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ABSTRACT

The diagenesis of rocks during burial occurs in response to changing temperature,

pressure, and solution composition. Due to their geologic abundance, high surface area,

and reactivity clay minerals are important participants in the diagenesis of clastic rocks.

The kinetic and thermodynamic stability of clays is in general poorly understood. This

dissertation research measured the rate of transfomiation of kaolinite to muscovite/illite

and developed a method to estimate clay mineral themiodynamic stability.

Clastic rock diagenesis is controlled by the rates of silicate mineral growth and

transfomiation. Marine mudstones commonly contain large proportions of kaolinite

which reacts during diagenesis to form muscovitehllite and/or chlotite. Batch reactor

experiments were used to measure the reaction rate of 1.5 kaolinite + K+ = muscovite +

H+ + 1.5 H20 using the initial rate method and a fitted form of the integrated rate

equation. Experiments were perfonned at temperatures ranging from 250° to 307°C with

solutions of 0.5 - 2.0 m KC1. These results can then be extrapolated to diagenetic

temperatures using the Arrhenius equation.

ln addition, a technique was developed to estimate the AG? and AH? of silicate

minerals. Silicate minerals have been shown to act as a combination of basic polyhedral

units (Hazen 1985 and 1988). This work showed that their thermodynamic properties

could be modeled as the sum of polyhedral contributions. A multiple linear regression

model was used to find the contribution of the oxide and hydroxide components (gi and

hi) to the AG? and AH? of a selected group of aluminosilicate minerals at 298 K. The

AG? and AH? of other silicate minerals can be estimated from a weighted sum of the

contribution of each oxide and hydroxide component (gi and hi). These results can be



also uscd to cstimatc thc AG? of silicatc mincrals at highcr tcmpcraturcs (up to =600 K) by

using thc cquation,

gi (T): hi (298) (298)
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THE HYDROTHERMAL TRANSFORMATION RATE
OF KAOLINITE TO MUSCOVITE/ILLITE
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ABSTRACF

Batch reactor experiments were performed to measure the rate of the reaction:

1.5 kaolinite + K+ = muscovite + 1—I+ + 1.5 water

at temperatures ranging from 250 to 307°C. In these experiments, the rate of kaolinite

conversion to muscoviteßllite was monitored as the rate of production of H+. Runs were

performed in small volume (50 ml) titanium hydrothermal reactors charged with well

crystalline Georgia kaolinite, Indian Ruby muscovite, and 25 ml of KCI solution (0.5 -

2.0 m). Both solids and solutions were monitored at specific intervals throughout each

' experiment. The detemiined rate law is:

l?) = · I?) =l%l <*~ · ·<— >
where mK+ and mH+ are the concentrations of potassium ion and hydrogen ion, k-,. and k-

are the forward and reverse rate constants in kg m‘2 sec‘l, AM is the total surface area of

the muscovite in mz, and M is the mass of the solution in kg.

The initial rate method was used to find k.,., and k- was found by fitting data to an

integrated TZIIC equation. Temperature functions for the rate constants are:

ln k-,. = 12.90 - (1.87 x 104/I'), R2 = 0.98, and

ln k. = 6.03 ~ (1.21 x 104/I'), R2 = 0.95

The activation energies (Ea) for the forward and reverse reaction are 155 i 15 kJ mo1‘l

and 101 i 10 kJ mol‘l respectively.
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INTRODUCTION

When sandstones and mudstones are buried, diagenetic mineral transfomiations occur

in response to the increased temperatures. Figure 1 shows schematically a compilation of

observations of the diagenetic transformations expected in an average marine mudstone.

Note that detrital kaolinite comprises =25% of these rocks at low temperatures and that an

important fate of this kaolinite is its transforrnation to illite and eventually to phengite. The

rate of transformation of kaolinite to muscovite/illite is the topic of this study. Field

evidence for the kaolinite to illite transfomiation is discussed by Kulbicki and Millot

(1969) and an overview of this process is found in Kisch (1983).

For a detailed discussion of the mineralogical differences, occurrences, and abundance

of muscovite versus illite see Bailey (1988). In this paper muscovite is defined as a 2:1

phyllosilicate with substitution of aluminum for silica in·the tetrahedral sheet. The charge

deficiency that develops is then satisfied by potassium ions in the interlayer (K+ = 1.0 per

unit cell). Illite is defined as a 2:1 phyllosilicate with substitution in either the octahedral

(iron or magnesium for aluminum) and/or the tetrahedral sheet (aluminum for silica). The

resulting charge deficiency is then satisfied by potassium ion in the interlayer (K* = 0.7-

().9 per unit cell). As the grain size of muscovite decreases interlayer potassium decreases

(K+ = 0.7-0.9 per unit cell) and the mineral approaches the composition of an illite. Thus,

in the pure Kp_O - Alp_O3 · SiOg —HgO system (conditions of the experiments) muscovite

and illite appear to be indistinguishable minerals and will be grouped as muscoviteßllite.

The nature and rate of clay mineral reactions intiuence the generation and migration of

petroleum and other basinal fluids, contribute to the fomiation of sedimentary ore

deposits, and often control the composition of aqueous pore fluids which drive other

diagenetic reactions. Many field studies have identified possible clay reactions which are

3
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important in diagenetic regimes (Boles and Franks, 1979; Curtis, 1978; Helmhold and van

de Kamp, 1985; Hutcheon et al., 1980). Despite attempts to use the mineralogy and

distribution of clay minerals as indicators of paleotemperature or tluid flow, very little is

known about the fundamental controls of clay mineral reaction types and rates because of

the complex geochemistry of both the solid and fluid phases in natural systems.

Studies of clay mineral synthesis and transformation for conditions relating to

diagenesis are mostly qualitative (DeKimpe and Gastuche, 1964; Hiltabrand et al., 1973;

Dunoyer de Segonzac, 1970; Harder, 1978). 'There are only a few studies that have

detemtined reaction kinetics (Bethke and Altaner, 1986; Eberl and Hower, 1976; Huang et

al., 1986; Howard and Roy, 1985; Roberson and Lahann, 1981; Whitney and Northrop,

1988) and these concentrate on the smectite to illite reaction.

The equilibrium thermodynamics of the KZO-AIZO3-$102-H20 system have been

studied by Hess (1966), Hemley (1959), Giggenbach (1985), and Aargaard and Helgeson

(1985). Associated phase diagmms and stability relations at temperatures up to 6()0°C are

discussed, but, due to the very slow reaction rates of silicate minerals at low temperatures,

equilibrium in rocks is rarely attained in nature. Therefore reaction kinetics must be

considered in any models of burial diagenesis.

There are three fundamental types of equipment to perform rate experiments: batch

reactors, plug flow reactors, and mixed tlow reactors (Levenspiel, 1972; Hill, 1977, and

Rimstidt and Dove, 1986). This study used batch reactor experiments to determine the

transfomtation rate of kaolinite to muscovite/illite. In these experiments kaolinite

(Al2Si2O5(OH)4) dissolves and muscoviteßllite precipitates. We have detemiined the rate

of transfomiation of kaolinite to muscovite/illite at temperatures of 250-307°C for varying

KCI concentrations (0.5 - 2.0 m). The overall reaction is:

K+ + 1.5 Al2Si2O5(OH)4 = KAl3S30lÜ(OH)2 + H+ + 1.5 HQO (1).

5



EXPERIMENTAL

Experiments were run in small volume (50 ml) titanium hydrothermal reactors (Figure

2). Several reactors were loaded with charges, sealed, and placed onto a rotisserie unit

(=2.5 rpm) inside a oven set at the desired run temperature. Individual reactors were

removed at specific intervals, quenched in cold water and opened. Reaction times varied

from 0.25 to 264 hours. The solution pI·I was measured at 25°C using a Ross

combination pH electrode and the solids were separated from the solution by

centrifugation and then decantion. The solids were washed with distilled/deionized water.

The solids (both reactants and products) were characterized and analyzed by scanning

electron microscopy and x-ray diffraction (suction on ceramic). Concentrations of 514+

and Al3+ in run solutions were detemiined by inductively coupled plasma

spectrophotometry (Sequential Jarrell-Ash Atomscan 2400).

Each reactor was charged with 0.25-4.0 grams of well crystalline Georgia kaolinite

(description in van Olphen and Fripiat, 1979), obtained from the Clay Mineral Society,

Indian Ruby muscovite (0.25-2.0 grams), and 25 ml of KCI solution (0.5-2.0 m)

prepared from reagent grade KCI added to distilled/deionized water. Muscovite was

added to insure that nucleation processes were not rate limiting. The specific surface area

of reactants was calculated from a three point N3 desorption BET isothexm determined

using a Quantasorb surface area analyzer. The specific surface area (Asp) for the kaolinite

is 9.2 mz/g and is 1.20 mz/g for muscovite. The reactants were X-rayed to confimi

purity. Figures 3a and b are scanning electron microscope (SEM) photographs of the

starting kaolinite and muscovite.

6
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RESULTS

Table 1 gives the pH versus dmc data collected at 250, 275, 290, and 307°C for eight

experiments charged with 0.25 grams muscovite and 1.0 gram of kaolinite. The measured

aH+ data were converted to mH+ by using the rcladon a = my where a is the activity of

H+, m is the concentradon of H+ (moleS/kg), and *y is the acdvity coefficicnt. y was

deteimincd by preparing soludons of known mH+ (0.1 — 0.0001) and adding to these

soludons known weights of KC! to producc soludons whose ionic strcngths were equal to

0.5, 1.0, 2.0, and 4.0. The pH of thesc solutions was measured and gamma (y)

calculated. Figure 4 shows y plotted versus ionic strength. pH was then found as

funcdon ofy at known KCI concentradons to enable the conversion of aH+ to mg". The

fittcd cquadons, shown in Table 2, are only valid at ionic strcngths from 0.25 to 4.0. The

m}-V values in Table 1 were calculated from the y 's found by solving these equadons.

Figure 5 shows m}-1+ versus dmc for 2.0, 1.0, and 0.5 m experiment at 289°C.

At specific intervals throughout the experiment individual bombs were removed from

the oven, opened, and their contents analyzcd. X-ray diffraction analysis was used to

confirm the presence ofonly kaolinite and muscovite/illite in the run solids. Figure 6

shows two SEM photographs of the muscovite/illite products showing textures similar to

that of '°hairy illite" (Bailey 1988). The presence of "hairy illite" at all temperatures was

confumed by SEM .

Silica and aluminum concentradons in selected runs were detemiined using a scquendal

inducdvely coupled plasma spectrophotometer (Atomscan 2400). Table 3a gives dmc,

temperature, KCI, aluminum, and silica concentrations for four experiments. This table

shows that silica and aluminum concentrations generally increase through dmc, with the

aluminum data being a bit erradc. This increase in silica and aluminum concenuadons can

10



Tablc 1. Conccntration and pH vcrsus timc data
at thc run tcmpcraturc and KC1 conccmration.

TIME mKC} QUENCH mH+
hours molal pH molal

2S0°C
2.25 2.0 3.48 3.73 x 10*4
5.75 2.0 3.43 4.14 x 10*4

17.75 2.0 3.20 6.75 x 10*4
92.75 2.0 2.95 1.16 x 10*3

188.00 2.0 2.77 1.71 x 10*3
264.75 2.0 2.70 1.99 x 10*3

5.75 0.5 3.62 3.52 x 10*4
92.75 0.5 3.42 5.44 x 10*4

264.75 0.5 3.31 6.91 x 10*4

27S°C
2.00 2.0 3.41 4.32 x 10*4
4.00 2.0 3.31 5.34 x 10*4
7.08 2.0 3.21 6.60 x 10*4

10.00 2.0 3.10 8.36 x 10*4
13.00 2.0 3.02 9.93 x 10*4
23.50 2.0 2.86 1.40 x 10*3
29.92 2.0 2.82 1.53 x 10*3

*167.50 2.0 2.40 3.86 x 10*3
*217.25 2.0 2.32 4.60 x 10*3

2.92 0.5 3.67 3.16 x 10*4
4.50 0.5 3.58 3.84 x 10*4
7.17 0.5 3.50 4.57 x 10*4

10.92 0.5 3.43 5.32 x 10*4
20.66 0.5 3.37 6.07 x 10*4

118.00 0.5 3.12 1.05 x 10*3

11



289°C
0.25 2.0 3.52 3.43 x 10*4
2.00 2.0 3.22 6.46 x 10*4
3.50 2.0 3.10 8.36 x 10*4
4.00 2.0 3.11 8.18 x 10*4
5.00 2.0 3.03 9.72 x 10*4
7.75 2.0 2.95 1.16 x 10*4

11.08 2.0 2.84 1.47 x 10*3
23.00 2.0 2.64 2.27 x 10*3
72.00 2.0 2.21 5.88 x 10*3
72.00 2.0 2.20 6.02 x 10*3

*167.75 2.0 2.06 8.23 x 10*3

1.00 1.0 3.64 3.14 x 10*4
3.92 1.0 3.36 5.73 x 10*4
6.00 1.0 3.28 6.81 x 10*4
9.08 1.0 3.16 8.84 x 10*4

20.50 1.0 3.01 1.23 x 10*3
31.00 1.0 2.89 1.60 x 10*3
71.50 1.0 2.65 2.71 x 10*3

*167.00 1.0 2.45 4.23 x 10*3
*167.00 1.0 2.43 4.42 x 10*3

1.50 0.5 3.64 3.37 x 10*4
4.50 0.5 3.38 5.94 x 10*4
8.87 0.5 3.26 7.71 x 10*4

11.50 0.5 3.24 8.06 x 10*4
22.25 0.5 3.18 9.19 x 10*4
71.50 0.5 2.93 1.59 x 10*3

167.00 0.5 2.77 2.29 x 10*3
167.00 0.5 2.76 2.31 x 10*3

12



307°C
2.50 2.0 3.08 8.73 x 10*4
3.75 2.0 3.02 9.93 x 10*4
5.00 2.0 2.94 1.18 x 10*3
6.75 2.0 2.70 1.99 x 10*3
8.00 2.0 2.58 2.59 x 10*3

12.00 2.0 2.44 3.53 x 10*3
20.25 2.0 2.18 6.29 x 10*3
61.00 2.0 1.91 1.15 x 10*2

*118.50 2.0 1.80 1.48 x 10*2

* extent of reaction too great to be used
in initial rate detemiination of lC,„

13
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Table 2. The four equations used to determine gamma (7) from a measurcd
pH in a solution of known ionic strength.

7 = 9-897 · 9-929 (PH) — 0.00839 (pl-I)2 rm 0.5 m with an R2 = 0.99
7 = 0.837 + 0.063 (pl-I) - 0.0254 (pH)2 for 1.0 m with an R2 = 0.99

7 = 1.001 + 0.114 (pH) · 0.0422 (pH)2 for 2.0 m with an R2 = 1.00

7 = 1.714 + 0.138 (pH) - 0.0699 (pl-I)2 for 4.0 m with an R2 = 1.00

15
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Table 3a. 'Hme, temperature, KC1, aluminum, and
silica concentrations for reaction (1), 1.5 kaolinite
+

K‘*’
= muscovite + H++ 1.5 water.

