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ABSTRACT. The standard molal thermodynamic properties of dehy-
dration of dioctahedral aluminous smectites have been computed for
temperatures to 300 °C and pressures to 5 kb.! By combining values of
the standard molal Gibbs free energies of the dehydration reaction at
25 °C and 1 bar (Ransom and Helgeson, 1994a) with those of the
standard molal entropy, heat capacity, and volume of dehydration
generated from the thermodynamic properties of interlayer and bulk
H,0 (Ransom and Helgeson, 1994b; Johnson and Norton, 1991), the
equilibrium hydration states of dioctahedral aluminous smectites can
be predicted as a function of temperature and pressure in geolo%ic
systems. Calculations of this kind indicate that smectite gradually

ehydrates with increasing temperature and burial depth. Combining
the results of such calculations with equations that take mnto account the
fact that smectites in nature contain more than one type of interlayer
cation make it possible to estimate the amount oty interlayer H,O
released to pore spaces as smectites are buried along crustal geotherms.
Calculations indicate that at 100 °C and 3.5 km along US Gulf Coast
geotherms, smectites contain ~15 to 65 percent less interlayer H,O
than when they were deposited, depending on the interlayer cations

resent. Calculations also indicate that with increasing burial monova-
ent cations are increasingly preferred over divalent cations in smectite
interlayers, a trend verified by transmission electron microscope stud-
ies (Ahn and Peacor, 1986). Calculation of reaction roperties indicate
that both the volume and enthalpy of smectite dehygratlon are positive
along crustal geotherms. For geologic systems for which the volume
change is suppressed, a sudden pressure release such as failure along a
fault could trigger rapid smectite dehydration resulting in an episode

* Present address: Scripps Institution of Oceanography, Geological Research Division
0220, La Jolla, California 92093.

""The term dehydration is used in the present communication to refer to the loss of
intracrystalline interlayer HoO from smectite. Thermodynamically, smectite dehydration
can be represented as a regular solid solution of homologous hydrous and anhydrous
thermodynamic components (Ransom and Helgeson, 1994a). TKC terms hydrous and
anhydrous refer to chemical or physical units with and without interlayer HoO, respectively.
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of rapid fluid generation accompanied by a short term depression of the
local geothermal gradient.

INTRODUCTION

It has long been postulated that intracrystalline HyO expelled from
smectite interlayers plays a significant role in diagenetic processes. Never-
theless, the actual amount of interlayer HyO released during sediment
burial and diagenesis is still a matter of controversy. Recent calculation of
regular solution Margules parameters and standard molal Gibbs free
energies of dehydration for dioctahedral aluminous smectites at 25 °C
and 1 bar (Ransom and Helgeson, 1994a), together with estimates of the
standard molal heat capacity, entropy, and volume of interlayer HyO
retrieved from calorimetric and density data reported in the literature
(Ransom and Helgeson, 1994b), permit calculation of the equilibrium
hydration state of smectite as a function of temperature and pressure.
The purpose of the present communication is to report the results of
such calculations and to predict the extent and consequences of smectite
dehydration as a function of depth in sedimentary basins.

Smectite dehydration has been linked to phenomena as diverse as
sediment overpressuring (Powers, 1967; Barker, 1972; Magara, 1975;
Plumley, 1980; Bethke, 1986), the migration of petroleum (Powers,
1967; Burst, 1969; Bruce, 1984), listric faulting (Bruce, 1984), and what
is commonly referred to as the “smectite to illite transition’2 (Powers,
1967; Perry and Hower, 1972; Weaver and Beck, 1971, Hower and
others, 1976; Freed and Peacor, 1989; Pytte and Reynolds, 1988; Velde
and Vasseur, 1992; and others). However, its actual role in these pro-
cesses is difficult to assess, because the extent to which smectite dehy-
drates with increasing burial has yet to be measured iz situ.

Over the years, laboratory studies have been performed at elevated
temperatures and pressures and various ionic strengths in phenomeno-
logical attempts to duplicate the dehydration of smectite during burial
and diagenesis (Khitarov.and Pugin, 1966; Bird, 1984; Koster van Groos
and Guggenheim, 1984, 1986, 1987; Colten, 1986; Hall, Astill, and
McConnell, 1986; Colten-Bradley, 1987; Huang, Bassett, and Wu, 1994).
However, these experiments have been hampered by uncertainties aris-
ing from rapid heating rates, the application of hydrostatic rather than
nonhydrostatic stress, insufficient proof that long term steady states were
achieved, and differences between laboratory and natural samples. Simi-
larly, although Reynolds (1992) has shown that the expandabilities of
ethylene glycol-treated clay samples are not significantly affected by
different sample preparation techniques, the relevance of these expand-
abilities to the hydration state of smectites in geologic systems remains

2 From a thermodynar;lic and petrologic point of view, the phrase “smectite to illite
transition” is a misnomer because it implies a polymorphic phase transition. Such a
transition requires the composition of the minerals fo be the same before and after the
transition. Because the minerals smectite and illite have distinctly different compositions
(Ransom and Helgeson, 1993), there can be no such transition between them.
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questionable to the extent that this expandability differs from that of
HyO-saturated smectites in natural environments. An alternate approach
involves characterizing the equilibrium phase relations in the system and
using thermodynamic calculations to assess the relative importance of the
various chemical and physical parameters that affect smectite dehydra-
tion under burial conditions. Such calculations can then be used to make
predictions of the equilibrium hydration state of smectite as a function of
temperature and pressure along crustal geotherms. These results can
then be compared with field observations of sediment compaction and
overpressuring and used to facilitate the design of field sampling pro-

grams and geologically relevant experiments.
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GLOSSARY OF SYMBOLS

Activity of anhydrous and hydrous components,
respectively, of smectite solid solutions.

Activity of anhydrous and hydrous Ca-smectite
components, respectively.

Activity of HyO relative to the liquid standard
state.

Activity of anhydrous and hydrous Na-smectite
components, respectively.

Symbolic representation of anhydrous compo-
nents of smectite solid solutions.

Standard molal heat capacity at 1 bar of anhy-
drous and hydrous smectite components, respec-
tively.

Standard molal heat capacity at 1 bar of bulk and
interlayer H,O, respectively.

Difference between the standard molal heat
capacity of hydrous and anhydrous components
of smectite solid solutions at 1 bar (eq A.9 in
app. A).

Standard molal heat capacity of reaction and that
of reaction at 1 bar, respectively.

Standard molal Gibbs free energy of bulk HyO.
Difference between the standard molal Gibbs free
energy of formation from the elements at 1 bar
and 25 °C of hydrous and anhydrous components
of smectite solid solutions (eq B.11 in app. B).
Standard molal Gibbs free energy of formation
from the elements of anhydrous and hydrous
smectite components, respectively, and that of
bulk water at 1 bar and 25 °C.

Standard molal Gibbs free energy of reaction.
Symbolic representation of the hydrous compo-
nents of smectite solid solutions.

Intracrystalline interlayer HyO in smectite.
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Standard molal enthalpy of bulk HyO.

Difference between the standard molal enthalpy
of formation from the elements at 1 bar and 25 °C
of anhydrous and hydrous components of smec-
tite solid solutions (eq B.9 in app. B).

Standard molal enthalpy of formation from the
elements of anhydrous and hydrous smectite
components, that of bulk HyO and that of inter-
layer H,O, respectively, at 25 °C and 1 bar.
Standard molal enthalpy of reaction.

Equilibrium constant.

Berman-Brown (Berman and Brown, 1985) heat
capacity power function coefhicients for interlayer
H,0.

Number of moles of interlayer HyO.

Pressure in bars and the reference pressure (1
bar).

Gas constant (1.9872 cal mol~! K1),

Standard molal entropy at 1 bar and 25 °C of
anhydrous "and hydrous components, respec-
tively, of smectite solid solutions.

Standard molal entropy of hydrogen gas at 1 bar
and 25 °C.

Standard molal entropy of bulk and interlayer
H,O, respectively.

Standard molal entropy of oxygen gas at 1 bar and
25 °C.

Difference between the standard molal entropy at
1 bar and 25 °C and that of formation from the
elements, respectively, of hydrous and anhydrous
components of smectite solid solutions (eq A.2 in
app. Aand eq B.12 in app. B, respectively).
Standard molal entropy of formation from the
elements at 1 bar and 25 °C of anhydrous and
hydrous components, respectively, of smectite
solid solutions.

Standard molal entropy of reaction.

Temperature in Kelvin and the reference tempera-
ture (298.15 K), respectively.

Standard molal volume of the anhydrous and
hydrous components of smectite solid solutions,
respectively, at 1 bar and 25 °C.

Standard molal volume of bulk and interlayer
H,O, respectively.

Difference between the standard molal volume of
hydrous and anhydrous components of smectite
solid solutions in (eq A.3 in app. A).
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AVY  Standard molal volume of reaction.

Wea, Wna  Temperature-pressure-independent Margules pa-
rameter of Ca- and Na-smectite components,
respectively, in (Na, Ca)-smectite solid solutions.

W, Temperature-pressure-independent Margules pa-
rameter for a binary regular solid solution of
hydrous and anhydrous smectite components.

X, Mole fraction of anhydrous components in smec-
tite.

X, Xns  Mole fraction of anhydrous and hydrous smectite
components, respectively.

Xcar Xna Mole fraction of Ca-smectite and Na-smectite
components, respectively.
Xca(asy Xcahsy Mole fraction of anhydrous and hydrous Ca-
smectite components, respectively.
X, Mole fraction of hydrous components in smectite.
XnNags)y Xnahsy Mole fraction of anhydrous and hydrous Na-
smectite components, respectively.

Nas, Aps  Activity coeflicient of anhydrous and hydrous
components, respectively, of smectite solid solu-
tions.

