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1. Introduction 

The substantial improvements in computing capability and the development of accurate computational codes render nowadays feasible the 

investigation of periodic structures by ab initio all-electron approaches. The adoption of appropriate Gaussian expansions, coupled with hybrid 

functionals, ensures that the static energy of the investigated crystals at the variational state plus zero-point and thermal corrections returns 

extremely accurate values of the absolute thermodynamic magnitudes which can be rapidly converted to the conventional ones by standard 

procedures [1]. The effect of thermal energy is appropriately accounted for by vibrational calculations and the ensuing parameterization in terms 

of heat capacity is so precise that a CP=f(T) Shomate's function generated from ab-initio data can often be hardly recognizable from the best 

interpolant of calorimetric data of reference standard materials [2]. The mode-gamma analysis of the Hessian eigenvectors in the quasi-harmonic 

approximation is finally the main road toward an accurate account of the thermodynamic properties of any crystalline solid. All these procedures 

are nowadays routine. Concerning the substances that lack long-range periodicity, their abinitio characterization is still at an embryonic stage, but 

the observation that silicate liquids may be treated as polarized continua in the framework of Tomasi's Polarized Continuum Model [3] (and, as 

such, parameterized [4–6]) opens new perspectives toward a complete ab initio prediction of melting relations in chemically complex systems 

[7]. Having the various aggregation states of interest been resolved by first-principles, it follows that the magnitudes connected to the solid/ liquid 

state transition acquire new emphasis in the attempt to reconcile theory with observations. We present hereafter a first attempt toward an ab initio-

assisted assessment of melting relations and sub-solidus phase equilibria in the system CaO-SiO2. This system is prototypical in many aspects 

because the two limiting components have quite contrasting extrinsic stability limits in the crystalline state. The most refractory one (CaO) has 

the same cubic structure (B1) up to very high pressure [8,9], while extensive polymorphism is exhibited by silica (at least eight polymorphs of 

SiO2 exist if one considers 2nd order transitions and disregards those on which there is poor consensus) [10,11]. The two components form also 

an orthosilicate and a metasilicate (as many other binary systems with SiO2 as component) and all phases may be treated as purely stoichiometric 

with reasonable accuracy. Because this system is of importance not only in Material Science but in the Earth Sciences as well, particular emphasis 

is devoted to the effects of pressure (P) as an intensive variable. Since few and, in some cases, controversial data exist on melting behavior and 

phase relations in the CaO-SiO2 system, the main goals of this work are: (i) to assess a physically-consistent dataset of thermodynamic and 

thermophysical properties of liquid and solid phases in a broad range of P-T conditions; (ii) to define a theoretical framework (or, at least, some 

guidelines based on first principles) to properly combine thermodynamic with thermoelastic properties and account for first- and second-order 

(lambda) phase transitions; (iii) to compute relevant phase diagrams up to several tens of GigaPascals (GPa) and infer reliable stability relations 

both at subsolidus and melting conditions. 

2. Ab initio-assisted thermodynamic modeling of pure solid and liquid phases 

2.1. First-principles end-member properties 

2.1.1. Liquid and glassy SiO2 

A computational investigation with ab-initio procedures of the structure-energy and vibrational properties of silica clusters in a dielectric 

continuum with dielectric constant ε=3.8 has shown that an aggregate of D6 h network units and [SiO4]4− monomers, locally ordered in the short-

medium range and in a mutual arrangement lacking of spatial continuity in the glassy state, reproduces satisfactorily both the experimentally 

observed low-T isobaric heat capacity and the deviation from the Debye T3 law [12]. At the glass transition (Tg) the rotational and translational 

components generate a heat capacity gap only partly counterbalanced by the loss of coherent motion of all atoms in the ensemble [12]. The 

computation of the vibrational, translational and rotational components of the macroscopic partition function of the liquid, by assuming negligible 

anharmonicity, returns appropriate isochoric heat capacity values (CV) at all T conditions within the homogeneity range of the substance. The 

discrete values may be then retrieved in terms of a modified Shomate's equation within a given T range (here arbitrarily expanded from 298.15 to 

5000 K, or to 7000 K for solid and liquid CaO), i.e. CV = a + bT + cT−2 + dT–1/2 + eT−3 + fT2 + gT3 + hT−1. Thermoelastic properties (i.e. isothermal 

bulk modulus, KT; volume thermal expansion coefficient, αV; and molar volume at discrete temperatures, V) are then required to calculate the 

anharmonic contribution to the heat capacity (i.e. TVαV
2KT), hence the isobaric heat capacity (CP = CV + TVαV

2KT). Thermoelastic properties of 

the pure SiO2 liquid were optimized on the basis of the low- to highpressure melting curve of the substance by Belmonte et al. [7], along the 

guidelines discussed in Ottonello et al. [13]. The substance was initially assumed to behave in a strictly harmonic way to reproduce the univariant 

curves experimentally observed at various P,T conditions. In the case of SiO2, for instance, the liquidus was constrained to attain the melting point 

depicted by the experiments of Dalton and Presnall [14] at 5 GPa and to give melting temperatures roughly consistent with the experiments of 

Table 1 

Thermodynamic properties of the pure liquid components in the CaO-SiO2 system. H°f,298= enthalpy of formation from the elements at Tr=298.15 

K, Pr = 1 bar; S°298 = standard state entropy (Tr=298.15 K, Pr = 1 bar); CP = isobaric heat capacity (Cp = a + bT + cT−2 + dT−1/2 + eT−3 + fT2 + gT3 

+ hT−1). (1) this work; (2) Belmonte et al. [7]. 

Component H°f,298 (J/mol) S°298 

(J/mol×K) 

a 
b × 103 c × 10−5 

d 
e × 10−8 f × 106 g × 109 h × 10−4 

Reference 

CaO −569918.0 56.0067 66.181 3.4509 14.209 −561.38 −3.6202 0.38087 −0.10247 0.26810 (1) 

SiO2 −911746.2 33.887 88.455 −3.00137 −48.527 −114.33 7.2829 0.71332 0.0059239 0.0 (2) 
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Shen and Lazor [15] at higher pressures. Initial guess values of the standard state molar volume (i.e. fictive liquid at T = 298.15 K and P = 1 bar), 

bulk modulus at the athermal limit (K0) along with its baric and thermal derivatives (K'0 and dK/dT, respectively), thermal expansion coefficient 

(represented as a polynomial expansion on T, αV = α0T + α1 + α2T−1 + α3T−2 + α4T−3) were necessary to this purpose. The anharmonic contribution 

generated by the inverse procedure was retrieved in terms of a, c, f, and g coefficients of the Shomate's equation and then added to CV in order to 

obtain CP. 

Calculations were iteratively refined to attain univariant loci consistent with the experimental observations. In this work we refined again the 

thermophysical properties of the liquid silica on the basis of a new ab initio-assisted assessment of the thermodynamic properties of αcristobalite, 

coupled with the effects of the α/β lambda transition (see Section 2.1.4.4 and Section 4.1). To achieve consistency with experiments over the 

entire P-range of interest (i.e. from 0 to 70 GPa) some thermophysical properties of liquid silica have been slightly changed with respect to our 

recent assessment [7]: the molar volume of the fictive liquid at standard state was lowered from 2.782 J/bar to 

2.6 J/bar and the baric derivative of the bulk modulus was set to K'0 = 12.8 (instead of 15.8). All the remaining thermodynamic and thermophysical 

parameters necessary to depict the properties of the liquid are the same as Belmonte et al. [7] (Tables 1, 2). 

2.1.2. Liquid CaO 

As observed by Bajgain et al. [16] through first principles molecular dynamics (FPMD) calculations carried out in the framework of Density 

Functional Theory (DFT) with plane-waves and pseudo-potentials, liquid CaO undergoes progressive structural changes with varying T and P. 

At low pressure the analysis of the partial Radial Distribution Function (RDF) suggests a mean coordination number around 5 for Ca-O first 

neighbours. This value progressively rises to RDF = 8 with the increasing pressure. According to the same Authors [16] the isochoric heat capacity 

of liquid CaO at 3000 K is CV = 44.90 ± 1.83 J/(mol×K). Based on the listed thermo-physical parameters at the same temperature, the anharmonic 

correction is TVα2K = 21.77 ± 

2.75 J/(mol×K), which gives an isobaric heat capacity CP = 66.67 ± 4.58 J/(mol×K) if added to the isochoric value. This value is consistent, within 

error, with the NIST-JANAF estimates [17], which assign to liquid CaO a constant heat capacity of 62.76 J/(mol×K). The melting temperature at 

1-bar pressure is quite controversial. As emphasized by Eriksson et al. [18], older literature agrees in locating the melting point of CaO at Tf = 

2868 ± 35 K [19]. This value is accepted by a number of thermodynamic assessments [18,20–23], although other assessments [24,25] adopted a 

higher melting point at 1-bar pressure according to different experimental results (i.e. Tf = 3200 ± 50 K [26] and Tf = 3172 K [27]). A recent 

experimental investigation by Manara et al. [28] confirms this higher melting temperature of lime (i.e. Tf = 3222 ± 25 K at 1-bar pressure). The 

only molecular dynamics simulation made so far on CaO [29] adopts Tf = 3200 K and suggests a marked increase of the melting temperature with 

pressure (see later). The solid-liquid transition is poorly constrained also from the energy point of view. In the NIST-JANAF tabulations [17] the 

entropy of fusion of lime is 

Table 2 

Thermophysical properties of the pure liquid components in the CaO-SiO2 system. V°298 = standard state molar volume (Tr = 298.15 K, Pr = 1 

bar); K0 = bulk modulus at the athermal limit (i.e. T = 0 K; P = 0 GPa); K'0 = (dK/dP)0 = pressure derivative of the bulk modulus (assumed 

independent on T); (dK/dT)P = temperature derivative of the bulk modulus; αV = volume thermal expansion coefficient (αV = α0T + α1 + α2T−1). 

Component V°298 K0 K'0 
(dK/ 

dT)P 
α0 × 107 

α1 × 

107 

α2 × 

103 

 (cc/mol) (GPa)  (bar/ 

K) 

(K−2) (K−1)  

CaO 16.2 36 4.5 −45 0.0 1110 0. 

SiO2 26.0 5.0 12.8 0.0 −0.3611 843.1 0. 



