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Abstract—It has been shown that the capillary state of aqueous solutions in the unsaturated zone (UZ)
modifies chemical equilibria due to the decreasing capillary pressure of the whole system (isobaric scenario)
or of the aqueous phase only (anisobaric scenario). Meanwhile, the role of salinity in capillary solutions has
not been explicitly taken into account up to now, at least not in a manner independent to capillarity. A
consistent way to do so is considered in this paper by calculating activity coefficients as a function of capillary
pressure through the extrapolation of the Davies model. The integrated approach thus defined is applied to the
interpretation of some laboratory experiments (taken from the literature) carried out under different capillary
conditions. Calculations and measurements of the boehmite ↔ bayerite hydration equilibrium in an atmo-
sphere of varying humidity agree very satisfactorily if the anisobaric scenario is selected. The solubility of
reactive gases O2 and CO2 is found to increase in the pore water when the relative humidity decreases.
Consequently, and in agreement with experimental measurements, the extent of the pyrite oxidation depends
on the relative humidity. The proposed model refines the manner with which chemical equilibria and
mineralogical assemblies may be interpreted. In particular, the different scenarios that may be envisioned
(isobaric, anisobaric and dual) are considered in the light of the possible modes of precipitation of the minerals
(precipitation within the capillary solution, epitaxial type precipitation). Finally, it should be noted that the
geochemical approach proposed here for the UZ fully ties in with and conforms to the methods used in the
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water-saturated zone (SZ). Copyright © 2005 Elsevier Ltd
1. INTRODUCTION

Thermodynamic and kinetic approaches are widely used in
groundwater and surface water studies to quantify/predict the
intensive/extensive levels of the acting physical and chemical
processes. Geochemical calculation codes (Phreeqc, EQ3/6,
etc.) make these approaches easier and more powerful so that
they are applied to a very wide range of hydrogeochemical
systems by the scientific community.

The basic concepts of water-rock interactions were devel-
oped for the water-saturated domain, and have been extended
towards the unsaturated zone (UZ), in general by some param-
eters which correct for the water volumetric saturation in such
media. However, the whole theoretical SZ frame is then used,
implicitly assuming that the chemical equilibria are not modi-
fied by the capillary nature of the UZ solutions.

Yet, the chemical consequences of unsaturated conditions
are well known, in particular in studies of clay hydration
isotherms (Barshad, 1955), of soil geochemistry (Tardy, 1982;
Bourrié et al., 1983; Tardy and Nahon, 1985; Trolard and
Tardy, 1987, 1989; Tardy and Novikoff, 1988; Zilberbrand,
1997, 1999; Mercury and Tardy, 1997a,b, 2001, 2004; Mercury
et al., 2003), of paleoclimatic studies using noble gases (Mer-
cury et al., 2004), of nuclear waste storage in unsaturated rocks
(Bruton and Viani, 1992), and of conservation of buildings
(Benavente et al., 2004).

All these studies share a common theoretical background
related to the influence of the chemical potential of capillary
* Author to whom correspondence should be addressed (a.lassin@
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water on the solid-aqueous solution interactions, but use more
or less different methods. The most recent method (Mercury
and Tardy, 2001, 2004; Mercury et al., 2003) relies on the
calculation of the effect of the internal pressure of capillary
water on its thermodynamic and electrostatic properties. This
method allows to extend, in a continuum, the thermodynamic
description of the geochemistry from the SZ up to the UZ. This
continuum is essentially provided by using the same pressure
parameter to describe the water state in all configurations.

The objective of the present article is to complete the capil-
lary pressure approach tested up to now on dilute solutions, by
addressing the role of salinity, i.e., of the osmotic contribution
of the interactions. This is done by calculating the activity
coefficients of the aqueous (capillary) solutes, as a function of
both (but in a distinct manner) the capillary pressure of the
solution and its salinity. The overall model thus becomes more
suited to the resolution of a number of geochemical problems
and is applied in this paper to some laboratory data reported in
the literature.

This article is set out in the following manner. In a first
section, the fundamental physical and chemical aspects of the
UZ are presented. In a second section, the approach is applied
to real, simple case studies. The agreement between calcula-
tions and observations is then discussed, underlining by the
way the physical meaning of the theoretical concepts of the
proposed approach. Finally, the entire reasoning is summarized
and some perspectives are provided.

2. THEORY

The activity of water (a ) is the classical parameter used to
w

describe the thermodynamic equilibrium between an under-
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saturated atmosphere (p/p0 � 1) and liquid water, whatever the
origin of this equilibrium: capillary (Pwater � 0.1 MPa), os-
motic (ionic strength I � 10�7 eq · kgw�1) or interfacial
(surface tension �film-vapor � �bulk-vapor). It is defined as the
ratio between the partial pressure of water vapor in the ambient
air, p, and the partial pressure of saturated vapor at the tem-
perature T of the studied system, p0, i.e., aw � p/p0. According
to this definition, the activity of water is related to the relative
humidity of the air (RH) by:

aw � RH ⁄ 100 � p ⁄ p0 . (1)

Leaving aside wetting phenomena, one may therefore state
that a concentrated solution (Pwater � 0.1 MPa, I � 10�7

eq · kgw�1) and a pure capillary water (Pwater � 0.1 MPa, I �
10�7 eq · kgw�1) may be indiscernible in terms of chemical
potential. However, at equivalent RH, the former depends on
the nature and the concentration of the dissolved solutes, while
the latter depends on the size of the pores.

The capillary state of liquid water in the UZ is assumed
through its decreasing internal pressure. All of the properties of
water and of the solutes (one assumes Psolutes � Pwater) have to
be corrected accordingly. In addition, for saline solutions, ac-
tivity coefficients must be taken into account, as well as the
variation of these coefficients as a function of ionic strength
and pressure of the capillary solution. This implies that capil-
lary water is pure water (aw � 1) at its standard state (Mercury
and Tardy, 2001). Only salinity makes the activity of water
different from unity, and the effect of capillarity is assumed
through the mechanical energy term (VdP) of the equation of
state. This framework is strictly similar to that used for the
saturated zone (SZ) (Helgeson et al., 1981).

Strictly speaking, the calculation of the internal pressure of
water in the capillary solution at equilibrium with a given
relative humidity must take the salinity of the solution into
account. In other words, the following relation should replace
Eqn. 1:

RT ln
RH

100
� RT ln

Pwater

p0

� RT ln aw � �
Pr

p

Vw · dP , (2)

where aw is the activity of water due to the effects of the
salinity of the solution and Vw is the molar volume of pure
water.

By way of comparison, Bruton and Viani (1992) based their
simulation of the capillarity on the apparent equivalence be-
tween the osmotic and capillary effects, by introducing into
their model solution a noncharged and nonreactive compound,
which was absent from the actual solutions. That allowed them
to artificially reduce the water activity (according to log aw �
1 � 0.018 �mi, where mi is the molality of compound i) in
order to fit the chemical potential of water actually due to both
the capillary (UZ) and the osmotic (salinity) conditions. On the
contrary, Eqn. 2 allows a clear distinction between the capillary
and osmotic components, consistent with the approach of soil
physicists, who break down the total potential of water in soil
into a matrix term (i.e., capillary) and an osmotic term (e.g.,

Hillel, 1998).
2.1. Internal Pressure of Capillary Water (Case of Pure
Water, aw � 1)

Numerous studies (Mercury and Tardy, 2001, 2004, and
references therein) have highlighted the actual situations
wherein the stretched (or capillary) liquid water is encountered.
In the present study, the main focus will be the suspended water
of the UZ where localized portions of capillary water persist
above air.

