied a plane 

wave cut off of 500eV was sufficient though graphite required 

this to be increased to 800eV to ensure convergence and 

stability of the optimised structure.  Gases were studied with a 

single molecule in a 10 Å cubic box.  Convergence for each 

system was ensured using electronic convergence criteria of 10-

8eV and ionic forces of 10-4eV/Å, allowing atoms and lattice to 

relax.  From the minimised structures vibrational frequencies 
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were obtained using finite displacements41.  Finally the Raman 

activity was obtained by calculating the polarizability for the 

vibrational  modes42, 43. 

Initial configurations were obtained from experimental 

structures for the known minerals and are compared with the 

DFT optimised structures in Table 1.  These show good 

agreement for both carbonates and oxides, all within 1.5% of 

experimental values.   
Table 1.  Comparison of experimental and optimised lattice parameters for carbonate 

and oxide minerals.  Lime and periclase are cubic so only a single value is given, while 

one in plane and the out of plane values are quoted for the trigonal carbonates. 

Mineral  Simulation (Å) Experimental (Å) 

Lime a 4.79 4.811244 

Periclase a 4.23 4.212844 

Calcite 
a 5.03 4.9896 

c 16.80 17.061045 

Magnesite 
a 4.67 4.6328 

c 14.94 15.012945 

Dolomite 
a 4.84 4.812 

c 15.85 16.02045 

 

We have considered three potential mixed phase configurations 

which are illustrated in Figure 1 and compared with the mixed 

phase layered structure of dolomite.  Dolomite is composed of 

alternating layers of calcium and magnesium; our study of 

mixed phase oxides considers alternating bilayers Figure 1b) 

and monolayers Figure 1c) in the {100} plane, alternating 

monolayers Figure 1d) in the {111} plane.  Figures were 

generated with VESTA46.  To complete the study we consider 

low concentration defects to approximate infinite dilution 

required for estimating the phase diagram with supercells 

containing 32 formula units of CaO replacing one Ca with Mg, 

and vice versa (supercells of pure minerals were also simulated 

to allow for direct comparison of thermodynamic 

measurement).   

 

Figure 1.  Unit cells for a) dolomite and b-d) three candidate mixed phase oxides.  

Orange - magnesium, grey - calcium, green - carbon and red - oxygen.  Dolomite is a 

layered structure, hexagonal in plane.  Pure oxides are cubic: in b) full unit cells each 

oxide are layered, c) a single unit cell has single layers of each metal cation.  In d) the 

unit cell is reoriented such that the metal ions and oxygen are in separate layers {111} 

with alternating layers of magnesium and calcium. 

Results 

Before applying computational methods to determine the 

properties of mixed phase oxide structures it is useful to 

validate the computational method. To this end Figure 2 

compares Raman spectra obtained for three carbonate 

minerals, calcite, magnesite (MgCO3) and dolomite, with 

simulated spectra.  The calculated Raman intensities were fitted 

with Gaussians proportionate to the calculated activity.  These 

predicted intensities are indicative; exact intensities and 

linewidths highly specific to the lasers and experimental 

conditions and require higher order calculations, for our current 

purposes the frequency and estimated activity suffice.   

 

Figure 2. Comparison of experimental (full lines) and simulated (dashed lines, offset) 

for carbonate minerals, calcite, dolomite and magnesite.  Below 600cm-1 there is 

excellent agreement between the simulated and experimental spectra.  At higher 

frequencies a shift is observed but the order of peaks seen for the different minerals is 

reproduced. 

 

Figure 2 shows that there is excellent agreement between the 

simulated and experimental spectra.  Typically the location of 

peaks in spectra are not exactly reproduced.  For instance in 

Raman studies systematic shifts are often seen43 due to error in 

the length and strength of bonds.  This depends upon the 

functional used and while ‘vibrational scaling factors’ have been 

identified and routinely used, no correction has been applied in 

the data presented.  Improvement in agreement can also be 

made by applying higher level methods, such as hybrid 

DFT/Hartree-Fock47. These have the further advantage that 

they can improve the accuracy of thermochemical quantities48 

but at a much increased computational cost. In spite of slight 

offsets the number, relative separation and order of peaks are 

consistent with experimental spectra.  Data is not shown for 

lime and periclase because these minerals are not Raman active 

in either experiment or simulation. 

