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Quasibinary solid solutions of calcite-structure carbonate minerals play an important role in rock formation. We
have investigated solid solutions with cations Ca?*, Cd>*, Mg?* and Zn?* by performing first-principles phase
diagram calculations for Ca; _ xZnyCO3, Cd; _ xZn,COs3, Ca; — xCdxCO3 and Mg; _ 4Zn,CO3 (0 <x < 1) with density
functional theory, cluster expansion and Monte Carlo simulations. The end members and the dolomite structures
were individually studied to analyze their structural parameters and bonding characteristics. Consolute
temperatures and continuous order-disorder transition temperatures are 1450 K for Ca; _ xZn,CO3 and 1000 K
for Cd; _ xZn,COs, but below 100 K for Ca; _ xCdxCO5 and Mg; _ xZn,COs. In agreement with existing literature,
consolute temperatures increase with increasing differences in cation radii. If the dolomite structures are as-
sumed to be stable, the phase diagram calculations predict that they persist to 1150 K for Ca; _ yZn,COs, and
900 K for Cd; — xZnyCO3 before decomposition at peritectoid points. This confirms the conjectured phase diagram
for Ca; _ xZn,CO3 in (Goldsmith, 1983. Rev. Mineral. Geochemistry 11). In addition, formation energies of the do-
lomite structures were decomposed into two parts: first a volume change, then chemical exchange and relaxa-
tion. They were compared with the corresponding random solid solutions at the same bulk compositions.
(Meta)stability of the dolomite structures was demonstrated by this analysis, and was also studied by examining
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the bond lengths and cation octahedral distortions.
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1. Introduction

Calcite, and its isotructural compounds are ubiquitous in the Earth's
crust (Klein et al., 1993). Understanding them helps one evaluate rock-
forming conditions and mining endeavors. Ca>* in calcite is often mixed
with other cations such as Mg? ", Mn?*, Fe?*, Zn?*, Co®*, Ni2*, Cu ™,
Pb? ™, Cd? ™ to form solid solutions like Ca; _ 4CdyCO5 (0<x <1)and in-
termediate compounds such as dolomite CaMg(COs),. In addition, solid
solutions and intermediate compounds can also form without Ca®™,
such as Mg; _ 4Zn,COs3, and dolomite-structure CdMg(COs),. The chem-
istry of the calcite-structure carbonates influences the distribution and
transport of those cations in sedimentary rocks and geofluids. Extensive
experimental studies have been done on a few systems (Anovitz and
Essene, 1987; Birch, 1983; Boni et al., 2011; Capobianco et al., 1987;
de Capitani and Peters, 1981; Goldsmith and Graf, 1960, 1958;
Goldsmith and Northrop, 1965; Goldsmith et al., 1962; Goldsmith,
1983, 1972; Khan and Barber, 1990; Mondillo et al., 2011; Navrotsky
and Capobianco, 1987; Powell et al., 1984; Rosenberg and Champness,
1989; Rosenberg and Foit, 1979; Rosenberg, 1967, 1963a, 1963b), and
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the mixing behaviors have been studied through phase diagram
calculations with a variety of methods. Empirical potential models and
parameters (Purton et al., 2006) were used to perform direct Monte
Carlo simulations (Binder and Heermann, 1988; Dunweg and Landau,
1993; Kohan et al., 1998; Laradji et al., 1995; Newman and Barkema,
1999) on systems such as Ca; _ 4CdyCOs; (Wang and de Leeuw, 2008),
Ca; — xMnyCO3 (Wang et al., 2011) and Ca; _ xZn,COs5 (Liu et al.,
2015). The cluster expansion (CE) formalism (Connolly and Williams,
1983; De Fontaine, 1994; Ducastelle, 1991; Laks et al., 1992; Sanchez
et al., 1984; Zunger, 1994) allows one to fit a series-type Hamiltonian
to the formation energy values of a few supercell configurations as a
set of effective cluster interactions (ECIs), pairs, triplets, quadruplets,
and higher n-tuplets to allow faster energy evaluation. The energy to
be fitted can be calculated with empirical potentials or electronic struc-
ture methods such as density functional theory (DFT) as demonstrated
for alloys (Barabash et al., 2009; Chen et al., 2015; Gao et al., 2013;
Ghosh et al., 2008; Liu and Zunger, 2009; Liu et al., 2005; Ravi et al.,
2012; van de Walle et al., 2004), semiconductors (Burton et al., 2011,
2006; Kumagai et al., 2012; Li et al.,, 2015; Usanmaz et al., 2015; Xue
et al.,, 2014), ionic compounds (Burton and van de Walle, 20123,
2012b, 2006; Burton et al., 2012), and minerals including carbonates
(Burton and van de Walle, 2003; Vinograd et al., 2009, 2007, 2006).
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With cations Mg?™ and Ca®* in Group 2, Zn?* and Cd?>* in Group
12, six M7 _MECO5 (0 < x < 1, M* and M® being different cations) solid
solution systems can be derived. Burton and van de Walle (Burton and
van de Walle, 2003) studied Ca; _ yMg,COs3 and Cd; _ yMg,CO5 with
first-principles total energy cluster expansion and Monte Carlo simula-
tions to generate the phase diagrams. Each system features two-phase
fields up to ~1000 K, between the end members and the dolomite-
structure intermediate phase, plus a continuous order-disorder transi-
tion at higher temperatures, which connect tricritical points at the max-
ima of the two-phase fields. In this work, we study phase relations of the
other four systems Ca; _ xZnyCOs, Cd; _ 4Zn,CO3, Ca; _ xCdxCO3 and
Mg, _ Zn,COs. The radius of Zn?* (0.74 A) is similar to that of Mg?*
(0.72 A), and so is Cd?>* (0.95 A) to Ca%™ (1.00 A). Therefore, we expect
Ca; _ xZn,CO3 and Cd; _ 4Zn,CO5 to behave similarly to the previous
two systems, while Ca; _ ,Cd,CO3 and Mg; _ ,Zn,CO3 should have
very shallow miscibility gaps.