TIME KC1 ALUMINUM s¤.1cA
hours molal ppm ppm

289°C
1.50 0.50 0.114 137.9
4.50 0.50 0.457 174.6
8.87 0.50 0.535 190.6

11.50 0.50 0.164 178.0
22.25 0.50 0.354 204.0
71.50 0.50 0.610 215.4

1.00 1.0 0.383 133.2
3.92 1.0 0.409 192.1
6.00 1.0 0.485 200.8
9.08 1.0 0.648 213.2

20.50 1.0 0.612 231.0
31.00 1.0 0.736 230.2
71.50 1.0 0.674 254.4

167.00 1.0 0.843 268.8

0.25 2.0 0.524 „ 141.1
2.00 2.0 0.643 206.4
4.00 2.0 0.827 220.4
7.75 2.0 0.827 240.6

11.08 2.0 0.961 261.6
23.00 2.0 1.208 274.4
72.00 2.0 1.831 285.8

167.75 2.0 2.428 320.4

307°C
3.75 2.0 3.220 279.0

12.00 2.0 4.422 357.8
20.25 2.0 4.144 371.6

118.50 2.0 6.500 368.4
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be explained by simple dissolution of kaolinite partly in response to decreasing pH.

Changing silica and aluminum concentrations had no direct effect on the rate interpretation

because of their narrow range compared to orders of magnitude variation in hydrogen ion

concentration. Table 3b gives time, temperature, pH, aluminum, and silica concentrations

as a function of time for the simple dissolution of kaolinite reaction (mi-[* = 0.1, 0.01,

and 0.001) at 289°C. Notice the increase in silica concentration and the erratic aluminum

behavior as well as the constant solution pH with time.

The very small ¢Xt¢nt of reaction that occurred in these experiments is best quantiüed

by monitoring solution chemistry. Analysis of mH+ versus time data for rate

determination was done by using both the initial rate method and an integrated fonn of the

rate equation to determine kl, and ki, the apparent forward and reverse rate constants,

respectively. Using the initial rate method, ki, was deterrnined by ütting a polynomial

equation of the form mH+ = a + bt + ctz ; the equation was differentiated to give dmH+/dt

= b + 2ct. The initial rate (dmH+/dt at time = 0) equals b. Results of this analysis are

given in Table 4. A plot of log r versus log mK+ (Figure 7) reveals that the reaction is

first order (n = 0.9 - 1.0) in potassium ion. At log mK+ = 0, log r = log k; and ki, can

then be converted to the forward rate constant k+ by adjusting the results by a surface area

(A) per mass of solution (M) term (Rimstidt and Barnes 1980). In our experiments the

forward rate constant depends only on the surface area of muscovite (AM) because it is

much smaller than the surface area of kaolinite; this will be demonstrated later. Therefore

kÄ,, = (AM] M) k.,., and AM/M = 12 mz kg". The forward rate constants for a system with

a surface area of one square meter of muscovite and a one kilogram mass of solution are

shown in Table 5. Figure 8 is an Arrhenius plot which reveals an activation energy (Ea)

of 155 i 15 kJ mol'] for the forward reaction.
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Table 3b. Time, temperature, KCI, aluminum, and silica
concentmtions for the dissolution of kaolinite at varying mH+.

TIME mH+ QUENCI-1 ALUMINUM SH.1CA
hours molal p1—1 ppm ppm

289°C
3.83 0.001 3.33 0.396 144.4

23.00 0.001 3.34 0.627 150.9
69.50 0.001 3.33 0.298 170.1

3.00 0.01 2.16 3.740 171.8
24.0 0.01 2.16 2.520 197.8

3.00 0.1 1.14 23.74 171.8
24.00 0.1 1.16 21.22 229.0
48.00 0.1 1.21 20.14 228.4
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TABLE 4. The fitted polynomial equation and R2 for each concenuation versus time
experiment. The b term is equal to the initial rate.

11111+ = 3.37 X 104 + 7.55 X 10*101- 4.01 X 10-1612 R2 = 1.00

250°C, 0.5 111 KCl

11111+ = 4.01 X 104 + 2.65 X 10*91- 1.04 X 10*1512 R2 = 0.99'°°°'°°''°'''°°°°°''°°°''°''°'°°i%'5?»E]°iÜi1'}§1'i&E:1”''''°''°°”°”'°'°°°'°'°''°''°°°'°°''
11111+ = 2.92 X 104 +1.72 X10-81- 5.15 X 10*1412 R2 = 1.00

275°C, 0.5 111 KCI

11111+ = 3.06 X 104 + 5.00 X 10*91- 7.66 X 10*1512 R2 = 0.99

é11111+= 4.79 X 104 + 2.34 X10-81- 9.01 X 10-15 12 R2 = 1.00

2899C, 1.0 111 KCl

mg" = 3.72 x 10*4 +1.30 x10*81· 1.54 x 10*1412 R2 = 0.99

289°C, 0.5 111 KC1

mH* = 4.92 x 10*4 + 5.52 x 10*9 t- 4.19 x 10*1512 R2 = 0.99

é11111+= -3.80 X 104 +1.06 X 10*71- 2.36 X 10-1312 R2 = 1.00
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Table 5. Forward rate constants kt and In kr.
at temperature.

TEMP k.,. In k+
°C sec*l

250 1.18 i 0.12 x 10*10 -22.86
275 7.78 zt 0.80 x 10*10 -20.97
289 1.00 i 0.10 x 10*9 -20.72
307 4.48 i 0.30 x 10*9 -19.22

Errors associated with kr, arwe standard errors of the b term
in the polynomial üt.
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In order to determine ki, plots of ln (K - Q) versus time were constructed where K is

the equilibrium mH+/mK+ ratio, and Q is the ratio of mH+/mg+ at time, t. The

justitication of this analysis is given in the discussion section. The choice of K was based

on Hemley's (1959) measurement of the conditions for kaolinite/muscovite equilibrium

His data for 200 to 300°C were fit to an equation (Figure 9), where

log K = 2.74 · (2798/I'). Hemley observed that changing pressure had little effect on the

equilibrium mH+/mK+ ratio. 'I'he equilibrium mH+/mg+ quotient is an approximate

expression of K which should be aH+/aK+, but Hemley showed that this ratio is

independent of KCI concentrations (0.65 - 4.0 m). Thus, the activity coefticient quotient

7;.;+/yK+ appears to be nearly one within the range of the ionic strengths of these

experiments. Thus the concentration ratios, K' and Q', are numerically equivalent to

activity ratios K and Q. Table 6 gives the ln (K · Q) values as a function of time as well as

the determined linear equations (with the associated Rz) where the slopes of these linear

functions are equal to A plot of ln (K - Q) versus T at 289°C and 1.0 and 0.5 m KC1 is

shown in Figure 10. The reverse rate constant (le) was detemtined by the relation kl =

(AM/M) k., The values of k. for a system with a surface area ofone square meter of

muscovite and a one kilogram mass of solution are given in Table 7. Figure 11 is an

Arrhenius plot for k. showing that Ea = 101 :i: 10 kJ mol‘l for the reverse reaction.

The surface areas of both kaolinite and muscovite were varied to determine their effect

on the rate. Table 8 lists pH and mg" versus time data from tive experiments at 289°C

and 2.0 m KCl with varying surface areas of muscovite and kaolinite. These experiments

were short term and the results were analyzed by the initial rate method. The equation and

Rz for each polynomial fit is given in Table 8; the b term is equal to the initial rate (time =

0). Their was no effect on the rate of the reaction when the surface area, AK, of kaolinite

was varied from 2.30 to 36.84 mz (log rate = -7.56 i 0.07). Changing the surface area,
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Tablc 6. Valucs of In (K-Q) vcrsus timc at
tcmpcraturc and KCI congcntration: straight
linc cquations, R2, and k- is thc slopc.

*nME KCI 1n(K-Q)
hours molal

250°C
2.25 2.0 -6.11
5.75 2.0 -6.12

17.75 2.0 -6.18
92.75 2.0 -6.31

188.00 2.0 -6.47
264.75 2.0 -6.57
In (K-Q) = -6.13 - 4.80 x 10*7 t R2 = 0.99 _

5.75 0.5 -6.38
92.75 0.5 -6.64

264.75 0.5 -6.89
ln (K-Q) = -6.41- 5.29 x 10*7 t R2 = 0.97

275°C
2.00 2.0 -5.51
4.00 2.0 -5.52
7.08 2.0 -5.54

10.00 2.0 -5.56
13.00 2.0 -5.58
23.50 2.0 -5.64
29.92 2.0 -5.66

167.50 2.0 -6.06
217.25 2.0 -6.23
ln (K-Q) = -5.53 - 8.97 x 10*7 t R2 = 0.99

2.92 0.5 -5.62 „
4.50 0.5 -5.66
7.17 0.5 -5.70

10.92 0.5 -5.74
20.66 0.5 -5.79
118.0 0.5 -6.13

1n(K-Q) = -5.66 - 1.13 x 10*6: R2 = 0.96
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289°C
0.25 2.0 -5.19
2.00 2.0 -5.22
3.50 2.0 -5.23
4.00 2.0 -5.23
5.00 2.0 -5.25
7.75 2.0 -5.26

11.08 2.0 -5.29
23.00 2.0 -5.38
72.00 2.0 -5.87
72.00 2.0 -5.90

167.75 2.0 -6.42
ln (K-Q) = -5.22 - 2.13 X 1061 R2 = 0.98

1.00 1.0 -5.21
3.92 1.0 -5.26
6.00 1.0 -5.28
9.08 1.0 -5.33

20.50 1.0 -5.40
31.00 1.0 -5.48
71.50 1.0 -5.80

167.00 1.0 -6.49
167.00 1.0 -6.62

11'1(K-Q)= -5.23 - 2.20 X 1061 R2 = 1.00

1.50 0.5 -5.28
4.50 0.5 -5.39
8.87 0.5 -5.47

11.50 0.5 -5.49
22.25 0.5 -5.54
71.50 0.5 -5.96

167.00 0.5 -6.75
167.00 0.5 -6.78
1n(K-Q) = -5.35 - 2.36 x 10*61 R2 = 1.00

307°C
2.50 2.0 -4.85
3.75 2.0 -4.86
5.00 2.0 -4.87
6.75 2.0 -4.93
8.00 2.0 -4.97

12.00 2.0 -5.04
20.25 2.0 -5.28
61.00 2.0 -6.00
118.5 2.0 -7.08

In (K-Q) = -4.81- 5.35 x 10*61 R2 = 1.00
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Table 7. Reverse rate constams k- and
ln k. at temperature.

TEMP k. ln k.
°C sec*‘

250 4.00 :1: 0.24 x 10*8 -17.03
250 4.42 :t 0.84 x 10*8 -16.93
275 7.50 d: 0.24 x 10*8 -16.41
275 9.45 :t 0.94 x 10*8 -16.17
289 1.78 :t 0.09 x 10*7 -15.54
289 1.83 i 0.04 x 10*7 -15.51
289 1.97 i 0.05 x 10*7 -15.44
307 4.46 i 0.08 x 10*7 -14.62

Exrorsassociated wimhharestarxdardcnorsofuie
slope of the linear lit.
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TABLE 8. Conccntration and pH vcrsus timc data at 289°C and 2.0 m KC1.
Thc bcst ür polynomial oquation and Rz is also givcn.

TIME AK (KAOL) AM (MUSC) QUENCI-I mH+
hours mz mz p H molcs/kg

3.50 2.30 0.30 3.24 6.195 c-4
5.00 2.30 0.30 3.15 7.508 c·4
7.00 2.30 0.30 3.04 9.510 c-4
9.00 2.30 0.30 2.94 1.180 c-3

20.00 2.30 0.30 2.67 2.126 c·3
my-1+ = 2.26 x 104 + 3.10 x 10‘8 t · 6.38 x 10'M tz Rz = 1.00

2.00 36.84 0.30 2.92 1.232 c—3
5.00 36.84 0.30 2.79 1.635 c-3
7.00 36.84 0.30 2.78 1.671 c·3

20.00 36.84 0.30 2.52 2.956 c·3
II'!}-{+ = 1.07 X 10-8 + 2.63 X 10*81- 1.68 X 10-15 12 R2 = 0.99

0.25 9.20 0.30 3.52 3.427 c-4
2.00 9.20 0.30 3.22 6.464 c-4
3.50 9.20 0.30 3.10 8.358 c-4
4.00 9.20 0.30 3.11 8.181 c-4
5.00 9.20 0.30 3.03 9.717 c-4
7.75 9.20 0.30 2.95 1.155 c-3

11.08 9.20 0.30 2.84 1.466 c·3
23.00 9.20 0.30 2.64 2.270 c~3
72.00 9.20 0.30 2.21 5.884 c·3
72.00 9.20 0.30 2.20 6.017 c·3
11111+ = 4.79 6-4 + 2.34 X 10-8 1- 9.01 X 10-15 12 R2 = 1.00

1.75 9.20 1.20 3.11 8.181 c·4
3.50 9.20 1.20 2.77 1.708 c-3
7.75 9.20 1.20 2.49 3.159 c-3

10.75 9.20 1.20 2.46 3.375 c-3
18.00 9.20 1.20 2.28 5.033 c-3
1111.1+ = 2.98 X 10*4+ 1.09 X 10-2 t- 5.69 X 10*1312 R2 = 0.98

1.50 9.20 2.40 2.98 1.082 c-3
3.50 9.20 2.40 2.57 2.648 c-3
5.25 9.20 2.40 2.43 3.607 c—3
7.00 9.20 2.40 2.41 3.770 c-3
7.08 9.20 2.40 2.35 4.307 c-3
9.00 9.20 2.40 2.28 5.033 c—3

11111+ = 5.89 X 10-5 + 2.20 X10-21- 2.21 X 10-1212 R2 = 0.97
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AM, of muscovite from 0.30 to 2.40 m2 had a large effect on the overall rate (log rate

varied -7.63 to -6.66). A plot of log AM versus log r (Figure 12) shows the linear

relationship, log r = -7.06 + 1.08 log AM with an R2 = 1.0; that is, the transformation

rate is directly proportional to AM. Thus, the transformation rate of kaolinite to

muscoviteßllite in our experiments depended only on the surface area of muscovite for this

range of surface areas (AM/AK = 0.3 to 0.008) suggesting that the rate limiting step is

associated with the precipitation of muscovite/illite. Note that if AK < AM, the rate would

likely be a function of AK.

Other rate experiments in the kao1inite·potassium feldspar-muscovite/illite—quartz

system were attempted at temperatures rahging from 250-307°C. The frrst experiment was

the reverse reaction, muscovite + 1-1+ + 1.5 1-IgO => kaolinite + K+. Problems include

highly variable quench pl-I‘s and the precipitation of potassium feldspar confrrmed by x-

ray diffraction at 307°C and mH+ = 0. 1-0.0001. The latter was a result of rapid

dissolution of the kaolinite/muscovite mixture in acid solutions to release dissolved

potassium and silica causing the solution compositions to move into the potassium

feldspar stability field. Secondly, the rate of the reaction kaolinite + potassium feldspar +

3 1-120 => muscovite + 2 1—I4SiO4 was investigated. These experiments show a drop in

p1—1 (2.5-1.5) with time, although according to the equation above, no hydrogen ion

should be generated or consumed. This continuous pl-1 drop indicates that the potassium

feldspar did not react with H+ as rapidly as it was released by the kaolinite to

muscovite/illite transformation reaction (equation 1), so potassium feldspar dissolution

was rate limiting in this experiment. The grain size of potassium feldspar ranged from

590 ttm to 20 ttm and extensive etch pit development was observed on the feldspar grains.

