Clays and Clay Minerals, Vol. 31, No. 3, 207-217, 1983.

ACTIVITY/COMPOSITION RELATIONS AMONG SILICATES
AND AQUEOUS SOLUTIONS: II. CHEMICAL AND
THERMODYNAMIC CONSEQUENCES OF IDEAL MIXING OF
ATOMS ON HOMOLOGICAL SITES IN MONTMORILLONITES,
ILLITES, AND MIXED-LAYER CLAYS
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Abstract—The activities of thermodynamic components of clay minerals corresponding in composition to
pyrophyllite, muscovite, paragonite, and margarite were computed from chemical analyses reported in the
literature assuming ideal mixing of atoms on homological sites in the minerals. These activities were then
used to generate stability fields for smectites, illites, and mixed-layer clays on logarithmic activity diagrams
representing equilibrium among minerals and aqueous solutions at 25°C and 1 bar. Comparative analysis
indicates that the approach affords close approximation of both mineral and water compositions in geologic

systems.
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INTRODUCTION

Logarithmic activity diagrams have been used exten-
sively to interpret the chemistry of aqueous solutions
coexisting with mineral assemblages in geologic envi-
ronments. However, nonstoichiometric minerals such
as illite and montmorillonite are commonly represented
in these diagrams by either hypothetical end mémbers
or pseudostoichiometric analogs of natural solid solu-
tions with specified compositions and discrete, stan-
dard molal Gibbs free energies of formation. The ideal-
ized stoichiometry assigned to these minerals dictates
the intercepts and slopes of their stability field bound-
aries on activity diagrams, but the compositions of the
minerals rarely coincide with those of their natural
counterparts. As a consequence, the diagrams may be
both unrealistic and misleading.

Although standard molal Gibbs free energies of for-
mation from the elements for nonstoichiometric min-
erals with specified compositions have been measured
experimentally (e.g., Kittrick, 1971; Routson and Kit-
trick, 1971) and estimated from cation-exchange data,
water compositions, and corresponding states algo-
rithms (e.g., Helgeson, 1969; Tardy and Garrels, 1974;
Nriagu, 1975; Mattigod and Sposito, 1978; Merino and
Ransom, 1982), they are hardly representative of the
wide spectrum of mineral compositions observed in na-
ture, and in many instances their reliability is open to
serious question. For example, R. M. Garrels (Depart-
ment of Marine Science, University of South Florida,
St. Petersburg, Florida, written communication, 1982)
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calculates that if an ideal solid solution consisting of 50
mole percent each of components designated by AX and
BX dissolves in H,O until it reaches stoichiometric sat-
uration, and if the equilibrium constants for AX =
At + X~ and BX = B+ + X~ differ by two orders of
magnitude, the absolute error associated with assuming
that equilibrium has been achieved between A, ;B, ;X
and the aqueous phase is of the order of 2.5 kcal/mole.

The limited utility of assigning standard molal Gibbs
free energies of formation to solid solutions with given
compositions is underscored by the fact that it would
take an enormous number of such data to represent ad-
equately the thermodynamic behavior of minerals of
variable composition in geochemical processes. In con-
trast, mixing equations which take explicit account of
both independent and coupled compositional variation
on tetrahedral, octahedral, and exchange sites in min-
erals afford generality and allow accurate depiction on
two-dimensional activity diagrams of the relative sta-
bilities of naturally occurring multi-component min-
erals of highly variable composition (Helgeson and Aa-
gaard, 1984j. The purpose of the present communication
is to demonstrate the advantages of this approach by
generating activity diagrams with the aid of random
mixing approximations for equal interaction of cations
on equivalent structural sites in illites, montmorillon-
ites, and mixed-layer clays.

MIXED-LAYER CLAYS

Considerable evidence has accumulated in recent
years suggesting that mixed-layer clays are not contin-
uous solid solutions, but mixtures of dioctahedral phas-
es, which themselves may exhibit only slight compo-
sitional variation. Perhaps the most compelling evidence
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of this kind can be adduced by comparing the distri-
bution and character of authigenic illite and smectite in
sandstones and shales. Discrete grains of authigenic il-
lite and smectite (which may or may not contain illite
interlayers) commonly occur in sandstones, where the
illite bridges pore spaces and the smectite lines the walls
of the pores (Wilson and Pittman, 1977; Welton, 1980).
In contrast, authigenic illite and smectite are intimately
interlayered in shales, which exhibit random intrastra-
tification ranging from ~35 to 100% montmorillonite
(Reynolds and Hower, 1970; Perry and Hower, 1970).
With increasing depth and temperature, the smectite in-
terlayers react with K-feldspar and/or muscovite to
produce progressively more illitic mixed-layer clays
(Perry and Hower, 1970; Hower et al., 1976). Under
certain circumstances, extensive solid solution may oc-
cur in the smectite layers of mixed-layer clays, which
may or may not be related to solid solution in the illitic
layers (Velde, 1977). The discrete distribution, and par-
ticularly the selective reaction of the smectite interlay-
ers on a scale of tens of Angstrom units in shales suggest
that at least in these cases the mixed-layer clays behave
as mixtures of phases, rather than solid solutions.