 

4 

 

Fig. 1. Heat capacities of CaO liquid and solid phase (lime). (A) Bold, dashed and dotted lines represent CP, vibrational CV and anharmonicity 

(i.e. TVαV
2KT) calculated for CaO liquid in this work, as compared with FPMD results [16] and NIST-JANAF tabulation [17]. (B) Ab-initio 

B3LYP isochoric heat capacity (CV) and assessed isobaric heat capacity (CP) of solid CaO (lime), as compared with calorimetric data [39] and 

other LDA [9] and GGA [38] calculations. The red dashed line, which represents the Dulong-Petit limit for CP (i.e. 3nR + TVαV
2 KT), is drawn 

for illustrative purposes. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this 

article.) 

assumed to be similar to that of periclase (MgO), i.e. ∼6 cal/(mol×K). Also the heat capacity gap at Tf is controversial: quite small but positive 

when one adopts the heat capacity function of Berman et al. [30] for lime and the NIST-JANAF value for the liquid; negative, i.e. −0.672 J/ 

(mol×K) at 3200 K, according to the tabulation of Barin [31]. The heat capacity gap at Tf is crucial in understanding the complex vibrational 

behavior of a substance at its melting point. In fact, the loss of coherent movement (i.e. acoustic motions) corresponds to a sudden increase of 

vibrational freedom (rotational and translational components) and also the anharmonic contributions may change substantially [2,12]. The 

vibrational heat capacity of the CaO crystalline phase has been calculated ab initio in this work by using a hybrid DFT functional (B3LYP) and a 

6–31 G(d,p) basis set as implemented in the CRYSTAL code [32,33] (see Section 2.1.3 for details). The isobaric heat capacity of the liquid is 

then obtained by combining the vibrational heat capacity of the solid with the anharmonic contributions retrieved from the analysis of the CaO 

melting curve and with the 3 R contribution arising from the complete translational and rotational freedom of the atoms in the liquid. The resulting 

CP of the liquid matches the FPMD prediction of Bajgain et al. [16] (Fig. 1a). The standard state values of thermodynamic properties for the liquid 

phase (i.e. enthalpy of formation from the elements at standard state, H°f,298, and standard state entropy, S°298; Table 1) were obtained by thermo-

chemical cycle calculations assuming CaO to melt at 3222 K (see [1,13] for details). Based on our calculations the entropy of fusion is ∼7 cal/mol 

[Sfusion= 29.207 J/(mol×K)], slightly larger than that of MgO (and in agreement with the fact that the former compound is more refractory). The 

bulk modulus of CaO liquid here adopted is consistent with the FPMD investigation of Bajgain et al. [16] (i.e. K0 = 24 ± 2.5 GPa at 3000 K), 

while its thermal derivative (i.e. dK/dT = −0.0045 GPa/K) has been assessed to flatten out the isobaric heat capacity at high T (Fig. 1a). The molar 

volume of the fictive liquid at room condition was obtained by adopting a constant thermal expansion coefficient (i.e. αV = 

1.11×10−4 K−1), consistent with the observations of Bajgain et al. [16] at intermediate T (i.e. αV = 1.167×10−4 K−1 at 3000 K). 

2.1.3. Solid CaO (lime) 

As anticipated above, the vibrational properties of lime have been computed ab initio at B3LYP level of theory. The vibrational analysis at Γ 

point of the Brillouin zone gives the phonon frequencies of three optic modes: one doubly-degenerate transverse optic mode (i.e. ν4,5 = νTO = 276.0 

cm−1;) and one longitudinal optic mode (i.e. ν6 = νLO = 552.4 cm−1). The calculated LO-TO splitting according to Born effective charges and 

dielectric tensor is 276.4 cm−1, in excellent agreement with the experimental value obtained by neutron spectrometry (i.e. 263.6 ± 23.8 cm−1) [34]. 

The acoustic frequencies at the Brillouin zone boundary (kmax) have been obtained from the elastic constant tensor analysis (i.e. ν1 = 140.5 cm−1; 

ν2 = 141.6 cm−1 and ν3 = 230.3 cm−1; see [35–37] for full details about the calculation method). Obviously the harmonic isochoric heat capacity 

strictly conforms to the Dulong-Petit limit at high temperature (i.e. 3nR, where n is the number of atoms in the unit formula of the substance and 

R is the gas constant) and practically overlap with the values obtained by a full phonon dispersion calculation [38] in the T range between 0 K 
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and 2000 K (Fig. 1b). By adopting selected thermophysical parameters from the literature, the resulting isobaric heat capacity reproduces 

satisfactorily the experimental values of Robie and Hemingway [39] in the intermediate T range (Fig. 1b; Tables 3, 4). The Shomate's function 

for CP conforms to the expected Dulong-Petit limit at high T (i.e. 3nR + TVαV
2KT): this is a compulsory requisite from a thermodynamic point of 

view, even though it is rarely fulfilled by the literature assessments. 

To the best of our knowledge, the high-pressure melting curve of lime has never been determined by experiments. However, MD calculations 

predict a substantial increase of the melting temperatures with pressure [29]. We tuned the thermal derivatives of the bulk modulus of solid CaO 

in such a way to substantially reproduce the results of the MD simulation of Sun et al. [29] up to pressures of about 70 GPa, which is consistent 

with those realized in the Earth's lower mantle (Fig. 2 and Table 4). 

2.1.4. SiO2 polymorphs 

The assessment of thermophysical properties for all SiO2 polymorphs in this work, unless robust experimental data are available in the 

literature, is based on first-principles [12,40,41]. The adopted thermodynamic properties for most part of silica polymorphs are those of Berman 

[42]. This choice is dictated by the fact that the stability limits calculated for the low-density polymorphs of silica by Berman [42] adopting α-

Quartz as reference phase for the enthalpy of formation from the elements of a large number of solids are still unmatched in their accuracy with 

respect to experiments. Furthermore, as we will see later on, the entropy of α and β polymorphs of cristobalite are in full agreement with first 

principles calculations. The effect of second-order (lamba) polymorphic transitions on the heat capacity of SiO2 phases have been evaluated 

according to the procedure of Berman [42] by the following equation (applied for Tref,λ < T < Tλ at 1-bar pressure): 

CP,λ = T⋅(Xλ1 + Xλ2T) =2 b T + f (T) + g (Tλ λ 
2 

λ )3 (1) 

where the parameters bλ, fλ and gλ are those of the Shomate's equation for CP,λ. All the parameters for lambda transitions of silica are given in 

Table 5. 

Because the equation of state parameters of a substance are quite important in determining its extrinsic stability limits at planetary interior 

conditions (i.e. at very high P-T), the properties of the highest density crystalline polymorph (stishovite) assumes in our assessment a key role 

and will be outlined first. 

2.1.4.1. Stishovite. In a previous work [41], we investigated ab initio the thermodynamic and thermophysical properties of stishovite, the 

Table 3 

Optimized thermodynamic properties of solid phases in the CaO-SiO2 system. H0
f,298= enthalpy of formation from the elements at Tr=298.15 K, 

Pr = 1 bar; S0
298 = standard state entropy (Tr=298.15 K, Pr = 1 bar); CP = isobaric heat capacity (Cp = a + bT + cT−2 + dT−1/2 + eT−3 + fT2 + gT3 + 

hT−1). The origin of the data and the optimization procedure adopted in this work are described in text. 

Composition (Phase) H0f,298 

(J/mol) 

S0
298 

(J/mol×K) 

a 
b × 103 c × 10−5 

d 
e × 10−8 f × 106 g × 109 h × 10−4 

CaO −645725.0 37.75 66.329 0.64172 19.122 −448.48 −3.7626 −0.43907 0.048879 −0.13326 

(lime) 

SiO2 −910700.0 41.460 80.01 0 −35.467 −240.3 4.9157 0 0 0 

(α-quartz) 

SiO2 −908627.0 44.207 80.01 0 −35.467 −240.3 4.9157 0 0 0 

(β-quartz) 

SiO2 −907753.0 43.394 83.51 0 −24.554 −374.7 2.8007 0 0 0 

(α-cristobalite) 

SiO2 −906377.0 46.029 83.51 0 −24.554 −374.7 2.8007 0 0 0 

(β-cristobalite) 

SiO2 −907609.9 44.029 75.37 0 −59.581 0 9.5825 0 0 0 

(low-tridymite) 

SiO2 −907136.5 45.316 75.37 0 −59.581 0 9.5825 0 0 0 

(mean-tridymite) 

SiO2 −907045.0 45.524 75.37 0 −59.581 0 9.5825 0 0 0 

(high-tridymite) 

SiO2 −906662.0 40.668 97.552 −2.3932 −17.960 −634.24 3.8529 −0.65017 0.12384 −0.26112 

(coesite) 

SiO2 −874361.0 27.809 73.768 1.0205 −58.832 56.402 8.3752 0.65429 0 0 

(stishovite) 

Ca3SiO5 −2938763.0 168.6 321.19 0 −9.948 −2450.2 0.9753 0 0 0 

(hatrurite) 
−2308373.2 124.258 252.572 0 0 −2182.967 0 0 0 0 
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rutile-type P42/mnm tetragonal polymorph of silica, by hybrid DFT (B3LYP) calculations. It is well known that GGA-based hybrid density 

functionals slightly overestimate the molar volume at the athermal limit [43], so we adopted in this study the lowest experimental values, which 

range from 1.4000 to 1.4036 J/bar [44–49]. We extended here our previous quasi-harmonic mode-gamma analysis of the substance to a 

temperature of 5000 K (a value more consistent with the high-T regime that may be attained in planetary interiors): 

α K =T T ZVR ∑i=43n γieXi⎜⎝⎛ XXi − 1i ⎟⎠⎞2 (2) e 

where R is the gas constant, V is the molar volume, Z is the number of formula units in the unit cell, n is the number of atoms in the unit cell, Xi 

is the undimensionalized frequency of the ith vibrational mode (i.e. Xi = hνi/kT, where h and k represent Planck and Boltzmann constants, 

respectively, and νi is the radial frequency), and γi is the relative mode 

Grüneisen parameter of the ith vibrational mode (i.e. γi = ∂ ln νi/∂ ln V) [37,50]. The analysis confirms that αKT = f(T) has at high T a constant 

slope attaining 0.0059 GPa/K at T=5000 K. We kept our previous αV = f(T) and reassessed the isobaric thermal derivative of the bulk modulus 

(dK/dT)P to achieve consistency over the entire T range of interest. The results of this assessment are resumed in Table 4. The bulk modulus at 

the athermal limit obtained in this way (K0 = 270.1 GPa) is somewhat higher than the static value obtained by fitting the potential well (K0 = 

255.12 GPa) and intermediate between the values derived respectively from GGA and LDA calculations (see [40] and references therein). Because 

the anharmonicity at high T is slightly affected by the modified value for (dK/dT)P, also the Shomate's parameters of the isobaric heat capacity 

were refitted by non-linear minimization procedures (Table 3). The compressional behavior of stishovite in a pressure range consistent with that 

attained in planetary interiors is shown in Fig. 3. Experimental observations in the low- to intermediate-P range 

[47,51,52] are superimposed for comparative purposes. 