These kaolinite plus potassium feldspar experiments were also run in 316 stainless steel

reactors. These experiments showed that the presence of iron leached from the stainless
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steel increased the 1*atC of transformation dramatically. In the stainless steel reactors at

300°C and 2.0 m KCI, the conversion to muscovite/illite was complete in four days while

in the titanium bombs nearly 30% kaolinite remained after 20 days (Figure 13). The

presence of structural iron in the muscovite/illite product was confimied by the damping of

the 002 muscoviteßllite x·ray diffraction peak. SEM observation showed that the product

muscovitefrllite in these experiments kept the original book-like morphology (Figure 14).

Thirdly, the reaction kaolinite + K+ => muscovite was attempted without using any

muscovite seed material. The absence of muscovite led to the nucleation of

muscovite/illite as the MIC limiting step so the mH* versus time data could not be Ht by a

simple polynomial equation. The rate was slow until nucleation occurred, then the rate

accelerated as the surface area of the muscovite/illite increased by growth and further

nucleation. Finally, the K+ + 1.5 kaolinite = muscovite + H+ + 1.5 H20 reaction was

investigated at 93°C. After ==6 months the presence of a frbrous muscoviteßllite phase was

confirmed by SEM. Data for these experiments are given in Appendix H.

DISCUSSION

. The determination of the rate law began with the general form:

(2)
where the reaction orders n and m were unknown. The initial rate assumption is that at

early times in the experiment there is no back reaction so the rate can be approximated as

= (kÄt(mK')“ Taking the logarithm of both sides gives

log r = log + n log mK+ (3)

where r is the rate, kl,. is the apparent forward rate constant, n is the reaction order, and

mK+ is the concentration of potassium ion in moles kg·l. The rate (r) can be determined
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by using the initial rate method described in the results section. Log r can then be plotted

versus the known log mK+ to determine the reaction order n, and the apparent rate

constant The slopes of the lines in Figure 7 are 0.9, 0.9, and 1.0 i 0.1 for

expeximents at 250°C, 275°C, and 289°C, respectively. Results were rounded to 1.0 for

the reaction order in K+ to simplify further analysis of the data. Furthermore, we

assumed that if the reaction is first order in K+ it is likely first order in 1-1+. Thus, both n

and m in equation 2 were set equal to one in the next step of this analysis.

An integrated form of equation (2) was used to evaluate kl. This derivation is based on

the observation that mK+ is nearly constant over the duration of a single experiment. By

holding mK+ constant, equation (2) can be integrated follows:

fmlf,2
dm lz{ee-—{ ={ dt

m}-{*.1 k*mK* ~ k‘mH*

[1togive,

li (*¢»(m¤<°) · kÄ(*“H*.1) ) (5)
The numerator and denominator of equation (5) can be decomposed by separating the

bracketed term by (my K) to ive,
'i} {‘··{-;—-*%·‘"‘*‘ ’ = Atk- (mm;) {2 · {

K,Thefirst term in the square brackets cancel, can be simplified to K by the principle

ofdetailed balancing, and mH*/mK+ equals the concentration product Q by definition.

Therefore, a simple integrated form of the rate law is:

1/l€[1¤[(K · Q2) / (K · Q1)]l = A! (7)
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Multiplying equation (7) by kl and rearranging gives,

ln (K - Q2) = ln (K · Q1)- kl (At) (8)

Thus, the slope of the straight line produced by graphing ln (K - Q2) versus At has a slope

of kl.

We can check the assumption of detailed balancing, ie. = k.,/k.= K and the

intemal consistency of our analysis, by showing that the quotient k.,.,/k., of the semi-

independently derived rate constants terms at 250, 275, 289, and 307°C agree well with

I-Iemley's (1959) equilibrium constants (Table 9).

A general form of the integrated rate equation can be developed which then can be

applied to natural systems. The derivation is similar to that in equations (4-8) except that

we assumed that mK+ + mH+ = constant. This more general form of the integrated rate

law is

ln (n¤;q)(K - Q1) - ln (rnK;)(K · Q2) = (l¢+ + ld )At (9)
where mK5 and mg; are the final and initial potassium ion concentrations, K is the

equilibrium constant, Q2 and Q1 are the final and initial mH+/mK+ ratios, and k} and kl

are the apparent forward and reverse rate constants.

APPLICATIONS

There are two general uses for the rate law derived here. First, it can be used to model

how quickly pore fluids in a rock will relax towards equilibrium after they have been

perturbed by the addition of H+ or K+. Note that this analysis assumes a closed (batch

reactor) system where the solution composition is instantaneously changed by the addition
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Table 9. Comparison of the best fit ratio
k.,/k. values in Figures 6 and 9 to
I—lemly's measurcd cquilibrium (K) data.

TEMP log k+/k. log K
°C

250 -2.50 -2.61
275 -2.25 -2.36
289 -2.12 -2.24
307 -1.97 -2.08
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of a dissolved component (1-1+ or K+). The second case considers the rate of mineral

transformation in a system open to fluid flow (mixed flow reactor) where

m==(@“*l=·l@*“)=(£‘l‘M“§‘el=1#l@@“¤L> <1¤>dt dt dt 1.5 dt

The first case might apply when pore fluids in a fomiation were rapidly changed as a

result of secondary or tertiary oil recovery technologies. The second case is helpful for

understanding relatively long term diagenetic mineral transformations.

In a closed system, the time it takes solutions in contact with kaolinite · muscoviteßllite

to approach equilibrium at various temperatures can be expressed in terms of the time

constant (tc) (see discussion and derivation in Rimstidt and Barnes 1980). Rimstidt and

Barnes (1980) found that rc = 1/kl for the silica water system; ic = 1/(klt + kl) for the

kaolinite to muscovite/illite reaction. Rimstidt and Barnes (1980) also showed that a first

order reaction is essentially at equilibrium after 5tc. Figures 8 and 11 give the equations to

detemiine the k.,, and lc values as a function of temperature; these were transformed to

kl, and kl by using AM/M = 12 mz/kg (surface area to mass ratio used in experiments to

determine forward and reverse rate constants) and then assuming reasonable ranges of

AM/M. Figure 15 shows the tc plotted versus temperature contoured in AM/M ratios.

This figure shows that at low temperatures (25 to 60°C) the rate of equilibration is very

slow. For example, at 35°C and AM/M = 100 the equilibration time (5tc) would be =·

73,000 years, thus reaction kinetics must be considered in this regime.

When considering an open system, the differential FHIC law (equation 2) is modified by

decomposing the numerator and denominator and separating (mK+)(k-) to get:

rate = (AM/M) (mk+)(1<-) (K·Q) (11)

This situation can be viewed as a pore space with abundant kaolinite and muscovite/illite

in a sandstone aquifer in contact with a flowing KCI solution. For conditions of this
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FIG. 15. 'lhe dme constant (rc) versus lfI' for the equilibration of the mK+/mH+ ratio in a

solution with kaolinitc and muscoviteftllite where the AM/M (surface area of
muscovite in mz divided by the mass of solution in kg) ratios vary from 1 to10,000.
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experiment (AM/M = 12 m2 kg']) mH+ = 1xl0'6 and mggg = 2.0, 0.1, and 0.01 the rate

(10) can then be predicted and is shown in Figure 16. For example at 100°C and 0.1

mggl the rate of hydrogen ion production is l0']6 mol kg'] sec']. The rate read from this

graph also equals the mic of formation of muscovite/illite (moles/sec) and 0.67 the rate of

destruction of kaolinite, notice that the rate increases with increasing potassium

concentration.

CONCLUSIONS

At 250 · 307°C the conversion of kaolinite to muscovite/illite,

K+ + 1.5 kaolinite = muscovite + 1-1+ + 1.5 1-120,

is fast enough to study conveniently using the hydrothemial experiments that we have

designed. The 50 ml titanium batch reactors are well suited for for these hydrothemial

experiments. Analysis of both solids and solutions is essential to aid in interpreting

results. By monitoring the change in solution composition (mH+) very small extents of

reaction were measured. The rate method as well as fitting data to the integrated

form of the rate law were used to find the forward (k.,) and reverse (k.) rate constants

respectively. The reaction appears to be first order in both mH+ and mK+, so the

differential rate is

(ä*")' · @1%) <*<+ “‘·<° · k- “‘¤’ >-
The forward reaction has an Ea = 155 i 15 kJ mol'] and the reverse reaction has an Ea =

101 i 10 kl mol'].

These experiments are analogs of the transfomiation of kaolinite to illite that commonly

occurs during the burial diagenesis of clastic sedimentary rocks (Figure 1). The
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FIG. 16. Log r vcrsus 1/T ar mH+ = 1x10‘6 and mggl = 2.0, 0.1, and 0.01.
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morphologies of run products are equivalent to those of "hairy illite" which is commonly

found in many sandstone pores (Bailey 1988).

The results of these experiments can be extrapolated to lower temperatures using the

Arrhenius equation to predict transfomtation rates for diagenetic and hydrothemtal

conditions. These results are useful for predicting the rate of pore solution equilibration in

closed systems as well as estimating rates of clay mineral transformation in open systems.

However, they should be used cautiously because they were derived for the pure KZO -

Al2Og - SiO2 -HgO system and we already know that the presence of ferrous/ferric iron in

solution signiücantly accelerates the reaction rates. Further experiments are needed to

determine effects of other cations (eg. Mg, Ca, and Na) on clay mineml transformation

rates.
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ESTIMATING THE THERMODYNAMIC PROPERTIES

(AG? and AH?) OF SILICATE MINERALS AT 298 K FROM

THE SUM OF POLYHEDRAL CONTRIBUTIONS
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ABSTRACT

Many physical properties of silicate minerals can be modeled as a combination of basic

polyhedral units (Hazen, 1985, 1988). It follows that their thermodynamic properties

could be modeled as the sum of polyhedral contributions. We have determined, by multiple

regnession, the contribution of the A1203(4) · Al203(6) - Al(0H)3(6) - Si02(4) - MgO(6) -

Mg(0H)2(6) - CaO(6) - Ca0(8-Z) - Na20(6~8) · K20(8-12) - H20 · Fe0(6) - Fe(0H)2(6) -

FC203(6) components to the total AG? and AH? of a selected group of silicate minerals.

Using these data we can estimate the AG? and AH? of other silicate minerals from a

weighted sum of the contribution of each oxidc and hydroxide component: AG? = Z ni gi,

and AH? = X ni hi where ni is the number of moles of the oxidc or hydroxide per forrnula

unit and gi and hi are the respective molar free energy, and enthalpy contribution of one

mole of each oxidc or hydroxide component. The technique outlined here can be used to

estimate the thermodynamic properties of many silicate phases which are too complex or _

too impure to give reliable calorimetric measunements.

Experimentally measured AG? and AH? vs. predicted AG? and AH? for the minerals

used in the model have associated average residuals of 0.26%, and 0.24% respectively.

Thexmodynamic properties of minerals not used in the model for which there are

experimentally deterrnined calorimeuic data have average differences between measured

and predicted values of 0.25% for AG? for 18 minerals, 0.22% for AH? for 20 minerals.
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INTRODUCTION

Clay and zeolite nrinerals are very important phascs in the near surface environment and

the understanding of their thermodynamic properties is essential to modelling many

geochemical processes. But, experimental measurements of the free energy of fomiation

and enthalpy of formation (AG? and AH?, respectively) are few because they are difficult

to perform. Problems associated with determining thermodynamic properties of clay and

zeolite minerals include the chemical complexity and highly variable composition. The

estimation technique for AG? and AH? developed here offers a reasonable way to

approximate thermodynamic properties of clays and zeolites.

Many other techniques exist for estimating AG? of silicate minerals (Nriagu, 1975;

Chen, 1975; Tardy and Garrels, 1974, 1976, 1977, Karpov and Kashik, 1968; Mattigod

and Sposito, 1978; La Iglesia and Aznar, 1986; Sposito, 1986) and AH? (Kubaschewski

and Alcock, 1979; Hemingway, 1982; Vieillard and Tardy, 1988). A complete discussion

of each technique and associated errors here would be quite lengthy, therefore only a short

summary will be presented. The data base used for most of the AG? estimation techniques

is based on solubility measurements of clay minerals. In these techniques, the estimation is

based on the combined contributions of hydroxide components (i.e. Si(OH)4, Al(OH)3

etc.) rather than both hydroxide and oxide polyhedra. Karpov and Kashik used a multiple

linear regression technique to estimate AG? contribution of 36 different oxides to the overall

AG? of silicate minerals; however they ignored the hydroxide contributions. Tardy and

Garrels (1976) developed an expression which describes the difference between AG? of the

simple oxide or hydroxide vs. AG? of that same oxide or hydroxide within the silicate

structure. This technique was extended further to include AH? (Vieillard and Tardy,

1988). This basic technique of breaking down minerals into their "building block"
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components is also used in Soestimation (Robinson and Haas, 1983; Holland, 1989).

Robinson and Haas's S°estimates have small errors within the original data set but when

applied outside the model data base, the estimates have much larger associated errors. The

Robinson and Haas method of estimating entropy could be refrned further if hydroxyls

were viewed as parts of polyhedral units, and the simple oxide and hydroxide phases were

removed from the model, as will be demonsuated later. Holland's estimation technique

gives further refinement to the estimation of S° by including a volume cornection and

considering magnetic contributions when estimating entropy.

This paper describes a multiple linear regression technique to determine the contribution

of oxide and hydroxide components to the AG? and AH? of silicate minerals. The

technique is based on the observation that silicate minerals have been shown to act as a

combination of basic polyhedral units (Hazen, 1985). Using this polyhedral approach,

volume, bulk modulus (Hazen, 1985), stable isotope fractionation (Savin and Lee, 1988)

and refractive index (Bloss et al., 1983) can be modeled accurately. In tum, it seems

reasonable that the thermodynamic properties of minerals could be estimated by summing

the contributions of the individual polyhedra We have determined, by multiple linear

regression, the contribution of Al203(4) - Al203(6) · Al(0H)3(6) - Si02(4) - MgO(6) -

Mg(0H)2(6) - Ca0(6) · Ca0(8-Z) - N&2Ü(6-8) - K20(8—12)- H20 - Fe0(6) · Fe(0H)2(6) —

FC203(6) components to the total AG? and AH? of a selected group of silicate minerals.

Where the (Z) in Ca0(a-z) represents coordination of these polyhedra in zeolite structures.

We propose that the thermodynamic properties of many silicate phases which are too

complex and too impure to give reliable calorimetric measurements can be estimated by

summing the contributions of these components for the mineral of interest.

This approach has many advantagcs over other estimation techniques. First,

thermodynamic properties of the minerals used to calibrate the model are based on
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calorimetxic and high temperature phase equilibrium measurements rather than on harder to

detemtine solubility measurements. Second, it is conceptually simple and compelling to

analyze a silicate mineral's properties in terms of the contributions of it's "building block"

oxide and or hydroxide. Third, this technique is simple to implement because only the

chemical fomiula and the coordination number of the polyhedra composing the mineral are

needed. Finally, because of the large body of data available for use in the regression

model, small errors in individual measurements have little effect on the estimated

coefticients.

