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S O L U B I L I T Y  M E A S U R E M E N T S  O F  P H A S E S  IN 
T H R E E  ILLITES 1 

J. A. KITTRICK 
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Pullman, Washington 99164 

Abstract--Goose Lake, Beavers Bend, and Fithian illites were equilibrated in the presence ofgoethite (or 
hematite) at room temperature for as long as 2.6 yr. Kaolinite of known stability was added to some 
samples. Samples of solution were obtained after centrifuging with, or without, immiscible displacement 
or column leaching. Equilibrium was indicated by constant values over a long period of time, with 
kaolinite solubility as an internal indicator, and most importantly, by the approach to equilibrium from 
both undersaturation and supersaturation. Data plots indicate that the illites contain two or more phases 
or components in equilibrium with each other. Statistical and graphical techniques were used to analyze 
hundreds of equilibrations. The constancy of pK values for various expressions indicates that bulk illite 
composition and pyrophyllite are likely solution-controlling phases or components, but that muscovite, 
leucophyllite, phlogopite, and talc are not. A muscovite-like phase, of lower K content than muscovite, 
fit one pK expression well, but failed on two others. 
Key Words--Equilibration, Illite, Kaolinite, Phase analysis, Pyrophyllite, Solubility. 

INTRODUCTION 

Mixed-layer minerals such as many illites are iden- 
tified primarily by X-ray powder diffraction, which 
measures structural, rather than thermodynamic prop- 
erties. Thus, although the phase status (how many, 
what kind) of mixed-layer minerals is essential to an 
understanding of their equilibrium relations (Zen, 
1962), it is usually unknown. Investigators have of 
necessity assumed illite to be (1) a single phase con- 
sisting of a single component; (2) a single phase con- 
sisting of multiple components; or (3) multiple phases. 

For convenience in solubility studies, illite has gen- 
erally been considered a single-phase, single-compo- 
nent  mica. Reesman (1974, 1978) compared illite equi- 
l ibrium constants calculated on the basis of a single 
muscovite phase of ideal composition, and Routson 
and Kittrick (1971) calculated equilibrium constants 
on the basis of a single K-mica phase. On the other 
hand, Lippman (1977) and Velde (1977, p. 62) con- 
sidered illite to be a single solid-solution phase con- 
taining multiple components, such as a muscovite 
component, a leucophyllite component, etc. 

In addition to an assumed muscovite-like phase, sev- 
eral operationally-defined non-micaceous phases have 
often been identified in mixed-layer illite samples by 
standard mineralogical techniques. Chlorite, mont-  
moriUonite, and vermiculite have been identified in 
the Beavers Bend and Fithian illite samples by quan- 
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titative mineralogical analyses (Raman and Jackson, 
1966), and montmoril lonite was identified in Fithian 
material by X-ray powder diffraction (Yoder and Eugs- 
ter, 19 5 5). The apparent multiphase nature of illite has 
been strikingly demonstrated by the study of variations 
in chemical composition between individual mineral 
flakes (Bodine and Standaert, 1977). The present in- 
vestigation was undertaken to determine if the phase 
status of illite could be determined by solubility stud- 
ies, although multiple phases may make this difficult. 

MATERIALS AND METHODS 

Minerals 
Beavers Bend illite was obtained from the Oklahoma 

Geological Survey (Mankin and Dodd, 1963). The Fi- 
thian illite used was API reference illite H-35, from 
Ward's Natural Science Establishment, Rochester, New 
York. Goose Lake illite (griindite) was obtained from 
the Illinois Clay Products Company, Joliet, Illinois, 
and was characterized by Grim and Bradley (1939). 
All three illites were characterized by Routson (1970). 
They appear to have formed during low-temperature 
metamorphism. Total chemical analyses of the K-sat- 
urated, 0.2-2.0-tzm size fractions yield the following 
formulae: Ko.53(All.66Feo.2oMgo.13)(5i3.62Alo.39)O lo(OH)2 
for the Beavers Bend, Ko.64(mll.54Feo.29Mgo.19XSi3.51Alo.49 ) 
O1o(OH)2 for the Fithian, and Ko.59(A1LssFe0.z4Mgo.15) 
(Si3.65Alo.35)O10(OH)2 for the Goose Lake illites (Rout- 
son and Kittrick, 1971). The samples used in the pres- 
ent study were those used by Routson and Kittrick 
(1971) who described pretreatments of grinding, par- 
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ticle size separation, pyrite removal and K-saturation. 
The hematite and goethite used to control pH - l/3pFe 3+ 
at a constant value were the Mapico 347 and Mapico 
100 products, respectively. The particle size range is 
0.06 to 0.8 #m as reported by the supplier, Columbian 
Carbon Company, New York, New York. Chemical, 
differential thermal, and X-ray powder diffraction 
analyses (not reported here) demonstrated that these 
materials are essentially pure hematite and goethite. 
Georgia 2 kaolinite, used in some of the experiments, 
was obtained from the Georgia Kaolin Company, Eliz- 
abeth, New Jersey. X-ray powder diffraction and other 
characteristics of this kaolinite, including solubility 
measurements, were reported by Kittrick (1966, 1980). 

