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NOTES

THE THERMODYNAMIC STATUS OF
COMPOSITIONALLY-COMPLEX CLAY MINERALS: DISCUSSION OF
“CLAY MINERAL THERMOMETRY—A CRITICAL PERSPECTIVE”
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The thermodynamic status of compositionally-vari-
able clay minerals is a controversial subject. In a re-
cent discussion of this question, Essene and Peacor
(1995) surmised that most clays are not distinct min-
erals or phases primarily because of their composi-
tional heterogeneity. They further maintained that as-
semblages of clays in shales and mudstones are incom-
patible with the phase rule and thus, there is no basis
for clay mineral geothermometry. Finally, they sug-
gested that the experimental solubility data of illite
conducted by Aja and co-workers (Aja 1989, 1991;
Aja et al. 1991a, 1991b) are in violation of Schreine-
makers’ rules and therefore, indicate lack of equilib-
rium. However, most of these arguments are not new
but represent a re-statement of the full consequences
of the disequilibrium solid model of Lippmann (1977;
1982). Fundamental flaws inherent in the disequilib-
rium solid model have been extensively discussed by
Aja and Rosenberg (1992) but were entirely ignored
by Essene and Peacor (1995). Nonetheless, we wel-
come the opportunity to further clarify the implications
of our solubility studies. In particular, we will show
that the assertion that these solubility data violate
Schreinemakers’ rules is false and is based on an er-
roneous interpretation of our data.

The controversy surrounding the nature of clay min-
erals has been compounded by an obfuscation in ter-
minologies. Specifically, the proponents of the dis-
equilibrium solid model make no distinction between
unstable and metastable phases. Metastable equilibria
are quite common in chemical systems since reactions
that may lower the energy state may be forestalled by
activation energy barriers. To the extent that geochem-
ists study natural systems, investigations of metastable
equilibrium are inevitable, no less respectable and may
indeed be particularly informative. For example, sev-
eral research groups are currently conducting studies
on the zeolite group of minerals (Aja 1995a; Murphy
et al. 1995; Wilkin and Barnes 1995; Macinnis et al.
1995) despite the fact that they are metastable, fine-
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grained and compositionally heterogenous (Heming-
way and Robie 1984; Broxton et al. 1987). In this
context, metastability means that all gradients in tem-
perature, pressure and composition of a system have
not been eliminated. However, this does not preclude
attainment of partial and/or local equilibrium in natural
systems (Anderson and Crerar 1993). By contrast,
metastability in the sense of Lippmann (1977, 1982)
really implies instability. The basic tenet of the dis-
equilibrium solid model is that compositional varia-
tions in clay minerals are not governed by either crys-
tal chemical or equilibrinm constraints. Therefore, the
physical and chemical conditions responsible for for-
mation of each clay mineral are unique and non-re-
producible (May et al. 1986). A corollary to this pos-
tulate is that the behavior of compositionally-complex
clay minerals in either experimental or natural systems
are irreproducible and the relative stability of illites
and smectites cannot be evaluated or predicted using
thermodynamic arguments. We will show that these
conclusions are untenable in light of available data on
illite.

Finally, the distinction between the states of a sys-
tem (stable, metastable, unstable) is only possible for
systems that are well-known (Anderson and Crerar
1993). Clay-bearing systems are not very well-under-
stood and a better knowledge of the nature of these
systems will be gained by an objective assessment of
all available evidence. Despite the flaws inherent in
the disequilibrium solid model (Aja and Rosenberg
1992), Essene and Peacor (1995) have relied on this
model in the interpretation of their high resolution and
analytical electron microscopic (HRTEM, ATEM) ob-
servations. Regardless of the amount of care expended
in execution of these TEM studies, such solid state
studies cannot provide insights into the behavior of
clay minerals in the presence of aqueous solutions.
Such information, which can only be gained from di-
rect solubility measurements, is particularly relevant
given that clay minerals form in the presence of aque-
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ous solutions. Furthermore, HRTEM studies of natural
clays from other research groups are at variance with
the conclusions of Peacor and co-workers and appear
to support inferences based on solubility measure-
ments. Therefore, we will review implications of some
recent HRTEM and ATEM studies in the context of
the question under discussion.