Fig. 4a shows the ab initio isochoric and isobaric heat capacities of stishovite at P =1 bar, compared with experimental observations for CP in 

the low- to intermediate-T range [53–56]. Ab initio calculations are in good agreement with calorimetric data at intermediate temperature 

conditions (i.e. 300 K < T < 700 K), while some differences exist in the low-T range (i.e. at T < 300 K). Nevertheless, the latter are virtually 

irrelevant to the present assessment. The isobaric heat capacity CP calculated in this work, besides being consistent with experimental data up to 

T ≅ 700 K, converge towards the Dulong-Petit limit dictated by anharmonicity at high T. The anharmonicity is definitely non negligible and 

attains ∼14.7 J/(mol×K) at the maximum T of investigation. We 

Ca2SiO4 

(β-larnite) 

Ca2SiO4 −2303787.0 128.986 252.572 0 0 −2182.967 0 0 0 0 

(α’ - bredigite) 

Ca2SiO4 −2291172.0 136.363 252.572 0 0 −2182.967 0 0 0 0 

(α - larnite) 

Ca2SiO4 −2318090.3 115.582 252.572 0 0 −2182.967 0 0 0 0 

(γ - Ca-olivine) 

Ca3Si207 −3943000 210.874 339.91 0 −106.61 −985.1 13.7359 0 0 0 

(rankinite) 

CaSi03 −1632094 81.81 149.07 0 −36.593 −690.3 4.8435 0 0 0 

(wollastonite-I) 

CaSiO3 −1628026 85.279 141.16 0 −58.576 −417.2 9.4074 0 0 0 

(pseudowollastonite) 

CaSiO3 −1626762 82.1 127.954 5.1129 −15.17495 0 0 0 0 0 

(wollastonite-II) 

CaSiO3 −1541000 74.0 114.66 9.8918 −19.527 −13.052 1.518 −02516 −0.15381 −0476251 

(Ca-perovskite) 

CaSi2O5 

(Ca-titanite) 

−2482810 99.0 188.99 8.5971 −56.16397 0 0 0 0 0 

 



 

7 

 

Table 4 

Optimized thermophysical properties of solid phases in the CaO-SiO2 system. V0
298= standard state molar volume (Tr = 298.15 K, Pr = 1 bar). K0 

= bulk modulus at the athermal limit (i.e. T = 0 K; P = 0 GPa); K'0 = (dK/dP)0 = pressure derivative of the bulk modulus (assumed independent 

on T); (dK/dT)P and (d2K/dT2)P = first and second derivative of the bulk modulus with respect to temperature. K0,T = K0 + T(dK/dT)P + 

T2(d2K/dT2)P gives the temperature dependence of the bulk modulus. αV = volume thermal expansion coefficient (αV = α0T + α1 + α2T−1 + α3T−2 + 

α4T−3). The origin of the data and the optimization procedure adopted in this work are described in text. 

Composition V0298 K0 K'0 (dK/dT)P (d2K/dT2)P α0 × 107 α1 × 107 α2 × 103 α3 α4 

(phase) (cc/mol) (GPa)  (bar/K) (bar/K2) (K−2) (K−1)  (K) (K2) 

CaO 16.76 130 4 −320.9 0.0251×2 0 501.25 −5.561 −0.4337 0 

(lime) 

SiO2 22.69 40.07 6 −53.678 0.0039 −0.6756 699.08 0 0 0 

(α-quartz) 

SiO2 23.9 132.6 3.9 −1153.8 0.3218×2 −0.07 0 0 0 0 

(β-quartz) 

SiO2 25.76 11.5 9 0 0 2.55 −2424.5 0 0 0 

(α-cristobalite) 

SiO2 27.242 14.0 7.1 −20. 0 −0.173593 235.599 0 0 0 

(β-cristobalite) 

SiO2 27.170 30.8 4.1 0 0 −0.27655 313.204 0 0 0 

(low-tridymite) 

SiO2 27.170 30.8 4.1 0 0 −0.27655 313.204 0 0 0 

(mean-tridymite) 

SiO2 27.306 30.8 4.1 0 0 −0.27655 313.204 0 0 0 

(high-tridymite) 

SiO2 20.640 100.3 8.4 −249.584 0.0252×2 −0.004534 101.67 0 0 0 

(coesite) 

SiO2 14.000 270.1 6.59 −474.75 0.03514×2 0.05904 167.77 2.2872 −2.1518 237.0245 

(stishovite) 

Ca3SiO5 72.740 97 4 −263.6 0.023×2 −0.0325 956.74 −20.0261 0 0 

(hatrurite) 

Ca2SiO4 51.600 125 4 −290 0.018×2 0.047 508.93 −5.412 0 0 

(β-larnite) 

Ca2SiO4 51.800 125 4 −290 0.018×2 0.047 508.93 −5.412 0 0 

(α’- bredigite) 

Ca2SiO4 53.600 125 4 −290 0.018×2 0.047 508.93 −5.412 0 0 

(α - larnite) 

Ca2SiO4 57.500 122 4 −290 0.018×2 0.047 508.93 −5.412 0 0 

(γ - Ca-olivine) 

Ca3Si207 96.51 100.531 4 −100 0 −0.0028 363.56 −0.874 0 0 

(rankinite) 

CaSi03 39.62 116.6 4 −330 0.027×2 0.04664 339.404 1.4588 −1.8634 0 
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Fig. 2. Melting curve of lime, as compared with the MD results [29]. Experimental data on melting point at P = 1 bar [19,27,28] are also shown 

for comparison. 

adopted as standard state entropy of the substance the ab initio value determined by Ottonello et al. [41], i.e. S°298 = 27.809 J/(mol×K), while 

H°f,298 has been optimized in order to reproduce the high-pressure melting curve of the substance and, in particular, the invariant point at which 

stishovite coexists with liquid silica and coesite (see later). The calculated H°f,298 is somewhat lower than current estimates (i.e. −874.4 kJ/mol 

against −861.3 kJ/mol according to Robie and Hemingway [39]) but consistent with the assessment of Mao et al. [57]. 

2.1.4.2. Coesite. With the decrease of P at subsolidus conditions, stishovite transforms reversibly into the less dense phase coesite. The adopted 

space group of monoclinic coesite is C2/c [58,59], though the space group P21/c has also been proposed [60]. Ab-initio LDA calculations give K0 

= 94.3 GPa and K'0 = 4.8 for the bulk modulus of coesite and its pressure derivative, respectively [40]. These compressibility values are only 

approximately consistent with the experimental observations of Levien and Prewitt [61] and the assessment of Mao et al. [57]. A slightly higher 

bulk modulus and baric derivative (i.e. K0 = 100.3 GPa, K'0 = 8.4) have been preferred in this work, along with a marked T-depencence of the 

compressibility (i.e. dK/dT = −249.584 bar/K; d2K/dT2 = 0.0504 bar/K2) (Table 4). The standard state molar volume and the thermal expansion 

here adopted are based on the experiments of Bourova et al. [62] and in reasonable agreement with other experimental data [63,64] (Fig. 5). The 

isobaric heat capacity (Fig. 4b) is essentially based on the experiments of Hemingway et al. [65], refitted in the form of a Shomate's equation 

consistent with the Dulong-Petit limit at high T. 

(wollastonite-I) 

CaSiO3 40.08 113 4 −300 0.029×2 −0.013 466 −8.3137 0 0 

(pseudowollastonite) 

CaSiO3 37.94 93.9 5 0 0 0.01998 320 0 0 0 

(wollastonite-II) 

CaSiO3 27.45 239 4.8 −300 0.01×2 0.01 300 0 0 0 

(Ca-perovskite) 

CaSi2O5 

(Ca-titanite) 

48.192 178.2 4 

−376 

0.039×2 0 350 0 0 0 

 

Table 5 

Thermodynamic parameters describing polymorphic lambda transitions in SiO2 and Ca2SiO4 according to Eq. (1). The enthalpy of transition, 

modeled as first order (ΔH1st order) and the Clapeyron slope of the phase boundaries (dT/dP) are also indicated. Some literature values (in 

parentheses) are shown for comparison. 

low-T 

polymorph 

Tλ Tref Xλ1 Xλ2 bλ fλ gλ dT/dP ΔH1st 

order 

References 

 (K) (K)      (K/bar) (J/mol)  

SiO2 (α-quartz) 848 373 −0.09187 0.00024607 0.008440 −4.52129E−05 6.05504E−08 0.02565 499 this work 

        (0.0237)  Berman [42] 

         (499) Berman and 

Brown [70] 

SiO2 (α-

cristobalite) 

550 298.15 −0.1 0.0004465 0.010000 −8.000000E−5 1.60000E−07 0.1217 304 this work 

SiO2 (low-

trydimite) 

388 304 −0.83 0.0027311 0.705600 −4.586000E−3 7.452900E−6 0.0 – this work 

SiO2 (mean-

trydimite) 

440 388 −0.52 0.0014 0.270400 −1.456000E−3 1.96000E−06 0.0655 – this work 

α'-Ca2SiO4 1710 970 −0.22815 0.00023196 0.052052 −1.058400E−4 5.38054E−08 0.023 12615 this work 
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Fig. 3. Compressional behavior of silica polymorphs: assessments (this work, Demuth et al. [40], Mao et al. [57]) and experiments. Experimental 

data for stishovite: Ross et al. [47], Olinger [51], Liu et al. [52]; coesite: Levien and Prewitt [61]; α-quartz: Vaidya [76], Olinger and Halleck [77], 

D’Amour et al. [78], Levien et al. [79], Cartz and Jorgensen [80], Jorgensen [81]; α-Cristobalite: Downs and Palmer [84]. 

Based on the above selected thermophysical parameters and differently from stishovite, the anharmonicity contribution to the isochoric heat 

capacity is almost negligible. The assessed values of S°298 and H°f,298 are nearly similar to those of Mao et al. [57]. 

2.1.4.3. Quartz. Coesite transforms reversibly to β-quartz by decreasing the pressure at T > 1550 K and to α-quartz at lower T. The assessment of 

the thermophysical properties of the α-β polymorphs of quartz is complicated by the existence of a lambda transition coupled to a slight first-

order contribution. The λ-transition of quartz has been treated in many ways with somewhat contradictory results in terms of 2nd order 

contributions to the bulk thermodynamic properties of the phase [42,66–70]. We adopted here the procedure of Berman [42]: a common 

background heat capacity (or “lattice” contribution [42]) with superimposed λ-contributions. According to the experiments of Ackermann and 

Sorrell [71] and Bourova and Richet [72] the standard state molar volume of β-quartz was set to 23.9 cc/mol and assumed to be affected by a 

small negative thermal expansion represented by a single numerical coefficient (i.e. αV = −0.07×T; Table 4). The simple 1st-order treatment of 

the α-quartz to βquartz transition gives a constant Clapeyron slope dT/dP = 0.02565 K/ bar (Table 5). The λ-contribution to entropy at the critical 

temperature 
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Fig. 4. Calculated heat capacities of stishovite (A) and coesite (B), compared with calorimetric data in the low-T [53–56] and intermediate-T 

[56,65] range. Solid curves are the continuous functions generated by the Shomate's heat capacity polynomial expansion valid up to the high 

thermal regimes of interest in this study. Red dashed lines, which represent the Dulong-Petit limit for CP of stishovite and coesite (i.e. 3nR + 

TVαV
2KT), are drawn for illustrative purposes. (For interpretation of the references to color in this figure legend, the reader is referred to the web 

version of this article.) 

(TC ≅ Tλ = 848 K) is Sλ,C = 2.158 J/(mol×K). The volume change at the lamba transition point is Vλ,C = 0.554 cc/mol, which, if subtracted to the 

1st-order volume of β-quartz at Tλ and scaled to ambient conditions according to thermal expansion of the α-polymorph, returns V°298 = 22.95 

cc/mol for α-quartz (see Fig. 5). This value is still somewhat higher than the observed value of Taylor [73] (i.e. V0 = 22.69 cc/mol), 
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which is here preferred. Nonetheless, as shown in Fig. 5, the volume thermal expansion of α-quartz below the phase transition is sufficiently 

consistent with experiments. 

The potential well of the P6222 structure of β-quartz as determined by DFT-LDA computations [40] indicates a marked stiffness of the 

substance at the athermal limit (i.e. K0 = 132.6 GPa), while an unique experimental observation at relatively high temperature gives KT = 56.4 

GPa at T = 873 K [74]. A strong T-dependence of the bulk modulus can thus be inferred for β-quartz, which was interpreted by Demuth et al. 

