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AssrR-A,cr

The two compounds CaCOs and SrCOa both exhibit an orthorhombic 5 rhombohedral
transition, and, in the system CaCOs-SrCOs, orthorhombic and rhombohedral solid
solutions may coexist over a considerable range of pressure and temperature. From exist-
ing experimental data, it is possible to derive A Z and AS of the transitions in pure CaCOa
and SrCOs, if it is assumed that these values remain constant and that the solid solutions
are ideal. On the basis of the same assumptions, the derived values of A 7 and AS may be
used to calculate the composition of coexisting solid solutions at any combination of
pressure and temperature. In this way, experimentally determined phase relations may
be extrapolated to conditions at which no experimental data are available.

Iutnolucrtou

The two compounds CaCOa and SrCOs may o<ist in orthorhombic and
rhombohedral modifications. Over a considerable range of pressure and
temperature, orthorhombic and rhombohedral solid solutions coexist and,
at certain conditions, complete solid solution series are formed. Phase
relations in the system CaCOa-SrCO3 mat be shown by means of con-
tours on a P-T diagram or by means of T-X diagrams (at constant P)
and P-X diagrams (at constant T). Various experimental data on phase
relations in this system are available. In this paper, an attempt is made
to express the experimental results by thermodynamic relationships and,
on that basis, calculate a complete phase diagram of the system.

The orthorhombic <= rhombohedral transition in pure CaCOs has been
investigated by several workers (Fig. 1). For some time, the phase
boundary obtained by joining the determinations of Jamieson (1953) and
Clark (L957) was widely accepted. But recently Boettcher & Wyllie
(1968) presented a different boundary which displayed, as a novel feature,
an appreciable inflection at a suggested triple point between calcite I,
calcite II, and aragonite. They made use of their own experimental work
and the determination obtained by Crawford & Fyfe (1964). At about the
same time, Goldsmith & Newton (1969) published a phase diagram very
similar to that of Boettcher & Wyllie (1968). Calcite II is a polymorph of
CaCOg characterized by a c cell dimension half that of calcite I. Its
structure represents a minor modification of the normal calcite structure
(Jamieson L957). The transition calcite I i= calcite II has been observed
at one atmosphere (Chang 1965) and metastably in the aragonite field
(Bridgman 1939; Davies 1964;Jamieson 1957; Wang 1968). The existence
of the triple point was suggested by Jamieson (1957) who argued that
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only a very slight inflection of the calcite-aragonite boundary would be
demanded by the calcite I----calcite II transition because the two calcite
polymorphs have very similar properties. since the volume change of the
calcite I-aragonite transition is known (Robie et al,. Lg6Z), Goldsmith &
Newton (1969) calculated the volume change of the calcite I---calcite II
transition from their phase diagram. They obtained a value of r..01
cm'/mole. For a minor change in structure, this seems rather high and is,
in fact, contradicted by direct measurement of the volume change by
Bridgman (1939) and Wang (1968). Accepting the value of 0.31 cms/mole
obtained by Wang (1963), the points of Jamieson (19b8) and Clark (19b2)
on the calcite-aragonite boundary, and the location of the calcite I-
calcite II boundary as determined by Chang (1965) and Wang (1968),
the inflection of the calcite-aragonite curve is only very slight, as shown
in Fig. 1. A small volume change of the calcite I--calcite II transition is
also indicated by continuous lattice parameters of rhombohedral
(ca,sr)coa solid solutions (chang 1g65) and by the absence of differential
solubility of sr and Mg in calcite I and calcite II (chang 196b; Goldsmith
& Newton 1969). Furthermore, the slope of Boettcher & Wyllie's (1968)
curve is not consistent with the phase boundary of Sclar et al,, (Lg6B) at
higher temperatures. For these reasons, the Clark-Jamieson boundary
of the calcite-aragonite transition is accepted in this paper.

In the system CaCOg-SrCO3, phase relations at one atmosphere,
including the orthorhombic 3= rhombohedral transition in pure SrCOs
at9L2" C, have been determined by Chang (1905). His experimental data
based on identification of phases by means of high-temperature r-ray
diffraction are shown in Fig. 2. Due to the difficulty of quenching rhombo-
hedral (Ca,Sr)CO3 solid solutions, results obtained by examining
quenched products were not used. Therefore, the equilibrium curves
shown in Fig. 2 differ somewhat at lower temperatures from the phase
diagram presented by Chang (1965). Froese & Winkler (1g66) have
investigated the phase relations at 5600 C and G55'C and pressures up
to 13 kb. Due to quenching difficulties, it was impossible to determine the
composition of rhombohedral solid solutions coexisting with orthorhombic
solid solutions. Recently, Chang (1969) reported further work in this
system.