Despite the fact that the field and laboratory evidence
adduced above indicate that mixed-layer clays com-
monly behave as polyphase aggregates, under other cir-
cumstances they may behave as solid solutions (Zen,
1962; Velde, 1977). For example, the latter behavior
might occur in the absence of K-feldspar or K-mica (see
above) if the smectite and illite interlayers exhibit a ho-
mogeneous distribution with a stacking periodicity of
the order of 10-50 A or less. Because ultrafine interlay-
ering on the scale of unit-cell dimensions is common in
both shales and hydrothermal alteration zones (Page,
1977; Sudo et al., 1981), it seems desirable to explore
the thermodynamic consequences of compositional
variation in clay minerals by first treating mixed-layer
clays as though they behave as solid solutions. The sol-
id solution model can then be compared with the ther-
modynamic consequences of regarding mixed-layer
clays as polyphase aggregates to determine which ap-
proach better describes the behavior of the clays in geo-
chemical processes.

Truesdell and Christ (1968) and Stoessell (1979, 1981)
adopted regular solution models to calculate the ther-
modynamic consequences of compositional variation
in montmorillonites and illites, respectively. In con-
trast, Helgeson and MacKenzie (1970) and Tardy and
Fritz (1981) regarded clay minerals as ideal solutions of
thermodynamic components. An alternate frame of ref-
erence can be established to calculate the thermody-
namic properties of clay minerals by assuming ideal
mixing of atoms on equivalent structural sites in the
minerals, which is the approach taken below. Local
equilibrium constraints imposed by immiscibility in
mixed-layer clays will be the subject of a subsequent
communication.
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Figure 1. Compositions of clay minerals considered in the
present study. The symbols represent data reported by Hower
and Mowatt (1966), Schultz (1969), and Weaver and Pollard
(1973).

COMPOSITIONAL VARIATION AND
SUBSTITUTIONAL ORDER/DISORDER
IN CLAY MINERALS

The thermodynamic consequences of preferential site
occupancy and mixing of atoms on crystallographic sites
in clay minerals can be assessed by first computing site
populations from chemical analyses of naturally occur-
ring clay minerals reported in the literature (see below).
A number of clay mineral compositions are shown in
Figure 1. For the most part the three types of clay min-
erals shown in the figure exhibit relatively discrete
compositional ranges which are contiguous in the se-
quence montmorillonite, mixed-layer. clay, illite. Al-
though the continuity of this sequence is not diagnostic
with respect to whether mixed-layer clays consist of one
or more phases (Zen, 1962), montmorillonites, mixed-
layer clays, and illites can be regarded for the purpose
of demonstrating the consequences of ideal mixing of
atoms on homological sites in clay minerals as members
of a continuous solid solution series.

Mossbauer data for illites and montmorillonites
(Coey, 1975; Ericsson et al., 1977) indicate that in most
dioctahedral clay minerals formed at or near 25°C the
tetrahedral layers are completely disordered. X-ray
powder and electron diffraction data indicate that the
aluminum-oxygen and silicon-oxygen bond lengths in
2M mica components other than margarite, which ex-
hibits complete tetrahedral order consistent with the
aluminum avoidance principle (Guggenheim and Bai-
ley, 1975), are all essentially equivalent (Zvyagin, 1967,
Burnham and Radoslovich, 1964). This observation
suggests nearly complete tetrahedral disorder. Gati-
neau’s (1964) arguments in favor of short-range tetra-
hedral order in layer silicates lead to inconsistencies with
the aluminum avoidance principle. In addition, the ide-
al space groups of the 1M polytypes rule out tetrahedral
order in celadonite and other 1M mica components.
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Figure 2. Site occupancy of aluminum in the clay minerals
- shown in Figure 1. The dashed lines designate limiting values
of X a1 retranearal @0d X a1 octanedrar defined by the distribution of
the data for illites, montmorillonites, and mixed-layer clays
(see text).
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The observations summarized above are consistent
with conclusions reached from structure refinements of
layer silicates by Smith and Yoder (1956), Zvyagin
(1967), and others. Although Bailey (1975) questioned
the validity of using ideal space groups in these struc-
ture refinements (and suggested that tetrahedral order
may be more prevalent than previous studies indicate),
it nevertheless appears reasonable to assume on the ba-
sis of all the various data currently available that in most
cases tetrahedral disorder prevails in low-temperature
layer silicates other than margarite and rare polytypes
such as phengite 2M, and muscovite 37. This assump-
tion is consistent with relatively rapid formation of the
layer silicates in a metastable state of disorder.