The two main capillary laws, which are very useful in
considering the physics and chemistry of the UZ, are the
Young-Laplace and Kelvin laws. The former links the curve r
(m) of a “humid air”–water interface to the pressure difference
	P (Pa) between these two phases. For a spherical interface,
the Young-Laplace relationship is expressed as:

�P � Pwater � Pair �
2�

r
. (3)

where � (J · m�2) is the interfacial tension, Pwater is the pres-
sure in the pure capillary water (aw � 1) and Pair is the total
pressure of the gaseous phase containing the partial pressure of
water vapor p (� p0). By convention, r is negative for a
concave interface towards the air (capillary meniscus).

The Kelvin law provides the radius rK of the “humid air”–
water interfacial meniscus in equilibrium with the relative
humidity of the air RH (�100 
 p/p0). This radius, known as
the Kelvin radius, is the maximum radius of the pores within
which capillary condensation can take place, below which the
pores are filled with water. For a cylindrical pore, the Kelvin
law may be expressed as:

�

rK

�
�RT

MwNa

ln
p

p0

, (4)

where � is the density of the pure water (g·m�3), R � 8.314
J · mol�1 · K�1 is the ideal gas constant; T is the absolute
temperature (K); Mw � 18.015 g · mol�1 is the molar mass of
water; and Na � 6.023 
 1023 mol�1 is Avogadro’s number.

According to the model known as the BJH model (Barrett et
al., 1951), the thickness of the multilayered water adsorbed at
the surface of the solid must be added to the Kelvin radius in
order to deduce the maximum size of the pores filled with water
at a given relative humidity. Then, the Kelvin radius (Eqn. 4)
actually is the radius of the curved liquid interface. For a more
in-depth discussion about calculated meniscus and pore radii,
the interested reader is referred to Mercury and Tardy (2004).

Then, assuming that at the thermodynamic equilibrium
(physical and chemical) one has r � rK, the combination of
Eqns. 3 and 4 provides the internal pressure of the pure capil-
lary water at equilibrium with an atmosphere of fixed relative
humidity:

Pwater �
2�RT

MwNa

ln
p

p0

� Pair. (5)

This expression, graphically represented in Figure 1, indicates
that, for a relative humidity RH less than 100% (or p/p0 � 1,
Eqn. 2), the internal pressure of the pure capillary water Pw is
subatmospheric. In parallel, Eqn. 4 results in a very rapid

decrease in the Kelvin radius (down to around 10 nm) when the
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relative humidity decreases from 100 to 95%. Below 95% RH,
the decreasing slope is lowered when the relative humidity
continues to decrease (Fig. 1).

2.2. Thermodynamic Properties of Capillary Water

The temperature and pressure conditions at which the
stretched liquid water has been observed are in the metastabil-
ity domain below the saturation curve but above the spinodal
curve (Fig. 2), both depicted by the Wagner and Pruss’ equa-
tion of state (Wagner and Pruss, 2002). The liquid-vapor spi-
nodal curve is, for each temperature, the locus for which the
water pressure (P) attains a minimum value compared to the
density (�), that is,

Fig. 1. Internal pressure of capillary water as a function of relative
humidity (according to Eqn. 5) and corresponding Kelvin radius (ac-
cording to Eqn. 4) at T � 25°C.

Fig. 2. Water stability diagram, modified from Mercury and Tardy
(2001); (P,T) localization of the metastability zone corresponding to the
existence domain of capillary water. Full circles correspond to the

experimental plots that were used in the pyrite oxidation study in humid
atmosphere performed by Borek (1994), cf. section 3.2.
�	P

	�
�

T

� 0 and �	2P

	�2�
T


 0.

In other terms, the spinodal is the intrinsic limit of metastability
of liquid water. Beyond this limit, liquid water (that which
obeys the equation of state) is unstable and cavitates sponta-
neously (homogeneous nucleation).

The thermodynamic properties of pure capillary water are
calculated from the equation of state which, from the Helm-
holtz free energy A as a function of the density � and the
temperature T, derives the entire set of properties: the standard
Gibbs free energy and enthalpy of formation of water from
elements (	G°f, 	H°f, respectively), the entropy of the third law
of thermodynamics (S°;, calculated by integration of the func-
tion CP(T)), the heat capacity at constant pressure (CP), the
isobaric expansivity (�), the isothermic compressibility (�) and
the pressure (P). The dielectric constant () of water is calcu-
lated as a function of P,T conditions, according to the equation
developed by Fernández et al. (1997). These formalisms are
recommended by the International Association for the Proper-
ties of Water and Steam (IAPWS) and are consistent with each
other.

This approach relies on the explicit assumption that these
equations characterizing pure water extend in the metastability
domain, i.e., the thermodynamic and electrostatic properties of
liquid water evolve continuously down to the spinodal limit.
The internal pressure of water in the UZ (Pw) thus allows to
calculate the standard chemical potential of liquid water (Mer-
cury and Tardy, 2001) with a unified formalism in both the
saturated and unsaturated zones, which illustrates the notion of
thermodynamic continuum.

2.3. Thermodynamic Properties of Aqueous Species

The dielectric constant of water, its partial derivatives, the
isobaric expansivity,

� � �
1

�
�	�

	T�P

,

and the isothermic compressibility,

� �
1

�
� 	�

	P�T

are used to calculate the Born functions. These functions play
a particularly important role in the Helgeson-Kirkham-Flowers
or HKF model (Helgeson et al., 1981), developed for calculat-
ing the thermodynamic properties of aqueous species (Johnson
et al., 1992) over a wide range of pressures and temperatures.
This model is widely used in geochemistry, particularly the
most recent version, known as the TH (for Tanger and Helge-
son, 1988) or revised-HKF model. Considering that a solution
is a physicochemical continuum, with Pwater � Psolutes, the TH
model has been used at negative pressure in order to obtain the
thermodynamic properties of aqueous species dissolved in cap-
illary solutions (Mercury et al., 2003). The results obtained for
64 neutral aqueous species, 110 anions and 142 cations show
that the partial molar volumes can vary considerably among

species, when the Pw decreases. This implies that capillarity
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should modify the aqueous complexation equilibria as well as
the solubilities of minerals and gases in a species-dependent
manner.

2.4. Thermodynamic Properties of Mineral Phases

As for liquid water and aqueous species, the thermodynamic
properties of mineral phases can be calculated in capillary
conditions by using the mechanical energy term VdP. However,
the question is open as to the significance of capillary pressure
for solids. From a conceptual point of view, four situations
must be clearly distinguished.

1. An existing mineral phase is brought into contact with the
capillary water, under its own internal pressure. The sim-
plest working hypothesis is that the mineral phase may be at
the atmospheric pressure (location near the ground surface),
or at the lithostatic pressure (if buried), with the correspond-
ing thermodynamic properties. Meanwhile, the solution is in
a capillary state. Thus, one minimizes the thermodynamic
potential of the system in an “anisobaric” context between
the capillary solution and the mineral phase.

2. A mineral phase can precipitate in a capillary solution when
the chemical composition of the solution becomes thermo-
dynamically saturated. If this precipitation takes place on an
existing surface (epitaxial-type mechanism), one expects the
neoformed phase to be constrained more by the structural
characteristics of the solid template than by the surrounding
capillary solution. In other words, the epitaxial type precip-
itation is assumed to take place in an “anisobaric” context.

3. If the precipitation takes place within the capillary solution,
and in the case of Wulff’s crystal type, the solid/solution
system reaches equilibrium by minimizing the shape of the
crystal and the pressure difference between precipitating
solid and capillary solution: the isobaric context should
result in flat/elongated minerals, the anisobaric conditions in
curved-type ones (granular. . .).

4. When an equilibrium involves two mineral phases, each one
may follow its own behavior. For instance, the mineral
initially present in the system is subjected to the atmospheric
pressure whereas the neoformed mineral precipitates in iso-
baric conditions with the capillary aqueous solution. This
situation constitutes what is termed hereafter the “dual”
context, for which several scenarios can be envisioned.