RESULTS OF ILLITE
SOLUBILITY MEASUREMENTS

Natural illites (Marblehead = MH; Goose Lake
GL; Beavers Bend = BB; and Silver Hill = SH) and
other naturally coexisting phases (kaolinite, gibbsite,
quartz, microcline and amorphous silica) were equili-
brated under hydrothermal conditions (T = 25 to 250
°C) using starting solutions of KCI/HC] and KCI/KOH
and equal weights of mineral mixtures (illite + Kka-
olinite). This mineral/water ratio was adopted to bring
solutions to equilibrium rapidly. Experiments were
conducted in pairs with identical solid mixtures and
solutions of the same ionic strength (0.2-2.12 m) but
with high and low values of K*/H*. The attainment of
equilibrium was then tested by the reversibility of
ax*/ay* and the reversibility of A5i05 0" After the
quench, the solid products were separated from solu-
tions by immiscible displacement techniques (Kittrick
1983), and analyzed by X-ray diffractometry (XRD).
The aqueous solutions were analyzed by flame atomic
absorption spectrometry. The molalities of the exper-
imental solutions were temperature corrected using
Pitzer’s approach, and depicted on isothermal, isobaric
activity diagrams (Sass et al. 1987; Aja et al. 1991a,
1991b; Aja 1991).

Two alternative models were considered for the in-
terpretation of the data. Within aqueous solutions, illite
may behave either as a single phase solid-solution con-
taining multiple components or as a multi-phase min-
eral (Garrels 1984). If the solubility controlling phases
behave as discrete phases under isothermal, isobaric
conditions, their compositions may be uniquely deter-
mined from numerical values of slopes of univariant
phase boundaries. The validity of this approach de-
rives from the Gibbs-Duhem relationship (2. ndp;
= 0). That is, changes in the slopes of univariant
boundaries are predicated upon changes within chem-
ical potential which then determine changes within the
number of moles at equilibrium. Variations in the iden-
tity of solubility-controlling phases can be inferred by
monitoring changes for the slope of reaction bound-
aries depicted on phase diagrams (such as activity-ac-
tivity diagrams), if and only if, one of the coexisting
solid phases has a variable composition. In our studies,
kaolinite was equilibrated with illite. Therefore,
changes in the stoichiometric coefficients of the illite
= kaolinite reaction derive exclusively from changes
in the composition of illite.
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The compositions of the solubility-controlling
phases observed in experiments with GL, SH and BB
are identical to those observed in experiments with
MH (Aja and Rosenberg 1992). Furthermore, the com-
positions of illites formed from solution equilibration
experiments in which the starting mixtures consisted
of muscovite and kaolinite (Yates 1993; Yates and Ro-
senberg 1993, 1995) are entirely consistent with those
inferred exclusively on the basis of solution chemistry
by Aja and co-workers. Moreover, the compositions of
the illitic phases grown during muscovite-kaolinite
equilibration experiments were based on both solution
chemistry and AEM analyses.

EQUILIBRIUM VS.
NON-EQUILIBRIUM

The criticisms by Essene and Peacor (1995) of our
illite solubility studies revolve around the following
points: 1) phase boundaries for the stability field of
illite in temperature vs. pH-pK* space (Figure 1) vi-
olate Schreinemakers” 180° rule; 2) measured pH-pK*
and pH-0.5pMg?* values may be controlled by ex-
changeable or absorbed cations, dissolution of fine
crystallite fractions or reactions with surface layers
only; 3) a stability field for gibbsite and/or boehmite
was shown between 25 to 150 °C instead of that of
diaspore, and the stability field of pyrophyllite was not
shown in our diagrams; and 4) run products were not
characterized by AEM and STEM.