METHODS

A critically selected thermodynamic data base for 34 minerals was used (Table 1). The

"building block" components for each mineral and the associated coordination numbers in

the A12O3(4) — A12O3(6) - Al(0H)3(6) - SiO2(4) - MgO(6) — Mg(OI—I)2(6) - CaO(6) - Ca0(8~Z) —

Na20(6—8) · K20(8—l2) · H20 - FeO(6) - Fe(0l-l)2(6) · Fe203(6) system was determined

(Table 1). For example, the mineral kaolinite (Al2Si205(0l—l)4) is composed of 2 Si02(4), -

0.333 Al203(6), and 1.333 Al(0I—I)3(6) polyhedra. When A13+, Fe3+, Mg2+, and Fe2+ are

in six·fold coordination in the octahedral sheet of 1:1 and 2:1 phyllosilicate minerals, they

were distributed as 0.6666 hydroxide and 0.3333 oxide, and 0.3333 hydroxide and 0.6666

oxide, respectively. This distribution is consistent with structural constraints on the

distribution of oxide and hydroxide polyhedra (Weaver and Pollard, 1973). The number of

SiO2(4) polyhedra for an individual mineral in the regression model was not allowed to

exceed 5.0 to avoid over-weighting the contribution of a particular mineral. lf the sum of

the associated Si02(4) polyhedra totaled more than five, one-half of the chemical formula

was used. The rationale of this breakdown process was aided by a discussion of
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coordination numbers in silicates presented in Robinson and Haas (1983) . A tabulation of

the polyhedral coordination of oxide components of many silicate minerals is given by

Smyth and Bish (1988).

The data were regressed to determine gi and hi (the contribution of one mole of

component to the free energy and enthalpy of the mineral, respectively) for the models:

AG? = E ni gi (29 minerals) and AH? = X ni hi (32 minerals) where ni is the number of

moles of component i. Entropy values (8% can be determined using the equation AG? =

AH? -TAS? where A80; = S(:i„„„„, - Sg S°estimations from both a regression model 8°

= X ni si (25 minerals) (Appendix I1) and from the above equation were found to have

much larger associated errors and to be more sensitive to the coordination than enthalpy and

free energy values. We suggest using these techniques only for rough estimates of 8°.

The technique of Holland (1989), gives more accurate estimates of S°and can be used in

conjunction with our AH? model to produce an intemally consistent set of AH?, and

Sovalues.

A few minerals showed poor agreement between measured and predicted values.

Beware of minerals such as pyrope, akermanite, and wollastonite that have oxides with

unusual coordination numbers because data for polyhedra with these coordination numbers

are not specified by the model. Other minerals which resulted in tits to the model

include Ca—Al pyroxene, forsterite, cordierite, andradite and gehlenite. We have no

explanation for their inconsistency.

RESULTS

Tables 2 lists gi and hi and their errors derived from the model. Tables 3 and 4 show

measured AG? and AH? versus those predicted using gi and hi from Table 2. The average
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Table 2. The gi and hi of each polyhedral type.

Polyhedral gi Error hi Error*
unit kJ·mo1‘l kJ·mol'l k.I·mol‘l kJ·mol‘l

A12O3(4) -1631.32 13.3 -1716.24 11.0
A12O3(6) -1594.52 15.3 -1690.18 15.9
A1(OH)3(6) -1181.62 13.2 -1319.55 12.2
SiO2(4) -853.95 4.6 -910.97 3.2
MgO(6) -628.86 10.6 -660.06 7.9
Mg(OH)2(6) -851.86 10.2 -941.62 9.1
CaO(6) -669.13 5.9 -696.65 5.2
CaO(8-Z) -710.08 7.2 -736.04 7.1
Na2O((>8) -672.50 26.0 -683.00 18.4
K2O(8-12) -722.94 27.4 -735.24 21.1
H20 -239.91 5.7 -292.37 4.6
FeO(6) -266.29 6.8 -290.55 5.4
Fe(OH)2(6) -542.04 24.6 -596.07 8.2
FQO3(6) -776.07 33.0 -939.18 35.6

* Standard error of the estimate
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Table 3. Comparison of AG?(measured) versus AG?(predicted) for the 29 minerals
used in the model and the associated errors.

Mineral AG?(measured) AG?(predicted) Residuals % Residual
kJ-mol‘l kJ·mo1‘l kJ·mol‘l

1 Kaolinite -3799.4 -3814.9 15.5 0.41
2 Muscovite -5595.5 -5589.7 -5.8 0.10
3 Margarite -5854.8 -5859.1 4.3 0.07
4 Talc -5536.1 -5525.4 -10.7 0.19
5 Pyrophyllite -5265.9 -5266.6 0.6 0.01
6 Microcline -3742.3 -3739.0 -3.4 0.09
7 Low albite -3711.7 -3713.8 2.0 0.05
8 Anorthite -4002.1 -4008.3 6.3 0.16
9 Analcime -3091.7 -3099.7 8.0 0.26

10 Lawsonite -4525.6 -4492.2 -33.4 0.74
11Fen‘osilite -1117.1 -1120.2 -3.1 0.28
12 Fayalite -1379.4 -1386.5 -7.2 0.52
13 Leucite -2875.9 -2885.0 9.1 0.32
14 Leonardite -6598.6 -6596.9 -1.7 0.03
15 Tremolite -5814.0 -5809.5 -4.4 0.08
16 Jadeite -2850.8 -2841.4 -9.4 0.33
17 Diopside · -3036.6 -3046.8 10.3 0.34
18 Mcrwinite -4339.4 -4344.1 4.7 0.11
19 Monticellite -2143.2 -2151.9 8.8 0.41
20 Grossular -6295.3 -6286.6 -8.7 0.14
21 Zoisite -6495.3 -6501.9 6.6 0.10
22 Mordenite -6247.6 -6246.0 -1.6 0.03
23 Yugawaralite -4193.9 -4212.4 18.5 0.44
24 Grunerite -4494.4 -4485.7 -8.7 0.19
25 Minnesotaite -4474.8 -4490.4 15.6 0.35
26 Chrysotile -4034.0 -4040.5 6.5 0.16
27 Prehnite -5816.4 -5816.3 -0.1 0.00
28 Riebeckite -4699.9 -4677.4 -22.5 0.48
29 Acmite -2409.7 -2432.2 22.5 0.93

Average = 0.26

1, 4, 6, 7, 8, 9, 10, 12. 13. 14, 15, 16, 17, 18, 19 and 26 Robie ct al. (1978); 2, 5, and 20
Krupka et al. (1979); 3, 21, and 27 Hemingway et al. (1982); 22 Johnson et al. (1986); these data
were detemtined by calorirnetry. 23 Zeng and Liou (1982); 1 1, 24, and 25 Miyano and Klein
(1983); 28, and 29 Makarov et al. (1984); these data were determincd {rom phase equilibrium
revcrsals.
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Table 4. Comparison of AH?(measured) versus AH?(predicted) for the 32 minerals
used in the model and the associated errors.

Mineral AH;->(measured) AH?(predicted) Residual % Residual
kJ·mol·‘ 1<J·mo1‘l kJ·mol·l

1 Kaolinite -4133.6 -4144.7 11.1 0.27
2 Muscovite -5971.6 -5965.1 -6.5 0.11
3 Paragonite -5941.5 -5939.0 -2.5 0.04
4 Margarite -6239.6 -6241.3 1.7 0.03
5 Phologopite -6213.9 -6220.4 6.5 0.10
6 Tale -5915.9 -5905.6 -10.3 0.17
7 Pyrophyllite -5639.8 -5650.4 10.6 0.18
8 Microcline -3967.7 -3958.7 -9.0 0.22
9 Low Albite -3935.1 -3932.5 -2.6 0.07

10 Anorthite -4227.8 -4234.8 7.0 0.16
11 Analcime -3309.8 -3313.9 4.1 0.12
12 Laumontite -7277.2 -7265.6 -11.5 0.16
13 Lawsonite -4863.9 -4834.8 -29.1 0.60
14 Ferrosilite -1194.9 -1201.5 6.7 0.56
15 Fayalite -1479.4 -1492.1 12.7 0.86
16 Leucite -3038.7 -3047.7 9.0 0.30
17 Nepheline -2092.1 -2110.6 18.5 0.88
18 Leonardite -7123.2 -7119.4 -3.8 0.05
19 Tremolite -6177.5 -6170.9 -6.7 0.11
20 Jadeite -3029.4 -3008.5 -20.9 0.69
21 Diopside -3210.8 -3218.0 7.3 0.23
22 Merwinite -4566.8 -4571.9 5.2 0.11
23 Monticellite -2262.7 -2267.7 5.0 0.22
24 Grossular -6636.3 -6631.2 -5.1 0.08
25 Zoisite -6891.1 -6898.4 7.3 0.10
26 Mordenite -6756.2 -6765.7 9.5 0.14
27 Yugawaralite -4518.1 -4543.8 25.7 0.57
28 Grunerite -4824.2 -4813.6 -10.6 0.22
29 Minnesotaite -4823.0 -4821.0 -2.0 0.04
30 Chrysotile -4361.7 -4365.2 3.6 0.08
31 Greenalite -3301.0 -3304.6 3.6 0.10
32 Riebeckite -5043.6 -5043.6 0.0 0.00

Average = 0.24

2, 7, 13, and 24 Krupka ct al. (1979); 4, and 25 Hemingway et al. (1982); 5 Clemens et al. (1987); 6,
8, 9, 10, 11, 15, 16, 17, 18, 19, 20, 21, 22, 23, and 30 Robie et al. (1978); 26 Johnson et al. (1986);
these data were determined by calorimetry. 1 Hemley et al. (1980); 3, and 12 Bem1an et al. (1985); 27
Zeng and Liou (1982); 14, 28, 29, and 31 Miyano and Klein (1983); 32 Makarov et al. (1984); these
data were deterrnined from phase equilibrium reversals.
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difference between the predicted and the measured values is 0.26% for AG? and 0.24% for

AH? and these differences are norrnally distributed. The average reported associated errors

(2o') for the experimentally determined thermodynamic values are 0.16% for AG? and

0.13% for AH? . Approximately 50% of the estimated values fall within the range of the

error (2o) reported for the experimentally detemiined data.

The accuracy of the models was tested by predicting the thermodynamic properties of

minerals not used to develop the model. Table 5a compares the results of the model with

calorimetrically determined thermodynamic data for 20 different minerals and gives

associated differences. Average residuals for these minerals are: 0.25% for AG? for 18

minerals and 0.22% for AH? for 20 minerals. Table 5b shows that AG? values derived

from solubility measurements of clays agree with those predicted by this model with an

average difference between the predicted and measured 0.54% for AG? for 18 minerals.

DISCUSSION

A comparison of the gi and hi from these models to the AG? and AH? for the simple

oxide or hydroxide components (Table 6) shows that there is a good correlation between gi

and AG? (Fig. 1) and between hi and AH? (Fig. 2). These graphs show that free energy

and enthalpy of fomtation of an oxide or hydroxide component in a silicate mineral

generally is more negative than that of the simple oxide or hydroxide mineral by =¤ 36

kJ·mol" and =¤ 38 l<J·mol·‘ respectively. The abundance of silicate minerals relative to

tree oxides and hydroxides in nature is consistent with this relationship.

The conelation lines in Figures 1 and 2 can be used to approximate a gi or hi for

polyhedra not determined by this model. For example, experimental data for a mineral

containing a Fe(OI-I)3 polyhedron was not available to incorporate into these models but gi

56



0

ä

dg vs

Ogg

dc

8

cn

9;...„.

225

,·:_‘Q

‘*<·=c_

.Q

N

‘~

•-·

:,1

'Jg.3O

W

'8

2

„

W;

'¤~;

géä

gsd

Q
j

dgm

§gI22„

32

E

Q

Ö.-

•

rw]

Yoo

8

3*

dä

dä

”*2§:$ä:

2
2

U

jf

C

<

gw-

O2
33222

gg

‘~§¤;2<

2

Q

gg

>„

8822220

6:9*

'äg;

Ä

2

·22

2

0

ÖN

°Ä

°

·¤

·»cg««N

,1;,,

dg

v

oN

‘«'G°'*•;°*=f«J

”~

¤¤

dg

E

G„,·§,2„1§¤6„„

d';

2

2

5

·:

·„•„2,_

dä

j

vxärögQ

•.

oavéß;

°5vo

*8

c~¢~i

mw

d'^

5

¤

E

5

2

2

¤ä
ä

2

5

J
2

«...

G

G

Ö

C)

U.,

Ö

oo

'¤Gc(N

NQ;

ao

1*1

2

2

·22SI§2§

Ö

E

2

Ziäoé

'äägéä

ä

N

5

g-Ä

E

U

*§

Q:

2

3:52;

·2

22

2

5255

2

..

2§

2

E

252

~

¤

ä

Nä

U

A

...„

c

¤¤ö°

;.;

¤

-

0

G
5

ci

fo

ad;

N·-G

22

4;

2:

go

Egg-2

gi

0"Z

·-·-

Ggz

2.,;

5

ggg;

0;·.éd2<«z

EE

gfédmz

og

ääg

¤¤

52

.g

:0

äE§=U^

E

Sd

-0

oQ•-«

ga

ev

gö

$+ää

2°

gää

E5

$*+

2EE

3U

5*2

=•-•

=B

ELE5

'§ 57



°
A~oEf

^•*‘
"„ *8% Y "1 ·1 *1**1-·:QQ Q,

¤~•-* "3$‘;‘Q¢*V7|“ 00 0 0 0 •n•n ws “
• n • • ¤ n 0

E2 2c:
l‘®

(*7 (\ Ü2 § 2
„ . Qwäqäääwää 3 3 2

6 6 66666660
a? II **c~. 0 •-ä g 2 :

v's¢ Q2 2 2 2 22222; §
*·

,‘;__ ~c«c~-—$$‘“°°$l$ S '2 S E'2°‘8°°<Y g_

GQ <1'5 .'T‘T‘T'T‘T.*9*9*9 *9 *9 *9 *9*9*9*9*9 1,
$5 QLQXQQQQQ $ Egi ggg¤gg22w22-8
E ~o·n·-Nonoomgäg •7• $« 2 $$5,28 Eov N N N •—•-«(~4•—•Q; '*

Q
O‘*·

*9‘T'T‘T'T'T*9*9*9*9 *9 *9 *9 *9*9*9*9*9 E

E ~
‘

Q ••

¤. J3 .2*::: N Q
Q I N=QN»'~ ¤~
C-! O

^O‘é^= °‘
xr I~¢__IO

•-•

2§ :„„2 2 2 § ¤Q2¤Q6 §: :::^^O I : =¤0·^<=-— ..O ZZon Q Q O O···•n"""'°Q "‘

ä cE’. c~é~6«-Q E QNÖ-1;:.‘?„„<i>°¥..‘¥‘$<·<! ä2 iv E,
W ¤„°€.%°q„·—•^°’1",:,°t‘°?°t8°'~*°:„~""!W*"c>"’¤¤ ,,
E ¢~i.S‘I„j"°!"?__?N..‘.Z"S._,*'f16.S‘<r..‘T‘,°E’°„gQ?.°.'1 ¢:
0 ···wQ·-.:.*1..*94 dw w•.~W 6w ·‘·— ·¢ <'*
E °€°««‘°~é“.Lww-¤¤g?„*g&*(,‘¤~: $-55**:-52 E'°: OV7

-
. · . ¤— •—«

g E:52~:<·¤3§2=«?„s.3‘„P;2>707,„,=2.:„·Q ~"'‘°
STVERSÜQÄS

Q}-----

‘©~—•©ugE
,-;..:‘@,.;"i"!‘j;6

¤‘I
„‘?§•,<~e§ä':z§ Q2 ä~¤S+;2:+ ~.: ZE-ZEEEQN

__; S2
ÖE‘:‘.-«v1„‘;‘,

.x
,¤ Q°1"?,‘£*'1++,?- < - E^°,‘I}°i(*f".,<"1 5
Q
{Ü.-.