By way of comparison, Zilberbrand (1997, 1999) has calcu-
lated the equilibrium constants of some dissolution/precipita-
tion reactions as a function of the capillary pressure assumed to
be constant throughout the whole reaction system, including
solids. The trends obtained indicate a reduction in the solubility
of the mineral phases (sulfates, carbonates and chlorides) as the
capillary pressure decreases. In other words, the concentrations
at equilibrium decrease in the small pores. However, this is
equivalent to assuming implicitly that the isobaric scenario is
the rule, i.e., either dissolving or precipitating solids are at the
same pressure as the liquid water.

2.5. Thermodynamic Properties of Gases

The chemical composition of the soil pore atmosphere is not

affected by capillary phenomena, except for the decrease in
water vapor content. The capillary water is therefore in contact
with an atmosphere of (virtually) constant composition. Fur-
thermore, it should be noted that gases are never subjected to
the same pressure as the capillary water. This means that, in the
UZ, the interaction of gases with capillary solutions is neces-
sarily “anisobaric.”

2.6. Geochemical Equilibria

2.6.1. Activity Model Corrections and Debye-Hückel
Parameters

In aqueous solutions, dissolved species are not in their stan-
dard state and this deviation is assumed by activity model
corrections. With respect to relatively dilute solutions, the most
widely used ionic activity model corrections are those based on
the theory developed by Debye and Hückel (1923). For exam-
ple, an extended Debye-Hückel model such as the B-dot model
(Helgeson, 1969) calculates the activity coefficient �i of the
aqueous species i as a function of the ionic strength I as
follows:

log�i � �
A�zi

2�I

1 � åiB��I
� BI , (6)

where

I �
1

2�i
mizi

2; (7)

zi is the charge of the dissolved ion i, åi is its hard core
diameter, Ḃ is an empiric parameter, and A� and B� are the
Debye-Hückel parameters.

The Debye-Hückel parameters A� and B� depend on the
temperature, the density and the dielectric constant of water
according to the expressions given below (Helgeson and
Kirkham, 1974). Thus, the speciation calculations in aqueous
phase can also be performed in the capillary solutions, where
capillary pressure not only affects the equilibrium constants for
the reactions but also activity coefficients of aqueous species,
independently of the effects due to the salinity (Lassin et al.,
2004).

A� �
�2�Na�

ln(10)�1000
� e2

4�0kT� , (8)

B� �� 2e2Na�

10000kT
, (9)

where � (g · m�3) is the density of the pure water, which
depends on temperature and pressure; 0 � 8.854 
 10�12

F · m�1 is the dielectric permittivity of vacuum;  (dimension-
less) is the dielectric constant (or relative permittivity) of water,
which depends on temperature and pressure; e � 1.602 

10�19 C is the charge of electron; and k � 1.381 
 10�23

J · K�1 is the Boltzmann constant. A� and B� have the units
kg½ · mol�½ and kg½ · mol�½ · m�1, respectively. The values
taken by these parameters at different temperatures and pres-
sures are shown in Table 1.

According to the activity models (e.g., Eqn. 6), other specific

parameters may depend on the temperature. This is the case, for
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example, with the empiric deviation function Ḃ associated with
the B-dot model developed by Helgeson (1969).

By way of illustration, the activity coefficients ��z for the
ions K�, Cl�(å � 3 Å, z � �1), Na� (å � 4 Å, z � �1), H�

(å � 9 Å, z � �1), Ca2� (å � 6 Å, z � �2) and SO4
2�(å �

4 Å, z � �2) have been calculated using the B-dot model (Eqn.
6), at 25°C, and data in Table 1 as a function of the ionic
strength I (0.001 to 1 eq · kgw�1) and at various pressures
(�150 to 150 MPa). The results (Fig. 3) show that the effect of
the pressure on the activity coefficients may be significant for
ionic strengths greater than or around 0.1 eq · kgw�1. This
ionic strength (corresponding to 5.8 g/L of NaCl, for example)
can be attained in soil pore water (e.g., Gooddy et al., 2002),
especially in the soils sensitive to salinization (Hernandez et al.,
1999).

After Figure 3, it should also be noted that according to the
Debye-Hückel model, the effect of the ionic strength also
depends on the charge z and the distance of closest approach å
of the considered ion; it is stronger for high ionic charges and
for small minimum approach distances.

For neutral aqueous species, different approaches take into
account the effects of ionic strength and temperature on the
activity coefficients. These methods are often associated with a
given activity model for charged species.

The activity model best suited to concentrated aqueous so-
lutions (high ionic strengths, saying greater than 1 eq · kgw�1)
is the Pitzer model (Pitzer, 1973, 1995). This model also
includes parameters that depend on the temperature and the
pressure which will have to be corrected prior to their use in the
capillary domain.

2.6.2. Fugacity and Solubility of Gases

Strictly speaking, any deviation in the behavior of gases
compared to the ideal situation must consider the fugacity f of
the gases instead of their partial pressure pgas. However, the
main reactive atmospheric gases considered here, O2, CO2, and
vapor H2O at a total pressure of 0.1 MPa, have fugacity
coefficients very close to 1 (Appendix). Consequently, in this
work, we consider partial pressure and not fugacity.

Gas-aqueous solution equilibria in the UZ are necessarily
produced in an anisobaric context since gas pressures vary
little, if at all, and in any case cannot be negative (density and
pressure of gases are proportional: nil pressure is termed vac-

Table 1. Values of the Ay and By Debye-Hückel parameters at differe
(9), and the formalisms of Wagner and Pruss (2002) and Fernández e

T (°C)/P
(MPa) �150

A� (kg½ · mol�½) �25
0

25 0.5576
60 0.6090

B� (
10�10) (kg½ · mol�½ · m�1) �25
0

25 0.3286
60 0.3367
uum, i.e., no matter). As an example, partial pressures of the
gases O2, CO2 and H2O, at equilibrium with the chemical
composition of a river water (Michard, 1989), were calculated
as a function of the internal pressure of capillary water. The
variations compared to a free solution are positive and clearly
species-dependent (Fig. 4). They illustrate that the solubility of
the gases increases when the relative humidity (and therefore
the water pressure) decreases. Such increasing solubility should
promote carbonation and oxidation processes of pore water
systems in the UZ.

Mercury et al. (2004) calculated the increasing species-
dependent solubility of noble gases (He, Ar, Ne, Kr, Xe) as a
function of the internal pressure of the capillary solution. Re-
sults show that, under suitable climatic conditions and for finely
porous media, the UZ can represent a sink for the atmospheric
gases, which is more efficient than saturated aquifers. Accord-
ingly, the authors proposed that the use of rare gases as paleo-
thermometers may require a correction term taking into account
their “capillary solubility.”

2.7. The “Thermo-zns” Computer Code

A computer code called “Thermo-zns” has been developed
(Lassin et al., 2003) to calculate the relevant thermodynamic
properties of water, aqueous species, minerals and gases in
capillary systems. It is based on two existing computer codes:
“Supcrt92” (Johnson et al., 1992) and “Eqtest” (Span and
Wagner, 2000). “Supcrt92” calculates standard thermodynamic
properties in the SZ and supercritical domains. “Eqtest” calcu-
lates thermodynamic properties of water in the SZ and super-
critical domains, using the most recent equation of state of
water of Wagner and Pruss (2002). In “Thermo-zns” the do-
main of application is extended to the metastability field of
capillary water according to the flowchart shown in Figure 5.
New possible input data (compared to Supcrt92) are RH, and
the choice of mineralogical context by way of the mineral
pressure.