Figure 2 represents an attempt by Essene and Pea-
cor (1995) to correct the phase relations shown in
Figure 1 for their perceived violation of Schreine-
makers’ 180° rule. Several problems are apparent
with this reconstruction. In the first instance, Essene
and Peacor (1995) failed to recognize that Figure 1
is a summary diagram on which equilibrium condi-
tions for 3 different phases [muscovite, endmember
illite and illite(0.69K)] have been projected. An ap-
preciation of this fact ought to show that the per-
ceived violation merely reflects errors in the con-
struction of Figure 1 rather than any inadequacy of
the experimental data. Figure 3 shows rational phase
boundaries which are consistent with the experimen-
tal data and in accord to Schreinemakers’ 180° Rule.
The univariant boundaries proposed by Essene and
Peacor (Figure 2) have apparently been chosen arbi-
trarily without regard to current knowledge of phase
equilibria in the system K,0-AlLO;-Si0,-H,0. In
their diagram (Figure 2), the thermal stabilities of
muscovite and illite are inverted, which clearly con-
tradicts phase relationships in both Figure 1 and the
actual experimental data (Aja et al. 1991a; Figure 2)
on which Figure 1 is based. Furthermore, considera-
tion of experimental and theoretical studies in this
system (Hemley 1959; Montoya and Hemley 1975;
Sverjensky et al. 1991) indicates that univariant
boundaries involving micaceous phases are curvilin-
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Figure 1. Temperature —log a,*/ay* diagram showing phase relationships in the system K,0-Al,0,-SiO,-H,O in the presence

of quartz. Key: Squares = equilibrium ion activities for muscovite; Triangles = endmember illite; Circles = ISII; and Question

marks = uncertain boundaries (Aja et al. 1991a).

ear in temperature—log [K*]/[H*] space. The degree
of curvature increases with decreasing temperature,
which implies a shift of the equilibrium to more acid-
ic conditions at higher temperatures. Since illitic ma-
terials are mica-like, a similar disposition of these
univariant boundaries is to be expected although il-
litic phases equilibrate in less acidic aqueous solu-
tions than does muscovite. These observations are
consistent with the notion that illites are similar to
muscovite and yet also distinct phases. Therefore, the
topology of the univariant boundaries proposed by
Essene and Peacor (1995) and shown in Figure 2 is
misleading and fictitious. Ultimately, this question
has become moot owing to the fact endmember illite
is apparently stable beyond 250 °C (Aja 1995b; Yates
and Rosenberg 1995) as shown in the revised phase
diagram (Figure 4).

The second objection to our studies by Essene and
Peacor (1995) is that the measured pH-pK* and
pH-0.5pMg?* values may be controlled by exchange-
able or absorbed cations, dissolution of fine crystallite
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fractions, or reactions with surface layers only. We re-
ject this argument on several grounds. The question of
whether K is a structural or exchangeable cation is the
primary reason why the measurements were conducted
in decade solutions. An exchangeable K* model im-
plies that K* does not participate in phase equilibria
and therefore reactions involving illite should not de-
pend on K* activity in solution. Thus, illite phase
boundaries in ion activity diagrams would vary with
log (1/ay*) rather than with log (ac*/ay*). Results of
our experiments show that a ™ varies inversely with
ay* in both 0.2 and 2.0 M runs implying that K* does
take part in reactions. If the alternative were true, K*
activity would not differ from its initial value and re-
sults of the 2.0 M runs would have plotted approxi-
mately one log unit below that of the 0.2 M runs.
Evidently, interlayer cations behave as structural com-
ponents during solution equilibration experiments
(Kittrick and Peryea 1988, 1989). Moreover, a strong
correlation exists in the distribution trends of data
points (between isothermal, isobaric pH-0.5pMg?* vs.
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Figure 2. Reconstruction of phase equilibria in Figure 1 suggested by Essene and Peacor (1995). Note that the distinctions
made in the initial diagram for the different equilibria were completely neglected by the authors without any justification.

pSiO,,, and pH-pK* vs. pSiO,,, diagrams) over a
wide temperature range, and an inverse relationship
also exists between either pH-pK*+ or pH-0.5pMg?+
and pSiO2,, (Aja et al. 1991a, 1991b). Nevertheless,
Essene and Peacor (1995) speculated that Mg?+ was
either an exchangeable cation or was adsorbed on clay
surfaces in experiments with MH and we believe, this
speculation is baseless. In our experiments with MH
(and other illites), part of the pre-treatment included
K-saturation by soak-washing with 1.0 M KCl solu-
tions and exchangeable cations can usually be dis-
lodged by such treatment. Furthermore, adsorption
processes of alkali and alkaline earth cations (on min-
eral surfaces) are dominated by outer-sphere mecha-
nisms and are thus strongly dependent on ionic-
strength (Parks 1990). If our solution equilibration
data were dominated by adsorption phenomenon rather
than by phase equilibria, the internal topological con-
sistency and the predictable correlation between dif-
ferent isothermal, isobaric diagrams (Aja et al. 1991a,
1991b; Aja and Rosenberg 1992) become problemat-
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ical since these are trends that can only be rationalized
by phase equilibrium arguments. The notion that some
nebulous, poorly understood processes might be con-
trolling these concise solubility trends (as implied by
Essene and Peacor 1995) is therefore difficult to jus-
tify.

