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ABSTRACT

The Gibbs free energy (AGY,) of the reaction kaolinite «> dickite was generated from
solubility measurements of natural kaolinite and dickite performed in acid solutions at
temperatures ranging from 150 to 300 °C under vapor-saturated conditions. The AGY,
values increase from —0.620 * 0.150 to —0.218 % 0.210 kcal/mol with increasing tem-
perature from 150 to 300 °C. Regression of these data yields a value of —0.90 = 0.10
kcal/mol for AGY, at 25 °C. The standard Gibbs free energy of formation (AG?,,,) of dickite
deduced from AGY, and the AG2,, of kaolinite (Zotov et al., in preparation) is —908.36 +
0.40 kcal/mol. The results obtained in this study indicate that kaolinite is metastable rel-
ative to dickite at temperatures to at least 350 °C. It follows that the timing of observed
kaolinite to dickite transformations in diagenetic and many hydrothermal systems is con-
trolled by the kinetics of this reaction rather than thermodynamic equilibria.

INTRODUCTION

Kaolinite and dickite are the two most widespread
polytypes (1Tc and 2M,, respectively) of the kaolin group
of clay minerals (Bailey 1980). Kaolinite generally forms
at low temperature (<150 °C) during weathering and dia-
genetic processes in soils and sedimentary rocks or dur-
ing epithermal processes. By contrast, dickite occurs in
hydrothermally altered rocks formed at higher tempera-
ture (150-250 °C) and in sedimentary rocks altered under
medium- to high-grade diagenetic conditions. Transfor-
mation of kaolinite to dickite is observed in sedimentary
basins with increasing burial depth reflecting increasing
temperature and pressure (Dunoyer de Segonzac 1970;
Shutov et al. 1970; Ehrenberg et al. 1993). Consequently,
several authors have suggested that the relative occur-
rence of these minerals can be used for paleothermome-
tric reconstructions (Kossovskaya and Shutov 1963; An-
ovitz et al. 1991; Ehrenberg et al. 1993). Based both on
the transformation of kaolinite to dickite with increasing
depth of burial and on available data on the Gibbs free
energy of these minerals at 25 °C (Naumov et al. 1974;
Robie et al. 1979; Haas et al. 1981; Robinson et al. 1982),
it is generally believed that kaolinite is more stable than
dickite at ambient temperature, whereas dickite is more
stable at temperatures higher than 150-200 °C. However,
available entropy and heat capacity data for these min-
erals (King and Weller 1961) imply that the AS® of the
reaction kaolinite «» dickite is negative, which is consis-
tent with the fact that the double-layer structure of dickite
is more ordered than the one-layer structure of kaolinite.
Hence, unlike geological observations, available ther-
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modynamic data suggest that dickite is unstable relative
to kaolinite at all temperatures.

The present study was initiated to resolve the conflict
between available thermodynamic data and geological
observations. Toward this goal, kaolinite and dickite sol-
ubility were measured at pH from ~1 to 2.5 and temper-
atures from 150 to 300 °C. Taking account of these re-
sults, thermodynamic parameters for the kaolinite
dickite reaction were generated over the temperature
range 25-300 °C. These parameters were used to generate
an internally consistent set of thermodynamic data for
dickite and kaolinite. These results should lead to an im-
proved description of phase relations among aluminosil-
icate minerals in sedimentary basins and hydrothermal
systems.

MATERIALS AND METHODS
Kaolinite and dickite

Pure highly crystalline hydrothermal kaolinite and
dickite were used in this study. The two kaolinites inves-
tigated are from Glukhovetskoe (Ukraine) and Decaze-
ville (France); these samples have been described in de-
tail by Zotov et al. (in preparation) and Devidal et al.
(1996), respectively. Both are well crystallized (Hinkley
indices are equal to 1.30 and 1.39, respectively) and con-
tain less than 1 wt% impurities. The Decazeville kaolinite
was treated initially by the De Endredy (1963) method to
remove Fe impurities; experiments were performed using
the 5 to 10 pum size fraction. Two size fractions (<0.25
and >0.8 pm) were separated from the Glukhovetskoe
kaolinite by multiple water column sedimentation. The
dickite used in this study was collected from the Baley
hydrothermal gold deposit (Russia), where it is found as
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Ficure 1. Kaolinite and dickite XRD patterns from 70 to
73° 20 obtained using CuKa radiation (Rusinova et al. 1974).
Diagnostic peaks are indicated for kaolinite (K) and dickite (D).
Patterns are for (a) dickite-1 (>5 wm), (b) dickite-2 (<3 pm)
before experiment, (c) dickite-2 (<3 wm) after experiment, and
(d) kaolinite-3.