The most common intermediate compound derived from calcite is
dolomite CaMg(COs), because of Mg’s abundance in the Earth's crust
and dolomite's energetic favorability relative to calcite and magnesite.
Mn2* and Fe?™ often substitute for Mg?™ in dolomite, because of
their similar cation radii. However, unlike CaMg(CO5), or CaMn(COs3)-,
dolomite-structure CaFe(CO3), is apparently metastable (Goldsmith
and Northrop, 1965). Instead, Fe?™ substitutes for Mg? ™ up to 70 at.%
but not beyond (Rosenberg, 1967). Similarly, Zn?* substitutes for
Mg? . Supergene metal-carrying and oxygen-rich meteoric fluids
react with preexisting dolomite bodies that host Zn sulfide ores, replac-
ing Mg?* with Zn?* to create Zn-dolomite. The incorporation of Zn?*
can be as high as 92 at.%, but the fully substituted dolomite-structure
CaZn(CO0s),, minrecordite, is probably metastable (Boni et al., 2011;
Rosenberg and Champness, 1989). In the vicinity of Zn-ores, continuous
solution Mg, _ xZn,COs can also be found. Here, we aim to obtain a
deeper understanding of the energetics of ordering and/or phase sepa-
ration in calcite-structure solid solutions. We compare known experi-
mental results with our computations, and extend the discussion to
Cd-related systems Cd; _ Zn,COs3 and Ca; _ yCdyCOs. We then analyze
the (meta)stability of dolomite structures by decomposing mixing ener-
gies into two contributions: first a volume change, then chemical ex-
change and relaxation; and by examining the bond lengths and cation
octahedral distortions. Specifically, we evaluate the energetic metasta-
bility of dolomite-structure CaZn(COs), at different temperatures and
estimate the temperature-upper-bound of highly substituted Zn-
dolomites.

This study only considers quasibinaries, meaning that the system is
assumed to obey a binary Gibbs phase rule with one free composition
variable. We also ignore orientational order-disorder of the anion
groups CO%~ as previously assumed (Burton and van de Walle, 2003;
Vinograd et al., 2007).

2. Computational methods

We performed ab initio DFT computations using the Vienna Abinitio
Simulation Package (VASP) (Kresse and Furthmuller, 1996a, 1996b;
Kresse and Hafner, 1994, 1993) with the projector-augmented wave
method (PAW) (Blochl, 1994; Kresse and Joubert, 1999) and Purdew-
Burke-Ernzerhoff (PBE) generalized gradient approximation (GGA)
(Perdew et al., 1993, 1992). We selected the potentials of Ca_sv, Cd,
Mg, Zn, C and O, where “_sv” denotes that the semi-core 3s and 3p elec-
trons of Ca are also included. The plane wave energy cutoff was 520 eV
to ensure correct cell volume and shape relaxations. The k-point meshes
were created with k-points per reciprocal atom (KPPRA) of 1000, lead-
ing to an error of ~0.2 meV/atom in energy from a convergence test.
Gaussian smearing was used with a sigma value as small as 0.05 eV.
The convergence criterion was set to 10> eV in energy during the elec-
tronic iterations. For structural optimization, the cell volume, shape and
atomic positions were allowed to relax until stress was minimized and

force on any atom was below 0.02 eV/A. This leads to an error of ~0.4
meV/atom.

To obtain equations of state (EOS's) of the calcite-structure end
members CaCO3, CdCO3, MgCO3 and ZnCO5 and their dolomite struc-
tures, we picked 5 volume points in each case covering the equilibrium
volume, fitted the total energies to the Birch-Murnaghan EOS (Birch,
1947), and derived equilibrium volumes, energies and bulk moduli
(Liu et al.,, 2014a, 2014b, 2014c).