The third issue raised by Essene and Peacor (1995)
is that it is inappropriate to omit the stability fields of
pyrophyllite and diaspore from the diagram. Although
diaspore is the most stable aluminum oxyhydroxide, it
did not appear in our experiments at low temperatures
ostensibly due to kinetic restrictions (Hemley et al.
1980). Conversely, the authors are apparently not
aware that pyrophyllite becomes a stable phase only
at T = 300 °C ( Sverjensky et al. 1991), well above
the temperature range investigated (Aja et al. 1991a).
Furthermore, it did not appear as a metastable phase
in our experiments.

The criticism that the solid products of our experi-
ments were not characterized by STEM is a valid one,
and we are fully aware of the importance of solid state
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Figure 3. Temperature —log ax*/ay* diagram showing phase relationships in the system K,0-AL,0,-Si0,-H,0 in the presence

of quartz. Positions of phase boundaries have been drawn to conform with Schreinemakers rules, Key: Squares = equilibrium
ion activities for muscovite; Triangles = endmember illite; Circles = ISII; Solid symbols = data points from experiments
with MH illite; Open symbols = data points from experiments with GL illite; Diamonds = data points from Garrels and
Howard (1959); and Question marks = uncertain boundaries. The uncertainty in the location of the illite = muscovite
boundary (question marks) reflects the difficulty in distinguishing between endmember illite and endmember muscovite

compositions from the slopes of univariant boundaries in isothermal, isobaric pH-pK* vs. pSiO,,, diagrams.

studies (Aja 1995b). However, we disagree with Es-
sene and Peacor (1995) that meaningful phase equilib-
rium relationships cannot be deduced from solution
chemistry. Solid products of these illite-bearing ex-
periments have now been analyzed by AEM (Yates
1993; 212-214). Yates’ results are consistent with
those based on the chemistry of coexisting solutions.
Furthermore, Primmer et al. (1993) who conducted ex-
periments similar to ours (Aja et al. 1991a) found illite
compositions inferred from solution chemistry and
from AEM analyses of coexisting solid products to be
in close agreement. The compositions of solid prod-
ucts of muscovite-kaolinite experiments (Yates 1993;
Yates and Rosenberg 1993, 1995), which were ana-
lyzed by AEM are also consistent with the composi-
tions inferred from solution chemistry. Not only do the
latter experiments document the growth of illite, they
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also suggest that muscovite-kaolinite assemblage is
not stable at T < 300 °C in agreement with observa-
tions in natural environments (McDowell and Elders
1980).

TEM CHARACTERIZATION OF
CLAY MINERALS

Within the last 15 years, numerous electron micro-
scope investigations have been conducted of illite,
smectite and illite/smectite minerals. Early high reso-
lution transmission electron microscopic investigations
of illite/smectite (Ahn and Peacor 1986; Klimentidis
and Mackinnon 1986; Yau et al. 1987) suggested that
smectite and illite layers could not be differentiated
owing to the dehydration and collapse of smectite lay-
ers under the electron beam. However, computer sim-
ulation of microscope images (Guthrie and Veblen
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presence of quartz. The lower limit of muscovite stability is unknown but probably lies between 250 and 300 °C. The solubility-
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Open symbols
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Question marks = uncertain boundaries owing to lack of data; and Dot-dashed boundaries = the field of muscovite stability

predicted by Montoya and Hemley (1975).

1989, 1990) demonstrated that illite and collapsed
smectite layers produce lattice fringes with different
contrast under appropriate focus conditions. In subse-
quent HRTEM studies (Ahn and Buseck 1990; Jiang
et al. 1990; Veblen et al. 1990; Amouric and Olives
1991), illite and smectite layers showing varying de-
grees of ordering could be differentiated. Veblen et al.
(1990) also noted that I/S layer stacking obtained by
XRD compares favorably with HRTEM results. A lim-
itation of computer image simulation experiments is
the presumption of a certain structural model (of illite
and smectite). Therefore, this constrains the results of
the investigations.

