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FREE ENERGIES OF FORMATION OF ILLITE SOLID 
SOLUTIONS AND THEIR COMPOSITIONAL DEPENDENCE 

ENRIQUE MERINO AND BARBARA RANSOM 1 

Department of Geology, Indiana University, Bloomington, Indiana 47405 

Abstract--Electron probe analyses of diagenetic illites in Eocene sandstones from Kettleman North Dome, 
California, along with analyses of coexisting interstitial waters were used to calculate apparent molal free 
energies of formation of the illites at the in situ conditions of 100~ and 150 bars. Various triangular and 
rectangular compositional plots, once contoured for free energy, crudely indicate that the free energy de- 
creases as the potassium content increases, decreases as the Al-for-Si substitution increases, and appears 
to be a minimum along a narrow composition valley having - 3 %  Fe203 of octahedral cations. Qualitatively, 
the shape of the free energy surface suggests only small departures from ideality. 

The illites and water samples used in the calculations were chosen as close to each other as possible and 
are in equilibrium. The waters contain mainly CI-, SO4 ~-, Na § and Ca 2+ and have a total salinity o f -  10,000 
ppm. The illites, which coexist in the sandstones with diagenetic quartz, albite, and K-feldspar, are phen- 
gitic and contain 5-9% K~O, 1-3% total FeO, 1% MgO, and minor Na20, MnO, and TiO2. The FezOJFeO 
ratio has been set arbitrarily to 7 by comparison with published analyses. 

Log K (100~ was first calculated for the equilibrium illite ~ ions from the ionic activities obtained 
through speciation calculations for each water sample. The apparent free energies of formation of illites 
at 100~ were then calculated. The effect of instrumental uncertainty on the values of AG s was assessed 
by accepting a 2.5 or 3.5% error in the probe analyses and by using a Monte Carlo method of error prop- 
agation. The free energies of formation obtained (on the basis of O~o(OH~)) range from - 1280 to - 1320 
kcal/mole at 100~ and 150 bars, and their Monte-Carlo uncertainties are less than -+2 kcal/mole. Combining 
the compositions of natural, coexisting aqueous solutions and mineral solid solutions through thermody- 
namic equations constitutes a fast method to determine, at least crudely, the free energy-composition sur- 
face for the solid solution. This is in contrast to experimental methods such as calorimetry or hydrothermal 
equilibrium, which are very time-consuming and difficult. 

Key Words--Formation, Free energy of formation, Illite, Interstitial water, Solid solution, Thermo- 
dynamics. 

I N T R O D U C T I O N  

Illite is a complex  solid solution mainly of  the com- 
ponents  muscovi te ,  pyrophyll i te ,  and celadonite ,  plus 
smaller  amounts  o f  one or  more  of  the following: pa- 
ragonite,  margari te ,  phlogopite,  annite,  proton-defi-  
cient  oxyanni te ,  and talc. Its composi t ion may vary 
considerably (e.g.,  H o w e r  and Mowat t ,  1966; Weave r  
and Pollard, 1973; Velde,  1977; Bailey et al . ,  1979 and 
references  therein),  but  illite typically contains less K § 
and AI Iv than muscovi te  and significant Mg 2+ and Fea+. 
The  interpretat ion of  occurrences  of  illite and closely 
related minerals such as hydromuscov i te ,  phengite ,  
sericite,  and to a lesser  extent  celadonite  and glauco- 
nite, in terms of  the physical  and chemical  features of  
the envi ronment  of  crystal l ization requires knowing the 
composi t ional  dependence  of  the the rmodynamic  prop- 
erties of  the illite solid solution. To this end,  Stoessell  
(1979, 1980), Helgeson  and Aagaard (1981), and Aa- 
gaard et al. (1981) presented theoret ical  crystal l ine so- 
lution models  for illites, Tardy and Garrels (1974) pro- 
posed  a useful  empir ical  method  to calculate  f ree  
energies of  formation of  illites and other  layer silicates 

1 Present address: Department of Geology, Louisiana State 
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of  any composi t ion ,  and Routson  and Kit tr ick (1971) 
and Reesman  (1974) measured  by solubility in water  the 
free energies ( reproduced in Table 3) of  several  well- 
known il l i tes.  All three approaches - - theore t i ca l ,  em- 
pirical,  and expe r imen ta l - - a r e  commendable  and need- 
ed. The  purpose  of  the present  paper  is to add another  
source  of  t h e r m o d y n a m i c / c o m p o s i t i o n a l  da ta  that  
might be called experimental /natural .  As  shown below,  
we have  calculated the free energies of  format ion of  
many diagenetic illites from the Eocene  M c A d a m s  
Sandstone  in Ket t l eman  Nor th  Dome,  California, by 
combining their  microprobe  analyses with the chemical  
analyses  of  the associa ted interstit ial  waters ,  with 
which they are probably in equilibrium. This approach 
is essential ly identical to that used on the results of  
many solubility studies and of  many hydrothermal-  
equil ibrium studies at high temperature  and pressure,  
excep t  that we have  applied it here  to natural occur-  
rences .  When  more  t h e r m o d y n a m i c / c o m p o s i t i o n a l  
data are assembled for illites it will become  possible 
(1) to de termine  accurate ly  their  free energy vs. com- 
posit ion funct ions and (2) to compare  those funct ions 
with the ones predicted by the theoret ical  models  cited 
above.  In this contr ibution we a t tempt  to solve the first 
of  these two goals by means of  composi t ional  diagrams 
contoured for the free energy of  formation of  illite. 
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Figure 1. Location of Kettleman North Dome wells referred to in this study. The circles represent wells from which illite 
samples have been probed (see Table 1); the number below each circle is the well number, and the number above it is the depth 
in feet of the illite samples. The diamonds represent wells from which interstitial water samples from the McAdams Sandstone 
were used in calculating free energies of illite solid solutions. The number below each diamond is the well number (Table 2), 
and the number above it is the water sample number (Table 2, and Merino 1975b, Table l). The solid contours (labelled in feet 
and taken from Berry, 1973) describe the potentiometric surface for fluids in the Eocene McAdams Sandstone. The large hollow 
arrow indicates the direction of flow. The dashed contours (labelled in feet below sea level) are structural contours on top of 
the McAdams Sandstone (Sullivan, 1966). 

