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The disordering of CdMg(CO& was studied near room temperature by powder X-ray diffraction and 
solution calorimetry using samples quenched from 600 to 850°C. The long-range order parameter 
changes from unity to zero in this range and the enthalpy of disordering is 13.7 * 0.8 k.I/mole. The 
enthalpy of formation of ordered CdMg(CO& from CdCOs and MgC09 is -5.6 + 0.8 k.I/mole; that of 
the disordered phase is +8.1 + 0.8 Id/mole. These data support energetic models which assume 
positive interactions of Cd and Mg within cation layers and negative interactions (leading to ordering) 
between layers. A reasonable fit to the observed phase relations is achieved using either the point 
approximation (PA) of the generalized Bragg-Williams model or the tetrahedron approximation (TA) 
of the cluster variation method (CVM). These models however, do not give a quantitative fit to the 
variation of enthalpy and long-range order parameter with temperature. In particular, the observed 
order-disorder transition occurs more sharply over a smaller temperature range than predicted, per- 
haps because of more strongly cooperative behavior in which the carbonate groups as well as the 
divalent cations play a role. 8 1937 Academic press, Inc. 

Introduction geometrically inequivalent cation sites. 
Furthermore, a continuous range of possi- 

The calcite and dolomite crystal struc- ble structures between the ordered dolo- 
tures commonly occur in nature for diva- mite and disordered calcite structures is 
lent metal carbonate minerals (usually possible-because the space group of dolo- 
CaC03 and CaMg(CO&). The major crys- mite (R3) is a subgroup of that of calcite 
ml-chemical difference between the calcite (E3c). Indeed, some natural dolomites (i.e., 
and dolomite structures is that calcite con- CaMg(CO&) are reported to have disor- 
tains only one distinct metal layer while do- dered structural states (4) while syntheti- 
lomite has two (Z-4). The chemical differ- tally disordered samples may be obtained 
ence between these layers results in two by annealing ordered material at high tem- 
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perature. However, the high temperatures 
involved and possible problems in quench- 
ing the disordered phase make detailed 
study of the order-disorder transition in 
CaMg(CO& difficult. 

The system CdC03-MgC03 offers an 
analog to the CaCOs-MgC03 system in that 
similar ordered and disordered phases exist 
(5). Because chemical homogenization of 
distinct Cd and Mg layers proceeds within 
an experimentally accessible range of pres- 
sure and temperature (l-10 kbar $0~ and 
600 to SSO”C), samples can be prepared 
which, on quenching, possess greatly dif- 
ferent states of order. In addition, the large 
difference in atomic number between Cd 
and Mg readily permits the study of the de- 
gree of long-range order by X-ray diffrac- 
tion on powdered samples. The present 
study combines such structural work with a 
determination, by solution calorimetry, of 
the enthalpy associated with disordering 
and with the formation of the ordered com- 
pound from CdCOs and MgCO+ The rela- 
tionship between the structural state and 
disordering enthalpy is discussed in terms 
of models for the energetics of order-disor- 
der reactions. 

Experimental Methods 

Synthesis and Characterization of 
Starting Material 

The ordered compound CdMg(CO& was 
synthesized from mulled endmember mix- 

tures of MgC03 and CdC03 at 600°C under 
1 kbar CO2 pressure in a hydrothermal pres- 
sure vessel. Pure MgC03 was obtained by 
recrystallizing basic magnesium carbonate 
at 1 kbar CO* pressure and 600°C. Finely 
crystalline CdCO3 was dried at 110°C and 
used without recrystallization for the syn- 
thesis runs. Both endmembers exhibited 
sharp calcite-type powder diffraction pat- 
terns and were found to be stoichiometric 
by weight loss after calcination. Synthesis 

runs lasting 4 days were sufficient to pro- 
duce X-ray powder patterns with no detect- 
able endmember diffraction peaks and in- 
tense ordering diffraction peaks indicative 
of the dolomite-type ordering. Anhedral 
crystals between 2 and 5 pm in diameter 
were obtained from nominally “dry” runs 
and no increase in grain size was apparent 
after an additional week of annealing. The 
bulk composition of the CdMg(CO& was 
checked by EDTA titrations (6) on a split of 
the run product. The starting material was 
found to be stoichiometric at least to 0.1%. 