ACatasr Mcahsy  Activity coefficient of anhydrous and hydrous
Ca-smectite components, respectively, of smectite
solid solutions.

ANagas) MNamsy  Activity coefficient of anhydrous and hydrous
Na-smectite components, respectively, of smectite
solid solutions.

CALCULATION OF THE STANDARD MOLAL GIBBS FREE ENERGIES OF REACTION AND
EQUILIBRIUM CONSTANTS FOR SMECTITE DEHYDRATION AS A FUNCTION
OF TEMPERATURE AND PRESSURE TO 300 °C AND 5 KB
Following Ransom and Helgeson (1993, 1994a), the dehydration of
smectite can be described symbolically in terms of homologous hydrous
(hs) and anhydrous (as) components® by writing

. hseas 4+ nH,O (1)

where n. stands for the number of moles of H,O evolved in the reaction.
This value is 4.5 for smectite components with stoichiometries written in
terms of a half unit cell: Oo(OH); (Ransom and Helgeson, 1994a).
Definitions of the symbols in reaction (1), as well as those in the equations
below are listed in the Glossary.

% The term component is used in this communication in its strict thermodynamic sense.
A thermodynamic component of a mineral corresponds to a chemical formula unit
representing one of the minimum number of independent variables required to describe
the composition of the mineral. All stoichiometric minerals are thus composed of a single
component corresponding to the formula of the mineral. However, because the term
component has no necessary physical connotation, the minerals themselves are not compo-
nents.
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The law of mass action for reaction (1) can be written as

aas(al—l20)nC
K=—"2" )

Apg

where K represents the equilibrium constant, ay g refers to the activity of
H,0, and ay, and a,, denote the activities of the ilydrous and anhydrous
components of the solid solution, respectively. These activities can be
expressed in terms of the mole fractions (X, and X,) and activity
coefficients (A, and \,;) of the components by taking account of

Aps = Xphpg 3)
and
A5 = Xyshas- 4)
Combining eqs (2) to (4) leads to
- Xa;)\as(aHZO)nC
S S Y ®)

For a binary system, the logarithmic analog of eq (5) can be combined
with

Xas =1- th (6)

to give

t

as

1 — Xy
log K = log X, + log ™ + n.log ay,o. (7)

Consideration of experimental data indicates that solid solutions of
homologous hydrous and anhydrous smectite components at 25 °C and 1
bar are consistent with regular solution theory (Ransom and Helgeson,
1994a) which permits eq (7) to be written for unit activity of HyO as

] K=] 1 - th Ws(2th - 1) 8
08 % T OB\ TX.L 2.303 RT ®)

where W, stands for the regular solution Margules parameter, R refers to
the gas constant, and T denotes temperature in Kelvin. Values of W, for
dioctahedral aluminous smectites were derived by Ransom and Helgeson
(1994a) and are shown in table 1.

€

_ * The standard state for minerals and water adopted in the present study is one of unit
activity of the pure solid or liquid at an{l pressure and temperature. The standard state for
gases calls for unit fugacity of the hypothetical ideal gas at 1 bar and any temperature.
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TaBLE 1
Calculated Margules parameters (W,), AG; p_ 1 and log K for the dehydration of
various homologous homoionic smectite solid solutions at 25 °C and 1 bar in
accord with reaction (1)

Smectite* , Ws AG® prxe log K
keal mol* keal mol*
Na-smectite -3.254 1.047 -0.767
K-smectite -3.289 0.207 -0.151
NH,-smectite -3.293 0.129 - 0.095
Rb-smectite - 3.300 -0.052 0.038
Cs-smectite -3.314 : -0.374 0.274
Mg-smectite - 2.806 5.842 -4.28
Ca-smectite -2.883 4,926 -3.61
Sr-smectite - 2.909 4.620 -3.39
Ba-smectite - 2,948 4.160 -3.05

* The stoichiometries of the components of the binary smectite solid solutions listed
here are given in Ransom and Helgeson (1994a) as are the values of Wy and AG;, P,T,

The equilibrium constant is related to the standard molal Gibbs free
energy of reaction (1) at any temperature and pressure (AG?}) by

AG?

logK = - 5303 RT

9)
The temperature and pressure dependence of AG; can be expressed as
AGY = AG3p 1, — AS3p (T = T) + [ ACS, dT
T P
—TfTr AGy,dInT + j; AV°dP (10)

where T, and P, stand-for the reference temperature (298.15 K) and
pressure (1 bar), and AG{p 1, ASp 1, ACp ., and AV? represent the
standard molal Gibbs free energy, entropy, heat capacity, and volume of
reaction (1) at the reference temperature and pressure or those of
interest, as indicated by the subscripts or lack thereof, respectively.
Values of AG7p 1, required to evaluate eq (10) are given by Ransom
and Helgeson (1994a) for smectites with various interlayer cations. These
values are provided in table 1, together with corresponding values of log
K computed from eq (9). Algorithms for calculating AS?p r, AC} ,, and

fp AV?dP in eq (10) are described in app. A (eqs A.4, A.8, and A.12).
These algorithms were solved using the thermodynamic properties of
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TABLE 2
Estimated values of the standard molal entropy, volume, and heat capacity of
wnterlayer H,0 in smectite at 25 °C and 1 bar, taken from Ransom and Helgeson
(1994b), in addition to Berman-Brown and compatible Maier-Kelley heat
capacity power function coefficients for interlayer H,0

Entropy Volume Heat Capacity
cal mol'' K! cm’ mol cal mol!
13.15 17.22 11.46

x
Berman-Brown

Ch =ko+ KT 5+ k,T 2+ k;T 3
ko k;x107 k;x103 k;x107
31.481 -3.796 0.0 5.318

Maier-Kelley
- Cp=a+bT+cT?
a l';x103 cx107S
9.044 12.34 - 0.97895

* Heat capacity equation taken from Berman and Brown (1985).
** Heat capacity equation taken from Maier and Kelley (1932).

interlayer HyO estimated by Ransom and Helgeson (1994b) which are
given in table 2 and those of bulk HyO generated from the computer
program SUPCRT92 ( Johnson, Oelkers, and Helgeson, 1992) from
equations and parameters in Johnson and Norton (1991).

Combining eq (10) with the results of calculations described in app. A
and the relation .

(<] o — LJ° — I° . o o
GH2O,Pr,T = Gh,op. 1, = Hior. v Hiyop, T, TSH20,P,.,T + T Sh,op,T,

(1)
leads to
AG! = AG‘;PPTr + 59.18(T — T,) + 4.5( ‘;{20 — %QO,PpTr)
T
- 1852(P - Pr) - 4.51(0’1_{20(”) ((T - Tr) —TlIn (?))
0.5 0.5 T 1 2 T
= 9Kk nyoq | 2T%° — T — ﬁ)} + 2.25ks o001 T~ f + rFf
075 225 1.5T
+ k3,H20(iI) T2 - Tg + T:r), (12)
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where Giop, 15 Huop, 15 and Sy,op. v stand for the standard molal
Gibbs free energy, enthalpy, and entropy of bulk HyO at the subscripted
temperatures and pressures, G‘I)_I2O’P,r’Tr’ H%i,0.p,1,, and St,0p 1, designate
these properties at reference conditions, and Ko,11,061) Ki.H0061s K2, 1,065
and k;y,0i) denote the Berman-Brown heat capacity power function
coefficients (Berman and Brown, 1985) of interlayer HyO.

The interlayer sites of most naturally occurring smectites are occu-
pied by Na*, Ca%?*, Mg?*, and K*; however, interlayer cations such as
NH; Rb*, Cs*, Ba?*, and Sr?* are commonly found in smectites in
petroliferous shales and nuclear waste repository sites. Values of the
standard molal Gibbs free energy of dehydration of these smectites at
elevated temperatures and pressures were calculated from eq (12) using
values of AG7p 1 from table 1, values of Giy,o — Ghyop, 1, for bulk HO
generated from the computer program SUPCRT92 ( Johnson, Oelkers,
and Helgeson, 1992), and the Berman-Brown heat capacity coeflicients
of interlayer HyO given in table 2. The standard molal Gibbs free
energies computed in this manner were then combined with eq (9) to
obtain equilibrium constants for smectite dehydration at temperatures
from 25° to 300 °C and pressures from Psar to 5 kb.® The results of these
calculations are given in table 3. It follows from eq (12) that the standard
molal Gibbs free energy of smectite dehydration is solely a function of the
properties of bulk and interlayer HyO and the standard molal Gibbs free
energy of reaction (1) at 1 bar and 25 °C. Hence, differences between the
equilibrium constants shown in table 3 are due solely to differences in
AGrp 1,

Computed values of log K for the dehydration of Na- and Ca-
smectite are plotted as functions of temperature and pressure in figures 1
and 2. The curves shown in thesé figures are representative of the
temperature and pressure dependence oflog K for the dehydration of all
the monovalent (figs 1A, 2A) and divalent (figs 1B, 2B) cation exchanged
smectites in table 1. It can be seen in figure 1 that log K for reaction (1)
increases monotonically with temperature in a near linear fashion. In
contrast, the curves in figure 2 representing log K as a function of
pressure exhibit shallow minima with increasing pressure at tempera-
tures <100 °C. These minima result from the decrease in the standard
molal volume of HyO with increasing pressure.

Procedures for calculating the standard molal entropy, volume, heat
capacity, and enthalpy of smectite dehydration at elevated temperatures
and pressures are described in app. B. Results of these calculations to
300 °C and 5 kb are presented in app. B in tables B.1, B.2, B.3, and B.5.
Values of the reaction properties in these tables increase in magnitude
with increasing temperature and decrease with increasing pressure. With
the exception of values of the standard molal enthalpy at 25 °C and

5 Psa refers to pressures corresponding to the liquid-vapor equilibrium curve for the
system HyO, except at temperatures < 100 °C where it refers to’the reference pressure of 1
bar.