The enthalpies of formation for the carbonate and oxide 

structures considered are given in Table 2.   The minimised 

energies can be improved by including contributions to the free 

energy from vibrations identified in the finite displacement 

calculations using the harmonic approximation.  Each mode 

contributes Hi, to the enthalpy of formation ΔHf,  

𝐻𝑖 =
ℎ𝜈𝑖
2

+ ℎ𝜈𝑖 (exp (
ℎ𝜈𝑖
𝑘𝐵𝑇

) − 1)
−1

 

where h is Planck’s constant, 𝜈i is the frequency of the mode, T 

the temperature and k Boltzmann’s constant.  Calculations were 

performed for the elements in order to estimate formation 

energies for the mineral, in the case of gases, oxygen and 

hydrogen contribution from rotations (kBT) and translations 
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(3/2 kBT) as well as work on the atmosphere (kBT).  The 

calculated enthalpies of formation show good agreement with 

experimental values, with all being within 6%.  The formation 

enthalpies and Raman spectra validates the model for the 

systems.   

The energy cost of the formation for the mixed phase, Emix, 

relative to the pure mineral phases, is given by 

𝐸mix = 𝛥𝐻mix − 𝑛A𝛥𝐻A − 𝑛B𝛥𝐻B 

 

where Emix is the calculated energy, A and B are the pure 

minerals, ΔHmix is the enthalpy of formation of the mixed phase 

or mixture, nA is the number of formula units of A in the mixture 

(in the case of mixed phases nA=nB=0.5) and ΔHA is the enthalpy 

of a single formula unit of A.  All values are for whole unit cells 

with carbonate minerals having 6 formula units per hexagonal 

cell and the oxides typically 4 (the exception is b) which has 8 

formula units, the energy has been scaled for this system to 

allow easier comparison with the other mixed phase oxides).  

The calculations predict that dolomite is stable with respect to 

calcite and magnesite.  The calculated formation energy for the 

dolomite unit cell is -2.8kJ/mol compared with the experimental 

value of -5.75±0.25kJ/mol49 at 85˚C.  While the discrepancy 

appears large assuming error ~5meV per atom in our 

calculations, corresponds to 2.5kJ/mol for the carbonate 

minerals.  Conversely the pure oxide minerals are significantly 

favoured, over all of the proposed mixed phase configurations.   
 

Table 2.  Comparison of calculated and experimental enthalpy of formation for pure 

and mixed phase carbonates and oxides.  * Note that the experimental enthalpy 

quoted for dolomite is the enthalpy of mixing from calcite and magnesite. 

Model 

(Figure 1) Mineral 

Calculated 

ΔHf (kJ/mol) 

Experimental 

ΔHf (kJ/mol) 

Emix 

(kJ/mol) 

 Calcite -1159.4 -1207.650 - 

 Magnesite -1046.9 -1095.850 - 

a Dolomite -1105.9 -5.74*49 -2.8 

 Lime (CaO) -630.7 -634.950 - 

 Periclase -572.5 -601.650 - 

     

b bi-{001} -574.2 - 23.1 

c mono-{001} -566.2 - 31.1 

d mono-{111} -577.9 - 19.4 

 

The Raman spectrum for the mixed phase oxides shown in 

Figure 3 provides further evidence that these mixed phases are 

not present in the experimental samples of decomposed 

dolomite.  Two of the proposed structures are found to be 

Raman active in simulation having signals that are of the order 

of the predicted peak at ~200cm-1 for dolomite which is seen in 

experiment.  In contrast the decomposed dolomite was not 

Raman active consistent with the lack of activity in pure bulk 

lime51 and periclase due to the inversion symmetry of the cubic 

crystal52.  While structures b) and d) break the inversion 

symmetry c) like the pure oxides is not Raman active, but has 

the highest predicted mixing energy of the candidate structures.  

This is consistent with physical intuition where we expect strain 

between different mineral layers the concentration of which is 

maximised in c).   

 
Figure 3.  Comparison of simulated Raman spectra for proposed mixed oxide structures 

and dolomite.  The peak at ~200cm-1 in the dolomite spectra is observed in experiment 

and since the spectra for the proposed mixed phase oxides have predicted Raman 

signals of a similar order we would expect the structures to be identifiable 

experimentally. 

 

While we can be confident that phase-separation has occurred, 

we still expect some level of defect concentration as a result of 

entropic considerations.  As a result, in the separated minerals, 

we would still expect disorder to result in some Raman activity 

due to the symmetry breaking from mixing metal ions.  In order 

to estimate the concentration of defects we need to consider 

both the defect energy and entropy contributions to the free 

energy and their temperature dependence. 
 