Mossbauer data and structure refinements indicate
that of the three octahedral sites in layer silicates, the
M(2) sites are homological, or nearly so. The M(1) sites
are essentially vacant in the dioctahedral micas, but the
M(2) sites in these minerals are completely filled. Rel-
atively few spectral and/or structural data are available
for clay minerals which can be used to calculate un-
ambiguously site occupancies in montmorillonites, il-
lites, and mixed-layer clays. As a consequence, site oc-
cupancies must usually be estimated from compositional
data and idealized structural formulae. Site occupan-
cies in the clay minerals considered in the present study
were taken from Hower and Mowatt (1966), Schultz
(1969), and Weaver and Pollard (1973), who calculated
the distribution of atoms among the exchange, octa-
hedral, and tetrahedral sites from analytical data using
the equations and approach summarized by Ross and
Hendricks (1945) and Brown and Norrish (1952). In-
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dependently determined cation-exchange capacities
were taken into account in the calculations of ex-
change-site occupancies. In this way, ambiguities in the
total site occupancy of the octahedral and tetrahedral
layers (Hower and Mowatt, 1966) were minimized. Al-
though a recent Méssbauer study of clay minerals in-
dicates that Fe’* may enter into tetrahedral coordina-
tion in montmorillonite (Ericsson et al., 1977), all Fe®*
was assigned by Hower and Mowatt (1966), Schultz
(1969), and Weaver and Pollard (1973) to the octahedral
layers. Errors arising from omitting provision for tet-
rahedral Fe3* introduce negligible uncertainties in the
calculations presented below. Similarly, discrepancies
introduced by slight partitioning of Fe®** on the M(1)
sites in montmorillonite (Ericsson et al., 1977) have only
a minor effect on the thermodynamic behavior of the
mineral.

Several criteria were used in the present study to se-
lect the most reliable computed site populations from
among the many reported in the literature. Only those
samples for which the weight percent of both FeO and
Fe,0; are given were accepted, and of these, only those
for which the weight percent oxides sum to 100 = 3 were
considered sufficiently well characterized for thermo-
dynamic analysis. Total octahedral occupancy per gram
formula unit was restricted to a range of 1.9 to 2.1 for
illites and 1.95 to 2.05 for montmorillonites and mixed-
layer clays. Illites were distinguished from montmoril-
lonites and mixed-layer clays according to the percent
expandable layers, which was taken to be <10 for il-
lites, 10-65 for mixed-layer clays, and >65 for mont-
morillonites. The cation-exchange capacities of the
montmorillonites considered in the present study are
>90 meq/100 g.

Of the samples for which site occupancies were com-
puted by Hower and Mowatt (1966), Schultz (1969), and
Weaver and Pollard (1973), 65 ‘‘representative’’ clay
minerals met the criteria summarized above. These
consist of 15 illites, 30 montmorillonites, and 20 illite/
montmorillonite mixed-layer clays from a variety of
geologic formations in various parts of the world rang-
ing in age from the Paleozoic to Recent. Nevertheless,
it can be seen in Figure 2 that all of the dioctahedral
clay minerals can be characterized by assessing the dis-
tribution of AP among the octahedral and tetrahedral
sites. Note that tetrahedral site occupancy alone suf-
fices to distinguish unambiguously montmorillonites
from illites. Distinctions of this kind are also manifested
by the activities of the thermodynamic components of
clay minerals.

CALCULATION OF THE ACTIVITIES
OF THE THERMODYNAMIC
COMPONENTS OF CLAY MINERALS

The activity of the ith thermodynamic component of
a solid solution (a;) can be computed from (Helgeson
and Aagaard, 1984)
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a =Kk; H H a; ¢ = k1H ]:[ (Xj,s }\j’s)”m.i’ (1)

where k; represents a constant relating the inter- and
intracrystalline standard states for the ith component
(which may be temperature and/or pressure depen-
dent), a; ;, \; ,, and X; ; stand for the activity, activity
coefficient, and mole fraction of the jth atom on the
sth homological sites in the solid solution, and v, ;;
refers to the stoichiometric number of these sites
occupied by the jth atom in one mole of the ith
component. If we now adopt an intracrystalline stan-

dard state for which [] [T ais™ =[] [ Xs.s.s"* as
s d s J

the mole fraction of the ith component of the solid
solution approaches unity at any pressure and tem-
perature, and specify an intercrystalline standard
state calling for unit activity of the pure thermody-
namic component in any specified state of substi-
tutional order/disorder at a given pressure and tem-
perature, k; can be expressed as (Helgeson and
Aagaard, 1984)

k; = ]._.[ H Xi,s,i_u"j"’ (2)
s 4
where X, , ; represents the mole fraction of the jth
atom on the sth sites in one mole of the ith ther-
modynamic component. If, in addition, all of the
atoms mix ideally on the respective sites represented
by s so that [T [] Ass™ = 1, Eq. (1) reduces to
s j

a; =k H H X, 5"t
s J

Note that only for a perfectly ordered component does
ki = 1.