•— N=u0og~«~¢m( N „.. ßgccg ,o
-Q 3 zmmu. —u.¤·Y,,~—- Q ¤~ Qvsuümcg ät

T, E ,‘Z‘Q‘j'„‘,*;°°(;‘*6o:*“! 9 d «6gQ_·;;¤é_c~ ,...

~—E -2 ‘éEä33ä**“*$€ 3 5 ä““§i<rF
2B9 .2 C,

:5 E _;r_g~v·¤c>o~_,_,zU U U .,., ~¤¤„„¤¤:, .
· ¢A¢hY'iq«‘VO*®N N ¤~ c« N°°•—*"1N

Ö1]EQ °
**1***----*"?*"!‘€¢ ‘? **1 ¢> 6Q6'76 ‘*"

·°
"‘

°°°°2EI£E¤¤><>==> 6 6 6 ¤¤.<?¤·.s>=·¤ EE
2-8 U EE....xxxx x x x E<E<:E Q2

·

Cow.-Q ·-....3 Q ... _?¤n‘_Q... Ä“

° 6S8^$"0¢’~T -— U -—"'V“" w"<l‘ö.
8:,:;;—,;?,0.¢°.ä.=·- U .: ^-«‘Ü¢:S wg

GSV -=-‘—-:"’ .·.:.· = E ‘¤-·°¤> 2}-_d Q 0
0 U 22:-EU ""Ü.•,:::".•·‘.•·*.•·‘.•·• ¢: V '¤ '6 ·“='·

0 .3 $'¤····0 E --·*:c;::§ va .... ¤ 3 ,,,_•,
E 2 Q-9ggoo··-· §>„ 2

° Q
3¢äQ<‘F

§·=„¤
.2 E Q

°° E-J-°°-J„°°
mz

6 ¥mUUUUmO¤U 0 x E m<E<E Q2
58



Table 6. AG? and AH? of the free oxide or hydroxide phases compared to gi and hi
from the multiple linear regression model.

oxidc/Hydmxadc Ao§„,„i.i„,i,yii gi AH}? „,,id„,i,yd_ hi
io-moi-! kJ·mol°l kJ·mo1'l xu-mei-!

Al203(6) -1582.23 -1594.52 -1675.70 -1690.18
A1(0H)3 -1154.89 -1181.62 -1293.13 -1319.55
$102 -856.29 -853.95 -910.70 -910.97
MgO -569.20 -628.86 -601.49 -660.06
Mg(0H)2 -833.51 -851.86 -924.54 -941.62
H20 -237.14 -239.91 -285.83 -292.37
Ca0(6) -603.49 -669.13 -635.09 -696.65
Fe0 -251.16 -266.29 -272.04 -290.55
Fe203 -742.68 -776.07 -824.64 -939.18
Fe(0H)2 -492.04 -542.04 -574.04 -596.07

A11 measurcd thennodynamic data from Robie et al. (1978), except for Fe(0H)2 which is from
Nordstrom et al. (1984).
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Fig. 1. Graph of the gi (kJ·m0l") versus AG? oxidc/hydioxidc (l<.I-mol") data from Table
6. The associated ncgression equation is gi = -35.55 + 0.990 AG? oxidmiydmxidcwith an R value equal to 1.00.
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and hi can be approximated by using the experirnentally deterrnined AG?[Fe(Ol-l)g] and

Al-l?[ Fe(Ol—I)3]. The values of AG? = -696.50 kJ·mol", and AH? = -823.0 kJ·mol·l

(Wagman et al., 1982) can be used along with gi = -35.6 + 0.990 AG? and hi = -38.3 +

0.995 AH? to estimate gi = -725.0 kJ·mol‘l, and hi = -856.8 kJ·mol‘l. However, the

errors associated with these estimates are unknown and may be large.

Table 7 describes the protocol to follow when estimating the thermodynamic properties

of a silicate mineral using the model described above. It shows, as an example, the

€Sti1T13tiO1‘l of AG? fOl' 2111 ÜHIC (Ümz). The ¢S[lm3tCd

AG? of this illite is -5463.0 kJ·mol·l. Using an analogous procedure, it was found that

AH? = -5837.3 kJ·mol·l. Note that the procedure for distributing the octahedral cations in

step 2B is based on crystallographic constraints (Weaver and Pollard, 1973). On the other

hand, the distribution of cations into the interlayer of chlorites (step 2C) is based on a

thermodynamic argument, which results in the most negative (stable) AG? for a given

composition. Also, using AG? and AH? oxidc/ hydroxide for cations in the chlorite

interlayer is justitied by the fact that chlorite interlayers act as simple oxide/hydroxide

phases rather than as part of the silicate lattice. The presence of Fe(OH)2 and Mg(OH)2 in

chlorite interlayers will be proposed later in this paper as a buffer to control the Fe2+ and

Mg2+ contents of natural waters.

The difference between the thermodynamic properties of the oxide or hydroxide

components in silicate minerals (gi and hi) and those components in simple minerals (AG?

and AH?) is primarily a result of each interaction of the polyhedron with its nearest

neighbors. For example, Al(OH)3 in gibbsite is surrounded by six Al(OH)3 polyhedra

while an Al(OH)3 polyhedron in the silicate minerals considered in this model is generally

surrounded by, at most, only two Al(Ol—l)3 polyhedra with the other sites occupied by other

tetrahedral components (generally SiOp_). The presence of these other components in the
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Table 7. Method of estimation of AG? and AH? for a mineral in kJ·mol".

1. Determine chemical composition (analytical electron microscopy, microprobe, x-ray
fluorescence, or wet chemical analysis).

2. Determine coordination based on known structures.
A. For Ca-zeolite minerals with an unknown coordination number, the

polyhedra is simply represented with a '°z".
B. For 1:1 phyllosilicate minerals distribute the octahedral cations as 0.6666

hydroxide and 0.3333 oxide. For 2:1 phyllosilicate minerals, the
octahedral cations are distributed as 0.3333 hydroxide and 0.6666 oxide.

C. For chlorites, distribute cations into the interlayer in the order Al3+ > Fe2+ 2
Mg2+ > Fe3+ until the (OH)iiiiciiayci ioiai = 8. The remaining cations are
then distributed into the octahedral sheet following the method in 2B.

3. Determine the number of polyhedra, n, of each component in the forrnula unit.
4. Multiply n by the gi and hi values (Table 2). The interlayer thexmodynamic contribution

for chlorites is then calculated by multiplying AG;-°_and AH? of free oxide or
hydroxide (Table 6) by the corresponding values of n determined in 2C.

5. Calculate AG? and AH? for the mineral of interest by summing the polyhedral
contributions.

Example: Estimation of the AG? of an illite.

1· Ch<=¤¤i¤¤1 f¤¤¤¤1¤ = K0.75(Al1.75Mg0.25)Si3.5Al0.50Ol0(OH)2
2. In this structure the polyhedra are: Al2O3(4), Al2O3(6), Al(OH)3(6), SiO2(4), MgO(6),

Mg(OH)2(6), and K2O(8—12). °

3. The number of each polyhedra are: 0.2500Al2O3(4), 0.5833Al2O3(6),
0.5833Al(OH)_-i(6), 3.500SiO2(4), 0.1666MgO(6), 0.08333Mg(OH)2(6), and
0.3750K2O(8· 12).

4. AG? = [0.2500 (gi [Al2O3(4)]) + 0.5833 (gi [Al2O3(6)]) + 0.5833 (gi [Al(OH)3(6)]) +
3.500 (gi [SiO2(4)]) + 0.1666 (gi [MgO(6)]) + 0.08333 (gi [Mg(OH)2(6)]) +
0.3750 (gi [K2O(8-12)])]

AG?= [(0.2500)(·1631.32) + (0.5833)(-1594.52) + (0.5833)(-1181.62) + (3.500)
(-853.95) +(0.l666)(-628.86) + (0.08333)(-851.86) + (0.3750)(-722.94)]

5. AG? = -5463.0 kJ·mol‘l, AH? can be detemtined the same way.
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nearest neighbor sites clearly stabilizes the A1(0l-I)3 in the silicates by the amount gi - AG?

= 28 kJ·mol'l. The amount of this stabilization varies from site to site depending on the

composition of the nearest neighbor shell, but the efficacy of the model presented here

demonstrates that this stabilization value is fairly constant for a wide variety of sites in a

wide range of silicate compositions, regardless of structure type. Conversely, however,

this consideration means that the coefticients derived in this model are likely to be useful

only for silicates. Notice that in Table 6 the only polyhedron in which gi >AG? is Si02,

this is consistent with quartz being a very common mineral.

Thermodynamic data for ordered phases were chosen, whenever available, to create this

model. As a result it seems likely that the estimated AG? and AH? values should be closest

to those for a completely ordered mineral. Please note, however, that the variation in these

values between ordered and disordered phases is generally smaller than the uncertainty of

the estimate. For example, the differences between AG? and AH? for microcline versus

sanadine is 0.07% and 0.20% respectively (Robie et al., 1978) while the uncertainity of

our estimate of these values for microcline are on the order :t;0.25%. A more sophisticated

model will be necessary to develop enough resolution to account for order/disorder effects

on these thermodynamic quantities.

This technique has a wide variety of applications in predicting thermodynamic properties

of common zeolites and clays. First, the relative stability of clays in the K20 · A1203 ·
Si02 - H20 system will be discussed. Using the thermodynamic data in Table 8 a log

aK+/aH"’ versus log aH4SiQ4 diagram at 298 K was constxucted (Figure 3). Figure 3

shows the metastability of Al~montmoril1onite and Al-illite, which agrees with the 298 K

experimental data of Sass et al. (1987). In order to represent natural compositions more

closely we determined the effect on AG? of the substitution of various cations (Fe3+, Fe2+,

and Mg2+) into the montmorillonite and illite structures (Table 8). Figure 3 shows how
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Table 8. AG? data used in the calculation of the K2O-Al2Og-SiO2-H20 diagrams.

Species Chemical formula AG?
kJ·mol·1

1 Kaolinite Al2Si205(0H)4 -3799.4
2 Pyrophyllite Al2Si40l0(0H)2 -5265.9
3 Microcline KAlSi3O8 -3742.3
4 Muscovite KAl2(Si3A1)O]0(OH)2 -5595.5
5 Water H20 -237.1
6 Silicic acid 1-145104 -1309.2
7 Goethite FeO0H -488.7
8 Brucite Mg(0H)2 -833.5
9 Ferrous hydroxide Fe(0H)2 -492.0

10 Potassium ion K+ -282.7
11 1111¤¢ (A1) 1<o.7s^12($*s.2s^10.7s)O1o(9*1)2 ·5508~9
12 M0nt. (Al) K()_3All_gSi4Ol()(OH)·2 -5282.5
13 1111¤¢ (M8) K0.75^11.7SMg0.25(S13.50M0.50)O10(Om2 ·5463·0
14 MOR!. (Mg) Kg_3gAIl_7()Mg0_30Si4O}0(OH)2 -5308.3
15 1111¤¢ ·5376·7
16 Mont.(Fe2+) KO_3OA1 l•70FCO·30S140l0(OH)2 -5204.8
17 Illite (FC37') KO_75All_6Fe0_4(Si3_25Al0_·;5)O]o(OH)2 -5338.9
18 Mont. (FC3'9) K0_3()A11_5F¢()_4Sl4Ül0(O}1)2 -51 12.4
19 11111¢ (1’¢3*· MS) ·5293·1)
20 Mont. (Fe3+, Mg) KO_30AlI_3F€0_4Mg0_3OS140l0(OH)2 -5138.3
21 EI'10l11IC KAlSl3O8•3H2O -4458.7
22 Phillipsite K3Al3Si50l6•6H20 -9240.6
23 Clinoptilolite m1s15ol2·4x—x20 -6406.5

Sources: 1-3, 5, 7, 8, and 10 Robie et al. (1978); 4 Krupka ct al. (1979); 6 Rimstidt (1984); 9
Nordstrom et al. (1984); and 11-23 this model.
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Fig. 3. Activity-activity diagram of the K2O—Al2O3—SiO2-H20 system at 298 K showing

the stable microcline-kaolinite—pyrophyllite tréple point. This diagram also shows
the effect of Mg2*, Fe3*, Fe2+, and both Mg +·Fe3+ substitution (arrows) on the
stability of the kaolinite-monunorillonite— illite triple point. Chemical
compositions and thermodynamic data arc given in Table 8.
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these cation substitutions shift the kaolinite-montrnorillonite-illite triple point. Notice that

the ferric iron substitution seems to cause the greatest degree of stabilization of

montmorillonite and illite. When writing reactions containing Fe3+, Fe2+, and Mg2+, the

concentrations of these cations in solution were assumed to be controlled by FeOOH,

Fe(OH)2, and Mg(OH)2 solubilities. The choice of Fe(Ol-I)2 and Mg(Ol-I); as controls of

Fe2+ and Mg2+ concentrations assumcs the presence of chlorite interlayers containing these

components, as previously discussed. lf an amorphous ferric hydroxide phase controls the

ferric iron concentration, the ka0linite—montrnorillonite·illite triple point becomes even more

stable relative to kaolinite, microcline, and pyrophyllite.

This technique was also used to estimate the AG? of three K·zeolites: clinoptilolite,

erionite, and phillipsite (Table 8). The results show that phillipsite is stable at SiO2

concentrations <12 ppm, erionite between 12-16 ppm, and clinoptilolite >l6ppm (Figure

4). Extensive zeolite formation (clinoptilolite, erionite, and phillipsite) at surface conditions

(25°C) has been observed in altered volcanic tuffs (Hay 1986, and Sheppard and Gude 3d,

1973). Senkayi et al. (1987) observed the coexistence of opal CT-kaolinite·clinoptilolite at

high silica concentrations, and lijima (1978) reported that clinoptilolite and phillipsite are

prominent in sediments in coexistence with interstitial water which has SiO2 concen¤·ations

ofbetween 6-42 ppm, and 5-21 ppm, respectively. The constructed activity diagram

(Figure 4) is consistent with these natural observations.

CONCLUSIONS

The multiple linear regression technique presented here is a simple and effective way to

esdmate the AG? and AH? of silicate minerals. The only data needed for this estimation

technique are the chemical composition and the coordination of the "building block"
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polyhedra in the mineral of interest. The advantages of the technique include its simplicity

(it can be prograrned into a microcomputer spreadsheet program), the fact that the model is

based on calorimetric and high temperature phase equilibrium measurements rather than

more difficult to perforrn solubility measurements, and its ability to model a wide range of

silicate minerals. The technique gives results that agree quite well with a wide range of

calorimetric and solubility data not used to derive the reported coefticients.

Although this technique seems to give reliable results for most cases, it should be used

with some caution. We already know that the model presented here fails to predict

accurately the thermodynamic properties of Ca·Al pyroxene, forsterite, cordierite,

andradite, and gehlenite. There is no question that experimentally detemiined

thermodynamic data are more accurate than these estirnates and should be used in

calculations when available. Furthermore, the user should always consider whether the

predictions of this approach make sense in temis of their geologic/geochemical experience.

