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ABSTRACT 

The chemical behavior of soil minerals depends 

on their thermodynamic properties. Generally soil 

minerals have been assumed to be one component phases 

and to have an activity of unity by definition. Many 

geologic materials are solid solutions of two or more 

components. The basic understanding of the properties of 

solid solutions should lead to the understanding of the 

chemical behavior of these materials in the soil. 

This paper describes the three basic models from 

which the properties of binary solid solutions are 

derived and compares the values derived from these 

models with values determined by experiment. These 

models are called ideal solutions, regular solutions and 

quasi-chemical solutions. Values for component 

activities as a function of composition are calculated 

for each of these models. These activity-composition 

relationships are compared with those derived from 

several sets of experimental data. From a theoretical 

understanding of the properties of binary solid 

solutions the behavior of certain soil minerals may be 

predicted. 

ix 



CHAPTER ONE 

INTRODUCTION 

The field of soil chemistry has been a dynamic 

field of study. Over the last two hundred years the 

understanding of the chemical processes in soils and 

their relationship to the growth of plants has both 

broadened and deepened. In this process the emphasis 

given to different areas of soil chemistry has also 

changed. 

The first quantitative efforts to describe soils 

were in terms of a total chemical analysis of soil 

minerals. Then from the mineral content of normal plants 

the ability of the soil to supply sufficient nutrients 

for plant growth could be estimated. This approach to 

soil chemistry, characterized by the work of 

Liebig (Russell 1973, chapter 1), was a very substantial 

advance in the understanding of the role of mineral 

nutrition in plant growth and the differing ability of 

soils to adequately meet the needs of crop plants for 

mineral nutrients. 

A further development of this approach came in 

the work of Hilgard with his concept of an available form 

1 
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of soil mineral nutrients (Tisdale and Nelson, 1966, 

chapter 1). The emphasis now shifted from a total 

analysis of the soil to the determination of the form in 

which the nutrients were able to be taken up by plants. 

Hilgard's interest in zeolites did not prove to be 

correct but the main idea of available forms of nutrients 

was a significant advance. 

Following Hilgard, attention turned to the 

adsorption of nutrient cations on charged colloidal 

surfaces in the soil, and the cation exchange capacity of 

soils. Gedroiz, in Russia, and Hendricks in the United 

States helped develop and disseminate these ideas and 

their success has been at the basis of many of the 

advances in soil chemistry and the related studies of 

soil fertility and soil management. 

With the understanding of the phenomenon of 

cation exchange and the role of colloidal clay and 

organic matter, interest developed in the nature and 

properties of the soil solution. The soil solution, the 

film of water surrounding moil particles which physically 

links the soil minerals with the plant root, is the soil 

phase from which nutrients are absorbed by the plant. 

Thus the total ability of the soil to supply plant 

nutrients is reflected in the composition of the soil 

solution. 



The soil solution is generally quite dilute, and 

has a lower concentration of nutrients than the plant. 

The concentration of the soil solution is fairly constant 

during the year (with the notable exception of nitrate 

which is dependent on biological activity, and perhaps 

other elements which have important biological steps in 

their chemical cycles). This suggests that an equilibrium 

exists between the soil solution and the sources of 

soluble nutrients whether solid particles or adsorbed 

ions, and that this equilibrium can be maintained while 

nutrients are being absorbed by plants. Chemical 

equilibrium is the special interest of classical 

thermodynamics and it is therefore natural that soil 

solution equilibria have been analyzed in thermodynamic 

terms. 

The dissolved components of the soil solution are 

presumed to be in equilibrium with a solid phase 

containing the same component. If the solid phases are in 

equilibrium, and this is a much more uncertain statement 

than that for the equilibria between solid and dissolved 

forms, then a single form should be the most stable and 

should control the dissolution equilibrium. Knowledge of 

which of the possible solid forms of a component is the 

most stable under given soil conditions can be calculated 

from the soil parameters, pH, concentrations of soluble 
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ions, etc. and the equilibrium constant for the reaction 

or the -free energies o-f -formation of the reactants and 

products. The free energy of formation is defined as 

AGf = -RT In K(eq> 

where K(eq) is the equilibrium constant, R the universal 

gas constant, and T the temperature in degrees Kelvin. If 

K(eq> is calculated from AG values, a rather small 

uncertainty in AG will result in a rather large 

uncertainty in K<eq). It is often difficult to calculate 

K(eq) and values given in the literature differ 

significantly for many soil minerals. 

Calculation of K(eq) and its relation to a 

variable soil parameter, such as pH or soluble silica, 

allows the plotting of a stability diagram which shows 

relative stabilities of the various solid phases and the 

changes in solubility of a given component with changes 

in the variable soil parameter. These diagrams can then 

be used to predict the solubility of soil minerals under 

given conditions and thus the composition and 

concentration of the soil solution. 

Generally the predictions made using this method 

do not precisely agree with experimental data from 

measurements of soil solutions. In the case of calcium 

carbonate there is an apparent over—saturation in the 

soil solution for calcareous soils while far most other 
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ions there is apparent under—saturation. 

Several factors could change the apparent 

solubility of soil minerals from the standard values 

determined by laboratory analysis on research grade 

reagents. One is the particle size of the mineral. The 

logarithm of the equilibrium constant is proportional to 

the product of the surface tension and the molar surface 

area. The value of K(eq) of recently precipitated 

colloidal material having a surface area of 500 square 

meters per gram (or 50,000 square meters per mole) could 

be increased by an order of magnitude over that of a 

sample of surface area of only a few square meters. This 

would act to produce apparent over—saturation, as seen in 

calcium carbonate. 

Ionic strength of the solution could also 

influence the equilibrium constant. The log K(eq) is 

inversely proportional to the square root of the ionic 

strength. Mathematically then, dilute solutions would 

appear to be supersaturated with respect to more 

concentrated solutions. Two studies by Levy (Levy, 1981; 

Levy, Whittig and Tanji, 1982) indicate that the opposite 

is true. The effect of changing in ionic strength on the 

solubility of soil minerals has not been determined. 

Biological processes may also affect mineral 

solubility through local changes in pH, or the presence 
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of chelating ligands. 

The subject o-f this paper will be how the 

•formation of solid solutions affects the properties of 

soil minerals and their solubility. A solid solution is a 

crystal in which at least two types of ions are mixed. 

For example CaC03 and MgC03 have the same crystal 

structure. They may exist as pure species or mixtures, 

that is, with a certain amount of Mg being found in the 

calcite <CaC03) lattice. The problem is to determine how 

the properties of each component are affected by mixing. 

This can be done either through experimentation or 

through the use of theoretical models to predict the 

behavior of different classes of solid solutions. This 

paper will analyze the properties of the (Ca,Mg)C03 

system using several solution models and then to compare 

the results with those obtained experimentally. 

Essentially all the work done in soil chemistry 

to develop stability diagrams, which predict the 

properties of the soil solution, has used pure 

components, without considering the possible effects of 

solid solution. This work has been very valuable, but 

soil minerals clearly exist as solid solutions. If their 

properties can be accurately determined, it should be 

possible to make more accurate predictions of the 

composition and concentrations of the soil solution. 



The method used in this paper is to calculate the 

activities o-f the components o-f solid solutions o-f 

di-f-ferent compositions using three solution models. The 

simplest model is the ideal solution, in which the 

component activity is equal to its mole -fraction. The 

next is the regular solution (given this name by 

Hildebrand (Hildebrand, Prausnitz, and Scott 1970)) which 

allows for some degree of interaction between the 

components, but still supposes that mixing is random as 

in the ideal solution. A refinement of the regular 

solution model developed by Guggenheim (1952) called the 

quasi-chemical model allows for both interaction and non-

random mixing. These models were developed for systems in 

which the two components have the same size, and a 

correction for components of different sizes (for example 

Ca and Mg) can be made using volume fractions rather than 

mole fractions. 

While this is a theoretical approach to a 

physical system, it is hoped that the use of solution 

models will be of practical value in understanding and 

predicting the properties of the soil solution. 

1.1 Literature Review 

The thermodynamics of mixing are described in 

many texts on physical chemistry and classical 

thermodynamics (Atkins, 19S2; Denbigh, 1981; Levine, 



e 

1978; Yeremin, 1981). Classical thermodynamics accurately 

describes the mixing of ideal gasses. For non-ideal 

mixtures the defined functions fugacity and activity are 

introduced in order to describe the behavior of the 

system. Classical thermodynamics has no way to describe 

the change in non-ideal behavior as a function of the 

change of composition, that is, the change in the 

activity of a component of a mixture with composition. 

Classical thermodynamics, because it lacks a 

molecular hypothesis, can not describe non-ideal 

behavior. The characteristic of non-ideal behavior of 

mixtures is the difference in molecular interactions 

between molecules in the mixed and unmixed states. 

Interaction energies can be described by statistical 

thermodynamics or statistical mechanics. Descriptions of 

the molecular interactions in mixing are called mixing or 

solution models. Hildebrand developed the regular 

solution model which Guggenheim modified as the quasi-

chemical model (Hildebrand et.al. 1970; Guggenheim 1952). 

The derivation of these models is well described by 

MacClelland (MacClelland 1973, chapter 7). 

These non-ideal solution models have been applied 

to the study of natural mineral assemblages by a number 

of geochemists. They are described in general texts in 

geochemistry (Brownlow, 1979; Wood, 1977) and in more 



specialized monographs (Saxena, 1973; King, 1969). 

Generally, experimental data have been used to determine 

the energy interaction parameter which is required to 

solve the model. From this data the activity composition 

relations have been calculated. 

Several papers by geochemists describe the 

experimental behavior of solid solutions. Two papers 

(Plummer and Mackenzie, 1974; and Thorstenson and 

Plummer, 1977) are of special interest. Both papers 

describe the dissolution of magnesian calcites, a solid 

solution of calcium and magnesium carbonates. Both use 

the same experimental data but employ different methods 

of analysis. The publication of Thorstenson and Plummer's 

paper caused numerous comments <Garrels and Wollast, 

1978; Lafon, 1978; Berner, 1973) which did not result in 

any general agreement on the properties of the system. 