[40] as due to the activation of low-frequency Rigid Unit Modes (RUMs). For the P3221 α−polymorph the same Authors [40] calculated a static 

bulk modulus of 35.4 GPa by LDA [40], while Hamann [75] obtained K0 = 45.0 GPa at the same level of theory. We adopted here the assessment 

of Mao et al. [57], which assign K0 = 40.07 GPa and K'0 = 6.0 on the basis of several sets of internallyconsistent experiments [76–81] (Fig. 3 and 

Table 4). As concerning the thermal dependence of the bulk modulus, we adopted the assessed value of Mao et al. [57] for α-quartz, while we 

optimized the (dK/dT)P value for β-quartz on the Clapeyron slope of the experimental phase boundary between the two polymorphs according to 

Cohen and Klement [82] and Mirwald and Massonne [83] (Table 4). The ensuing anharmonicity is definitely non negligible and attains ∼2.3 

J/(mol×K) at T = 3000 K. The isobaric heat capacity is below the Dulong-Petit asymptotic limit at all T of interest (see Fig. 1-SM in Supplementary 

material). 

2.1.4.4. Cristobalite. We adopt for the α-polymorph (space group P41212) the thermoelastic parameters of Downs and Palmer [84] (i.e. V0 = 25.76 

cc/mol; K0 = 11.5 GPa; K'0 = 9.0). The experimental bulk modulus is in agreement with DFT-LDA calculations of Teter et al. [85] and Demuth 

et al. [40] (i.e. 11.9 and 12.8 GPa, respectively), though the baric derivative is much higher than the computed ones (3.0 and 6.3, respectively). 

K0 and K'0 of the β-polymorph are those obtained by Demuth et al. [40] on the P213 cubic phase (i.e. K0 = 14.0 GPa; K'0 = 7.1). The adopted 

standard state volume (V0 = 27.242 cc/mol) and thermal expansion of β-cristobalite are consistent with the observations of Swainson and Dove 

[86] and Bourova and Richet [72] (Fig. 6 and Table 4). 

To reproduce the experimental Clapeyron slope of the α/β transition [87,88] we must assume that the α-polymorph has a complex thermal 

expansion (αV negative from room temperature to T ≅ 950 K 

 

Fig. 5. Molar volumes of quartz and coesite as modeled in this work, compared to experimental observations [58,62–64,71–73] and first principles 

computations [40]. The red dashed line depicts the fictive volume of the α-quartz polymorph in the absence of the effects of the displacive phase 

transition to β-quartz at P = 1 bar. TC ≅ Tλ = 848 K is the critical temperature for the α-β quartz phase transition. (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 6. Molar volumes of cristobalite and tridymite as modeled in this work, compared to experimental observations [72,73,84,86] and first 

principles calculations [85]. The effect of the lamba displacive phase transition on the molar volume of the α polymorph at Tλ (i.e. ΔVλ = 2.77 

cc/mol) is also sketched. 

and positive at higher T; Fig. 6). This complex behavior is consistent with our calculated displacive contributions to volume at Tλ (i.e. ΔVλ = 2.770 

cc/mol based on the Clapeyron slope; cf. Fig. 6 and Table 5; see also Section 4.1). The λ-transition from the α to β polymorph induces a substantial 

increase in the heat capacity up to a critical limit that, according to Mosesman and Pitzer [89], would attain ∼23 J/(mol×K) at 550 K (see Fig. 2-

SM in Supplementary material). Based on our modeled transition (see Table 5 and Fig. 2-SM), the delta in the bulk entropy of the two polymorphs 

is 2.276 J/(mol×K) at this temperature and the β-polymorph has a standard state entropy S°298 = 46.029 J/ (mol×K), which is consistent with the 

assessed value of Berman [42]. The “lattice” heat capacity function of Berman [42] is still below the Dulong-Petit asymptotic limit in the T-range 

of extrinsic stability of the substance (Fig. 2-SM). 

2.1.4.5. Tridymite. The low-density polymorphs of silica known as “tridymites” occur in a variety of space groups, hence numerous phase 

transitions have been proposed [89–92]. The high-T polymorph is closely related to the β-cristobalite structure [93]. The ideal C2221 orthorhombic 

structure of β-tridymite has been investigated by DFTLDA calculations [40], which give K0 = 30.8 GPa and K'0 = 4.1. The experimental data of 

Taylor [73] on thermal expansion of tridymite may be reproduced with a simple two-parameters polynomial function (i.e. αV = α0T + α1, with α0 

= −0.276E−07 and α1 = 313.2E−07) and a standard state molar volume V0 = 27.306 cc/mol (cf. Fig. 6 and Table 4). Following Berman [42] one 

could assume that only two phase transitions occur in tridymites, namely those for which “acceptable consensus” exists: a low-to-mean transition 

occurring at Tλ = 388 K and a mean-to-high transition at Tλ = 440 K [91,92]. We assumed for simplicity that the thermophysical parameters of 

 

Fig. 7. Volume thermal expansion of Ca2SiO4 solid polymorphs as modeled in this work (dotted lines), compared to the discrete 

experimental values of Remy et al. [97]. 
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the “low” and “mean” polymorphs are identical to those of the “high” polymorph here identified with the ideal C2221 orthorhombic structure. 

The common “lattice” heat capacity function of tridymite [42] is shown in Fig. 3-SM of Supplementary material with the two lamba phase 

transitions superimposed (see also Table 5). The 2nd order contributions of the two λ-transitions at Tλ are the following: ΔHλ = 543 J/mol, ΔSλ = 

1.479 J/(mol×K), ΔVλ = 0.0 J/bar for the low/mean transition at Tλ = 388 K; ΔHλ = 88 J/mol, ΔSλ = 0.208 J/(mol×K), ΔVλ = 0.0136 J/bar for the 

mean/high transition at Tλ = 440 K. 

2.2. Intermediate crystalline compounds 

Besides lime and the polymorphs of silica, other thirteen compounds are known to nucleate in the system: hatrurite (Ca3SiO5), five polymorphs 

of the Ca2SiO4 orthosilicate [α'H, α'L, α (bredigite), β (larnite), γ (Ca-olivine)], rankinite (Ca3Si2O7), Ca-titanite (CaSi2O5) and five polymorphs of 

the CaSiO3 metasilicate (wollastonite, pseudowollastonite, walstromite, wollastonite-II, Ca-perovskite). The extrinsic stability relations of solid 

phases at subsolidus in the wide P,T regime of interest in geophysical investigations are quite complex and affect melting relations as well. 

2.2.1. Ca2SiO4 

Ca2SiO4 is an important constituent of Portland cement [94–96] and, as such, it has been extensively investigated. The extrinsic stability 

relations at room pressure are still matter of debate. The stable form at low T and ambient P is orthorombic (γ-Ca2SiO4, Ca-olivine) but it is readily 

replaced by a monoclinic form (β-Ca2SiO4, larnite) with 

increasing pressure (see Section 4.4). The α'H and α'L orthorombic polymorphs are stable at intermediate T (from ∼1000 K to ∼1700 K) and finally 

transform into the α polymorph (α-larnite), whose crystal symmetry is still uncertain (trigonal or exagonal; see Remy et al. [97] and references 

therein). α-Ca2SiO4 melts at 2403 K at room pressure. Complex extrinsic stability relations have been proposed in [98], which we would refer the 

interested reader to. As common lattice heat capacity of β, α', α, γ polymorphs we adopted the simple twoparameters CP=f(T) function of Berman 

and Brown [99] for the α' polymorph (see Table 3). This function conforms rather well even to extreme temperature conditions (see Figs. 4a-SM, 

4b-SM, 5-SM and 6SM in Supplementary materials). 

The β-α' transition was modeled by Berman and Brown [69] as pure first-order phase transition with a transition enthalpy Htrans,β-α' = 1748 

J/mol at Ttrans,β-α' = 970 K. The α'-α transition has a superimposed λ- and 1st-order character, with a sensible 1st-order contribution equal to 

Htrans,α'−α ∼12.6 kJ/mol at Ttrans,α'−α = 1710 K (Table 5 and Fig. 4b-SM in Supplementary materials). 

We disregarded the α'H-α'L transition for the difficulty in retrieving satisfactory thermophysical parameters for these very similar polymorphs 

and we treated α' as a single phase. The adopted H°f,298 and S°298 for all the Ca2SiO4 polymorphs were initially chosen according to Haas et al. 

[100]. In a subsequent optimization the parameters were readjusted to conform to the observed extrinsic stability limits. The assessment of the 

thermophysical properties was essentially based on the observations of Remy et al. [97], with some limited modifications to attain the Dulong-

Petit asymptotic limit at high T. Since the existing experimental data on thermal expansion of the Ca2SiO4 solid polymorphs [97 and references 

therein; 101–103] are quite scattered (see Fig. 7-SM in Supplementary materials), the choice of a "generalized" thermal expansion (i.e. common 

to all the polymorphs) was almost compulsory. After this quite crude selection, we compared the expanded volumes calculated with a common 

αV polynomial function to the discrete experimental values of Remy et al. [97], then we optimized consistently a standard state volume for each 

of the polymorphs (see Fig. 7 and Table 4). 

2.2.2. CaSiO3 

As for Ca2SiO4, also CaSiO3 exhibits extensive polymorphism which has been the object of different experimental investigations. The 

polymorph stable at room condition is wollastonite (triclinic, space 

 
group P1). According to Richet et al. [104] there is a reversible transition from low-wollastonite to high-wollastonite at T = 995 ± 10 K, which is 

clearly detectable in the mean heat capacity values (see Fig. 1 in [104] and references therein). The transition "can be considered calorimetrically 

as first order" (Richet et al. [104]) with a very small enthalpy of transition (i.e. ∼200 J/mol). Wollastonite (Wo) undergoes a solid-state phase 

transition to monoclinic pseudowollastonite (PWo): according to the experimental observations of Kushiro [105] the phase transition at ambient 

pressure is predicted to occur at T = 1398 ± 10 K. According to Osborn [106] pseudowollastonite melts congruently at 1817 K (or 1821 K by 

correction on the 1968 

International Temperature Scale, [104]). Barin [31] lists an enthalpy of fusion of 56.066 kJ/mol at T = 1816 K for CaSiO3. A similar value was 

obtained by Adamkovikova et al. [107] by solution and dropcalorimetry experiments (57.3 ± 2.8 kJ/mol). At high pressure (i.e. roughly above 2.5 

GPa), PWo transforms into another triclinic polymorph: wollastonite-II (Essene [108]; Wo-II). Wo-II is structurally quite similar to another high-

pressure polymorph of CaSiO3 (walstromite), where “the axial ring Si3O9 is isomorphously replaced by the same ring with the inverse axiality” 

[109]. Above ∼10 GPa the stable phase of CaSiO3 is orthorhombic (space group Pnma), and generally indicated as “Ca-Perovskite” (Ca-Pvsk). 