Recrystallized CdC03 with grain sizes up 
to 10 pm was used for solution calorimetry 
required to determine the enthalpy of for- 
mation of CdMg(CO&. 

Annealing Treatments 

Samples of the highly ordered starting 
material synthesized as described above 
were subjected to annealing within the dis- 
ordering interval of CdMg(CO& reported 
by Goldsmith (5). A solid media piston cyl- 
inder pressure apparatus was necessary to 
achieve confining pressures sufficient to 
prevent loss of COZ from the carbonate be- 
tween 750 and 850°C. Approximately 200 
mg of sample was encapsulated in Pt and 
runs were monitored with W-Re thermo- 
couples adjacent to the capsule. Conditions 
for the disordering runs are reported in Ta- 
ble I. Fairly rapid quench occurred in the 
solid media pressure apparatus with tem- 

TABLE I 

PISTON CYLINDERSYNTHESES OF CdMg(CO& 

T P t 
Szple (“C) (kbar) (hr) x &-) 

223 750 10 2 5.8931(29) 47.747(29) 
145 77.5 15 1.5 5.9065(90) 47.662(10) 
239 850 15 3 5.9020(11) 47.660(13) 
750 600 1” 168 5.8931(10) 47.781(11) 

a Hydrothermal pressure vessel using CO* fluid 
pressure. 
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peratures falling from run conditions to 
400°C within 1 or 2 sec. Greatly reduced 
peak intensities for the ordering diffraction 
peaks indicated that long-range order de- 
stroyed at run conditions was not regained 
during quench. 

X-Ray Diffraction Measurements 

The lattice parameters of the starting ma- 
terial and annealed calorimetric samples 
were obtained from X-ray powder diffrac- 
tion data using Guinier camera techniques 
and an internal standard of NBS Si No. 640. 
Results of least-squares refinements using 
at least 10 diffraction line positions are re- 
ported in Table I. 

Intensity data for the ordering reflections 
were obtained from the average areas of 
three diffractometer scans over the diffrac- 
tion peaks using CuZ& radiation. Since the 
run products generally showed no grain 
growth (except for highly disordered 850°C 
sample) and crystals were anhedral, there 
should be no preferred orientation effects 
inherent in the intensity data. Table II re- 
ports the intensity ratios of the ordering re- 
flections obtained by normalizing peak ar- 
eas of annealed samples to corresponding 
peaks in the ordered starting material. 

Calorimetric Techniques 

After preliminary experiments with sev- 
eral aqueous and molten salt solvents at 80- 
350°C an aqueous solvent saturated in 
NaCl and containing 1.0 M HCl, 0.75 M 

TABLE II 

X-RAYINTENSITYRATIOSOF DOLOMITE-TYPE 
REFLECTIONS(NORMALIZED TO 600°C INTENSITIES) 

Whit 750°C 775°C 850°C 

111 0.388(43) 0.331(32) 0.0 
100 0.422(36) 0.352(30) 0.038(5) 
221 0.426(33) 0.379(14) 0.004(4) 
322 0.490(50) 0.416(24) 0.0 
111 0.424(28) 0.436(23) 0.0 
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FIG. 1. Calorimetric apparatus: a, exterior alumi- 
num crucible; b, ports in manipulation assembly to 
hold sample capsule; c, venting ports in sample manip- 
ulation assembly; d, Kovar glass-to-metal seal; e, Py- 
ret reaction crucible; f, ground-glass joint (24/25); g, 
Pyrex containment vessel; h, Pyrex liner (35 mm o.d.); 
i, condensation reservoir; j, ground-glass joint, female 
(24/25); k, Teflon manipulation assembly stabilizer; 1, 
ground-glass joint, male (24/25); m, ground-glass joint 
(34/28); n, stopcock, outlet to bubbler; o, sample ma- 
nipulation tube (10 mm); p, Teflon sample manipula- 
tion assembly holder; q, O-ring; r, vacuum grease; s, 
sample manipulation rod to crush capsule. 

CaC12, 0.25 M MgC12 at room temperature 
was adopted. The high ionic strength acid 
brine has a low vapor pressure and low COZ 
solubility and rapidly dissolves carbonates 
reproducibly at 85°C. Heats of solution 
were obtained in this solvent using a Tian- 
Calvet heat flow calorimeter operating at 
85°C. The experimental arrangement is 
shown in Fig. 1. 