GEOLOGICAL, HYDRODYNAMIC, AND 
HYDROCHEMICAL SETTING AT 

KETTLEMAN NORTH DOME 

Kettleman North Dome is a narrow anticline in the 
western San Joaquin Valley, California. Details on lo- 
cation, geology, and detrital and diagenetic mineralo- 
gies are given by Merino (1975a). The formation of in- 
terest here is the Eocene McAdams Sandstone, which 
consists of fine to coarse quartzose or feldspathic ar- 
enites that contain diagenetic quartz, albite, K-feld- 
spar, kaolinite, illite, calcite, dolomite, pyrite, and 
glauconite pellets. The sandstones were buried to pre- 
folding depths of about 4200 m and, at the measured  
local geothermal gradient of 26~ have been sub- 
jected to ~< 110~ 

The diagenetic illite of interest occurs sparsely as tiny 
flakes (~<0.05 mm but mostly -0.01 mm long) and as 
much larger ones up to 0.5 mm across. The tiny flakes 
are commonly associated with kaolinite cement and 
may themselves be a cement or a replacement of the 
kaolinite; the large flakes are in situ replacements of 
biotite, kaolinite, or quartz clasts (see textures in Table 
1). 

The interstitial aqueous solutions in the McAdams 
Sandstone have total salinities of the order of 10,000 
ppm and consist mainly of Na and C1 with subordinate 
amounts of riCO3 , SiO2, Ca, K, Br, I, and B (Kharaka 
and Berry, 1976). Merino (1975b) calculated the distri- 
bution of aqueous species for the McAdams waters at 
the in situ conditions of --100~ and 150 bars ensuring 
internal consistency for each analysis, and showed by 
means of logarithmic activity diagrams that the inter- 
stitial waters are in equilibrium with the illite and other 
diagenetic minerals. The regional flow of interstitial 

waters is to the northeast, but in the Upper McAdams 
Sandstone at Kettleman North Dome the water flows 
to the northwest along the crest of the anticline (see 
Figure 1 and Berry, 1973). In spite of this movement, 
the chemical composition of the interstitial waters ap- 
pears to be in equilibrium with the diagenetic minerals 
in the rocks (Merino, 1975b). By plotting the Upper 
McAdams Sandstone waters on various activity dia- 
grams (see Figure 2), a chemical trend results that is 
fairly well correlated with the geographic alignment of 
the samples themselves (see Figure 1). This trend in- 
dicates that the water flow is slow enough relative to 
the diagenetic reactions for the diagenetic minerals to 
be able to buffer the compositions of the waters. Fur- 
thermore, the chemical-geographic correlation sug- 
gests to us that the most appropriate way to calculate 
the free energy of an illite occurrence is to pair it with 
its nearest available down-flow water sample, which is 
the procedure followed below (see Table l, bottom 
row, and Figure 1). 

METHODS 

Computation of apparent free energy 
of formation of  illites 

When Kettleman North Dome interstitial waters are 
plotted on activity diagrams, they fall on or very close 
to phase boundaries or saturation lines of quartz, albite, 
K-feldspar, mica, and smectite, which crystallized in 
situ in the sandstone (Merino, 1975b, Figures 3-5; 
1975a). This strongly suggests that the waters are in 
equilibrium with those minerals and constitutes the ba- 
sis of the AG:app(iUite) calculations presented here. All 
thermodynamic quantities below refer to 100~ and 150 
bars, the in situ conditions. The calculation begins by 
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writing a balanced equilibrium reaction among a given 6 
illite solid solution and aqueous ions in the nearest 
available down-flow water sample: § 

illitess ~ y~ uiBi, (1) o 
7 c~ 4 _o 

where Bi represents the aqueous species Na% K +, 
Mg 2+, Ca 2+, Fe 2+, Fe z+, AP +, H +, SiO2, and H20, s 
and v~ is the stoichiometric coefficient of species i. 8 
The equilibrium constant for Eq. (1) is 

+ 
! 

o 7 

K = r I  ai~', (2) "-. 

o 
6 

where the standard state for H20 is pure H20,q at the 
temperature and pressure of interest, that for the ions 
is a hypothetical one-molal solution referenced to in- 5 
finite dilution at the temperature and pressure of inter- 14 
est, and that for the illite solid solution is the actual 
composition under consideration at the temperature ~= o t3 
and pressure of interest. With these choices, aH~o ~ 1 t 

,3 because the interstitial solutions have low total salini- o 
ties (~10,000 ppm), and aimt~ = 1 at any temperature, ~, 
any pressure, and any illite composition. 

By inserting the values of all activities of the aqueous n 
ions into Eq. (2), we calculated the equilibrium constant 13 
K for each specific illite considered in Eq. (1). The ac- .~ 
tivities of all aqueous species except AP + were obtained ~ 
previously by carrying out the speciation for all inter- ~ tz 
stitial aqueous solutions at the in situ conditions of 
100~ 150bars(Merino, 1975b).TheactivityofAP + ~ n 

C a  
was calculated here from the mass-action law equation _o 
for the equilibrium between the aqueous solutions and 

lo 
albite, which is one of the diagenetic minerals present 
in the sandstones along with illite and quartz. The equi- 
librium constant for the reaction albite ~ ions was cal- 
culated with the program SUPCRT (Helgeson et al., 
1978, p. 202), which incorporates equations for the tem- 
perature and pressure dependence of the partial molal 
volume and heat capacity of aqueous ions (Walther and 
Helgeson, 1977, Eqs. (19) and (23); Helgeson et aL, 
1981), as well as internally consistent thermodynamic 
data for minerals and aqueous species. 

Once K for the Eq. (I) is known at 100~ and 150 
bars, the standard free energy of reaction at these con- 
ditions can be calculated with the equation 

A G ~  = - R T  In K, (3) 

and finally AGsapp(illite) can be obtained from 

AG,. ~ = ~ (~ AGm app.) - AG~PP~(illite). (4) 
i 

The use of apparent free energies and enthalpies was 
introduced by Benson (1968) and Helgeson and Kirk- 
ham (1974, p. 1097 and Eqs. (6) and (8)) to remove from 
calculations of the thermodynamics of reactions the 
contributions by the elements, which cancel out any- 
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Figure 2. Plots of seven log activity ratios vs. the logarithm 
of the activity of aqueous silica for the six interstitial solutions 
from the Eocene McAdams Sandstone at Kettleman North 
Dome that have been used in this study to calculate the free 
energy of illite solid solutions. The rough chemical trends in- 
dicated by arrows correspond to the geographic alignment of 
samples 88, 63, 41, 30, and 45 (see Figure t), all of which are 
waters from the Upper McAdams Sandstone. Sample 26 (in- 
dicated by a different symbol) does not conform to the geo- 
graphic trend probably because it is from the Lower McAdams 
Sandstone. Note that all the waters except sample 45 are un- 
dersaturated with respect to quartz at the in situ conditions of 
100~ and 150 bars. 

way. Note that in the calculation of K for each illite by 
Eq. (2), each K refers to a different composition of il- 
lite. 