Energy landscapes, cluster expansions and phase diagrams were
generated for systems Ca; _ xZnyCOs, Cd; _ Zn,CO3, Ca; _ 4Cd,CO3
and Mg; _ xZnyCO3 using the Alloy Theoretic Automated Toolkit
(ATAT) (van de Walle and Asta, 2002; van de Walle and Ceder, 2002a;
van de Walle, 2009; van de Walle et al., 2002). The MIT Ab-initio
Phase Stability (maps) (van de Walle, 2009; van de Walle et al., 2002)
code in ATAT was used to generate energy landscapes and CEs (details
in Supplementary material). With well-converged CEs, the Easy Monte
Carlo Code (emc2 and phb) (van de Walle and Asta, 2002; van de
Walle and Ceder, 2002a) in ATAT was used to perform Monte Carlo
(MC) simulations to obtain phase diagrams. A MC simulation box of
8 x 8 x 8 10-atom trigonal cells (1024 exchangeable sites) was chosen.
We used semi-grand canonical (SGC) ensemble simulations, where one
controls the chemical potential (1) and temperature (T). The chemical
potential is defined as p; = (% / )

on; T

gy, 1; is the number of atoms of species i in the simulation cell. In a bina-
ry system A; _ xBy, 1= s — g is used as the input. Most of the phase
boundaries were obtained by identifying abrupt changes in bulk com-
position and/or long-range order scanning through ptand T axes. Long-
range order is defined here as the occupancy of each exchangeable
site relative to its value in the given starting ground state. For each p
and T point, sufficient MC passes were used to equilibrate and average
the system to reach a composition precision of 0.01. The canonical en-
semble simulations were also performed where one controls the com-
position (x) and T to track the transition/disordering temperature of
the dolomite-structure phase. For each temperature point, 1500 MC
passes were used to average thermodynamic quantities, and 1500
passes to re-equilibrate the system after the phase transition.

We also included vibrational free energy contributions (van de
Walle and Ceder, 2002b; van de Walle, 2013, 2009; Wang et al., 2016)
to the phase diagrams. There were large variations (200 K) in the resul-
tant consolute and transition temperatures depending on the numbers
of structures included in the calculation of bond stiffness vs bond length
relations. Therefore we present those results in the Supplementary
material.

, Where G is the Gibbs free ener-

3. Results and discussion
3.1. Cell parameters of the end members and dolomite structures

Table 1 lists the lattice parameters of the 10-atom trigonal cell used
in calculations of calcite-structure CaCO3, CdCO3, MgCOs3, ZnCO3 and do-
lomite structures. The prototype structure is described in Table S1 of the
Supplementary material. Lattice parameters of the 30-atom hexagonal
cell are also given for ease of comparison in Table 1. These values com-
pare well with experimental results from Graf (Graf, 1961), with a small
and consistent overestimation due to the use of GGA in our DFT calcula-
tions (Liu et al,, 2014a, 2014b, 2014c). The formula unit (f.u.) contains 5
atoms. Formation energies (AEy) are defined with respect to the two end
members,

AE; (MQLXME C0;

- E(M?,szﬁcog) —(1-xX)E (MACO3) —xE (MBCO3> 1)

There are numerous reference values from the literature for AE; of
the dolomite-structure CaMg(CO3), and CdMg(COs),. For CaMg(COs)s,
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Table 1

Lattice paramters of the trigonal and hexagonal unit cells, volumes per formula unit
(V/f.u.), total energies per formula unit (E/f.u.), formation energies per formula unit
(AEg/f.u.) with respect to calcite-structure end members, and bulk moduli (B)
of CaCOs3, CdCO3, MgC0s3, ZnCO3 and the six dolomite structures. The formula
unit is MCO3 and values corresponding to dolomite structures have reduced formula
15 MAMB(COs;),. The trigonal cell contains 2 formula units, while the hexagonal cell
contains 6. Unless specified, values were obtained from PAW-PBE calculations.

a(A) @) Anex Chex  V/u Effu. Effu(eV) B

(A) (A (A) (eV) (GPa)
CaC0s 645 46.10 505 1727 637 — 67.1
37.374
Ref? 6375 46.08 4.990 17.061 613 67°
CdCOs 627 47.06 500 1669 603 — 84.2
31.549
Ref? 6.131 4732 4920 16298 57.0 97°
MgCOs 575 4806 468 1523 482 — 105.2
35.779
Ref? 5.675 48.18 4.633 15.016 465 107°
ZnC0; 578 4814 472 1530 492 — 111.7
32.196
Ref? 5.683 4833 4652 15.025 469 124°
CaMg(COs), 609 47.03 486 1622 553 — —0.021 85.7
36.597
Ref? 6.015 47.11 4807 16.010 534 —0.060(3)°
—0.034°
—0.038"
—0.0408
CdMg(CO3), 598 47.75 484 1585 535 — —0.027 88.6
33.691
Ref? 590 47.78 4777 15641 515 —0.029(4)¢
—0.050"
Cazn(COs), 6.14 4677 487 1636 560 — 0.005 89.6
34.780
CdZn(CO;), 6.01 4756 485 1597 542 — 0.000 92.1
31.872
CaCd(COs), 6.34 4672 503 1692 618 — —0.004 74.1
34.466
MgZn(CO3), 576 4815 470 1525 487 — —0.005 108.0
33.993

2 Experimental values of a, &, anex, Chex and V (Graf, 1961).
b Experimental (Zhang and Reeder, 1999).

¢ Experimental (Navrotsky and Capobianco, 1987).