Prior to dissolution, samples were encap- 
sulated in thin-walled Pyrex tubes to pre- 
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vent prereaction of the samples with the 
corrosive solvent. Runs were initiated after 
thermal equilibrium was attained in the 
calorimeter by crushing the Pyrex sample 
tube. The dissolution was completed within 
30 set but the resulting calorimetric peak 
lasted between 1 and 2 hr because of the 
long time constant of the large-volume calo- 
rimeter used. The total heat effect mea- 
sured was about 4 joules. Further details 
of the experimental method are found in 
Capobianco (7). An advantage of this calo- 
rimetric solvent is the relatively small mag- 
nitude (<30 kJ/mole) of the experimental 
heats of solution. A potential disadvantage 
is the complexity of ionic interactions in 
this multicomponent hot aqueous solution, 
to which the laws of dilute solution may not 
apply. To permit unequivocal interpreta- 
tion of the enthalpies of solution several 
precautions were taken: (1) The excess en- 
thalpy of partially disordered samples was 
found by the difference in heats of solution 
between the disordered samples and the 
fully ordered 600°C sample. (2) The volume 
of solvent and the mass of all samples dis- 
solved was held strictly constant for all 
runs (40.0-mg samples were dissolved in 
10.0 ml solvent). This procedure made it 
unnecessary to correct for the work done in 
CO:! evolution or to unravel, the complex 
chemical interactions within the solvent. 

0.55 

1 I 

FIG. 2. Experimental ratio of intensities of ordering 
peaks for partially disordered versus fully ordered dif- 
fraction peaks versus diffraction angle for samples 
quenched from 750 and 775°C. 

The difference in enthalpy of solution of or- 
dered and partially disordered samples then 
directly gave the excess enthalpy stored in 
the latter. The enthalpy of formation from 
CdCOS and MgC03 of stoichiometric Cd- 
dolomite was obtained as the difference of 
the heats of solution of a stoichiometric me- 
chanical mixture of end member carbonates 
and of the compound. 

Results 

Long-Range Order Parameters for 
Partially Disordered Cd-Dolomites 

Normalization of the X-ray intensity data 
by the corresponding reflection intensity of 
the fully ordered starting material elimi- 
nates variations between different reflec- 
tions associated with differences in reflec- 
tion multiplicity or sin(B)lA effects. The 
square of the ratio of structure factors for 
the ordering reflections (i.e., h + k + 1 odd 
and two or three rhombohedral indices 
alike) may then be compared with the ex- 
perimental data (Table II) to assess the 
long-range order between cation layers. 
Graf (8) provides the appropriate structure 
factor equation for dolomite-type reflec- 
tions in the rhombohedral description: 

Fhkl = fCd - fMg + fccosP~(h + k + bcl 

+ focos[2d~o + kY0 + lzo)l 
+ cos[27r(lxo + hyo + kzo)] 

+ cos[2~(kxo + lye + hzo)l (1) 

Because the difference in atomic scattering 
factors between Cd and Mg (fed - &) is 
large, the dolomite-type reflections for this 
material are intense and contain a dominant 
intensity contribution from the cation sub- 
lattice. Moreover, the cation sublattice 
contribution does not vary among the sev- 
eral ordering reflections. Any observed 
variation of the intensity ratios is, there- 
fore, the effect of the carbonate sublattice. 
Figure 2 shows the experimental intensity 
ratios versus the diffraction angle for the 
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750 and 775°C samples. Although the mea- 
sured variation is slight, the experimental 
errors are not sufficiently great to obscure 
the hkl dependence. 

The carbonate sublattice differs slightly 
between calcite and dolomite structures in 
the Ca-Mg system, but there are no single- 
crystal refinements of the CdMg(CO& 
phases to provide the precise details. Thus, 
it is necessary to estimate carbonate posi- 
tional parameters (xc, xo, yo, zo) for the 
fully ordered material and to model their 
variation as a function of cation order. 