Electron microprobe analyses 

About 150 illites were analyzed for total FeO, SiO2, 
TiO2, A1203, MnO, MgO, CaO, Na20, and K20 with 
a three-spectrometer Etec Autoprobe. The operating 
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Table 1. Selected microprobe analyses, calculated formulae, and calculated free energies of formation of Kettleman North 
Dome diagenetic illites. 1 

Well ~ E67-17Q E67-17Q E67-17Q E67-17Q E67-17Q E67-17Q E67-17Q E67-17Q E67-17Q E67-17Q E72-3P E72-3P 
Depth 10,080 10,080 10,080 10,080 10,080 10,080 10,080 10,080 10,080 10,080 9933 9933 
Spot a BI' (2) AI' FSI' FSI' (2) FS4' FNWWl' FNWW2' FNWW3' FNI' FN3' D2' D3' 
Texture 4 II I or II IV IV IV IV IV I or II I or II I or II I I 

SiO2 50.04 53.40 46.22 46.17 53.64 50.18 48.94 48.31 48.08 46.80 46.32 46.39 
TiO2 0.08 0.99 0.00 0.00 0.16 0.20 0.01 0.23 0.13 0.23 0.22 0.12 
AI2Oa 34.78 26.97 29.34 28.09 19.03 31.20 31.71 32.49 31.89 32.30 34.14 36.21 
FeO 5 2.27 0.565 5.81 5.02 9.65 3.31 3.67 1.81 1.66 1.99 0.86 0.74 
MnO 0.09 0.09 0.08 0.07 0.15 0.10 0.00 0.00 0.07 0.02 0.00 0.066 
MgO 0.89 0.99 3.23 3.22 3.52 1.50 1.62 1.30 1.48 1.21 0.53 0.35 
CaO 0.09 0.045 0.00 0.00 0.11 0.14 0.12 0.09 0.14 0.00 0.00 0.00 
Na20 0.00 0.21 0.00 0.03 0.14 0.00 0.00 0.29 0.04 0.065 0.70 0.20 
K20 1.92 7.36 9.41 9.27 7.15 3.46 3.27 6.89 7.91 9.58 7.38 4.77 

Total 90.15 90.63 94.11 91.89 93.57 90.09 89.33 91.42 91.39 92.20 90.14 88.82 

Numbers  of  ions per O~0(OH)2 

Si 3.30 3.635 3.14 3.20 3.63 3.36 3.30 3.26 3.265 3.20 3.18 3.16 
A1 Iv 0.70 0.365 0.86 0.80 0.37 0.64 0.70 0.74 0.835 0.80 0.82 0.84 
AI 2.00 1.80 1.49 1.49 1.15 1.83 1.82 1.85 1.72 1.80 1.94 2.07 
Fe(III) 6 0.11 0.03 0.29 0.25 0.48 0.16 0.18 0.09 0.08 0.10 0.043 0.037 
Fe(ll) 6 0.016 0.004 0.04 0.04 0.07 0.02 0.03 0.01 0.01 0.01 0.006 0.005 
Mg 0.09 0.10 0.33 0.33 0.355 0.15 0.16 0.13 0.15 0.12 0.05 0.035 
Ca 0.01 0.003 0.00 0.00 0.008 0.01 0.01 0.007 0.01 0.00 0.00 0.00 
Na 0.00 0.03 0.00 0.005 0.02 0.00 0.00 0.04 0.005 0.01 0.09 0.03 
K 0.16 0.64 0.81 0.82 0.62 0.30 0.28 0.59 0.685 0.83 0.65 0.41 

AG/'aPp7 -1286.9 -1295.4 -1294.2 -1295.9 -1244.9 -1282.4 -1282.6 -1304.3 -1307.3 -1311.6 -1318.4 -1312.7 
Std. dev. 8 1.14 1.17 1.20 1.19 1.03 1.11 1.12 1.19 1.21 1.24 1.33 1.31 
Water a 88 88 88 88 88 88 88 88 88 88 41 41 

Well 2 E72-3P E72-3P E72-3P E72-3P E72-3P E72-3P 423-34J 423-34J 423-34J 423-34J 423-34J 
Depth 9933 9933 9933 9933 9933 9933 9775 9775 9775 9775 9775 
Spot s 1)5 D6 I)7 G 1' G2' G3' G4' G 1' F 1' F4' FS' 
Texture* I I I II or IV II or IV II or IV II or IV I VI(?) II or IV II or IV 

SiO2 45.20 44.70 43.89 49.47 50.29 50.55 48.61 49.27 48.80 50.95 51.52 
TiOz 0.21 0.32 0.24 0.00 0.09 0.004 0.00 0.00 0.00 0.00 0.04 
A1~O3 36.05 33.49 34.94 35.39 34.70 33.74 34.14 38.40 37.28 30.72 29.27 
FeO 5 1.10 1.58 1.16 1.99 1.71 2.62 1.42 0.52 0.62 2,31 2.76 
MnO 0.03 0.00 0.06 0.00 0.075 0.00 0.00 0.05 0.10 0.06 0.03 
MgO 0.53 0.62 0.48 0.58 0.59 0.71 0.96 0.16 0.36 1.08 1.06 
CaO 0.02 0.02 0.00 0.12 0.056 0.17 0.02 0.05 0.06 0.76 0.37 
Na20 0.67 0.39 0.50 0.28 0.00 0.005 0.27 0.03 0.05 0.00 0.13 
K20 7.05 8.61 6.97 3.04 2.61 3.26 4.23 1.04 0.965 5.73 6.27 

Total 90.91 89.77 88.29 90.85 90.10 91.05 89.64 89.49 88.20 91.61 91.46 

Numbers  of ions per O~o(OH)2 

Si 3.06 3.125 3.08 3.26 3.32 3.325 3.27 3.225 3.24 3.395 3.45 
AI Iv 0.94 0.875 0.92 0.74 0.68 0.675 0.73 0.775 0.76 0.605 0.55 
A1 1.94 1.885 1.97 2,01 2.02 1.94 1.97 2.19 2.16 1.808 1.76 
Fe(III) 6 0.055 0.08 0.06 0.10 0.08 0.13 0.07 0.025 0.03 0.11 0.135 
Fe(II) 6 0.008 0.01 0.009 0.01 0.01 0.02 0.01 0.003 0.004 0.016 0.02 
Mg 0.13 0.065 0.05 0.06 0.06 0.07 0.10 0.015 0.04 0.11 0.11 
Ca 0.001 0.00 0.00 0.01 0.004 0.01 0.001 0.003 0.004 0.05 0.03 
Na 0.095 0.05 0.07 0.04 0.00 0.001 0.035 0.004 0.007 0.00 0.017 
K 0.61 0.77 0.62 0.26 0.22 0.27 0.36 0.09 0.08 0.49 0.54 

AGf apl'7 -1320.9 -1319.2 -1320.0 -1297.5 -1294.4 -1290.8 -1306.7 -1306.0 - -  -1299.3 -1293.9 
Std. dev. 8 1.32 1.33 1.32 1.25 1.25 1.19 1.34 1.37 - -  1.30 1.28 
Water 9 41 41 41 41 41 41 30 30 30 30 30 

1 In situ conditions of 100~ and 150 bars. For lack of space, only half of the reliable analyses are given here, though all 
have been used in Figure 3. The analyses not included here can be obtained from the senior author on request. 