4 Experimental (Capobianco et al., 1987).

€ PAW-LDA (this work).

f USPP-LDA (Burton and van de Walle, 2003).

& Empirical potentials (Vinograd et al.,, 2007).

we observe that our PAW-PBE value of —0.021 eV/f.u. is less negative
(structure less stable) than one experimental value of —0.060 eV/f.u.
(Navrotsky and Capobianco, 1987), or the USPP-LDA (ultrasoft
pseudopotential-local density approximation) value of —0.038 eV/f.u.
(Burton and van de Walle, 2003), or that with empirical potentials of
—0.040 eV/f.u. (Vinograd et al., 2007). To confirm that it is due to the
use of GGA potentials, we performed calculations with PAW-LDA, and
obtained very similar result —0.034 eV/f.u. as the USPP-LDA value men-
tioned above. For CdMg(COs),, our PAW-PBE value of —0.027 eV/f.u. is
very close to the experimental value of —0.029 eV/f.u. (Capobianco et
al., 1987), but the USPP-LDA value of —0.050 eV/f.u. (Burton and van
de Walle, 2003) is much more negative. The deviations are within ex-
pected variations in state-of-the-art theoretical methods.

Bulk moduli (B) obtained from the EOS's fitting show a small and
consistent GGA underestimation relative to experimental values from
Zhang and Reeder (Zhang and Reeder, 1999) as expected with this
approximation.

3.2. Formation energy landscapes and cluster expansions

Fig. 1 shows formation energies as functions of bulk composition for
of Ca; _ xZn,CO3, Cd; _ xZnyCOs, Ca; — xCdxCO3 and Mg, _ ,Zn,CO3. The
behavior of these four systems can be divided into two groups: the first
group Ca; _ »Zn,CO5 and Cd; _ 4Zn,COs3 has large differences in cation

radii, resulting in positive AE; for most structures; the second group,
Ca; _ xCdxCO3 and Mg, _ 4Zn,CO3 has small differences in cation
radii, and many more members with negative AEg, although the energy
scale is of order ~5 meV/f.u., more than an order of magnitude smaller
than the first group, ~100 meV/f.u.

Fig. 2 and Table 2 summarize the numbers of structures calculated
with DFT, numbers of clusters, fitted ECIs and cross validation (CV)
scores. Detailed information of the cluster sets is provided in Table S2
of the Supplementary material. Similar to what was observed in other
carbonate systems, such as Ca; — xMgyCOs3 and Cd; _ xMg«CO;
(Burton and van de Walle, 2003), the inter-layer nearest-neighbor
(nn) ECl is positive, while the intra-layer nn ECI is negative, facilitating
stabilizing the dolomite structure. In addition, the ECI trends of Ca; _
xZNxCO3 and Cd; _ 4Zn,COs are very similar, with the energy scale of
Ca; _ xZn,CO;s larger than that of Cd; _ 4Zn,COs.

Observing the DFT-calculated structures in Fig. 1, the agreement
with CE-fitted values is satisfactory. The CV scores in Table 2 are larger
for Ca; _ xZn,CO3 and Cd; _ 4Zn,COs than for Ca; _ ,Cd,COs and
Mg, _ xZn4COs3, because the overall energy values are larger. The fitting
is less satisfactory for the latter two because AE; values of their struc-
tures are at the limits of DFT precision. In Section 2 we mentioned the
numerical errors of the k-point meshes and cell parameter optimization
are ~0.2 and ~0.4 meV/atom, contributing to ~2 meV/f.u., comparable to
their energy scales. However, all phases here have closely related crystal
structures, which implies an order of magnitude greater precision
owing to error cancellation.

Ground-state analysis was performed by enumeration of all 136,026
symmetrically inequivalent structures with 16 or fewer exchangeable
sites per supercell. This number differs from a simple geometric series

Zizl (22)n = 87,380 (2 exchangeable sites in a primitive trigonal
unit cell) because there is more than one 10-, 20-, .0.80-atom supercell,
and because some structures are identical. AE¢ of the dolomite structure
is slightly above the convex hull in Ca; _ 4Zn,CO3 (5 meV/f.u.), and just
below 0 in Cd; _ xZnyCOs3 (— 0.5 meV/f.u.). All other non-end-member
structures have positive AEg. In each of Fig. 1(a) and (b), between the
end members and the dolomite structure, the energy values form two
arches, suggesting regions of immiscibility. In Ca; _ ,Cd,COs and
Mg, _ xZnyCO3 some have AE¢ < 0. AE; of both dolomite structures are
below 0, and there are more structure energies on the convex hull in
Ca; _ xCdXCO3.