The overall usefulness of this model is demonstrated by showing a few examples in the

K20 - AIZO3 - Si02 - H20 system. These activity-activity diagrams show that the clay

mineral relations and the zeolite stability ranges detemtined using the estimated data agree

well with experimental and geologic observations. Thus, the overall approach can be used

to derive infomiation on clay and zeolite mineral stabilities, and then to develop a better

understanding of chemical reactions that occur during diagenesis. The AG°1- values

estimated from the model can be extrapolated to higher temperatures using estimated Al-lr

in the van't Hoff equation or by developing a similar model using higher temperature

experimental data. In addition, it is likely that this technique could successfully model the

thermodynamic properties of other complex mineral families (eg. sulfates, phosphates,

arsenates and vanadates). Finally, this research extends the use of the "polyhedral

approach" (Hazen, 1988) in modelling the thermodynamic properties of silicate minerals
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from S°(Robinson and Haas, 1983; Holland, 1989) to include AG? and AH?. The success

of these "polyhedral models" strongly support the concept that the properties of silicate

minerals are mostly detexmined by nearest neighbor interactions rather than by the longer

range ordexing used to classify these minerals into structure types.
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ESTIMATING AG? OF SILICATE MINERALS
AT HIGH TEMPERATURES FROM THE

SUM OF POLYHEDRAL CONTRIBUTIONS
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ABSTRACT

The technique that we developed to estimate AG? of silicate minerals by summing the

contribution of polyhedral components at 298 K (Chermak and Rimstidt 1989) can be

extended to predict the free energy of formation of silicate minerals at higher temperatures.

This approach is particularly useful for clays and zeolites which are geologically abundant

and geochemically reactive but have few reported data for their AG? at temperatures above

25°C. Multiple linear regression was used to find the contribution of the Al203(4) -

A1203(6) - Al(0H)3(6) - Si02(4) · Mg0(6) - Mg(0H)2(6) - Ca0(6) - Ca0(8-Z) -Na20(6-

8) - K20(8·12) - H20 - FeO(6) — Fe(0H)2(6) - F¢2Ü3(Ö) components to the total AG?

and AH? at 298 K of a selected group of silicate minerals (Chermak and Rimstidt 1989).

The gi coefficients from this model can be extrapolated to higher temperatures using the

equation gi (T) =‘hi (298 K) ' T( where gi and hi are the respective

molar free energy and enthalpy contribution of one mole of each oxide or hydroxide

component at 298 K. The gi of water was found to vary depending upon the cation with

which it was associated. Therefore gwaic; was determined by two seperate multiple linear

regressions, one for Na*' and the other for Ca2+. Experimentally measured AG? versus

predicted AG? for 21 minerals used in the model have associated differences of 0.20%,

0.20%, and 0.22% at 400, 500, and 600 K respectively . Experimentally measured AG?

versus predicted AG? for four, three, and two minerals not used in the model have

associated differences of 0.33%, 0.33%, and 0.13% at 400, 500, 600 K respectively.
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INTRODUCTION

Several techniques exist for estimating the AG? of silicate minerals at 298 K (see the

discussion in Chermak and Rimstidt 1989), but there are few techniques for estimating free

energy of formation (AG? ) of silicate minerals at higher temperatures (Helgeson et al.,

1979 and Helgeson et al., 1981). This paper describes a technique to determine the

contribution of oxide and hydroxide components to the AG? of silicate minerals at higher

temperatures and these contributions can be used to estimate the AG? of other minerals for

which there are currently no data. These estimates can be used to understand silicate

mineral equilibria in many different geologic processes such as diagenesis, hydrothermal

alteration, and low grade metamorphism.

The technique is based on the observation that silicate minerals act as a combination of

polyhedral units (Hazen 1985, 1988). Chermak and Rimstidt (1989) showed that the

thermodynamic properties of selected silicate minemls could be estimated by summing the

contributions of their individual oxide and hydroxide polyhedral building blocks. In this

paper we show how the gj(298) and hi(298) values determined for Al203(4) - A1203(6) -

Al(0H)3(6) · Si03(4) · MgO(6) · Mg(0H)2(6) - Ca0(6) - Ca0(8-z) ·Na20(6-8) · K20(8-

12) · Fe0(6) ~ Fe(0H)2(6) - Fe203(6) polyhedra can be used to estimate the AG? of

silicate minerals containing these components at higher temperatures.

METHODS

A multiple linear regression technique was used to estimate the contribution (gg and hg)

of the Al2O3(4) - A1203(6) - A1(0H)3(6) - SiO2(4) - MgO(6) - Mg(OH)2(6) - CaO(6) - CaO(8-z)

- Nz12O(6·8)· K20(8-12) - H20 - Fe0(6) - Fe(0H)2(6) · FC203(6) components to the total

AG? and AH? of a selected group of silicate minerals (Chermak and Rimstidt 1989). The gi
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and hi values from this regression model are used to estimate the AG? and AH? of other

silicate minerals from a weighted sum of the contribution of each oxide and hydroxide

component: AG? = X ni gi, and AH? = Z ni hi , where ni is the number of moles of the

oxide or hydroxide per formula unit and gi and hi are the respective molar free energy, and

enthalpy contribution of one mole of each oxide or hydroxide component.

Experimentally measured AG? and AH? vs. predicted AG? and AH? for the minerals

used in the model have associated average residuals of 0.26%, and 0.24% respectively.

For minerals not used in the model for which there are experimentally determined

calorimetric data the average differences between measured and predicted values of AG? for

18 minerals is 0.25% and 0.22% for AH? for 20 minerals.

The basis for this estimation model is the development of a function to exuapolate the gi

values to higher temperatures. A temperature function, gi (T), was found for each

polyhedral component using the relation, G = H - TS, and the gi (298 K) and hi (298 K)

values for oxide and hydroxide polyhedra reported in Cheimak and Rimstidt (1989). The

relationship of these variables at 298 K is

gi (298 K) = hi (298 K) - 298 si (298 K) (1)

where gi (298 K) , hi (298 K), and si (298 K) are the respective molar free energy, enthalpy,

and entropy of formation from the elements of one mole of the polyhedral component at

298 K and one bar. Equation 1 can be rearranged to

Si (298 K) = ( hi (298 Kg? (298 K) i (2)
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Assuming that ACp,r (the change in heat capacity of reaction) from 298 K to temperature is

equal to zero and using a standard thermodynamic relationship, equation (4-13) in

Nordstrom and Munoz (1985)

gi (T) · Si (298) = ·$i (298) (T · 298) (3)

Substituting equation (2) into equation (3) gives

h- (298 K)- g- (298 K)
)

‘
h- (298 K)- g- (298 K)

)· • · : • 2 ..L.l?g¤‘T’ *9998*9 Ti 298 * 98 298 (4)

which can be simplified to find gg (T)

h- (298 K)- g- (298 K)
)· : ‘ 2 - .ll_...l„_gg(T) hg( 98K) T 298 (5)

This is a linear function with an intercept of gg = hg at O K and a slope of

[(hg (298 io - gg (298 io) / 298].

ln addition, it was realized during the course of this study that the gggzg values

published in Chermak and Rimstidt (1989) could be improved by accounting for the cation

with which the water is associated. The gggzg values were revised as follows. Multiple

linear regression (MLR) was used to calculate the values for gwaLcy(298) in association with

Na+ and Ca2+. The gw„g(29g) in Chermak and Rimstidt (1989) is for water associated

with either Na* or
Ca2"’,

more accurate estimates of AG? of hydrous phases were found

when Na* and Ca2+ associated waters were regressed seperately. The same twenty-nine

minerals (excluding the Ca2+ - H20 associated minerals) used in Chermak and Rimstidt
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(1989) were broken into their "building block" components and MLR was used to

determine that gwmg- (298 K) = -230.82 k.I mol'} for Na+ associated water and gwmg- (298 K)

= -240.57 kJ mol'! for Ca2+ associated water. The gg values of the other components did

not change significantly in these new MLR.

RESULTS

Table 1 shows the gg (T) functions for the polyhedral components considered in this

model. Tables 2a and b show experimentally measured AG? versus those predicted using

the coefücients generated by the functions in Table 1. The average difference between the

predicted and the measured values is 0.20% for AG? at 400 K, 0.20% for AG? at 500 K,

and 0.22% for AG? at 600 K. Note that only 298.15 K data were used to develop the

estimation model for these phases. The accuracy of the model was tested by predicting the

thermodynamic properties of some minerals not used to develop the model. Table 2b _

compares the model's results with calorimeuically detemtined thermodynamic data for four

(400 K), three (500 K), and two (600 K) different minerals and gives associated

differences. Average residuals for these minerals are: 0.33% for AG? at 400 K, 0.33%
for AG? at 500 K, and 0.13% for AG? at 600 K.

Multiple linear regression analysis was also used to determine the gwagc, (298) value for a

mixed Na+ and Ca2* bearing mordenite (gwagcg = -237.93 ld mol"). The percent site

occupancy (X(ja2+ and XNa‘*') was then plotted against the value of gwagcg to determine the

relation of gwagu at any Na+ and Ca2+ mole fraction combination. The calculated equation

is,

gwatcr = -230.8 - 20.75 (XQa2+) + 11.00 (XQa2+)2 (6)
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Table 1. gi (T) in kJ mol·l, for individual polyhedral
components. Temperature in Kelvins.

Polyhedral Temperature Function

component gi g') = hi (298 K)-

T(A1203(4)gig') = -1716.2 + 0.2848T
Al203(6) gig') = -1690.2 + 0.3209T
Al(O1—I)3(6) gig') = -1319.6 + 0.4626T
SiO2(4) gig') = -911.0 + 0.1913T
MgO(6) gig') = -660.1 + 0.1047T
Mg(OH)2(6) gig-) = -941.6 + 0.3011T
CaO(6) gig') = -696.7 + 0.0923T
CaO(8-Z) gig') = -736.0 + 0.087lT
Na20(6-8) gig') = -683.0 + 0.0352T
K20(8-12) gig') = -735.2 + 0.0413T
FeO(6) gig') = -290.6 + 0.0814T
Fe(O1~I)2(6) gig-) = -596.1 + 0.1812T
Fe203(6) gig') = -939.2 + 0.5471T
H2_O(Na) gig') = -283.2 + 0.1760T
1—I2O(Ca) gig-) = -293.0 + 0.1760T
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Table 2a.Comparison of measured AG? versus predicted AG? (ld mol·1) at 400, 500, and 600 K forminerals used in the model.

Mami ac}? (400) es Ac? (500) es ac? (600) 66meas. / pred. difference meas. l pred. difference meas. / pred. difference

1 Kaolinite -3689.9 / -3702.3 0.34 -3582.2/ -3591.7 0.26 -3474.8 / -3481.0 0.182 Muscovite -5471.3 / -5461.5 0.18 -5344.0 / -5335.6 0.16 -5217.3 / -5209.7 0.143 Margarite -5722.9 / -5728.5 0.10 -5593.4/ -5600.4 0.12 -5464.4/ -5472.2 0.144 Tale -5406.0 / -5395.5 0.19 -5278.4 / -5267.9 0.20 -5151.4 / -5140.2 0.215 Pyrophy1lite—5140.0 / -5135.5 0.09 -5014.2 I -5006.8 0.15 4888.9 / 4878.0 0.226 Microclinc -3664.6 / -3663.9 0.02 -3587.7 / -3590.2 0.07 -351 1.0 / -3516.6 0.167 Low albilc -3634.9 / -3639.0 0.11 -3558.9 / -3565.6 0.19 -3483.1 / -3492.2 0.268 Anorthite -3924.8 / -3930.9 0.16 -3849.0 / -3855.0 0.16 -3773.5 / ~3779.0 0.149 Fayalite -1345.4/ -1350.5 0.37 -1312.3 /-1315.1 0.21 -1279.6 / -1279.7 0.0010 Leucite -2820.3 / -2829.4 0.32 -2766.1 / -2774.9 0.32 -2712.5 / -2720.3 0.3011 Tremolite -5689.2/ -5686.1 0.05 -5567.1 / -5564.9 0.04 -5445.7 / -5443.7 0.0412 Jadeite -2789.3 /-2784.3 0.18 -2728.3 / -2728.3 0.00 -2667.5 / -2672.2 0.1813 Diopside -2977.0 / -2988.3 0.38 -2918.7 / -2930.9 0.42 -2860.6 / -2873.5 0.4514 Mcrwinitc 4261.8 / 4266.2 0.11 4186.0 / 4189.9 0.10 -411 1.0/ 4113.5 0.0615 Grossular -6150.9 / -6168.9 0.29 -6029.7 / -6053.3 0.39 -5908.9 /-5937.8 0.4816 Zoisilc -6359.7 /-6366.5 0.11 -6226.7 / -6233.5 0.1 1 -6094.1 / -6100.5 0.1 117 Gruneritc 4375.7 / 4373.7 0.04 4266.0 / 4263.7 0.05 -4156.4 / 4153.7 0.0618 Riebecldtc 4582.4 / 4552.3 0.66 4466.9 /-4429.5 0.84 -4351.5 / 4306.7 1.0019 Chrysotilc -3921.8 /-3929.5 0.20 -3811.8/-3820.6 0.23 -3702.3 /-3711.7 0.2520 Prchnite -5687.3 / -5688.9 0.03 -5560.6/ -5563.8 0.06 -5434.6 / -5438.6 0.0721 Analcime -3001.8 /-3004.7 0.10 -2927.4/ -2932.7 0.18 -2853.3 /-2860.8 0.26Average = 0.20 Average = 0.20 Average = 0.22
1, 2, 4, 6-14, 19, and 21 Robie et al. (1978); 3, 5, 15, 16, and 20 Hemingway et al. (1982); 17 and 18 Makarov er al.(1984).

Table 2b. Comparison of measured AG? versus predicted AG? (kJ mol· 1) at 400, 500, and 600 K forminerals not used in the model.

Mineral AG? (400) % AG? (500) % AG? (600) %meas. / pred. difference meas. l pred. difference mea. / pred. difference

1 Kyanile -2392.5 / -2396.3 0.16 -2341.9 / -2345.1 0.14 -2291.4 / -2293.9 0.1 12 Ca-Olivine -2159.8 / -2153.9 0.27 -2120.7 /-2116.4 0.20 -2081.8 /-2078.8 0.143 Nauolite -5178.5 /-5199.1 0.40 -5041.9 / -5074.5 0.654 Scolecite -5443.7 / -5470.0 0.48
Average = 0.33 Average = 0.33 Average :0.13

1 and 2 Hemingway et al. (1982); 3 and 4 Johnson et al. (1983).
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if X(ja2+ = 1, gwaw- = -230.8 - 20.75 + 11.00 = -240.5 kJ mol'}. This equation could be

reiined further ifmore data were available. The hwaw of Na+ and Ca2"' was determined by

using equation 1 and the slope of 0.176, which was determined by a plot of gwam (298 K)

and h (298 K) versus temperature (Chermak and Rimstidt 1989).

Table 3 describes the algorithm to estimate the AG? of a silicate mineral using the model

described above. lt shows, as an example, the estimation of AG? for an illite

(K()_75(A1i_75 Mg()_25)Si3_5Al()_5O1() (OH)z) at 500 K. The estimated AG? of this illite

is -5335.1 kJ mol" at 400 K, -5209.4 kJ mo1" at 500 K, -5084.0 kJ mol" at 600 K.

