[AMERICAN JOURNAL OF SCIENCE, VoL. 277, NOVEMBER, 1977, P. 1203-1223]

EQUILIBRIUM CRITERIA FOR TWO-COMPONENT
SOLIDS REACTING WITH FIXED COMPOSITION
IN AN AQUEOUS PHASE—EXAMPLE:

THE MAGNESIAN CALCITES

DONALD C. THORSTENSON* and L. NIEL PLUMMER**

ABSTRACT. If a mineral reacts with fixed composition in an aqueous phase — even
if the mineral is a member of a solid solution series — the chemical potentials cannot
be cquated between phases. Using the Gibbs-Duhem relation, equations are derived
that permit calculation of chemical potentials in a two-component solid from data
obtained in a series of stoichiometric dissolution experiments.

Using the data of Plummer and Mackenzie (1974), chemical potentials are calcu-
lated for the CaCO; and MgCO, components in magnesian calcites. The results show
that even metastable thermodynamic equilibrium can never be achieved between high
Mg-calcites and natural waters, and that the Mg content of magnesian calcites should
be governed primarily by the activity product of Ca* , and CO32-(M), rather than

the Mg*p/Ca® g ratio in the aqueous phasc.

INTRODUCTION

Carbonate minerals seldom occur in nature as pure phases, and re-
search in carbonate geochemistry in recent years shows a steadily increas-
ing interest in the chemistry of the “foreign” ions present in the common
carbonate minerals. Much of the impetus for this work lies in the hope
that the presence of these ions in the carbonate minerals can provide
diagnostic information as to the sedimentary and diagenetic environ-
ments in which they formed. This, in turn, is simply part of the more
general problem ol predicting thermodynamic stabilities and reaction
rates of minerals in natural environments. The recent emphasis on
kinetic studies tends to obscure the fact that a knowledge of thermo-
dynamic stabilities is still of fundamental importance. This is not only
a function of the need to predict reaction paths and end products of
diagenesis but also arises from the dependence of theoretical dissolution
models on mineral solubilities, which in turn depend on their thermo-
dynamic properties.

The need for thermodynamic data for non-ideal minerals is ap-
parent. However, the calculation (or estimation) of these data at low
temperatures is made extremely difficult, and interesting, by the abun-
dant kinetic problems. These kinetic effects lead to persistent occurrence
of metastable minerals, even on a geologic time scale, and pose many
problems in laboratory studies — inhibition ol nucleation and reaction,
failure to achieve equilibrium, et cetera. The kinetic problems also in-
troduce complexities in attempting to apply equilibrium criteria to
laboratory and/or field observations. Within limits, equilibrium thermo-
dynamics can be applied in many cases; however, attempts to do so have
frequently bheen poorly defined and in some instances erroneous.

Studies of the incorporation of [oreign ions in carbonates have heen
primarily focused on Mg, Sr, Fe, Mn, and Na; the magnesian calcites, in
particular, have been the subject of a great deal of recent work. (See
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references in Bathurst, 1971; Bricker, 1971; Lippman, 1973; Milliman,
1974; more recent work includes Barnes and O’Neil, 1971; Bencini and
Turi, 1974; Benson, Achauer, and Matthews, 1972; Benson, 1974; Berner,
1975; Folk, 1974; Folk and Land, 1975; Katz and others, 1972; Katz,
1973; Meyers, 1974; Moller and Parekh, 1975; Nash and Pittman, 1975;
Plummer and Mackenzie, 1974; Veizer and Demorvic, 1974; Weber,
1973; and White, ms.) The experimental studies generally have one thing
in common — the minerals may be treated as two-component phases.
We present here an examination of the thermodynamic relations and
criteria for equilibrium between two-component solid phases (of fixed
and variable composition) in contact with aqueous solutions of fixed and
variable composition. A method is derived for obtaining equilibrium
relations from non-equilibrium experimental data at low temperatures.
The derived relations are used to evaluate the thermodynamic proper-
ties of magnesian calcite solid solutions and to predict the conditions of
stable and metastable occurrence of magnesian calcites in aqueous
solutions.

The key to understanding the thermodynamic relations lies in mak-
ing the distinction as to whether the solid-solution mineral behaves as a
phase of fixed or variable composition in the environment (natural or
laboratory) under consideration. This, in turn, is a function of the
kinetics of the mineral reactions and the time scale of the process in-
volved. Thus in a laboratory experiment or a short-term diagenetic
process, a two-component mineral may react with invariant composition,
while its occurrence and distribution through geologic time may be
governed by its behavior as a phase of variable composition.

This distinction between fixed and variable composition in multi-
component solid phases is not new. It is implicit in the discussions of
equilibrium found in most thermodynamics texts (although not gen-
erally elaborated on); the thermodynamic implications were discussed
in some detail by Gibbs (1876, 1878). We have used the thermodynamic
relations derived by Gibbs, via the Gibbs-Duhem equation, to derive
equations that allow equilibrium relations for two-component minerals
to be obtained from congruent dissolution solubility data without making
the assumption that thermodynamic equilibrium is achieved in the ex-
periments.

THERMODYNAMIC RELATIONS
For a system at equilibrium,

dG = —SdT + VdP + Sudn; = 0, (1
where:
G = Gibbs free energy of the system
S = entropy of the system
V = volume of the system
T = temperature
P = pressure
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=
Il

number of moles of component i in the system
wi = chemical potential of component i in the system, defined by

_ [ G
M\ Tany ) TPyt

dG = Zpdn; = 0. (2)

At constant T and P

This relation provides the criteria for equilibrium among phases and for
equilibrium in reacting systems. For the transfer of any component i
between two arbitrary phases, « and 8, eq (2) becomes

wiadng ¢+ py pdng g = 0, (3)
and since
dn; g = —dn; 4
we obtain
(ni,a — pi,p)dni,a = 0. 4)

For an arbitrary transfer of component i between phases « and f, at
equilibrium, dn; .54 0, and eq (4) requires that p;« = u; . Therefore, at
equilibrium
P = g ©®)
for alli, @, and B.
Eq (2) also provides the equilibrium criteria for any chemical reaction
that may take place in the system. Eq (2) may be written

dG = 3pdn; = Syydé,

1 1
or
(1G/d‘§ = Evi‘ui (6)
i
where
v; = stoichiometric coefficient of component (or species) i in a bal-
anced chemical reaction (+ for products, — for reactants)
¢ = reaction progress variable defined by
dn;
deg=—-
Vi
Introducing the definition of activity by the relation
wi =pm® + RT In g (7)
where