Activities of thermodynamic components corre-
sponding in stoichiometry to pyrophyllite, margarite,
paragonite, and muscovite (henceforth referred to as
the pyrophyllite, margarite, paragonite, and muscovite
components) computed from Egs. (2) and (3) for the
clay minerals discussed above are depicted in Figures
3 through 7. The specific statements of Eq. (3) are given
by

3

A ALSI,0,(0W), = Ky (Xv, A )(Xarm)*Xsi,)?, 4)

A CaAl(ALSI,0,(0H), = kz(XCa,A)(XAl,M(Z))2(XAl,Tl)Z’(Xsmz)z,

®)]
ANaAL(AISI;0,X0H), = K3(Xva, a)(Xarm)* Xar, ) Xsr 1)
(6)
and
AR AL(AISL0,)O0H), = KXk, )X a2 X)Xy, r),
™

where Xy, 4 stands for the mole fraction of vacancies (V)
on the A (exchange) sites, Xca.a, Xna.a and X 5 refer
to the corresponding mole fractions of Ca, Na, and K
on the A sites, Xy, Xavm, Xsirr Xsir,, and Xaiue
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Figure 3. Correlation of the activities of the pyrophyllite

component of the clay minerals shown in Figure 1 with the
mole fraction of aluminum on the tetrahedral sites in the min-
erals (see text).

denote the mole fractions of Al and Si on the tetrahedral
(T or T, and T,) and M(2) octahedral sites, and k; =
k; = 1 and k; = kg = 9.4815. The calculations were
carried out for each of the 65 clay minerals by substi-
tuting in these equations the site occupancies cited
above. For example, one of the Wyoming montmo-
rillonites with the composition (Nag 47K 0:15Ca0.01)
(Al 5,Mgy 26F € 0.10F €34 10)(Aly, 1453 46) O1o(OH), yields

Axarcais,opom, = 9-4815(0.015)(1.54/2)2(0. 14/4)(3.86/4)*

= 0.00265 3
and
Aarsioqom, = 0.505(1.54/2)%(3.86/4)*
= 0.2597. &)

The dependence of the activities of the pyrophyllite
and muscovite components of clay minerals on the mole
fraction of aluminum on the tetrahedral sites in the min-
erals is depicted in Figures 3 and 4. Although the sym-
bols representing the various clay minerals in these fig-
ures are somewhat scattered (owing to the dependence
of the activities on other site occupancies), in both cases
they fall within discrete ranges (delimited by the dashed
lines) which trend toward increasing @ a1,aisisomxom. and
decreasing a 1,s10i00m, With increasing X, r.

It can be seen in the activity diagram shown in Figure
5 that the calculated activities of the pyrophyllite and
muscovite components of montmorillonites, mixed-
layer clays, and illites fall into discrete contiguous fields
which exhibit a systematic trend as a function of log
a ALsiom0m. ANd 108 Axkaicalsisonxom.. 1IN contrast, no
monotonic trend is apparent in the distribution of the
fields shown in Figures 6 and 7, where 10g @ ais1,0,001.
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Figure 4. Correlation of the activities of the muscovite com- LOG ONGAIZ(AiSig,)OiO(OH)Z

ponent of the clay minerals shown in Figure 1 with the mole
fraction of aluminum on the tetrahedral sites in the minerals
(see text).

in the clay minerals is shown as a function of log
ANaalAlsizoom, aNd 108 acaalansko00m.. NO mixed-
layer clays appear in Figure 7 because the mixed-layer
samples considered in the present study contain little
or no Ca. Although dashed lines are used to delimit the
fields corresponding to the various groups of clay min-
erals in Figures 5-7, the lines separating the fields are
not meant to represent the coexistence of two phases.
The boundaries of the fields merely designate limiting
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Figure 5. Correlation of the activities of the pyrophyilite and
muscovite components of the clay minerals shown in Figures
1 and 2 computed from Egs. (4) and (7) using site populations
reported in the literature (see text). The dashed lines corre-
spond to limits defined by the compositional data in Figure 1
for illites, montmorillonites, and mixed-layer clays.
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Figure 6. Correlation of the activities of the pyrophyllite and
paragonite components of the clay minerals shown in Figures
1 and 2 computed from Eqs. (4) and (6) using site populations
reported in the literature (see text).