DISCUSSION

It was found that the gi coefiicients predicted for higher temperatures by this model are

well correlated with the AG? of the free oxide or hydroxide components just as they are at

298 K (Chermak and Rimstidt 1989). For example, comparison was made of the gi (T)

from these models to the AG? (Table 4) at 400, 500, and 600 K for the simple oxide or

hydroxide components. Figure 1 is a plot of gi (600 K) versus AG? (600 K) where the

corresponding equation Of gi (600 K) = -2.842 + 1.026 AG? has an R2 = 0.999. Equations

for the regression lines at 400 and 500 K are gi (400 K) = -39.76 + 0.982 AG? R2 = 0.996

and gi (500 K) = -10.53 + 1.023 AG? R2 = 0.998. These correlation lines can be used to

approximate a gi (T) for polyhedra not detemrined by this model (Chermak and Rimstidt

1989). However, the errors associated with these estimates are unknown and may be

large.

The slope of the line [(hi (298 K) - gi (298 K)) / 298] for each polyhedron is an indication

of its change in stability as a function of temperature. The steeper the slope the more
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Table 3. Method ofestimation of AG? at temperature for a mineral in kJ·mol'1.

1. Detemtine chemical composition (analytical electron microscopy, microprobe, x-ray
tluorescence, or wet chemical analysis).

2. Detemiine coordination based on known structures.
A. For Ca-zeolite minerals with an unknown coordination number, the

polyhedra is simply represented with a "z".
B. For 1:1 phyllosilicate minerals distribute the octahedral cations as 0.6666

hydroxide and 0.3333 oxide. For 2:1 phyllosilicate minerals, the
octahedral cations are distributed as 0.3333 hydroxide and 0.6666 oxide.

C. For chlorites, distribute cations into the interlayer in the order Al3+ > Fe2"' 2
Mg2+ > Fe3+ until the (OH)i„i,„iay„ ioiai = 8. The remaining cations are
then distributed into the octahedral sheet following the method in 2B.

3. Determine the number ofpolyhedra, n, of each component in the formula unit.
4. Detemiine the gi (T) value at temperature of each polyhedra (Table l).

A. When detetmining gwm, (T) in zeolites
1. Detemtine the mole fraction (X) of Na+ and Ca2+.
2. Use (XCa2+) in polynomial equation (5), to determine gwaic, (298 K)
3. Determine hwaicr (298 K) using hwagcy (298 K) = gwaw, (298 K) + 298[0- 176]
4. gwaiu (T) = hwagci- (298 K) + 0.1760T.

5. Multiply n by the gi values. The interlayer thetmodynamic contribution for chlorites is
- then calculated by multiplying AG? of free oxide or hydroxide at temperature

(Table 4) by the corresponding values of n determined in 2C.
6. Calculate AG? at temperature for the mineral of interest by summing the polyhedra}

contributions.

Example: Estimation of the AG? of an illite at 500 K.
1- Ch¢mi¢¤1 f0¤'¤¤l¤ = K0.75(All.75Mg0.25)Si3.5A10.50Ol0(OH)2
2. In this structure the polyhedra are: Al2O3(4), Al2O3(6), Al(OI·I)3(6), SiO2(4), MgO(6),

Mg(Ol·I)2(6), and K2O(8-12).
3. The number of each polyhedra are: 0.2500Al2O3(4), 0.5833Al2O3(6),

0.5833Al(OI-I)3(6), 3.500SiO2(4), 0.l666MgO(6), 0.08333Mg(OI—I)2(6), and
0.375OK2O(8-12).

4. AG? = [0.2500 (gAi2Q3(4) (500 K)) + 0.5833 (gA}2()3(6) (500 K)) + 0.5833 (gA_i(QH)3(6)
(500 K)) + 3.500 (gsiozia) (500 10) + 0.1666 (gMgQ(6) (500 10) + 0.08333
(gMg(OH)2(6) (500 K)) + 0-3750 (gK2O(8-12) (500 K))l

AG? = [(0.2500)(-1573.8) + (0.5833)(-1529.8) + (0.5833)(-1088.3) + (3.500)
(-815.3) +(0.1666)(-607.7) + (0.08333)(-791.1) + (0.3750)(-714.6)]

5. AG? = -5209.4 kJ·mol‘l.
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Table 4. Measured AG? for each oxide/hydroxidc compared to gg (T) (kJ mo1·l).

Polyhedron 400 K 500 K 600 K
AG? gg (400 K) AG? gg (500 K) AG? gg (600 K)

A1gO3(6) -1550.2 -1602.3 -1518.6 -1573.8 -1487.2 -1545.3
A1(O1-l)3(6) -1107.7 -1134.6 -1061.1 -1088.3 -1014.9 -1042.0
SiO2(4) -837.7 -834.5 -819.4 -815.3 -801.2 -796.2
MgO(6) -558.2 -618.2 -547.3 -607.7 -536.6 -597.3
Mg(O1—I)2(6) -802.3 -821.2 -771.9 -791.1 -741.7 -761.0
CaO(6) -592.7 -659.7 -582.3 -650.5 -571.9 -641.3
FeO(6) -244.2 -258.0 -237.6 -249.9 -231.1 -241.7
Fe203(6) -714.9 -720.3 -688.1 -665.6 ° -661.9 -610.9

Thermodynamic data from Robie et al. 1978.
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unstable the component becomes in the silicate lattice relative to the elements with

increasing temperature. The Al(OH)3 and FegO3 polyhedra have the steepest associated

slopes and the CaO (6, 8-Z), Na2O (6-8), K20 (8-12), and FeO(6) polyhedra have

relatively shallow slopes.

Exuapolation of thermodynamic data from 298 K to higher temperatures using the

assumption ofconstant becomes less reliable with increasing temperature. Differences

between measured and predicted AG? become larger (=0.5%) at temperatures above 650

K. Possible reasons for this are that many of the minerals in the data base go through

phase transitions between 700 - 900 K, and at higher temperatures the assumption that

ACp,r = 0 is less accurate (Nordstrom and Munoz 1985). This model can still be used with

caution above temperatures of 650 K but errors in estimates become larger.

Using the thermodynamic data in Table 5, we can illustrate the utility of this method by

prepaxing activity/activity diagrams at 127°C and l75°C for the KZO · AIZO3 - $102 - H20

system (Figures 2 and 3). The details of the construction of Figures 2 and 3 are given in

Chemiak and Rimstidt (1989). The substitution of iron and magnesium into the

montrnorillonite and illite structure at 127 and l75°C causes less of a shift in the kaolinite-

montmoril1onite—illite triple points than at 25°C diagram (Chermak and Rimstidt 1989).

Similar to the 298 K diagxam the montrnorillonite and illite are still metastable at 127 and

175 K.

CONCLUSIONS

The technique presented here is a simple and effective way to estimate the AG? of

silicate minerals at high temperatures. 'lhc only data needed for this estimation technique

are the chemical composition and the coordination of the "building block" polyhedra in the
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Table 5. AG? data used in the calculation of the K2O-A12Og-SiO2-l-I2O diagrams.

Species Chemical fonnula AG? (400 K) AG? (448 K)
kJ-mol‘1 kJ·mol·‘

1 Kaolinite Al2Si2O5(OH)4 -3689.9 -3638.1
2 Pyrophyllite Al2Si4Ol0(Ol-I)2 -5141.3 -5080.7
3 Microcline KAtst3o8 -3664.6 -3627.5
4 Muscovite KAl2(Si3Al)O lO(Ol-I)2 -5471.3 -5410.3
5 Water H20 -221.0 -213.5
6 Silicic acid H4Si04 -1258.3 -1234.6
7 Magnetite Fe3O4 -977.7 -962.2
8 Hematite Fe2O3 -714.9 -702.4
9 Brucite Mg(OH)2 -802.3 -787.8

10 Potassium ion K+ -292.4 -297.01
11 Illite -5380.0 -5319.1
12 Mont. (Al) l(0_3A11_gSi4O}0(OH)2 -5153.4 -5092.4
13 1111tC (Mg) -5335.1 -5274.7
14 Mont. (Mg) K0_3OA1l_7OMg0_30S140lO(OH)2 -5179.4 -5118.5
15 1111[C (FC2'1') K()_75A1}_75Fcg_25(Si3_50Al0_50)OlQ(OH)2 -5250.3 -5190.5
16 Mont.(Fe2+) K0_3()A1l_70FC0_30Si4OlO(OP1)2 -5077.6 -5017.5

Sources: I-4, 5, 7, 8 and 9 Robie et al. (1978); 6 Rimstidt (1984); 10 Naumov (1974); and ll-16 this
model.
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minera.1 of interest. The approximate error associated with temperature estimates below

==650 K AG? is 0.25%. Estimates above temperatures of =650 K will likely have

associated uncenainties > 0.5 %.

Although this technique seems to give reliable results for most cases, it should be used

with some caution. There is no question that experimentally determined thermodynamic

data are more accurate than these estimates and should be used when available.

Furthermore, the user should always consider whether the predictions of this approach

make sense in temis of their geologic/geochemical experience. Also note the other caveats

discussed in Chermak and Rimstidt (1989).

In general, this technique to estimate the free energy of formation of silicate minerals is

simple and reasonably accuratc. This technique allows one to estimate values for the gibbs

free energy of formation of minerals at higher temperatures since high temperature

thermodynamic data is scarce or nonexistent . In addition the model could be expanded to a

much wider range of compositions by adding minerals containing other components such

as Li20, BeO, SrO, or Fe(OH)3 to the regression data set.
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APPENDIX I

EXPERIMENTAL DATA (BATCH REACTOR)

Stainless Steel 1 (SSI): 25 ml bombs, 300°C, 10 ml of 0.5 m KC1, 1 g well crystalline
Georgia kaolinite (Gkaol) with a surface area (SA) = 9.2 mz/g, 0.25 g Brazilian quartz
(Bq) ranging fnom 0.42 · 0.05 mm, 1.86 g Wards microperthite potassium feldspar
(kspar) ranging from 0.59 - 0.15 mm.
time, hours pH

12.00 4.62
24.00 4.45
36.00 4.62
46.42 4.70
46.42 4.60
50.72 4.33
100.82 4.49
142.00 4.70
217.83 4.63
265.17 4.43314.33 4.60 .
357.58 4.51
643.75 4.58
701.75 4.61
721.00 4.58
721.00 4.62
1436.33 4.68

comments - differential scanning calorime¤·y analysis (DSC), x-ray diffraction (XRD),
and scanning electron microscopy (SEM), bombs were not shaken. Clay coatings on
feldspar grains ¤ 65% conversion after 1436.33 hours.
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SS2: 25 ml bombs, 300°C, 10 ml of 2.0 m KCI, 1 g Gkaol, 0.25 g Bq , 1.86 g kspar
ranging from 0.59 - 0.15 mm and < 0.15 mm.

kspar 0.59 - 0.15 mm kspar < 0.15 mm
time, hours pH time, hours pH

24.00 2.90 99.17 3.97
190.50 5.85 165.33 4.78
459.75 5.50 404.75 5.53
459.75 5.54 813.00 5.59
813.00 5.55 *—·——·——

813.00 5.56

comments · differential scanning calonmetry analysis (DSC), x·ray diffraction (XRD),
and scanning electron microscopy (SEM) bombs were not shaken. Etch pits on kspar,
illite with booklike morphology, a lot of iron in solution (yellow), 100% conversion in 4
days.

SS3: 25 ml bombs, 250°C, 10 ml of 0.5 m KCl, 1 g Gkaol, 0.25 g Bq , 5.0 g kspar <
0.15 mm.
time, hours pH

12.00 5.90
33.92 5.69
81.83 5.66
226.75 5.55
263.00 5.39
349.58 5.30
470.00 5.23
562.67 5.23

comments - differential scanning calorimeuy analysis (DSC), x~ray diffmction (XRD),
and scanning electron microscopy (SEM) bombs were not shaken.

Begin rotisserie experiments
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SS4: 50 ml bombs, 300°C, 20 ml of 0.5 m KCl, 2 g Gkaol, 0.50 g Bq , 5.0 g kspar
0.59 - 0.42 mm.
time, hours pH

12.00 4.3 1
37.58 4.36
85.25 4.46
1 1 1.00 4.50
216.00 4.83
278.50 4.77
668.00 4.95
1436.25 4.83
1436.25 4.81

comments - differential scanning calorimetry analysis (DSC), x-ray diffraction (XRD),
and scanning electron microscopy, bombs were shaken,

=··
55% conversion after 1436.25

hours.

SSS: 50 ml bombs, 300°C, 20 ml of 2.0 m KCl, 2 g Gkaol, 0.50 g Bq, 5.0 g kspar
0.59 · 0.42 mm.
time, hours pH

12.33 3.41
36.33 4.50
48.00 4.90
60.67 5.33
69.25 5.43
97.25 5.48
1 1 1.75 5.79

comments · differential scanning calorimetry analysis (DSC), x-ray diffraction (XRD),
and scanning electron microscopy, bombs were shaken, rates limited by kspar
dissolution, yellow solution due to dissolved iron and x-ray evidence for presence in
illite.
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Begin using titanium bombs.
Til: 50 ml bombs, 305°C, 20 ml of 2.0 m KCl, 2 g Gkaol, 0.50 g Bq, 5.0 g kspar
0.59 - 0.42 mm.
time, hours pH

24.00 2.14
96.00 1.97
167.50 1.88
274.00 1.84
545.50 1.65
788.00 1.62
788.00 1.60

comments - Large pH drop, rate limited by kspar dissolution.

T12: 50 ml bombs, 246°C, 20 ml of 0.5 and 2.0 m KCI, 2 g Gkaol, 0.50 g Bq, 5.0 g
kspar 0.59 - 0.42 mm.

0.5 m KCI 2.0 m KCI
time, hours pH time, hours pH

4.25 3.72 4.25 3.52
16.75 3.60 16.75 3.46
24.00 4.08 24.00 3.62
43.45 3.56 43.45 3.30, 3.29
48.00 3.68 48.00 3.39
72.00 3.63 72.00 3.47
112.67 3.64 112.67 3.39
352.67 3.61 352.67 3.61

comments · pH data erratic.

T13: 50 ml bombs, 210°C, 20 ml of 0.5 and 2.0 m KCI, 2 g Gkaol, 0.50 g Bq, 5.0 g
kspar 0.59 — 0.42 mm.

0.5 m KCI 2.0 m KCI
time, hours pH time, hours pH

360.00 3.96 360.00 3.56
840.00 3.68 840.00 3.64
1440.00 3.63 1440.00 3.83
3240.00 4.03 3240.00 3.76

comments · pH data erratic and changing with time.
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Ti4: 50 ml bombs, 305°C, 20 ml of 0.5 and 2.0 m KCI, 2 g Gkaol, 0.50 g Bq, 5.0 g
kspar 0.42 - 0.02 mm.
comments - large pH drop regardless of grain size of kspar; feldspar dissolution is rate-
limiting.