NP

massive aggregates. Scanning electron microscopy
showed that this dickite consists of hexagonal crystals
ranging from 2 to 10 pm in diameter and from ~1-2 um
thick. After grinding, the >5 pm and <3 pm size frac-
tions were separated by water column sedimentation
(dickite-4 and dickite-5, respectively). X-ray diffraction,
performed from 70 to 73 °20 using CuKa radiation (Ru-
sinova et al. 1974), permits easy distinction between dick-
ite and kaolinite (Fig. 1). All dickite size fractions, except
the <3 um fraction, were kaolinite-free. Only dickite,
however, was found in this fraction after reaction at 200
°C for 10-11 days (compare the curves b and c in Fig.
1). The grain size and specific surface area of the kaolin-
ite and dickite samples used in this study, as measured
by Kr and N, adsorption using the Brunauer, Emmet, and
Teller (BET) method, are listed in Table 1.
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TasLE 1. Solid phases used in the present study
BET
molar
Size surface
fraction area
Solid phase* (wm)  (m?#mol)t Reference
Glucovetskoe Kaolinite-2 >0.8 1229 Zotov et al.
(in preparation)
Gluchovetskoe Kaolinite-3 <0.25 4002 Zotov et al.
(in preparation)
Decazeville Kaolinite-4 5-10 6541 Zotov et al.
(in preparation)
Dickite-1 >5 217 This study
Dickite-2 <3 503 This study
Dickite-3 2-10 3061 This study

* The names of kaolinite samples are the same as in Zotov et al. (in
preparation).

1 Nitrogen adsorption.

1 Krypton adsorption.

Experimental design

To avoid possible systematic errors due to uncertainties
in the values of aluminum hydrolysis constants and ac-
tivity coefficients, kaolinite and dickite solubility were
measured at the same experimental conditions (tempera-
ture, ionic strength, HCI concentration, reactor type, and
solution sampling and analysis methods). Experiments
were conducted in aqueous HCI at 150 to 300 °C and
saturated vapor pressure using various reactor designs.
Reactive solutions were prepared by diluting 1IN Merck
Titrisol standard HCI solution with de-ionized water.

The first set of experiments were performed in ~30
cm’® Teflon-lined titanium autoclaves (alloy BT-8) at tem-
peratures of 150, 200, and 300 °C. These autoclaves were
placed in an oven that maintained a constant temperature
(to within *3 °C). The solid/solution mass ratio in the
autoclaves was ~2 X 1072 Equilibrium was achieved
within about 20, 3, and 1 d at 150, 200, and 300 °C,
respectively. The duration of each solubility experiment
exceeded the time required to reach equilibrium by at
least a factor of 2. At the end of each experiment, the
autoclave was quenched and the solution was filtered im-
mediately through a 0.05 pm Millipore filter. About 5 ml
of the filtered solution was used for room-temperature pH
measurement. Two other subsamples were used for Al
and Si analysis. The subsample taken for Si analyses was
immediately diluted 10-20 times with de-ionized water
to avoid possible precipitation.

A second set of experiments were performed in ~380
cm?® pure titanium autoclaves placed in rocking furnaces
to mix the solution and avoid temperature gradients. Ex-
perimental temperatures were held constant at 197 and
213 = 1 °C and measured with an externally calibrated
thermocouple [platinum-type S, connected to an RLC
(APLTC 3988) reader]. The solid/solution mass ratio was
~6.6 X 10~* at the beginning of the experiment, increas-
ing to ~0.02 at the end as a result of solution sampling.
Reactive fluid samples were extracted periodically for pH
measurement and Al and Si analysis to monitor the ap-
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TaBLE 2. Aqueous Al and Si concentrations (at 95% confidence level) in equilibrium with kaolinite and dickite (stoichiometric
dissolution) in 0.1 m HCI at 200 °C and in 0.25 m HCI at 300 °C under vapor-saturated conditions