R = gas constant

I

a; = thermodynamic activity of species i

w;® = chemical potential of species i in its standard state,
and substituting into eq (6), we have, at equilibrium

A/.Ll.o = }j‘l’i,U‘io = —ERT ln (ai"i) (8)
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where
Ap® = thestandard free energy of reaction,
and we may then define the equilibrium constant K, by

Ap® = —RT In Ko = —SRT In (a") . (9)

We now examine more closely the application of equilibrium criteria
from eqs (2), (6), and (9) to low temperature geochemical systems. Three
cases which we refer to as stable thermodynamic equilibrium, metastable
thermodynamic equilibrium, and stoichiometric saturation must be
distinguished.

We will use the magnesian calcites as examples in discussing the
principles involved, and for purposes of this discussion we make the
following assumptions (to be demonstrated later in this paper):

1. A low-magnesian calcite (exact composition unknown), denoted
by Ca, _ Mg, COj,, can be thermodynamically stable in an aqueous
phase containing Ca?+, Mg?+, and CO,2~.

2. High-magnesian calcites, denoted by Ca,_;Mg, CO;, are thermo-
dynamically unstable relative to low Mg—calcite and dolomite.

STABLE THERMODYNAMIC EQUILIBRIUM
The criteria for stable thermodynamic equilibrium are:

A. dG/d¢ = 0 for all reactions among chemical species present
in the system.

B. dG/dé = 0 for any possible reaction involving the com-
ponents of the system.

and, as a consequence of (A) and (B),

C. pia = pip for the ith component (or species) in phases
a and .

For example, if a low Mg—calcite is at stable thermodynamic equilibrium
(T =25°, P =1 aum) with an aqueous phase, from (A) dG/d¢ = 0 for the
reactions

Cag_ Mg CO,; = (1—x)Ca?+ ) +xMg2+ ) + CO2~ (4), (104)
Ca¢,_y)Mg,CO; + H* () = (1—x)Ca2+

+ XI\/IgZ-”““” + HCOB_(nq)’ (IOB)
Ca(,_xMg,CO, + H,CO,, ;= (1-X)Ca+ g
+ XMg2+ 4y + ZHCO, = (a1 (10C)

et cetera.
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From (B), dG/d¢ > 0 for reactions such as

Cag_yMg,CO; = (1—x)CaCO + xMg?t (4 + xCO,2—

(aq)’

(11A)

3(calcite)

Cag ) Mg, CO; = (1—-x)CaCOs .., T xMgCO

3(magnesite)

(11B)

et cetera.

It is conceivable that the aqueous phase composition might be exactly
that required for equilibrium with another mineral phase, even though
that phase is not present. For example, if the aqueous phase were ex-
actly saturated with dolomite, (B) also implies that dG/d¢ = 0 for re-
actions such as

2Ca(;_,)Mg,CO
= CaMg(CO

3(Mg-calcite) + (1—2x)1\[g’-’+ (aq)
+ (1-2x) Ca®+ o), (12A)

3)2(dolomite)

Cag,_,)Mg,CO + (1-2x)Mg*+ ., + (1-2x)CO;*

3(Mg-calcite) T aq
= (1_X)Cal\’[g(cog)Q(dolomite)’ (12B)
et cetera.

Finally, condition (C) requires that
= ) 13A
HCaCO3 1 cuteitey | F€C03 ( )

and

MMgCO{;(Mg—culcitc) - MMgCO3mq)’ (13B)

which implies the following relations, based on the choice of calcite and
magnesite at 25°C and 1 atm total P as standard states for the com-
ponents CaCO, and MgCQO;, respectively;

(aCﬂco3()Ig-cnlcite)) (Kculcite) = aCﬂ2+(“q) aCO32_(aq)’ (14A>
and

Ay, Ko ite) = ayg* 005”7 (aa) 148
( gcog(.\lg-calcite))( m\gncsnte) g (aq) “COg3 aq) ( )
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METASTABLE THERMODYNAMIC EQUILIBRIUM
The criteria for metastable thermodynamic equilibrium are:

A. dG/d¢ = 0 for all kinetically feasible reactions among spec-
ies present in the system.

B. uia = pip for the ith component (or species) in phases «
and .

C. dG/d¢ < 0 for at least one reaction. This reaction may in-
volve species or phases not present and kinetically
prevented from forming or a kinetically prohibited
reaction among phases or species present in the
system.

For a high Mg—calcite, in metastable equilibrium with an aqueous
phase, (A) requires that dG/d¢ = 0 for reactions analogous to 104, 10B,
...; thatis,

Ca(l_Y)NIgyCO3(Mg—calcite) = (I_Y)Ca2+(“Q)
+ yMg2+ .y + COaz_(aq), (15)
et cetera.
From (B),

a K qeite) = g2t 002" 14A

( Caco?’(;\[g-calcite))( enteite) = Aca® T oy Acog )’ (14A)

a Koamnesite) = a2t Aco.c" 14B

( Mgco?’ll\[g-culcite))( mugnes te) Mg (aq) €03 (aq) ( )

Finally, (C) requires that dG/d¢ < 0 for at least one reaction such as,

Ca gy Mg CO; . cpreiiey = (12Y)CACO; iy T
(16A)
y CaNIg(CO3)2(dolomite)’
Cau—y)ngco3(Mg-calcite) = (I_Y)Cacoa(cnlcite) +
(16B)

y Mg** gy +y CO,*—

aq)’

et cetera.