The calcite phase has only one variable 
positional parameter (an oxygen parameter) 
which may be easily approximated by as- 
suming a fixed C-O bond length for the car- 
bonate (1.285 A) (9). In the calcite structure 
the carbon location is fixed by its ccp-type 
alternation with identical cation nets and 
the C-O bond lies directly along the aheX 
unit cell vector. The free parameter for ox- 
ygen is then determined by the ratio of the 
C-O bond length to the aheX unit cell length. 

In the dolomite structure the situation is 
slightly more complex. The carbon shifts its 
location along c& , presumably in response 
to unequal interactions with chemically dis- 
tinct cation layers, while the C-O bond 
shifts away from the aheX direction, creating 
two unequal metal-oxygen distances. Un- 
like the case for calcite, the crystallo- 
graphic coordinates for the oxygen (now in 
a general position) cannot be fixed using 
constant carbon-oxygen bond lengths and 
crystal geometry because the carbon loca- 
tion is no longer constrained to be equi- 
distant between metal layers. Furthermore, 
the carbonate units in dolomite-type crys- 
tals need not be strictly planar. Beran and 
Zemann (9), among others, report slightly 
tetrahedral carbonate groups in CaMg 
(CO&. We use the crystal coordinates 
of the carbonate from the isostructural 
CaMg(CO& (4, 9) as reasonable estimates 
for its location in Cd-dolomite. The error 
introduced by this approximation does not 

significantly alter the calculated long-range 
order for the cation sublattice. 

To incorporate the effect of disorder, one 
may replace the atomic scattering factors 
for the Cd and Mg sites (j& and&& in Eq. 
(1) by effective scattering factors contain- 
ing contributions from both atoms: 

.ft? = XfCd + (1 - x)fMg 

f-hi= (1 - X)&d + XfMg (2) 

In these equations x represents the frac- 
tional occupancy of the cation sites by the 
“right” atom and may vary between 0.5 
and 1. The long-range cation order parame- 
ter is then obtained from x by 

s =2x- 1, (3) 

where s can take on values between zero 
for a disordered calcite-like phase and unity 
for a fully ordered dolomite phase. The trig- 
onometric arguments of Eq. (1) are given a 
simple s dependence such that the carbon- 
ate positional parameters correspond to 
fully ordered Cd-dolomite at s = 1 and to- 
tally disordered CdMg(C03) at s = 0. 

The true functional dependence of the 
average carbonate position on s would give 
information about the relative rates of 
structural change for the cation and anion 
sublattices. However, for lack of data, we 
assign only a simple linear dependence for 
intermediate carbonate positional parame- 
ters, Xi(S): 

xi(s) = xpis + s(xp’d - xp’“). (4) 

For each observed reflection one may 
then construct ratios of the structure factor 
equations to be compared with experimen- 
tal data: 

I;tf,/I# = <F’h”ki /Fj&)‘. (5) 

Average values for s obtained from Eq. (5) 
are given in Table III for the 750, 775, and 
850°C samples. The quoted errors are the 
standard deviations from the averages 
based on the five reflections for each sam- 
ple. The results confirm Goldsmith’s ear- 



TABLE III Two factors may potentially complicate the 
CALORIMETRIC DATA,ORDERPARAMETERS,AND application of these measurements to high- 

ENTHALPIES OF DISORDERING AND MIXING temperature equilibria. One would be any 

Enthalpy (kJ/mole CdMgKO,)z 
change in short- or long-range order during 

T Order parameter, quench. As mentioned above, quench rates 
(“0 so Solutionh Disordering< Mixi& were fairly rapid, the temperature falling to 
600 I 33.87 ? 0.23 0 -5.63 + 0.8 400°C in l-2 sec. Both this work and pre- 
750 0.656 + 0.036 27.36 + 0.29 6.51 + 0.4 +0.88 + 0.8 vious studies of Goldsmith (5) suggest that 
77s 0.620 + 0.028 27.19 k 0.30 6.68 k 0.4 +I.05 2 0.8 

850 0.052 + 0.078 20.12 + 0.49 13.75 k 0.8 +8. I2 k 0.8 changes in long-range order appear to be 
- - 28.24 + 0.48p - - reversible on a time scale of hours and 

y Calculated as described in text. Error is standard deviation based on 
quenchable on a time scale of seconds. Lit- 

the five reflections used. tle can be said about short-range order. The 
b From calorimetry error is standard deviation of mean. 