Table 3. Simulation energies or pure minerals and defects 2*2*2 supercells of CaO, lime 

and MgO, Periclase ignoring contributions from entropy of mixing.  Defects replace one 

calcium ion with a magnesium, and vice versa. 

Mineral n(CaO) n(MgO)  A(300K) (eV) ΔEdef(300K) (eV) 

Lime 32 0 -361.48 - 

Periclase 0 32 -313.96 - 

Lime+defect 31 1 -359.34 0.66 

Periclase+defect 1 31 -314.53 0.91 

 

The simulation energies are the free energies at 300K, both pure 

and defect calculations use supercells to avoid differences in the 

number of degrees of freedom and the impact this has on 

vibrational contributions to the free energy.  Since contributions 

from vibrational modes are included using the harmonic 

approximation we take no account of volume change either 

from thermal expansion or the introduction of the defect and 

use the Helmholtz free energy.  The contribution of each 

vibrational mode, Ai, is given by, 

𝐴𝑖 =
ℎ𝜈𝑖
2

+ 𝑘B𝑇ln(1 − exp⁡(−ℎ𝜈𝑖/𝑘B𝑇)). 

The defect formation, or alternatively solution, energies ΔEdef, 

given in Table 3, are calculated similarly to the enthalpy of 

mixing of the mixed phases except that the free energy and 

number of formula units in the simulation cell are the relevant 
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quantities.  Values are quoted in eV to distinguish from the 

enthalpies of formation calculated previously and to highlight 

that these energies are estimates of low concentration defect 

energies that are independent of concentration.  The free 

energy of solution at 300K of calcium in periclase, 0.91eV is 

more than magnesium in lime, 0.66eV, due to the larger size of 

the calcium ion and therefore the greater strain associated with 

its substitution.  As well as vibrational contributions to the 

Helmholtz energy we can consider the free energy difference 

between pure and defect systems due to entropy introduced by 

the defect.  This can be estimated by an ideal, configurational, 

entropy of mixing per formula unit, ΔSid given by 

𝛥𝑆id = −𝑘𝐵[𝑥ln(𝑥) + (1 − 𝑥) ln(1 − 𝑥)], 

where x is the defect fraction per unit formula e.g. MgxCa(1-x)O, 

and kB, the Boltzmann constant in appropriate units.  If the 

estimated free energy difference ΔA=ΔEdef-TΔSid is greater than 

0 the system will phase separate, otherwise the defect 

concentration will be stabilised.  We can therefore estimate the 

temperature at which particular defect concentrations are 

stabilised using 

𝑇bin(𝑥) =
𝑥𝛥𝐸def(𝑇)

𝛥𝑆id
, 

where Tbin(x) is the temperature at which the phase boundary, 

the binodal, is located, where the defect energy has been 

normalised by the defect fraction to account for the defect 

being spread over 1/x formula units.  Figure 4 illustrates the 

estimated bulk phase diagram up to 2% defect concentration 

for the two systems considered.  At these concentration we 

expect the defect free energy difference and entropy of mixing 

to be reasonable approximations.  As the concentration is 

increased the mixing term breaks down because ordered 

structures have a lower mixing entropy, while the energy per 

defect is typically lowered when defects are adjacent.  This is 

seen in the ordered mixed energies of the mixed-phase oxide 

structures, where the formation energies given Table 2 are 

typically smaller than the defect energies (since there are four 

formula units per unit cell there are two ‘defects’).   

The predicted phase diagram is present in Figure 4 showing the 

low concentration temperature dependence.  In Figure 4 (inset) 

concentrations are shown for temperatures up to 2650K, above 

which liquid phases become important which cannot be 

captured by the present model.  At standard conditions solid 

solutions are expected to be negligible.  At temperatures up to 

1500K relevant to lime production solid solutions of 1% Mg in 

CaO and 3% are predicted, however unless the product is 

annealed rapidly equilibration at lower temperature will result 

in lower concentrations.    At high temperature good agreement 

is observed between the predicted and experimental phase 

diagram for Mg in CaO.  Experiment suggests solid solutions by 

mass of 17% at 2650K and 10% at 2300K, while we predict 19% 

and 12% respectively.  These discrepancies could be due to a 

degree of equilibration during cooling, in both cases the 

experimental concentrations correspond to ~100K lower than 

predicted, though this would be limited as the samples were 

annealed in water.  At lower temperature the predicted phase 

diagram deviates significantly from experiment, but these 

samples were annealed in air which would allow longer for 

equilibration to occur during cooling.  