An alternative approach to TEM study of clay ma-
terials (Vali et al. 1991, 1994) combines ultramicrot-
omy, n-alkylammonium exchange with HRTEM ob-
servation. The primary advantages of this technique is
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that n-alkylammonium loading is dependent on layer
charge of the clay material and the clay-solvent com-
plex is stable under the electron beam. HRTEM ex-
amination of clays treated in this manner shows the
existence of at least three different layer types and is
consistent with the multi-phase nature of illites sug-
gested by our solubility studies (Vali et al. 1991).
However, because ATEM analysis of the different
components are not provided by Vali and co-workers,
further exploration of the correlation between indepen-
dent solubility and HRTEM data must await additional
studies.

The implication of these TEM studies for the nature
of clay minerals is one of the unresolved fundamental
questions. Essene and Peacor (1995) maintain that a
wide variety of diagenetic clays are comprised of com-
plex submicroscopic intergrowths of minerals such as
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smectite, chlorite and/or illite. According to them, this
heterogeneity is also reflected in the chemistry of the
layers and thus confirms the disequilibrium solid mod-
el of all compositionally-complex 2:1 clay minerals
(Lippmann 1977, 1982). However, several problems
are attendant on this conclusion. First of all, the true
extent of compositional variability of 2:1 layer clays
is much smaller than the possible range of composi-
tions (Aja and Rosenberg 1992). Secondly, a credible
alternative to the presumption of intrinsic instability
exists that rationalizes real compositional variations in
terms of environmental constraints (Aja and Rosen-
berg 1992). Recent ATEM studies of clay minerals
support such a conclusion. For instance, in their
ATEM studies of clays from the Salton Sea Geother-
mal Field (SSGF), Yau et al. (1987) reported the oc-
currence of discrete illite and I/S with the former being
constrained to lower depths (higher temperatures). The
discrete illite crystals are subhedral to pseudohexago-
nal plates, have interlayer K contents of 0.7 to 0.8 per
half unit cell and show little variation with depth. Yau
et al. (1987) argued that the ‘‘relatively uniform size
and shape of all SSGF illites at all depths, coupled
with a lack of compositional zoning within individual
illites, imply that early formed crystals underwent no
further reaction with increasing depth”. The lack of
compositional variation in illites at the ATEM scale
has also been documented by other workers. In the
Broadlands-Ohaaki Geothermal System, well-formed
compositionally-homogeneous illite crystals were ob-
served using ATEM methods (Lonker et al. 1990).
Limited compositional variation has also been reported
from illites in sandstone formations (Warren and Cur-
tis 1989). The presumption of attainment of equilib-
rium, during the crystallization and growth of these
crystals, is warranted under such circumstances.

Clearly, these environments are characterized by el-
evated temperatures and relatively free-flowing hydro-
logic regimes and thus contrast with environments typ-
ical of shales, mudstones and weathering where steep
chemical gradients are likely to persist. Apparently,
clay minerals formed in the latter environments often
show significant compositional variation. This cannot
mean that such phases are not thermodynamic phases
(Lippmann 1977, 1982; May et al. 1986; Essene and
Peacor 1995) as such a conclusion would imply that
the definition of the thermodynamic phase is based on
the environment of formation. Rather, it suggests that
under these lower low temperature environments, ho-
mogenization of the chemistry of early clay phases
may be precluded by kinetic restrictions. This may
well be the case considering that the diversity and vari-
ability in composition of slightly to moderately buried
clay minerals become simpler at depths of burial ex-
ceeding two kilometers (Chamley 1989).
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DISCUSSION