We have defined the criteria for stable and metastable thermody-
namic equilibrium in detail in order to show clearly the distinction
between these thermodynamic states and the condition we term stoichio-
metric saturation.
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STOICHIOMETRIC SATURATION

We use the term stoichiometric saturation to refer to equilibrium
between an aqueous phase and a multi-component solid in situations
where, owing to kinetic restrictions, the composition of the solid remains
invariant, even though the solid phase may be part of a continuous com-
positional series. Consider the congruent dissolution of a magnesian
calcite in an aqueous phase. If the process takes place in a sufficiently
short time that the solid does not change composition; that is, it dissolves
stoichiometrically, the reaction can be written

Ca Mg CO; ey = (1mX)CaF ()
+ xMg2+t () + CO«J?—(aq). 17

As originally noted by Gibbs, when a solid reacts with fixed composition,
even though it is of potentially variable composition (a member of a
solid solution series), equating the chemical potentials of individual
components in different phases is no longer valid. In our example, this
means that eqs (13A) and (13B) are no longer applicable as equilibrium
criteria. There are several ways of explaining this, the most concise
being that (Gibbs, 1961, p. 79-82) il the solid reacts with fixed composi-
tion, it is thermodynamically a l-comvonent phase, and therefore from
eq (2), the only equilibrium constraint that can be derived is (T, P =
const)

dG = O = E‘uidl]] = E(Vi[J«i) (Ig,

or
dG/dé = 0 = viquaptsoria zvil‘-i(ﬂq)’ (18)
Applying (18) to reaction (17), as written,
dG/dg =0= (I—X)/,Lcﬂw(aq) + xﬂllgﬁ*(aq)

+ MCOg*— - ,l‘«Cn(l_x)hngCO3(s);

(aq)
from which

A, O _ o o
Al-‘- reaction — (l—x)/«‘« Ca¥ caq) + pYTASYF

o (aq)
+ M 0032—

o
(aq) ® C“(l—x)ngCO3(s)’

and

all—x) a¥yy os a [
A’ =—RTInK (x) =—RTIn_ (% aa) M a) TCOT G
1

(19)

Thus in a reaction with a solid of fixed composition the only equilibrium
constraint is expressed by
IAP = K, (x), (20)
where, for reaction (17),
— q(1— 3 — K
IAP = alt=® e o @y ) Acoge— = Keq(x). (21)

(aq
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Berner (1975) recognized the need for distinguishing between meta-
stable equilibrium and stoichiometric saturation when dealing with the
thermodynamics of the magnesian calcites. Plummer and Mackenzie
(1974), in calculating the activities ol CaCO; and MgCO, in magnesian
calcites, failed to make this distinction and incorrectly assumed that the
aqueous solubility of magnesian calcites represents a metastable thermo-
dynamic equilibrium.

There are several points that should be emphasized here concerning
stoichiometric saturation as expressed by eq (21).

A. The numerical value of K (x) in (21) is a function of the
composition of the solid phase; this dependence arises both through
variation in the molar [ree energy of the solid phase and in the depend-
ence of Ap°, on x in eq (19). The condition IAP = K., (x) will always be
valid for stoichiometric saturation, but the numerical values of both
terms will vary with x.

B. The constraint IAP = K, (x) for saturation is valid regardless of
whether the phases involved are stable or metastable. The only restriction
involved in the derivation ol eqs (19) through (21) is that the composition
of the solid phase remains fixed.

C. Finally, if the constraint of fixed solid composition is removed,
that is, if sufficient time is allowed for the solid phase to adjust its com-
position via solid-state diffusion and/or recrystallization, the criteria for
chemical equilibrium revert back to the “standard” relations for multi-
phase equilibrium, namely

pia = pp foralli, ¢, and B.

D. Stoichiometric saturation, defined by IAP = K, (x), is a necessary
condition for thermodynamic equilibrium as well. Obviously if IAP =
K.ei(x) holds for any solid of fixed composition, it must hold for the
particular solid phase that happens also to be in thermodynamic equi-
librium with a given aqueous phase. If, for example, a magnesian calcite
has achieved stoichiometric saturation in a dissolution experiment and
the system is then allowed to react for a sufficiently long time, the path-
way to thermodynamic equilibrium (metastable or stable) may be viewed
as a continuum of stoichiometric saturation states in which both the
magnesian calcite and the solution adjust their compositions until

Meaco = Mcaco and pype0 = MMgCO: .
3 3 (aq) HAgCOy () ™ MMeCO3 )

(s)

An understanding of the concept of stoichiometric saturation is
necessary for the understanding of any process — laboratory or natural —
in which the solids react with fixed composition. In laboratory studies the
basic problem in determining the thermodynamic characteristics of multi-
component minerals at low temperatures is one of kinetics. Many reaction
rates are so slow that laboratory experiments can be expected to achieve
only stoichiometric saturation at best, and experimental data must be
interpreted with this in mind. The use of compositional data from
naturally coexisting minerals and solutions to compute thermodynamic
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properties does not provide unequivocal results, because this approach
assumes equilibrium has been obtained in order to derive the thermo-
dynamic properties of the minerals in question. The persistence of un-
stable minerals for geologically significant time spans (classic examples
being aragonite and high Mg-calcites) demonstrates the unreliability of
this assumption.

We propose that the most fundamentally sound method for deter-
mining the thermodynamic properties of multicomponent minerals at
low temperatures lies in the use of carefully controlled laboratory experi-
ments in which stoichiometric saturation can be demonstrated. The ex-
perimental determination of stoichiometric saturation, although feasible,
is not a simple task, as shown by the study of Plummer and Mackenzie
(1974). In the case of 2-component minerals, the data from a series of
stoichiometric saturation experiments involving a range of solid phase
compositions can be used to derive the desired thermodynamic equi-
librium relations as a function of composition. We derive the necessary
relations for magnesian-calcites in the following section. Generalization
to any other mineral that may be considered as a 2-component phase
should be obvious.

DERIVATION OF EQUATIONS
Again consider the dissolution reactions of a magnesian calcite

Ca_ Mg, CO; | = (1—x)Ca®+ ) + xMg?+ ) + COz2~

(ad (aq)

3(s)
(17)

where the solid is considered as a 2-component phase with end-members
CaCO;, icer anc‘l hfIgC'Qs(n‘mgnesue)l. Eqs (2.1), (14A)‘,'and (14B) show that
at thermodynamic equilibrium the following conditions must hold:

< —al—x) . . A%y o a_
I\efl(x) =al X Ca** (aq) ‘l\l\Ig-’(aq) a(‘03- (aq)’ (21)
Aca (aq) ACO3* " (aq) — (Keaeire) (a‘J“‘—‘Os(Mg—calcite))’ (14A)
and
a)lgz“(aq) aCO3'“'_(aq) = (I<|n3g|1esite) (aMgCO3(Mg—calcite))' (14B)

K.q(x) can be determined experimentally, and the activities of the aqueous
species can be obtained from a knowledge of composition and solution
theory. In order to determine the thermodynamic properties of magnesian
calcites, we need to find a relationship between the solid phase activities
of CaCO; and MgCO, and the experimentally measurable parameters at
stoichiometric saturation.