Calculated  Calculated
Stoichiometric Al H,Si0},,
Number Measured Al Measured Si Al and Si concentra-  concentra-
of concentration concentration concentrations™ tion tion Calculated
Solid phase Exper. (102 molkg) (10-* mol/kg) (10-2 mol/kg) (10-2 mol/kg) (102 mol/kg) pH
200 °C, 0.1 m HCI
Kaolinite-2 (>0.8 p.m) 4 4.77 = 0.20 5.13 = 0.36 4.95 x 0.20 3.52 3.91 1.244
Kaolinite-3 (<0.25 pm) 5 5.38 = 0.16 5.76 = 0.20 5.57 * 0.20 3.86 4.30 1.253
Dickite-4 (>>5 pm) 5 4.38 = 0.06 4.07 + 0.05 4.22 + 0.15 3.09 3.43 1.234
Dickite-5 (<3 pum) 5 4.60 = 0.35 4.38 = 0.81 4.49 *+ 0.20 3.25 3.61 1.238
300 °C, 0.25 m HCI
Kaolinite-2 (>0.8 wm) 4 7.83 = 0.64 8.45 + 0.71 8.14 = 0.50 4.63 6.34 1.158
Kaolinite-3 (<0.25 pm) 4 8.05 = 0.39 9.17 + 1.18 8.61 = 0.60 4.85 6.64 1.160
Dickite-4 (>5 pum) 5 7.32 £ 0.36 8.14 = 1.18 7.73 £ 0.35 4.43 6.07 1.155
Dickite-5 (<3 pum) 5 7.46 * 0.34 8.15 = 0.15 7.80 * 0.35 4.47 6.12 1.156
* Average of the measured Al and Si concentrations reported in the previous columns.
proach to equilibrium. The sample used for Si analysis kaolinite « dickite €))

was immediately diluted 10-20 times with H,O. These
fluid samples were initially filtered in situ through a 5 pm
titanium filter installed within the autoclave and then fil-
tered a second time at room temperature using a 0.05 pm
Millipore filter. After attainment of equilibrium at 197 °C,
the temperature was increased to 213 °C and the experi-
ment continued.

Analytical methods

Aqueous aluminum concentrations were determined by
flame atomic absorption spectrophotometry (Perkin El-
mer Zeeman 5000 and Perkin Elmer 403) and have a 95%
confidence limit of =3%. Silicic acid concentrations were
determined colorimetrically (with an uncertainty of
+1.5%) by the molybdate blue method (Koroleff 1976)
using a Technicon automated analyzer for the experi-
ments at 150, 197, and 213 °C and a Specord UV-Vis
colorimeter for the experiments at 200 and 300 °C.

Thermodynamic calculations

The standard molal Gibbs free energies (AG?) and en-
thalpies (AH?) of formation adopted in this study repre-
sent the change in those thermodynamic quantities when
one mole of a substance in its standard state is formed
isothermally from the elements at 1 bar pressure. The
standard state for solid phases and H,O are unit activity
for the pure phase at all temperatures and pressures. For
aqueous species, the standard state corresponds to unit
activity coefficient for a hypothetical ideal one molal so-
lution. Molal activity coefficients of neutral aqueous spe-
cies were assumed to be umity. Activity coefficients of
charged species were calculated using the extended De-
bye-Hiickel equation with values of the electrostatic pa-
rameters taken from Helgeson and Kirkham (1974); a val-
ue of & = 4.5 X 108 cm was adopted for all aqueous
species.

Taking account of these conventions, the change of
Gibbs free energy AGY, for the reaction

can be generated from kaolinite and dickite solubility
measurements performed at the same conditions. In the
present study two series of dissolution experiments, in-
volving respectively the stoichiometric and non-stoichi-
ometric dissolution of kaolinite and dickite were per-
formed in aqueous HCl solutions.

Stoichiometric dissolution. At 200 °C with pH < 1.4
and at 300 °C with pH < 0.9, kaolinite and dickite dis-
solve stoichiometrically (Zotov et al., in preparation).
Their dissolution reactions can be expressed as:

ALSi,OOH), ., + 6H* = 2 AP+ + 2 H,Si0g,, + H,O
2

and

ALSi,00H), 44 + 6H* = 2 AP+ + 2 H,Si03,, + H,0.
3)

It follows from the law of mass action of reactions 2 and
3 that for dilute aqueous solutions (a,, = 1) in equilib-
rium with pure kaolinite and dickite:

—AGY, AZiv) Oisi08 @
K, = exp = - )
RT )
and
—AGY, A%y Fiigsiof
K, = exp = = (&)
RT a5+ 3,

respectively, where K, denotes the equilibrium constant
for the n* chemical reaction, a,,, designates the equilib-
rium activity of the i* species in the n* chemical reaction,
R is the gas constant, T is absolute temperature, and
AGY, represents the Gibbs free energy of the n" reaction.
Combining Equations 4 and 5, and the law of mass action
for reaction 1 leads to
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TaBLE 3. AGY), values deduced from stoichiometric kaolinite and dickite solubility measurements reported in Table 2

Alog m e Alog My, si08aqT AG?U
T(°C) Reaction (mol/kg) (mol/kg) ApHit JA§ (kcal/mol)
200 Kaolinite 2=Dickite || 0.045 0.046 0.008 0.23 = 0.08 —0.498 = 0.174
Kaolinite 3=Dickite | 0.086 0.087 0.017 0.448 = 0.08 —-0.970 = 0.174
300 Kaolinite 2=Dickite | 0.017 0.017 0.0025 0.083 + 0.08 —-0.218 = 0.210
Kaolinite 3=Dickite | 0.037 0.037 0.0045 0.175 + 0.08 —0.459 = 0.210

" Alog Mps = 10g Mpaip, — 10g Mye- (se€ Egs. 2 and 3).

T Alog My,sio0aq = 109 Myy,si080qe) — 109 My, so02aq0 (€€ EQs, 2 and 3)
T ApH = pH,,, — pH, (see Egs. 2 and 3).

§3A = 2(Alog myer + Alog My 5084 + 3APH).

| Average equilibrium concentrations for Dickite-4 and Dickite-5.

AGS, = AGY, —
= 2 X 2.303RT{[log ayn-q, — 10g ays- ]

AGY,

+ [10g Ay 5109092y log aHASiog,aq(B)]

+ 3[pH(2) — pH(3)]}
= 2 X 2.303RT{[l0g My, — log mup- )

+ [log My siodaq — IOg mHASioE.aq(s)]

=+ 3[PH(2) - PH@)]} (6)

where m,,, represents the equilibrium molal concentration
of the ith aqueous species in the nth reaction.

Non-stoichiometric dissolution. At 200 °C with pH >
1.4 and at 300 °C with pH > 0.9, kaolinite and dickite
dissolve incongruently leading to boehmite precipitation
according to:

AlSi,040H), .., + 3H,0=2 AIOOH, . + 2 H,Si08,, (7)
and
Al,Si,040H), 4 + 3H,0=2 AIOOH, . + 2 H,Si08,, (8)

for which the law of mass action in dilute aqueous so-
lutions can be expressed as:

K, = aI%L.SiORaqG) 9
and
(10)

Combining Equations 9 and 10 with the law of mass ac-
tion for reaction 1 leads to

AGY, = AGY, — AGY,

=
Ks = Qy,siofaqey

=12 % 2303RT[10g Ay,sioQaqy — log aH4Si09.aq(8)]
=2 X 2303RT[10g My si09aqm — log mH4Sio?.aq(8)]~
(11)

The AGY, from Equations 6 and 11 was calculated us-
ing measured total aqueous Al and Si, and quench pH
together with aqueous species activities computed with
the Gibbs computer code (Shvarov 1992). Distribution of
species calculations were generated by assuming the pres-
ence of the following aqueous species: H*, OH-, CI-,

HCl°, Al*+, AIOH>+, AI(OH);, AI(OH), AIH,SiO3+, and
H,Si09. The stability constants for Al hydroxide com-
plexes were taken from Castet et al. (1993), and those for
AlIH,SiO3+ were taken from Pokrovski et al. (1996) and
Zotov et al. (in preparation). The dissociation constants
for H,0O and H,SiO? were taken from SUPCRT92 (John-
son et al. 1992) and that of HCI® was taken from Tagirov
and Zotov (1995). Thermodynamic parameters for
boehmite were taken from Hemingway et al. (1991). Be-
cause AGY, values are deduced from kaolinite and dickite
solubilities measured at the same temperature and pH
conditions and at similar concentrations of aqueous Al,
uncertainties associated with calculation of activity co-
efficients for AI’* impart negligible uncertainties to the
computational results.