Illite equilibration 
Ten grams of either goethite or hematite was added 

to 20-g samples of 0.2-2.0-t~m illite. Twenty grams of 
kaolinite was also added to some samples. After mix- 
ing, the samples were centrifuge-washed three times 
with 0.01 M KOAc solution (pH 4.0) and four times 
with 0.01 M KC1-0.0001 M MgCI2 solution. They were 
then quartered and placed in 60-ml polyethylene bot- 
tles. The samples were then centrifuge-washed with 
various equilibration solutions and shaken for varying 
periods of time up to 2.6 yr, with 35-50 ml of the 
solution. The equilibration solutions generated final 
solution compositions ranging from PH4SiO4 2.6 to 
3.7; pMg 2+ 2.0 to 3.9; pK + 1.5 to 3.2; and pH 3.7 to 
7.1 Samples were agitated almost continuously in a 
constant temperature room at 23-25~ and were cen- 
trifuged in a temperature-controlled centrifuge. A few 
samples were equilibrated for periods of only 5-23 days 
with a m in imum of liquid. Approximately 9 ml of 
solution was obtained by immiscible displacement with 
CC14 (Kittrick, 1980). A few additional samples were 
equilibrated by recycling solution flowing at the rate 
of 1-2 ml/day through 10-20 cm of sample packed in 
a 0.64-cm ID glass tube. X-ray powder diffraction pat- 
terns of all illites before and after equilibration were 
essentially identical. 

For analysis, the samples (except columns) were cen- 
trifuged and an aliquot of the supernatant liquid cen- 
trifuged further until clear to a Tyndall beam. Si in the 
equilibrated supernatant liquids was determined col- 
orimetrically with molybdate (APHA, 1960), A1 with 
aluminon (Hsu, 1963), Mg with an atomic absorption 
spectrophotometer, K with a flame photometer, and 
C1- with a Buchler-Cotlove chloridometer. Ion activ- 
ities were computed from the extended Debye Hiickel 
equation. The pH measurements were made with a 
glass combination electrode and a Corning Model 12 
meter calibrated to +0.02 units. Equilibrium pH was 
determined with the aid of a slow-speed stripchart re- 
corder. Precision was estimated from duplicate deter- 
minations to be approximately +0.02 log units. 

RESULTS AND DISCUSSION 

Multiple phases 

The compositions of all solutions equilibrated with 
illite samples are presented in Table I. Because illite 
may be a solid solution, there may be a solution-con- 
trolling phase, or a solution-controlling component, or 
both. Because the proper designation is unknown, the 
term phase will be used for simplicity in the following 
discussion. The most common direct approach to sol- 
ubility determinations is to calculate pK values for the 
controlling phase as a function of time or some other 
variable. Because the phase(s) of illite are not known 
with certainty, a more oblique approach was used. A 
straight-line fit (r = 0.97) was obtained from a plot of 
pH - l/2pMg 2+ vs. PH4SiO4 of the Goose Lake illite 
(Figure 1, left). The plotted points represent approach 
from both undersaturation and supersaturation. Bea- 
vers Bend and Fithian illites give similar results (not 
shown), although the data for the Fithian material are 
more scattered. A single magnesium silicate phase could 
equilibrate along a line such as in Figure 1. Unfortu- 
nately, a talc phase does not fit the data, as will be 
shown below. There appears to be no other likely mag- 
nesium silicate, thus, the possibility of solution control 
by an aluminim magnesium silicate, with pH - 1ApAP+ 
on the vertical axis (perpendicular to the page) must 
be considered. Solution analysis points in equilibrium 
with an a luminum magnesium silicate could lie any- 
where on the surface of a stability plane in those three 
dimensions. If so, why should they be constrained to 
lie along a straight line? One possibility is that the 
straight line results from systematic kinetics (rather 
than true equilibrium) as various samples are initially 
adjusted to a range in pH values. It seems unlikely, 
however, that samples adjusted to one side of a for- 
tuitous line from oversaturation should approach the 
same line from undersaturation. More plausibly, the 
line represents the chemical potential boundary be- 
tween two controlling phases (or components). It is the 
approach to true equilibrium that would constrain the 
samples to approach such a boundary from both su- 
persaturation and undersaturation. If the line in Figure 
1 represents two phases, the single phase-single com- 
ponent alternative for illite is not possible. 