Tsronv

The components CaCO3 and SrCOa may be freely transferred between
orthorhombic and rhombohedral solid solutions. For component CaCOs,
the following reaction equation is valid:

cacoa ('::l$::lml') = .u.o, (-,'"t:::iff*") (la)
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Frc. 2. Phase relations in the svstem CaCOa-SrCOa at L atm based on experimental
data from Chang (1965).

At equilibrium, the free energy change of this reaction mustbe zero,'i.e.

the partial molar free energy of CaCOa in the two phases must be equal:

c3;d3, : GHd3, (1b)
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If pure rhombohedral CaCO3, at any specified pressure and temperature,
is defined as the standard state of rhombohedral CaCOs and, similarly,
pure orthorhombic CaCOs as the standard state of orthorhombic CaCOs,
the following equation may be written:

c) + ar h o3IdB, : c. + Rrtn o&d8, (1c)

where

G, : molar free energy of pure orthorhombic CaCOs (aragonite) at
any specified pressure and temperature

G" : molar free energy of pure rhombohedral CaCOa (calcite) at any
specified pressure and temperature

o&d$u : activity of CaCOg in rhombohedral solid solution
o&d3u : activity of CaCOa in orthorhombic solid solution

This equation may be rearranged:

Where AQio" is the standard. free energy change of reaction (La),i,.e. the
free energy change of the orthorhombic S rhombohedral transition in
pure CaCO3 at any specified pressure and temperature. Deviations from
ideal behaviour of a solution are commonly expressed by an activity
coefficient defined ?.s I : a/X, where X is the mole fraction. Therefore,
equation (1d) may be written:

-  R h B B

cL -  c^ :  aG,=c:  -RT lng=:3
^ o r  8 8
@CaCOg

rzllh ss Rtr 8s

AG\-. = -RT ln 
IcacoE. Tcacos
\ z o r  8 8  - . O r  s g
/\ cacos 

'Icacos

vlltr ss

LGiec : -RT ln a!@
IruT 8E

/L cacog

o  1  v R h s B

LGaes :  -RT In l - -  
as rcoa

1 - XBi"'3,

If it be assumed that the solution is ideal (,i.e.7 : L) or, at least, that the
ratio of the activity coefficients in equation (1e) is one, the equation
reduces to:

( ld)

(1e)

(1f)

For a solid solution consisting only of CaCOs and SrCOs, the relationship
holds that Xcacoa * Xs"cou : 1, and equation (1f) may be written in the
form:

(1g)
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Equilibrium relationships analogous to those developed for CaCOs also
exist for component SrCOs. The following reaction equation is valid:

"-.., 
/it orthorhombt") 

= SrCOs /in rhombohedral\srcos ("';ifi"'," trcn / \-.;Iil;;il; / Qa)

For this equilibrium, the relationship may be deduced:

o .t-Bh sB

AGsea: -RT lnal fq
vur gs

A s rcog

(2b)

Where AGs.., is the standard free energy change of reaction (2a), i'.e. the
free energy change of the orthorhombic s= rhombohedral transition in
pure SrCO3 at any specified pressure and temperature.

If the free energy change of the transitions in pure CaCOo and pure
SrCOa are known at a given pressure and temperature, equations (1g)
and (2b) may be solved simultaneously for the two unknowns X$qff, and
XBi"P|r. If the pure components, at any specified pressure and tempera-
ture, are chosen as the standard state, tJre standard free energy change
along the transition boundary must be zero. The free energy change at
otfrer conditions of pressure and temperature may be calculated from tlre
relations:

,  d ^ a :  I  o

t+ l  :  AV
\  s r  . r ?