L For reaction CdMg(CO,)z (ordered) = CdMg(C01)2 (partially or to- 
second effect which might modify the ther- 

tally disordered), from difference in enthalpy of solution of two samples. modynamics is any strong temperature de- 
Error from propagation of errors in heats of solution. 

d For reaction CdCOl + MgCO, = CdMg(COj)z, from difference m 
pendence in the enthalpy of disordering re- 

enthalpy of solution of sample and mechanical mixture. Error from prop- sulting from a substantial difference in 
agation of errors in enthalpies of solution. 

e Mechanical mixture. 
vibrational heat capacity between ordered 
and disordered phases. Though no such C, 
data exist for these carbonates, it is un- 

lier, more qualitative work (5). Samples likely that any such effect gives a correc- 
prepared at 600°C are fully ordered, those tion term as large as the uncertainty (+0.8 
at 850°C are virtually completely disor- kJ/mole) in the measured enthalpy of disor- 
dered (our long-range order parameter is dering. With these points in mind, the data 
zero within experimental error), while obtained for CdMg(CO& by measurements 
those quenched from intermediate tempera- near room temperature can be applied to 
tures, 750 and 775°C show values of s be- model this disordering equilibria at 600- 
tween 0.6 and 0.7. 800°C. 

Enthalpies of CdMg(CO,), of Different Discussion of Models for the 
Degrees of Order Order-Disorder Reaction 

The calorimetric data are summarized in 
Table III. For the formation of the ordered Bragg- Williams Approximation 

dolomite from the endmember carbonates The Cd, Mg disordering reaction is con- 

CdCO, + MgC03 = CdMg(CO& (ordered) 
vergent (IO); i.e., alternate cation layers are 

AH0 = -5.6 ? 0.8 kJ/mole, (6) 
crystallographically distinct only when the 
cations are ordered. The simplest model 

confirming the energetic stability of the or- which can be applied to the order-disorder 
dered compound. However, the heat of reaction is of the Bragg-Williams types 
mixing in the disordered solid solution is (12-13), in which the long-range order pa- 
positive; i.e., for the reaction rameter s is related to one energy parame- 
CdCO3 + M&O3 = CdMg(C03)2 (disordered solid ter, W, by the equations (at the stoichio- 

solution), metric dolomite composition): 

AH0 = +8.1 ? 0.8 kJ/mole. (7) s = tanh(-WsI2R), (8) 

Both calorimetric and X-ray measure- where W is negative and its numerical 
ments were made near room temperature value reflects the energy per mole of 
on samples quenched from 600 to 800°C. CdMg(CO&. 

ORDER-DISORDER IN CdMg(CO& 219 



220 CAPOBIANCO ET AL. 

The enthalpy of mixing (formation of 
CdMg(COh from CdCOj and MgC03) is 
then 

AH”“” = WLO.5 - 0.25(1 - s2)] 
0.5W 9 AHmiX I 0.25W. (9) 

The critical temperature at which s be- 
comes zero is given by T, = - W/2R. The 
X-ray diffraction data above imply that T, is 
near 1123 K (850°C) and W = -2RT, = 
- 18.7 kJ mole. Using this value, the values 
of order parameter and enthalpy at lower 
temperatures are not described well. In- 
creasing the magnitude of W would im- 
prove the fit to the order parameter at lower 
temperature but would erroneously predict 
the persistence of long-range order above 
850°C. 

However, the Bragg-Williams approxi- 
mation has an even more serious qualitative 
shortcoming. It cannot account for positive 
enthalpies of mixing in the disordered solid 
solution because its one parameter, W, 
must be negative for ordering to take place 
at low temperatures. Thus (see Eq. (9)), 
even the disordered phase would show a 
negative heat of mixing. 

Generalized Point Approximation 

To include positive heats of mixing in the 
disordered phase, one can apply a general- 
ized Bragg-Williams, or generalized point 
approximation (PA) (24, 25), in which there 
are two distinct interactions: (1) an attrac- 
tive (interlayer) interaction promoting un- 
like pair formation (parameterized as Wi,r) 
and a repulsive (intralayer) interaction pro- 
moting segregation (parameterized as Wi,,). 