The values of the activity coefficients calculated by 

Thorstenson and Plummer for MgC03 in a low Mg-calcite are 

extremely large, up to one billion. These values are so 

large as to seem unreasonable and stimulated the present 

study of the Mg-calcite system. 

Few papers in the soils literature deal directly 

with the properties of solid solutions, although numerous 

papers deal with the solubility of carbonates in soils 

(Suarez, 1981; Levy, 1981; Levy, 1982). Berner <1975) 



10 

has also studied the solubility of calcite in seawater. 

These papers report the apparent supersaturation of 

calcite in the presence of Mg ion in solution. It is not 

clear from these studies whether the apparent 

supersaturation of calcite in natural systems is related 

to the formation of solid solutions of calcite and other 

carbonates, particularly magnesite. 

This paper attempts to calculate the activity 

composition relations for Mg-calcites using theoretical 

solution models. The energy interaction parameters needed 

to solve the models are calculated from crystal 

dimensions assuming ionic bonding. The results of these 

calculations are then compared with the results of 

experimental work on the same or similar systems. 

1.2 Mineral Solubility 

This paper is concerned with the solubility of 

the magnesian calcites. These solid solutions form 

essentially a continuous series between the end members 

calcite and magnesite. The solubility of the end members 

is well defined and can be treated by classical 

thermodynamics. The solubility of the mixture (i.e., the 

solid crystalline solution) requires some molecular 

hypothesis. In this section we will look at the 

thermodynamic and molecular approaches to describing the 

solubility of these minerals. 
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When a one component solid phase dissolves in 

water at constant temperature and pressure and the 

aqueous phase is in equilibrium with the solid phase, the 

chemical potential of the solid phase is equal to the 

chemical potential of the aqueous phase. This comes 

directly from the expression for the change in the Gibbs 

function (free energy). 

dG =» -SdT + VdP + Z/idn = 0 at equilibrium. 

Then the chemical potentials of the phases are equal. 

p(solid) = fi(soln) 

The Gibbs function, 

dG = -SdT + VdP + X/xdn 

gives by integrating, 

G — Zn fx. 

Taking the differential and comparing the two expressions 

for dG yields 

-SdT + VdP -Indp = 0 

which is the Gibbs Duhem equation. At constant T, 

6ft = VdP 

(for a single component let n = 1). Integrating, for a 

gas obeying the equation of state 

PV = nRT, 

gi ves 

fx = RT In P + constant. 

This constant is p<.0) the standard state chemical 
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potential. 

This expression for the chemical potential of an 

ideal gas, 

ft = ft 10) + RT In P 

is exact and is mathematically convenient. When the gas 

is not ideal, instead of using an equation of state which 

reflects the non-ideality and which would result in a 

more complicated expression for the chemical potential, 

G.N. Lewis (Levine, 1978) suggested that the partial 

pressure of the gas be replaced by the fugacity which 

includes the deviation from ideality. The mathematical 

form is preserved as 

fx = fxi0) + RT In f 

where f is the fugacity. In dealing with solutions 

fugacity is replaced by the activity giving 

ft = fc(0) + RT In a. 

The activity is thus a defined function created to fit in 

the convenient mathematical expression for the chemical 

potential. Activity is further defined to be the product 

of the concentration and the activity coefficient. 

Expressing concentration by the mole fraction 

a = x *r 

where x is the mole fraction and t is the activity 

coefficient. Then the chemical potential can be written : 

ft = fi(0) + RT In a = /u(0) + RT In x + RT In t. 
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The phase equilibrium of a one component (pure) 

solid and its dissolved (aqueous) phase can be expressed 

as: 

ft (solid) = fi(aq) 

or, 

ft(0,solid) + RT In a(solid) = /j(0,aq) + RT In a(aq) 

The activity of the aqueous phase is a function of the 

concentration of the aqueous phase, thus the solubility 

of the solid is related to its solid state activity. By 

definition the activity of a one component phase is equal 

to one. Then the solubility of a pure component can be 

calculated from the measurable standard state chemical 

potentials (molar Gibbs free energies of formation), the 

temperature, and the activity coefficient of the aqueous 

phase. 

The situation is different in a solid mixture. 

Here the activity for the solid phase is not defined, and 

thus there is no direct analytical means of calculating 

the solubility. The solubility can be measured by 

measuring the concentration and estimating the liquid 

activity coefficient, for instance by using the Debye-

Hueckel equation for dilute ionic solutions. But 

solubility measurements of slightly soluble minerals are 

difficult and there remains considerable uncertainty in 

the literature about the values of ion activity products 
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and equilibrium constants -for many soil minerals. 

One of the great strengths of classical 

thermodynamics is that it ignores the atomic nature of 

the material it describes. Classical thermodynamics is a 

macroscopic description of large systems of particles 

and does not consider with how the particles interact. In 

the case of a mixture, classical thermodynamics can not 

predict how the activity coefficient will change with 

composition and thus how the solubility of the components 

of the mixture will change as the composition of the 

mixture changes, except in the case of an ideal mixture. 

An ideal mixture is defined as one in which the activity 

coefficient is independent of composition. This has been 

the difficulty in dealing with the properties of 

mixtures. 

What is required is a molecular description of 

the system which can incorporate the interactions which 

are characteristic of non-ideal mixtures. Statistical 

thermodynamics evaluates the properties of the individual 

particles of a system. By summing over all the 

particles, the results of classical thermodynamics are 

obtained. Mixing models have been developed which 

describe the energy interactions of pairs of molecules in 

a mixture and express the thermodynamic properties of the 

system, the activities and activity coefficients, in 
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terms of these interaction energies. This approach allows 

the calculation of the relation between activity and 

composition for a component and thus the change in the 

solubilities of the components with camposition. 

The mechanics of solid dissolution involves two 

steps. The first is the breaking of the chemical bonds of 

the crystal. This step requires energy. The second step, 

in the case of an ionic crystal, is the hydration of the 

individual ions. This step releases energy. The change in 

Gibbs free energy for the reaction is the sum of the 

change in energy and the change in entropy 

AG = aH — TAS 

The change in enthalpy, aH, equals the change in 

internal energy plus pressure times the change in volume, 

AH = AU + PAV 

so 

aG = AU + PAV -TAS 

Chemical potential is defined as 

f t  — 6G /6n  

so ft is a function of U,V,S. The activity is proportional 

to the chemical potential so solubility can be described 

in terms of changes in internal energy, volume and 

entropy. In the next sections several mixing models which 

differ in their treatment of the changes in U, V, and S 

due to mixing are discussed. 



CHAPTER 2 

SOLUTION MODELS 

2.1 Ideal Solution Model 

The next three sections will describe the most 

basic solution models. The models will be described and 

their assumptions and limitations discussed. They will 

then be applied to the dissolution of Mg-calcites. 

The ideal solution model is derived from the 

properties and behavior of ideal gases. An ideal gas 

obeys the equation of state 

PV = nRT 

where P is pressure, V is volume, n the number of moles, 

R the gas constant, and T the absolute temperature. The 

molecular interpretation of this behavior is that the 

molecules or atoms of the gas are so far apart relative 

to any possible forces between them that there are no 

interactions. Thus the particles behave completely 

independently, as if they were alone. A further 

constraint is that the particles exist as point masses, 

that, is the particles have no volume. This allows the 

volume to go to zero as the temperature goes to zero 

(needless to say from this condition there are no real 

16 
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ideal gases). Ideal behavior is approximated by many 

gases under conditions of low pressure and high 

temperature. 

If two containers at the same temperature and 

pressure containing ideal gases A and B are connected and 

allowed to come to equilibrium, the gases A and B 

mix. This is a spontaneous, non-reversible process 

which indicates that the free energy < the Gibbs free 

energy, AG = AH -TAS ) is lower for the mixture than for 

the initially separated gases. This change in free energy 

is due to the increase in entropy of the system as a 

result of mixing. 

The initial free energy of the system is the 

molar free energy (the chemical potential, p = G(molar) ) 

of each component times the number of moles of each 

component. 

G(i) = n(A)fi(A) + n(B)/i(B) 

= n (A) Cp (A) + RTln P3 + n(B)C/x(B) + RT In P3 

The final free energy expression is similar: 

G(f) = n(A)C#x(A) + RTln P(A)/P3 + n<B)C/i(B) 

+ RTln P(B)/P3 

where P(A) and P(B) are the partial pressures of A and 

B. Then, 

AG = Gi - Gf = nRTCx(A)In x(A) + x(B)ln x (B) D 

where x(A), the mole fraction of component A, = P(A)/P. 
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(<*AG/<JT)P,n = -AS 

so 

AS(mix) = - nRCx<A)ln x (A) + x(B)In<xB)3 

Solving -for AH in the expression 

AG = AH - TAS 

gives 

AH = 0 

As (<4B/dP)T,n = V = 0 

because G is independent of pressure, the volume change 

of mixing AV equals 0. 

From the definition of internal energy, 

U = H - PV, 

U = H = 0. 

In this case of mixing of ideal gases only the 

increase in"entropy contributes to the change in free 

energy characteristic of a spontaneous process. Neither 

the molar volume of the components, their heat contents 

nor their internal energies change during mixing. This 

confirms the molecular interpretation that ideal gases 

mix without interacting. 

The mixing of liquids can be treated in the same 

way as gases. In the case of liquids, however, the 

molecules of the liquid can not be assumed to act 

independently because it is just the interaction of 

molecules which causes the liquid state to exist. Instead 



we consider the relative interaction of two liquids. A 

molecule of liquid A in pure A shows the properties 

characteristic of A. Convenient measures of this behavior 

are vapor pressure, molar volume and freezing point. When 

A is mixed with B, the behavior of molecule A may change 

because now it is surrounded by molecules of B. If the 

properties of A do not change when mixed with B, A and B 

are said to form an ideal solution. This means that A 

interacts with B in the same way that it interacts with 

itself, that the A-A interaction is the same as the A-B 

interaction which is the same as the B-B interaction. 