TABLE 3
Log K for reaction (1) in the text as a function of temperature and pressure for

pure homoionic smectites with interlayer cations that commonly occur in
sedimentary systems, petroliferous shales, and nuclear waste repository sites

(see text)
Na-SMECTITE
P (bars)

TCO) | psar™ 100 S00 1000 2000 3000 4000 5000
25 -0.77 -0.77 -080 -~081 -0.81 -0.77 -0.70 -0.60
50 -0.39 -0.40 - 0.42 -0.44 -0.46 -0.43 -0.38 -0.30
75 0.02 0.01 -0.02 -0.05 -0.07 - 0.06 -0.03 0.03

100 0.45 0.43 0.40 0.36 0.32 0.32 0.34 0.38
125 0.88 0.87 0.83 0.78 0.73 0.71 0.72 0.75
150 1.32 131 1.26 1.21 1.14 .1 1.10 m
175 1.76 1.75 1.69 1.63 1.55 1.50 1.48 1.48
200 2.20 2.18 2.12 2.05 1.95 1.89 1.86 1.85
225 2.63 2.62 2.54 247 2.36 2.28 2.24 2,22
250 3.07 3.0 297 2.88 2.75 2.67 2.61 2.58
275 3.49 3.48 3.38 3.29 3.14 3.04 2.98 2.94
300 3.92 3.91 3.80 3.69 3.52 3.41 3.33 3.28
. K-SMECTITE
*  P(bars)

T (°C) Ps, AT* 100 500 ‘1000 2000 3000 4000 5000
25 -0.15 -0.16 -0.18 -0.20 -0.20 -0.16 -0.08 0.01
50 0.18 0.17 0.15 0.12 0.1 0.14 0.19 0.27
75 0.55 0.54 0.51 0.48 0.45 0.46 0.50 0.56

100 0.94 0.93 0.89 0.86 0.82 0.81 0.83 0.88
125 1.34 133 Y 129 1.24 1.19 1.17 1.18 1.2
150 1.75 1.74 1.69 1.64 1.57 1.54 1.53 1.55
175 2.17 2.15 2.10 2.04 1.96 19 1.89 1.89

200 2.59 2.57 251 2.44 234 2.28 2.25 2.24

225 3.00 299 2.9} 2.84 2.72 2.65 2.61 2.59

250 3.42 340 ° 332 3.23 3.10 3.02 2.96 2.93

275 3.83 g2 3.72 ‘3.62 3.48 3.38 3.31 3.27

300 4.24 4.23 4.12 4.01 3.84 3.73 3.65 3.60

NH4-SMECTITE g
P (bars)

T(CO) | Psay™ 100 500° 1000 2000 3000 4000 5000
25 - 0.09 -0.10 -0.12 -0.14 -0.14 -0.10 -0.03 0.07
50 0.23 0.23 0.20 0.18 0.17 0.19 0.24 0.32
75 0.60 0.59 0.56 0.53 0.50 0.51 0.55 0.61

100 0.98 0.97 0.94 0.90 0.86 0.86 0.88 0.92
120 1.38 1.87 1.33 1.29 1.23 1.21 1.22 1.25
150 1.79 1.78 1.73 1.68 1.61 1.58 1.57 1.59
175 2,21 2.19 2.14 2.08 2.00 1.95 1.93 1.93

200 2.62 2.61 2.54 2.48 2.38 2.32 2,29 2.28

225 3.04 3.02 2.95 2.87 2,76 2.68 2.64 2.62

250 3.45 3.43 3.35 3.26 3.13 3.05 2.99 2.96

275 3.86 3.85 3.75 3.65 3.51 3.41 3.34 3.30

300 4.27 4.26 4.15 4.04 3.87 3.76 3.68 3.63

* See footnote 5.



TABLE 3

(continued)
Rb-SMECTITE
P (bars)

T (°C) Ps AT* 100 500 1000 2000 3000 4000 5000
25 0.04 0.03 0.01 -0.01 -0.01 0.03 0.11 0.20
50 0.36 0.35 0.32 0.30 0.29 0.31 0.37 0.44
75 o 0.70 0.67 0.64 0.62 0.63 0.66 0.72

100 1.09 0.08 1.04 1.01 0.97 0.96 0.98 1.03
125 1.48 1.47 1.43 1.39 1.33 1.31 132 1.35
150 1.89 1.87 1.82 1.78 7 1.67 1.67 1.68
175 2.30 2.28 2.22 2.17 2.08 2.04 2.02 2.02
200 2.7 2.69 2.63 2.56 246 240 237 2.36
225 3.12 .10 3.03 295 284 2.76 272 2.70
250 .83 3.51 3483 3.4 3.21 .12 3.07 3.04
275 3.93 3.92 3.82 3.72 3.58 3.48 3.4} 3.37
300 4.33 4.33 4.22 4.11 3.94 3.83 3.75 3.70
Cs—SMECTITE
P (bars)

TCO) | pg AT* 100 500 1000 2000 3000 4000 5000
25 0.28 0.27 0.25 0.23 0.23 0.27 0.34 0.44
50 0.57 0.57 0.54 0.52 0.51 0.53 0.58 0.66
75 0.91 0.90 0.87 0.84 0.82 0.83 0.86 0.93

100 1.28 1.27 1.23 1.20 1.16 1.15 1.17 1.22
125 1.66 1.65 1.61 1.56 1.51 1.49 1.50 1.53
150 2.05 2,04 1.99 1.94 1.87 1.84 1.83 1.85
175 2.45 244 2.38 232 2.24 2.19 2.17 2.18
200 2.86 284 2.77 271 2.61 255 2.52 2,51
225 3.26 3.24 3.17 3.09 2.98 291 2.86 2.84
250 3.66 3.65 3.56 3.47 3.35 3.26 3.20 anz
275 4.06 4.05 3.95 3.85 n 3.61 3.54 3.50
300 4.46 445 4.34 4.23 4.07 3.95 3.88 3.83
Ca-SMECTITE
P (bars)

T (°C) Ps, A’l‘* 100 500 1000 2000 3000 4000 5000
25 -3.61 - 3.62 -3.64 - 3.66 -3.66 - 3.61 -3.54 -3.45
50 -3.01 - 3.02 -3.05 -3.07 -3.08 - 3.05 - 3.00 -292
75 -2.42 - 2.42 -246 -248 -251 -2.50 -246 -2.40

100 -1.83 -1.84 - 1.87 -1.9 - 1.95 -1.95 -1.93 - 1.89
125 -1.25 - 1.26 - 1.30 -1.35 - 1.40 - 1.42 - 1.41 -1.38
150 -0.68 -0.70 -0.75 - 0.80 -0.86 -0.90 -0.90 -0.89
175 -0.13 -0.15 -0.20 -026 -0.34 -0.39 -041 -0.41
200 0.41 0.39 0.33 0.26 0.16 0.10 0.07 0.06
225 0.93 0.92 0.84 0.77 0.65 0.58 0.54 0.52
250 1.45 143 1.35 1.26 1.13 1.04 0.99 0.96
275 1.95 1.93 1.84 1.74 1.59 1.50 143 1.39
300 2.44 243 232 2.21 2.04 1.93 1.86 1.81

* See footnote 5.



TABLE 3

(continued)
Mg-SMECTITE
P (bars)

TCO) | psar” 100 500 1000 2000 3000 4000 5000
25 -4.28 - 4.2-9 - 431 -4.33 -4.33 -4.29 - 4,22 -4,12
50 -3.63 -3.64 -3.66 - 3.69 -3.70 -3.67 -3.62 -3.54
75 -2.99 -3.00 -3.03 -3.06 - 3.08 -3.07 -3.04 -2.98

100 -236 -237 -2.41 -244 -248 -2.49 -2.47 -242
125 -1.75 -1.76 -1.81 -1.85 -1.90 -1.92 - 1.92 - 1.89
150 -1.16 -1.17 -1.22 -1.27 -1.34 - 1.37 -1.38 - 1.36
178 -0.58 -0.59 - 0.65 -0Nn -0.79 -0.84 -0.86 -0.85
200 -0.02 -0.03 -0.10 -0.16 -0.26 -0.32 -0.35 -0.36
228 0.53 0.51 0.44 0.36 0.25 0.18 0.13 0.12
250 1.06 1.05 0.96 0.88 0.76 0.66 0.61 0.58
278 1.58 1.57 1.47 1.37 1.23 1.13 1.06 1.02
300 2.09 2.08 1.97 1.86 1.70 1.58 1.51 1.46
Sr-SMECTITE
P (bars)

TCO) | psur™ 100 500 ©1000 2000 3000 4000 5000
25 -3.38 -3.39 -3.42 -3.43 -343 -3.39 -3.32 -3.22
50 -2.80 -2.81 -2.84 -2.86 -2.87 -2.85 -2.79 -2.72
75 -022 -223 -226 -229 -232 -231 -227 -221

100 -1.65 -1.66 - 1.69 -1.73 -1.727 -1.77 -1.75 - 1.7
125 - 1.08 - 1.09 LT 1.14 -1.18 -1.23 -1.25 -1.24 -1.21
150 -0.53 -0.54 -0.59 -0.64 -0.71 -0.74 -0.75 -0.73
175 0.02 000 -005 -0.11 -0.19 -024 -0.26 -0.26
200 0.55 0.53 0.47 0.40 0.30 0.24 0.21 0.20
228 1.07 1.05 0.98 0.90 0.79 0.71% 0.67 0.65
250 1.57 1.56 1.47 1.3¢9 1.26 1.17 1.12 1.09
27§ 2.07 206 . 1.96 1.86 1.72 1.62 1.55 1.51
300 2.55 2.55 2.43 . 232 2.16 2.05 1.97 1.92
Ba-SMECTITE
P (bars)