The Gibbs free energy of mixing (forma- 
tion of (Cdi-xMg)2(C0& from CdC03 and 
MgC03 is given by, per formula unit con- 
taining two carbonates, 

Apix = 

W&[X - X2( 1 - S’)] + Wi,[X - X2( 1 + S2)] 

+ RT ZC X;jlnXij, (10) 
ij 

where xij is the cation site occupancy of the 
jth atom on the ith sublattice. Thus for i = 
CY (layer preferred by Mg), p (layer pre- 
ferred by Cd) and j = Mg, Cd, x&,Mg = x + 
XS, x,,c,j = 1 - X - XS, xp,&. = X - XS, and 
X&Cd = 1 - x + sx. Here x is the mole 
fraction of MgCOj (0 < x < 1) and S, as 
before, is the long-range order parameter (0 
5 x I 1 forx 5 0.5 and 0 I s I (l/x - 1) for 
x 2 0.5). As in the original Bragg-Williams 
model, the equilibrium value of s is found 
by minimizing Apix with respect to varia- 
tions in s, and the critical temperature for 
disordering is obtained by setting the sec- 
ond derivative of AGmix to zero for s = 0. 
For Wi,, < 0 and Wi,, > 0, intersite ordering 
decreases AH”‘” while intrasite mixing in- 
creases it, and at low temperature the or- 
dered phase is stable. Above T,, s = 0, so 
that AHmix, given by (Wi,, + W&)(x - x2) is 
positive for Wi, > 1 WiJ. Wi,, and/or Win 
may depend on composition, leading to 
asymmetry in solution properties, Phase re- 
lations in the join (Cd, Mg)C03 were found 
by Goldsmith (5) to be asymmetric; see Fig. 
4. This indicates that at least one additional 
parameter is required to fit both the thermo- 
chemical and phase equilibrium data. We 
chose to replace Wi,, by A + Bx to intro- 
duce the required asymmetry. The parame- 
ters Wi,,, A, and B were then optimized 
with respect to the enthalpy of solution 
measurements and phase equilibrium data 
by a nonlinear least-squares technique. Be- 
cause it was not possible to simultaneously 
satisfy the two sources of data, two differ- 
ent parameter sets were obtained. PAi was 
fit to phase equilibrium data only. PA2 was 
developed in two stages: first, Wi,, and Wi, 
were optimized with respect to AHmix, at x 
= 0.5; then B/A was optimized with respect 
to the phase equilibrium data, at A + 0.5B 
= constant. The parameters used (kJ per 
mole of (Cd,Mgi-&(CO&) were PAi(A = 
-8.5, B = 16 + 30.9x) and PA2(A = -13.3, 
B = -0.425 + 47.5x). The calculated 
results are shown in Figs. 3 and 4. 
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FIG. 3. (a) The long-range order parameter s as a 
function of temperature. PA, and PAI, generalized 
point approximations 1 and 2, respectively: TA, tetra- 
hedron approximation. (b) Mixing enthalpy (for the 
reaction CdCOJ + MgCOr = MgCd(CO,)J as a func- 
tion of temperature calculated from the above models. 
In both a and b experimental values for Table III are 
shown as points with error bars. Hatched areas indi- 
cate range in T,. 

Tetrahedron Approximation in the Cluster 
Variation Method 

A third model, based on the tetrahedron 
approximation (TA) in the cluster variation 
method (CVM) was also considered. The 
formalism has been described previously 
(16, 17), so only details pertaining to 
CdCO3-MgC03 are given here. The CVM 
approach attempts to include the effects of 
short-range order (which the point or 
Bragg-Williams approximations neglect) 
by considering the possible arrangements of 
clusters of atoms (cation tetrahedra in this 
case). The calculated equilibrium propor- 
tions of the chemically distinct tetrahedra 
are constrained by the total solution com- 
position and the energetic interactions be- 
tween the atoms of the tetrahedron, These 
calculated proportions then provide infor- 
mation on both long-range and short-range 

order. Because of short-range order, the 
configurational entropy in the CVM calcu- 
lations is generally smaller than in the pre- 
vious models. 