2 Well number (for location, see Figure 1 and Table 3 in Merino, 1975a). 
3 Spot analyzed with probe. 
4 I = iUite replaces kaolinite cement. II  = illite replaces, in whole or in part, kaolinite that has replaced a clastic mica. 

III  = illite replaces quartz. IV = illite replaces detrital mica. V = illite cement. VI = squashed, partly recrystallized 
phyllosilicate clast. 

5 FeO is total iron. 
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Table 2. Thermodynamic activities of Kettleman North Dome water samples? 

33 

Water sample no. 2 88 63 41 30 45 26 

Well s 322- IP E36-2P E76-33J 311-33J 324-35J 314-28J 
log(aslo2) -3.911 -3.679 -3.597 -3.171 -2.931 -4.09 
log( a Na+/a M+) 6.896 7.245 7.299 7.294 7.457 6.856 
log(aK+/aH+) 4.805 5.451 5.22 5.723 5.455 5.033 
log(a Ca2+/aH+Z) 13.79 13.928 13.562 12.823 13.294 12.876 
log( a Mg+/a H +2) 12.306 12.425 12.577 11. 922 11.761 11.581 
log(are~+/aa § 12.85 13.33 12.55 11.98 11.79 9.45 
log(ard+/aH § 3.07 3.64 2.77 2.47 2.07 0.225 
log( a Al,+/a n+ 3) 5.926 4.881 4.581 3.308 2.425 6.503 

1 All activity ratios except log(aAla+/aH+3) 2 were obtained from the distribution of aqueous species for each brine at 100~ 
and are taken from Merino (1975b); this reference also gives details of the speciation calculations. The values of 
log(aAl,+p/aH+ 3) have been calculated by assuming that the brines are in equilibrium with albite at 100~ 150 bars. This 
assumption is strongly supported by the fact that Kettleman North Dome waters plot on or near the phase boundaries for 
quartz, albite, and K-feldspar on activity diagrams in terms of log(asio), log(aK+/an+), and log(aNa+/aH+). See Merino (1975b) 
Figures 3-5. See also text. 

2 For location of water samples and wells, see Figure 1. 

condit ions were  15 kV accelerat ing voltage and 0.0084 
/xA sample current.  This low current  (much smaller  
than the usual 0.02/zA or the 0.01/xA used by Boles and 
Franks [1979]), a relat ively large e lectron beam size of  
- 3 - 6 / z m ,  and 10-sec counts  were  used to reduce  vol- 
atil ization of  the illite. The  standards used were  ortho- 
clase,  kyanite,  diopside,  eulite, rhodonite ,  and albite. 
Data  reduct ion was carried out as outl ined by Klein 
(1974). (Cf. the procedures  of  Bodine and Standaert ,  
1977; Boles and Franks ,  1979; and Buckley  et al., 
1978.) All the H 2 0 -  was assumed to have been driven 
off  by the e lectron beam. 

Each analysis was assessed critically by inspecting 
the percentages  obtained and relating them to the po- 
sition of  the spot(s) probed in relation to cracks,  cleav- 
ages, grain sizes, and neighbors.  This and our  decision 
to select only analyses yielding totals >88% left only 
56 acceptable  analyses  of  the - 1 5 0  made. In Table 1 
only half  of  the acceptable  analyses are given to save 
space,  though all are used in Figure 3. At a few spots,  
several  10-sec counts  were  per formed consecut ively;  
often (but not  always) the totals obtained were  increas- 
ingly larger than the first one,  al though the ratios among 
individual oxides did not vary appreciably.  In these 
cases only the first analysis was used in the AG~(illite) 
calculation.  In o ther  cases,  colorless crystals having 
high refract ive index,  parallel ext inct ion and birefrin- 

gence of  - - 0 . 0 2 0 ~ a  combinat ion that, coupled to the 
texture  and general  composi t ion,  identifies illite posi- 
t i v e l y - t u r n e d  out to contain too little potass ium to be 
regarded as typical  illite. Based on their  dist inct ive op- 
tical and textural  propert ies ,  we tentat ively regard such 
grains as illites 2 and have  included them in our  calcu- 
lations. I f  these low K20 analyses are correct  (and in 
spite of  our  precaut ions  the vo lume analyzed by the 
microprobe  could have  included some quar tz  along 
with the illite), the actual extent  of  the illite composi-  
tional field is larger than it is present ly  held to be .  A 
larger illite field would not  be too surprising, consid- 
ering that most  of  the relat ively few published analyses 
(e.g.,  H o w e r  and Mowat t ,  1966; Weave r  and Pollard, 
1973; Velde,  1977) belong to illites from argil laceous 
rocks and include no illites from other  rock types and 
environments .  

Transmission o f  instrumental errors 
in AG~Pv(illite) calculations 

We have  assumed that the instrumental  uncertainty 
in the e lectron probe analyses of  the illites was _+2.5% 

2 Because the sandstone contains (along with abundant ka- 
olinite and glauconite pellets) very little diagenetic illite, our 
diffractograms show very small 10- and 5-/~ peaks, which do 
not shift upon glycolation. 

<..-- 

6 Distribution of total iron has been made assuming Fe2OJFeO = 7. See text. 
7 Apparent free energy of formation of illite solid solution from elements at 100~ and 150 bars, in kcal/mole. 
s Monte-Carlo calculated uncertainty (kcal/mole) in the AGsaVp(illite) values. See text. This uncertainty arises solely on 

account of the estimated uncertainty in the probe analyses. 
9 Sample number of the Kettleman North Dome aqueous solution with which illite analysis has been paired to calculate 

AG1~PP(illite). See Figure 1 for location. Chemical compositions are given in Merino (1975b) and thermodynamic activities 
in Table 2. 
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Figure 3. Plots of apparent free energy (in kcal/mole) vs. composition for Kettleman North Dome illites. The rectangular 
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The compositions and free energies in all diagrams are from Table 1; a few points have been suppressed to avoid too much 
superposition. 
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Table 3. Numbers of ions per O~o(OH)2 and free energies of formation of some layer silicates. 
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~tGf,z~,l AGf,100,1s0 app 
Si AI w AI  F e  z+ F e  2+ M g  Ca  N a  K (kca l /mo le )  (kca l / rno l e )  

Muscovite 1 3 1 2 0 0 0 0 0 1 - 1336.3 - 1341.7 
Phlogopite 1 3 1 0 0 0 3 0 0 1 - 1396.2 - 1402.1 
Annite 1 3 1 0 0 3 0 0 0 1 - 1147.2 - 1154.6 
Pyrophyllite 1 4 0 2 0 0 0 0 0 0 - 1256.0 - 1260.5 
Paragonite a 3 1 2 0 0 0 0 1 0 -1326.0 -1331.2 
Margarite I 2 2 2 0 0 0 1 0 0 - 1394.4 - 1399.4 