Substituting (14A) and (14B) in (21) and taking the logarithm;
log K, ,(x) = (1—x) log 2010059 + x log AMgCO0y(s)
+ (I—X) 108 Kcalcite + X IOg I{mﬂgnesito‘ (22)

! The end-members could also have been chosen as calcite and dolomite.
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To evaluate the rate of change of K. (x) as a function of x, partial dif-
ferentiation gives

d d
8—X< IOg Keq(x)> = (I—X) a_X (log ac“Coﬁ(s)) - IOg 4cacogs)

d
- 10g Keeite + X—E{— (IOg aMgCOa(s))

+ log aMgCO3(5) + log I{maguesite- (23)
The Gibbs-Duhem equation,
sndy; =0 (24)

provides a means of expressing the functional relationship between the
activity of one component in a given phase and the activities of the re-
maining components in that phase. Application of the Gibbs-Duhem
equation to the binary solid phase shows that

d d
(I_X) _(")T (log aC&COg(S)) +x a—x (log aMgCOg(S)) =0. (25)

This is a general property of binary solutions (compare, Denbigh, 1968,
p- 216). Eq (23) can therefore be written

0
Iog aC-uCO3(S) - - a_x < 103 Keﬂ(x) ) + 10g aMgCO,g(s)
- 10g Kc;ulcite + log Kmuguesitc- (26)

Eqgs (22) and (26) can be solved for ac,co,, and aygeoy,, if data for
K. (x) as a function of x are known experimentally. Solving (22) for
log aygcoy ., substituting in (26), and rearranging gives

d
IOg aCaC03(s) =—X X ( IOg Keq (}*> > + IOg Keq(x) - log Kcalcite'
(27)
An analogous derivation for A31gC0y, s YiElds

ad
log ayrgcoy,, = (1-X) e < log K,q(x) > + log Key(x) — log Kypagnesite-

(28)
Finally, combining (14A), (14B), (27), and (28) yields the interesting result
A2+ a
log faw ) . 9 < log Keq(x)) , (29)
A0t (o) ox

which defines the Mg?+/Ca2+ ratio in a solution at thermodynamic
equilibrium with a given magnesian calcite.

Eqs (27), (28), and (29) provide a means of evaluating the thermo-
dynamic equilibrium characteristics of the magnesian calcites (or any
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other binary solid solution minerals) from a knowledge of the equilibrium
constants K.,(x), which may be obtained from congruent dissolution ex-
periments. The fact that, for a given Mg—calcite, JAP = K, (x) is a
necessary constraint for both stoichiometric saturation and thermo-
dynamic equilibrium thus allows the determination of thermodynamic
parameters from experiments that never need to achieve thermodynamic
equilibrium.

Another commonly used approach to describe the incorporation of
minor elements in carbonate minerals involves the use of distribution
cocfficients, defined by eq (80) for magnesian calcite:

_<]i (30)

Il'lMgu

(aq)

nlc“:*(aq)

where m denotes molality.

The distribution coefficient is a measure of the Mg/Ca ratio in the
solid phase relative to that in the aqueous phase. The distribution
coeflicient can be related to the equilibrium constant as follows. From
eq (30)

Ay[e2t L2+
X EMe¥ (aq) YCa (aq)
=D . (31)

Aca (1q) VME (aq)

1—x

Taking logarithms and introducing eq (29), we obtain

YCa*t (4
>—10g TP ) _65 <log Keq(x)>. (32)
X

Y*‘Ig2+(21q)

logD-——log<lx

—X

Caution must be exercised in the use of eq (32). The variation of D
as a function of composition, x, predicted by (32) is based on the as-
sumption that the solid phase is at thermodynamic equilibrium (stable
or metastable) with the aqueous phase. The distribution coefhcients are
generally measured via precipitation experiments, and it is difficult to
determine whether these experiments tend to approach thermodynamic
equilibrium, as opposed to stoichiometric saturation.

In a system for which K (x) data are available, a comparison of D’s
calculated from eq (32) with measured D’s should provide some indica-
tion of the degree to which thermodynamic equilibrium is approached in
such experiments.

THERMODYNAMIC EQUILIBRIUM RELATIONS FOR THE MG—CALCITES

In the preceding sections, we have simply used the magnesian calcites
as an example to illustrate the thermodynamic derivations. We now
apply these results to estimation of the thermodynamic properties of the
Mg-calcites at 25°C and 1 atm total pressure. The basis for the following
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calculations are the experimental data for the dissolution of Mg—calcites
obtained by Plummer and Mackenzie (1974).

These authors obtained estimates of K., (x) from dissolution experi-
ments at constant Pco,. The equilibrium pH was estimated from inverse
time plots of data from the congruent portion of the dissolution experi-
ments. The saturation state of the aqueous phase and the implied K, (x)
were then calculated from this pH and the Mg/Ca ratio of the dissolving
phase. There is no evidence to indicate that equilibrium — or stoichio-
metric saturation — was ever achieved experimentally. In one experiment
with dAmphiroa Rigida, dissolution of a 23 mol percent MgCO, phase
was still occurring after 1800 hrs when the experiment was ended. The
aqueous phase at that time had a Mg?+/Ca** ratio of 1.4 and was super-
saturated with respect to calcite by a factor of 2.

Figure 4 shows that this solution would be saturated with a 9 mol
percent Mg—calcite, but that either (or both) the Mg2?+/Ca%+ ratio in
solution and IAP,, .. must be greatly increased before saturation can be
achieved with a 23 mol percent Mg-calcite. This illustrates a fundamental
difficulty in experimental work with the magnesian calcites. In order to
achieve stoichiometric saturation with a high magnesian calcite, either
IAP cite must be so high that a low Mg—calcite is likely to precipitate,
or the Mg2+/Ca?+ ratio in solution must be so high that dissolution/
precipitation kinetics will be strongly inhibited by the aqueous Mg2+ ion.