Ti5: 50 ml bombs, 246°C, 25 ml of 0.5 and 2.0 m KC1, 0.3 g Gkaol
0.5 m KCI 2.0 m KCI

time, hours pH time, hours pH

2.00 4.81 2.00 5.18
4.15 4.55 4.00 4.62

8.50 4.26

Ti6: 50 ml bombs, 307°C, 25 ml of 2.0 m KC1, 1.0 g Gkaol
time, hours pH °

2.00 3.43
2.00 3.43
4.75 3.13
4.75 3.14
7.00 2.84
9.00 2.66
1 1.00 2.49
13.00 2.32
22.75 2.13
26.00 2.11

V

comments - Nucleation problems indicated by an initially slow rate followed by a rapid
increase in rate.

Ti7: 50 ml bombs, 307°C, 25 ml of 0.5 m KCI, 1.0 g Gkaol.
time, hours pH

2.00 3.59
4.17 3.50
7.33 3.48

comments - Problems with seal, seven of ten bombs loaded leaked.
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Ti8: 50 ml bombs, 307°C, 25 ml of 1.0 m KCI, 1.0 g Gkaol.
time, hours pH

1.92 3.54
4.45 3.51
11.00 2.98
23.67 2.46

comments - Nucleation problems indicated by an initially slow rate followed by a rapid
increase in rate.

Ti9: 50 ml bombs, 290°C, 25 ml of 2.0 m KCI, 1.0 g Gkaol.
time, hours pH

2.00 3.50
5.00 3.36
8.00 3.23
11.00 3.12
13.75 3.06
23.00 2.63

comments · Nucleation problems indicated by an initially slow rate followed by a rapid
increase in rate.

Til0: 50 ml bombs, 289°C, 25 ml of 2.0 m KCI, 1.0 g Gkaol and 0.25 g Indian ruby
muscovite (Imiusc) SA = 1.20 mz/g.

time, hours pH

0.25 3.52
2.00 3.22
3.50 3.10
4.00 3.11
5.00 3.03
7.75 2.95
11.08 2.84
23.00 2.64
72.00 2.21
72.00 2.20
167.75 2.06

comments - Begin good rate data, the decrease in pH with time indicares that the kaolinire
--> muscoviteßllite reaction is occurring.
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Till: 50 ml bombs, 289°C, 25 ml of 1.0 m KC1, 1.0 g Gkaol and 0.25 g Irmusc.
time, hours pH

1.00 3.64
3.92 3.36
6.00 3.28
9.08 3.16
20.50 3.01
31.00 2.89
71.50 2.65
167.00 2.45
167.00 2.43

comments - Good rate data.

Ti12, 13: 50 tnl bombs, 289°C, 25 ml of 0.5 m KC1, 1.0 g Gkaol and 0.25 g Irmusc.
time, hours pH

1.50 3.64
4.50 3.38
8.87 3.26
11.50 3.24
22.25 3.18
71.50 2.93
167.00 2.77
167.00 2.76

comments - Good rate data.

Til4: 50 ml bombs, 289°C, 25 ml of 4.0 m KC1, 1.0 g Gkaol and 0.25 g Irmusc.
time, hours pH

1.00 3.29
1.00 3.28
2.95 3.02
5.00 2.88
7.83 2.68
18.08 2.21
25.72 2.00
91.00 1.52

comments · Problems with KCI precipitation due to the high salt concentration.
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Experiments conducted to try to determine the rate of the reverse reaction.

Ti15: 50 ml bombs, 289°C, 25 ml of 0.5 m KC1, 0.1 N HC1 and 0.1 N HC1, 1.0 g
Gkaol and 0.25 g Imiusc.

0.5 m KC1, 0.1 N HC1 0.1 N HC1
time, hours pH time, hours pH

4.00 1.63 4.00 1.37
23.00 1.60 23.00 1.55
69.50 1.61, 1.64 96.02 1.67
145.92 1.68 145.92 1.67

comments · pH increased with time, KC1 in solution seems to inhibit reaction.

Ti16: 50 ml bombs, 289°C, 25 ml of 0.001 m HC1, 1.0 g Gkaol.
time, hours pH

3.83 3.33
23.00 3.34
69.50 3.33

comments · pH of the solution remains constant, ICP data given in text.

'1‘i17: 50 ml bombs, 307°C, 25 ml of 2.0 m KC1, 1.0 g Gkaol and 0.25 g Irmusc.
time, hours pH

2.50 3.08
3.75 3.02
5.00 2.94
6.75 2.70
8.00 2.58
12.00 2.44
20.25 2.18
61.00 1.91
1 18.50 1.80

comments - good rate data.
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Ti18: 50 ml bombs, 289°C, 25 ml of 0.01 and 0.1m HC1, 1.0 g Gkaol.
0.01m HC1 0.1 m HC1

time, hours pH time, hours pH

3.00 2.16 3.00 1.14
24.00 2.16 24.00 1.16

48.00 1.21

comments · pH of the solution remains constant, ICP data given in text.

Ti19: 50 ml bombs, 307°C, 25 ml of 0.5 m KC], 1.0 g Gkaol and 0.25 g Irmusc.
time, hours pH Si, ppm Al, ppm

1.13 3.54 n.d. n.d.
2.50 3.41 n.d. n.d.
3.00 3.34 187.9 2.98
3.75 3.28 n.d. n.d.
5.00 3.21 n.d. n.d.
6.167 3.23 n.d. n.d.
9.00 3.13 208.0 2.32
12.08 3.06 n.d. n.d.
15.63 3.00 225.6 2.01
23.75 2.92 n.d. n.d.
99.00 2.76 126.6 2.48
266.50 2.55 146.2 3.22

n.d. - not detcrmined
comments - Not used in rate analysis; Silica concentration decreased with time after 16
hours, probably due to fomiation of a kspar or amorphous phase.

Ti20: 50 ml bombs, 307°C, 25 ml of 0.1 m HC1, 1.0 g Gkaol and 0.25 g Irmusc.
time, hours pH

2.50 1.40
4.00 1.27
6.67 1.36
19.59 1.46

comments - pl-I of solution unstable and constantly changing; kspar identitied in run
products by x·ray diffraction.
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Ti21: 50 ml bombs, 307°C, 25 ml of 0.1 and 0.01 m HC1, 0.5 g Gkaol and 3.0 g
Irmusc.

0.1 m HC1 0.01 m HCI
time, hours pH time, hours pH

3.00 1.43 3.00 2.87
7.25 1.40 7.25 2.98
47.17 1.62 22.83 3.24;·····——l——···—‘— 47.17 3.35

comments - pH of solution unstable and constantly decreasing with time after quench;
kspar identified in run products by x-ray diffraction.

Ti22: 50 ml bombs, 307°C, 25 ml of 0.001 and 0.0001 m HC1, 0.5 g Gkaol and 2.0 g
Irmusc.

0.001 m HC1 0.0001 m HC1
time, hours pH time, hours pH

4.25 4.58 4.00 5.07
20.00 4.40 20.00 5.61
l————·—?———·——· 122.50 5.03

comments · pH of solution unstable and constantly decreasing with time after quench;
kspar identitied in run products by x-ray diffraction.

Ti23: 50 ml bombs, 307°C, 25 ml of 0.0001 and 0.00001 m HC1, 0.5 g Gkaol, 0.5 g
Bq and 2.0 g Irmusc.

0.0001 m HC1 0.00001 m HC1
time, hours pH time, hours pH

2.15 5.40 2.15 5.41
4.00 5.26 4.00 5.41
7.75 5.10 7.75 5.42

18.50 5.37

comments · pH of solution fairly constant.
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Ti24: 50 ml bombs, 307°C, 25 ml of 0.01 m HC1 and 0.5KCl, 0.5 g Gkaol, 0.5 g Bq
and 2.0 g Irmusc.
time, hours pH

1.50 2.27
3.25 2.27
8.00 2.26
22.00 2.28

comments - pH of solution fairly constant.

Ti25: 50 ml bombs, 275°C, 25 ml of 2.0 m KCI, 1.0 g Gkaol and 0.25 g Irmusc.
time, hours pl-I

2.00 3.41
4.00 3.31
7.08 3.21
10.00 3.10
13.00 3.02
23.50 2.86
29.92 2.82
167.50_ 2.40
217.25 2.32

comments · good rate data.

Ti26: 50 ml bombs, 275°C, 25 ml of 0.5 m KCI, 1.0 g Gkaol and 0.25 g Irmusc.
time, hours pH

2.92 3.67
4.50 3.58
7.17 3.50
10.92 3.43
20.66 3.37
118.00 3.12

comments - good rate data.
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Ti27: 50 ml bombs, 275°C, 25 ml of 0.0001 and 0.00001 m HC1, 0.5 g Gkaol, 0.5 g
Bq and 2.0 g Irmusc.

0.0001 m HC1 0.00001 m HC1
time, hours pH time, hours pH

0.75 5.66 0.75 6.69
1.67 5.90 1.67 6.00
3.00 5.67 19.50 5.61
19.50 5.69 ‘——l·—

19.50 5.64

comments - pH data erratic.

Ti28: 50 ml bombs, 250°C, 25 ml of 2.0 and 0.5 m KCI, 1.0 g Gkaol and 0.25 g
Irmusc.

2.0 m KCI 0.5 m KC1
time, hours pH time, hours pH

2.25 3.48 5.75 3.62
5.75 3.43 92.75 3.42
17.75 3.20 264.75 3.31
92.75 2.95 —··——

188.00 2.77
264.75 2.70

comments - good rate data.

Ti29: 50 ml bombs, 250°C, 25 ml of 0.0001 and 0.00001 m HC1, 0.5 g Gkaol, 0.5 g
Bq and 2.0 g Irmusc.

”

0.0001 m HCI 0.00001 m HC1
time, hours pH time, hours pH

1.00 5.88 1.00 6.13
23.00 5.54 23.00 5.44
69.50 5.48 69.50 5.44
74.00 5.22 —·l···——·——··—·—·

comments — pH data decreasing with time.
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Experiments Ti30 - Ti33 were run with variable ratios of kaolinite to muscovite surface
areas to test the effect of muscovite and kaolinite surface areas on the overall rate.

Ti30: 50 ml bombs, 289°C, 25 ml of 2.0 m KC1, 1.0 g Gkaol and 1.0 g lrmusc.
time, hours pH

1.75 3.1 1
3.50 2.77
7.75 2.49
10.75 2.46
18.00 2.28

Ti31: 50 ml bombs, 289°C, 25 ml of 2.0 m KC1, 0.25 g Gkaol and 0.25 g lrmusc.
time, hours pH

3.50 3.24
5.00 3.15
7.00 3.04
9.00 2.94
20.00 2.67

Ti32: 50 ml bombs, 289°C, 25 ml of 2.0 m KC1, 4.0 g Gkaol and 0.25 g lrmusc.
time, hours pH

2.00 _ 2.92
5.00 2.79
7.00 2.78
20.00 2.52

Ti33: 50 ml bombs, 289°C, 25 ml of 2.0 m KC1, 1.0 g Gkaol and 2.0 g lrmusc.
time, hours pH

1.500 2.98
3.50 2.57
5.25 2.43
7.00 2.41
7.08 2.35
9.00 2.28
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Teflon la: 25 ml, 93°C, 20 ml 0.5 m KCI, 1.0 g Gkaol and 0.25 g Irmusc.
time, hours pH

115.5 3.82
283.75 3.96
501.5 4.14
4104.0 3.75
4104.0 3.84

comments · pH data fairly constant, long term experiments lcaked slightly (=· 5%), SEM
revealed characteristic tibrous illite in 4104 hotu‘ experiments, this experiment confirms
the low temperature synthesis of muscovite/illite.

Teflon lb: 25 ml, 93°C, 20 ml 0.0001 m HC1, 0.5 g Gkaol and 2.0 g Irmusc.
time, hours pH

1 15.5 5.1 1
283.75 5.08
501.5 5.12
4104.0 4.90

comments - long term experiment leaked slightly (~ 5%), The reverse reaction (muscovite

--> kaolinite) attcmpted but pH data fairly constant in Teflon lb ·1d.

Teflon 1c: 25 ml, 93°C, 20 ml 0.00001 m HC1, 0.5 g Gkaol and 2.0 g Irmusc.
time, hours pH

115.5 5.16
283.75 5.10
501.5 5.13
4104.0 4.88

comments - pH data fairly constant, long term experimcnts leaked slightly (== 5%).

Te1'lon ld: 25 ml, 93°C, 20 ml 0.0001 m HC1, 0.5 g Gkaol, 0.5 Bq and 2.0 g Irmusc.
time, hours pH

115.5 5.11
283.75 5.12
501.5 5.20
4104.0 4.94
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APPENDIX II

ENTROPY COEFFICIENTS

Entropy values for minerals can be estimated by using multiple linear regression
(similar to the AG? and A11.? models) by using the relation S°= E ni si (25 minerals).
The determined coefücients and residuals are given in the two tables that follow.

Si (J/mol K) coefticient of each polyhedra.

Polyhedral Si Standard
unit coefticient Error Est.

A12O3(4) 61.76 3.29
Al2O3(6) 33.04 4.47
A1(Ol·I)3(6) 77.80 3.38
SiO2(4) 41.89 0.93
MgO(6) 27.08 1.77
Mg(Ol—I)2(6) 37.20 4.73
CaO(6) 47.23 1.48
CaO(8-Z) 32.08 1.76
Na2O(8) 102.44 7.2 1
Na2O(Z) 73.80 5.22
K2O(8·12) 149.39 6.34
H20 49.10 1.69
FeO(6) 51.03 1.5 1
Fe(OH)2(6) 83.94 2.22
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Comparison of S°(measured) versus S°(predicted) for the 25 minerals used in the
multiple linear regression model and the associated errors.

Mineral S°(measured) S°(predicted) Residuals % Residual

1 Kaolinite 203.05 198.52 4.53 2.23
2 Muscovite 306.4 305.13 1.27 0.41
3 Margarite 263.64 266.66 -3.02 1.15
4 Talc 260.8 258.90 1.90 0.73
5 Pyrophyllite 239.4 241.44 -2.04 0.85
6 Phlogopite 319.66 322.59 -2.93 0.92
7 Sanadine 232.90 231.24 1.66 0.71
8 Low albite 207.40 207.76 -0.36 0.17
9 Anorthitc 199.30 192.76 6.54 3.28
10 Nepheline 124.35 123.99 0.36 0.29
11 FeSiO3 93.05 92.92 0.13 0.14
12 Fayalite 148.32 143.95 4.37 2.94
13 Tremolite 274.45 272.39 2.07 0.75
14 Diopside 143.09 142.93 0.16 0.1 1
15 Merwinite 253.13 252.55 0.58 0.23
16 Grossular 255.97 254.95 1.02 0.40
17 Grunerite 360.90 362.62 -1.72 0.48
18 Greenalite 304.4 302.69 1.81 0.59
19 Minnesotaite 350.8 353.56 -2.76 0.79
20 Clinoenstatite 67.86 68.96 -1.10 1.62
21 Forsterite 95.19 96.04 . -0.85 0.89
22 Prehnite 292.74 298.01 -5.27 1.80
23 Natrolite 359.73 359.42 0.31 0.09
24 Mesolite 363.00 363.94 -0.94 0.26
25 Scolecite 367.42 366.80 0.62 0.17

Average = 0.88

1, 4, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 20, and 21 Robie et al. (1978), 2, and 5 Krupka ct al.
(1979), 3, and 22 Hemingway er al. (1982), 17, 18, and 19 Miyano and Klein (1983), 23, 24, and 25
Johnson et al. (1983)
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