Liquids which form ideal solutions are quite 

rare. Chemically similar liquids like benzene and toluene 

form approximately ideal solutions, chemically dissimilar 

compounds like carbon disulphide and acetone show 

strongly non-ideal behavior. 

Solutions of solids are also possible. These are 

one phase mixtures in which the molecules are mixed among 

the discrete positions of the crystal lattice. The 

ordering and behavior of the two components in the 

crystal depends on the relative interactions of the 

components. 

An ideal solid solution can be treated 

thermodynamically in the same way as an ideal liquid 

solution. An ideal binary (two component) solution 
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requires the fol lowing assumptions. The solution 

components exhibit no relative interactions, that is, as 

was noted -for the liquid mixtures, the A-A interaction is 

the same as A-B and B-B. For ionic components this means 

that the ions should have the same charge and ionic 

radius, ignoring other considerations of chemical 

bonding. This leads to the conclusion that there is no 

volume change during ideal mixing and the change of 

enthalpy is zero. Under these conditions solid solutions 

are analogous to liquid mixtures. The decrease in aG is 

due entirely to the increase in entropy and 

aS = -nRTC x(A)In x(A) + x(B)lnx(B) 3 

The mixing of components A and B in the crystal lattice 

is assumed to be completely random (as it would be in a 

liquid or gas ) and thus the maximum entropy is obtained. 

The activity of a component of an ideal solid 

solution is equal to the mole fraction of that component, 

which means that the activity coefficient is unity. This 

is consistent with the interpretation of ideal behavior 

as being the behavior the material would have if it were 

a pure substance (for which the mole fraction and the 

activity coefficient are unity by definition >. This 

relationship is expressed in Raoult's Law; the vapor 

pressure of A above a liquid mixture of A and B is equal 

to the mole fraction of A in the mixture times the vapor 



pressure erf pure A at the same temperature and pressure, 

P (A) = x (A) P (A*) 

where P(A*) is the vapor pressure of pure A. 

The relationship of the activity of a component 

to the composition of the mixture will be of interest 

especially in the analysis of the behavior of non-ideal 

mixtures. For ideal solutions this is a linear 

relationship (see Fig. 1 page 48). 

In solids as in liquids ideal solutions are rare, 

•livene, (Mg,Fe)2Si04, is a solid solution of fosterite, 

Mg2Si04, and fayalite, Fe2Si04. This mixture shows the 

properties of an ideal solution. The enthalpy of mixing 

is zero, the volume change of mixing is zero, and the 

mixing is random producing maximum entropy (Brownlow, 

1979). Because the Fell and Mgll ions have essentially 

the same size (Fell = 0.B6A, Mgll = O.BOA) and the 

crystal structure is the same these components would be 

expected to form an approximately ideal solution. 

The. ideal soluton is the only mixed system which 

can be dealt with directly by classical thermodynamics. 

For this reason it is an important model, even though 

there are few real mixtures that behave ideally. 

Because the ideal solution shows no energy 

interactions between the components, or more exactly for 

liquids and solids, no difference in energy interactions 
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•for the components in the mixture as compared with the 

unmixed states, the mixing is entirely due to the 

increase in configurational entropy. Traditionally, ideal 

mixing has been used as a reference point in evaluating 

mixtures and changes in intensive properties which are 

different from ideal mixing are called excess properties 

or functions. Thus to represent non-ideal mixing the 

internal energy, molar volume, entropy and Gibbs free 

energy are divided into two terms; the ideal part and the 

excess function which describes the deviation from 

ideality. 

Later sections of this paper show how non-ideal 

systems are modeled, and how mixing changes the 

properties of the components of the mixture. 

2.2 Regular Solution Model 

The term "regular solution" was introduced by 

Hildebrand to describe a group of non-ideal solutions 

(Hildebrand et. al. 1970). This solution model is non-

ideal only in that the interaction energy between the 

pairs of nearest neighbor molecules is not the same for 

the components and the mixture. This model is also 

referred to as the Bragg-Wi11iams model. 

Although developed to describe the behavior of 

liquid solutions, the regular solution model assumes a 

lattice structure for the liquids and thus is also 



23 

appropriate for solid solutions. 

The mathematical derivation of the model depends 

on assigning a potential energy for the different pairs 

of molecules in the mixture, calculating the total change 

in energy during mixing, using that expression in the 

equation for the Gibbs free energy, and differentiating 

the Gibbs free energy with respect to composition in 

order to derive expressions for the chemical potentials 

and activities of the components. The difficulty in 

evaluating such expressions lies in the difficulty in 

calculating the energy changes of mixing. 

The following derivation follows McClelland 

(1973) and is slightly condensed. Consider the mixing of 

component A and component B. Define w(AA> to be the 

potential energy of interaction of nearest-neighbor 

molecules in A. If z is the number of nearest neighbors 

and there are N(A) molecules of A, then *5N<A)z is the 

number of nearest neighbor pairs, and 

U(AA) = »*N(A>zw(AA) 

is the total intermolecular potential energy of A. The 

total potential for the mixture will be 

U(AB) = N(AA)w(AA) + N(BB)w(BB) + N(AB)w(AB) 

where N(AB) is the number of AB pairs and w(AB) is their 

interaction energy. The number of A neighbors is 

zN (A) = N(AB) + 2N(AA), 
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so 

N (AA) = *£ (zN (A) -N(AB)) 

similarly for N(BB). Then 

U<AB> = *zN(A)w(AA) + s*zN(B)w(BB) - N(AB)(w(AB) 

(w(AA)+w(BB)) 

The change of internal energy in mixing 

AU = U (AB) —U (AA) —U (BB) 

is assumed to be the change in energy due to mixing so 

AE(mix) = AU = N(AB)W 

where 

W = w(AB)—^(w(AA)+w(BB)). 

For random mixing the number of AB pairs is a 

combinatorial form of choosing A and B molecules from a 

total of N molecules. 

N (AB) = s*Nz*2N(A)N(B)/Na = zN (A) N (B)/IM. 

Using this form of N(AB) 

AE = N(A)N(B)Wz/N = NWzn(A)n(B)/(n(A)+n(B)) 

where N is Avogadro's number and n(A) is the number of 

moles of A. 

The Gibbs free energy of the mixture is equal to 

the Gibbs energy of the components plus the Gibbs energy 

of mixing; 

G(mixture) = G(A) + G(B) + AG(mix) 

The change in Gibbs energy due to mixing is 

AG(mix) = AE(mix) +PAV - TAS 



The regular solution model assumes that A and B are of 

roughly similar size and thus the volume change in mixing 

is zero. The model also assumes, as noted above, that the 

entropy of mixing is maximum, ie. that the mixing is 

completely random. These assumptions are like those of 

the ideal solution and indicate how similar these models 

are. It will be seen, however, that the non-zero energy 

of mixing has a great effect on the properties of the 

components of the mixture. 

AG(mix) = AE(mix) - TAS, AV = 0 

AG(mix) = NWzn (A) n (B) / (n (A)+n (B) ) 

+ RT(n(A)lnx <A)+n<B)lnx(B) 

The chemical potential of component A in the 

mixture is defined as the partial derivative of the Gibbs 

function for the mixture with respect to the number of 

moles of A when T, P, and n(B) are held constant, 

FI(A) =  6G (M) / 6n  (A) 

or 

/*(A) — /<(0,A) + <$AG (mix) / 6n  <A) ,T,P,n(B) 

" = /< (0, A) + RT(lnx (A) + NzWx(B)l/RT 

" = ft (0, A) + RT (lnx (A) + zWx(B)2/kT 

where fc(0,A) is the standard state chemical potential of 

component A. The activity of component A in the mixture 

is defined as 

/x(A) = fx(0,A) + RTln a(A> 
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where a (A) is the thermodynamic activity of A. This gives 

In a (A) = In x (A) + zWx(B)a/kT 

and 

In t(A) = zWx(B)a/kT 

where -r(A) is the activity coefficient of A. From these 

expressions the change in the activity of a component 

with changing composition of the mixture can be 

calculated if the interaction parameter U is known. 

This model is mathematically symmetrical. That is 

the behavior of 1'/. CaC03 in MgC03 is exactly the same as 

I'/. MgC03 in CaC03. This should be true if the molecules 

are of the same size. One attempt to correct for size 

differences and the resulting asymmetry was made by 

G. Scatchard (cited in MacClelland, 1973). He introduced 

the volume fraction into the expression for the chemical 

potential and the activity to replace the mole fraction. 

The volume fraction for component A is defined as the 

ratio 

8(A) = n(A)v(A)/Cn(A)v(A) + n(B)v(B)3 

where v(A) is the molar volume of component A. 

The regular solution model for mixing makes 

certain assumptions which facilitate the mathematics of 

the model but are almost certainly not satisfied in most 

real systems and are clearly not satisfied in the case of 

the magnesian calcites. 
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First it is assumed that the size of the mixing 

ions or molecules is the same. Because we have assumed 

that the geometry of the crystal lattice for the two 

components is the same (and this is true for the two 

carbonates discussed in this paper), this leads to the 

assumption that there is no volume change in mixing. 

Generally this will not be true and this is clearly not 

true in the case of the magnesian calcites. 

A second problem with the regular solution model 

is that while it includes a non-zero energy of mixing it 

assumes random mixing which results in maximum entropy 

change. This is an inherent inconsistency in the model. 

If the potential energies between the different pairs of 

the mixture are different then certain configurations 

must be energetically more favorable and thus the spatial 

configuration should not be random. This should lead to a 

lower entropy of mixing than predicted by the random 

mixing assumed in the model. 