For the CdC03-MgCOj calculations, a 
three-parameter version of the TA was 
used in order to account for the observed 
asymmetry in the phase relations. The 
pairwise interaction parameters Eier, and Eira 
= A + (NMs - N&B, have essentially the 
same meaning as Wi,, and Wira, respectively 
(NM~ and Ned are the numbers of Mg and 
Cd atoms in a tetrahedral cluster; see (16, 
17) for a detailed discussion). The values of 
Eier, A, and B that were used in model TA 
(eier - 0.938, A = 3.003, and B = 1.595 kJ/ 
mole), were constrained to yield AHmix = 
-5.63 kJ/mole CdMg(CO&, 775” < T, < 
825°C (4), and T&T, = 1.05(5) where Tcons 
is the consolute temperature for two disor- 
dered phases. The TA is therefore most 
closely comparable to PA2 because it was fit 
to both thermochemical and phase equilib- 
rium data. However, its parameters were 
not optimized by a least-squares technique. 

PA, --- 
PAp -----__ ,’ /‘;?,, c I 

/--- \ r 
800 

600 

400 
0 0.2 0.4 0.6 0.8 1 
CdC03 wQ3 

x = mole fraction Mgq 

FIG. 4. Comparison of the experimental phase equi- 
librium data (4) with the model calculations PA,, PA2 , 
and TA. C, a disordered calcite phase with calcite 
structure, space group R&; D, ordered phase with 
dolomite structure, space group R?. Triangles corre- 
spond to large open circles in (S), and circles corre- 
spond to filled circles in Goldsmith (5). t , The experi- 
mental lower limit T’ > 775”C, this work; J , the ex- 
perimental upper limit T, 5 825°C (5). 
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Comparison of Models with Experiment 

Figure 3 shows the calculated long-range 
order parameter s and enthalpy of mixing 
as functions of temperature. The experi- 
mental data are also shown. Figure 4 com- 
pares calculated and experimental phase di- 
agrams. None of the models discussed here 
achieves quantitative agreement with both 
the thermochemical and the phase equilib- 
rium data, but certain interesting trends are 
evident. With regard to the order-disorder 
transition in CdMg(CO&, all three models 
underestimate the sharpness of transition in 
the sense that experimental values of AHmix 
and s change much more rapidly with tem- 
perature than the models predict. The cal- 
culations also underestimate the magnitude 
of the positive enthalpy of mixing seen in 
the long-range disordered phase. Although 
the TA predicts a somewhat sharper transi- 
tion than PA1 or PA2 (Figs. 3a and 3b), it is 
still very far from a quantitative fit to the 
calorimetric values. It appears unlikely that 
a higher order CVM approximation would 
yield the kind of dramatic improvement 
that is needed for a quantitative fit. The 
comparison between experimental phase 
equilibria and the calculated phase dia- 
grams is more compelling. The generalized 
point approximation (PA, and PAZ) can 
generate phase diagrams with a stability 
field for two disordered phases, but in these 
diagrams the tricritical point at the crest of 
the Cd-rich two-phase field (C + D, Fig. 4) 
occurs at temperatures that are much too 
low. Thus, the TA appears to give a more 
realistic fit to the combined thermochemi- 
cal plus phase equilibria data set. 

The failure of the above models to pre- 
dict energetics quantitatively may be re- 
lated to several factors. First, the carbonate 
group may undergo shifts of position and 
small deviations from a planar configura- 
tion as a result of Cd, Mg ordering. Such 
involvement of CO3 groups might give the 
transition more cooperative character and 

compress it, as observed, into a smaller 
temperature interval. Second, the composi- 
tional asymmetry of inter- and intralayer in- 
teractions may be more complex than con- 
sidered here. Third, differences in lattice 
vibrations between ordered and disordered 
phases may result in excess heat capacities, 
excess entropies, and temperature-depen- 
dent enthalpies not considered in simple 
models. 

Despite the above complexities, we con- 
clude that relatively simple statistical 
models can qualitatively explain the varia- 
tion of long-range order with temperature, 
the enthalpy of mixing, and the topology of 
the phase diagram. Such models incorpo- 
rate three main features: a negative (stabi- 
lizing) interaction for ordering of Cd and 
Mg between layers, a positive (destabiliz- 
ing) interaction for the mixing of Cd and Mg 
within a layer, and compositional asymme- 
try for at least one parameter. Similar argu- 
ments hold for the MgC03-CaC03 system 
(16, Z7), though complete thermochemical 
data for disordering are not available. 
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