TCC) | Psar” 100 500 1000 2000 3000 4000 5000
25 |-305 -305 -308 -309 -309 -305 -298 -288
s0 |-249 -250 -253 -255 -256 -254 -248 -240
75 |-193 -194 -197 -200 -203 ~-202 -198 -1.92

100 |-138 -139 -142 -146 -150 -150 -148 -1.44
125 -0.83 -0.84 -0.88 -0.92 -0.98 - 1.00 -0.99 -0.96
150 -0.29 - 0§30 -0.35 -0.40 -0.47 - 0.50 -0.51 -0.49
175 0.24 0.23 0.17 0.1 0.03 -0.02 -0.04 -0.03
200 0.76 0.75 0.68 0.61 0.52 0.46 0.42 0.42
225 1.27 1.25 1.18 1.10 0.99 0.92 0.87 0.85
250 1.77 1.75 1.67 1.58 1.45 1.37 1.31 1.28
275 225 224 214 2.04 1.90 1.80 1.73 1.69
300 2.73 2,72 2.61 2.50 2.34 2.23 2,15 2.10

* See footnote 5.
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Fig. 1. Log K for the dehydration of pure Na-smectite (A) and pure Ca-smectite (B) as
a function of temperature at constant pressure (labeled in kilobars)—see text.

pressures above 100 bar and those of the standard molal volume at low
temperatures and pressures above 2 kb, these reaction properties are
positive. It can be seen in table B.5 in app. B that the standard molal
enthalpy of reaction (1) is positive along crustal geotherms. Thus the
smectite dehydration reaction is endothermic. Along crustal geotherms,
the volume of reaction (1) is also positive in sign because at these
conditions the density of interlayer H,O is greater than that of bulk H,O
(Ransom and Helgeson, 1994a). Therefore, in geologic systems the
standard molal volume of hydrated smectite is less than that of its
dehydrated counterpart and the volume of bulk HyO evolved in the
reaction.

SMECTITE DEHYDRATION IN SEDIMENTARY BASINS AS A FUNCTION
OF DEPTH AND TEMPERATURE
In order to relate the thermodynamic calculations summarized
above to geologic coordinates represented by depth and temperature,
the dependence of temperature and fluid pressure on depth in sedimen-
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Fig. 2. Log K for the dehydration of pure Na-smectite (A) and pure Ca-smectite (B) as
a function of pressure at constant temperature (labeled in °C)—see text.

tary basins must be established.® This has been done in many parts of the
Tertiary sedimentary basin off the Mississippi-Louisiana-Texas coast of
the United States (U.S. Gulf Coast). For example, Burst (1969) and
Hower and others (1976) report temperature-depth profiles for these
sediments. Pressure-depth gradients have been reported by Dickinson
(1953), Stuart (1970), Barker (1972), Parker (1974), Magara (1975), Graf
(1982), Barker and Horsfield (1982), Bethke (1986), Harrison and Summa
(1991), and others. Representative data taken from Hower and others
(1976), Burst (1969), and Stuart (1970) were used in the present study to
generate typical pressure-temperature profiles for the U.S. Gulf Coast

£

81t has been shown that in non-hydrostatically stressed systems such as sedimentary
basins, thermodynamic equilibrium between minerals and aqueous solutions at a given
temperature and bulk composition depends on the fluid pressure not the overburden
pressure (Bruton and Helgeson, 1983; Holdaway and Goodge, 1990).
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Fig. 3. Geothermal profiles reported by Hower and others (1976) (black circles) and
Burst (1969) (white circles) for Tertiary US Gulf Coast sediments.

Tertiary section. These profiles are used below to illustrate the conse-
quences of smectite dehydration during burial and diagenesis.

Pressure-temperature-depth relations in the U.S. Gulf Coast.—Geo-
thermal gradients in the Gulf Coast vary from 18 °C km™! to ~36 °C
km~! ( Jam, Dickey, and Eysteinn, 1969). However, owing to lithologic
and hydrologic discontinuities, they are not necessarily constant with
depth. Temperatures reported by Burst (1969) and Hower and others
(1976) are plotted in figure 3. It can be seen in this figure that the curve
representing downhole temperatures reported by Burst (1969) is nearly
linear with an average gradient of 26 °C km™!. In contrast, the geotherm
generated from data given by Hower and others (1976) exhibits consider-
able curvature. This profile has an average gradient of 18 °C km™! down
to 3 km where it changes to 31 °C km~!. The break in slope at ~3 km
coincides with the depth at which pore fluid pressure begins to exceed
the hydrostatic pressure.

Pressure-depth profiles taken from Stuart (1970) are shown in figure
4. The geostatic curve in this figure represents the pressure exerted by
the overburden and includes contributions from the changing salinity
and density of pore fluids with depth, the average densities of the
minerals in the section, the relative proportions of sandstone and shale in
the stratigraphic column, and the net porosities of the various lithologies.
In contrast to the geostatic curve that changes monotonically with depth,
the curve representing fluid pressure exhibits drastic changes in slope at
depths near 3 km. Above 3 km, the fluid pressure curve corresponds to the
hydrostatic gradient of a typical Gulf Coast subsurface brine (Dickinson,
1953; Stuart, 1970). Just below 3 km, the slope-of this curve becomes
abruptly less negative with increasing depth, resulting in a pressure
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Fig. 4. Geostatic and fluid pressure profiles generated by Stuart (1970) for Tertiary
sediments in the Gulf Coast o? the United States. The geostatic pressure gradient is
consistent with a bulk sediment density of 2.26 g cm 3. The hydrostatic pressure segment of
the fluid pressure profile corresponds to that of an NaCl brine with a salinity of 80,000 ppm.
The rapid increase in fluid pressure just below 3 km marks the onset of overpressuring (see
text).

increase of 200 bars over a depth interval of only 150 m. This break in

slope marks the onset of overpressuring in Gulf Coast sediments.” At

fluid pressures above 500 bars, the fluid pressure gradient changes

gradually, approaching that of the average geostatic gradient by about
km.

Temperature-pressure profiles consistent with the curves depicted
in figures 3 and 4 are shown in figure 5. In figure 5, the solid lines (A and
B) represent fluid pressures along the Burst and Hower geotherms, and
the dashed lines (C and D) designate corresponding geostatic pressures.
The onset of overpressuring occurs at approx 75 °C for curve A and
115 °C for curve B.

Calculation of the extent of dehydration of homoionic smectites during burial
diagenesis.—The pressure-temperature coordinates represented by curves
A and B in figure 5 permit calculation of the equilibrium hydration state
of smectite with increasing burial along the geothermal profiles shown in

7 Overpressured (also known as geopressured) sedimentary sections are those for
which the reported fluid pressures are greater than those generated by hydrostatic
pressure at a corresponding depth.
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Fig. 5. Tem%erature-})ressure curves for Tertiary Gulf Coast sediments. The curves
were generated by combining the geotherms in figure 3 with the geostatic and fluid
pressure profiles in figure 4.

figure 3. Homogeneous equilibrium for a solid solution of hydrous and
anhydrous smectite components in equilibrium with an aqueous phase
for which a0 = 1 is represented by eq (8) for a given temperature and
pressure.® Combining eq (8) with pressures and temperatures along
curves A and B in figure 5, values of W; in table 1, and those of log K
computed from eqs (9) to (12), values of X, in smectite can be calculated
as a function of temperature and pressure in the U.S. Gulf Coast
sedimentary section. The results of such calculations for Na-, Ca- and
K-smectite are shown in figures 6 to 8. It can be seen in these figures that
pure Na- and K-smectite at equilibrium are only partially hydrated at
pressures and temperdtures corresponding to those on or near the
Earth’s surface. In contrast, similar calculations indicate that Ca-smectite
is almost completely hydrated under these conditions. Note that X, for
Na- and K-smectite decreases from 0.62 and 0.52, respectively, at 25 °C
to almost 0.1 at 200 °C. Hence, at low temperatures, the monovalent
cation-exchanged smectites are about 40 to 50 percent dehydrated. This
dehydration increases to more than 90 percent at temperatures near
250 °C. In contrast, values of X;, for Ca-smectite range from about 1.0 at

81t has been documented that the activity of H:O in electrolyte solutions such as
formation waters and oil field brines decreases by less than ~0.] with increasing molality of
NaCl and/or other electrolytes to ~3 molal at the temperatures and pressures shown in
figures 6 to 8 (Helgeson, Kirkham, and Flowers, 1981; Pitzer, Peiper, and Busey, 1984).
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Fig. 6. Isopleths representing the mole fraction of the hydrous smectite component of
Na-smectite (Xp,) as a function of temperature and fluid pressure. Curves A and B
correspond to those with the same labels in figure 5, and the curve marked SATURATION
(H90) represents the liquid-vapor equilibrium curve for HyO (see footnote 5). .

25 °C to 0.4 at 200 °C (fig 7). Equilibrium calculations thus indicate that
pure Ca-smectite is substantially more hydrated at all temperatures and
pressures than either Na- or K-smectite. Note that isopleths of Xy, in
figures 6 to 8 are nearly parallel to the segments of curves A and B which
represent the onset of overpressuring in the Gulf Coast. It thus appears
that the abrupt increase in fluid pressure observed in Gulf Coast sedi-
ments at ~ 3 km is not a result of smectite dehydration.