The third and perhaps most difficult problem with 

the regular solution model is in the evaluation of the 

interaction parameter U. In order to calculate U in a 

rigorous way one should solve the Schroedinger equation 

for each of the components and for the mixture and 

calculate W from the difference in energy. While it is 

possible to write the Schroedinger equation for these 



28 

systems it is not practically possible to solve it. Thus 

a rigorous quantum mechanical solution is not available 

and some approximate solutions must be used. In this 

paper the energies for the magnesian calcites have been 

calculated assuming that the system can be represented as 

an ionic crystal and that the major attractions and 

repulsions are suficient to calculate the energies (see 

section 3.1). Because W represents a difference in erergy 

between the mixture and the pure components it is hoped 

that even if the calculated erergies are not exact the 

difference will reflect the true properties of the 

system. From the mathematical form of the expressions for 

the activity and the activity coefficient which are 

exponential functions of W, it is clear however, that the 

values for the activity and the activity coefficient are 

very sensative to small changes in W. Because of this the 

calculated values arre not taken to be exact, but 

hopefully are in the proper range. 

The activity of the components is derived from 

the chemical potentials which are the derivatives of the 

Gibbs free energy of formation of the pure component and 

the Gibbs free energy of mixing with respect to the 

composition of the component. We have seen that 

G(mixture) = G(A) + G(B) + G(mix) 

= G(A) + G(B) + AE(mix) + PAV(mix) - TAS(mix) 
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If AV(mix) is not equal to zero we then have: 

ftiM = <*B(A)/<4n(A) + 6  ( AE (mix) -TAS (mi x ) ) / 6n  (A) + 

PCJAV (mix ) / 6n  (A) 

FT(A) = FT<0,A) + RT (In x (A) + zWx(B)a/kT) + 

PJaV(mix)/An(A) 

The definition of activity is: 

f t  ( A )  =  f t ( 0 , A )  +  R T  I n  a ( A )  

this gives 

In a (A) = In x (A) + zWx(B)2/kT + PCJAV (mix) /RTdn (A) 

a(A) = exp(ln x (A) + zWx(B)1/kT + ndAV (mix)/V<4n (A) 

This is the form of the activity predicted by the regular 

solution model except for the last term on the right hand 

side. The value of this term can be calculated from the 

slope of the plot of cell volume vs composition for the 

Mg calcites. Because as the mole fraction of MgC03 in 

calcite increases the cell volume decreases, AV(mix) is 

negative and this reduces the magnitude of the 

exponential and reduces the activity of MgC03 in solid 

solution. 

In the range of the maximum MgC03 activity as 

predicted by the regular solution model the term 

(n/V) 4aV (mix) /6n (A) a (n (A)/V) aV (mix)/An 

= (0.1)(-11 Ang cubed)/(0.1)(363 Ang cubed) 

= - 0.030 

Calculating the activity of MgC03 including the negative 
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change in volume reduces the activity for 4 mole"/. MgC03 

•from 21.45 to 20.82, a change of -2.96%. 

This change in activity is well within the 

estimated accuracy of these calculations and does not 

seem to have great importance. 

It is not known to what degree the entropy o-f the 

solid mixture is reduced by energetically -favored non-

random con-figurations. As the entropy decreases the 

magnitude o-f the exponential will again decrease and 

reduce the activity o-f the solid component. If the three 

uncertainties described above: the non-zero volume 

change, the non-random mixing which leads to less than 

the maximum entropy, and the difficulty of calulating 

rigorous lattice energies for solids, can be handled by 

adequate approximations it appears that the regular 

solution model should accurately predict at least the 

correct form of the relationship of activity to 

composition. Some uncertainty remains in the calulated 

values, but they do not appear to be unreasonable. 

2.3 Quasi-Chemical Model 

The regular solution model described above is 

termed the zeroth approximation by Guggenheim (1952). It 

is the simplest non-ideal model and yet contains an 

internal inconsistency. The mixing energy is not zero, 

yet the mixing entropy is taken to be the maximum of 
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random mixing. If the energies in the pair potentials are 

different, then certain configurations should be of lower 

energy and more stable and the mixing entropy should be 

less than the maximum entropy of ideal random mixing. 

Guggenheim developed a way of estimating the 

number of AB pairs that did not assume random mixing, but 

considered the formation of pairs as an equilibrium 

process, 

AA + BB = 2AB 

Because this resembles a chemical equilibrium the model 

has been called the quasi-chemical model. The equilibrium 

betweenbe written, 

N (AB) 2 /N (AA) N (BB) = (q (AB) 2/q (AA) q (BB) ) exp (-2W/kT) 

where q(AB) is the partition function for AB. The term 2W 

is the change in energy when one AA pair and one BB pair 

are replaced by two AB pairs. Assuming that the partition 

functions are the same, except for a symmetry factor of 

2, then, 

q (AB) 2 /q (AA) q (BB) = 4 

and 

N(AB)1 = 4N(AA)N(BB)exp(—2W/kT) 

From this 

AE(mix) = NWzn(A)n(B)/Cn(A)n(B)(2/(l+£)3 

where 

,S2 = Cl+4x(A)x(B)exp(-2W/kT) -13 
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and N is Avogadro's number. 

Then 

*r (A) = C0 + 1 - 2x <B) 3/Cx (A) <0 + 1)3 

The quasi-chemical model can also be modified by 

using volume fractions instead of mole fractions. 

Guggenheim (1952) developed the quasi-chemical 

model, or as he called it the first approximation of the 

regular solution (where the regular solution model 

described above was the zeroth approximation), in order 

to correct for the internal inconsistency of random 

mixing when W is not equal to zero. The correction enters 

in the form of an equilibrium constant for the formation 

of the mixture from the pure components. The equilibrium 

constant is expressed as the ratio of the partition 

functions, and this ratio q(AB)*/q<AA)q(BB) is estimated 

to be four, which is the value of the symmetry factor for 

the AB pair squared. This assumes that the partition 

functions of the components and the mixture are the same 

in every other respect. The vibrational partition 

function is a function of the exponential of the 

vibrational frequency of the crystal which depends on the 

force constant and the reduced mass of the molecule. 

Strictly speaking these will not be the same for the AA, 

BB, and AB pairs in the CaC03 - MgC03 system, but the 

differences can be assumed to be small. 
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McClelland (1973) mentions an assumption common 

to all the models which include the factor W; W is 

assumed to be constant and independent of the quantum 

states of the molecules. This is unlikely because the 

quantum states depend on the vibrational frequencies 

which depend on mass and bond force constants which will 

be different in different environments, as for example 

when molecule A is moved from its z nearest A neighbors 

in pure A to its z nearest B neighbors in the mixture. 

McClelland suggests that N is an average value over many 

quantum states and will change with temperature as the 

occupancy of the quantum states is changed. The precise 

calculation of W then depends not only on the precise 

lattice energies of the crystals but also on the the 

change in W with the change in latice energies, ie., 

quantum states, either due to changes in temperature or 

molecular environment. Clearly the problem of calculating 

t*J theoretically in a rigorous way is difficult. 

The use of volume fractions in these models to 

replace mole fractions is an attempt to remove the 

symmetrical nature of the model and include the reality 

of volume changes. The addition of a minor component 

whose molar volume is smaller than the major component to 

a dilute mixture is seen by the model as adding less that 

is actually added (because the volume fraction is less 
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than the mole fraction). This shifts the activity vs 

composition curve to some degree but generally maintains 

the same form. McClelland (1973) notes that Scatchard's 

use of the volume fraction has not been proved 

theoretically, but has been shown to give a better 

description of unsymmetrical mixtures than the use of the 

mole fractions. 

As with all models, assumptions are made in the 

development of the regular and quasi-chemical solution 

models. This must reduce the absolute accuracy of the 

predictions of the models but does not necessarily reduce 

their usefulness in understanding the form and components 

of the relationships. 



CHAPTER 3 

RESULTS AND DISCUSSION 

3.1 Calculations for Regular and Quasi-chemical Models 

In order to use the solution models described 

above to calculate the solid state activity of the 

components of a solid solution and thus theoretically 

estimate solubility, the interaction parameter W must be 

valuated. W is defined to be the difference of the AB 

interaction less half the sum of the AA and BB 

interactions, 

W = w (AB) - %C w (AA) + w (BB) 3 

where w(AA) is the potential energy, or binding energy, 

of the AA interaction. If calcite is assumed to be an 

ionic solid, the lattice energy per pair can be 

calculated as the sum of coulombic attractions and Born 

repulsions. 

Using the x-ray diffraction data of Boldsmith, 

Graf, and Heard (1961) which give unit cell dimensions 

for several different magnesian calcites, and with the 

help of a computer program provided by Dr. Richard Ortega 

of the Department of Chemistry of the University of 

Arizona, which transformed the unit cell dimensions into 

35 
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ion-ion distances, the lattice distances were calculated 

for calcite, the Mg substituted calcites, dolomite, and 

magnesite. The ionic lattice energies were calculated 

from these distances. 

The coulombic attraction between oppositely 

charged ions is the product of the charges divided by the 

distance between them . In SI units 

U(c) = (2) <-2/3>e*/4nZr, 

where e is the charge of the electron, 2 is the 

permitivity of free space, and r is the distance between 

the two charges. In the case of calcites the Ca and Mg in 

the mixtures have a charge of +2, and the oxygens of the 

carbonate ion were assigned a charge of -2/3. This 

assigns all the carbonate charge to the oxygens and 

ignores any effect of the screened carbon. 

In calculating the nearest neighbor interactions 

the first, second, and third Ca-0 distances, and the 

first Ca-Ca distance were used. 

The first repulsive term in the ionic lattice 

energy calculation can be estimated from the geometry of 

the unit cell to be a fraction of the coulombic 

attraction. For sodium chloride this fraction is 7/8. The 

calcite lattice is a distorted cubic lattice and this 

same factor was used. The total lattice energy is taken 

to be the sum of the coulombic attraction and the Born 
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repulsion 

U(total) = U(c+b) = 7U(c)/8 

Other terms which might be considered in 

estimating lattice energies -for ionic solids are the 

London farces, which depend on dipole-dipole interactions 

and are proportional to the reciprocal of the sixth power 

of r, and the zero-point energy of the solid, which is a 

function of the Debye frequency of the solid. The 

magnitudes of these farces relative to the coulombic 

attraction for sodium chloride are 3.33C and 1.0%, 

respectively. Because these effects are small and because 

we are interested in the differences between the AB, AA, 

and BB interactions, these factors were ignored. 