3. APPLICATION TO “SIMPLE” EXPERIMENTS

3.1. Boehmite-Bayerite Equilibrium

Verdes and Gout (1987) measured experimentally the tem-
perature-humidity conditions (T,RH) of the thermodynamic
equilibrium between boehmite and bayerite.

The hydration reaction of boehmite (AlOOH) into bayerite

eratures and pressures, respectively calculated using equations (8) and
97).

�50 0.1 50 100 150

0.4846 0.4712 0.4611 0.4519 0.4433
5 0.5022 0.4904 0.4796 0.4696 0.4602
3 0.5230 0.5098 0.4980 0.4872 0.4773
3 0.5621 0.5453 0.5310 0.5183 0.5068

0.3168 0.3191 0.3202 0.3207 0.3209
4 0.3241 0.3245 0.3247 0.3246 0.3244
6 0.3286 0.3284 0.3282 0.3279 0.3275
8 0.3350 0.3343 0.3337 0.3330 0.3324
nt temp
t al. (19

�100

0.515
0.538
0.582

0.323
0.328
(Al(OH)3) may be written:
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AIOOH � H2O ⇔ AI(OH)3. (10)

As shown in Figure 6, the equilibrium temperature between
boehmite and bayerite decreases with the relative humidity.
With no background electrolyte and at near-neutral pH values,

Fig. 3. (a) Activity coefficients �i of K�, Cl�, Na� and H�, at 25°C,
as a function of ionic strength and at different pressures (�150, �100,
�50, 0.1, 50, 100, and 150 MPa) according to the B-dot model (Eqn.
6). (b) Activity coefficients �i of Ca2� and SO4

2�, at 25°C, as a function
of ionic strength and at different pressures (�150, �100, �50, 0.1, 50,
100, and 150 MPa) according to the B-dot model (Eqn. 6).
reaction 10 takes place in very dilute solutions ([Al] � 10�8
Fig. 4. Variation of the solubility of gases (O2, CO2, H2O) in pore
water as a function of the internal pressure of capillary water, at Patm

(0.1 MPa) and 25°C. This variation is expressed in terms of variation
of partial pressure at equilibrium with constant quantities of dissolved
gases.
Fig. 5. Synopsis of the overall structure of the “Thermo-zns” com-
puter code. Grey zones represent the core of existing computer codes

used to construct “Thermo-zns,” i.e., “Supcrt92” and “Eqtest” (see
text). Bold lines indicate units modified from these computer codes.
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mol · kgw�1, ionic strength � 10�7 eq · kgw�1), i.e., close to
standard conditions with aw � 1.

Using the Thermo-zns code, the relative humidity (or the
capillary water pressure; cf. section 2) corresponding to the
equilibrium of this reaction was calculated for temperatures
between 50 and 102°C. The standard thermodynamic proper-
ties of the mineral phases under the reference conditions (Tr �
25°C, Pr � 0.1 MPa) are given in Table 2.

Isobaric, anisobaric and dual conditions (see section 2.4) are
considered, with the mineral phases subjected to: i) the pressure
of the aqueous solution (isobaric context), ii) the atmospheric
pressure, different from the pressure of the capillary water
(anisobaric context) or iii) the atmospheric pressure for the
mineral initially present and the capillary pressure for the
neoformed mineral (dual context).

The results obtained from Thermo-zns are compared in Fig-
ure 6 with the experimental measurements. It is clear that the
anisobaric context accounts very well for the observations
down to very low RH (24% at 50°C). On the other hand, the
trends obtained for the two other contexts deviate from the
measured data when relative humidity decreases. This can be
explained as follows.

Fig. 6. Equilibrium conditions for the boehmite-bayerite reaction as
a function of temperature and relative humidity; the full circles repre-
sent the experimental plots according to Verdes and Gout (1987); the
curves represent the results of the calculations made in this study
according to the isobaric, anisobaric and dual contexts (see text).

Table 2. Standard thermodynamic properties of boehmite and bay-
erite, under the reference conditions (Tr � 25°C, Pr � 0.1 MPa), used
by Verdes and Gout (1987) and repeated in this work.

Mineral phase
	Gf

o a

(J/mole)
Sf

o a

(J/mole K)
Vo

cm3/mole

Boehmite �917100 48.45 19.5b

Bayerite �1158100 68 31.2c

a According to Verdes and Gout (1987).
b According to slop98.dat (Shock et al., 1997).
c 3
Deduced from the density, equal to 2.5 g/cm , according to the

webmineral.com website (http://webmineral.com/).
Boehmite is initially present in the system so that (section
2.4) it should remain subjected to its initial pressure, which is
the atmospheric pressure. The anisobaric context should be
expected and actually is the most suitable to account for this
experiment. As a matter of fact, an isobaric hypothetical sce-
nario results in a greater solubility of the boehmite than that
indicated by the experiment (Fig. 6). On the other hand, the
dual context tends to favor the bayerite to a greater extent than
that shown by the experimental results. This may suggest that
during this experiment, bayerite is formed by epitaxial type
growth, either from the boehmite itself, or from other substrates
that are non reactive but initially present in the system. This
explanation could be checked by a microscope analysis of the
solid samples.

3.2. Oxidation of Pyrite in an Atmosphere with
Controlled Relative Humidity

Other experiments studied the oxidation of pyrite at different
relative humidities lower than 100% (Borek, 1994; Guevre-
mont et al., 1998; Todd et al., 2003; Jerz and Rimstidt, 2004).
Such conditions occur in several environmentally important
contexts such as those related to acid mine drainage (Blowes et
al., 1991; Jambor and Blowes, 1998; Nordstrom and Alpers,
1999). The humidity and temperature conditions imposed by
the different authors are summarized in Table 3. This table also
gives the results obtained for the calculations of the internal
pressure and density of the capillary water, as well as the
Kelvin radius rK (Eqn. 4). This latter parameter, calculated for
a nil water/solid contact angle, gives an indication of the
maximum size of the pores saturated with water (neglecting the
wetting film thickness). The surface tension �, which depends
on the temperature, is calculated in accordance with the rec-
ommendations of the IAPWS (1994). Based on Figure 1, the
internal pressure of capillary water and the corresponding
Kelvin radius are given as a function of the relative humidity
(Fig. 7).

Data given in Table 3 and Figure 7 lead to the following
conclusions:

1. A small variation in the vapor partial pressure (i.e., RH)
results in significant variations in water pressure and Kelvin
radius. Furthermore, the higher the relative humidity, the
greater the variability of the latter parameter.

2. The temperature measurement is very important. Guevre-
mont et al. (1998) did not indicate the laboratory temperature at
which their experiments were carried out. Therefore, as one can
expect in a laboratory, the temperature is here assumed to lie
between 20 and 25°C. This temperature difference is reflected
in a relative humidity comprised between 98.3 and 72.6%,
respectively, and therefore water pressures range from �2.3 to
�43.4 MPa.

As expressed by Eqn. 2, the relative humidity at equilibrium
with a capillary solution includes the contributions of both the
internal pressure of water and the salinity of the solution (i.e.,
the activity of water). Here, Eqn. 2 has to be rewritten to define
an apparent relative humidity RH* from which the capillary
water pressure may be calculated using the Thermo-zns code

(Lassin et al., 2003):

http://webmineral.com/
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RT ln
RH∗

100
� RT�ln

p

p0

� lnaw�� �
Pr

P

Vw · dP, (11)

However, the ionic strengths encountered hereafter (�0.7
eq · kgw�1, see below), result in a water activity equal to 0.994
and therefore, according to Eqn. 11, RH* values deviate from

Table 3. Experimental conditions for studying the oxidation of pyri
density � of the capillary water and corresponding Kelvin rk radius.