EXPERIMENTAL RESULTS
Stoichiometric kaolinite and dickite dissolution

The results of kaolinite and dickite solubility measure-
ments performed at 200 and 300 °C are listed in Table 2.
For both kaolinite and dickite, equilibrium concentrations
of aqueous silica are equal to the corresponding alumi-
num concentrations, within experimental uncertainty,
which demonstrates stoichiometric dissolution. The sol-
ubility of the finer grains of kaolinite (<0.25 pm) is
slightly higher than that of the coarser grains (>0.8 pm),
especially at 200 °C. Dickite solubility is distinctly lower
than that of kaolinite both at 200 and 300 °C. From the
analytical data listed in Table 2, the values of pH, and
AP+ and H,Si0§ molalities at equilibrium with kaolinite
and dickite were calculated (Table 2) and then used to
generate values of the AGY, from Equation 6 (Table 3).
These values are negative indicating that dickite is more
stable than kaolinite both at 200 and 300 °C.

Non-stoichiometric kaolinite and dickite dissolution

Concentrations of Si and Al measured as a function of
time during kaolinite and dickite dissolution experiments
performed at 197 and 213 °C are shown in Figure 2. Non-
stoichiometric kaolinite and dickite dissolution is char-
acterized by higher Si release relative to Al. In these ex-
periments, Al concentrations reach a maximium prior to
attaining steady-state. This non-stoichiometric behavior
reflects boehmite precipitation, as confirmed by X-ray
diffraction and Raman spectroscopic analyses of the re-
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Ficure 2. The evolution of solution compositions for kaolinite and dickite dissolution experiments at 197 and 213 °C: (a)

aqueous Si concentration, (b) aqueous Al concentration.

acted solids. Equilibrium was reached within 20 and 10
d at 150 and 197 °C, respectively. When the experimental
temperature was increased from 197, to 213 °C, it took
only one day to attain a new steady-state (Fig. 2). Steady-
state concentrations of aqueous Si and Al obtained in the
experiments performed at 150, 197, and 213 °C are listed
in Table 4. Corresponding steady-state concentrations of
aqueous Al for kaolinite and dickite solubility are iden-
tical, consistent with these concentrations being con-
trolled by boehmite equilibrium. In contrast, steady-state
concentrations of aqueous Si are significantly lower for
the dickite experiments than for the kaolinite experi-
ments. The values of AGY; deduced from Equation 11 and
silica concentrations calculated from measured total Si
concentrations are listed in Table 4. Resulting AG?, values
are again negative at all temperatures indicating that dick-
ite 1s more stable than kaolinite.

Effect of kaolinite and dickite surface free energy on
solubility

The data listed in Table 2 indicate that dickite solubility
is independent of its surface area in the range 200-650

m?mol. In contrast, the solubility of the <0.25 pm ka-
olinite size fraction is distinctly higher than that of the
coarser size fractions. This solubility increase suggests
that the Gibbs free energy of the <0.25 pm kaolinite is
0.4 and 0.24 kcal/mol higher than its coarser-grained
counterpart at 200 and 300 °C, respectively. Taking ac-
count of the solubility difference between the <0.25 pm
and the >0.8 pm kaolinite size fraction and the definition
of surface tension (y,) given by vy, = (8G/3A),,,, where
A designates the mineral surface area and G its Gibbs
free energy, yields v, = 0.4 and 0.25 J/m? at 200 and 300
°C, respectively. These v, values are slightly higher than
those generated from contact angle measurements at 25
°C reported by Janczuk and Bialopiotrowicz (1988) who
proposed vy, = 0.19 and 0.1 J/m? for a dry and a water-
wet (001) face, respectively. Nevertheless, both sets of -y,
values imply that the contribution of the interfacial area
to the Gibbs free energy of the >0.8 pm size fractions
of kaolinite is negligible [3(AGY) < 80 cal/mol]. Assum-
ing a similar value for the surface tension of dickite, it
can be assumed that the surface energy of the 2-10 pm
dickite size fraction is also insignificant.

TasLE 4. Aqueous Al and Si concentrations (95% confidence level) in equilibrium with the assemblages kaolinite-boehmite and
dickite-boehmite (non-stoichiometric dissolution) in 0.03 m HCI at 197 and 213 °C, and in 0.01 m HCI at 150 °C under

vapor-saturated conditions and values of AGY,

Measured Al Measured Si
concentration concentration Calculated AGY,
Solid phase (1072 mol/kg) (102 mol/kg) pH Alog My, si0¢aq” (kcal/mol)
150 °C
Kaolinite-4 (5—-10 pm) 0.19 = 0.02 0.38 = 0.03 2.08
—0.16 = 0.04 -0.620 + 0.150
Dickite-3 (2-10 um) 0.20 = 0.02 0.26 = 0.02 2.08
197 °C
Kaolinite-4 (5—-10 pm) 0.26 = 0.01 219 = 0.15 1.65
—0.12 = 0.03 -0.516 + 0.130
Dickite-3 (2-10 m) 0.25 = 0,01 1.66 = 0.04 1.65
213°C
Kaolinite-4 (5—10 pm) 0.12 * 0.01 2.57 = 0.12 1.65
-0.12 = 0.02 —-0.534 + 0.090
Dickite-3 (2-10 um) 0.13 + 0.01 1.95 + 0.04 1.65