The data used and the results of the calculations 

fallows. The results are plotted as functions of the 

activity of the solid component versus the mole fraction. 

The data available from Goldsmith, Graf, and 

Heard (1961) gave cell dimensions for calcite, magnesite, 

and several Mg calcites ranging in composition from 

0.0494 to 19.78 mole 7. MgC03. The plots of these samples 

showed a maximum between 0 and 57. Mg. In order to define 

the value of the maximum activity of MgC03 for low Mg-

calcites interpolated values were used between 0 and 5 

mole 7. MgC03. The lattice distances are linear functions 

af composition in this range, and the interpolation was 
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done analytically. 

3.2 Results 

In order to calculate the activities o-f the 

components of the Mg-calcites, it is first necessary to 

determine W for the mixtures. W has been defined as the 

difference in lattice energies of the mixture and 

components. The lattice energies can be calulated 

directly if the solids are assumed to have ionic bonding. 

The x-ray diffraction studies of Mg-calcites by 

Goldsmith, Graf, and Heard (1961) give the unit cell 

dimensions for calcite, several Mg-calcites, dolomite, 

and magnesite. 

Table 1. Unit Cell Dimensions for Calcite, 
Magnesite and Mixtures 

materi al a(in Angstroms) c(Ang) 

calcite 4.990 17.061 

4.94 mol'/. Mg 4.9676 16.955 

9.89 mol"/. Mg 4.9428 16.852 

14.83 mol'/. Mg 4.9216 16.734 

19.78 mol"/. Mg 4.9022 16.638 

dolomite 4.8073 16.007 

magnesite 4.633 15.016 

Using the computer program and assistance of 

Dr. Richard Ortega of the Department of Chemistry of the 
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University of Arizona the lattice distances between ions 

in Table 2 were calculated from the unit cell dimensions 

given in Table 1. 

Table 2. Lattice Distances in Calcite, 
Maqnesite and Mixtures 

The number in parenthesis is the number of neighbors at 

the given distance. 

calcite Ca-0 (12) 2.3594 Angstroms 

Ca-Q (12) 3.4592 

Ca-Ca (36) 4.0480 

Ca-0 (12) 4.2854 

magnesi te Ca-0 (12) 2.1499 

Ca-0 (12) 3.1841 

Ca-Ca (36) 3.6631 

Ca-0 (12) 3.9383 

4.94 mol% Mg Ca-0 (12) 2.3473 

Ca-0 (12) 3.4426 

Ca-Ca (36) 4.0263 

Ca-0 (12) 4.2654 

9.89 mol'/. Mg Ca-0 (12) 2.3346 

Ca-0 (12) 3.4248 

Ca-Ca (36) 4.0041 

Ca-0 (12) 4.2436 

14.83 mol'/. Mg Ca-0 (12) 2.3223 
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19.78 mol/i Mg 

dolomite 

Ca- (12) 3. 4086 

Ca-•Ca (36) 3. 9816 

Ca- (12) 4. 2241 

Ca- (12) 2. 3117 

Ca- (12) 3. 3941 

Ca--Ca (36) 3. 9624 

Ca-•Q (12) 4. 2067 

Ca-•0 (12) 2. 2516 

Ca- (12) 3. 3180 

Ca--Ca (36) 3. 8498 

Ca-•0 (12) 4. 1168 

The potential energy of each pair of ions is 

calculated as the sum of the major attractive and 

repulsive potentials in the crystal. This potential is 

designated w(AA) for calcite, w<BB) for magnesite, and 

w<AB) for the mixtures. The coulombic potential is given 

as 

U(c) = -<-2e> <-2/3e)/<4ifZ(12/rl + 12/r2 - 36/r3 + 12/r4> 

where rl is the first Ca-Q distance 

r2 is the second Ca-0 distance 

r3 is the first Ca-Ca distance 

r4 is the third Ca-0 distance 

The major repulsive potential, the Born potential, is 

given as 
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u(b) = u(c) /a 

The total potential is the sum of these terms. 

U(total) = U(c+b) = 7U(c)/S = w 

From which the interaction energy W can be calculated. 

W = w<AB) -!*(w(AA> + w (BB)) 

Calculated values for w(AA), w(BB),m(AB),and W are given 

in Table 3. 

Table 5. Pair Potentials, w, and Interaction Energies, 
W, for Calcite, Magnesite and Mixtures in joules 

material w(aa),w(bb) or w(ab) W 

calcite - 1.4502 E-18 J 

4.94 mol7. Mg - 1.4547 E-18 J 2.7096 E-20 J 

9.89 mol7. Mg - 1.4611 E-1S J 2.0696 E-20 J 

14.83 mol7. Mg -1.4647 E-18 J 1.7096 E-20 J 

19.78 mol7. Mg -1.46B6 E-18 J 1.3196 E-20 J 

dolomite -1.4782 E-18 J 3.5957 E-21 J 

magnesite -1.5134 E-18 J 

With the values of W for the mixtures the 

activities of the components for the mixtures can be 

calculated according to the expressions derived for the 

different solution models. The results for the different 

models is given in Tables 4-7 and the results plotted in 

Figures 2-9 (pages 46-54). Calculations for the regular 

solution model are given in Table 4. 

a(A) = exp(lnx(A) + Wx(B)*/kT) 
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t<A) = exp< U x ( B ) 2 / k T )  

Table 4. Activities and Activity Coefficients -for MqCD3 
and CaC03 in Mq-Calcites for the Regular Solution Model 

material t-MgCOS a-MgC03 7-CaC03 a-CaC03 

4.94 mol7. Mg 382.5 18.90 1.02 0.966 

9.89 59.23 5.858 1.05 0.947 

14.83 " 20.38 3.014 1. 10 0.933 

19.7B " 7.865 1.556 1.13 0.909 

dolomite 1.24 0.622 1.24 0.622 

Calculation of activities and activity 

coefficients using the regular solution model using the 

volume fraction, 9, of the components instead of the mole 

fraction is given in Table 5. 

0(A) = x<A)V(A)/CX(A)V(A) + x<B)V<B)3 

where 0(A) is the volume fraction for component A, X<A) 

is the mole fraction of A, and V<A) is the molar volume 

of A. 

a(A) = exp<ln0<A) + W0(B)l/kT 

t(A) = exp(W8(B)a/kT) 
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Table 5. Activities and Activity Coefficients -for MgC03 
and CaCQ3 in Mq-Calcites for the Regular Solution -
Volume Fraction Model 

material 0-•Mg C03 8-•CaC03 T-Mg a-Mg T-Ca a—Ca 

4.94 mol*/. 0. 0380 0. 9622 442.7- 21.87 1.03 0.979 

0* 00 
a 

0* 

0. 0769 0. 9231 72.48 7. 17 1.03 0.928 

14.83 " 0. 1167 0. 8833 25.53 3.79 1.06 0.902 

19.78 " 0. 1576 0. 8424 9.722 1.92 1.08 0.868 

dolomite 0 .  4314 0 .  5686 1.326 0.663 1 .18 0.588 

Calculation of activities and activity 

coe-f f icients using the quasi-chemical model is given in 

Table 6. 

7(A) = (jS+1 - 2x <B> )/x (A) (5+1) 

£ = SQR L l+4x(A)x(B)( exp 2W/zkT -1)3 

Table 6. Activities and Activity Coefficients for MgCQ3 
and CaCQ3 in Mq-Calcites for the Quasi-Chemical Model 

material & *r-Mg a-Mg T~ •Ca a-•Ca 

4.94 mol7. Mg 1. 1725 261.0 12.9 1. 03 0. 974 

9.89 " 1. 2114 42.3 4.24 1. 06 0. 959 

14.83 " 1. 2114 15.8 2.34 1. 11 0. 946 

19.7B " 1. 2034 6.74 1.33 1. 14 0. 918 

dolomite 1. 0755 1.24 0.62 1. 24 0. 62 

Calculation of activities and activity 

coefficients of components using the quasi-chemical 

using volume fractions instead of mole fractions is 

model 

given 
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in Table 7. 

Table 7. Activities and Activity Coefficients for MqC05 
and CaCD5 in Mq-Calcites for the Quasi-Chemical - Volume 
Fraction Model 

material T-Mg a-Mg T-Ca a-Ca 

4.94 mol"/. Mg 746.0 36.86 1.02 0.96B 

9.89 " 98.30 9.72 1.05 0.945 

14.83 " 30.70 4.56 1.08 0.923 

19.78 " 11.10 2.19 1.11 0.889 

dolomite 1.32 0.66 1.18 0.589 

The first set of activity composition plots 

utilized the data from Goldsmith et al (1961). The plots 

indicate a maximum activity of MgC03 between 0 and 5 mole 

7. MgC03. In order to define the shape of the curve in the 

area of the maximum more closely, lattice distance values 

were created by interpolating between the known values. 

The cell dimension and lattice distances are linear 

functions of composition in the region below 20 mole 7. 

Mgco3 (see Fig. 10 page 55) and the interpolation is thus 

appears valid. Values were developed for 1, 2, 3, 4, and 

7 mole 7. MgC03. Table 8 shows the results of the 

calculations for the four solution models using these and 

the measured data points. 
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Table 8. Activity of MgCo3 in Mg-Calcites -for All 
Models Using Experimental and Interpolated Values . 

mole '/. MgC03 Activity o-f MgC03 

Reg Soln Reg Vol 

f rac 

Quasi--Chem Q-C vol 

f rac 

0.00 0.0 0.0 0.0 0.0 

0.01 16. 19 16.79 14.10 47.38 

0.02 21.44 23.00 16.95 54.48 

0.03 22.63 25.17 16.63 58.66 

0.04 21.45 24.26 15.02 44.77 

0.0494 18.90 21.87 12.87 36.54 

0.07 13.47 16.46 9.00 23.61 

0.0989 5.86 7. 17 4.24 9.72 

0.1483 3.01 3.79 2.34 4.56 

0.1978 1.56 1.92 1.33 2.19 

0.50 0.622 0.663 0.620 0.662 

The data in Table 8 is plotted in Figures 11-14 

on pages 56-59. 
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3.3 Results of Plummer and Mackenzie 

Several papers published within the last ten 

years have dealt with the calcium-magnesium carbonate 

system and other systems which are closely related. The 

next sections will look at the results of these papers 

and compare them to the results from the solution models 

described in this paper. 