Illites 
Beavers Bend, Oklahoma ~ 3.62 0.39 1.66 0.20 0.13 0 0 0.53 -1267.6 

(-1274.74 ) 
Fithian, Illinois z 3.51 0.49 1.54 0.29 0.19 0 0 0.64 - 1270.6 

( -  1277.74) 
Goose Lake, Illinois z 3.65 0.35 1.58 0.24 0.15 0 0 0.59 - 1265.3 

( -  1272.14) 
Fithian, Illinois 3 3.46 0.54 1.65 0 0 0.40 0.07 0.05 0.60 - 1319.7 
Grundy, Illinois z 3.22 0.78 1.90 0 0 0.24 0 0.04 0.56 -1322.7 
Rock Island, Illinois 3 3.57 0.43 1,69 0 0 0.34 0.03 0.03 0.59 -1307.3 
Marblehead, Wisconsin ~ 3.58 0.42 1.60 0 0 0.40 0.05 0.03 0.69 -1310.8 
"End member ''~ 3.43 0.57 1.5 0.17 0.04 0.34 0 0 0.80 -1299.05 

F 

F 

1 End-member compositions. The values of AGf (25~ 1 bar) are from Helgeson et al. (1978); those of AGf ap~ (100~ 150 
bars) have been calculated with the program SUPCRT (Helgeson et al., 1978, p. 202). 

Values of AG f (25~ I bar) determined experimentally by Routson and Kittrick (1971). 
a Values of AGe (25~ 1 bar) determined experimentally by Reesman (1974). 
4 Values recalculated by Tardy and Garrels (1974, Table 4) by subtracting 3.5 kcal/(Al atom) from the experimental values. 
5 AG e (25oc, 1 bar) estimated by Tardy and Garrels (1974, Table 7) using an empirical method. 

of  the  ac tual  oxide  weigh t  p e r c e n t  for  oxides  p r e s e n t  in 
a m o u n t s  > 1 %  and  _+3.5% of  the  ac tual  oxide  weight  
pe r cen t  for  oxides  p r e s e n t  in a m o u n t s  < 1 % .  These  
e r ro rs  br ing  a b o u t  an  unce r t a i n t y  in the  AGraP~ 
values  tha t  were  ca lcu la ted  f rom the  chemica l  ana lyses  
of  the  illites and  the i r  a ssoc ia ted  fo rmat ion  waters .  We  
h a v e  es t imated  the  unce r t a in ty  in AGfaPP(illite) by a 
M o n t e  Car lo  m e t h o d  of  e r ro r  p ropaga t ion  tha t  " . . .  is 
b a s e d  on  repea ted  ca lcu la t ions  of  a result ,  each  t ime 
hav ing  each  input  d a t u m  changed  by  a r a n d o m  selec t ion 
f rom its p robabi l i ty  d i s t r i b u t i o n . . .  T he  accum ul a t ed  
a n s w e r s  define a d i s t r ibu t ion  which  can  be  regarded  as 
an  unce r t a in ty  d i s t r i b u t i o n "  ( A n d e r s o n ,  1976, p. 1534). 
This  m e t h o d  o f  ca lcula t ing  e r ro r  p ropaga t ion  is s imple,  
real is t ic ,  and  easi ly  p r o g r a m m a b l e  for  use  by  a com- 
puter .  Some  appl ica t ions  of  it are  g iven  by  A n d e r s o n  
(1976) and  Mer ino  (1979). In the  p r e s e n t  s tudy,  AGs ~pp 
(illite) was ca lcu la ted  at  least  500 t imes  for  a g iven  illite- 
wa te r  compos i t i on  pair ;  each  t ime,  the  va lue  of  e ach  of  
the  n ine  input  we igh t  pe rcen t ages  tha t  make  up  the  illite 
ana lys is  was c h o s e n  r andomly  wi th in  its b r acke t  of  un- 
cer ta in ty .  F o r  example ,  an  illite wi th  46.0% SiO2 has  an 
unce r t a in ty  b r acke t  for  SiO~ of  46.0 _+ 0.025 • 46.0 = 
47.15% and  44.85%. T h e  ca lcu la t ion  was car r ied  out  
with  a s imple c o m p u t e r  p rogram tha t  p ropaga te s  un- 
cer ta in t ies  in the  da ta  t h rough  any  func t ion  p rov ided  by  
the  user .  Fo r  each  par t i cu la r  p rob l em,  the  m i n i m u m  
n u m b e r  of  t imes  t ha t  the  ca lcu la t ion  has  to be  r epea ted  
is s imply the  n u m b e r  needed  for  the  cumula t ive  m e a n  

and  s tandard  dev ia t ion  to s tar t  to a p p r o a c h  c o n s t a n c y  
(see Mer ino ,  1979, F igure  1 and  p. 1535). The  r a n d o m  
cho ice  of  input  va lues  f rom wi th in  the  b r a c k e t  of  un- 
ce r ta in ty  of  e ach  var iab le  was car r ied  out  wi th  the  s tan-  
dard  r a n d o m - n u m b e r  g e n e r a t o r  R A N F  at  the  CDC 6600 
of  the  Wrube l  C o m p u t e r  C e n t e r  of  Ind iana  Unive r s i ty .  
R A N F  was sub jec ted  to r igorous  tes ts  for  the  distri-  
bu t ion  of  r a n d o m  n u m b e r s  and  for  the  r a n d o m n e s s  of  
occu r r ences  of  pai rs  and  p a s s e d  t h e m  b o t h  well. Also,  
b e c a u s e  the  CDC 6600 c o m p u t e r  has  60-bit  words ,  a 
m u c h  h igher  word  length  than  in I B M  c o m p u t e r s ,  the  
cycle  of  r a n d o m n e s s  for  a r a n d o m  n u m b e r  g e n e r a t o r  is 
ex t r eme ly  long. 

Structural  formulae  

In  cons t ruc t ing  the  s t ruc tura l  fo rmulae  of  the  illites 
ana lyzed  (see Tab le  1), all of  the  Si was ass igned  to the  
t e t r ahedra l  shee t ;  the  n u m b e r  of  t e t r ahedra l  a toms  pe r  
fo rmula  was t hen  b r o u g h t  to 4 wi th  AI; and  the  remain-  
de r  o f  the  AI was ass igned  to the  oc tahedra l  shee t ,  as 
was all of  the  Mg, Fe  2+, and  Fe  ~+. All of  the  K and  N a  
was  ass igned  to the  in ter layer .  Because  the  act iv i t ies  
of  M n  z+ (ac0 and  Ti 4+ (aq) in the  Ke t t l eman  N o r t h  D o m e  
wa te r s  were  not  ava i lab le  ( the  wate rs  were  not  ana- 
lyzed  for  M n  and Ti) and  because  the  concen t r a t i ons  
of  these  two c o m p o n e n t s  are l ikely to be  negligibly 
small  anyway ,  M n  and  Ti were  exc luded  f rom the  illite 
formulae .  The  fo rmulae  were  t h e n  co r rec t ed  to re-es-  
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Table 4. Free energies offormation ofaqueous species used 
in this study. 