activities of the thermodynamic components of the sol-
id solutions referred to as illite, montmorillonite, and
illite/montmorillonite mixed-layer clay. In this context
they are used below together with the systematic trend
of the fields in Figure 5 to delimit the stability fields of
the various clay minerals on logarithmic activity dia-
grams depicting phase relations in the system K,O-
Na,0-Ca0-MgO-FeO-Fe,05-Al,0,-Si0,-HCI-H,0.
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Figure 7. Correlation of the activities of the pyrophyllite and
margarite components of the clay minerals shown in Figures
1 and 2 computed from Egs. (4) and (5) using site populations
reported in the literature (see text).
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Figure 8. Logarithmic activity diagram depicting equilibrium
phase relations among clay minerals and an aqueous solution
at 25°C, 1 bar, and unit activity of H,O (see text and caption
of Figure 9).

ACTIVITY DIAGRAMS REPRESENTING
EQUILIBRIUM AMONG CLAY MINERAL
SOLID SOLUTIONS AND AN
AQUEOUS PHASE

The activities of the thermodynamic components of
clay minerals computed above, together with thermo-
dynamic data for stoichiometric minerals and aqueous
species taken from Helgeson et al. (1978) and Helgeson
et al. (1981) were used to generate activity diagrams
depicting stability fields of clay mineral solid solutions
at 25°C, 1 bar, and unity activity of H,O. The thermo-
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Figure9. Logarithmic activity diagram depicting equilibrium
phase relations among stoichiometric minerals in the system
K,0-Al,05-Si0,-HCI-H,O at 25°C, 1 bar, and unit activity of
H,O generated from thermodynamic data given by Helgeson
et al. (1978) and Helgeson et al. (1981). The dashed lines in
diagrams A and B, respectively, correspond to contours of log
A KALALSOex0m, AN 10 @ assis0,0m, iRt clay mineral solid so-
lutions (see text).
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Figure 10. Composite activity diagram generated by super-
imposing diagrams A and B in Figure 9. Line NN’ is explained
in the text.

dynamic relations and procedure involved in construct-
ing such diagrams have been discussed in detail by Gar-
rels and Christ (1965), Helgeson et al. (1969), and others.
Equilibrium phase relations among gibbsite, kaolin-
ite, clay minerals, and an aqueous solution are depicted
in Figure 8, which was generated using the dashed
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Figure 11. Logarithmic activity diagram depicting equilib-

rium phase relations among clay mineral solid solutions, stoi-
chiometric minerals, and an aqueous solution at 25°C, 1 bar,
and unit activity of H,O. The positions of the stability field
boundaries were computed from thermodynamic data taken
from the sources cited in the caption of Figure 9 (see text).
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Figure 12. Three-dimensional logarithmic activity diagram
for the system represented in two dimensions in Figure 11 (see
text and caption of Figure 11).

boundaries in Figure 5 to distinguish among the various
classes of clay minerals. The overlapping stability fields
in Figure 8 arise from the fact that only one of the ther-
modynamic components of the clay minerals (the py-
rophyllite component) is considered explicitly in the
diagram. If both aasi,0i0m, aNd @xaLals, om0, aT€
taken into account, the overlap in the stability fields of
the clay minerals disappears.

Equilibrium among a clay mineral solid solution, an
aqueous solution, and kaolinite can be represented by

Al,Si,0,,(OH), + H,0 = ALSi,0;(0H), + 28i0,(aq).

(109
Hence, for unit activity of AlLSi,O,(OH), and H,O,
log aaysi,0,00m, = 2108 agio e — log K 1y

where K refers to the equilibrium constant for reaction
(10). 1t thus follows that any change in the activity
of the pyrophyllite component of clay minerals in
equilibrium with kaolinite is proportional to the
change in the activity of aqueous silica in the coex-
isting aqueous solution. Similarly, because for the
same equilibrium state,

2K AL(A1Si;O0,,)(OH), + 2H* + 3H,O

= 3AL,Si,0,(OH), + 2K*, (12)
it follows that
log axayasio00m, = loglax/ay) — 0.5log K, (13)

which requires changes in the activity of the musco-
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Figure 13. Correlation of log(ak./ay,) and log asig,ue in in-

terstitial waters in soils and sediments (symbols) with equilib-
rium phase relations among clay minerals, metastable disor-
dered K-feldspar, and an aqueous solution at 25°C, 1 bar, and
unit activity of H,O (see text). The stability field boundaries
were generated using thermodynamic data taken from the
sources cited in the caption of Figure 9.