We also evaluated AE¢ of configurations with correlations corre-
sponding to random solid solutions (van de Walle et al., 2013) at differ-
ent compositions, and fitted them to a smooth curve for each system. As
expected, the curves appear up-bowing (concave) for systems Ca; —
«ZN,CO3 and Cd; _ ,Zn,COs, close to O for Ca; _ ,CdxCO3 and slightly
down-bowing (convex) for Mg; _ xZn,COs.

3.3. Phase diagrams

Fig. 3 shows the calculated phase diagrams and Table 3 lists
consolute, peritectoid and transition temperatures. The systems
Ca; _ xZnyCO3 and Cd; _ xZnyxCOs5 both have miscibility gaps at
high temperature, 1450 K and 1000 K respectively. The phase bound-
aries between the Ca(Cd)-rich side and Zn-rich side are asymmetric,
leaning towards the carbonate with the smaller cation, Zn?*. This
phenomenon was also observed for other carbonate systems
(Goldsmith, 1983), Ca; — x\Mg4CO5 and Cd; _ x\Mg4CO3 (Burton and
van de Walle, 2003; Vinograd et al., 2007), and transition metal car-
bide systems Ti; _ xZr«C and Ti; _ yHfxC (Adjaoud et al., 2009). The
phase boundaries for Ca; _ 4Zn,COs3 are in agreement with the scarce
high-temperature experimental data (Goldsmith and Northrop,
1965). At low temperatures, both experiments and our computation
show that the incorporation of Zn?>* into the Ca-rich side is minimal
(Lamble et al., 1997; Reeder et al., 1999; Tsusue and Holland, 1966).
Both the outlines of the miscibility gap in Ca; — xCdxCO3 and the
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Fig. 1. Formation energy landscapes of (a) Ca; — xZnyCOs, (b) Cd; — xZnkCOs3, (c) Ca; — xCdxCO5 and (d) Mg; — xZn,COs. Energy values are per formula unit, i.e. per exchangeable site. Black
markers and convex hull lines stand for ground states, and blue markers stand for the structures calculated with DFT and used to obtain the cluster expansions (CEs). Green crosses stand
for a 16-exchangeable-site ground-state analysis. Among the markers, hollow circles stand for DFT values, and crosses stand for CE-fitted values. Red curves stand for CE-fitted values of
random solid solution configurations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

continuous order-disorder transition line of the dolomite-structure
phase in Mg, _ Zn,CO5 close at ~100 K. Note that Ca; _ 4Cd,CO3
took a long simulation-time to equilibrate all the multiple ground
states, so we did more detailed SGC ensemble simulations at differ-
ent temperature points and observed the abrupt changes in x with
respect to u in Fig. 3(e). The disappearance of these abrupt changes

60 T T T T T T T

and the smoothing of the curves suggest closing of the miscibility
gap. Wang and de Leeuw (Wang and de Leeuw, 2008) did thermody-
namic simulations with empirical potentials and calculated a
consolute temperature of 200 K, although their convex hull only
has the two end members with an up-bowing AE¢ curve of ~10
meV/f.u. (estimated from their figure). We note that these energy

40
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Fig. 2. Effective cluster interactions (ECIs) of (a) Ca; — xZnxCOs, (b) Cd; — xZnkCOs, (c) Ca; — xCdxCO5 and (d) Mg; — xZn,COs. ECl values have been multiplied by their multiplicities. Blue
circles, red squares and green triangles stand for pair, triplet and quadruplet interactions. Connecting lines are a guide to the eye. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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Table 2

Numbers of structures calculated with DFT, numbers of clusters in pairs, triplets and qua-
druplets, and cross-validation (CV) scores of Ca; — xZnyCOs, Cd; — xZn,CO3, Ca; — xCdxCO3
and Mg; — xZn,COs.

Table 3

Consolute temperatures (Tc), peritectoid points (Tp) and dolomite order-disorder transi-
tion temperatures (Tians) Of Ca; — xZnyCOs3, Cd; — xZnyCOs3, Ca; — 4CdyCO5; and
Mg, — xZnyCOs.

Num. of clusters
(pair + trip + quad)

Num. of structures CV score (meV)

Ca; _ xZnCO; 42 16 + 11 6.2
Cd; _ xZnCO; 60 16 + 11 24
Ca; _ 4CdyCO5 42 444+1 0.6
Mg _ xZnC05 78 5 0.4

values are small and different modeling methods give different re-
sults, but the low-T miscibility gaps are apparent in both cases. For
Mg, _ xZnyCOs, the complete miscibility above 100 K matches both
geochemical observations and experimental studies (Mondillo et
al,, 2011; Rosenberg and Champness, 1989).