For Wo and PWo we adopted the heat capacity coefficients of Berman [42], which are based essentially on the calorimetric measurements of 

Krupka et al. [110,111], White [112], Wagner [113], Elsner von Gronow and Schwiete [114] and disregard the low- to high-wollastonite phase 

transition detected by Richet et al. [104]. We note however that below ∼1000 K the low-wollastonite data of Richet et al. [104] are consistent 

with the heat capacity function selected in this work and a good consistency is observed also for PWo up to ∼2000 K (see Fig. 8-SM in 
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Supplementary materials). The assessment of Berman [42] was initially adopted also for the enthalpy of formation from the elements at standard 

state and the standard state entropy of Wo and PWo. In our assessment H°f,298 of both polymorphs was lowered by ∼0.6 kJ/ mol. We did not make 

any distinction between wollastonite-II and CaSiO3-walstromite due to their structural similarity. The heat capacity of Wo-II is shown in Fig. 9-

SM of Supplementary materials along with that of the Ca-perovskite phase. The heat capacity equation provided by Swamy and Dubrovinsky 

[115] was initially adopted for Wo-II and Capvsk, but, when coupled with the thermophysical parameters selected or refined in this study, a slight 

(Wo-II) or marked (Ca-Pvsk) discrepancy with respect to the asymptotic Dulong-Petit limit at high T was evident and a partial refitting was 

deemed as necessary (Table 4 and Fig. 8-SM of Supplementary material). For Wo-II we adopted the standard state molar volume of Chatterjee et 

al. [116] and the thermal expansion of Swamy and Dubrovinsky [115]. The bulk modulus and its thermal derivatives were refined in this study 

on the basis of the Wo/ Wo-II subsolidus univariant curve (see Section 4.5 for details). As to Ca-pvsk, we adopted the standard state molar volume 

of Wang et al. [117], while thermal expansion and isothermal compressibility were fully refined according to the vibrational constraint on CP 

given by the Dulong-Petit limit at high T. 

2.2.3. Ca3SiO5 

Thermodynamic properties of Ca3SiO5 (hatrurite) are quite controversial in the literature [18,20,31,39,69,99,118–120]. In this work we adopted 

the S°298 value of Barin [31], the heat capacity of Berman and Brown [69,70] and the standard state molar volume of Robie and Hemingway [39]. 

With respect to our previous optimization [13], we slightly modified the thermal expansion of Skinner [121] to render the anharmonicity of the 

substance consistent with the CP = f(T) function at high temperature (Table 4). The attainment of the expected DulongPetit asymptotic limit was 

thus satisfied (Fig. 10-SM in Supplementary materials). Furthermore, we decreased the H°f,298 value to −2938.763 kJ/mol with respect to 

calorimetric results [39,118] (Table 3) in order to get meaningful liquidus and subsolidus phase relations both at ambient and high-pressure 

conditions (see Sections 

4.6 and 4.7). 

2.2.4. Ca3Si2O7 

As for Ca3SiO5, thermodynamic properties of Ca3Si2O7 (rankinite) are affected by a large uncertainty [18,118,119,122,123]. We adopted for 

H°f,298 a value nearly similar to that assessed by Eriksson et al. [18], while S°298 is that of Barin [31]. As for most part of the other intermediate 

compounds, the Shomate's coefficients for CP are those of Berman and Brown [69,70]. V°298, K0 and K'0 values are those assessed by Holland and 

Powell [124], while thermal expansion was initially set according to the estimates of Skinner [121] and then refined to conform the anharmonicity 

of the substance to the asymptotic Dulong–Petit limit at high T (see Fig. 11-SM in Supplementary materials). 

2.2.5. CaSi2O5 

Ca-titanite (CaSi2O5) forms by breakdown of Wo-II above ∼8– 9 GPa [125]. This phase coexists at subsolidus equilibrium conditions with β-

Ca2SiO4 (larnite) in a limited pressure range. Above 11–13 GPa the CaSi2O5 + β-Ca2SiO4 equilibrium assemblage recombines into the high-density 

polymorph of CaSiO3 (Ca-Pvsk). As far as we know, there are no firm estimates of the isobaric heat capacity of Ca-titanite, besides the quasi-

harmonic lattice dynamics simulation of Swamy and Dubrovinsky [115] which is here adopted (Table 3). According to Angel and coworkers 

[126–128], V°298 = 48.192 cc/mol, K0 = 178.2 GPa and K'0 = 4.0. A more recent ab initio investigation [129] defines a lower (static) value for the 

bulk modulus (i.e. K0 = 152 GPa), while confirming the baric derivative. In order to have a TVαV
2KT anharmonic term consistent with the adopted 

isobaric heat capacity (cf. Fig. 12-SM in Supplementary material) one must assume a marked value for the thermal derivative of the bulk modulus 

(Table 4). In that case, the expected K0 at the athermal limit would be much higher than the computed value by Yu et al. [129]. Therefore we 

assumed K0 = 178.2 GPa according to Angel et al. [128]. The H°f,298 adopted in this work is the calorimetric value of Schoenitz et al. [130] (Table 

3), which is consistent with that of Akaogi et al. [131] within experimental uncertainty. The remaining parameters were refined in this study to 

reproduce the univariant phase equilibrium boundaries CaSi2O5 + βCa2SiO4 = CaSiO3 (Wo-II) and CaSi2O5 + β-Ca2SiO4 = CaSiO3 (Capvsk) at 

subsolidus conditions, according to the experimental observations of Kanzaki et al. [132] and Gasparik et al. [125] (see also Section 

4.5). 

3. The CaO-SiO2 liquid 

Interactions at the liquid state were modeled with the Hybrid Polymeric Approach (HPA) [133,134]. The model is basically a slight 

modification of the Toop-Samis model [135,136] and its application has been extensively discussed elsewhere [7,13]. We simply recall that the 

Gibbs free energy of mixing (Gmix) of a multi-component liquid can be obtained as a sum of discrete contributions arising from different kinds of 

interaction among chemical species in the structure of a polymeric substance. The different energy terms are represented by a dominant chemical 

interaction among polymeric units (Gchemical) and subordinated interactions in the cation and anion matrices (Gcat.mix and Gstrain, respectively): 

Gmixing = Gchemical + Gcat.mix + Gstrain (3) 
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The chemical interaction is related to a polymerization constant (KP) which is in turn intimately linked to the donor pressure of the system 

depending on the contrast in the Lux-Flood acid-base characters of the oxygen donors (or "Network Modifiers", NM) and oxygen acceptors (or 

"Network Formers", NF) 

(O−) 

Gchemical = 2 RT ln KP (4) 

Table 6 

Parameters of the Hybrid Polymeric Approach for the CaO-SiO2 system. A and B represent enthalpic and entropic contributions, respectively, to 

the polymerization constant KP (see Eq. (6)). ηk,S and ηk,V are strain parameters according to Eqs. (9) and 

(10) (see text for details). 

 

A −14416 

B 0 

η 1,S −2.5 

η 5,S 8 

η 0,V 0.0573–0.3473/P [ P 

(GPa) ≤ 1] 

η 5,V 1.013–0.013×P [ P (GPa) 

≤ 1] 

 

K =P 

(5) 

where (O2−), (O°) and (O-) are the activities of free oxygens, bridging oxygens and singly-bonded (non-bridging) oxygens, respectively, and 

(O−)/2 accounts for the number of contacts between the functionals of the polymeric units. In a NM-NF system of highly contrasting acid-base 

character such as CaO-SiO2 the chemical interaction is expected to be mainly enthalpic in nature. Because the polymerization constant KP in the 

HPA model is expanded in the form: 

ln K = A/T +P B (6) 

the A and B coefficients acquire a precise thermodynamic significance, with R×A and -R×B representing respectively the enthalpic and entropic 

contributions to the chemical interaction energy between NM and NF per unit mole of contacts. In our case, from the topological analysis of the 

binary phase diagram it turns out that B is virtually zero, so the chemical interaction is completely enthalpic (Table 6). The heat of mixing arising 

from the A model parameter may be compared with the heat of mixing of discrete solid compounds in the system by applying: 

 (Hsolid,Tf + Hfusion − ∑n μi i0,liquid,Tf) 

Hmixing,Tf = ∑i ni (7) 

where Hfusion is the heat of fusion, μi° and ni are the standard state chemical potentials and the number of moles per formula unit of the ith oxide in 

the liquid and the corresponding solid, respectively. We may thus see that the heat of mixing of the CaO-SiO2 binary liquid is quite consistent 

with the heats of fusion of the ortho- and meta-silicate phases (i.e. α-Ca2SiO4 bredigite and CaSiO3 pseudo-wollastonite [31,107]) (see Fig. 8). 

The strain contribution to the bulk Gibbs free energy of mixing is 
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Fig. 8. HPA heat of mixing along the CaO-SiO2 join calculated at T = 2403 K and T = 1817 K (solid and dotted curves, respectively). The values 

expected from the experimental latent heats of fusion of the two pure compounds at Tf [31,107] are superimposed for comparison. 

quite limited (Table 6). Since Gstrain is related to the medium-range disorder of polymeric units in the anion matrix, it can be obtained as follows: 

(O−) 

Gstrain = 2 η (8) 

where η is a strain parameter which is conveniently expanded as a function of the molar fraction of Network Formers in the system (XNF) and 

intensive variables P,T, i.e. 

n 

η = ∑ η ⋅(2XkNF − 1)k 

 k=0 (9) 

ηk = ηk H,− T⋅ηk S, + P⋅ηk,V (10) 

This limited amount of energy operates only over the acidic part of the system (i.e. XNF = XSiO2 ≥ 0.5, where polymeric units are present) and 

is thus set to zero for the remaining part of the system. 

The volume terms described by ηk,V in Eq. (10) depict a Pdependent excess volume (Vexc), constrained by experimental observations at discrete 

P conditions. The excess volume is slightly negative at low P and progressively vanishes with increasing pressure (Vexc becomes virtually zero at 

P > 1 GPa; see Table 6). At variance with the enthalpic and entropic contributions, the volume terms operate over the entire compositional space 

because intimately connected with the short-range properties of the pure components, affected in a complex way by pressure. Finally, as 

anticipated long ago [133], though the eigenvalues of the Toop-Samis model [135,136] nominally cover the entire compositional range from pure 

NM to pure NF, they are unphysical below a certain NF amount because they would imply decomposition of monomers, which is energetically 

unlikely [4,137]. The procedure adopted by the HPA model to solve this inconsistency, along with its implications, is briefly discussed in 

Supplementary material. 

A simplified FORTRAN routine to build up phase diagram topology, based on a more complex procedure adopted for high-rank simplexes 

[7,13,36], is available upon request to G.O. (DISTAV, University of Genova, Corso Europa 26, 16132 Genova, Italy; e-mail: giotto@ 

dipteris.unige.it). 

4. Results and discussion 

4.1. The SiO2 phase diagram at low pressure 

Although the thermochemical parameters (i.e. CP, H°f, S0) adopted for the low-density polymorphs of silica (tridymites, α/β cristobalite, α/ β 

quartz) are those of Berman [42] their thermophysical properties were completely revised, due to physical unsoundness, by taking into account 

all available experimental evidences (see Sections 2.1.4.3– 2.1.4.5). Notwithstanding this revision, the new extrinsic stability limits between the 

various polymorphs keep a reasonable consistency (Figs. 9a, b and 10). As we may see for instance in Fig. 9a and b the Clapeyron slopes between 

tridymite and cristobalite polymorphs are well reproduced within the limits of reversal experiments 
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[87,88,91,92]. It should be stressed that, in the case of phase transition with a wide Tref-Tλ gap and a marked Clapeyron slope (such as for the case 

of cristobalite, outlined in Fig. 9b), the way of treating the thermodynamics of the phase transition affects the calculated extrinsic stability limits 

of the polymorphs. In the adopted model the λtransition of cristobalite begins at Tref = 298.15 K (at room pressure) and ends at TC ≅ Tλ = 550 K. 

