[AMERICAN JOURNAL OF SCIENCE, VOL. 295, MARCH, 1995, P. 245-281]

American Journal of Science

MARCH 1995

A CHEMICAL AND THERMODYNAMIC MODEL
OF DIOCTAHEDRAL 2:1 LAYER CLAY
MINERALS IN DIAGENETIC PROCESSES:
DEHYDRATION OF DIOCTAHEDRAL ALUMINOUS
SMECTITE AS A FUNCTION OF TEMPERATURE
AND DEPTH IN SEDIMENTARY BASINS

BARBARA RANSOM* and HAROLD C. HELGESON

Department of Geology and Geophysics,
University of California, Berkeley, California 94720

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.