In the following discussion we assume that the values of K (x) ob-
tained by Plummer and Mackenzie (1974) represent stoichiometric satu-
ration. The equilibrium constants as a function of composition are pre-
sented in table 1 (the values have been slightly revised to be consistent
with the thermodynamic data and aqueous model given as a footnote to
table I). An estimated best fit curve of log K., (x) versus composition is
given in figure 1. The values of d(logK,(x))/dx are tabulated in table 2
and illustrated in the figures that follow. Each figure is discussed in detail
below.

Figure 2 shows the AME* (aqy/ ACH (o) ratios, calculated from eq (29),
in an aqueous phase at thermodynamic equilibrium with the magnesian
calcites. Within the limits of uncertainty in the original data and the
curve fitting estimates, the following conclusions can be drawn from
figure 2:

I. Only magnesian calcites containing 1 to 5 mol percent MgCO, and
those containing 20 to 25 mol percent MgCO, can exist at thermo-
dynamic equilibrium in natural waters. Pure, or nearly pure,
calcites (MgCO; < 1 percent) require solutions with extremely
low ayge+/ag, ratios in the aqueous phase to maintain thermo-
dynamic equilibrium.

2. Of the two groups of calcites that can exist at thermodynamic
equilibrium, only the low Mg—calcites can attain stable equilib-
rium. The 20 to 25 mol percent Mg—calcites achieve only meta-
stable equilibrium, as they require solutions that are super-
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Fig. 1. Plot of log ]xeq(‘() agamsl mole fraction MgCO,, (x), in magnesian calcites.

= q0—® B
Ke(x) = a Ca?* (aq )3 Mgzt . A= sCaq) at uoxchwmuuc saturation. Data for log

Keq(x) are revised slightly from Plummer and Mackenzie (1974); see footnote to table 1.

saturated with respect to calcite (or the low Mg-calcites) to sat-
isfy the IAP = K, (x) relation.

3. The shape of the curve in figure 2 (and in figs. 3 and 4) is af-
fected somewhat by the shape of the particular curve chosen to
fit the log K, (x) data in figure 1. The slope of the curve in figure
2 is given by

ZjlMr?f"‘(aq)
d log - stlog K
Ca*"(aq) _ og ”,(x)

X 0 X2

(33)

From figure 1, in the range 0 < x < 8 percent, 92 (log K, (x) )/0x? is large
and positive. In the 8 percent < x < 20 percent range, as we have drawn
the curve, 9*(log K. (x) )/dx? is small and negative; thus the corresponding
line in figure 2 has a slight negative slope. If the data in figure 1 were
fit with a straight line from 8 percent < x < 20 percent, the line in
figure 2 would be horizontal between these compositions. Finally, in the
20 percent < x < 28 percent range, 9% (log K. (x))/0x? is large and
negative, and the ayge , ,/Acee,, Show the corresponding pronounced
decrease. We have not attempted any detailed interpretation of the shape
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Fig. 2. Equilibrium ratios of a, o, Ao as a function of MgCO, content in
& 2 Eq Mg“'(aq)/ Ca*' caq) §

magnesian calcites. Log (a )) values are calculated from cq (29); sce
a

table 2. The aan"(aq)/aCilz*(aq)

cquilibrium (defined by BMECOg () = HMECOg (aq) and Bencog (g) = ﬂqﬂcoz(ﬂq}) between an
aqueous phase and magnesian calcites.

24 A~ 0
Mg“‘(aq)/ Cu®(y o -
values are those necesszn’y to maintai I,hCl’lllOdyllZlIlllC

TABLE 1
Estimated stability of Mg—calcites at 25°C and 1 atm total pressure

Composition pH* log K. ** AGo ik
CaCO; (calcite) 6.02 —8.426 —269.96
Cao. 050 Mg 0,02y CO;, 6.02 —8.47 —269.55
Ca.v10 Mg 0.0 GO 6.00 —8.54 —269.41
Ca .0y M .00y CO, 6.10 —8.31 —268.18
Ca(n,s-:m) I\Jg(u.un)coz; 6.24 —7.96 —266.87
Ca g o Mg .12 CO, 6.29 —7.84 —266.17
Ca .o Mg0.17 COy 6.14 —7.46 —264.42
Ca g,y Mg . 100 CO;, 6.49 —7.33 —263.94
Ca o.1ip Mg (0.21 CO;; 6.55 —7.19 —262.71
Ca.:50 Mg.2inCO; 6.55 —7.20 —262.53
Cam:zm)Mg(o. QAIT)CO:: 652 —729 —26211

* Estimated pH of solution at stoichiometric saturation with the given composi-
tion at 0.97 atm CO. from (Plummer and Mackenzie, 1974).

#%Taken to be log IAP, that is, (I—x)log A0z 0 + x log VPO
2% (a Mg (g

log a for the phase Ca(.y, Mg,CO, in solution at stoichiometric saturation.

CO3* (aq)
The composition of the solution at stoichiometric saturation was calculated from pH
and Pgo, using a simple iterative computer program. Activity coefficients of charged
species in aqueous solution were calculated using extended Debye-Hiickel expressions
and those for neutral species were calculated from the relation log v;° = 0.1T where
vi° is the activity coefficient of the ith neutral species, and I is ionic strength. The
following species were assumed present in aqueous solution: Ca®*, Mg?*, MgHCO,",
CaCO,°, MgCO,°, H,CO;* HCO,, CO,”, H*, and OH-. The CaHCO," pair was
ignored because of the uncertainties in the aqueous model (Jacobson and Langmuir,
1974; Plummer and Mackenzie, 1974). Sources of the equilibrium constants used are
as follows: MgHCO,* and MgCO.°, Siebert (ms); CaCO,°, Reardon and Langmuir
(1974); H,CO,* (that is, COunq + HzCO,°) and Henry's law constant for H,CO,*,
Harned and Davis (1943); HCO,", Harned and Scholes (1941); H,O, Helgeson (1969).