Ref. T(K) pH2O (MPa) RH (%)

— 293.15 2.34 · 10�3 b 100
[1]a 293.15 2.3 · 10�3 98.3
[2] 293.15 2.0 · 10�3 85.5
— 295.15 2.65 · 10�3 b 100
[3] 295.15 2.09 · 10�3 c 79
[3] 295.15 1.86 · 10�3 c 70
[3] 295.15 1.33 · 10�3 c 50
[3] 295.15 9.01 · 10�4 c 34
— 298.15 3.17 · 10�3 b 100
[4] 298.15 3.07 · 10�3 c 96.7
[1]a 298.15 2.3 · 10�3 72.6

[1]: Guevremont et al. (1998) — [2]: Todd et al. (2003) — [3]: Bo
a Since the laboratory temperature is not specified by the authors, tw
b Saturation vapor pressure (2.34 · 10�3 MPa at 20 °C, 2.65 · 10�3

c Relative humidity set with the aid of a saline solution (ref. [3,4]
calculation pH2O � p0 
 RH/100.

e Calculated using the Thermo-zns code.
Fig. 7. Internal pressure of capillary water (P) and Kelvin radius (rK)
corresponding to the experimental conditions of the cited studies.
the relative humidities, RH, given in Table 3 by 0.6%. The
appearance of the correspondence curve between the relative
humidity and the capillary pressure in Figure 7 suggests that
such small relative humidity deviations do not have an effect on
the water pressure despite the fact that the Kelvin radius at high
RH can be affected. Focusing here on geochemical calculations
rather than on pore geometry, it was decided not to take account
of this “apparent” relative humidity effect in the remainder of
this work. However, in solutions of higher salinity, this correc-
tion must be taken into account (Benavente et al., 2004).

Data given in Table 3 allow the calculation of the thermo-
dynamic properties of the aqueous species, gases and mineral
phases that may be involved in the pyrite oxidation process, as
well as the relevant Debye-Hückel parameter A�. The various
authors cited above have observed that in atmospheres of
varied humidity, the pyrite oxidation at the mineral surfaces
results in the replacement by iron sulfate. The reactions that
need to be taken into account are therefore:

FeS2 � H2O � 3.5 O2,g ⇔ Fe2� � 2 SO4
2� � 2 H� (12)

FeSO4 ⇔ Fe2� � SO4
2� (13)

FeS2 � H2O � 3.5 O2,g ⇔ FeSO4 � SO4
2� � 2 H� (14)

and

O2,g ⇔ O2,aq (15)

The equilibrium constants for reactions 12 to 15 are calcu-
lated from Table 3, as a function of the isobaric and anisobaric
conditions. For reaction 14, which involves two mineral phases,
the dual context is also tested. The standard thermodynamic
data are from Shock et al. (1997), integrated in the slop98.dat
database developed by the GEOPIG team for the Supcrt92
(Johnson et al., 1992) calculation code, and thus adapted to the
Thermo-zns code. Only the properties of the iron sulfate, absent
from slop98.dat, were taken from the Wagman et al. (1982)
database. The thermodynamic properties of all of the aqueous
species of the chemical system Fe-S-H O contained in the

humid atmosphere, according to various authors; internal pressure P,

(MPa)e � (g/m3)e � (mJ/m2) rk (nm)

.14 · 10�3 998200 72.74 �109

.31 997100 72.74 �61.84

.02 988300 72.74 �6.83

.17 · 10�3 997700 72.43 �109

.75 982800 72.43 �4.54

.86 974800 72.43 �3.03

.97 951100 72.43 �1.60

.12 920000 72.43 �1.06

.25 · 10�3 997000 71.97 �109

.58 994900 71.97 �31.34

.41 976500 71.97 �3.35

94) — [4]: Jerz and Rimstidt (2004).
ibilities have been envisaged, 20 °C and 25 °C.
t 22 °C, 3.17.10�3 MPa at 25 °C).
ot by a partial pressure of H2O; the value given is the result of the
te in a

P

7
�2

�21
10

�31
�47
�91

�141
11

�4
�43

rek (19
o poss
MPa a

), and n
2

slop98.dat database, i.e., nearly 40 aqueous species, have also
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been calculated under the temperature and pressure working
conditions (Table 3).

Output data from Thermo-zns are integrated into the Phre-
eqc-type database (Parkhurst and Appelo, 1999) in order to
carry out speciation and saturation index calculations that si-
multaneously take into account the effects of capillarity and
salinity. In fact, the imposed conditions are the partial pressure
of atmospheric oxygen: pO2 � 0.021 MPa, and a limited
quantity of pyrite subjected to the oxidation in such a way that
the ionic strength of the final solution (�0.7 eq/kgw) remains
within the domain of validity of the Davies activity model,
integrated by default in the Phreeqc code. In contrast, the iron
sulfate precipitation conditions correspond to very high ionic
strengths and as such the Davies model (Davies, 1962) is no
longer valid. Actually, the relevant formalism is the Pitzer one
which has still to be adapted to the UZ as indicated in section
2.6.1. Under the conditions considered above, the calculated
pH is very acid (1.8 � 0.2) and the redox potential (pe) is very
high (19.4 � 0.1) indicating oxidizing conditions.

Calculating the ionic activity product, Q, and the equilibrium
constant, K, for reaction 14 at the various relative humidities (RH)
and temperatures (T) leads to the Q/K(T,RH) ratio, which mea-
sures the deviation of the reaction from thermodynamic equilib-
rium. The variation in this Q/K ratio as a function of the relative
humidity provides an indication of the change in the “driving
force” of the reaction. This variation, � (log Q/K), is defined by:

�(log Q ⁄ K) � log Q ⁄ K(T, RH) � log Q ⁄ K(T, 100%). (16)

In the same way, the variation in the equilibrium constant for
the reaction 14 as a function of the relative humidity may be
defined by:

�(�log K) � log K(T, 100%) � log K(T, RH). (17)

In reaction 14, suggested by Borek (1994), one can expect
the following configurations. The pyrite initially present is
assumed to be subjected to atmospheric pressure. As for the
iron sulfate, Jerz and Rimstidt (2004) pointed out that its
precipitation was accompanied by the passivation of the pyrite
surface. That leads to expect that the iron sulfate precipitates at
the very surface, which corresponds after section 2.4 to an
epitaxial anisobaric context. To illustrate the flexibility of the
model, it is proposed a supplementary refinement by assuming
that the iron sulfate does not undergo the structural constraints
of its substrate but precipitates under isobaric conditions. The
variations in the equilibrium constant for the reaction 14 and
the Q/K ratio as a function of the relative humidity, in the three
contexts considered, are shown in Figure 7. It should be noted
that in real situations, this question of scenario must be chosen
according to the indications of microscopic studies of the
mineralogical assembly.

The lowest RH tested by Borek (1994) correspond to an arid
climate (cf. NOAA climatic data for Las Vegas, Texas, or
Phoenix, Arizona, for example, available at http://www.ncdc-
.noaa.gov/oa/ncdc.html). The highest RH correspond to cool to
temperate humid climates (cf. NOAA climatic data for Quill-
ayute in Washington State, where 65 � RH � 95%, and 2 � T
� 14°C, for year 2003, for example) and humid tropical cli-
mates (cf. NOAA climatic data for Pohnpei in the Caroline

Islands, where 75 � RH � 95%, and T � 27°C, for year 2003,
for example). These RH are plotted in Figure 2 to give an idea
of the corresponding extent of water metastability (proximity of
the spinodal curve).