Because the composition of the controlling phases 
in Figure 1 (left) cannot be explicitly derived from the 
position of the line, pK values can only be calculated 
for what may be reasonable phases in equilibrium with 
the solutions, testing whether or not they become con- 
stant over time (or otherwise fit the data). For example, 
if a muscovite phase controls solution composition, 
regardless of other phases present, the following equi- 
librium should prevail: 

KA12(A1Si3Olo)(OH)z(muscovite) + 10H + 
= K + + 3A13+ + 3H4SIO4. (1) 
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T a b l e  1. S o l u t i o n  c o m p o s i t i o n  o f  i l l i te  a n d  i l l i t e -kao l in i t e  
m i x t u r e  s a m p l e s .  

Sample t Days pH pH4SiO4 pK + pMg 2§ pAl 2+ 

G o o s e  L a k e  i l l i te  

3 3 0 - 2 1  9 3 .62  2 .89  2 . 5 0  2 . 3 0  4 . 2 4  
3 3 0 - 2 1  21 3 .66  2 .81 2 . 4 9  2.31 - -  
3 3 0 - 2 1  41 3 . 6 8  2 .79  2 . 4 6  2 .29  - -  
3 3 0 - 2 1  76  3 .71  2 .79  2 . 4 4  2 .33  - -  
3 3 0 - 2 1  146 3 .73  2 .76  2 . 4 4  2 . 3 l  4 .45  
3 3 0 - 2 1  2 4 4  3 .78  2 .77  2 .38  2 .32  - -  
3 3 0 - 2 1  3 8 7  3 .83  2 .76  2 . 4 0  2 .30  - -  
3 3 0 - 2 1  5 5 9  3 .86  2 .77  2 .33  2 .29  4 .45  

3 3 0 - 2 2  9 3 .71  2 .94  2 . 5 4  2 .29  4 .43  
3 3 0 - 2 2  21 3 .74  2 .82  2 .47  2 .32  - -  
3 3 0 - 2 2  41 3 .73  2 . 8 2  2 .48  2 .43  - -  
3 3 0 - 2 2  76  3 .78  2 .80  2 . 4 6  2 .33  - -  
3 3 0 - 2 2  146  3 .77  2 .76  2 .41 2 .31 4 . 5 5  
3 3 0 - 2 2  2 4 4  3 .85  2 ,76  2 . 3 7  2 . 3 l  - -  
3 3 0 - 2 2  3 8 7  3 .88  2 .79  2 . 4 4  2 . 3 0  - -  
3 3 0 - 2 2  5 5 9  3 .96  2 .75  2 . 3 0  2 .27  4 . 5 3  

3 3 0 - 2 3  9 3 .71 2 .94  2 . 5 2  2 .29  4 . 5 3  
3 3 0 - 2 3  21 3 . 7 4  2 .85  2 .48  2 .33  - -  
3 3 0 - 2 3  41 3 .75  2 .83  2 .51 2 .42  - -  
3 3 0 - 2 3  76  3 .79  2 .82  2 .51  2 .33  - -  
3 3 0 - 2 3  146 3 .79  2 .77  2 .43  2 .32  4 . 5 4  
3 3 0 - 2 3  2 4 4  3 .93  2 . 7 4  2 . 3 6  2.31 - -  
3 3 0 - 2 3  3 8 7  3 . 9 6  2 . 7 4  2 . 4 6  2 .29  - -  
3 3 0 - 2 3  5 5 9  3 .95  2 .79  2 .33  2 .30  4 .55  