* Alog My, si0%aq — log Mysi09a0) — 109 My,s09a06 (S€€ EQs. 7 and 8).
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Thermodynamic parameters of the kaolinite & dickite
reaction

Values of AGY, were generated from dickite and >0.8
pm kaolinite solubilities determined at the same temper-
ature and pH conditions (Table 5). Values of AGY, at 25
°C and 1 bar were derived from AGY, values determined
in this study together with standard entropy (S°), heat ca-
pacity (C9) and volume (W) data for kaolinite and dickite
taken from the literature. The C? and $° values of dickite
and kaolinite reported by Haas et al. (1981) were used to
derive the AC? and AS® for reaction 1:

ACY,, = 38.05 — 18.14 X 10T + 5.53 x 105/T=
- 69.71 x 10/T° 12
ACS, 505 = —1.52 cal/mol-K 13
ASY) 25 = —1.90 cal/mol-K. (14)

Although a different value of $° for kaolinite was pro-
posed by Robie and Hemingway (1991), those of Haas
et al. (1981) were adopted in the present study because
they originated from the calorimetric measurements per-
formed on both minerals by King and Weller (1961). The
volume for reaction 1 (AVY,)) was calculated using data
generated by Ehrenberg et al. (1993), which are based on
the structural determinations of Bish and Von Dreele
(1989) and Joswig and Drits (1986). The resulting AVY,
value is —0.77 em*/mol, which implies only a small vari-
ation of AGY, with pressure. For example, AGY, decreases
by only 20 cal/mol if pressure increases from 1 to 1000
bars. Consequently, the effect of pressure on the kaolinite
> dickite equilibrium is negligible.

Taking account of the above parameters and the
equation

i
AGY,; = AGY, 05 — AS%(T — 298) + f ACodT
298
T
+ f ACSdln T (15)
2

98

enables determination of the standard Gibbs free energy
of reaction 1 at 298 K [AG?, ,,,] from the high-tempera-
ture data reported in Tables 3 and 4. The results of this
analysis reported in Table 5 yield AGY, ., = — 0.90 *
0.10 kcal/mol. Moreover, these AGY,,,, data were used
together with Equations 12-15 to compute AGY, as a
function of temperature. The results of this calculation are
illustrated in Figure 3 where it can be seen that AGY, is
negative, indicating that kaolinite is metastable relative to
dickite at temperatures from 25 to at least 300 °C, which
are conditions typical of weathering, sedimentary, and
hydrothermal processes. According to these calculations,
equilibrium between kaolinite and dickite is attained at
~425 °C. Note, however, that above 300 °C neither ka-
olinite nor dickite are stable with respect to pyrophyllite
and andalusite in quartz saturated aqueous solutions
(Hemley et al. 1980).

The standard Gibbs free energy of formation of dickite
(AGY,,,) was generated from the AGY,,,, value determined
in this study and from the AG?,, of kaolinite derived by
Zotov et al. (in preparation), using solubility measure-
ments reported in this study. It should be noted that the
value of the Gibbs free energy of formation of kaolinite
determined by Zotov et al. (AGY,,, = —907.46 kcal/mol)
is very close to that proposed by Devidal et al. (1996)
(AGY,4; = —907.68 kcal/mol). Additional consistent ther-
modynamic properties for dickite are available in the lit-
erature. The S%,, of dickite can be calculated from 9, of
kaolinite (Robie and Hemingway 1991) and AS?, ., de-
termined by King and Weller (Haas et al. 1981). The
coefficients for the heat capacity equation and the value
of V3, are given by Haas et al. (1981) and Ehrenberg et
al. (1993), respectively. Thermodynamic parameters for
dickite generated in this study and for kaolinite reported
by Zotov et al. (in preparation) are listed in Table 6.