The primary difficulty confronting low temperature
experimental geochemists is the sluggish rates of alu-
minosilicate reactions under these conditions. Aja and
Rosenberg (1992) observed that the attainment of
equilibrium in solubility experiments may be pre-
sumed if: 1) the same steady state can be approached
from at least two directions; 2) the slopes of univariant
boundaries representing mineral-solution equilibria are
consistent with thermodynamic arguments; and 3) re-
sults of solution equilibration are independent of du-
ration of experiments. Similar criteria have been em-
ployed by other investigators of mineral-solution equi-
libria (Hemley et al. 1980). By contrast, Essene and
Peacor (1995) maintain that direct experimental rever-
sals of equilibria must be obtained by documenting
growth and/or dissolution of solid reactant(s) and
product(s). This test for equilibrium is theoretically
correct but can be accomplished only under ideal con-
ditions. In the real world adherence to such an ideal,
all or nothing, standard is impractical. Less rigorous
criteria may not provide absolute proof of equilibrium,
but can make a strong and convincing case that equi-
librium has been attained. Constraints imposed by en-
vironmental conditions must be factored into decisions
as to what constitutes acceptable ‘‘proof”” of equilib-
rium. The evidence supporting the attainment of equi-
librium in our solution equilibration experiments (Sass
et al. 1987; Aja et al. 1991a, 1991b) meets or exceeds
practical standards for near surface conditions.

Based on the solubility studies of Sass et al. (1987)
and Aja et al. (1991a, 1991b), Rosenberg et al. (1990)
proposed a multi-phase model of I/S in which the sol-
ubility controlling phases include four discrete ther-
modynamic entities of different chemical composi-
tions. The compositions of these phases were shown
to be comparable to compositions of natural hydro-
thermal illites. Nonetheless, only two of these illitic
phases controlled solubility in the presence of quartz;
ISII [0.69 * 0.08 K/O,,(OH),] at T = 100 °C and
endmember illite [0.85 * 0.05 K/O,,(OH),] at T =100
°C (Figures 3 and 4). Similarly, Yates and Rosenberg
(1993, 1995) determined from their muscovite-kaolin-
ite equilibrations that solubility was controlled by end-
member illite [or 0.88 * 0.04 K/O,,(OH),] at T =100-
250 °C. Since the starting materials included either il-
lite (Sass et al. 1987; Aja et al. 1991a, 1991b) or mus-
covite (Yates and Rosenberg 1993, 1995), the
presumption of a reaction reversal indicating equilib-
rium is warranted. The results of these hydrothermal
experimental studies appear to have general applica-
tion. For instance, Srodon et al. (1992) investigated
the chemistry of several natural clay samples (Silurian
Welsh Borderland bentonites, Carboniferous Silesia
bentonite, Tertiary Silverton Caldera sericites, Kaube
sericite and Zempleni illite). According to them, a sta-
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ble charge of 0.89/0,,(OH), exists on the illite inter-
layer. That is, the composition of endmember illite de-
termined from experimental and empirical observa-
tions is essentially the same suggesting an approach
toward an equilibrium composition.

The presumption, by Essene and Peacor (1995), that
clay mineral transformation reactions (smectite — /S
— illite — muscovite) are irreversible is also ques-
tionable. Not only do our experimental measurements
suggest otherwise, field observations appear also to
indicate that this is not the case. For instance, Mc-
Dowell and Elders (1983) demonstrated that detrital
muscovite is altered to very fine-grained mixed-layer
illite/smectite through a phengitic muscovite phase in-
dicating reversibility of illitization reactions. Other ex-
amples of muscovite illitization are summarized by
Srodon and Eberl (1984). Clearly, field and laboratory
evidence show that retrograde (illitization of musco-
vite) and prograde (illitization of smectite) reactions
proceed through intermediate steps suggesting that
these transformation reactions conform to Ostwald’s
Step rule (Aja 1989). This does not necessarily imply
intrinsic instability but may be a reflection of the role
of particle thickening during illitization (Nadeau et al.
1985; Putnis 1992; Primmer 1994). In that case, the
repeatability of clay mineral assemblages in space and
time and as a function of temperature partially justifies
clay mineral geothermometery. Although current es-
timates of temperature are somewhat variable, the re-
liability of this geothermometer is likely to improve as
factors controlling illitization reactions, other than
temperature, become better constrained (Aja 1995¢).

We conclude by noting that whereas valuable struc-
tural and compositional data may be obtained from
ATEM studies, solubility experiments provide the only
means available for the determination of the chemical
composition of thermodynamic phases in natural illitic
materials. The arbitrary size limitations imposed by
Essene and Peacor (1995) have no particular signifi-
cance. In our view, any mineral that behaves as a
phase in solution equilibration experiments is a ther-
modynamic phase (Rosenberg et al. 1990) regardless
of whether it is stable or metastable. We further em-
phasize the need to distinguish between metastable and
unstable phases (disequilibrium solids) in the context
of this controversy.
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