The dolomite structures introduce another metastable state to the
phase diagrams of systems Ca; _ 4xZnyCOs and Cd; _ 4Zn,COs. In
Ca; _ xZnyCOs AE; of the dolomite structure is 5 meV/f.u., and in
Cdy _ xZnkCOs it is only — 0.1 meV/f.u., within DFT uncertainty. With
AE¢ <0 the dolomite structure is stable, and with AE¢> 0 it is metastable
relative to the two end members. The energy landscapes of these two
systems in Fig. 1(a)(b) show two arches across the end members and
the dolomite structure, suggesting immiscibility. The transition temper-
ature of the dolomite-structure phase scales with the energy difference
between its AEfand that of the corresponding disordered state. There-
fore, if the dolomite structure is assumed to be stable relative to the
end members, its single-phase field persists up to a high transition tem-
perature. This was confirmed by our SCG ensemble and canonical en-
semble simulations, taking the dolomite structure as a member of the

Te (K) Te (K) Terans (K)
Cay — xZn,CO5 1450 1150
Cd; _ xZn,CO5 1000 900
Ca; _ xCdxCOs <100
Mg1 — xZnxCO3 <100

ground states. In both simulations, we obtained similar transition tem-
peratures. Fig. 4 shows the long-range order abruptly dropping to 0.5
for the two systems, marking the transition temperatures of the dolo-
mite-structure phases. They are 1150 K for Ca; _ xZnyCO3 and 900 K
for Cd; _ xZnyCOs. The dolomite-structure phase is not stable enough
to split and exceed the miscibility gap. Instead, as its long-range order
sharply drops, phase separation is more energetically favorable. There-
fore, continuous order-disorder transition line, like what we've seen in
Mg, _ xZnyCOs3 in Fig. 3(d), and Ca; _ yMg,CO3 and Cd; _ yMg,CO3
(Burton and van de Walle, 2003), becomes a peritectoid point. In addi-
tion, the dolomite-structure single-phase field is extremely narrow in
composition, because a stoichiometric and highly ordered configuration
is needed to maintain its relative energetic advantage below the
peritectoid point.

As indicated by the positive AE, this dolomite-structure CaZn(COs3)s,
minrecordite, is metastable. However, extensive (92 at.%) substitution
of Zn?* for Mg?* in dolomite CaMg(COs ), is possible. The chemical sta-
bility of this near-end solid solution should be similar to minrecordite.
As predicted by our computation, CaZn(CO3), decomposes above
1150 K. This confirms the conjectured phase diagram by Goldsmith
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Fig. 3. Calculated phase diagrams of (a) Ca; — xZn,COs, (b) Cd; — xZnkCO;3, (c) Ca; — xCdxCO3 and (d) Mg; — xZn,COs. Crosses are the raw data points, and curves are interpolations and
extrapolations. In (a), dash-dotted curves stand for influence of the dolomite structure on the topology of the phase diagram. Hollow circles are experimental data points. In (c), the dotted
curve stands for the estimated consolute boundary, as demonstrated by the inset (e). In (d), the dashed curve stands for the continuous order-disorder transition points. In all 4 subfigures,
calcite-structure phases are labeled as I and I, and dolomite-structure phases as IL In (e), curves stand for compositions with respect to chemical potentials at various temperatures in a

semi-grand-canonical ensemble simulation.
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Fig. 4. Long-range order as a function of temperature for Cap.5ZngsC03 and Cdg.5ZngsCO3
in canonical ensemble simulations. The onsets of the abrupt drops to 0.5 mark the
transition temperatures of the dolomite-structure phases.

(Goldsmith, 1983), where the estimated maximum thermal instability
is 600 °C (Goldsmith, 1983; Rosenberg and Champness, 1989). Such
agreement demonstrates the effectiveness of our simulation method
with DFT, CE and MC, and serves as a good prediction for the similar
case CdZn(COs3),, where experimental data are lacking. AE¢ of this dolo-
mite structure is negative and very close to zero. It should either be sta-
ble at low temperatures, or can be approached from CdMg(COs3), via
cation substitution up to >90 at.%. The 900 K instability temperature
will not impede its formation in geochemical environments, because
the precipitation temperature is similar to the temperature of meteoric
fluids during the main weathering periods, within 11-23 °C (Boni et al.,
2011; Gilg et al., 2008).

3.4. Random solid solutions

We also performed CE for the molar volumes, and calculated the
composition dependent volume deviations from linearity for random

02 T T T T
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Fig. 5. Volume deviations from linearity for Ca; _ x\MgxCOs, Cd; _ x\MgxCOs3, Ca; _ xZnyCOs,
Cd;y — xZn,CO3, Ca; — xCdxCO3 and Mg; _ xZn,CO3. Curves stand for CE-fitted values of
random solid solution configurations. Markers stand for the dolomite structures, with
circles for DFT values and crosses for CE-fitted values.

solid solutions shown in Fig. 5, defined as:

Viinear = (1=X)Vyprco, +XVppco, -

Ve vaco —Vi 2)
Volume deviation of M4  MBCO;= L Mima<0s mear]

Vlinear

We can see that in all six systems, the random solid solutions have
small negative deviations, below 1%. Deviations for the dolomite struc-
ture volumes are also tabulated, and they are generally more negative
than their random solid solution counterparts.