#®kk Calculated  from  log K.o(x) using AG°(Ca*,) = —132.30 kcal/mol,
AGe¢ (Mg ) = —108.70 kcal/mol (Parker, Wagman, and Evans, 1971), and
AG°(CO* ) = —126.17 kcal/mol (Wagman and others, 1968).
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of these curves because of the latitude available in fitting the original
data. However, any reasonable fit of the data in figure 1 must produce
results similar to those shown in our figure 2; that is, ayge . \/aca?(4q)
must achieve values in the range 10® to 10? for x = 10 percent and remain
very high until x = 20 percent, then decrease drastically.

Our interpretation of these data is that in the composition range 8
to 20 percent MgCOj,, which encompasses the majority of the magnesian
calcites (biogenic or inorganic) present at the Earth’s surface, the chem-
istry of the Mg—calcites will be determined entively by stoichiometric
saturation relations in the aqueous phase. The attainment of thermo-
dynamic equilibrium requires impossibly high Mg?+/Ca®*+ ratios in the
aqueous phase, and even if attained, it appears that there should be
little or no dependence of the composition of the solid phase on the
Mg2+/Ca?+ ratio in the aqueous phase.

Figure 3 depicts the solid phase activities and activity coefficients for
CaCO, and MgCO; as a function of Mg—content of the calcite, as pre-
dicted by eqgs (27) and (28). In the 0 to 8 mol percent MgCOj; range, the
activity coefficient for CaCOj;, Ag.cop can be approximated by regular
solution behavior (compare Garrels and Christ, p. 44-46), although
Mgoog shows extreme variation. In the 8 to 20 mol percent MgCO, range,
there is little or no dependence of the activity coefficients on the MgCO,
content of the solid phases. From 20 to 28 mol percent MgCO,, reciprocal
changes of about 10 orders of magnitude in both Ag,co, and Agcog are

log gj or log A;

0.00 0.05 0.10 0.15 0.20 0.25 0.30
MOLE FRACTION MgCO3

Fig. 3. Activities and activity cocflicients of the components CaCO, and MgCO,
in the magnesian calcites. Activities of CaCO; and MgCO, are calculated from egs
(27) and (28), respectively, using the data in table 1. Activity cocflicients are obtained
from the relation ); = a,/x;, where x; = mol fraction of component i in the solid
phasec.
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required, if thermodynamic equilibrium is to be maintained. We believe
that these data support the conclusions drawn from figure 2, namely that
only the low Mg-calcites can be expected to achieve thermodynamic
equilibrium with natural waters, whereas the high Mg-calcites are con-
trolled by stoichiometric saturation. The lack of changes in A’s in the
8 to 20 mol percent MgCO; range and the required order-of-magnitude
changes in A’s for 20 to 28 mol percent MgCOj; support the earlier con-
clusion that thermodynamic equilibrium is physically unrealistic.

We believe that the combined data of figures 2 and 3 support the

following conclusions:

1. The chemistry of Mg—calcites with 0 to 3 or 4 mol percent MgCO,
can be governed by thermodynamic equilibrium, and this, in
fact, will be stable equilibrium. The actual composition of the
low Mg—calcite at stable thermodynamic equilibrium depends
on K (x) and the composition of the aqueous phase as given by
eqs (14A), (14B), (21), (27), and (28).

2. In natural waters, the behavior of Mg—calcites with MgCO,; > 3
to 4 mol percent will be governed only by stoichiometric satura-
tion considerations.

A. In the range 4 to 8 percent, although (stable) thermodynamic
equilibrium is theoretically possible, it seems unrealistic, simply
on the basis of mass requirements, to expect significant forma-
tion of a mineral with > 90 percent CaCO, from solutions with
Mg?+ (nqy/Cazt g, > 100:1.

B. In the 8 to 28 mol percent MgCO, range, the physical condi-
tions required for maintenance of thermodynamic equilibrium
seem unrealistic, as discussed earlier.

STOICHIOMETRIC SATURATION AND MAGNESIAN CALCITES

If we accept the foregoing conclusions, we need to investigate the
implications of stoichiometric saturation for the behavior of the Mg-
calcites, and we need a convenient scheme for evaluating the MgCO,
content of a magnesian calcite at stoichiometric saturation with any
given solution. These relations can best be obtained by expressing the
equilibrium constants as functions of the ion activity product for Ca*+
and CO4*~ (4q), and the Mg?+,,/Ca*+,, ratio in the aqueous phase:

Kea(®) = a® 790 @argre ) 205 gy (21)

or
[ gy \ X
Ke‘l(x) = (Elcu‘n(aq) a((oas—mq)) L (34)
aC:\'—’*(aq)
or
Qg 1 log K., (x
log( —00 ) = L (10g TAP, ) + 108Kl g5
X X

ac“"'+(:1t';1)

Eq (85) is interpreted as follows: For any given value of x, that is, for
a particular Mg-calcite, the condition of stoichiometric saturation can be
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and ayge ., the

satisfied by many combinations of ag.x(,,) 2c0s2(aqy
only constraint being that eq (21) must be satisfied.

Eq (85) shows that solutions satisfying this constraint will plot as a
line with slope of — 1/x on a graph of log aype- /acw(aq) versus
IAPculcite-

A series of such lines for various values of x (for various Mg-calcites)
is plotted in figure 4. The composition of Mg-calcite at stoichiometric
saturation with a given solution may be estimated from figure 4 by
simply locating the point on the diagram representing the solution com-
position; the composition of the corresponding Mg—calcite will be given
by the line passing through that point.

For any given Mg-calcite (any line in fig. 4), there will be one
particular solution that is at thermodynamic equilibrium, as well as
stoichiometric saturation. This point can be found by using the solid
phase activities (from fig. 3) and the relations

(aq)

aC:x“(aq) aCOgﬂ_(aq) = (I<(‘(ll(.‘it€) (aCﬂCO3(S))’ (14A)
and
a‘Mgﬁ"(aq) aCOgﬁﬁ(aq) = (I{muguesit«-) (aMgCO3(s’)' (14B)

The major conclusion to be drawn from figure 4 is that even allow-
ing for a variation of 10* in the Mg?+ ,,/Ca?t ,,, ratio of natural waters
(from 0.01 to 100), the primary factor governing the Mg-content of the
magnesian calcites with x > 0.05 is the activity product of Ca?*,, and
CO42~ (4q)- If stoichiometric saturation controls the chemistry of mag-
nesian calcites in seawater, with its constant ratio of Mg?¥ (,q)/Ca%* (54,
the Mg content of the calcites at 25°C should be determined solely by
the degree of supersaturation of the water with respect to calcite.