3 3 0 - 2 4  25  5 .47  3 .52  2 . 4 4  2 .31 - -  
3 3 0 - 2 4  4 7  5 .53  3 .48  - -  2 . 32  - -  
3 3 0 - 2 4  150  5 .31 3 .42  2 .47  2 .28  - -  
3 3 0 - 2 4  311  5 .33  3 .38  2 . 4 4  2 .29  - -  
3 3 0 - 2 4  4 8 5  5 .47  3 .37  - -  2 . 28  - -  
3 3 0 - 2 4  6 1 3  5 . 2 0  3 .33  2 . 3 4  2 .29  - -  

3 3 0 - 2 5  25 6 .77  3 .79  2 .28  2 .33  - -  
3 3 0 - 2 5  4 7  6 . 8 2  3 .72  - -  2 . 34  - -  
3 3 0 - 2 5  150  6 .51  3 .72  2 . 3 0  2.31 - -  
3 3 0 - 2 5  311 6 . 1 6  3 ,68  2 . 3 0  2 .31 - -  
3 3 0 - 2 5  4 8 5  6 . 4 4  3 .63  - -  2 .31 - -  
3 3 0 - 2 5  6 1 3  6 . 1 8  3.61 2 . 2 2  2 . 3 2  - -  

3 3 0 - 2 6  5 4 . 8 7  3 .28  2 .91  2 . 3 0  - -  
3 3 0 - 2 6  12 4 . 8 9  3 .22  2 .88  2 .30  - -  
3 3 0 - 2 6  2 8  4 . 8 5  3 .18  2 . 9 2  2 .28  - -  
3 3 0 - 2 6  88  4 . 8 3  3 .13  2 . 8 4  2 .27  - -  
3 3 0 - 2 6  2 1 7  4 . 8 7  3 .10  2 . 8 0  2 .26  - -  
3 3 0 - 2 6  4 2 6  4 .91 3 .09  2 .76  2 .29  - -  

3 3 0 - 2 7  5 7 . 2 6  3 .82  2 . 3 2  2 .36  - -  
3 3 0 - 2 7  12 7 . 5 0  3 .73  2 . 3 2  2 .36  - -  
3 3 0 - 2 7  2 8  7 .46  3 .69  2 .39  2 .37  - -  
3 3 0 - 2 7  88  7 .35  3 .68  2 . 3 2  2 .33  - -  
3 3 0 - 2 7  2 1 7  7 . 3 0  3 .68  2 . 3 0  2 .34  - -  
3 3 0 - 2 7  4 2 6  6 . 9 4  3 .65  2 .27  2 .34  - -  

G o o s e  L a k e  i l l i t e -kao l in i t e  

3 3 7 - 1 5  28  2 . 8 7  2 .47  2 . 6 6  1.93 3 .71 
3 3 7 - 1 5  4 9  3 . 0 4  2 .48  2 . 6 2  2 .01 3 .65  
3 3 7 - 1 5  77  3 .12  2 .51 2 . 6 0  1.99 3 .65  
3 3 7 - 1 5  172  3 .21 2 .55  2 . 6 0  1.99 3 .69  
3 3 7 - 1 5  3 2 0  3 .38  2 .56  2 .57  1.99 3 .68  
3 3 7 - 1 5  5 1 8  3 .45  2 .56  2 . 5 0  2 .01 3 .66  

3 3 7 - 1 6  21 2 . 8 8  2 .56  2 .67  2 .03  3 .65  
3 3 7 - 1 6  4 2  3 .05  2 .55  2 . 6 2  2 . 0 4  3 .63  
3 3 7 - 1 6  70  3 .13  2 .56  2 . 6 2  1.96 3 .67  
3 3 7 - 1 6  165 3 .23  2 .57  2 . 6 2  2 .02  3 .67  
3 3 7 - 1 6  3 1 3  3 . 4 0  2 . 6 0  2 .55  2 .03  3 .65  

T a b l e  1. C o n t i n u e d .  

