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Abstract
Smectites are common clay minerals in surface and near surface terrestrial environments and have 

recently been shown to be ubiquitous on Mars. Because these minerals are products of water-rock 
interaction, the thermodynamics of their interaction with fluids constitutes a vital part of resolving the 
utility of smectite mineralizations as petrogenetic and paleoenvironmental indicators on both Mars and 
Earth’s near surface environments. Smectites, and other clay minerals of comparable compositional 
complexity, have been purported to be disequilibrium solids whose complexity derives from steep 
chemical gradients in their environments of formation rather than from crystal-chemical constraints. 
Solubility investigations of several natural smectites wherein none exhibited the predicted inverse cor-
relation between pH-1⁄3pAl and pSi(OH)4 were adduced by May et al. (1986) as empirical proof of the 
disequilibrium solid concept, and hence they asserted unequivocally that “it is obviously impossible 
to obtain valid ion activity quotients for smectite solubilities in these systems.” However, the unat-
tainability of equilibrium smectite solubility in those experimental systems was probably an artifact 
of the extremely high fluid-to-solid ratios employed therein. In subsequent experimental studies using 
significantly lower fluid-to-solid ratios, smectite-fluid interactions (Kittrick and Peryea 1989; Gaboreau 
et al. 2020), and chlorite-fluid interactions (Aja and Dyar 2002) yielded solubility data amenable to 
laws of chemical thermodynamics and thus invalidated the disequilibrium solid model. Therefore, the 
notion of smectite metastability and/or instability anchored on the disequilibrium solid model is false 
and warrants a more constrained definition of smectite metastability.
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Introduction
Recent discoveries of the ubiquity of smectites on Mars (e.g., 

Chevrier et al. 2007; Ehlmann and Edwards 2014; Bishop 2018) 
and its potential for paleoenvironmental reconstruction of mar-
tian history underscore the need for an improved understanding of 
the thermodynamics of smectite-water interactions. In terrestrial 
environments, the smectite group of minerals are also common 
in soil environments and the Critical Zone, in argillaceous rock 
formations, as a major component of bentonite deposits, in 
marine sedimentary environments, and in some hydrothermally 
altered rocks (Borchardt 1989; Chamley 1989; Christidis and 
Huff 2009; Wilson 2013).

Smectites are 2:1 layer silicate minerals having an expandable 
structure and a certain amount of excess negative layer charge. 
They are divisible into dioctahedral and trioctahedral smectites; 
in the former, Al is the predominant octahedral cations though 
divalent ions may substitute for Al, and the various species in-
clude montmorillonites, beidellite, and nontronite (Brown et al. 
1978). In montmorillonites, layer charge stems primarily from 
substitutions in the octahedral sheet, whereas for beidellite and 
nontronite (an iron analog of beidellite), tetrahedral charges pre-
dominate. Trioctahedral smectites include stevensite, hectorite, 

saponite, and other less common species (such as sauconite, 
volkhonskoite, swinefordite). The general structural formula for 
the montmorillonite-beidellite series is of the form (Al2–yMgy

2+)
(Si4–xAlx)O10(OH)2M+

x+y·nH2O where M+, x, and y represent the 
interlayer cation, tetrahedral substitution, and octahedral substitu-
tion, respectively. End-member smectite compositions are rare 
in nature but are defined, per half unit cell, as follows:

Beidellite M+
x(Al2)(Si4–xAlx)O10(OH)2

Nontronite M+
x(Fe2

3+)(Si4–xAlx)O10(OH)2

Montmorillonite M+
x(Al4–xMgx)(Si4)O10(OH)2.

Values of x reportedly lie between 0.65 and 1.3 per full unit 
cell (Brown et al. 1978). The extensive compositional variations 
typical of aluminous dioctahedral smectites lead to the defini-
tion of compositional fields (Fig. 10 in Güven 1988) for the 
following smectites: (1) Wyoming-type montmorillonite; (2) 
Otay-type montmorillonite; (3) Chambers-type (aka Cheto-type) 
montmorillonite; (4) Tatatilla-type montmorillonite; (5) “non-
ideal” (Fe-rich) montmorillonite; (6) beidellite; (7) “non-ideal” 
(Fe-rich) beidellite. The Cheto- and Wyoming-montmorillonite 
seem to be the predominant species among natural dioctahedral 
aluminous smectites (Güven 1988). The actual compositional 
variation in natural smectite or illite may, however, be more lim-
ited than implied by reported analyses inasmuch as the structural 
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