Because Ca*?, Nat, and K* commonly dominate the interlayer sites
of smectites found in sedimentary basins, the isopleths of X, in figures 7
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Fig. 7. Isopleths representing the mole fraction of the hydrous smectite component of
Ca-smectite (Xns) as a function of temperature and fluid pressure (see caption of fig. 6).

and 8 represent approximate maximum and minimum equilibrium
hydration states, respectively, of smectites in argillaceous sediments. The
extent to which interlayers in smectites in nature are hydrated beyond
that shown in figures 6 and 8 can be attributed to solid solution with Ca-,
Mg- or other divalent cation-exchanged smectite components.®

? The hydration states calculated in the present study indicate only the amount of
interlayer HoO present in the mineral. This is not necessarily the same as the water content
of a clay, as the water content includes contributions from pore and surface adsorbed H50.
These Yatter contributions depend strongly on the surface area of the crystallites in the
sample (Ransom and Helgeson, 1994a). .
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Fig. 8. Isopleths represer;ting the mole fraction of the hydrous smectite component of
K-smectite (Xy,) as a function of temperature and fluid pressure (see captionof fig. 6).

PREDICTED DEGREES OF SMECTITE DEHYDRATION IN ARGILLACEOUS SEDIMENTS
DURING BURIAL AND DIAGENESIS

It can be deduced from figures 6 to 8 that the extent to which
smectite dehydrates with increasing depth depends not only on tempera-
ture and pressure but also on the identities of the interlayer cations in the
mineral. Bulk chemical analyses demonstrate that smectites in nature
contain more than gne type of interlayer cation. The most common
interlayer cations are Na*, Ca%*, and K*. Therefore, it seems likely that
the hydration state of smectite at any particular pressure and tempera-
ture depends on the extent to which Na-, K-, and/or Ca-smectite compo-
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nents are present in the solid solution. Taking account of the close
similarities in the degree of hydration of Na- and K-smectite at various
temperatures and pressures (figs. 6 and 8), the combined dehydration of
the Na- and K-components of smectite solid solutions is described below
solely in terms of the Na-smectite component. Hence, for the purpose of
the following calculations, the interlayer composition of smectite in
natural systems was taken to be thermodynamically consistent with a
binary solid solution of Na- and Ca-smectite components.

Homogeneous equilibrium in a (Ca, Na)-smectite solid solution can
be described in terms of the law of mass action for dehydration reactions
involving the hydrous and anhydrous thermodynamic components of
the endmembers of the binary solution. The components chosen to
express these reactions correspond to those generated from smectite
compositions reported in the literature (Ransom and Helgeson, 1993).
Accordingly, the dehydration of (Na, Ca)-smectite can be expressed by
writing

NaAl;Si;O1o(0H)s - 4.5 HoO = NaAl;Si;00(OH), +45H0 o

(hydrous smectite component)  (anhydrous smectite component) (13)
and

Cay5ALSi50,0(0OH)s - 4.5 HyO = Cag 5ALSi50,0(0H), + 4.5 HyO. (14)

(hydrous smectite component)  (anhydrous smectite component)

The law of mass action for reactions 13 and 14 can be expressed for
aH2O =~ ] as

dANa(as « X a(as A a(as
log K;5 = log (—a: ((h 1) = log (_X: :: ))) + log (———)\: :h ;) (15)
and
_ a'Ca(as) _ XCa(as) )\Ca(as)
log K4 = log (——aca(hs)) = log (——XCa(hs)) + log (—)\cams)) (16)

where K3 and K4 stand for the equilibrium constants of the subscripted
reactions, and XNa(hs)’ XNa(as)’ XCa(hs)’ XCa(as)’ and )\Na(hs)’ )\Na(as)’ )\Ca(hs)! and
Acaqs) Tefer to the mole fractions and activity coefficients, respectively, of
the subscripted hydrous and anhydrous Na- and Ca- components of the
solid solution. Assuming that the Na- and Ca-smectite components mix
ideally (Tardy and Fritz, 1981), it follows that the regular solution
Margules parameters given in table 1 for solid solutions of homologous
hydrous and anhydrous Na- and Ca-smectite components (Wy, and Wc,,
respectively) are independent of the mole fractions of these components.
Hence, the activity coefhcients of the Na- and Ca- components of the
binary solid solution can be expressed in terms of their Margules param-
eters and mole fractions of the hydrous and anhydrous components.
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Accordingly, eqs (15) and (16) can be written as

log K3 = log (;(”a““’) +5 X;;T [(1 = Xng)® = (1 = Xngang)®] (17)
Naghs) .
and * -
log K, = log (;‘f(‘h;) + 2_3V0V3C§U [(1 = Xeaae)? = (1= Xean)®l  (18)
Taking account of the conservation of mass represented by
Xna + Xca = 1, (19)
we can write
Xna = Xnaths) T Xnagas) (20)
and
Xoa = Xeuny + Xoas @1)

where Xy, and Xc, denote the total mole fraction of the Na- and
Ca-smectite components of the solid solution, respectively. Similarly, the
total mole fraction of the hydrous and anhydrous components (X;, and
X, respectively) in the solid solution can be expressed as

Xy = XNa(hs) + XCa(hs) (22)
and '
Xa = XNa(as) + XCa(as) (23)
which is consistent with
. Xp+X, =1 (24)
Combining eqs (22) to (24) with eq (18) leads to
Xa - XNa(as) )
log Ky =lo (—
8 B g 1- Xa - XNa(hs)
wCa

+ 2303 RT (1 = Xy = Xna@s)® = Ko = Xnams)?l- (25)

Simultaneously solving eqs (17) and (25) using values of W, taken from
table 1 and those of log K computed from egs (9) and (12) permits
calculation of Xyums), XNa@sy Xcanhs) and Xcaes as a function of X, with
depth in the U.S. Gulf Coast. Conversely, X, can be computed from
compositional data from which the mole fractions of the various smectite
layer components (for example, Xy, or X¢,) have been determined.
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DISCUSSION

Reliable compositional data for smectite interlayer cation composi-
tions that are required to solve eqs (17) to (25) for X, are scarce because
bulk chemical analyses of clay samples, most of which contain a heteroge-
neous mix of minerals, do not permit unequivocal assignment of ele-
ments to mineral stoichiometries when more than one mineral in the
sample contains the same element (for example, potassium is found in
illite, smectite, k-feldspar, et cetera). Requisite compositional information
can be obtained, however, from analytical transmission electron micro-
scope (ATEM) analyses of smectites (Ahn and Peacor, 1986). Unfortu-
nately, at present there are insufficient compositional data of this kind to
document such profiles. Nevertheless, estimated smectite compositions
can be used to predict likely hydration states for smectite solid solutions
as a function of depth in sedimentary basins.

If, as suggested by Ransom and Helgeson (1994a), the hydrous and
anhydrous thermodynamic components of regular smectite solid solu-
tions have physical significance, natural undisturbed smectites should
exhibit random mixed-layering of expanded (hydrous) and collapsed
(anhydrous) layers.!? According to the calculations presented above, the
number of collapsed layers in such smectites should progressively in-
crease with burial depth. To illustrate the application of eqs (1) to (25) to
thermodynamic analysis of smectite dehydration in sedimentary basins, a
hypothetical depth profile representing a likely distribution of hydrated
and collapsed smectite layers for a binary solid solution of Na- and
Ca-smectite components is shown in figure 9. In this example, hydrated
smectite layers make up the bulk of the sediment at depths less than 3 km
with collapsed layers increasing progressively with depth. The shaded
area from 3.0 to 3.25 km in the figure represents the onset of overpressur-
ing in the U.S. Gulf Coast.

Simultaneously solving eqs (17) and (25) using values of W, in table 1,
together with those of X, consistent with the curve in figure 9 and values
of log K computed from eqs (9) and (12), permits evaluation of egs (19) to
(21). The results of these calculations are depicted in figures 10 to 13. It
can be deduced from these figures that at shallow burial depths where
smectite expandabilities (that is, numbers of hydrated layers) are large,
Ca?* predominates in the interlayer. However, with increasing depth,
smectite becomes progressively enriched in the Na component of the
solid solution. By ~ 3.5 km, monovalent cations occupy virtually all the
interlayer sites in the mineral. This compositional trend is consistent with

101t should be noted that this mixed-layering does not arise from physical mixing or
the intergrowth of smectite with illite or other 10A micas, but is instead a consequence of the
solid solubility of smectite components that differ in composition by the presence or absence
of interlayer HyQ. In accord with Ransom and Helgeson (1989), the term illite is used in the
present communication to refer to the mineral, not to nonexpandable layers of uncertain
composition exhibiting 10 A basal spacings. Similarly, the term smectite is used to designate
the mineral, not layers that simply expand upon exposure to water, ethylene glycol, or
other solvents.
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Fig. 9. Hypothetical depth profile r lpresentlng a likely distribution of the mole
fraction of anhydrous (collapsed) smectite layers (X,) in U.S. Gulf Coast sediments. The
dark band at 3 to 3.25 km represents depths corresponding to the onset of overpressuring
(see fig. 4).
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analytical transmission electron rhicroscope studies (Ahn and Peacor,
1986) which show that in the U.S. Gulf Coast, smectite at depth contains
only interlayer Na and K, with no evidence of Ca and Mg which dominate
the interlayer sites of smectites deposited at the Gulf of Mexico sediment-
water interface.

Values of Xyyuns) and Xc,ms) computed from the curve in figure 9 and
the equations given above are shown in figures 11 and 12, respectively, as
a function of Xj. It can be seen in figure 11 that the calculated mole
fraction of the hydrous Na-smectite component of the (Na, Ca)-smectite
solid solution increases from about 0.13 at 1 km to 0.37 at 3 km. In
contrast, the mole fraction of the hydrous Ca-smectite component de-
creases from 0.75 at 1 km to 0.25 at 3 km as X, in the smectite solid
solution decreases with depth (fig. 12). The number of moles of interlayer
H,O retained at equilibrium by the binary smectite solid solution under
consideration is plotted as a function of depth in figure 13. It can be
deduced from this figure that the increase in Xy, at the expense of X,
with increasing depth results at 3.5 km in a smectite with 60 to 65 percent
less interlayer H,O per mole than that present at the Earth’s surface (that
is, ~4.5 moles of interlayer HyO per mole of smectite). This observation
has far-reaching implications with respect to diagenesis and the amount
of intracrystalline interlayer HyO that can be released to pore spaces by
the reaction of smectite to form illite and other authigenic minerals at
depth in sedimentary basins.