Aqueous AGf (25~ 1 bar) AGf app (100~C, 150 bar) 1 
species (cal/rnole) (cab'mole) 

H + 0 0 
Na + -62,593 -63,749 
K § -67,700 -69,522 
Mg z+ - 108,700 - 106,352 
Ca z+ -132,300 -131,425 
Fe z+ -18,850 -16,544 
Fe 3+ -1100 4402 
AI 3+ -116,970 -111,650 
SiO2 -100,190 -200,172 
H20 -56,687 -58,030 

t Calculated with the program SUPCRT (Helgeson et al., 
1978, p. 202). 

tablish electrical neutrality by modifying proportionally 
all other cations. 

Seven of the illites in Table 1 have an octahedral cat- 
ion content slightly greater than 2. McDowell and Eld- 
ers (1980, p. 298) and Weaver and Pollard (1973, p. 10) 
also obtained octahedral occupancies greater than 2, 
even for illites in which the ferric iron content was 
known. In our illites, the >2 value may result simply 
from our arbitrary decision to set the mole ratio Fe20~/ 
FeO = 7, or it may mean that indeed slightly more than 
2 of every 3 octahedral sites are on the average occu- 
pied. It need not indicate that part of the Mg or other 
cations should have been assigned to the interlayer in- 
stead of the octahedral sheet. At any rate, the assump- 
tions made here to construct the structural formulae of 
the Kettleman North Dome illites have no effect on the 
calculations of free energy of formation explained 
above and shown in Table 1 and Figure 3. 

RESULTS 

The apparent free energies of formation from the ele- 
ments at 100~ and 150 bars have been calculated for 
about 50 Kettleman North Dome illites. For lack of 
space, only half are reported in Table 1 along with their 
compositions, formulae, locations, and textures, al- 
though all are plotted on Figures 3A through 3F, where 
free energies have been contoured on several triangular 
and rectangular compositional diagrams to determine 
the shape of the free energy-composition surface for 
illite solid solutions. 

More diagrams could be constructed with different 
choices of components at the corners. The free energies 
calculated here from data on natural mineral and water 
samples are validated by their relative proximity (see 
Table 3) to those measured experimentally by Routson 
and Kittrick (1971) and Reesman (1974) and to the free 
energies calculated independently from data in Helge- 
son et al. (1978) of the end members muscovite, parag- 
onite, pyrophyllite, phlogopite, and margarite. 

Some stability trends are apparent in the triangular 
diagrams. Figures 3A and 3C show that the free energy 
of illite decreases with increasing K20 + Na20 but is 
essentially independent of the ratio AlzwOJ(MgO + 
FeO total). Figure 3B indicates that the free energy de- 
creases with increasing A1 substitution for Si, at least 
within the range indicated in the figure. Figure 3D sug- 
gests that the free energy goes through a minimum 
along a valley at about 3% Fe203 of the octahedral cat- 
ions. Figure 3E shows two free energy minima (one 
along the Na~O-K20 join; the other, broader and small- 
er, over the center of the diagram) separated by a max- 
imum along a crest between - 9 4  and 100% K20. These 
trends are tentative but appear to be real because the 
contours are 20 or more kcal/mole apart, an order of 
magnitude greater than the free energy uncertainties 
(Table 1) brought about by the probable errors in the 
probe analyses. 

DISCUSSION 

Our calculations of free energies of formation of il- 
lites of various compositions relate water flow, water 
chemistry, and diagenetic water/mineral reactions and 
are based upon the following assumptions: (1) The mole 
ratio Fe203/FeO has been arbitrarily fixed at 7, the av- 
erage value for many illites (Weaver and Pollack, 1973, 
Table III, p. 9); (2) The MnO and TiO2 contents in the 
Kettleman North Dome illites, which vary respectively 
between 0 and 0.18% and between 0 and 1%, have been 
neglected; (3) The electron probe analyses are consid- 
ered precise to within _+2.5% (or -+3.5%---see section 
on analyses) of the weight percentages measured; (4) 
On the basis of conclusions reached earlier (Merino, 
1975b), the waters and K-feldspar, albite, illite and 
quartz are assumed to be in equilibrium; and (5) All il- 
lites from one rock sample, despite their different com- 
positions, are assumed to be in equilibrium with the 
same nearest down-flow aqueous interstitial solution. 

Assumption (1) introduces slight changes in the stoi- 
chiometric coefficients of the reaction illite ~ ions with 
respect to the case where all the iron determined with 
the microprobe is regarded as ferrous. These changes 
in the stoichiometric coefficients, plus those caused by 
neglecting MnO and TiO2 (assumption 2), can bring 
about changes of as much as 4 or 5 kcal in the computed 
values of AGea~ Assumption (4) is based on the 
fact that the Kettleman North Dome waters, when plot- 
ted on several activity diagrams for the in situ temper- 
ature, fall on or near the phase boundaries for the min- 
erals mentioned. This assumption has been used in 
calculating illite free energies and the activity of the 
AP + ion of the waters from their equilibrium with albite, 
as the waters were not analyzed for aluminum (Kharaka 
and Berry, 1976). Because AGs(AI~+,25~ 
kcal/mole, an error of 0.01 in the number of aluminum 
ions in the formula of an illite causes an error of 1.16 
kcal in the calculated value of AGj(illite); the same is 
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true for errors in the numbers of the other ions. Never- 
theless, because all such ions satisfy stoichiometric and 
electrostatic-neutrality requirements, the errors in 
AGs(illite) caused by reasonable uncertainties in the 
probe analyses (assumption 3) tend to cancel each oth- 
er, leading to the surprisingly small uncertainties listed 
in Table 1 (<2 kcal/mole, calculated by the Monte Carlo 
method explained above). 

Assumption (5) cannot be strictly true, as each solid 
solution can be in equilibrium with only one aqueous 
solution; it was made, however, because we noted em- 
pirically that the calculated AGs app of each illite at Ket- 
tleman North Dome depends to a much higher degree 
on the chemical composition of the illite itself than on 
that of the formation water with which it is paired in the 
calculation. At any rate, by being consistent in the 
choice of water-illite pairs internal consistency was 
preserved among the AGs app values obtained (Table 1), 
so that the qualitative shape of the free energy-com- 
position surfaces (Figures 3A-3E) should not change 
appreciably on account of assumption (5). In summary, 
all of the approximations and assumptions affect the 
illite apparent free energies at 100~ and 150 bars listed 
in Table 1. In absolute terms the AGI ap" values can be 
trusted only to within about +7 kcal/mole (which allows 
also for errors in the water analyses), but they are prob- 
ably consistent with each other to within less than that 
amount, e.g., _+4 kcal/mole. The AGsapp(illite) values 
obtained are therefore only estimates. 