A large literature that deals in some way with the stability of mag-
nesian calcites (Chave and others, 1962; Jansen and Kitano, 1963; Berner,
1967 and 1975; Lerman, 1965; Weyl, 1965; Land, 1967; Winland, 1969;
Barnes and O’Neil, 1971; Katz, 1973; Plummer and Mackenzie, 1974;
Moller and Parekh, 1975) has accumulated over the past 15 yrs. Many
of these studies have focused on the relative stability differences among
calcite, aragonite, and magnesian calcites. Few have attempted to de-
termine the thermodynamic properties of the magnesian calcite solid
solution. Lerman (1965), using a [ree energy mixing model, extrapolated
high temperature (400°C) magnesian calcite stability data to 25°C and
found large departures from stable solid solutions at low temperatures.
Plummer and Mackenzie (1974) assumed their stoichiometric saturation
data represented thermodynamic equilibrium and obtained results less
stable than Lerman’s. The solid phase activities and activity coefficients
of CaCO, and MgCOy calculated using the thermodynamic theory of this
paper and the stoichiometric saturation data of Plummer and Mackenzie
(1974) indicate that most magnesian calcites at 25°C are far more non-
ideal than has been previously recognized. Although the computed values
of Argcoz and Acqcog in the solid are very large, they find some support in
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stoichiometric saturation with magnesian calcites of various compositions. Each line
on the diagram represents the range of Ca*,,,, Mg* wy, and CO.* g ] ac.tivilies that
satisfy the equation K (x) = a®—» ] for the indicated valuc

) for solutions at

Ca2+ at e Aeyya2-

Ca¥ gy MET ()T €037 (ag)
of x. Lines were computed from eq (85). The point on each line at which the solution
is at thermodynamic equilibrium with the Mg-calcite is shown; these points were
obtained from the data of table 2. Numbers used in labeling lines and points represent
the mol fraction MgCO, in the magnesian calcites.

the coprecipitation data on Sr2t+ in calcite obtained by Kinsman and
Holland (1969). Kinsman and Holland assumed the coprecipitation rep-
resented thermodynamic equilibrium and obtained a Ag.coy of 70. The
composition of the calcite to which this value of Ag.co, corresponds is
unclear but is presumably less than 1 mol percent SrCO;. Our data in-
dicate a comparable value for magnesium in calcite, that is, Ayeco, = 100,
at about 4 mol percent MgCO,.

SUMMARY AND CONCLUSIONS

1. The thermodynamic relations at 25°C and 1 atm total pressure
for binary solid solution compounds at equilibrium with an aqueous
phase have been presented. If, as is generally the case at 25°C, changes
in composition of the solid phase are very slow, the assumption of ther-
modynamic equilibrium in experimental work is almost certainly invalid,
and it is questionable in many natural environments. Under these con-
ditions, the behavior of the solid phases must be interpreted on the basis
of stoichiometric saturation.
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2. A method has been derived for determining the thermodynamic
characteristics of binary solids, if stoichiometric saturation data are avail-
able as a function of solid phase composition.

8. Using this method, the solid phase activities of the components
CaCO, and MgCO, in magnesian calcites have been determined.

4. We have demonstrated that in natural waters, thermodynamic
equilibrium can control the Mg—calcites with < 5 mol percent MgCOs.
The occurrence of other compositions is governed by stoichiometric
saturation, which is a kinetic state.

5. In nearly all natural waters, the most important factor governing
the chemistry of the magnesian calcites is the activity product (acy(,,,)
(2c0g7—(oy,) Tather than the Mg*+,,,/Ca** ) ratio in the aqueous phase.

ACKNOWLEDGMENTS

We thank M. J. Holdaway, G. M. Lafon, and T. M. L. Wigley for
a great deal of discussion (and argument) during the course of the re-
search. T. M. L. Wigley also reviewed an earlier version of the manu-
script, checked our mathematical derivations, and improved them con-
siderably.

We thank R. A. Berner and B. F. Jones for critically reviewing the

manuscript.
REFERENCES

Barnes, Ivan, and O’Ncil, J. R., 1971, Calcium-magnesium carbonate solid solutions
from Holocene conglomerate cements and travertines in the Coast Range of Cali-
fornia: Geochim. et Cosmochim. Acta, v. 35, p. 699-718.

Bathurst, R. G. C., 1971, Carbonate sediments and their diagenesis: Amsterdam and
New Yok, Elsevier, 620 p.

Bencini, A., and Turi, A., 1974, Mn distribution in the Mesozoic carbonate rocks from
Lima Valley, Northern Apennines: Jour. Sed. Petrology, v. 44, p. 774-782.

Benson, L. V., 1974, Transformation of a polyphase sedimentary assemblage into a
single phase rock: a chemical approach: Jour. Sed. Petrology, v. 44, p. 123-135.

Benson, L. V., Achauer, C. W., and Mathews, R. K., 1972, Electron microprobe analyses
of magnesium and iron distribution in carbonate cements and recrystallized sedi-
ment grains from ancient carbonate rocks: Jour. Sed. Petrology, v. 42, p. 803-811.

Berner, R. A., 1967, Comparative dissolution characteristics of carbonate minerals in
lhe7 presence and absence of aqueous magnesium ion: Am. Jour. Sci., v. 265, p.
45-70.

1975, The role of magnesium in the crystal growth of calcite and aragonite

from sea water: Geochim. et Cosmochim. Acta, v. 39, p. 489-504.

Bricker, O. P., ed., 1971, Carbonate Cements: Baltimore, Md., Johns Hopkins Press, 376 p.

Chave, K. E., Defleyes, K. S., Weyl, P. K., Garrels, R. M., and Thompson, M. E., 1962,
Observations on the solubility of skeletal carbonates in aqueous solutions: Science,
v. 137, p. 33-34.