We separated the solid solution mixing into two steps, volume
change (vc) and chemical exchange and relaxation (xc-rlx), and ob-
serve the energy changes with respect to the end members. The two en-
ergy changes are defined as:

AEyc (M?7XM£CO3> =(1-x) [EM"co3 (VMgtxmfcm) —Eprco, <VMAC03>]

+X\Eypco, (Vir_meco, ) —Enmrco, (VM5603 ,

AEy i (Mll‘—xM§CO3)
A B
=E (M 1-xM CO3> —(1=X)Eypco, (VMQ‘,XMfcog) —XEppco, (VMQ‘,XMfmg)’
AEf = AEyc + AExc—rlx: (3)

where Eypco, and Eyeco, denote energies depending on the EOS's of the
two end members M*CO; and MPCOs. AE, evaluates the energy change
from expansion/contraction of the end member structures to the vol-
ume of the solid solution, while AE,. _ ;ix measures the effect of chemical
exchange, solution cell shape and atomic position relaxation.

Fig. 6 shows AE,. and AE, _ ix of random solid solutions and the do-
lomite structures. The energy scale is larger than that of AE;, and a large
part of AE,. is canceled out by AEx. _x, leading to AE¢in Fig. 1. The
curves exhibit asymmetry, leaning towards the end members with the
smaller cations, as in (Adjaoud et al., 2009; Burton et al., 2006). This
phenomonon can be explained by examining the shape of EOS's of the
end members. It takes more energy for the structure to contract than
to expand by the same amount from the equilibrium volume. Therefore,
assuming volume deviations from linearity of random solid solutions
are small, as demonstrated above, it pushes the highest point of the
AE,. curve from x = 0.5 closer to the smaller end member's side. The
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Fig. 6. Volume change and exchange-relaxation energies of Ca; _ \MgyCO3, Cd; —
xMgxC03, Ca; _ Zn,COs, Cd; — xZnyCO3, Ca; — xCdxCO5 and Mg; — xZn,COs. Values are
per formula unit, i.e. per exchangeable site. Curves stand for CE-fitted values of random
solid solution configurations, with solid above the x-axis for the volume change
energies, and dashed below for the exchange-relaxation energies. Markers stand for the
dolomite structures, with “+" above and “x” below the x-axis.
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outcome is that it takes more energy to substitute a smaller ion with a
larger one than vice versa.

In addition, the small difference between the volumes of the ordered
dolomite structure and the corresponding random solid solution is neg-
ligible when it comes to AE,, but difference of the atomic arrangements
plays a major role in AEy._ 1%, Which explains the energetic difference
between them; i.e. the dolomite structure is more favorable than the
random solid solution. This is in agreement with a study by Chan and
Zunger (Chan and Zunger, 2009) on the step-wise energy changes of
random solid solution Cag.5Mgp5C0O3 and dolomite CaMg(COs),. They
made finer division of steps, and stated that the internal relaxation of
carbonate systems compensates for the volume mismatch, leading to
the energetic stabilization of the solution. The dolomite structure is
even more favorable because the CO%~ anion groups are not distorted,
as they are in random solid solutions. The energetic advantage for stabil-
ity of these dolomite structures is further explored in Section 3.5, by
studying various bonds and octahedral distortions, in comparison with
their respective end member carbonates.

3.5. Structural analysis

Here we study the lengths (d) of various bonds and angles of MOg
octahedra () in CaCOs, CdCO5, MgCOs3, ZnCO5 and the six dolomite
structures. Values are listed in Table 4. o, is defined as the O-M-0O
angle approximately along the trigonal [111] direction. For these car-
bonates, all values of o, are slightly above 90°. Differences of bond
lengths (Ad) and angles (Aa,c) in the dolomite structures are also
given. These are defined differently for different bonds, following,

Ad(C-0) = d(C-0 in dolomite)—Vs d(oo in MAC03)—1/2 d(c-o in MBCo3),
Ad(MAfMB — d(MA-MP in dolomite)—¥ d(MfM in MAC03>7‘/2 d(MfM in Mﬂcog),
Ad(rvr!o) = d(Mi—O in dolomite)fd M-0 in MiCO3),

Aaoq(Mi) = OLm(Mi in dolomite) —aon(M in M’ng).

(4)
where M is the metal in M'CO5 (i = A, B) for ease of listing.