The example abpve describes the consequences of homogeneous
equilibrium. However, conditions in natural systems may prevent equilib-
rium from being obtained. In this regard it should be noted that the
change in the standard molal volume of the dehydration reaction is
positive along crustal geotherms (table B.2 in app. B). If this volume



XCo
10 08 06 04 02 0o
|, T T

\

1.0

n
o
|
”
!

DEPTH, Km
W
()
I

40 1 ] L 1
0O 02 04 06 08 I0

XNo

Fig. 10. Calculated mole fractions of
the Na- and Ca-smectite components of
the binary smectite solid solution repre-
sented by the depth profile in figure 9 (see
text).

0.5

04

03

0.2

XNa(hs)

0.1

1
3
/

08

0.6

xCo(hs)

04

m
\_
4

/

k / i

/
m
4

™

00 | L ! i
05 06 07 08 09 10

Xh

Fig. 11. Calculated mole fraction of the
hydrous Na-smectite component (XNaths)) as a
function of the mole fraction of the hydrous
component (Xp) of the smectite solid solution
represented by the curve in figure 9 (see text).
Contours indicate increasing depth from 1 to

3 km.
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Fig. 12. Calculated mole fraction of
the hydrous Ca-smectite component
(Xcamsy) as a function of the mole fraction
of the hydrous component (X;) of the
smectite solid solution represented by the
profile in figure 9 (see text). Contours
indicate increasing depth from 1 to 3 km.
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Fig. 13. Depth profile representing the number of moles of interlager H50 per mole of
smectite in the solid solution represented by the curve in figure 9. The vertical line
designates the number of moles of interlayer HoO in one mole of the smectite solid solution
at Earth surface conditions (~ 4.5).

change is supressed due to burial or tectonic forces, then the hydration
state of smectite would nét be that of the equilibrium value but would be
held metastably at higher values of X,,. This provides a mechanism for
episodic fluid generation that would coincide with sudden pressure
releases such as failures along faults. Dehydration of smectite in this case
would take place rapidly. A consequence of such dehydration episodes
would be the depression of the local geothermal gradient as the dehydra-
tion reaction is endothermic at crustal conditions (table B.5).

CONCLUDING REMARKS

The thermodynamic calculations carried out in the present study
indicate that interlayer dehydration is an inevitable consequence of
smectite burial in sedimentary basins. The relations summarized above
make it possible to assess the equilibrium hydration state of smectite at
temperatures and depths along crustal geotherms, as well as volume and
enthalpy changes that occur during the reaction. Results of such calcula-
tions suggest that the amount of interlayer HyO retained in smectite at
depth in the U.S. Gulf Coast may be far less than is generally thought to
be the case. It appears likely that in the U.S. Gulf Coast, the equilibrium
interlayer hydration state of smectite at 3 to 3.5 km is only about 60 to 65
percent of that at the surface. This diminished hydration state decreases
considerably the amount of fluid that can be produced by reactions in
which smectite reacts to form authigenic minerals such as illite or chlo-
rite. In contrast, the calculations indicate that interlayer dehydration of
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smectite at shallower depths may lead to the expulsion of more pore
water in the upper hydrostatically-dominated part of the section than
previously thought. Because the standard molal volume of smectite
dehydration is positive, a sudden pressure release such as failure along a
local fault could trigger smectite dehydration, resulting in an episode of
rapid fluid generation accompanied by a short term depression of the
local geothermal gradient.

The observations and conclusions summarized in the preceding
pages suggest several avenues of research that need innovative experimen-
tal investigation and that are necessary to confirm the results of this
study. Primary among these is a comparison of the chemistry, structure,
hydration state, and thermodynamic behavior of smectite in natural
systems with those of samples prepared for laboratory study (Ahn and
Peacor, 1986; Vali, Hesse, and Martin, 1994). To do so requires the
development and refinement of nondestructive sample preparation tech-
niques that preserve in an unaltered state the chemistry, hydration state,
and structural integrity of smectite crystallites. In addition, new and
novel analytical methods are needed to examine the textural, physical,
and chemical characteristics of these crystallites. Only then will it be
possible to understand fully the behavior of smectite in geologic pro-
cesses.

ACKNOWLEDGMENTS

The present communication represents part of the senior author’s
Ph.D. dissertation at the University of California at Berkeley. The re-
search was supported by the National Science Foundation (NSF grants
EAR 77-14492, EAR 81-15859, EAR 8606052, and EAR-9117393), the
Department of Energy (DOE contract DE-AT03-83ER-13100 and grant
DE-FG03-85ER-13419), and the Committee on Research at the Univer-
sity of California. Part of the research was carried out in Professor
Volkmar Trommsdorf{’s laboratory at the ETH in Zurich, Switzerland
and in Professor Yves Tardy’s laboratory at the University Louis Pasteur
in Strasbourg, France. The warm hospitality and many stimulating
interchanges we enjoyed in these laboratories are acknowledged with
thanks. We are indebted to Eric Oelkers, Edward Warren, Paul Nadeau,
Denny Eberl, Vitalii Pokrovskii, Jan Amend, Everett Shock, Bill Murphy,
and Peter Lichtner for helpful discussions and suggestions during the
course of this study.

APPENDIX A
Derivation and calculation of AS; PiT,s fpl: AV dP, and ACh .
for smectite dehydration in sedimentary basins

The standard molal entropy and volume of smectite dehydration in eq (10) in the text. The
standard molal entropy and volume of reaction (1) in the text at 1 bar and 25 °C can be
calculated only if the corresponding properties of bulk and interlayer HyO and those of the
anhydrous and hydrous components of the smectite solid solution are known. Values of the
standard molal entropy and volume of bulk HyO were computed from the equation of state
given by Johnson and Norton (1991). Values of interlayer HoO were taken from Ransom
and Helgeson (1994b). Values of the standard molal entropies and volumes of many of the
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anhydrous components of smectite solid solutions (for example, NaAl3SizO19(OH)q,
KAl38i3016(OH)q, et cetera, Ransom and Helgeson, 1993), can be taken directly from
calorimetric or volume data available in the literature, from compilations of thermody-
namic data (Helgeson and others, 1978; Robie, Hemingway, and Fisher, 1978; Holland,
1988), or calculated from appropriate additivity and structural analog algorithms (Ransom
and Helgeson 1994b). Direct measurement of the standard molal entropy and volume of
the hydrous smectite components used in this study are not possible because they have
fictive compositions. Nevertheless, values of AS? p 1 _and j;,l: AV:dPin eq. (10) in the text can
be estimated using a difference algorithm for the hypothetical intracrystalline reaction
represented by

hs = as + 4.5 HoO(il) (A1)

where hs and as stand for the hydrous and anhydrous thermodynamic components of
smectite, HyO(il) refers to interlayer HpO, and 4.5 represents the numbers of moles of
interlayer HyO in one mole of the hydrous smectite component (Ransom and Helgeson,
1994a).

Numerous algorithms have been proposed to estimate the standard molal entropies
and volumes of minerals at 25 °C and 1 bar (Fyfe, Turner, and Verhoogen, 1958; Robinson
and Haas, 1976; Helgeson and others, 1978; Holland, 1988; Ransom and Helgeson,
1994b). These generally provide close approximations and are based on corresponding
states relations, additivity rules, and/or the gntropies or volumes of structural analogs of the
minerals for which properties are to be estimated. For example, taking account of intracrys-
talline reaction (A.1), the differences betweén the standard molal entropies and volumes of
homologous hydrous and anhydrous smectite components at 1 bar and 25 °C (855p 1, and
3Vep, 1, respectively) can be computed from

3Sgp, T, = Shsp, T, — Sasp,1,= 4.5 Shy0up,T, ASZA 1P, (A.2)

and .

3Vep,r, = Visp,.T, — Vase,1,= 4.5 Viome, 1, = AViane,T, (A.3)

where Si,oa)p, T, and Vo p, T, TEpresent the standard molal entropy and volume of
interlayer HyO, respectively, ASXa1p. 1, and AViane T, refer to the standard molal
entropy and volume of reaction (A.1), and Sisp 1., Sasp, T, Vhsp, T, and Vg, p_ 1, designate the
standard molal entropies and volumes of the subscripted homologous hydrous and anhy-
drous smectite components (see Ransom and Helgeson, 1994a, 1994b). Following Helgeson
and others (1978), the standard molal entropies and volumes of intracrystalline reaction
(A.1) can be regarded as zero. Accordingly, the values of the standard molal entropy and
volume of interlayer HzO in table 2 were combined with eqs (A.2) and (A.3) to compyte
8S5p,1, and 83V 1. These calculations yield 59.18 cal mol=! K~! and 77.5 cm® mol~!,
respectively. Therefore, AS?p r and AVyp 1 can be expressed for reaction (1) in the text as