Before the free energy-composition data given in 
Table 1 can be used to test theoretical models (e.g., 
Stoessell, 1978, 1980) which predict the variation of the 
free energy of mixing (AGm~x~,~o) with composition, it is 
necessary to compute the AGm~x~,,o values of the Ket- 
tleman North Dome illites by the equation: 

AGmixing = AGsavp(illite) - ~ xjAGy, j ,  (5) 
J 

where xj and AGr, j are the mole fraction and apparent 
free energy of formation of the pure component j. To 
do this an appropriate set of components must be cho- 
sen, their mole fractions in each illite must be calculat- 
ed, and all of their free energies of formation must be 
known. This calculation was not made because no ther- 
modynamic data are available for the celadonite end 
member, KFe3+MgSi4010(OH)2. A final drawback to 
the calculation of the free energies of mixing could be 
that one would be computing very small numbers (the 
AGm~x~,,o values are of the order of 1 or 2 kcal/mole) by 
difference of very large ones (-1300 kcal/mole) in Eq. 
(1), a calculation with very large uncertainty. 

In conclusion, the molar free energy of the illite solid 
solution becomes more negative with increasing potas- 
sium content and with increasing Al-for-Si substitution 
and appears to go through a minimum for a small 
amount of ferric iron. In general, compositional data of 
both interstitial aqueous solutions and minerals precip- 

itated in nature in contact with them appear to be useful 
to determine the composition dependence of the free 
energy of a crystalline solid solution. The values ob- 
tained here for illite are probably only crude, but in ex- 
change m a n y  free energy-composition pairs can be ob- 
tained quickly and easily. Obtaining a similar number 
of data points by either hydrothermal or calorimetric 
experimental methods would be enormously time con- 
suming and difficult. 
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Pe31OMe---AHaJn43bI cTpyKTypHo~I 3aBHCHMOCTH ~InareneTnqecKnx nhhnTOB B aottenoablx necqaHnKax Ha 
KexTZeMaHHOrO Ceaepnoro  ~oyMa, Ka~nqbopHn~, nocpe~aCTaOi a~eKTponHoro 3oH~la BMecTe C ana_an- 
3amn cymecTaoaal-um Me~IRe.rIeab[x BOA 6hIJln ncuoahaoaanbI  ~ pacqeTa MnaMmX MO2I,q3IbabIX CBO- 
60~ablX aHeprnfi o6paaoBanna ~ n T O a  a aoKa.rlbnblx ycaoanax  100~ a 150 6up. Pa3anquble TpeyroJ1h- 
HbIe n npaMoyroabnbie cTpyKTypnbte rpaqbHKn, npe~cTaBaennh~e Ran cao6o~J~ofi aHepraH, yraabiBamT, 
c rpyrbIM npH6~nx'cenaeM, qTO CBO6O)maa aueprna  yMenhmaeTca upn y a e a n q e n n a  co~lepxanHa Ka.rina, 
npH yBeJInqeuan 3aMeub~ KpeMHna a.aroMnnneM a, KaK Kax~eTca, nMeeT MHHVIMyM a yaKOM npe~aeae no 
COCTaBy, nMemmnM --3% Fe203 OKTaa~pHqeCKHX KaTHOHOB. KaqecTaenno qb0pMa noaepxrlocTn CBOrO~I- 
HOfi aHeprnn yKa3~,iBaeT Ha TO~bKO Hero , s tone  OTr~aoneuna OT n)lea.aa. 

Orpaat~bI naanToa n BO~Ibl, ncuo~b3OBannhie npn pacqeTax, 6blJIn BbI6parIbI KaK UO~nO 6anx~e ~pyr 
K ~pyry H a paanoaecHH. Bo~bl co~IepmaT B OCHOanOM C1 , SO4 z-, Na  +, n Ca z+ n HX o6Iaaa coaenocTb 
--10000 Mn~noaabIX.  H.rlJlnTbl, KOTOpbIe cymecTBytOT a necqannKax c ~lareneTHqecrnM Kaaptles,  
a.abrnTOM U K-qbe~b~imnaTor, l, aB~mmTCa qbenrnTnqecgHMn rl co~tepxaT 5 -9% K20,  1-3% tteaoro FeO,  
1% MgO, a Tagme HeMnoro Na20,  MnO,  n TiO2. OTHomenHe Fe2OffFeO 6bIaO ycTarIOBaeHO upnMepuo 
Ha 7 nyTeM cpaBneana c ony6anI~OBaHahIMn ana.anaaMa. 

Be~nqHHa Log K (100~ 6bl~a nepBoHaqa.abno paccqnTana ~,~a paBnoBecna n.qaHT ~ nonbl, ncuoab-  
3ya nonHb~e aKTnBHOCTn, noayqenHble nyTeM cneana.rIbnhix pacqeToa ~rl~i K a ~ l o r o  o6paaua  BO~lbI. 
3aTeM paccqnTbma.ancb MnnMbie cao6oanble aaeprnH o6paaoaamia  rla~nToa npH 100~ DqbqbegT HeTOq- 
HOCTn, abI3aaaHof~ HaMepHTeabHblMH npn6opaMri Ha Bennqnnhi AG~, 6blJl ottenen, y q n T u a a a  2,5 ruin 
3,5% norpemnocTs  3ort~oaoro aHa.aH3a n HCnOab3ya MeTO~I MonTe-Kapao  pacnpocTpanenna  norpem-  
nocTn. Hoayqennb~e (ha OCHOBe O10(OH2) ) caoro~uble  aneprnn  o6paaosanna  naxoaaanch  a npe~eaax 
OT --1280 ~Io --1320 gga.n/MOab npn 100~ rt 150 6ap n nx UouTe-gapaoacKne HeTOqHOCTH 6b~an Menbme 
+-2 Kga~/MOah. Cmaabmaa COCTaab~ aaTypaabnb~x cyIRecTnyro~Hx aO~blX paCTBOpOB n pacTaOpOB Taep- 
~b~x mHHepa.aoB uocpe~IcTaOM TepMo~nHaMnqecgnx ypaanennfi  Mox~no paaparoTaTb 6bICTpbI~ MeTO~ 
)l~a onpe~Ieaeana, no Kpafinefi Mepe rpy6o,  noaepxnocTn cao6o~aaa  aueprna--COCTan )1an TBep~b~X 
pacTaOpOB. 3TOT UeTO~ uox~no npoTnaonocTaBnTb a~cnepnueuTa.m, UbiM MeTo)laM, TaxHM Kax ra.aopn- 
MeTpna an6o  rH~poTepMa.abnoe paBHOBeCHe, KOTOpb~e aB~mOTCg Tpy~nbIMn rl Tpe6yrOmHMn 6oabtuoro 
KOanqecTaa 8peMeun. [E.C.] 
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Res/imee--Mikrosondenuntersuchungen von diagenetischen Illiten aus eozSnen Sandsteinen von Kettle- 
man North Dome, Kalifornien, zusammen mit Analysen von koexistierenden PorenwSssern wurden 
verwendet, um die molaren freien Bildungsenergien der Illite bei in situ-Bedingungen von 100~ 
und 150 bar zu berechnen. Verschiedene dreieckige und rechteckige Darstellungen, die bereits ffir 
freie Energien aufgestellt wurden, zeigen grob an, dab die freie Energie abnimmt, wenn der Kalium- 
gehalt ansteigt und abnimmt, wenn die Substitution yon Aluminium ffir Silizium zunimmt. AuBerdem 
zeigt sich, dab die freie Energie ein Minimum erreicht, wenn sich etwa 3% Fe203 anf den oktae- 
drisch-koordinierten Pl~itzen befindet. Qualitativ deutet die Form der freien Energie-Fl~iche nut auf geringe 
Abweichungen vom Idealzustand bin. 