Christ, C. L., and Hostetler, P. B, 1970, Studies in the system MgO-Si0,~CO.,~-H,O
(II): The activity-product constant of magnesite: Am. Jour. Sci., v. 268, p. 439-453.

Denbigh, K., 1968, The Principles of Chemical Equilibrium, 2d ed.: Cambridge, England,
Cambridge Univ. Press, 494 p.

Folk, R. L., 1974, The natural history of crystalline calcium carbonate: Effect of
magnesium content and salinity: Jour. Sed. Petrology, v. 44, p. 40-53.

Folk, R. L., and Land, L. S., 1975, Mg/Ca ratio and salinity: Two controls over crystalli-
zation of dolomite: Am. Assoc. Petroleum Geologists Bull., v. 59, p. 60-68.

Garrels, R. M., and Christ, C. L., 1965, Solutions, Minerals, and Equilibria: New York,
Harper and Row, 456 p.

Gibbs, J. W., 1876, 1878, On the equilibrium of heterogeneous substances: Conn.
Acad. Trans., v. III, p. 108-248, p. 343-524 (in The Scientific Papers of J. Willard
Gibbs: N.Y., Dover Pub., Inc., 1961, p. 79-82).




for two-component solids reacting with fixed composition 1223

Harned, H. S., and Davis, R., Jr., 1943, The ionization constant of carbonic acid in
water and the solubility of carbon dioxide in water and aqueous salt solutions
from 0 to 50°: Am. Chem. Soc. Jour., v. 65, p. 2030-2037.

Harned, H. S., and Scholes, S. R., Jr., 1941, The ionization constant of HCO,;- from
0 to 50°: Am. Chem. Soc. Jour., v. 63, p. 1706-1709.

Helgeson, H. C., 1969, Thermodynamics of hydrothermal systems at elevated tempera-
tures and pressures: Am. Jour. Sci., v. 267, p. 729-804.

Jacobson, R. L., and Langmuir ,D., 1974, Dissociation constants of calcite and
CaHCO;* from 0 to 50°C: Geochim. et Cosmochim. Acta, v. 38, p- 301-318.

Jansen, J. F., and Kitano, Y., 1963, 'The resistance of rccent marine carbonate cements
to solution: Oceanog. Soc. Japan Jour., v. 18, p. 42-53.

Katz, A., 1973, The interaction of magnesium with calcite during crystal growth at 25
to 90°C and one atmosphere: Geochim. et Cosmochim. Acta, v. 37, p. 1563-1586.

Katz, A., Sass, E., Starinsky, A., and Holland, H. D., 1972, Strontium bchavior in the
aragonite-calcite transformation: an cxperimental study at 40-98°C: Geochim. et
Cosmochim. Acta, v. 36, p. 481-496.

Kinsman, D. J. J., 1969, Interpretation of Si** concentrations in carbonate minerals
and rocks: Jour. Sed. Petrology, v. 39, p. 486-508.

Kinsman, D. J. J., and Holland, H. D., 1969, The co-precipitation of cations with
CaCO;-1V. The coprecipitation of Sr** with aragonite between 16 and 96°C:
Geochim. et Cosmochim. Acta, v. 33, p. 1-17.

Land, L. S., 1967, Diagenesis of skeletal carbonates: Jour. Sed. Petrology, v. 37, p.
914-930.

Lerman, A., 1965, Paleoecological problems of Mg and Sr in biogenic calcites in light
of recent thermodynamic data: Geochim. et Cosmochim. Acta., v. 29, p. 977-1002.

Lippman, Friedrich, 1973, Sedimentary Carbonate Minerals: New York, Springer-Verlag,
228 p.

Meyers, IW. J., 1974, Carbonate cement stratigraphy of the Lake Valley Formation
(Mississippian) Sacramento Mountains, New Mexico: Jour. Sed. Petrology, v. 44,

. 837-861.

MilliI?nan, J. D., 1974, Marine Carbonates, Part 1, Recent Sedimentary Carbonates:
New York, Springer-Verlag, 375 p.

Méller, P., and Parckh, P. P., 1975, Influence of magnesium on the ion-activity product
of calcium and carbonate dissolved in scawater: a new approach: Marine Chemistry,
v. 8, p. 63-77.

Nash, A.p]., and Pittman, E. D., 1975, Ferro-magnesian calcite cement in sandstones:
Jour. Sed. Petrology, v. 45, p. 258-265.

Parker, V. B., Wagman, D. D., and Evans, W. H., 1971, Selected values of chemical
thermodynamic properties, Part 6: Natl. Bur. Standards Tech. Note 270-6, 106 p.

Plummer, L. N., and Mackenzie, ¥. T., 1974, Predicting mineral solubility from rate
data: application to the dissolution of magnesian calcites: Am. Jour. Sci., v. 274,

. 61-83.

Rem%on, E. J., and Langmuir, D., 1974, Thermodynamic properties of the ion pairs
MgCO°; and CaCO°, from 10 to 50°C: Am. Jour. Sci., v. 274, p. 599-612.

Siebert, R. M., ms, 1974, The stability of MgHCO,* and MgCO,° from 10°C to 90°C:
Ph.D. dissert., Univ. Missouri.

Veizer, J., and Demovic, R., 1974, Strontium as a tool in facies analysis: Jour. Sed.
Petrology, v. 44, p. 93-115.

Wagman, D. D., Evans, W. H., Parker, V. B., Halow, 1., Bailey, S. M., and Schumm,
R. H., 1968, Selected values of chemical thermodynamic properties, part 3: Natl.
Bur. Standards Tech. Note 270-3, 264 p.

Weber, J., 1973, Temperature dependence of magnesium in echinoid and asteroid
skeletal calcite: A reinterpretation of its significance: Jour. Geology, v. 81, p.
543-5506.

Weyl, P. K., 1965, The solution behavior of carbonate materials in scawater: Internat.
Conf. Tropical Oceanography, Univ. Miami, Proc., p. 178-228.

White, A. F., ms, 1975, Sodium and potassium coprecipitation in calcium carbonate:
Ph.D. dissert., Northwestern Univ.

Winland, H. D., 1969, Stability of calcium carbonate polymorphs in warm, shallow
seawater: Jour. Sed. Petrology, v. 39, p. 1579-1587.