If the λ-contributions to the stability of the α polymorph were ignored, a first-order phase transition would be predicted already at T = 522 K, 

while, allowing Tλ to migrate with pressure according to the dT/dP slope of the phase boundary (i.e. 0.1217 K/bar; cf. Table 5), the transition at 

room pressure takes place correctly at Tλ = 550 K even though the Clapeyron slope is somewhat affected (i.e. dT/dP = 0.1131 K/bar). To avoid 

this problem (virtually negligible for all the other phases in this study) one should perform a complex VdP integration along the entire transition 

boundary. In practice this is not necessary and the transition may be treated as first-order (embodying the λ-contributions at the standard state into 

the H°f, S0, V0 values). The inspection of the 2nd-order effect is however important to assess the correct thermal expansion of the low-T polymorph, 

as previously discussed. The assessment of thermodynamic and thermophysical properties of the low-density polymorphs of silica and the pure 

liquid allows to infer subsolidus phase relations and melting curves in the low-P range. The results of this calculation are shown in Fig. 10. The 

agreement with experimental observations [82,83,138–143] is reasonable. According to our assessment the βcrystobalite/β-quartz/liquid invariant 

point occurs at P = 0.48 GPa and T = 1990 K, while the high-tridymite/β-cristobalite/β-quartz invariant point is localized at P = 0.152 GPa and T 

= 1439 K (P = 0.151 GPa and T = 1440 K according to Berman [42]). A detailed tabulation of the thermodynamic properties of some the most 

relevant SiO2 phases (solid polymorphs and liquid) at room pressure is proposed in Table 7. 

4.2. The SiO2 phase diagram at intermediate pressure 

The assessed phase diagram of SiO2 in the 1 GPa ≤ P ≤ 6 GPa range is shown in Fig. 11. The experimental observations concerning the 

univariant phase boundary between the α/β polymorphs of quartz and between β-quartz and coesite are sufficiently well reproduced as compared 

to the results of Cohen and Klement [82] and Mirwald and Massonne [83]. The α-quartz/coesite phase boundary is not far from the experimental 

observations of Bohlen and Boettcher [144] though we have no evidence of a constant Clapeyron slope, as inferred by different experimental 

investigations [82,83,144,145]. The β-quartz/ coesite/liquid invariant point is predicted to occur at P = 4.75 GPa and T ≅ 2630 K. The α-quartz/β-

quartz/coesite invariant point is calculated at P = 3.3 GPa and T ≅ 1550 K (Fig. 11). 

4.3. The SiO2 phase diagram at high pressure 

The high-pressure melting curves of coesite and stishovite are consistent with the experimental results of Dalton and Presnall [14], 

 

Fig. 9. Phase transitions in tridymite (A) and cristobalite (B) as compared with experimental observations [87,88,91,92] (full and empty symbols 

denote reversals). Black solid and red dashed curves in Fig. 9B represent the calculated phase boundary between α/β cristobalite by including or 

neglecting, respectively, λ-contributions to the stability of the α polymorph. Green dotted line is the result obtained by assuming Tλ to be pressure-

dependent according to the Clapeyron slope of the phase boundary (i.e. dT/dT = 0.1217 K/bar) (see text for details). (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 10. SiO2 phase diagram at low pressure (P ≤ 1.25 GPa). Melting curves and extrinsic stability limits of β-cristobalite, high-tridymite and the 

α, β polymorphs of quartz as obtained in this study (solid lines) are compared with experimental observations (symbols) [82,83,138–143]. 

Table 7 

Thermodynamic and thermophysical properties of SiO2 solid and liquid phases (T = 298.15 − 5000 K, P = 1 bar). 

Polymorph T V density α×106 K CP anharmonicity H S G 

 K J/bar g/cm3 K−1 GPa J/(mol×K) J/(mol×K) kJ/mol J/(mol×K) kJ/mol 

α-Quartz 298.15 2.269 2.648 49.765 38.5 44.742 0.645 −910.700 41.460 −923.061 

α-Quartz 300 2.269 2.648 49.640 38.5 44.935 0.646 −910.617 41.737 −923.138 

α-Quartz 400 2.280 2.635 42.884 38.0 53.526 0.637 −905.665 55.925 −928.035 

α-Quartz 500 2.290 2.624 36.128 37.5 59.495 0.560 −899.999 68.543 −934.270 

α-Quartz 600 2.302 2.610 29.372 37.0 64.490 0.440 −893.797 79.836 −941.699 

α-Quartz 700 2.320 2.590 22.616 36.5 69.645 0.301 −887.096 90.156 −950.205 

α-Quartz 800 2.347 2.560 15.860 36.0 75.750 0.167 −879.836 99.842 −959.709 

α-Quartz 848 2.367 2.538 12.617 35.8 70.200 0.112 −876.119 104.352 −964.610 

Δ  0.018 −0.019     0.499 0.589  

β-Quartz 848 2.385 2.519 −5.936 57.9 67.632 0.041 −875.620 104.941 −964.611 

β-Quartz 900 2.384 2.520 −6.300 54.8 68.296 0.047 −872.086 108.986 −970.174 

β-Quartz 1000 2.382 2.522 −7.000 49.4 69.356 0.058 −865.201 116.239 −981.440 

β-Quartz 1100 2.381 2.524 −7.700 44.6 70.203 0.069 −858.222 122.891 −993.401 

β-Quartz 1139 2.380 2.525 −7.973 42.9 70.489 0.074 −855.478 125.341 −998.242 

Δ  0.377 −0.345   0.937 −0.074 2.076 1.821 0.002 

high-Tridymite 1139 2.757 2.179 −0.179 30.8 71.426 0.000 −853.402 127.162 −998.240 

high-Tridymite 1200 2.757 2.179 −1.866 30.8 71.787 0.004 −849.034 130.898 −1006.112 

high-Tridymite 1300 2.756 2.180 −4.631 30.8 72.281 0.024 −841.830 136.665 −1019.494 

high-Tridymite 1400 2.754 2.182 −7.397 30.8 72.679 0.065 −834.581 142.036 −1033.432 

high-Tridymite 1500 2.752 2.183 −10.162 30.8 73.006 0.131 −827.296 147.062 −1047.889 

high-Tridymite 1600 2.749 2.186 −12.928 30.8 73.277 0.226 −819.982 151.783 −1062.834 

high-Tridymite 1700 2.745 2.189 −15.693 30.8 73.503 0.354 −812.642 156.232 −1078.237 

high-Tridymite 1767 2.742 2.191 −17.546 30.8 73.635 0.459 −807.713 159.076 −1088.800 

Δ  0.005 −0.004   0.226 −0.433 0.123 0.069  

β-Cristobalite 1767 2.747 2.187 −7.114 10.5 73.861 0.026 −807.590 159.145 −1088.800 

β-Cristobalite 1800 2.746 2.188 −7.687 10.4 73.968 0.030 −805.151 160.513 −1094.074 

β-Cristobalite 1900 2.744 2.190 −9.423 10.2 74.227 0.047 −797.739 164.520 −1110.327 

β-Cristobalite 1999 2.741 2.192 −11.141 10.0 74.550 0.068 −790.372 168.300 −1126.803 

Δ  0.055 −0.043   7.123 −0.027 9.009 4.517  
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Liquid 1999 2.796 2.149 12.126 5.0 81.673 0.041 −781.363 172.817 −1126.824 

Liquid 2000 2.797 2.148 12.090 5.0 81.674 0.041 −781.281 172.858 −1126.997 

Liquid 2500 2.801 2.145 −5.965 5.0 82.486 0.012 −740.242 191.170 −1218.166 

Liquid 3000 2.780 2.161 −24.020 5.0 83.431 0.241 −698.772 206.289 −1317.639 

Liquid 3500 2.734 2.198 −42.075 5.0 84.631 0.847 −656.768 219.236 −1424.095 

Liquid 4000 2.665 2.255 −60.130 5.0 86.142 1.927 −614.089 230.632 −1536.617 

Liquid 4500 2.575 2.333 −78.185 5.0 87.997 3.541 −570.569 240.882 −1654.537 

Liquid 5000 2.465 2.438 −96.240 5.0 90.216 5.708 −526.031 250.265 −1777.355 

 
Fig. 11. SiO2 phase diagram at intermediate pressure (1 GPa ≤ P ≤ 6 GPa). Melting curves and extrinsic stability limits of coesite and the α, β 

polymorphs of quartz as obtained in this study (solid lines) are compared with experimental observations (symbols) [82,83,143–146]. 

Shen and Lazor [15] and Kanzaki [146] (Fig. 12). The calculated univariant phase boundary between coesite and stishovite reproduces 

satisfactorily the observations of Akaogi et al. [54,56] and Zhang et al. [147,148]. The coesite/stishovite/liquid invariant point is predicted to 

occur at P = 13.8 GPa and T = 3177 K. 

4.4. The Ca2SiO4 orthosilicate phase diagram 

The phase diagram of Ca2SiO4 calculated up to P = 30 GPa is shown in Fig. 13. γ-Ca2SiO4 (Ca-olivine) is the stable polymorph at ambient 

 

Fig. 12. SiO2 phase diagram at high pressure (5 GPa ≤ P ≤ 70 GPa). Melting curves and extrinsic stability limits of coesite and stishovite as 

obtained in this study (solid lines) are compared with experimental observations (symbols) [14,15,56,146,147]. 

conditions. The γ/β phase transition has a negative Clapeyron slope, while both the α/α' and α'/β transitions are progressively shifted to higher T 

with the increasing pressure. The α/α', α'/β and γ/β univariant phase boundaries are more or less consistent with Remy et al. [149]. The α'/β 

univariant curve matches the phase transition detected by Wang and Weidner [150] at ∼9 GPa and 1350 K. α' is the 
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Fig. 13. Computed phase diagram of Ca2SiO4. The α/α', α'/β and γ/β univariant phase boundaries are consistent with experimental results and 

previous assessments [149,150]. 

stable polymorph at liquidus above ∼6.3 GPa. A nearly similar diagram, though limited to subsolidus conditions, was recently proposed by Xiong 

et al. [151]. The α’/α/liquid invariant point occurs at P = 6.3 GPa and T ≅ 3470 K. The invariant point γ/β/α’ at subsolidus is localized at P = 0.2 

GPa and T ≅ 980 K. 