Die Illite und Wasserproben, die fiir die Berechnungen verwendet wurden, wurden so nahe wie m6glich 
beieinander gezogen und sind somit im Gleichgewicht. Die W~isser enthalten haupts~tchlich CI-, SO, z-, 
Na +, und Ca z+ und haben einen Gesamtsalzgehalt von etwa 10 000 ppm. Die Illite, die in den Sandsteinen 
mit diagenetischem Quarz, Albit, und Kalifeldspat koexistieren, sind phengitisch und enthalten 5-9% K20, 
1-3% Gesamt-FeO, 1% MgO und geringe Mengen an Na20, MnO, und TiO2. Das Fe2Oa/FeO-Verh5ltnis 
wurde mit ungef'fihr 7 angenommen aus dem Vergleich mit bereits publizierten Analysen. 

Der log K (100~ wurde zuerst fiir das Gleichgewicht Illit ~--- Ionen aus den Ionenaktivit~iten berechnet, 
die durch Rechnungen fiir jede Wasserprobe einzeln berecbnet wurden. Die freien Bildungsenergien fiir 
die Illite bei 100~ wurden anschliegend berechnet. Die Auswirkung des instrumentellen Fehlers auf die 
AGr's-Werte wurden ermittelt, indem ein 2,5 bzw. 3,5% Fehler in den Analysen angenommen wurde, und 
eine Monte Carlo-Methode fiir die Fehlerfortpflanzung verwendet wurde. Die erhaltenen freien Bildungs- 
energien (auf der Basis von O10(OH)2) reichen v o n -  1280 bis -1320 kKal/Mol bei 100~ und 150 bar; ihre 
Monte-Carlo-Fehlergranzen betragen weniger als _+2 kKal/Mol. Vergleicht man die Zusammensetzungen 
von natiirlichen koexistierenden w~issrigen L6sungen und Mineralmischkristallen mit Hilfe thermodyn- 
amischer Gleichungen, so ergibt dies eine schnelle Methode fiir eine zumindest grobe Bestimmung der 
freien Energie als Funktion der Zusammensetzung der Mischkristalle. Experimentelle Methoden, wie z.B. 
kalorimetrische oder hydrothermale Gleichgewichte, sind im Gegensatz dazu sehr zeitaufwendig und 
schwierig. [U.W.] 

R6sum6---Des analyses, faites ~ la microsonde electronique, d'illites diag6n6tiques duns des gr6s 6oc~nes de 
Kettleman North Dome, Califomie, ainsi que des analyses d'eaux interstitiales coexistantes ont 6t6 utilis6es 
pour calculer des 6nergies libres molales apparentes de formation des illites sous les conditions in situ de 
100~ et 150 barres. Des diagrammes vari6s de composition, triangulaires et rectangulaires, contourn6s pour 
l'6nergie libre, indiquent grossi~rement que l'6nergie libre d6croSt proportionnellement ~t une augmentation 
du contenu en potassium, d6croit 6galement au fur et h mesure que la substitution d'Al pour Si se produit, 
et semble ~tre ~ un minimum le long d'une 6troite vall6e de composition ayant 3% Fe203 de cations oc- 
ta6driques. Qualitativement, la forme de la surface de l'6nergie libre sugg~re seulement de petits 6carts de 
l'id6al. 

Les illites et les 6chantillons d'eau employ6s dans les calculs ont 6t6 choisis aussi proches les uns des 
autres que possible, et sont en 6quilibre. Les eaux contiennent principalement Cl-, SO4 z , Na +, et Ca ~+, 
et ont une salinit6 totale de ~ 10 000 ppm. Les illites, qui coexistent duns les gr~s avec du quartz, de l'albite 
et du feldspar-K diag6n6tiques, sont phengitiques et contiennent 5-9% K20, 1-3% FeO total, 1% MgO, 
et des quantit6s moindres de Na20, MnO, et TiO2. La proportion Fe2Oa/FeO a 6t6 arbitrairement fix6e/~ 
7 par comparaison avec des analyses publi6es. 

Log K (100~ a d'abord 6t6 calcul6 pour l'6quilibre illite ,~- ions, ~ partir des activit6s ioniques obtenues 
par les calculs de sp6ciation pour chaque 6chantill0n d'eau. Les 6nergies libres apparentes de formation 
des illites ~ 100~ ont ensuite 6t6 calcul6es. L'effet des incertitudes instrumentales sur tes valeurs des AG s 
a 6t6 estim6 en acceptant une erreur de 2,5/~ 3,5% dans les analyses de probe et en utilisant une m6thode 
de Monte Carlo de propagation d'erreurs. Les 6nergies libres de formation obtenues (bas6es sur Ol0(OHz)) 
s'6tagent de -1280 ~ -1320 kcal/mole ~t 100~ et 150 barres, et leurs incertitudes de Monte Carlo sont 
moins que _+2 kcal/mole. La combinaison de compositions de solutions aqueuses naturelles coexistantes 
et de solutions solides min6rales an moyen d'6quations thermodynamiques constitue une m6thode rapide 
pour d6terminer, de mani~re grossibre au moins, la surface de composition/6nergie libre pour la solution 
solide. Ceci est en contraste avec les m6thodes exp6rimentales telles que la calorim~trie ou l'6quilibre 
hydrothermal, qui prennet beaucoup de temps, et qui sont difficiles ~t effectuer. [D.J.] 