In 1974 Plummer and Mackenzie published 

"Predicting Mineral Solubility from Rate Data: 

Application to the Dissolution of Magnesian Calcites" 

(Plummer and Mackenzie, 1974). They utilized 

extrapolations of plots of solution concentration of ions 

vs the reciprocal of the square root of time to estimate 

the equilibrium solubilities of a mixture of magnesian 

calcites of different compositions and of biologic 

origin. In measuring the calcium and magnesium ion 

concentrations in the aqueous phase they found that a 

plot of the ratio of Ca/Mg in solution would be linear 

for some time and then change slope but remain linear. 

This was interpreted as indicating that the dissolution 

of the magnesian calcites of different compositions 

occurred congruently and that the most soluble magnesian 

calcite dissolved first, fallowed by the next mast 

soluble, and so on. They wrote the dissolution equation 

Ca(1-x)Mg <x)C03 = (l-x)Ca + xMg + C03 
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Solving for the mole fraction of Mg in the solid phase 

gives 

xMg = l/(Ca/Mg+l) 

where Ca/Mg is the ratio of molar concentrations in 

solution. 

Assuming that the aqueous solution of a measured 

Ca/Mg ratio was in equilibrium with a solid solution of 

the same Ca/Mg composition ratio, the solid component 

activities were calculated from the measured chemical 

potential of the aqueous phase. 

pt(solid) = ^(aqueous) 

fi = /n(0) + RT In a 

a(solid) = a<aq)expE (0,aq)-/x<0,s) )/RT3 

The solution activities were calculated from measured 

concentrations and ionic strength. The standard chemical 

potentials in the solid and aqueous phases were 

calculated from an aqueous model (a computer program was 

used to calculate the concentrations of ions from 

measurements of pH and equilibrium constants) and 

compared with values in the literature. Table 9, taken 

from the paper, gives their results to which the activity 

coefficients have been added. 
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Table 9. Activities and Activity Coefficients of MqC03 
and CaCQ5 in lig-Cal cites from the Calculations of Plummer 
and Mackenzie (Plummer and Makenzie, 1974) 

X Mg t(MgC03) a(MgC03) t(CaC03) a(CaC03) 

0.0 0.0 0.0 1.0 1.0 

0.0 0.0 0.0 1.0 1.0 

0.02 0.50 0.01 1.00 0.98 

0.03 0.67 0.02 0.88 0.85 

0.069 1.16 0.08 1.68 1.56 

0.104 2.98 0.31 4.15 3.72 

0. 127 4. 17 0.53 5.73 5.00 

0. 179 11.11 1.99 14.97 12.29 

0. 192 15.42 2.96 20.59 16.64 

0.236 22.71 5.36 30.08 22.98 

0.294 18.84 5.54 30.05 22.72 

0.267 18.61 4.97 24.76 18. 15 

The activity camposition data are plotted in Figs. 15,16 

(pages 68, 69) . 

In their analysis of the dissolution of a solid 

solution of calcium and magnesium carbonates, Plummer and 

Mackenzie wrote 

Ca(l-x)Mg(x)C03 = (l-x)Ca + xMg + C03 

This equation indicates that the mole fraction of Mg in 

solution is the same as that in the solid. Assuming 

congruent dissolution of the solid solution as given in 

the equation above, they determined the composition of 
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the solid phase from the ratio of the concentrations of 

calcium to magnesium ions in solution: 

x(Mg,solid) = l/(Ca/Mg+l) 

The implications of this assumption are important. At 

equilibrium the chemical potential of a component is the 

same in both phases: 

/u(MgC03,solid) = p(MgC03,solution) . 

From the definition of the activity, 

fx = ft(0) + RTlna 

where the activity 

a = X7 

fc(0,MgC03 solid) + RTlnx (solid) + RTlnT(solid) = 

fc(0,rigC03, solution) + RTlnx(soln) + RTlnT(soln) 

Plummer and Mackenzie let 

x(MgC03,solid) = x(MgC03,sain) 

Salving far t(MgC03,solid) yields 

RTln (t(solid) /i(soln) ) = /*(0,soln) - fi(0,solid) 

T(solid) = T (sol n)exp(>u(0, sol n) —<0, sol id) /RT) 

The standard chemical potentials for the solid 

and solution phases are not functions of composition of 

the phase and are constant for constant temperature. The 

aqueous activity coefficient of MgC03, a slightly soluble 

electrolyte, is less than one and does not vary greatly 

with concentration. Thus the activity coefficient of 

MgC03 in the solid phase is essentially independent of 
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the composition of the solid phase. The only type of 

solution for which the activity coefficient is constant, 

and thus the activity is a linear function of composition 

and obeys Raoult's Law, however, is an ideal solution. 

The assumption of congruent dissolution leads to the 

conclusion that the solid component activities are 

essentially independent of composition. This can not be 

true for a non-ideal solution. 

Further steps of the experiment and analysis in 

Plummer and Mackenzie's paper are outlined below. 

1. The solid has an average composition of ISV. MgC03, 

although the authors note that similar biogenic material 

contains distinct phases of different composition. Thus 

the actual composition of the phase in equilibrium with 

the solution is unknown. The solid is dissolved in 

distilled water and solution concentrations and pH are 

measured and extrapolated to equilibrium by plotting 

against the reciprocal of the square root of time. 

2. Three stages are noted in the reaction from 

measurements of the solution concentrations of Ca and Mg 

ions. First, the concentrations of both ions rise. 

Second, the concentration of Ca falls while Mg continues 

to rise. Third, the rate of decrease of Ca changes while 

Mg continues to rise. The authors interpret these stages 

to be first congruent dissolution, second formation of 



calcite on the reacting surface, and third precipitation 

of Mg calcite which contains less Mg than the original 

sample. X-ray diffraction analysis of the reacted sample 

showed that a lower Mg calcite and calcite formed from 

the original material. 

The authors include a kinetic analysis in which 

they evaluate the incongruent reaction as a diffusion 

controlled process. They believe that the change in 

slopes of concentration vs square root of time agrees 

with their model of congruent and incongruent reactions. 

3. Plummer and Mackenzie calculated equilibrium constants 

for the dissolution as equilibrium ion activity products 

from calculations of the ion activities in solution. The 

activities of the solid phase components were calculated 

from the activity defined as: 

a (sol id) = a(soln)expC (/i(0,soln) - ft(0,sol id)) /RTD 

The activity composition relations derived from 

the data of Plummer and Mackenzie are quite different 

than those derived from the solution models analysed in 

this paper. 

The dissolution of a solid solution of calcium 

and magnesium carbonates is governed by the properties of 

the solid solution. If the solid is a non-ideal solution, 

that is the activity coefficients are not constant and 

are functions of composition, then the dissolution will 
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not be congruent at any stage. The component with the 

larger chemical potential will dissolve more (assuming 

similar standard chemical potentials and hydration 

energies), and the composition of the dissolving phase 

will change. Thus the ratio of ions in solution will not 

be related to the composition of the solid phase but 

rather to the activities of the components of the solid 

phase. So it appears that Plummer and Mackenzie assigned 

solution equilibrium values to solid phase compositions 

to which they do not belong. Also, in calculating the 

equilibrium constants as equilibrium ion activity 

products they apparently assumed a solid phase activity 

of one, which is untrue for a non-ideal mixture. Thus the 

calculated values of Keq and AG(f> appear to be in error, 

and the solid component activities calculated from 

solution data were attributed to solid phases of the 

wrong composition. 

The solution models described above would predict 

that the Mg/Ca ratio in solution would be greater than in 

the solid for an average solid composition of IB"/. MgC03, 

due to the larger activity of the MgC03. As the solution 

concentration of the ions increases to supersaturation 

with respect to calcite, nearly pure calcite should 

precipitate as it is stable with respect to Mg calcite. 

At the same time the original sample would be reduced in 
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Mg. This is confirmed by the x-ray diffraction study of 

the reacted material. 

If the dissolution is assumed to be incongruent, 

as it must be if the solid solution is non-ideal, then it 

is impossible to determine the properties of the solid 

phase from measurements of the equilibrium aqueous 

solution if the composition of the solid solution in 

equilibrium with the measured aqueous solution is not 

known. This is the main difficulty with Plummer and 

Mackenzie's paper and suggests the value of the use of 

solution models in predicting the behavior of multi-phase 

solid solutions. 
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3.4 Results o-f Thorstensori and Flummer 

In 1977 Thorstenson and Plummer analysed the data 

of the earlier Plummer and Mackenzie paper in a different 

way. Their paper was titled "Equilibrium Criteria for Two-

Component Solids Reacting with Fixed Composition in an 

Aqueous Phase- Example: the Magnesian Calcites" 

(Thorstenson and Plummer, 1977). The authors described 

the dissolution of a magnesian calcite in the same way as 

Plummer and Mackenzie had done: 

Ca(1-x)Mg(x)C03 = (l-x)Ca + xMg + C03. 

They defined the equilibrium constant for the 

dissolution as, 

Keq(x) - a(Ca)a(Mg)a(C03) 

where these are the activities of the ions in solution, 

and the equilibrium constant is a function of the 

composition of the solid. The equilibrium constants for 

the dissolutions of each component of the solid solution 

are given as, 

K(calcite) = a(Ca)a(C03)/a(calcite in solid solution) 

K(magnesite) = a(Mg)a(CQ3)/a(magnesite in solid soln) 

where the activities of Ca, Mg and C03 are of the ions in 

solution and the activities of calcite and magnesite are 

those of the solid solution components. 