vite component of clay minerals to be proportional
to corresponding changes in ay-/ay+ in the aqueous
phase. In all cases, the activities of the pyrophyllite,
muscovite, and other components of the clay min-
erals can be cast in terms of the activities of SiO,(aq)
and the cations in the coexisting aqueous phase. The
geometric consequences of these relations are shown
in the logarithmic activity diagrams depicted in Fig-
ures 9 and 10. Contours of agaasi,o0m, and
@ a1si,0,,(0m,» T€SPeCtively, are shown in Figures 9A and
9B, whch are superimposed in Figure 10. Line NN’
in Figure 10 designates log(ax+/ay+) and log agioaq
in aqueous solutions coexisting with clay minerals
in which log((axaycarsi,o,nom ) (2aLsi,000m,)?) is con-
stant, which is consistent with

2K AL(AISi;0,,)(OH), + 2H* + 6SiOy(aq)

= 3AL,Si,0,,(OH), + 2K+, (14)
for which
log(ag-/ays) = 10g axayaisy,o,0m,
— 1.5 log Q A1,8i,0,(0H), )
— 3 log asio e — 0.5 log K, (15)

where K refers to the equilibrium constant for reac-
tion (14). Points N and N’, respectively, refer to a
clay mineral with a particular composition in equi-
librium with kaolinite (N) or K-feldspar (N’) and an
aqueous phase, but intermediate points along line NN’
correspond only to equilibrium between an aqueous
solution and clay minerals for which (axaycais,0,p0m,)*/
(aaysi,0,00m,)° is constant.

The intersections of the two sets of contours in Fig-
ure 10 correspond to coordinates in Figure 5. Taking
account of these intersections and the dashed lines in
Figure 5 leads to the stability fields for the clay minerals
shown in Figure 11, where it can be seen that kaolinite,
gibbsite, or K-feldspar and a given type of clay mineral
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Figure 14. Correlation of log (ax./ax,) and log asio,uq in in-

terstitial waters in soils and sediments (see Figure 13) with
equilibrium phase relations among clay minerals, metastable
disordered K-feldspar, and an aqueous solution at 25°C, 1 bar,
and unit activity of H,O. In contrast to Figures 9-13, the sta-
bility field boundaries shown above were generated with pro-
vision for a disordered 1M,; muscovite component of the clay
minerals instead of the ordered 2M,; component used to cal-
culate the phase relations shown in Figares 11-13 {see text and
caption of Figure 13).

may coexist with an aqueous phase of variable com-
position in stability fields A, B, C, D, X, Y, or Z. The
variability of the solution composition in these three-
phase stability fields arises from two-dimensional rep-
resentation of equilibrium in a multicomponent system.
Note that the dashed lines in Figure 11, which separate
the clay mineral designations, are not meant to imply
discontinuities in the clay mineral solid solution series
(see above).

Three dependent variables are specified implicitly by
the equilibrium phase relations shown in Figure 11.
These are a,),si,0,00m,> @xanaisyopom, and aas/ans.
For example, values of log(ay+/ay+) and 10g ag;oqq COI-
responding to a given point in regions A, B, C, or Din
Figure 11, together with Eqgs. (11) and (13) specify cor-
responding values of @ ,si,0100m, aNd @gay,calsis010X0H-
Note that it follows from

AlLSi,0,4(OH), + 6H*

= 2AB* + 48i0,(aq) + 4H,O0, (16)
that log(aap+/ay+®) is specified (for ay, = 1) by
log(asp+/ag®) = 0.5 log @ A1,51,0,(0H),

-2 lOg aSioz(aq) - 0.5 log K, (17)
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where K represents the equilibrinm constant for reac-
tion (16).

The relation of log(a,p-/ay.®) to log(ag./ay.) and
log agigyee In Figure 11 is depicted in Figure 12,
where NN’ again represents a line of constant
(@KALAISL0w0) 0 (@ Absizowom,)- Note that in Figure 12
the clay minerals and the aqueous phase coexist in vol-
umes of the three dimensional diagram, which is a con-
sequence of the additional degrees of freedom (in the
phase rule) represented by the activities of other com-
ponents of the clay minerals.

The nonsystematic distribution of the data shown in
Figures 6 and 7 leads to complicated and somewhat
confusing activity diagrams with multiple overlapping
fields in log{aya-/au) Vs. 108 dgio e and 10g(a cars/ aps?)
vs. 10g asio,mg SPace. As a consequence, these dia-
grams have little practical value, which led to their
omission from the present communication. Because the
phase relations depicted in Figures 11 and 12 take into
account implicitly all of the thermodynamic compo-
nents of clay minerals, the activity diagrams shown
in the figures suffice to describe equilibrium among
these minerals, and aqueous solutions in a wide
variety of geologic environments. The compositions of
the clay minerals and coexisting aqueous solutions can
be calculated numerically with the aid of equations
summarized elsewhere (Helgeson and Aagaard, 1984).