Figure 8 shows that the variation �(log Q/K) is negative at
every RH, whatever the temperature (20–25°C) and the chosen
context (isobaric, anisobaric or dual). The iron sulfate (FeSO4)
is always favored over the pyrite (FeS2) in capillary conditions
and at constant O2 partial pressure. This stabilization increases
as the relative humidity decreases and its magnitude depends
on the chosen context. The least favorable context is the aniso-
baric one, in which the �(log Q/K) is equal to �0.1, �0.2 and
�0.8, under the respective conditions of (20°C, 85.5%), (25°C,
72.6%) and (22°C, 34%). The most favorable context is the
dual context in which the �(log Q/K) is equal to �0.25, �0.5
and �1.8, under the same conditions as previously. These
values are significant and, for the lowest relative humidities or
the contexts that are the most favorable to the stabilization of
the solid iron sulfate (FeSO4), they are of the same order or
greater than the uncertainties that exist between various data
sources such as Naumov et al. (1974), Helgeson et al. (1978),
Shock and Helgeson (1988) and Shock et al. (1989, 1997) for
slop98.dat, Wagman et al. (1982), Robie and Hemingway
(1995), and Chivot (2004). In fact, the mean equilibrium con-
stant corresponding to the reaction 14, calculated from the
different sets of data, is log K � 204.5 � 0.6 (under the
reference conditions). If one limits oneself only to the sources
that provide all of the required data (Naumov et al., 1974;
Robie and Hemingway, 1995), the average value of the equi-
librium constant becomes log K � 203.7 � 0.4.

Comparing the variations in the ratio �(log Q/K) to the
variations �(�log K) (Fig. 8) highlights the stabilizing role of
the speciation of the capillary solution on the system (solid iron
sulfate � SO4

2�� H�) relative to the system (pyrite � O2,g �
H2O). The combined effect of the speciation and the equilib-
rium constant is amplified when both effects go in the stabiliz-
ing direction, that is with the isobaric and dual contexts. In the
anisobaric context, the effect of the speciation reverses the
trend observed for the variation of the equilibrium constant,
which would suggest a slight stabilization of the system (pyrite
� O2,g � H2O) compared to the system (solid iron sulfate �
SO4

2�� H�) when the relative humidity decreases. Distinct
contributions can be described more precisely.

3.2.1. The Relative Stabilization of Pyrite and Iron Sulfate

Isobaric “tensile” minerals are stabilized in capillary solu-
tions. In the dual context, only the iron sulfate is subjected to
the capillary pressure whereas the pyrite is not, favoring the
respective stability of the former over the latter. Consequently,
the trend to stabilization (i.e., the reduction in solubility) of the
iron sulfate obtained for the isobaric context is amplified in the
dual context.

3.2.2. The Evolution of the Solubility Product of O2

This evolution (Reaction 15 and Section 2.6.2) corresponds
to an increasing solubility of the gaseous oxygen when the
relative humidity decreases. This effect must be added to the
higher diffusion of gaseous oxygen in air, which is ten thousand

times greater than the diffusion of aqueous oxygen in water

http://www.ncdc.noaa.gov/oa/ncdc.html
http://www.ncdc.noaa.gov/oa/ncdc.html
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(Hecht and Kölling, 2002), both effect favoring the oxygen
supply for the geochemical systems in the UZ.

The greater solubility of oxygen agrees with the observations
made by Jerz and Rimstidt (2004) who showed that the initial
consumption rate of oxygen is higher at 96.7% RH than the
conventional rate of an aqueous phase oxidation reaction (RH
� 100%). However, given the low amount of water present in
the system, the capillary solution rapidly reaches saturation
with respect to the iron sulfate. As a matter of fact, Jerz and
Rimstidt (2004) reported a severe restriction of further oxida-
tion by as much as 1 or 2 orders of magnitude (surface passi-
vation). These observations corroborate those of Borek (1994),
who noted a maximum amount of altered pyrite at about 70%
humidity. At higher relative humidities, the capillary effects are
less intense and, consequently, only amplify the oxidation to a
small extent compared to the SZ. Conversely, at lower relative
humidities, the quantities of water in the porosity are low and
the capillary effects are strong. The iron sulfate (FeSO4)
reaches saturation rapidly and causes passivation of the pyrite
surface. Hollings et al. (2001) obtained experimental results
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Fig. 8. Variation in the log Q/K ratio for reaction 14 as
strength close to 0.7 eq · kgw�1, according to the iso
comparison, the variation in the equilibrium constant for
various temperatures and for the different contexts.
that also highlight a maximum rate of oxygen consumption by
the pyrite for a given range of relative humidities. However,
these authors plotted this maximum between 12 and 25% RH at
20°C. This discrepancy with the results of Borek (1994) is
probably related to the experimental conditions. The former
experiments (Hollings et al., 2001) were carried out on a
particle size fraction between 0.1 and 0.6 mm. The sample was
previously dried at 105 °C before rehydration. The latter ex-
periments (Borek, 1994) were performed on pure natural py-
rites, ground into smaller particle sizes (between 63 and 75 �m)
and washed with hydrochloric acid.

The interpretations must thus be related to the experimental
conditions. For instance, when there is an outflow of the solu-
tion from the porosity, a leaching mechanism can maintain a
steady state far from equilibrium, preventing the surface pyrite
from passivating. Indeed, Hecht and Kölling (2002) performed
the complete leaching of the pyrite contained in an unsaturated
column of soil consisting of silty sand for a period of around
200 days. Furthermore, Fennemore et al. (1998) and Hollings et
al. (2001) have demonstrated experimentally that the size of the
grains, and therefore the specific surface of pyrite, is also a
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These results illustrate the potential contribution of the ther-
modynamic approach of the aqueous capillary solutions to the
understanding of the geochemistry of the UZ. The effects of
capillary pressure and chemical composition of the solution are
clearly identified in this approach. In particular, activity coef-
ficients are constrained in a rigorous manner. The role of the
gases is emphasized, as well as the “crystalline strategy” of the
mineral phases (precipitation within the solution, epitaxial type
growth, for example).

4. DISCUSSION

4.1. Limitations in the Range of Applications

The lowest calculated spinodal pressure is equal to �179.4
MPa at 57°C according to the equation of state of Wagner and
Pruss (2002). It is very close to that measured at 42°C in a fluid
inclusion (�180 MPa) by Zheng et al. (1991) which is, at the
moment, the lowest measured pressure. A correspondence il-
lustrating the theoretical limit of the existence of the capillary
water sensu stricto can be established with the relative humidity
of the air (Fig. 9). It thus appears that a system at equilibrium
with an atmosphere of relative humidity less than 30%, around
25°C, would no longer contain pure capillary water. This does
not exclude the possibility that water adsorbed at the surface of
the solids may subsist (Mercury and Tardy, 2004).

The latter authors pointed out that the present state of devel-
opment of the proposed approach is limited to the capillary
water sensu stricto, in other words not including film water.
Consequently, the extension of the application of the revised-
HKF model for calculating the thermodynamic properties of
the aqueous species only concerns the capillary solutions, not
the adsorption films. However, from a theoretical point of view,
it should be noted that adsorption films adjust their thickness
such that the chemical potential equals that of the water vapor
(disjoining pressure concept; see for example Derjaguin et al.,
1987). This is analogous to the adjustment of radii by capillary
meniscus. In this case, film water (with given thickness), cap-
illary water (with given radius) and water vapor (with given
RH) have the same Gibbs free energy along the (P,T) plots of
equilibrium. However, the forces underlining the tensile state
of these metastable waters are different. Capillary water obeys

Fig. 9. Metastability domain of capillary water as a function of
temperature and relative humidity of the air.
the liquid-liquid cohesion and thus obeys the equation of state
in its whole domain of existence. Film water undergoes addi-
tional contributions from the adjoining solids (surface forces)
and, if its chemical potential equals that of the equilibrium
water vapor, the other physicochemical properties cannot be
predicted according to the equation of state. It should also be
noted that, given Eqn. 2, one may expect that some relatively
concentrated capillary solutions may be in equilibrium with
lower relative humidities than those corresponding to the spi-
nodal. Indeed, this equation means that, for a capillary aqueous
solution at equilibrium with a constant relative humidity, a
decrease in the water activity due to the salinity of the solution
allows the intensity of the capillary pressure to be reduced. For
instance, the calculated spinodal for a 1 molal NaCl solution is
actually lower than that of pure water (Green et al., 1990).
Notwithstanding this, in the present state of development of the
approach, it is preferable to consider systems that do not reach
the liquid water-vapor spinodal limit.