/aac'\
\fr /": -As

DBnrvatrou op TuBruroDyNAMrc PnopsnnBs

As has been shown, a rather simple relationship exists, in the case of
ideal solutions, between the free energy change of the aragonite 3= calcite
and strontianite $ rhombohedral SrCOa transitions, on the one hand, and
the compositions of coexisting solutions, on the other. Also, the variation
of the free energy change with pressure and temperature is easily calcu-
lated, if AV and AS remain constant in the pressure and temperature
range under consideration. As has been discussed by Thompson (1955),
this is usually a good approximation for reactions involving solids only.
It probably is a reasonable assumption in the case of tJre two transitions
of interest. Unfortunately the degree of departure from ideality of the
two solution series is not known. Nevertheless, it is of interest to see if
the simple relationships valid for ideal solutions is consistent with the
available experimental data.

From the compositions of coexisting solutions (Fig. 2), AG"na" may
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be calculated according to equation (1g) and plotted against temperature
(Fig. 3a). These values show a linear variation. The slope of this line,
equal to -AS, is consistent with the slope of the Clark-Jamieson bound-
ary (Fig. 3b), which in turn gives the ratio AS/AV. Thus AZ may be
obtained.
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Again, using the compositions of coexisting solutions (Fig. 2), LG'sep
may be calculated according to equation (2b) and plotted against temper-
ature (Fig. 4a). This also results in a straight line the slope of which is
equal to -AS. In order to derive AV of" the strontianite-rhombohedral
SrCOa transition, it is necessary to plot AGloa against pressure at constant
temperature. To solve equation (2b) the composition of both solid solu-
tion must be known. The composition of orthorhombic solutions at vari-
ous pressures and two temperatures is given by Froese & Winkler (1966).
Using these values and knowing AG\ec at any given pressure and temper-
ature, the composition of the coexisting rhombohedral solution may be
calculated from equation (1g). It is now possible to solve equation (2b)
for AGla6 and'plot this value against P. This has been done for the experi-
mental results at 655o C and AZ is obtained from the slope of the line.
The results at 560o C are less reliable and were not used. Also shown is a
determination at 750o C reported by Chang (1969) which gives a AZ
about the same as the results at 655o C.

Cc-cwarroN oF THE PuasB Drl'cnau

Knowing AS and A,V of" both transitions, it is possible to calculate
LG\ec and AGl.'6 at any combination of pressure and temperature and
their 

"solve 
uqi"iiot 

" 
(1g) and (2b) simultaneously for X$s"d, and

XgidSr. Thus the complete phase diagram of the system CaCOTSTCOa
may be calculated (Fig. 5). Essentially this represents an extrapolation
of experimental results in the T-X section at I atm and the P-X section
at 655" C to other pressurtstemperature conditions on the basis of
assuming ideal solution and constancy of AS and A7. These assumptions
impose a certain curvature on the solvus curves which is in good agree-
ment witjr the experimental results. Also, the calculated P-X section at
560o C agrees well with the interpreted curve based on somewhat
scattered experimental results not used in deriving thermodynamic
properties. It is concluded that the available experimental results in the
system CaCOTSTCOg are consistent and not in conflict with the assump-
tions inherent in the calculation procedure.

CoupanrsoN oF TEERMoDYNAMTc Pnopenttps

Although the accuracy of the derived thermodynamic properties is

not known, their values agree well with those based on direct measure-
ments (Table 1). An exception to this is AS of the calcite-aragonite
transition at higher temperatures. Using 1he heat capacity measurements

of Kobayashi (1951o and 1951b), AS may be calculated at higher temper-
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Tlsl-o 1. TsERMooyNAMrc Pnoppnrrss

Derived from
experimental data

Reported values
(all at l atm) Reference

Aragonite s+ calcite transition
AS
A V

1.0 calrldeg mole 1.0 calldeg mole at 25o C
2.6 cm8/mole 2.78 cm8/mole at26" C

A,S 3.5 cal/deg mole
LV 1.4 cm8/mole
AH at L atm 4100 callmole 4700 cal/mole at 924" C

Kelley & King (1961)
Robie el al. (1967)
Roth & Chall (1928)

Lander (1951)

AII at L atm 60 cal,/mole 48 al/mole at 50o C
Strontianite S rhombohedral SrCOa transition
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The variation with temperature of A,S for the aragonite = calcite

atures. The variation of AS with temperature, shown in Fig. 6, displays
an anomaly. At first, AS approaches a constant value as would be expected
(Thompson 1955) but then it rises rapidly. This rise probably is due to
errors in the heat capacity of aragonite.
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