4.5. The CaSiO3 metasilicate phase diagram 

The calculated phase diagram of CaSiO3 is shown in Fig. 14 as compared with different experimental results [105,108,116,125,132, 143,152–

155] in the P range from 1 bar to 16 GPa. The overall agreement is satisfactory. Subsolidus phase boundaries at low pressure (i.e. P ≤ 3 GPa) are 

consistent with the data of Kushiro [105], Huckenholz and Yoder [153], Essene [108] and Chatterjee et al. [116]. The Clapeyron slope of the 

pseudowollastonite to wollastonite 

 

Fig. 14. Computed phase diagram of CaSiO3. Thin and bold solid lines indicate the stability limits at subsolidus and the high-pressure melting 

curves of the solid polymorphs, respectively. Selected experimental data [105,108,116,125,132,143,152– 155] are also shown for comparison 

(symbols). Black diamonds indicate true invariant points. The dotted lines at liquidus and subsolidus conditions locate the Ca2SiO4 + CaSi2O5 

two-phase field replacing that of CaSiO3 (Wo-II) in a limited P-T range. 

phase boundary as obtained in this work (i.e. 0.0049 GPa/K) is consistent with the experimental values, ranging from 0.0048 GPa/K to 0.0057 

GPa/K [105,153,154]. The wollastonite to wollastonite-II phase boundary has a negative slope (i.e. −0.00063 GPa/K) which is consistent with 
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previous experimental findings (ranging from −0.00047 GPa/K to −0.00084 GPa/K; [108,116,154]) and quite different from that inferred by 

calorimetric data (ranging from −0.0015 GPa to −0.0024 GPa/K, [131]). The calculated melting point of CaSiO3 at 1bar pressure (i.e. 1820 K) 

matches the experimental value of Osborn and Schairer [152]. To reproduce the liquidus at high pressure we introduced a small excess volume 

in the liquid (Table 5; see also Sections 4.7. and 5), in a quite similar way to what inferred by us for the MgO-SiO2 binary system [7]. The high-

pressure melting curves calculated in this work for the CaSiO3 polymorphs are in agreement with the experimental data of Kushiro [105] and 

Gasparik et al. [125], while Huang and Wyllie [154] give slightly lower melting temperatures for wollastonite-II (see Fig. 14). Pseudowollastonite 

is the stable polymorph at liquidus below ∼2 GPa, being replaced by wollastonite in a very narrow P range, and then by walstromite (wollastonite-

II in our assessment) at P > 2.5–3 GPa (Fig. 14). In the pressure range between 8 and 10 GPa a disproportionation reaction of CaSiO3 (Wo-II) to 

α’-Ca2SiO4 (bredigite) + CaSi2O5 (Ca-titanite) occurs [125,155], then the high-pressure polymorph of CaSiO3 (Ca-perovskite) stabilizes at P > 

10–13 GPa (see Fig. 14). The invariant points on the liquidus are observed at P = 2.25 GPa, T ≅ 1920 K (pseudowollastonite/wollastonite/liquid) 

and P = 11.18 GPa, T = 1994 K (wollastonite-II or walstromite/Ca-perovskite/liquid; metastable). The extension of the Ca2SiO4 + CaSi2O5 two-

phase field detected by experiments is reproduced as well (thin dashed lines in Fig. 14). 

4.6. The CaO-SiO2 binary system at P = 1 bar 

Although the CaO-SiO2 system is one of the most studied in the literature, there is considerable disagreement as to the assessment of the CaO-

rich side of the phase diagram [18,20–25]. As discussed, the uncertainty on the liquidus is mostly related to contradictory experimental results on 

the melting point of CaO. Thermodynamic assessments based on the modified quasichemical model turn out to be consistent with a melting point 

of lime around 2845 K [18,20–23], other assessments with a higher melting temperature (i.e. around ~3200 K) [24,25]. Our assessment, which is 

based on the first principles modeling of CaO solid and liquid phases (see Sections 2.1.2 and 2.1.3), is consistent with a Tf = 3202 K for lime, in 

close agreement with recent experimental data [28] and MD results [29]. The liquidus curve on the CaO-rich side of the phase diagram is thus 

shifted to higher temperatures, but this is not in contrast and compatible with experimental observations both at 1-bar and highpressure conditions 

(see Fig. 15A and B). 

According to our assessment at 1-bar pressure the CaO-SiO2 system has two congruently melting compounds (the orthosilicate Ca2SiO4 and 

the metasilicate CaSiO3) and two incongruently melting compounds (Ca3SiO5 hatrurite and Ca3Si2O7 rankinite) (Fig. 15A and Table 8). The stable 

polymorph of Ca2SiO4 at liquidus is α-larnite, which melts at T = 2404 K, in close agreement with experimental observations [156–158]. Rankinite 

(Ca3Si2O7) melts incongruently to form larnite (α-Ca2SiO4) plus liquid at T = 1750 K. The peritectic point (liquid + α-Ca2SiO4 = Ca3Si2O7) 

calculated in this work at XSiO2 = 0.41 ± 0.01 compares fairly well with the experiments of Rankin and Wright [159] and Osborn [156], who 

detected peritectic melting of rankinite at T = 1748 ± 5 K, 

XSiO2 = 0.428 and T = 1737 K, XSiO2 = 0.431, respectively. A slightly lower silica content with respect to experiments is thus inferred for this 

peritectic point, as already pointed out by other thermodynamic assessments: Hillert et al. [24] give T = 1751 K and XSiO2 = 0.409; Hillert et al. 

[160] give T = 1745 K and XSiO2 = 0.409, after a reevaluation of thermodynamic properties of rankinite; Eriksson et al. [18] give T = 1737 ± 10 

K and XSiO2 = 0.41 ± 0.01. Rankinite 
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Fig. 15. Melting relations in the CaO-SiO2 binary system. (A) P = 1 bar; (B) P = 1 GPa. Experimental observations (symbols) at 1 bar 

[156,157,159,169–172] and 1 GPa [143,175] are superimposed for comparative purposes. Thin dotted lines locate the α/ α' phase transition of 

Ca2SiO4 at subsolidus conditions. 

forms an eutectic with CaSiO3 pseudowollastonite at T = 1724 K and XSiO2 = 0.43, in agreement with experimental findings [156,159]. The 

calculated melting point of CaSiO3 pseudowollastonite at 1-bar pressure is 1820 K, which is consistent with the value given by Osborn and 

Schairer [152] (i.e. 1821 K). Some discrepancy exists as to the eutectic point between CaSiO3 (pseudowollastonite) and SiO2 (high-tridymite), 

which is predicted to occur at T = 1653 K and XSiO2 = 0.62 by our modeling, while experimental works locate this point at T = 1709 K and 

XSiO2 = 0.614–0.624 [156,159]. 

The melting behavior of hatrurite (Ca3SiO5) is highly controversial and deserves special attention. The key point is as to whether this compound 

is stable on the liquidus (or solidus) of the CaO-SiO2 binary system [157,158,161] or decomposes into a mixture of lime and larnite before melting 

conditions are reached [159,162–164]. In this work we assumed as valid the critical considerations made on literature results by Welch and Gutt 

[157], who pointed out the possible reasons why the observation of the narrow primary crystallization field of Ca3SiO5 could be easily lost during 

quenching experiments. Furthermore, it is noteworthy that hatrurite is observed as primary phase in the CaOAl2O3-SiO2 and CaO-MgO-SiO2 

ternary systems [159,165,166]. A peritectic point between lime and hatrurite (i.e. liquid + CaO = Ca3SiO5) and a eutectic point between hatrurite 

and α-larnite (i.e. liquid = Ca3SiO5 + Ca2SiO4) are thus calculated in this work at T = 2443 K, XSiO2 = 0.28 ± 0.01 and T = 2298 K, XSiO2 = 0.31 ± 

0.01, respectively, by adjusting the H°f,298 value of hatrurite by − 5600 J/mol with respect to the tabulation of Haas et al. [100]. This change is 

within the range of experimental uncertainty, since H°f,298 of this compound differs by more than 14,000 J/mol among different compilations 

[31,99,100,118,167]. The calculated invariant points of Ca3SiO5 are in agreement both with experiments [157,158] and the results of a number of 

assessments [24,25,160,166,168] (see Table 8). The thermodynamic and thermophysical properties optimized in this work for this compound also 

allow to obtain meaningful stability relations at high-pressure conditions (see Section 4.7). 

The topology of the liquid-liquid miscibility gap calculated at ambient pressure on the SiO2-rich side of the binary system is consistent with 

the observations of Tewhey and Hess [169] and Hageman et al. [170] (Fig. 15A) and it extends from the nearly pure silica composition to XSiO2 

= 0.76 at P = 1 bar. The calculated monotectic temperature is T = 1994 K, which is closer to the value inferred by Hageman et al. [170] (i.e. T = 

2005 K at XSiO2 = 0.752) and slightly higher than those determined by less recent experimental works (i.e. T = 1971 K at XSiO2 = 0.71–0.72, 

[169,171–173]; see also [174] for a review of experimental results). The consolute point is predicted to occur at T = 2137 K and XSiO2 = 0.87 ± 
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0.01, in overall agreement with the experimental determinations of Tewhey and Hess [169] (T = 2144 K and XSiO2 = 0.91 ± 0.01) and Hageman 

et al. [170] (T = 2159 ± 1 K and XSiO2 = 0.902). 

4.7. The effect of pressure on the CaO-SiO2 binary system 

The calculated CaO-SiO2 phase diagram at P = 1 GPa is shown in Fig. 15B. As expected, the increase of pressure induces an upward shift of 

the liquidus. At P = 1 GPa the topology of the phase diagram simplifies since Ca3SiO5 (hatrurite) and Ca3Si2O7 (rankinite) are no more stable on 

the liquidus, and there are only three eutectic points. A first eutectic point between CaO (lime) and Ca2SiO4 (α-larnite) is predicted to occur at T 

= 2418 K and XSiO2 = 0.30, in good agreement with the pyston-cylinder experiments of Hudon et al. [143] (see Table 8). Larnite melts congruently 

at T = 2589 K at this pressure, then the liquidus curve steeply decreases up to T = 1733 K, where a second eutectic point between Ca2SiO4 (α'-

bredigite) and CaSiO3 (pseudowollastonite) occurs (Fig. 15B). So, Ca2SiO4 undergoes a phase transition at T = 1973 K, P = 1 GPa (Fig. 13) and 

the α'-polymorph stabilizes on the liquidus. Remy et al. [149] give a slightly lower temperature for the α-α' phase transition of Ca2SiO4 (i.e. T = 

1954 K); Hudon et al. [143] a higher eutectic temperature between Ca2SiO4 and CaSiO3 (i.e. T = 1760 K). The stable polymoph of CaSiO3 at P = 

1 GPa is still pseudowollastonite (Fig. 14), which melts congruently at T = 1832 K, in agreement with experimental results (i.e. T = 1826 ± 11 

[143]; T = 1841 ± 15 [154]). Despite Ca3SiO5 is no more stable on the liquidus at P = 1 GPa, our assessment is consistent with its near-solidus 

stability at this pressure, since a decomposition reaction of lime and αlarnite to give hatrurite is predicted to occur at T = 2296 K (see Fig. 15B). 

This result is consistent with the experimental results of Hudon et al. [143], who found hatrurite + larnite + glass in their experimental run at T = 

2373 ± 5 K, P = 1 GPa and hatrurite + larnite at T = 2053 ± 5 K, P = 1 GPa. However, these Authors do not provide any thermophysical parameters 

for hatrurite, so that this phase does not compare in their assessed phase diagram at P = 1 GPa (see Fig. 2b in Hudon et al. [143]). The 

thermodynamic and thermophysical properties optimized in this work for hatrurite provide consistent melting phase relations both at ambient and 

high-pressure conditions. 