4.2. Behavior of Capillary Water

The density of the capillary water decreases with pressure at
constant temperature, according to the equation of state. This
actually reflects the stretched state of the capillary water under
the humid air-water interface, the concavity of which is di-
rected towards the air. This decreasing density results in a
decreasing dielectric constant of the capillary water (after the
equation of Fernández et al., 1997). This is in agreement with
various experimental studies (Boyarskii, 2002; Seyfried and
Murdock, 2004). They show a reduction in the dielectric con-
stant of water with the number of hydration water layers or with
the water content of the porous medium and hence, by exten-
sion, with the relative humidity. The dielectric constant is a
parameter that measures the ability of a solvent to dissolve
minerals. A decreasing dielectric constant corresponds to a
lowering capacity of the solvent to dissolve solids (Wasserman
et al., 1995; Byrne and Laurie, 1999).

4.3. Mineral Solubility in UZ and Limits Imposed by the
Anisobaric/Isobaric Hypotheses

The examples reported above show that the isobaric context
maximizes the decreasing solubility of the minerals in capillary
systems. Conversely, the anisobaric context has a tendency to
oppose the reduction in the solubility of the mineral phases. In
other words, even if one mineral is not affected by the capillary
state of the solution, the chemical capability of the latter is affected
which is reflected by the change of the equilibrium constant.
Whenever chemical reactions involve several mineral phases, the
variation in their relative stability also depends on the manner the
mineralogical assembly will be arranged (see section 3).

According to the revised-HKF theory, the simultaneous varia-
tion in the dielectric constant and the density of water plays a role
in the variation in the Gibbs free energy of aqueous species as a
function of the capillary pressure. In other words, the capillary
pressure modifies the complexation equilibria between aqueous
species. This adds a new factor in the evolution of the solubility of
minerals as a function of the capillary pressure.

The capillary pressure of the solution increases the solubility of
rare and reactive gases, at odds with the general trend obtained for

minerals. The dissolution reaction of a gas necessarily takes place
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in an anisobaric context. The increase in its solubility is therefore
associated with the stabilization of the aqueous species involved in
the dissolution reaction. Indeed, this behavior results from the
lowering of the Gibbs free energy of O2,aq, CO2,aq and H2O when
the capillary tension increases, due to the positive molar volume of
these aqueous species and solvent. The aqueous species for which
the molar volume is negative show the opposite behavior. As an
example, the ion Ca2� has a molar volume V° of �18.2
cm3 · mol�1 and a standard Gibbs free energy of formation from
elements, 	G °f, of �552.8 kJ·mol�1 at 25°C, 0.1 MPa. At 25°C,
�100 MPa, V° and 	G °f are respectively equal to �30.1
cm3 · mol�1 and �550.5 kJ · mol�1. This increase in the 	G °f of
Ca2� with the reduction in the pressure results in a destabilization
of the aqueous ion in a drying context. Under the same conditions,
the molar volume of aqueous oxygen and its standard Gibbs free
energy of formation from elements go respectively from 30.4 to
32.8 cm3 · mol�1 and from 16.6 to 13.4 kJ · mol�1. This reduc-
tion in the 	G °f of O2,aq with the decrease in the pressure results in
a stabilization of the aqueous ion in a dry atmosphere context.

When the ionic strength of the solution increases, the oxygen
becomes less soluble (salting out effect). The concentration of
dissolved oxygen in a very dilute solution in equilibrium with the
atmosphere (pO2 � 0.02 MPa) is 2.53 
 10�4 mol · kgw�1. In
concentrated NaCl solutions, the activity coefficient of aqueous O2

can be calculated after Clegg and Whitfield (1991). For instance,
in a 1 molal NaCl solution, the calculated concentration of dis-
solved oxygen in equilibrium with atmospheric gases is only 1.86

 10�4 mol · kgw�1. This difference in concentration corre-
sponds to a difference in the energy of the oxygen dissolution
between the dilute and the concentrated solutions. This energy
difference is expressed by the activity coefficient of the aqueous
oxygen, which is 0.3 logarithm unit in the concentrated solution
(and 0 in the dilute one). The capillary effect on the thermody-
namic equilibrium constant is just the opposite, favoring the sol-
ubility. Indeed, a calculation using Thermo-zns indicates that the
same energy difference (with the opposite sign) as that produced
by the above salinity is obtained for a relative humidity close to
70% (i.e., a capillary pressure of around �50 MPa). The opposing
effects of the 1 molal NaCl salinity and the 70% RH capillarity
neutralize each other so that the solubility of the oxygen remains
constant. Depending on their relative importance, they can there-
fore give rise to a variety of situations and thus illustrate the
diversity/flexibility offered by this model for interpreting real
cases. This should also allow a better evaluation of the quantity of
dissolved oxygen, which is often underestimated due to its pre-
sumed low solubility (Hecht and Kölling, 2002).

It is important to highlight that the whole reasoning devel-
oped above is homogeneous to that developed in the saturated
geological systems. This illustrates the continuity of the geo-
chemical processes between the zones saturated and not satu-
rated with water, and the strong interest of using a formalism
that respects this continuity. Furthermore, it appears that the
definition of the different (an)isobaric contexts opens the way
to numerous new ways of interpreting the observed equilibria
and of understanding their guiding mechanisms.

4.4. Limits of the Approach Due to Lacking Input Data

One specificity of the chemistry of the UZ is the low value

of the hydraulic conductivity correlated of course with the
intensity of capillary tension (for why it is often termed as
suction). This constitutes an obstacle in experimental terms
since tensile water cannot be extracted easily, in a non dis-
rupted manner and with a sufficient volume of samples. To this
difficulty may be added local heterogeneities that may give rise,
in the same medium, to the coexistence of phases that are
exclusive from the sole point of view of thermodynamics.

Nevertheless, indirect techniques have already been used,
based on controlled equivalences in temperature and relative
humidity (Verdes and Gout, 1987), or on measurements of the
consumption of reactive gases (O2) during pyrite oxidation
reactions (Jerz and Rimstidt, 2004). Various methods for ob-
serving in situ and interpreting the observations may also
provide interesting information. This is true for the work of
Mulyanto and Stoops (2003) and Tardy and Novikoff (1988).
The latter authors have, for example, described the local min-
eralogical organization of a lateritic profile. They observed that
the kaolinite precipitated filling the small pores (�1 �m) and
that the gibbsite precipitated filling the larger pores (�10 �m).

Although the model seems interestingly flexible for the sur-
face domain, important experimental developments are now
necessary to check the validity of the whole frame and its
predictive capability. For example, Benavente et al. (2004)
have recently carried out a study on the role of the structure of
pores on the crystallization of salts in a porous material not
saturated with water. In this study, a specific experimental
protocol was developed to take account of capillary and os-
motic effects in a distinct manner, as well as observing the
mode of precipitation of the different salts (homogeneous nu-
cleation for mirabilite, heterogeneous nucleation for thenardite
and halite). The authors concluded by emphasizing the major
role of the size of the pores of the materials on the geochemical
dynamics of their media. Such kind of studies should, in
particular, allow to define more physically the notions of iso-
baric, anisobaric and dual contexts used in the present study.