Table 4

Various bond lengths (d) and angles of MOg octahedra (o) in CaCO3, CdCO3, MgCOs,
ZnC0s, and the six dolomite structures. M stands for the metal element, and M?, M® stand
for the first and second metal elements in the dolomite structures. Differences of the two
quantities in the dolomite structures from those in the end members are also given. (See
main text for definition of differences.)

d(A) Qoct (°)

c-0 M-M M-0 M
CaCOs 1.300 4.097 2.388 92.55 92.43?
CdCO5 1.299 4.007 2.339 91.74
MgCO; 1.297 3.703 2.126 91.90 91.75°
ZnCO3 1.298 3.726 2.144 91.70 91.54*

c-0 MA-MB MA-0 ME-0 mA MmB

CaMg(C0s); 1.298 3.893 2.408 2.109 92.70 91.45
CdMg(CO03), 1.298 3.846 2.358 2.108 91.83 91.15
CaZn(CO3), 1.299 3.908 2.389 2.140 93.48 91.24
CdZn(COs), 1.299 3.865 2.345 2.138 92.38 91.00
CaCd(C03), 1.299 4.049 2.380 2.348 92.67 91.29
MgZn(CO3), 1.297 3.712 2.116 2.152 91.93 91.57

Difference from end members

c-0 MA-ME MA-0 ME-0 MA ME
CaMg(CO0s); 0.000 —0.007 0.020 —0.017 0.15 —045
CdMg(CO0s), 0.000 —0.009 0.018 —0.017 0.09 —0.75
CaZn(CO3), 0.000 —0.004 0.002 —0.004 0.93 —0.46
CdZn(COs); 0.000 —0.002 0.006 —0.006 0.64 —0.70
CaCd(CO3), 0.000 —0.003 —0.007 0.008 0.12 —045
MgZn(CO3), 0.000 —0.003 —0.010 0.009 0.03 —0.13

2 (Rosenberg and Foit, 1979).

Values of d for the C—O bonds show no change, and minimal chang-
es for MA-MB, MA-0 and ME-0. This is also in agreement with the state-
ment of Chan and Zunger (Chan and Zunger, 2009), that solid solution
structures with anion groups rather than single atoms have more inter-
nal degrees of freedom to let the atoms adjust to their optimal positions
to facilitate optimal bonding, close to their end member chemical envi-
ronments, hence the minimal changes in values of d. In addition, among
all six dolomite structures, CaMg(COs), and CdMg(COs), exhibit the
largest changes in MA-ME, MA-0 and M®-0, twice or more than the
rest, echoing the largest magnitude of AE¢ (highest stability) in Table
1. It appears that these small adjustments are essential to stabilizing
the dolomite structures.

The high correlation between experimental results of MOg octahe-
dral distortion and AE¢ discussed by Rosenberg and Foit (Rosenberg
and Foit, 1979) is also observed here. There is a consistent overestima-
tion of ~0.15° relative to the tabulated data (Rosenberg and Foit,
1979). Assuming MgCOs represents an ideal configuration, o Of
ZnCO5 deviates from that of MgCO5; by —0.20°. Therefore dolomite
structures with Zn?™ are less stable than their Mg? " counterparts. In
addition, mentioned but omitted in the consideration of energetics is
the influence of the smaller cation's octahedral distortion on the larger
cation's in the dolomite structure. This can be seen from the differences
of oyt Values of the dolomite structures relative to their end members.
In CaMg(C0s3), and CdMg(COs3), the octahedral distortions of the small-
er cation Mg? ™ are reduced, by —0.45° and —0.75°, respectively, and
those of the larger cations Ca?* and Cd?™ are slightly increased, by
0.15° and 0.09°, respectively. However, in CaZn(COs), and CdZn(COs3)s,
the distortions of the smaller cation Zn?* are reduced by about the
same amount, but those of Ca? ™ and Cd?* are substantially increased,
by 0.93° and 0.64°, respectively. The inclusion of Zn?™ is therefore
more problematic because Ca?* and Cd? ™ have ionic radii close to the
maximum that can be tolerated in octahedral coordination (Rosenberg
and Foit, 1979).

4. Conclusion

We performed first-principles phase diagram calculations for the
four quasibinary carbonate systems Ca; _ 4Zn,COs, Cd; _ 4Zn,COs,
Ca; _ yCdxCO3 and Mg; _ «Zn,CO3 (0 < x < 1) with DFT, CE and MC sim-
ulations. The end members and the dolomite structures were individu-
ally studied to analyze their structural parameters and bonding
characteristics. Consolute temperatures and continuous order-disorder
transition temperatures are 1450 K for Ca; _ xZn,COs3 and 1000 K for
Cd; _ xZnyCOs, but below 100 K for Ca; _ yCdxCO3 and Mg; _ 4Zn,COs.
In agreement with existing literature, consolute temperatures increase
with increasing differences in cation radii. If dolomite structures are as-
sumed to be stable, they persist to 1150 K for Ca, _ Zn,COs, and 900 K
for Cd; _ xZnxCO3 before decomposition at peritectoid points. This con-
firms the conjectured phase diagram for Ca; _ 4yZn,CO3 (Goldsmith,
1983). In addition, AE¢ of the dolomite structures were decomposed
into two parts: first a volume change, then chemical exchange and re-
laxation. They were compared with their corresponding random solid
solutions at the same bulk compositions. (Meta)stability of the dolomite
structures was demonstrated by this division of energy, and was also
studied by examining the bond lengths and cation octahedral
distortions.
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