DI1scusSION

Consistency between the results of this study and
petrographic observations of the kaolinite to dickite
transformation

In contrast to the thermodynamic parameters for ka-
olinite and dickite reported by Naumov et al. (1974), Ro-
bie et al. (1979), Haas et al. (1981), and Robinson et al.
(1982), the data generated in this study indicate that dick-
ite is the stable polytype of the kaolin group of clay min-
erals to at least 350 °C. According to results obtained in
the present study, the massive kaolinite to dickite trans-
formation documented in many natural systems is an ir-
reversible process, controlled by the kinetics rather than
the thermodynamics of these minerals. Therefore, it
seems likely that the formation and preservation of ka-
olinite over long time periods in surficial environments
are controlled by the relative dissolution and precipitation
rates of these two polytypes.

It has been long recognized that kaolinite to dickite
transformation occurs in sedimentary basin sandstones
with increasing burial depth and temperature (Smithson
1954; Kossovskaya and Shutov 1963; Shutov et al. 1970;
Ehrenberg et al. 1993). According to Kossovskaya and
Shutov (1963), the extent of this transformation is time-
dependent. These authors observed a kaolinite to dickite
transformation at a depth of 2.5 km in Mesozoic layers
of the Siberian platform but at a depth of 1.0-1.5 km in
older Riphean and early Paleozoic deposits of the Russian
platform. Ehrenberg et al. (1993) recently studied the ka-
olinite to dickite transformation as a function of burial
depth in three different Norwegian continental shelf ba-
sins where dickite replaces kaolinite at ~3.1-3.4 km be-
low the sea floor (120-130 °C). Also, Ehrenberg et al.
(1993) observed consistent differences in crystal mor-
phology between the kaolinite-dominated and dickite-
dominated samples, implying that the kaolinite to dickite
transformation occurs by a dissolution-reprecipitation
mechanism.
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TaBLE 5. Values of AGY, for the reaction kaolinite «» dickite

AG%)‘exp AG%)szs 1 bar
T (°C) {kcal/mot) (kcal/mol)*
150 —0.62(0) = 0.150 -0.88 + 0.15
197 -0.516 = 0.130 -0.89 £ 0.13
200 -0.498 * 0.174 -0.88 £ 0.17
213 —0.534 = 0.090 —0.94 = 0.09
300 —-0.218 *+ 0.210 -0.82 = 0.21

Average AGY, so8 15100 = —0.90 £ 0.10

* AGY) 506 15,100 Was derived from AGY, .,

12 together with ASY, ., = —1.90 cal/mol-K.

at a given T using Equation

Dickite also forms in hydrothermally altered rocks and
veins in the temperature range 150-270 °C. Observations
of active hydrothermal systems confirm that dickite gen-
erally does not form in low-temperature solfataric fields
(<100-120 °C) where kaolinite is ubiquitous. In contrast,
dickite forms at higher temperature (150-270 °C) in deep-
er, altered zones (Hayashi 1973; Andreeva and Zotov
1982). It is likely that at these temperatures, dickite pre-
cipitates directly from supersaturated solutions without
the transient formation of kaolinite.

If dickite is the stable kaolin polytype, the pervasive
presence of kaolinite in subsurface environments proba-
bly reflects lower rates and higher activation energies for
the nucleation and crystal growth of dickite than for ka-
olinite. An increase in temperature to about 120-150 °C
is required for the nucleation and precipitation rates of
dickite to match those of kaolinite. Accordingly, the
transformation of metastable kaolinite to stable dickite
with increasing depth of burial in sedimentary basins ap-
pears to be kinetically controlled. As a result, unlike the
suggestion of Ehrenberg et al. (1993), the kaolinite-dick-
ite reaction cannot be used as a reliable paleogeother-
mometer. For such an application, reliable nucleation and
crystal growth kinetic data are required for both kaolinite
and dickite.

Halloysite, a kaolinite polymorph, provides another ex-
ample of metastability in the system ALSi,O,(OH),. Al-
though it is undoubtedly less stable than kaolinite [the
standard Gibbs free energy of the halloysite «» kaolinite
reaction is about —4 kcal/mol according to Robie et al.
(1979), Robinson et al. (1982), and Anovitz et al. (1991)],
halloysite commonly forms at low temperatures in both
nature and experiments from solutions supersaturated
with respect to these two polymorphs. However, the ac-
tivation energy barrier for the halloysite to kaolinite trans-
formation is markedly lower than that for the reaction of
kaolinite to dickite because the former transformation oc-
curs in both surficial environments and experiments car-
ried out at 7" < 50 °C (La Iglesia and Galan 1975; Tsuzuki
and Kawabe 1983).