Several mathematical steps, substituting into the 

expression for Keq(x), taking logs, differentiating with 



respect to x, utilizing the Gibbs-Duhem expression 

(EndA<=0) to eliminate terms, gives 

l o g ( a ( M g ) / a < C a ) )  =  d l o g K e q < x ) / 6 x  

where the le-ft hand side is the ratio of the activities 

of the ions in solution. Then using Plummer and 

Mackenzie's data for Keq(x) and estimating 41ogKeq(x) / 6x  

from the slope of the Keq vs x plot, the values for the 

activity of the solid solution components were 

calculated. The results of these calculations are given 

in Table 10. 
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Table 10. Activities and ftctivity Coefficients of t"lgCQ3 
and CaCQS in Mq-Calcites from the Calculations of 
Thorstenson and Plummer (Thorstenson and Plummer, 1977) 

x Mg •r <MgC03) a(MgCD3) t(CaC03) a <CaC03> 

0.0 0.0 0.0 1.0 1.0 

0.01 0.145 0.0015 1.01 1.0 

0.02 1.38 0.0276 0.98 0.96 

0.03 64.6 1.94 0.87 0.84 

0.04 1.74 E3 69.5 0.78 0.75 

0.05 7.24 E4 3.62 E3 0.64 0.61 

0.06 5.89 E6 3.53 E5 0.51 0.48 

0.07 2.95 E8 2.07 E7 0.38 0.35 

0.0B 1. 17 E9 9.40 E7 0.35 0.32 

0.10 2.75 E8 2.75 E7 0.41 0.37 

0. 12 8.32 E7 9.98 E6 0.49 0.43 

0.14 4.79 E7 6.70 E6 0.53 0.46 

0. 16 1.29 E7 2.06 E6 0.67 0.56 

0. 18 4.47 E6 8.04 E5 0.85 0.70 

0.20 2.29 E6 4.58 E5 0.97 0.78 

0.22 4.27 E3 9.38 E2 5.25 4. 10 

0.24 9.55 2.29 32.4 24.6 

0.26 1.23 E-2 3.20 E-3 302 224 

0.27 9.33 E-4 2.52 E-4 741 540 

This data is plotted in Figs 17,18 (pages 79, 80). 

Thorstenson and Plummer's paper follows from the 

paper of Plummer and Mackenzie and uses the same data for 
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evaluating the equilibrium constant -far the dissolution 

of the Mg calcites. Thus the comments about the methods 

and assumptions of Plummer and Mackenzie apply to this 

paper as well. This paper, however, used a different 

method of analysis and produced such very different 

numerical results, which have been the subject of several 

comments in the literature, that it deserves closer 

attention. It was this paper that aroused my curiosity 

about the activity composition relations in carbonates 

and tempted me to see how the activity coefficients of 

the solid components could be as extremely large as the 

authors report. 

The methods of the paper and my comments are: 

First, the authors give the criteria of equilibrium. They 

define three possible conditions. First is stable 

thermodynamic equilibrium characterized by 

dB = 0 

at constant T,P, and there being no other reactions for 

which dG is less than zero. The second is a metastable 

state in which 

dG = 0 

but there is at least one reaction possible for which dG 

is negative. The third is what the authors call 

stoichiometric saturation defined as "equilibrium between 

an aqueous phase and a multi-component solid in 
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situations where, owing to kinetic restrictions, the 

composition of the solid remains invariant, even  though  

the  so l id  phase  may  be  par t  o f  a cont inuous  compos i t iona l  

seriesfltalics are Thorstenson and Plummer's). 

In de-fining stable thermodynamic equilibrium as 

dG = 0 = —SdT + PdV + S/idn 

where at constant T,P, 

dG = 0 = Ifjidn = p (1, A) dn (1, A) + p (1 ,B> dn (1, B) 

where /j(1,A> refers to component 1 in phase A etc, they 

derive the -familiar relationship of the chemical 

potentials of a component in phase equilibrium. Because 

dn(l,A) - -dn<l,B) 

then 

(/< (1, A)-fji (1 ,B)) dn (1, A) =0 

dn cannot equal zero if the reaction proceeds so 

(fi(l,A)-^(l,B)) must equal zero and 

/i(l, A) = a<(1,B) 

becomes the criteria of equilibrium for a phase 

transition for one component. 

In describing the condition of stoichiometric 

saturation Thorstenson and Plummer say that in this case 

the chemical potentials of a component in different 

phases are not equal but that 

dG = 0 = ~S.fi dn 

is still the criteria of equilibrium. They then derive 



the expression: 

dG/dz = 0 = v (sol id) ft (sol id) + Zv(soln) p(soln) 

where z is the reaction coordinate and v is the 

stoichiometric coefficient. Then they equate 

API(reaction) = -RTlnKeq 

and let 

Keq = IAP 

the ion activity product in solution, where they have 

given the activity of the solid as one. 

Second, after letting Keq = IAP they then derive 

expressions for log a(CaC03,solid solution) and for the 

activity ratio of Ca and Mg in solution. These are: 

log a(CaC03) = -xdlog Keq(x)/<4x + log Keq(x) 

-logK(CaC03,solid) 

log (a (Mg ,soln)/a (Ca, soln) ) = <41og Keq(x)/tJx. 

From these expressions, and a similar expression for 

log a(MgC03,solid), the activities of the solid solution 

components and the log of the ratio of solution 

activities of Mg and Ca were calculated. 

These calculated values are so large that 

numerous comments on this paper have appeared in the 

literature from geochemists wondering how Mg/Ca ratios in 

solution could ever be large enough to be in equilibrium 

with Mg calcites and allow their formation. 

In defining the condition of stoichiometric 
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saturation Thorstenson and Plummer state that "owing to 

kinetic restrictions" the two-component solid reacts 

without changing composition. If a two-component solid is 

not an ideal solution, its equilibrium with an aqueous 

solution will necessarily produce a change in composition 

at the dissolving surface of the solid. This is because 

the activities of the components are not unity as is the 

case, by definition, for a one component solid, and thus 

the chemical potential of the solid component is not the 

standard chemical potential but is a function of 

composition. 

The kinetics of a system may prevent a reaction 

which is thermodynamically spontaneous from occurring due 

to large activation energies, or may cause the rate of 

reaction to be slow for the same reason, but "kinetic 

restrictions " can not cause a reacting system to produce 

non-equilibrium products, that is to take a direction 

away from a minimum of the Gibbs free energy for the 

system. Thus a reacting mixture, whose composition will 

change with reaction because of the non-ideality of the 

mixture, can not be said to react with fixed composition 

and be in equilibrium with an aqueous phase. If the 

chemical potentials of a component are not equal in the 

two phases, as stated by the authors, then 

dG = Z/xdn =(/i(l ,A)-f«(l ,B> ) dn 



does not equal zero, that is the reaction is not at 

equi1ibrium. 

The actual dissolution of a Mg calcite must rather be of 

the form: 

Ca(1-x)Mg <x)C03 = <l-y)Ca + yMg + C03 

where x and y are related through the activity of the 

solid components and are not equal for a non-ideal 

solution. 

Thorstenson and Plummer have apparently defined 

an equilibrium state for which they have let dG = 0 when 

the system was not in equilibrium. 

In their next steps of analysis they equate the 

equilibrium constant for the reaction with the ion 

activity product of the reacting ions in solution: 

Keq(X) = a(Ca,soln)a(Mg,soln)a(C03,soln) 

/a(Ca(1-X)Mg(X)C03s) 

" = IAP = a(Ca,soln)a(Mg,soln)a<CQ3,soln). 

This assumes that the activity of the solid is one, which 

can not be true for a non-ideal mixture. 

In the derivation of the equations given above 

for the log a(CaC03,solid) and log a(Mg,soln)/a(Ca,soln), 

the activity of the solid is not included as a variable. 

Further, in taking the derivatives of the equilibrium 

constants for the dissolution of the components of the 

solid solution, they are treated as constants for which 
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the derivatives are zero. This again assumes that the 

activity o-f the solid is unity and does not change with 

composition. 

If the reaction is written to show the changing 

composition of the solid and the derivatives reflect the 

variable nature of the solid component activity, new 

terms are introduced into the derived equations. These 

are terms for the derivatives of the logs of the Keq for 

CaC03 and MgC03 components of the solid and the 

derivative of the activity of the solid mixture. The 

inclusion of these terms should reduce the activities of 

the components and the ratio of activities of the ions in 

solution. This would tend to make these values more 

reasonable. 

There is an internal inconsistency in the data 

and the calculations made in this paper. The calculated 

ratios of log a(Mg)/a(Ca) in solution range from -6.0 to 

+8.S, that is, from 0.000001 to approximately 

1,000,000,000. The experimentally determined ratio of 

Mg/Ca was 1/3.2 for the initial stage of the reaction. 

This discrepancy indicates a faulty analysis of the 

reaction and incorrect calculated values. 
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3.5 Results of Gordon and Greenwood 

Gordon and Greenwood (1970) presented a different 

approach to determining the activity of the components of 

a solid solution for the calcium, magnesium carbonates. 

Their paper "The Reaction : Dolomite + Quartz + Water = 

Talc + Calcite + Carbon Dioxide", describes the need to 

evaluate the activity of magnesite in solution with 

calcite in the reaction in which the calcite solid 

solution co-exists with dolomite. They use the earlier 

work of Graf and Goldsmith (1958) which determined the 

activity of the magnesite in solid solution from the 

decomposition of the dissolved magnesite into magnesium 

oxide and carbon dioxide. Gordon and Greenwood give the 

following expression for the activity coefficient of the 

magnesite in solid solution with calcite: 

In T<MgC03) = (1-x<MgC03))1(2.1718-1.B960x<MgC03>) 

for mole fractions of MgC03 up to 18'/. at 600-800 degrees 

Celsius and 2000 bars pressure. 

For the activity of the CaC03 component they give the 

expression: 

In 7(CaC03) = <1-x<CaC03)2(1.2238+1.896x<CaC03>) 

Table 11 gives the values calculated from the above 

expressions for Mg-calcites up to 18 mole "/. MgC03. 