Sample ~ Days pH pH4SiO4 pK + pMg z+ pAl 2+ 

3 3 7 - 1 6  511  3 .47  2 . 5 9  2 .51  2.01 3 .62  

3 3 7 - 2 5  19 5 .53  3 . 0 0  2 . 8 2  2.11 - -  
3 3 7 - 2 5  38  5 .66  3 .03  2 . 7 9  2 .12  - -  
3 3 7 - 2 5  74  5 .77  3 . 0 4  2 . 7 8  2 .10  - -  
3 3 7 - 2 5  173 5 ,74  3 .08  2 . 7 8  2 .10  - -  
3 3 7 - 2 5  321 5 .69  3 . 1 0  2 . 7 6  2 .10  - -  
3 3 7 - 2 5  518  5 .50  3 .08  2 .69  2.11 - -  

3 3 7 - 2 6  21 4 .89  3 . 0 0  2 .83  2 .04  - -  
3 3 7 - 2 6  4 2  5.01 3 .04  2 . 7 9  2 .05  - -  
3 3 7 - 2 6  7 0  5 .05  3 .09  2 . 7 9  2 .06  - -  
3 3 7 - 2 6  166 5 .47  3 .06  2 .75  2 .05  - -  
3 3 7 - 2 6  3 1 4  5 .59  3 .06  2 . 8 4  2 .04  - -  
3 3 7 - 2 6  511 5 .32  3 . 0 4  2 .65  2 .02  - -  

3 3 7 - 3 5  2 0  7 .49  3 .33  2 . 7 9  2 .11 - -  
3 3 7 - 3 5  3 9  7 .52  3 . 3 2  2 . 6 9  2 .12  - -  
3 3 7 - 3 5  76  7 .49  3 .35  2 . 7 4  2 .12  - -  
3 3 7 - 3 5  175 7 .47  3 .40  2 .71  2 .10  - -  
3 3 7 - 3 5  3 2 0  7 .42  3 .40  2 .68  2 .11 - -  
3 3 7 - 3 5  521 7 .23  3 .40  2 .65  2.11 - -  

3 3 7 - 3 6  13 7 .60  3 .54  3 . 0 2  2 .12  - -  
3 3 7 - 3 6  3 2  7 .66  3 .47  2 . 8 4  2 .13  - -  
3 3 7 - 3 6  69  7 .67  3 .49  2 . 9 3  2 .14  - -  
3 3 7 - 3 6  168 7 .67  3 .51 2 .91  2 .12  - -  
3 3 7 - 3 6  3 1 3  7 .62  3 .48  2 . 8 8  2 .13  - -  
3 3 7 - 3 6  5 1 4  7 .48  3 . 4 4  2 . 8 2  2 .12  - -  

B e a v e r s  B e n d  i l l i te  

3 3 0 - 1 1  9 3 .65  3 .03  2 . 7 7  2 .24  4 . 4 9  
3 3 0 - 1 1  21 3 .74  2 . 9 0  2 . 7 4  2 .24  - -  
3 3 0 - 1 1  41 3 .85  2 . 8 4  2 . 7 2  2 .24  - -  
3 3 0 - 1 1  76  3.91 2 .82  2 . 6 9  2 .25  - -  
3 3 0 - 1 1  146  4 . 0 4  2 . 7 9  2 . 6 2  2 .24  5 .03  
3 3 0 - 1 1  2 4 4  4 .15  2 . 8 4  2 . 6 0  2 .25  - -  
3 3 0 - 1 1  3 8 7  4 . 1 9  2 .85  2 . 5 8  2 . 2 2  - -  
3 3 0 - 1 1  5 5 9  4 .23  2 . 8 7  2 .51  2 .21 4 .96  

3 3 0 - 1 2  9 3 .87  3 .17  2 .79  2 .24  5 .12  
3 3 0 - 1 2  21 3 .95  2 . 9 9  2 .78  2 .26  - -  
3 3 0 - 1 2  41 4 .01  2 . 9 2  2 . 7 4  2 .25  - -  
3 3 0 - 1 2  76  4 . 1 0  2 .88  2 . 7 0  2 .26  - -  
3 3 0 - 1 2  146 4 .21  2 . 8 6  2 . 6 5  2 .26  5 .39  
3 3 0 - 1 2  2 4 4  4 . 3 4  2 .87  2 . 6 2  2 .26  - -  
3 3 0 - 1 2  3 8 7  4 .51  2 .91  2 .67  2 .22  - -  
3 3 0 - 1 2  5 5 9  4 . 5 4  2 .93  2 .56  2.21 5 .58  