ASpp, 1. = 4.5 Sf,0p,1, — 3Sep.1,= 4.5 Si,op, T, — 59.18 cal mol™ ! K~! (A.4)
and
Avmﬂ}=45\mﬂwﬂ}—avbﬂf=45vgﬁyﬂk—77ﬁcm3mor1 (A.5)

where Sp,op, 1, and Vi,op,T, denote the standard molal entropy and volume of bulk HyO,
respectively, at 25 °C and I‘bar. Because the standard molal entropy and volume of reaction
(A.1) are taken to be zero (see above), it follows that values of AS7p T, and AVPp T, computed
from eqs (A.4) and (A.5) apply equally to all smectite dehydration reactions, regardless of
the compositions of the homologous hydrous and anhydrous components making up the
solid solution.
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Increases in both temperature and pressure have opposing effects and modify only
slightly the standard molal volumes of minerals at pressures and temperatures in the
Earth’s crust (Helgeson and others, 1978). Accordingly, we can write for the pressures and
temperatures encountered in sedimentary basins

VY= 8Vip 1, (A.6)

where 8V; represents the difference between the standard molal volumes of the hydrous
and anhydrous components of smectite solid solutions at the pressure and temperature of
interest, eq (A.5) can thus be written as

AVY = 4.5 V0 ~ 8V = 4.5 Vi, — 77.5 cm® mol ™! (A7)

where V?i‘zo represents the standard molal volume of bulk HyO at the temperature and
pressure of interest. Using eq (A.7), the pressure integral in eq (10) in the text can be
expressed as

J AV2dP = 4.5 (Gio — Giyor.1) — 77.5 (0.0239) (P — P,) (A8)

where Gﬁ20 and Gf-]2(),pr,'r stand for the standard molal Gibbs free energy of bulk HzO at the
pressure and temperature of interest and at the subscripted pressure and temperature,
respectively, and 0.0239 represents the factor for converting cm® mol~! to cal mol~! bar—!.

The standard molal heat capacity of smectite dehydration in eq (10) in the text.—The standard
molal heat capacity of a mineral at 1 bar can be closely estimated from corresponding values
of Gp, for the crystalline oxides and a mineral in the same structural class by assuming that
the standard molal heat capacity of reaction between the two minerals and the oxides in the
reaction is zero (Helgeson and others, 1978). Accordingly, AC3 ; in eq (10) in the text was
computed in a manner analogous to that used above to estimate the standard molal entropy
and volume of intracrystalline smectite dehydration.

The heat capacity analog of eq (A.3) for the difference (3C3 ) between the standard
molal heat capacities of homologous hydreus (Ch,hs) and anhydrous (CB_a5) smectite
components at 1 bar and any temperature is given by

8Ce s = Chons — CBLas = 4.5 G} _n,om) — ACE a1y (A.9)

where G, n,04) and ACB a1y refer to the standard molal heat capacity of interlayer HoO
and intracrystalline reaction (A.1), respectively, at 1 bar and the temperature of interest.
Combining the Berman-Brown heat capacity power function (Berman and Brown, 1985)
for interlayer HoO as a function of temperature at 1 bar with eq (A.9) and assuming
ACR a1y = 0 (see above) leads to

ki moay ke o) . ks, n,001)

8Ck.. = 4.5 | kon,om + —1g5 T2 T

(A.10)

where kO,H2O(i1)’ kl,H2O(i1)’ kz}{zo(,‘]), kS,HQO(il) stand for the Berman-Brown heat capacity
power function coeflicients for interlayer HoO. Accordingly, ACp . in eq (10) in the text can
be expressed for reaction (1) in the text as

ACs ;= 4.5 C} 0 — 3G} . (A.11)
Combining eqs (A.10) and (A.11) leads to

kl,H«zO(il) k2,H20(il) k3,H20(zl)
05 T2 + T3

AC‘f»pr =45 Cl%r:Hzo - 4.5 kO,HgO(il) + (A12)
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where G _n,0 designates the standard molal heat capacity of bulk HyO at 1 bar and the
temperature of interest. Eq (A.12), together with the equation of state for bulk HoO given by
Johnson and Norton (1991) and with the values of the Berman-Brown heat capacity power
function coefficients for interlayer HyO listed in table 2, permits evaluation of AC3 , in eq
(10) in the text. In the case of the entropies and volumes estimated above, heat capacities
computed from eq (A.12) apply equally to a1l smectite dehydration reactions.

APPENDIX B

Derivation and calculation of AST, AVY, ACp,, and AHS for smectite
dehydration at elevated temperatures and pressures

The calculations summarized below were carried out with the aid of the computer
program SUPCRT92 (Johnson, Oelkers, and Helgeson, 1992). This program can be used
to generate the electrostatic and standard molal thermodynamic properties of bulk HoO
from equations given by Johnson and Norton (1991).

Standard molal entropy of smectite dehydration.—The standard molal entropy of reaction
(1) in the text as a function of temperature and pressure (AS}) can be expressed as

AV?
AS?= ASZp 1 — j;P (( d )P)T dp + [ T AC3,dInT (B.1)

il

where AS?p 1, stands for the standard molal entropy of the dehydration reaction at the
reference temperature and pressure, AC%:,r refers to the standard molal heat capacity of
dehydration at 1 bar, and AV} designates-the standard molal volume of reaction at the
temperature and pressure of interest. Combining eq (A.12) and the partial derivative of eq
(A.7) with respect to temperature at constant pressure from app. A, together with eq (B.1)
leads to

AS = AS?p 1, — 4.5

AV -
( ,I’:z") ) dP+4.5 [ ACEodIn T
P/T v

T kin,0ay  kemou  Ks.H,0a
—4.5f1_r(k0,}{20(,-,)+ A e 2R AT (B2)

where Vi, denotes the standard molal volume of bulk HyO, C§ u,o represents the
standard molal heat capacity of bulk HyO at 1 bar, and ko p,06), ki n,06) ken,0a@), and
ks n,0a) denote the standard molal heat capacity power function coefhicients of interlayer
HyO. Expressing AS?p 1, in terms ofeq (A.4) in app. A, eq (B.2) can be written as

o o P aVH20 'lﬁ
ASr =45 SHQO,P,,T -45 P, T dP — 4.5 1(0’“20(”) In ,F .
P/ T r
1 1 1 1
+ 9 kimyom | 7o ~pos) * 2:25 kamyoa \ 2 ~ 2

T ;3) 59.18 cal mol™! K™! (B.3)
where Sf1,0,p, 1 refers to the standard molal entropy of bulk H,O at the subscripted pressure
and temperature. Values of AS? for reaction (1) in the text were calculated from eq (B.3) for
temperatures from 25° to 300° C and pressures from Pgsr (see footnote 5) to 5 kb using the
Berman-Brown heat capacity power function coeflicients in table 2. The results of the
calculations are shown in table B.1. Because the standard molal entropy of intracrystalline
reaction (A.1) in app. A is taken to be zero, the entropies of dehydration in table B.1 are the
same for all smectite solid solutions.

1
+ 1.5 ks 1,001 ("’



thermodynamic model of dioctahedral 2:1 layer clay minerals 275

Standard molal volume of smectite dehydration.—The standard molal volume of reaction (1)
in the text as a function of pressure and temperature (AV) was computed from eq (A.7)in
app- A. The results of these calculations for temperatures from 25° to 300° C and pressures
from Psat to 5 kb are given in table B.2 Like the entropies in table B.1, the standard molal
volumes in table B.2 depend solely on the thermodynamic properties of bulk and interlayer
H;0. Hence, the standard molal volumes of reaction are the same for all binary smectite
solid solutions such as those listed in table 1.

Standard molal heat capacity of smectite dehydration.—The standard molal heat capacity
of reaction (1) in the text as a function of temperature and pressure (ACp, ) can be ex-

pressed as
° ° fP 32A \/?
ACl’,r = ACI’,,r I P, 6T2 ot dP. (B~ 1)

Combining eq (A.12) and the second partial derivative with respect to temperature at
constant pressure of eq (A.7) from app. A, together with eq (B.4) leads to

T05 T2 T3

p[{3*Vio
—4.5Tj;r 7rz— , TdP. (B.5)

Values of AC} , were computed from eq (B.5) using the Berman-Brown heat capacity
coefficients given in table 2. The results of these calculations are shown in table B.3.

The standard molal enthalpy of smectite dehydration.—The standard molal enthalpy of
reaction (1) in the text as a function of pressure and temperature (AHy) is given by

kin0ay kensom k i
. H, H06) K3 H0a@)
ACP’r = 45 C]%szo - 45 (kO,HQO(zl) + + +

dAV?
AH? = AHp + [ ACE aT + fF (AV;’ - T( - )P)T dp (B.6)

where AH{p 1, denotes the standard molal enthalpy of reaction at the reference pressure
and temperature. Combining eq (A.12) and the partial derivative with respect to tempera-
ture at constant pressure of eq (A.7) from app. A, together with eq (B.6) leads to

AH; = AHPp v = 4.5 (Hi,op, 1 — Hiop, 1) — 4.5 kom0 (T = T))
s 05 1 1 1 1
= 9 ko (T°° = T1°) + 4.5 ke o) TOT, + 2.25 k3 ny00) = T—é
P . [0AViLo
+45 [ Vio-T —57] | dP+77.50.0239) (P - Py (B.7)
’ p/T

where H?{QO‘pr‘T and H]‘Z[QO’pr"]':r denote the standard molal enthalpy of bulk HoO at the
subscripted temperatures and pressures. In accord with the approach used in app. A to
compute the standard molal entropy, AH;’,prr in eq (B.7) can be expressed as

AH?,PJr =45 AH?‘,Hzo,Pr,'r, - 8H?,s,l)r,T,. (B.8)

where
SHisp, 1, = AHghopr, — AHRagp, .= 4.5 AHRn, 0610, 1, — AHZ A 1y p.T,» (B.9)
AHfy,0,p, 1, and AH?u,00n.p,1, denote the standard molal enthalpy of formation of bulk and
interlayer HyO, respectively, from the elements at the reference pressure and temperature,
AHa 1) p, 1, designates the standard molal enthalpy at P, and T, of reaction (A.1) in app. A,

and 8Hf,p 1, represents the difference at 1 bar and 25°C between the standard molal
enthalpy of formation from the elements of the homologous hydrous and anhydrous
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smectite components (AHfys p 1, and AHRy p, 1, respectively). As for the other properties of
intracrystalline reaction (A.1) in app. A, AHfap 1, is taken to be zero. The difference
function in eq (B.9) can also be expressed as