Interpretation of phase relations

Values of log(ax./ay.) and log agio,wq computed from
the compositions of interstitial waters reportedly co-
existing with kaolinite and/or montmorillonite are shown
in Figure 13, where it can be seen that most of the sym-
bols fall in the mixed-layer clay stability field. Kinetic
barriers may be responsible for much of the scatter
(Dibble and Tiller, 1981), which could simply represent
a myriad of metastable quasistatic states (Thorstenson
and Plummer, 1977; Garrels and Wollast, 1978; Helge-
son and Murphy, 1983). Although differences in sample
temperatures of as much as 15°C cannot explain the ap-
parent contradictions, the discrepancies could arise from
several other sources. For example, the standard molal
Gibbs free energy of formation of muscovite used to
generate the activity diagram in Figure 13 represents
the ordered 2M, polytype, but most low-temperature
authigenic illites correspond to metastable disordered
1M, micas (Velde and Hower, 1963). No thermody-
namic data are available for disordered 1M, muscovite,
but it would not be unreasonable in view of the ther-
modynamic consequences of substitutional disorder in
alkali feldspars (Hovis, 1974; Thompson et al., 1974;
Helgeson et al., 1978) to expect the standard molal Gibbs
free energy of the disordered 1M, polytype to be of the
order of 2 kcal/mole less negative than that of the or-
dered 2M, polytype. This would have the effect of ex-
panding the stability fields of kaolinite and montmoril-
lonite at the expense of those for illite and mixed-layer
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clays, respectively, by 1.5 log units in log(ax./ag.).
However, log(ag./ay+) corresponding to the coexis-
tence of K-feldspar and illite would be lowered by 0.75
log units. As a consequence, the stability field of illite
would be reduced considerably in size, as shown in Fig-
ure 14. Although Figure 14 is more consistent with the
water compositions represented by the symbols in Fig-
ure 13, it can be argued that the small stability field of
illite in Figure 14 is inconsistent with the common oc-
currence of the mineral in the geologic record. On the
other hand, with the exception of high-temperature
(100°C) data (Merino and Ransom, 1982), no compo-
sitions are available in the literature for waters that are
known to coexist with illite.

The positions of the stability field boundaries shown
in Figures 8 through 14 differ significantly from those
of corresponding boundaries generated by Lippmann
(1979), who used a set of thermodynamic data which is
internally inconsistent. The coexistence of quartz and
pyrophyllite in Lippmann’s diagrams is incompatible
with all of the pertinent experimental data cited by
Helgeson et al. (1978). Although disordered K-feldspar
is metastable with respect to microcline at 25°C and 1
bar, it was used to generate Figures 13 and 14 because
most authigenic K-feldspars that are formed at low tem-
peratures exhibit substitutional disorder (Kastner, 1971).
The dearth of reliable thermodynamic data for phillip-
site, clinoptilolite, and erionite precludes provision for
these minerals in the diagrams. However, disordered
K-feldspar can be regarded for the sake of the present
discussion as a proxy for potassium zeolites, which are
also almost certainly metastable with respect to or-
dered K-feldspar under near-surface conditions (Hay,
1977).

It can be deduced from Figures 13 and 14 that mont-
morillonite is incompatible with aqueous solutions that
are in equilibrium with quartz at 25°C. This observation
apparently applies to all temperatures below ~200°C.
In contrast, both illite and K-feldspar may coexist with
quartz. As a consequence, if local equilibrium is estab-
lished between quartz and the interstitial waters in shales
undergoing burial, montmorillonite would be expected
to react with K-feldspar to produce illite and quartz. In
other cases, montmorillonite may react with muscovite
toformillite, quartz, and kaolinite (Hower et ai., 1976).
In any event, regardless of whether mixed-layer clays
are polyphase aggregates or solid solutions, the incom-
patibility of montmorillonite and quartz affords ample
Gibbs free energy drive to promote diagenetic conver-
sion of detrital smectite to illite with increasing burial.

The discrepancies between the compositions of waters
reportedly coexisting with montmorillonite and the
equilibrium values of log(ag./ay.) and 10g ag;,aq COT-
responding to the montmorillonite stability field in Fig-
ure 13 could be a consequence of the metastable per-
sistence of montmorillonite in geologic systems. It may
well be that the outer surfaces of the montmorillonite
grains in contact with the waters shown in Figures 13
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and 14 have been converted to mixed layer clays in local
equilibrium with the aqueous phase, but the amount
formed is so minor that it escaped attention (Berner,
1971). It should be emphasized in this regard that the
water compositions shown in these figures are no more
compatible with the behavior of mixed-layer clays cor-
responding to polyphase aggregates than they are with
the solid solution model represented by the stability
fields in the diagrams,

It can be seen in Figures 13 and 14 that the bulk of
the data reported by Norton (1974) and Feth et al. (1964)
are consistent with kaolinite coexisting with montmo-
rillonite or mixed-layer clays. In contrast, the water
analyses reported by Stanley and Benson (1979) are
compatible with K-feldspar coexisting with montmo-
rillonite or mixed-layer clays. These associations are in
general agreement with the geologic seftings repre-
sented by the samples. For example, Stanley and Ben-
son’s (1979) analyses are of waters associated with al-
teration of feldspar to montmorillonite and/or mixed-
layer clays.