The key point of the whole approach is the continuity of
physical and chemical mechanisms from the SZ up to the UZ,
expressed in a formal manner through Eqn. 2. Actually, in the SZ,
in surface or subsurface conditions (free water at or close to the
reference pressure Pr, itself very close to the atmospheric pres-
sure), the integral term of the right-member of Eqn. 2 is zero and,
therefore, relative humidity may be assimilated to water activity.

When the system becomes non saturated with water (UZ), the
internal pressure of the capillary water decreases in such a way
that this integral term is no longer zero. Consequently, the water
activity can no longer be assimilated to the relative humidity of the
air.

It is worth outlining that, when the pressure of the water
saturated system increases (submersion potential), the simulta-
neous use of the water activity (due to the effects of the salinity
of aqueous solutions) and the mechanical stress of pressure is
both traditionally and widely accepted. This type of system
may be monophasic, in the sense where the water vapor is no
longer expressed. Nevertheless, the equivalent relative humid-
ity may be evaluated numerically.

5. CONCLUSION AND OUTLOOK

The approach followed through this work was based on the

interpretation of capillary effects in terms of the internal pressure
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of capillary water. The first objective of the present work was to
integrate the osmotic aspects (i.e., linked to the chemical compo-
sition of the solutions) to the capillary processes, the second to
apply this overall model to laboratory case studies or real systems.
Firstly, the formal framework allowing the calculations of geo-
chemical equilibria in the UZ systems was defined, with a clear
distinction of the capillary and osmotic effects, in a simultaneous
but distinct manner. The calculations required to gain the second
applied objective were carried out through the combination of two
calculation codes.

The first code, named Thermo-zns calculates the thermody-
namic properties of all the compounds of a chemical system at
all pressures and temperatures. It was developed on the basis of
the Supcrt92 code (Johnson et al., 1992) to extend the calcu-
lations of equilibrium constants to the negative pressures of the
capillary domain. It is also able to evaluate the variations as a
function of the temperature and pressure, of the Debye-Hückel
coefficients used in conventional models for calculating the
activity coefficients of charged aqueous species. The relative
humidity is integrated as an additional parameter. The different
configurations related to the mineralogical assemblies and to
the crystal strategies of nucleating-deliquescing, dissolving/
precipitating, are also provisioned in an open way, focused at
the moment on the “solid pressure” parameter.

The second code used is Phreeqc (Parkhurst and Appelo,
1999) in order to carry out speciation and saturation index
calculations. The databases used with this code were estab-
lished, for each pressure considered, from results obtained
using Thermo-zns. The original thermodynamic database is that
associated with Supcrt92, i.e., “slop98.dat.”

The approach was applied to two actual cases based on the
results of experimental studies: a study of the hydration of
boehmite into bayerite, as a function of temperature and rela-
tive humidity; three experimental studies on the oxidation of
pyrite in atmospheres with several relative humidities.

The results obtained show that the proposed approach can
indeed be applied to real cases and that the capillarity can con-
tribute, at a significant level, to the evolution of the chemical
equilibria. They also highlight the possibility and the necessity to
distinguish, in a clear manner, the capillary effects from those
linked to the salinity of the aqueous solutions. This distinction
refines the manner with which the chemical equilibria of miner-
alogical assemblies may be interpreted. The flexibility introduced
owing to the isobaric and anisobaric contexts is also promising and
favorably compares to available observations. However, it appears
clear that some specific experiments should be planned with the
whole set of measurements and observations, to check the capa-
bilities of the model in a nonambiguous manner.

The results gained here also show that the effects linked to the
capillarity must be taken into account in an overall manner in order
to measure their importance. This means that, in order to interpret
the behavior of actual complex systems, not saturated in water,
one has to integrate the effects of the capillarity on the speciation
in solution and the thermodynamic stability of individual phases,
all these effects being linked to the salinity.

It is also clear that the (inorganic) geochemistry of the UZ must
take the physical dimension linked to capillary phenomena into
account. The continuous passage from positive values to negative
values for the water pressure enables to deal with the chemistry of

the solutions of the saturated and non saturated zones in a homo-
geneous manner. Furthermore, this approach is in line with those
adopted in other scientific fields such as the physics and chemistry
of interfaces and surfaces, colloids, emulsions, etc. However, it
appears necessary to complete the capillary approach of the geo-
chemistry of the UZ by explicitly including the role (i) of the
adsorption films including electrostatic surface phenomena and (ii)
of the reactional interface sensu stricto, in other words the very
first layer(s) of water deposited or with a strong interaction with
the solid. Although we are here touching on the application limits
of macroscopic thermodynamics, one may imagine that the equi-
librium constants for the volumetric reaction mixture (“the bulk”)
must be treated with energies that characterize the interfacial
phases.

Finally, the dependence on the chemical composition of a
capillary solution to the distance from the walls of the pore
could also be taken into account by means of a suitable ther-
modynamic formalism (Basu and Sharma, 1994; Manciu and
Ruckenstein, 2003; Ruckenstein and Manciu, 2003).
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APPENDIX

Calculation of the Fugacity Coefficients of the Main Atmospheric
Gases (O2, CO2, H2O)

For each gas, the fugacity may be calculated if the second virial
coefficient B is known. The coefficients corresponding to each of the main
reactive gases of the atmosphere (O2 and CO2), as well as its major
constituent (N2) are given in Table A-1. According to Prigogine and Defay
(1950), the fugacity coefficient (T,p) of a real pure gas is given, as a first
approximation, by:

�(T, p) � f ⁄ p � exp(Bp ⁄ RT). (A-1)

If one considers a binary mixture consisting of gases 1 and 2, the

respective fugacity coefficients are given by the following equations:
�1(T, p) �
exp�ln�N1RT � v	 � 2 � (B11N1 � B12N2)


v
, (A-2)

and

�2(T, p) �
exp�ln�N2RT � v	 � 2 � (B12N1 � B22N2)


v
, (A-3)

where

v �
RT

p
� �1 �

p

RT
(B11N1

2 � 2B12N1N2 � B22N2
2)� . (A-4)

Ni is the mole fraction of the gas i (i � 1, 2); v is the molar volume of
the gaseous mixture; Bii is the second virial coefficient of the gas i,
stemming from the mutual interaction of the molecules of the constituent
i; B12 corresponds to the interaction of molecules 1 with molecules 2; p is
the total pressure of the gaseous phase, the partial pressures being equal to
Ni
 p.

If gases 1 and 2 have similar molecular structures, B12 may be
estimated by (Prigogine and Defay, 1950):

B12 � (B11 � B22) ⁄ 2. (A-5)

The application of the relation (A-1) to the pure gases O2 and CO2

makes it possible to evaluate their fugacity coefficient as a function of the
pressure, arbitrarily taken between 10�3 and 100 MPa for the illustration
shown in Figure A-1. The application of the relations A-1 to A-5 to the
binary mixture (N2, O2), with respective proportions of 78% and 21%,
makes it possible to evaluate the fugacity coefficient of oxygen in the air.
Then, by considering the air as a unique constituent, the same relations
make it possible to evaluate, as a function of the pressure, the fugacity
coefficient of the CO2, which represents 0.033% of the binary mixture (air,
CO2). The results obtained are detailed in Figure A-1 and show that the
fugacity coefficients of the gases considered deviate in a significant man-
ner from the value 1 for higher pressures or around 0.5 MPa as regards
CO2, and greater than or around 1 MPa as regards O2, whether the gases
are pure or in the air. Beyond these pressures, the fugacity of the gases
deviates from their partial pressure.

Table A-1. Second virial coefficients B of the gases O2, CO2 and N2,
at 25°C, according to Kehiaian (1997).

Gas N2 O2 CO2

B 
106 (m3 · mol�1) �4 �16 �127
Fig. A-1. Fugacity coefficients of atmospheric gases (pure and in air)
as a function of pressure, at T � 25°C.
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