_®8Hip,1, = 8Gisp, T, + TOS{ k.1, (B.10)
where 3Gf, p 1, and 8S¢,p 1, are defined by’
3Gisp. 1, = AGEnsp.1, — AGfusp,1, (B.11)
and
8SEs,Pr,Tr = AS?,hs,P,,T, - ASEas,Pr‘T,’ (B.12)

and AGfnsp, T,» AGfasp.T,» ASPhsp, T, and ASP, p 1, Tefer to the standard molal Gibbs free
energy and entropy of formation from the elements of homologous hydrous and anhydrous
smectite components, respectively, at 1 bar and 25 °C. Combining eq (B.11) with the
standard molal Gibbs free energy of intracrystalline reaction (1) in the text, which can be
expressed as

AGPp, T, = AGfasp, T, + 4.5 AGRu,0p, 1, — AGPhsp, T, (B.13)

leads to

BGﬁs,ppTr = 45 AG?,HQO,P,,T,. - AG?,P,,Tr- (314)

The results of these calculations can be combined with the values of AG]p 7, in table 1 and
the value of AGfp,0.p, 7, given by Johnson and Norton (1991) to generate values of 8Gfs p T,
for a variety of smectite solid solutions. The results of these calculations are given in
table B.4.

By analogy with eq (A.2) in app. A, values of 8Sf; p, 1, in €q (B.12) can be expressed as

8S%.p,.1, = 4.5 Shyon.p,.1, — 4.5 Shye.1, + 0.5 85,5, 1) — ASfanye, 1, (B.15)

where AS74 1y p, T, denotes the change in the standard molal entropy of reaction (A.1) in app.
A which is taken to be zero (see app. A), Sti,ou) p, T, designates the standard molal energy of
interlayer HyO, and Sf;, p 1, and 84, p 1, represent the standard molal entropy of hydrogen
and oxygen gas, all at refetence conditions. Combining eq (B.15) with the value of
Sti,06),p, T, IN table 2 and values of SﬁZ,pr,Tr'and Sd,.p,_1, from Cox, Wagman, and Medvedev
(1989) leads to 8Sfsp, 1, = —191.5 cal mol™! K~!. Substituting this value into eq (B.10),
together with values of 3Gf,p 1, from table B.4 permits calculation of 8Hgsp 1, for the
dehydration of Na-, K-, NHy4-, Rb-, Cs- Ca-, Mg-, Sr-, and Ba-smectite. These values are
given in table B.4. The values of 8Hg,p 1, shown in this table were used together with eq
(B.8) and the value of the standard molal enthalpy of formation of bulk HyO from the
elements at P, and T; (Johnson and Norton, 1991) to calculate values of AH7p 7, for the
smectite solid solutions. Results of these calculations are shown in table B.4.

The properties of bulk HyO were used in conjunction with the Berman-Brown heat
capacity coefficients in table 2 to compute values of AH? — 8Hyp 1, from eq (B.7). The results
of these calculations are given in table B.5 for temperatures from 25° to 300°C and
pressures from Pga7 to 5kky. Because AHy — AHp 1, is independent of the layer composition
of smectite, the values in table B.5 apply to all binary smectite solid solutions. Values of AH?
for the dehydration of these smectites at elevated temperatures and pressures can be
computed by combining values of AHY — AH?p 1, in table B.5 with those of AHYp, 1, in table
B .4.



TABLE B.1

Calculated values of the standard molal entropy of reaction (1) in the text in cal
mol~! K~! as a function of temperature and pressure for binary solid solutions of
homologous smectite components

AS:
P (bars)

TCC) | Psar® 100 500 1000 2000 3000 4000 5000
25 160 1597 1575 1544 1475 1405 1340 1277
50 216 2151 2116 2072 1988 1906 1828  17.53
75 267 2660 2614 2560 2460 23.69 2284 2205

100 315 3133 3077 3013 2899 2797 2705 26.21
125 360 3578 3511 3437 3308 3197 3098  30.09

150 40.2 39.97 39.20 38.35 36.92 35.72 34.66 AN
175 44.2 43.97 43.07 42.11 40.53 39.23 38.11 37.11
200 48.1 47.82 46.76 45.67 43.93 42.53 41.34 40.30

225 51.8 51.56 50.31 49.07 47.14 45.64 44.38 43.29
250 55.5 55.26 53.75 52.33 50.20 48.58 47.25 46.11
275 59.2 59.00 57.12 55.47 53.12 51.38 49.97 48.78
300 63.1 62.93 60.47 58.53 55.92 54.04 52.55 51.30

* See footnote 5.

TABLE B.2

Calculated values of the standard molal volume of reaction (1) in the text in cm’
mol~! as a function of temperature and pressure for binary solid solutions of
homologous smectite components (see text)

AV?
P (bars)

T (°C) Ps A'r* 100 500 1000 2000 3000 4000 5000
25 44 4.04 2.69 1.20 -1.27 -3.23 -4.86 -6.28
50 5.1 4.79 3.46 2.00 -0.46 -245 -4.11 -5.54
75 6.2 588 450 2.99 0.47 - 1.57 -3.28 -4,74

100 7.7 1.27 5.79 4.18 1.53 - 0.61 -2.40 -3.93
125 9.4 8.97 7.32 5.56 271 0.44 -1.48 - 3.06

150 1.5 10.98 9.09 7.12 4.01 1.57 -0.43 -2.14
175 13.9 13.35 11.12 8.88 543 2.79 064 -1.18
200 16.8 16.16 13.47 10.85 6.98 4.08 1.77 -0.17
225 203 19.53 16.17 13.07 8.66 5.47 2.95 0.87
250 24.5 23.68 19.31 15.56 10.48 6.94 4.20 1.96
275 29.9 29.01 23.02 18.37 12.47 8.51 5.51 3.09
300 36.9 36.38 27.47 21.57 14.63 10.18 6.89 4.27

* See footnote 5.
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TABLE B.3

Calculated values of the standard molal heat capacity of reaction (1) in the lext in
cal mol™! as a function of temperature and pressure for binary solid solutions of
homologous smectite components (see text)

AC;,,
P (bars)

TCO) | ps AT* 100 500 1000 2000 3000 4000 5000
25 69.4 68.90 67.11 65.51 63.49 61.71 59.26 55.44
50 68.9 68.50 67.01 65.56 63.60 62,27 61.29 60.81
75 68.7 68.25 66.80 65.36 63.32 61.94 60.94 60.31

100 68.8 68.33 66.82 65.32 63.18 61.74 60.68 59.84

125 69.2 68.67 66.99 65.36 63.08 61.58 60.51 59.69

150 69.8 69.25 67.26 65.42 62.92 61.32 60.22 5941

178 70.9 70.18 67.71 65.54 62.73 60.97 59.79 58.96

200 72,5 71.63 68.42 65.78 62.55 60.60 59.31 58.41

225 75.1 7391 ~ 6953 66.23 62.44 60.25 58.83 57.85

250 79.0 77.48 71.16 66.94 62.45 59.98 58.39 5§7.31

275 85.1 83.32 73.47 67.94 62.59 59.79 58.03 56.84

300 95.5 94.15 76.70 69.27 62.85 59.69 57.75 56.44

* See footnote 5.
TABLE B.4

Calculated values of AHZ p 7., 8Hj p 1, and 8G7, p_ 1 in kcal mol~! for the
dehydration of smectite at 25 °C and 1 bar expressed in terms of reaction (1) in

the text

Solid Solution  OGisp,1, OSHisp,1, AHPp.T,
Na-smectite - 256.139 -313.240 5.81
K-smectite - 255.299 -312.400 4974
NH4-smectite - 255.221 -312.322 4.896
Rb-smectite - 255.040 -312.140 4714
Cs-smectite - 254,718 -311.818 4.392
Mg-smectite - 260.934 - 318.035 10.609
Ca-smectite -260.018 -317.119 9.639
Sr-smectite - 259.717 -316.813 9.387
Ba-smectite - 259.252 - 316.352 8.962
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TABLE B.5

Calculated values of AH; — AH, p,.1, for reaction (1) in the text in kcal mol=! as
a function of temperature and pressure for binary solid solutions of homologous
smectite components

AHr-AHrp, 1,

P (bars)

T (°C) | ps AT* 100 500 1000 2000 3000 4000 5000
25 0 -0006 -0.040 -0.110 -0.317 -0.580 -0.873 -1.192
50 1.729 L.712 1.638 1.530 1.274 0.974 0.644 0.285
75 3.448 3.421 3310 3.167 2.860 2527 2,172 1.801

100 5.165 5.127 4.980 4,800 4.44) 4.072 3.692 3.302
125 6.888 6.840 6.652 6.433 6.019 5.614 5.207 4.796
150 8.623 8.563 8.330 8.068 7.591 7.150 6.717 6.285

175 10378 10.305 10.017 9.705 9.165 8.679 8.217 71.765
200 12163 12076 11.817 11346 10.731 10.199 9.706 9.233
22§ 13.994 13.893 13441 12995 12293 11,709 11.183 10.686
250 15.892 15.782 15198 14.660 13.854 13.212 12648 12.125
275 17.892 17.786 17.004 16345 15417 14.709 14.103 13.552
300 20.047 19.988  18.879 18.059 16984 16.202 15.550 14.968

* See footnote 5.
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