The liquid-liquid miscibility gap still survives at P = 1 GPa, though flattened and drastically reduced in width: the calculated monotectic 

temperature is only 28 K lower than the consolute temperature at this pressure (i.e. T = 2185 K vs. 2213 K). As already pointed out for the MgO-

SiO2 system [7], a negative excess volume seems to occur also in the CaO-SiO2 liquid: this contribution, which is quite small at P = 1 GPa and 

quickly goes to zero with the increasing pressure (see Table 5 and Eqs. 9 and 10 in Section 3), is consistent with the experimental findings of 

Hudon and coworkers [143,175] (see Fig. 15B) and, in particular, with the disappearance of the liquid-liquid 
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a 

Experimental data. b Thermodynamic assessment. 

Table 8 

Calculated vs experimental invariant points (binary eutectics and peritectics) in the CaO-SiO2 system at P = 1 bar and P = 1 GPa. Melting points 

of Ca2SiO4 and CaSiO3 are also reported. Abbreviation for solid phases as in Figs. 14 and 15; L = liquid phase. 

 

P = 1 bar 

 
Invariant point CaO (Xmol) SiO2 (Xmol) T (K) Ref. 

L + CaO (Lm) = Ca3SiO5 (Hat) 0.72 0.28 2443 (1) 

 0.728 − 0.729 0.272 − 0.271 2423 − 2343 (2,3)a 

 0.729 − 0.730 0.271 − 0.270 2391 − 2428 (4,5,6,7,8)b 

L = Ca2SiO4 (α-Lrn) + Ca3SiO5 (Hat) 0.69 0.31 2298 (1) 

 0.71 0.29 2323 (2,3)a 

 0.698 − 0.705 0.302 − 0.295 2323 − 2333 (4,5,6,7,8)b 

L + Ca2SiO4 (α-Lrn) = Ca3Si2O7 (Rnk) 0.59 0.41 1750 (1) 

 0.569 − 0.572 0.431 − 0.428 1737 − 1748 (9,10)a 

 0.569 − 0.592 0.431 − 0.409 1732 − 1751 (5,6,7,8,11)b 

L = Ca3Si2O7 (Rnk) + CaSiO3 (PWo) 0.57 0.43 1724 (1) 

 0.562 0.438 1733 − 1728 (9,10)a 

 0.565 − 0.580 0.435 − 0.420 1727 – 1733 (5,6,7,8,11)b 

L = CaSiO3 (PWo) + SiO2 (Trd) 0.38 0.62 1653 (1) 

 0.376 − 0.386 0.624 − 0.614 1709 (9,10)a 

 0.368 − 0.392 0.632 − 0.608 1705 − 1715 (4,5,6,7,8,11)b 

Melting point CaO (Xmol) SiO2 (Xmol) T (K) Ref. 

L = Ca2SiO4 (α-Lrn) 0.67 0.33 2404 (1) 

 0.67 0.33 2403 − 2393 (2,3,9,10)a 

 0.67 0.33 2403 − 2413 (5,6,7,8,11)b 

L = CaSiO3 (PWo) 0.50 0.50 1820 (1) 

 0.50 0.50 1813 − 1821 (10,12)a 

 0.50 0.50 1813 − 1817 (4,5,6,7,8,11)b 

P = 1 GPa 

Invariant point CaO (Xmol) SiO2 (Xmol) T (K) Ref. 

L = CaO (Lm) + Ca2SiO4 (α-Lrn) 0.70 0.30 2418 (1) 

 0.714 0.286 2428 (13)a,b 

L = Ca2SiO4 (α'-Brg) + CaSiO3 (PWo) 0.57 0.43 1733 (1) 

 0.57 0.43 1760 (13)a,b 

L = CaSiO3 (PWo) + SiO2 (β-Qtz) 0.39 0.61 1689 (1) 

 0.40 0.60 1739 (13)a,b 

Melting point CaO (Xmol) SiO2 (Xmol) T (K) Ref. 

L = Ca2SiO4 (α-Lrn) 0.67 0.33 2589 (1) 

L = CaSiO3 (PWo) 0.50 0.50 1832 (1) 

 0.50 0.50 1826 ± 11 (13)a,b 

This work (2) Gutt [158] (3) Welch and Gutt [157] (4) Blander and Pelton [168] (5) Taylor and Dinsdale [25]; (6) Hillert et al. [24]; (7) Hillert et 

al. [160]; (8) Huang et al. [166]; (9) Osborn [156]; (10) Rankin and Wright [159]; (11) Eriksson et al. [18]; (12) Osborn and Schairer [152]; (13) 

Hudon et al. [143]. 
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miscibility gap in the CaO-SiO2 system at pressures between 1 and 2 GPa. 

Fig. 16 depicts the evolution of the CaO-SiO2 liquidus with pressure (from 1 bar to 25 GPa). The orthosilicate Ca2SiO4 persists to melt 

 

Fig. 16. Evolution of the CaO-SiO2 liquidus with pressure (from 1 bar to 25 GPa). Experimental observations (symbols) are superimposed for 

comparative purposes. Symbols as in Fig. 15, except for Gasparik et al. [125] at P = 15 GPa (empty square). The dashed line indicates the limit 

of maximum depolymerization in the liquid at different pressures. 

 

congruently at all investigated pressures, despite the structural rearrangements dictated by pressure (see Fig. 13 and Section 4.4). On the other 

hand, pressure effects change the melting behavior of the metasilicate CaSiO3, which melts congruently as pseudowollastonite in the low-pressure 

range, then melts incongruently as wollastonite-II (or walstromite) in the intermediate-pressure range and finally again congruently as Ca-

perovskite at higher pressures (Fig. 16). Those changes in the melting behavior of CaSiO3 with pressure seem to be closely related to the complex 

polymorphism of this phase (cf. Fig. 14 and Section 4.5). 

Ca2SiO4 is an efficient thermal barrier in the whole investigated range and it forms two invariant points (eutectics or peritectics) with CaO (on 

the left-hand side of the phase diagram) and CaSiO3 (on the right-hand side), except for a narrow pressure range between ~10 and 15 GPa where 

the metasilicate is no more stable on the liquidus and the two-phase assemblage Ca2SiO4 (α'-bredigite first, then β-larnite) + CaSi2O5 (Ca-titanite), 

instead of CaSiO3, becomes stable (Fig. 14). 

Pressure effects change also the composition of the main invariant points in the CaO-SiO2 system, but in complex way (Fig. 16). The 

composition of the eutectic point between CaO (lime), Ca2SiO4 (αlarnite or α'-bredigite) and liquid shifts from XSiO2 = 0.30 at P = 1 GPa (and T 

= 2418 K) to XSiO2 = 0.22 at P =10 GPa (and T = 3321 K), then its silica content slowly increases again up to XSiO2 = 0.24 at P = 25 GPa (and T 

= 3945 K). The same trend occurs in the eutectic between CaSiO3, SiO2 and liquid: the silica content of this eutectic lowers with the increasing 

pressure, from XSiO2 = 0.62 at P = 1 bar to XSiO2 = 0.49 at P = 18 GPa, then increases again up to XSiO2 = 0.53 in the pressure range 18 GPa < P < 

25 GPa. In this case, the change of the eutectic composition seems to be independent from the solid-state polymorphism of CaSiO3 (stable on the 

liquidus as pseudowollastonite, wollastonite-II and Ca-perovskite at low-, intermediate- and high-pressure conditions, respectively; see Fig. 14). 

Melting phase relations of the Ca2SiO4-CaSiO3 join are even more complex. In the low-pressure range (i.e. up to P ≅ 4 GPa) an eutectic point 

between α-larnite and pseudowollastonite, α'-bredigite and pseudowollastonite or α'-bredigite and wollastonite-II is progressively enriched in 

SiO2 with the increasing pressure. Then melting of CaSiO3 (Wo-II) becomes incongruent and a peritectic point between α'-bredigite, wollastonite-

II and liquid occurs along the join. This peritectic is displaced towards the SiO2 compositional limit of the system until pressure effects stabilize 

a congruently melting polymorph of CaSiO3, namely Ca-perovskite, and a novel eutectic point between α'-bredigite and Ca-perovskite appears in 

the system (Fig. 16). Also in this case, an inversion occurs in the compositional trend of the eutectic point, since its composition becomes 

progressively enriched in CaO at P > 15 GPa (i.e. from XSiO2 = 0.49 at P = 18 GPa T = 3052 K to XSiO2 = 0.45 at P = 25 GPa, T = 

3691 K). 

As already pointed out, the liquid-liquid miscibility gap in the CaOSiO2 system progressively shrinks with the increasing pressure, up to 

disappear between 1 and 2 GPa (Figs. 15 and 16). The attainment of the limit of maximum depolymerization in the liquid produces a kink in the 

liquidus curve on the SiO2-rich side of the phase diagram (see dashed line in Fig. 16) which is possibly a numerical artifact produced by the Gibbs 

free energy minimization procedure (see Supplementary material for details). 

5. Conclusions 

Thermodynamic assessment and phase diagram calculation at high pressure and temperature must be assisted by stringent guidelines. The 

combination of thermodynamic and thermophysical properties of liquid and solid phases requires, whenever possible, first principles data or, at 

least, some theoretically grounded criteria to avoid physical unsoundness. In this work an ab initio-assisted and comprehensive assessment of the 

CaO-SiO2 system in the pressure range from P = 1 bar to P = 25 GPa have been accomplished according to the following guidelines: 
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i) the high-T extrapolation of the isobaric heat capacity must be consistent with the Dulong-Petit asymptotic limit (i.e. 3nR + 

TVαV
2KT); ii) any form of thermodynamic assumption not based on the Gibbs free energy minimization principle must be avoided: the adopted 

heat capacity functions cannot thus have any apparent discontinuity within the intrinsic stability field of any substance nor P-T limitations may 

be imposed within the investigated range of physical conditions. It follows from this criterion that any apparent stability of a given solid polymorph 

outside its well-established stability field is indicative of physical unsoundness in the adopted thermodynamic or thermophysical parameterization; 

iii) in the assessment of polymorphic phase transitions over a widethermobaric regime, the limited range of experimental observations and the 

necessity of providing thermophysical data valid for the entire P-T realm of interest could limit the choice of appropriate thermal expansion 

and compressibility data. In other terms, a close fit of discrete experimental data performed in a restricted Trange could result in aberrant 

progressions outside the limits of interpolation. For these reasons, the definition of a "lattice" heat capacity (according to Berman and 

coworkers, [42,69,70]), on which the effects of λ-type or 1st-order phase transitions are eventually superimposed, could be beneficial along 

with the use 

of criterion i); 

iv) the combined use of first principles Polarized Continuum Model calculations for the pure CaO and SiO2 liquid oxides and the Hybrid 

Polymeric Approach for the binary liquid phase prove to be a powerful tool in the assessment of melting phase relations; 

v) the adoption of ab initio thermodynamic properties calculated for some key solid phases (like CaO lime and SiO2 stishovite) may act as 

cornerstone in the subsequent physically-consistent assessment of phase diagrams at high pressure and temperature conditions. 

Appendix A. Supplementary material 

Supplementary data associated with this article can be found in the online version at http://dx.doi.org/10.1016/j.calphad.2017.07.009. 
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