CONCLUDING REMARKS

Despite the fact that assuming ideal mixing of atoms
on homological sites in clay minerals takes no account
of immiscibility or changes in solvation of the interlayer
cations (Garrels and Tardy, 1982) as a function of com-
position, the equations and calculations summarized
above afford reasonable approximation of observed
phase relations among clay minerals and aqueous so-
Iutions in geologic systems. It thus appears that higher-
order mixing models such as the regular solution ap-
proach taken by Garrels and Christ {1965), Truesdell
and Christ (1968), and Stoessell (1979, 1981) are un-
necessary to achieve quasi-agreement between calcu-
lated and observed mineral and fluid compositions.
However, because of the scatter in the data, none of
these compositions is definitive with respect to whether
mixed-layer clays behave as solid solutions or poly-
phase aggregates in geochemical processes.
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Pestome—PacCanThIBaliCh AKTHBHOCTH TEPMOJMHAMHYECKMX KOMIIOHEHTOB TCJIMHHCTBIX MHHEpPAJIOB,
COOTBETCTBYIOIMX IO COCTaBY NUPOWIIMTY, MYCKOBHTY, NIADACOHHATY M MAaprapuTy. Pacuer ObLT
MpOBEJiEeH Ha OCHOBAaHMK ONYyOJIMKOBAHHBIX JAHHBIX XHMHYECKHX AHAJM30B, NpeAnoarasi HECaJIbHYIO
cMeCh aTOMOB B FOMOJIOTHYECKHX MecTax MHHepalioB. IMojy4eHHble BENTMYMHBI AKTHBHOCTEH HCIOJb-
30BAJIUCH JJIS ONpefie/lecHUsT NoJed CTaGMIBHOCTH CMEKTHTOB, WJUIMTOB, H INEepPeCIAMBAIOUIAXCSA [JIHH
Ha JIOTapHTMHMYECKHX JHArpaMMax aKkTHBHOCTEH, IMPENCTABJIAIOMIMX PABHOBECHE MEXXAY MHHEpaJiaMH H
BOJHBIM pacTBOpOM Ipu Temmeparype 25°C u papieHmn 1 Gap. CpaBHHTENLHBIH aHANH3 YKa3bIBAaET
Ha TO, YTO 3TOT HOJXOA XOpPOILO OMHCHIBAET COCTAB MHMHEPAJIOB H BOObI B IEOJIOTMYECKHMX CHCTEMaX.
[E.G.]

Resiimee—Die Aktivititen der thermodynamischen Komponenten von Tonmineralen, die in ihrer Zusam-
mensetzung Pyrophyllit, Muskovit, Paragonit, und Margarit entsprechen, wurden aus chemischen Analy-
sen, die in der Literatur angegeben sind, mittels Computer berechnet, wobei eine ideale Mischung von
Atomen auf homologen Platzen in den Mineralen angenommen wird. Diese Aktivitaten wurden dann ver-
wendet, um die Stabilitatsbereiche von Smektiten, Iiliten und Wechsellagerungstonen in logarithmischen
Diagrammen aufzustellen, die Gleichgewicht zwischen den Mineralen und den wiéssrigen Losungen bei
25°C und 1 Bar darstellen. Vergleichende Analysen deuten darauf hin, da} dieses Vorgehen zu einer guten
Anndherung an die Mineral- und Wasserzusammensetzung in geologischen Systemen fiihrt. [U.W.]

Résumé—Les activités des composés thermodynamiques de minéraux argileux correspondant en compo-
sition a la pyrophyllite, muscovite, paragonite, et margarite ont été computés a partir d’analyses chimiques
rapportées dans la littérature, supposant un mélange idéal d’atomes sur des sites homologues dans les
minéraux. Ces activités ont alors été utilisées pour générer des champs d’équilibre pour des smectites,
illites et argiles a couches mélangées sur des diagrammes d’activité logarithmique représentant 1’équilibre
entre les minéraux et des solutions aqueuses a 25°C et 1 bar. L’analyse comparative indique que cette
approche permet une approximation proche des compositions minérales et aqueuses dans des systémes
géologiques. [D.J.]
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