Thermodynamic properties of 1:1 and 2:1 layers
aluminosilicate polytypes

The thermodynamic properties of the kaolinite-dickite
polytypic transformation can be compared to those of the
equivalent muscovite reactions. The most commonly oc-
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Ficure 3. Gibbs free energy AGY, of the reaction Kaolinite
> Dickite as a function of temperature. The solid line shows the
fit of experimental results at temperatures 150, 197, 200, 213,
and 300 °C using the data from Haas et al. (1981) for 8%, and
Y = f(T), and from Ehrenberg et al. (1993) for V3. Triangles
= experimental data, filled box = fitted value of AGY, at 25 °C
and 1 bar.

curring muscovite polymorphs are 1M (analogous to ka-
olinite) and 2M, (analogous to dickite). Several experi-
mental studies have focused on the reaction muscovite
IM < muscovite 2M, at temperatures to 700 °C and pres-
sures to 7 kb (Yoder and Eugster 1955; Velde 1965; Mu-
khamet-Galeev et al. 1985, 1992). Similar to what was
found in the present study for the kaolin group of clay
minerals, the double layer 2M, is the only stable mus-
covite polytype. The standard Gibbs free energy of the
IM to 2M, reaction at 25 °C (AG® = —1.7 = 0.6 kcal/
mol, Mukhamet-Galeev et al. 1985) is close to that de-
termined in this study for the equivalent kaolinite group
reaction. The apparent activation energy for this transfor-
mation as determined by Mukhamet-Galeev et al. (1985)
using the approach taken by Wood and Walther (1983),
however, is high (E, = 51 * 10 kcal/mol). This high E,
value is consistent with the geological observations of
Loginov et al. (1976a, 1976b) which show that the 1M
to 2M, transformation occurs in the temperature range
300-350 °C (greenschist facies). Considering the 120—
150 °C temperature observed for the dickite-kaolinite re-
placement reaction in sedimentary basins, it seems likely
that the apparent activation energy for this transformation
is lower than that for muscovite.

Although the double-layer polytypes are the stable
phases of the kaolinite and muscovite groups, they do not
form directly from low-temperature solutions. Mono-lay-
er polytypes formed in low-temperature environments
transform into double-layer polytypes with increasing
temperature and pressure as shown by numerous geolog-
ical (Velde 1965; Kossovskaya and Drits 1971; Omel-



ZOTOV ET AL.: KAOLINITE-DICKITE STABILITY 523
TaBLE 6. Thermodynamic data at 25° C and 1 bar and heat capacity power function coefficients for dickite and kaolinite
. A G?ZQB AHEEQS SgQS CS.ZQB VgQB

Mineral (kcal/mol) (kcal/mol) (cal/mol-K)  (cal/mol-K) (cm*/mol) a b ¢ d

Dickite —908.355* -985,736* 46.116" 57.310% 98.58f  217.1032t  —50.50822%1 9.09285t  —267.5743¢%
+0.400 +0.600 =1.0

Kaolinite —907.455§ —984.270§ 48.016] 58.828+ 99.35f  179.05711  —32.36625t 3.565851  —197.8642t
+0.300 +0.500 *0.12

Heat capacity equation: C3 (cal/mol-K) = a + b X 10-3T + ¢ X 105/T2 + d X 10/T*

* This study.

1 Haas et al. (1981).

1 Ehrenberg et al. (1993).

§ Zotov et al. (in preparation).
| Hemingway et al. (1991).

yanenko et al. 1982) and experimental (Yoder and Eugs-
ter 1955; Velde 1965; Mukhamet-Galeev et al. 1985,
1992) observations. The morphological difference in co-
existing 1:1 and 2:1 layer polytypes suggest that this
transformation occurs by dissolution and precipitation
rather than by solid-state diffusion.

Thermodynamic data for transformations among poly-
types of kaolin group are similar to those for the mus-
covite polytypes. This confirms that the double-layer ka-
olinite and muscovite polytypes, which exhibit a lesser
degree of disorder, are also more stable than the one-layer
polytypes. However, in solutions supersaturated with re-
spect to both polytypes, nucleation and crystal growth of
the more-disordered 1M phase is easier than that of the
2M, phases with limited degree of disorder. This is illus-
trated by high values of the apparent activation energy
measured by Mukhamet-Galeev et al. (1985) for the 1M-
2M, transformation in muscovite.
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