While the predicted solid solutions for Ca in MgO are 

consistently lower they exceed the concentrations observed in 

experiment particularly at high temperature.  That the 

discrepancy cannot be interpreted by equilibration during 

cooling alone suggests that the strain introduced due to the 

larger calcium ions is not captured as accurately as magnesium 

in lime.  In both cases we note that the predictions are 

extremely sensitive to the calculated defect energies.  As an 

illustration, an error of 50meV, less than 10% of the free energy 

of solid solution corresponds to less than 1meV per atom in the 

simulation cells studied.  For Mg in CaO at 2000K this equates 

to a 30% difference in the predicted concentration or 

equivalently a 150K shift in the location of the binodal. 

 

Figure 4.  Estimated phase diagram for low concentration solid solution as a function of 

x for Ca(1-x)MgxO and Mg(1-x)CaxO (Inset: Up to 25% defect concentration).  Below the 

line phase-separation is favoured while above the lines the defect concentration will be 

stable.  

Simulated Raman spectra for the defect supercells are 

presented in Figure 5, in comparison with that obtained for 

dolomite.  The signals are typically comparable with the peak at 

~800cm-1 for dolomite which is not observed experimentally.  

The defect calculations show that at bulk concentrations of <3% 

the Raman signal is unlikely to seen experimentally consistent 

with the decomposed dolomite not being Raman active.  While 

this concentration is greater than that predicted from the phase 

diagram it is useful to note that Raman is sensitive to the surface 

where defect concentration might differ substantially from the 

bulk.  Previous studies have found enhanced defect 

concentration at surfaces where the strain introduced by the 

defect is reduced 53.   In the case of dolomite the experiment 

and simulation together suggest that any enhanced 

concentrations at surfaces must be at or below 3%. 
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Figure 5.  Comparison of simulated Raman for dolomite, and supercells of MgO(CaO), 

containing a single Ca(Mg) defect.  The spectra for the defect calulations are at a level 

that we would not expect to identify in experimental spectra.  Since the simulated 

concentration defect corresponds to 3% stable bulk defect concentrations are 

predicted to be unobservable in Raman studies. 

Conclusions 

We have analysed samples of dolomite supported by 

simulations of possible mixed-phase structures using a number 

of techniques to show that dolomite phase separates during 

decomposition.  By applying computational and theoretical 

techniques we have also been able to show that any 

substitution defects are also likely to be of low bulk 

concentration.  This result is of key importance in the 

development of both understanding the nature of dolomitic 

lime and the decomposition process.  It will aid the production 

of new materials that are as practical as modern cements while 

retaining the beneficial properties of lime and dolomitic lime 

mortars. 

Our calculations also predict that surface concentrations of 

defects are at most ~3%, since our current results predict these 

would not have detectable Raman signals.  This is consistent 

with the decomposed dolomitic lime which was not Raman 

active.  Enhanced defect concentrations at the surfaces are 

particularly important as these could have a disproportionate 

affect, since the surface structure will determine the rate of 

reactions.  Therefore we would expect defects present to 

strongly influence the rate of hardening and strength of the 

resulting materials.  As such, our results suggest it is the 

behaviour of pure minerals that determine the properties of 

lime mortars. 

 

 

Figure 6.  Illustration of the microstructure of dolomitic lime.  Calcium rich particles are 

shaded yellow, magnesium, red, morphologies are nominal but indicative of 

nanoparticles of hydroxylated minerals.  Sintering between minerals is coloured 

differently to represent the different properties between different particle types. 

In Figure 6 we give an illustration of the focus of current 

computational efforts to explain the properties of lime mortars.  

In dolomite calcium and magnesium rich particles will comprise 

the initial mortar (in calcic lime only calcium rich, portlandite 

particles, should be present).  The strength and properties of 

sintering between particles will depend upon the atomic level 

carbonation, and the quality of the mineral deposited between 

the different particle types. The rate of carbonation will be 

determined by the delivery of carbon dioxide through the 

particulate system, and the removal of water.  At the coarsest 

level the macroscopic properties will result from the 

interactions between phase-separated particles and qualities 

such as their elastic behaviour under strain.  Further we predict 

that beneficial material properties for construction will be 

obtained by mixing current (calcium rich) lime stock with finely 

ground magnesium hydroxide powders. 
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Dolomite phase separates during calcination suggesting enhanced properties of its mortars might be 

artificially produced by mixing fine powdered hydroxides. 
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