3 3 0 - 1 3  9 3 .86  3 . 1 2  2 . 7 9  2 .25  5 .12  
3 3 0 - 1 3  21 3 .95  2 .95  2 . 7 4  2 .25  - -  
3 3 0 - 1 3  41 4 . 0 4  2 .91  2 . 7 0  2 .25  - -  
3 3 0 - 1 3  76  4 . 1 2  2 . 9 0  2 . 7 0  2 .26  - -  
3 3 0 - 1 3  146 4 .19  2 .87  2 .65  2 .25  5 .42  
3 3 0 - 1 3  2 4 4  4 .27  2 .86  2 . 6 0  2 .25  - -  
3 3 0 - 1 3  3 8 7  4 .28  2 .85  2 .56  2 .20  - -  
3 3 0 - 1 3  5 5 9  4 .29  2 .87  2 .45  2 .16  5 .18  

3 3 0 - 1 4  25 5 .83  3 . 3 4  2 . 5 0  2 .27  - -  
3 3 0 - 1 4  4 7  6 .16  3 .26  - -  2 .28  - -  
3 3 0 - 1 4  150  6 . 0 0  3.21 2 . 5 0  2 .25  - -  
3 3 0 - 1 4  311 5 .87  3 .18  2 .45  2 .23  - -  
3 3 0 - 1 4  4 8 5  5.91 3 .18  - -  2 .23  - -  
3 3 0 - 1 4  6 1 3  5 .88  3 .19  2 . 4 0  2 .21 - -  

3 3 0 - 1 5  25  6 .74  3 . 4 0  2 . 5 0  2 .27  - -  
3 3 0 - 1 5  4 7  6 .84  3 .29  - -  2 . 26  - -  
3 3 0 - 1 5  150  6 .67  3 .28  2 . 4 8  2 .25  - -  
3 3 0 - 1 5  311  6 .47  3 .24  2 .51  2 .23  - -  
3 3 0 - 1 5  4 8 5  6 .63  3 .26  - -  2 . 22  - -  
3 3 0 - 1 5  6 1 3  6 .48  3 .25  2 .35  2 .23  - -  
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Table 1. Cont inued.  

Sample ~ Days pH pH,SiO4 pK + pMg 2. pAl ~ 

Beavers Bend i l l i te-kaol ini te  

337-11 28 3,00 2.52 2.67 2.05 3.43 
337-11 4 9  3.18 2.53 2.65 2.08 3.38 
337-1 l 77 3.25 2.55 2.65 2.07 3.38 
337-11 172 3.37 2.60 2.63 2.07 3.39 
337-11 320 3.49 2.60 2,60 2.07 3,38 
337-11 517 3,54 2.60 2,53 2.06 3,39 

337-12 21 2.94 2.62 2.75 2.08 3.42 
337-12 42 3,16 2.60 2.72 2.10 3,33 
337-12 70 3,24 2.60 2,74 2.09 3.36 
337-12 165 3,36 2.65 2.71 2.07 3.35 
337-12 313 3,48 2.64 2.64 2.08 3.36 
337-12 510 3.53 2.65 2.60 2.06 3.37 

337-21 19 5.36 2.98 2.97 2.10 --  
337-21 38 5.71 2.99 2.91 2.11 -- 
337-21 74 5.83 2.96 2.90 2.11 --  
337-21 172 5.61 2.97 2.89 2.10 --  
337-21 321 6.02 2.95 2.78 2.10 --  
337-21 518 6.18 2.92 2.72 2.09 --  

337-22 12 5.55 3.21 3.01 2.16 --  
337-22 31 5.93 3.14 2.94 2.16 -- 
337-22 67 5.92 3,10 2.96 2.16 --  
337-22 166 5.79 3.07 2.90 2.15 --  
337-22 314 6.06 3.05 2.85 2.16 --  
337-22 511 6.08 3.05 2.80 2.16 -- 

337-31 20 7.28 3.22 2.73 1.89 -- 
337-31 39 7.37 3.17 2.66 1.96 -- 
337-31 75 7,44 3.16 2.68 1.96 --  
337-31 174 7.50 3.19 2.64 1.95 --  
337-31 320 7.30 3.16 2.64 1.94 -- 
337-31 518 6.99 3.14 2.52 1.94 --  

337-32 13 7.44 3.49 3,20 2.19 -- 
337-32 32 7.53 3.40 3.10 2.19 -- 
337-32 68 7.57 3.37 3.13 2.19 --  
337-32 167 7.61 3.34 3.05 2.20 -- 
337-32 313 7.42 3.31 3.00 2.20 -- 
337-32 511 6.98 3.28 2,90 2,20 --  