82 

Table 11. Activities and Activity Coefficients of 
MqCQ5 and CaCQ3 in Mq-Calcites from the Calculations of 
Gordon and Greenwood (1970) 

x(MgCQ3) t(MgC03) a(MgC03) t(CaC03) a(CaC03) 

0.0 0.0 0.0 1.0 1.0 

0.1 8.24 0.0824 1.0 0.99 

0.03 7.37 0.219 1.0 0.97 

0.05 6.52 0.326 1.01 0.96 

0.07 5.83 0.408 1.01 0.94 

O
 

h
 •
 

o
 4.98 0.498 1.03 0.93 

0. 14 4.09 0.573 1.06 0.91 

0. 18 3.42 0.616 1.09 0.90 

The data in Table 11 is plotted in Figs. 19, 20 (pages 

84, 85). 

Gordon and Greenwood (1970) analyze the reaction: 

dolomite + quartz + water = talc + calcite + carbon 

dioxide, at high temperatures and high pressure. In order 

to determine the free energy change in the reaction it is 

necessary to determine the activities of the components 

of Mg-calcite in equilibrium with dolomite. 

To do this they use the data of Graf and 

Goldsmith (1958) in which Mg-calcite was decomposed to 

magnesium oxide and carbon dioxide. 

MgC03(solid solution) = MgO + C02 

Comparing this with the decomposition of pure MgC03 gives 

the expression: 
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In a(MgCQ3 solid soln) = In f <C02> /f (C02*) , 

where f (C02*) is the fugacity of C02 in the decomposition 

of the solid solution component MgC03. The values for the 

fugacity of C02 were from experimental data of Mujamar 

and Roy (cited in Gordon and Greenwood, 1970). The 

expression given above for the activity coefficient of 

MgC03 given is a best fit curve calculated from the data. 

The activity vs composition plots are similar to 

those developed from the solution models, Figs. 2-9. That 

is, the activity coefficient of MgC03 decreases as its 

mole fraction increases. The activity vs composition plot 

does not show a maximum in the 5 mole 7. MgC03 range but 

there may be a maximum in the 20-30 moleX range. The 

deviation from ideality is positive for both the MgC03 

and CaCQ3 components but is less than the solution model 

predictions. The most likely reason for this is the 

temperature of the reaction. At high temperatures solid 

solutions are more ideal. 
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3.6 Other Papers 

Several other papers which deal with the activity 

composition relations or the solubility of carbonates or 

similar systems should be mentioned. 

Saxena <1973) reports that Warner determined the 

activity composition relationship for the CaMgSi04-

Mg2Si04 system, (see Fig. 21 page 90). The plot of the 

activity of Mg25i04 vs mole fraction for various 

temperatures at 5 kilobars pressure is very similar to 

the regular solution model plots for the Mg-calcite 

system. In both cases Mg is replacing Ca and the function 

has a maximum at a fairly low mole fraction of Mg25i04. 

The general behavior of the mixture, the increase in 

activities of the components and thus an increase in 

solubility of the mixture is again similar to the 

predictions of the regular solution models for the 

magnesian carbonated. 

Four recent papers report on the solubility of 

calcium carbonate, or more precisely the ion activity 

product <a(Ca)a(C03)), in different environments. 

R.A.Berner (1975) in "The role of magnesium in 

the crystal growth of calcite and aragonite from sea 

water" (Berner, 1975) notes that magnesium in solution at 

the level of sea water (54 mmoles/1) does not influence 

the precipitation of CaC03 as aragonite but does retard 
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the growth of calcite. He found that in sea water an Mg-

calcite of approximately 7-10'/. MgC03 precipitated. He 

concluded that the inhibition of calcite formation was 

due to the formation of the Mg-calcite, which was more 

soluble than calcite. 

Two papers by R. Levy (Levy, 1981: Levy, Mhittig, 

and Tanji, 1982) deal with the ion activity products of 

calcium carbonate. The first paper, "Effect of 

Dissolution of Aluminosi1icates and Carbonates on Ion 

Activity Products of Calcium Carbonate in Soil Extracts", 

(Levy,1981), reports that at soil-water ratios of Is 10 

the pIAP is equal to that of calcite for a calcareous 

soil or less than calcite for a non-calcareous soil. For 

soil-water ratios of 1s1 the pIAP is greater than calcite 

for both soils indicating supersaturation with respect to 

calcium carbonate. This paper does not explain the 

apparent increased solubility of the calcium carbonate at 

the 1:1 soil water ratio. 

"The Apparent Solubility of Calcium Carbonate in 

Soils", (Suarez, and Rhoades, 1982) reports that for 

calcareous soils the soil solution extracts are 

supersaturated with respect to calcium carbonate. 

Levy's second paper "Ion Activity Products and 

Crystal Forms of Calcium and Magnesium Carbnates 

Precipitated from Calcium Magnesium Bentonites", (Levy, 
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Whittig, and Tanji, 1982) reports that the soil solution 

pIAPs are greater that the pIAP of calcite when there are 

high levels of magnesium in solution. X-ray diffraction 

studies of the precipitates showed that at high 

concentrations of magnesium in the aqueous solution 

calcite was not formed but that an Mg-calcite was farmed. 

In the above papers it is clear that naturally 

occurring carbonates are not behaving as pure calcium 

carbonate. The pIAP for CaC03 in many natural solutions 

is greater than that of pure CaC03 indicating 

supersaturation. This supersaturation has been 

associated, in several of the papers, with the presence 

of magnesium in the solution. These results suggest that 

it is the properties of the calcium magnesium carbonate 

solid solution which govern the pIAP of CaC03. From the 

use of the regular solution and related models it can be 

predicted that for low mole fraction Mg-calcite the solid 

solution will be more soluble than calcite, and the 

ratios of Mg/Ca in solution will be greater than those in 

the solid. 

It appears that the predictions of these models 

are in general agreement with the experimental data. This 

gives support to the continued use of these models and 

other solution models in predicting the properties of 

solid solutions and thus of the natural systems of which 



they are a part. 
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CHAPTER 4 

CONCLUSIONS 

The purpose of this paper is to evaluate the 

properties of a solid solution theoretically using 

solution models. The physical system chosen is the 

magnesian calcites. These are thought to be non-ideal 

mixtures which are of interest to soil scientists and 

geochemists. The models used are some of the earliest and 

simplest solution models. Although originally derived to 

describe the behavior of liquids, they assume a lattice 

arrangement of molecules and therefore can be readily 

adapted to solids. 

The main difficulty in the application of these 

models to real systems is the calculation of the 

interaction parameter, W. W is the change in the 

potential energy of a pair of neighboring molecules when 

of a molecule is moved from its pure state to the 

mixture. It is necessary to calculate the potential 

energy of the pairs of molecules in the pure components 

and in the mixture, and find the difference . In order to 

do this for the calcium magnesium carbonate system it was 

first assumed that the crystal is an ionic solid, and 
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then using the unit cell dimensions measured by Goldsmith 

et. al. (1961) the potential energies were calculated. 

These calculations are not exact. But because the 

parameter W is the difference of terms it is hoped that 

errors would cancel. 

When W has been determined, the activity of the 

components of the solid solution can be readily 

calculated. Then activity composition relations can be 

determined and plotted. 

The solution models used are variations of the 

regular solution model. One modification is the use of 

the volume fraction to replace the mole fraction to 

attempt to correct for the difference in ion sizes. A 

second modification is Guggenheim's (1952) treatment of 

the numbers of different molecular pairs in which the 

number of mixed pairs is a function of the energy 

interaction parameter and not simply due to random 

mixing. Both these modifications change the numbers which 

the models produce but do not significantly change the 

character of the activity composition relationships. 

The assumptions of these models necessarily make 

them only approximations of real physical systems but 

they may still be usefully applied to the Mg-calcite 

system. 

The results of the applications of these models 
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to the magnesian calcites has been given in the tables 

and graphs. Generally they shoM that the system is 

strongly non-ideal -for MgCC33 mole fractions up to about 

20X. The increased activity of the MgC03 Mill increase 

its chemical potential and thus its reactivity and 

solubility. The CaC03 is more ideal but also shows a 

positive deviation from ideality. 

The second part of this paper is to compare the 

results of the application of the solution models to the 

magnesian calcites to published experimental results on 

the same or similar systems. 

The two most interesting papers are those of 

Plummer and Mackenzie <1974) and Thorstenson and Plummer 

(1977). The problem with these papers is that the results 

are very different from those obtained from the solution 

models, and the approach to the whole question of the 

chemical behavior of solid solutions is also different. 

Both these papers describe the dissolution of the solid 

solution as congruent dissolution. This seems to be quite 

unrealistic and can not be the equilibrium condition. 

Thorstenson and Plummer assign unit activity to the solid 

mixture. This is consistent with the assumption of 

congruent dissolution, but does not seem to accurately 

describe the behavior of the mixture. I conclude that 

congruent dissolution or "stoichiometric saturation", as 
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Thorstenson and Plummer call it, does not reflect the 

chemical behavior of the magnesian calcite solid 

solution. 

Other studies on the solubility of calcium 

carbonate in environments in which there is appreciable 

soluble magnesium indicate that the natural carbonates 

do not behave as pure calcium carbonate. It seems likely 

that magnesium calcites are formed in these experiments 

and are a factor in the apparent increased solubility of 

calcium carbonate. 

The use of solution models to predict the 

properties of solid solutions of soil minerals is quite 

successful. The results are reasonable both intuitively 

from a consideration of the molecular properties of the 

mixture, and from comparison with experimental data. 

Certainly more work is necessary both from theoretical 

and experimental sides. But the general outline of the 

behavior of the Mg-calcites given by the solution models 

is helpful in understanding the behavior of naturally 

occurring carbonates. 

Many soil minerals must exist as solid solutions 

and the understanding of their properties is not yet 

complete. It will be interesting to see from further work 

whether the behavior of the calcium magnesium carbonate 

system is typical of the behavior of other solid 
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solutions. It is hoped that this work will eventually 

lead to a better understanding o-f the properties of soil 

minerals and the availability of plant nutrients. 
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