31t-1 
311-2 
311-3 
311-4 

321-1 
321-1 
321-1 
321-1 
321-1 
321-1 
321-1 
321-1 
321-1 
321-1 

321-2 
321-2 
321-2 
321-2 
321-2 
321-2 
321-2 
321-2 

321-3 
321-3 

F i th ian  i l l i te 

92 4,35 2.76 3.07 2.28 5.65 
92 4.28 2.76 3.29 2.28 5.65 
87 4.30 2.83 1.47 2.17 5.46 
87 4.30 2.83 1.74 2.16 5.46 

34 3.25 2.60 2,59 2.98 4.07 
99 3.45 2.53 2.64 2.95 4.17 

140 3.48 2.56 2.55 2.94 4.35 
176 3.52 2.57 2.60 2.92 4.26 
233 3.56 2.55 2.68 2.92 4.28 
343 3.60 2.57 2.56 2.93 4.35 
469 3.66 2.60 2,65 2.89 4.37 
600 3.67 2.59 2.52 2.89 4.40 
706 3.69 2.56 2.51 2.90 4.43 
840 3.69 2.62 2.45 2.88 4.51 

44 3,45 2.53 2.64 2.95 4.19 
175 3.52 2.54 2.57 2.92 4.35 
233 3.59 2.57 2.60 2.92 4.33 
343 3.61 2.56 2.54 2.93 4.37 
469 3.68 2.60 2.60 2.88 4.44 
600 3.67 2.58 2.59 2.88 4.43 
706 3,70 2.56 2.48 2.88 4.43 
840 3.72 2,57 2.44 2.87 4.55 

34 6.83 3,02 1.97 3.90 -- 
99 6.24 2.95 1.99 3.91 -- 

Table  1. Continued.  

Sample I Days oH pH4SiO4 pK + pMg z+ pAl z+ 

321-3 
321-3 
321-3 
321-3 
321-3 
321-3 
321-3 
321-3 

140 6.37 2.96 2.00 3.90 -- 
176 6.33 2.96 1.98 3.05 -- 
236 6.26 2.95 2.05 3.86 -- 
343 6.07 2.94 2.01 3.89 -- 
469 6.09 2.93 1.97 3.88 -- 
600 6.04 2.93 1.97 3.69 -- 
706 6.10 2.90 1.96 3.81 -- 
840 6.05 2.89 1.94 3.69 -- 

321-3 1000 6.22 2.90 1.94 3.70 -- 
321-3 1167 5.98 2.90 1.89 3.68 -- 

321-4 44 7.71 3,06 1.98 4.23 -- 
321-4 175 7.51 3.12 1.96 3.23 -- 
321-4 236 7.52 3.13 2.02 3.21 -- 
321-4 343 7.42 3.09 2.01 4.22 -- 
321-4 469 7.45 3.10 2.03 4.17 -- 
321-4 600 7.39 2.94 1.94 3.85 -- 
321-4 706 7.32 3.01 1.98 3.88 -- 
321-4 840 7.27 3.03 1.95 3.87 -- 
321-4 1000 7.19 3.05 1.91 4.04 -- 
321-4 1167 7.13 3.07 1.83 3.97 -- 

330-34 25 5,87 3.51 2.51 2.30 -- 
330-34 47 5.96 3.47 -- 2.30 -- 
330-34 150 5.75 3.48 2.47 2.28 -- 
330-34 311 5.74 3.48 2.50 2.28 -- 
330-34 485 5.14 3.48 -- 2.28 -- 
330-34 613 5.63 3.49 2.45 2.28 -- 

330-35 25 6.81 3.75 2.43 2.31 -- 
330-35 47 6.82 3.72 -- 2.32 -- 
330-35 150 6.51 3.70 2.40 2.29 -- 
330-35 311 6.33 3.68 2.37 2.28 -- 
330-35 485 6.57 3.67 --  2.30 -- 
330-35 613 6.46 3.65 2.40 2.28 -- 

317-1 
317-1 
317-1 
317-1 
317-1 
317-1 
317-1 

317-2 
317-2 
317-2 
317-2 
317-2 
317-2 
317-2 

317-3 
317-3 
317-3 
317-3 
317-3 
317-3 
317-3 

317-4 
317-4 
317-4 
317-4 
317-4 
317-4 
317-4 

317-12 

Fi th ian  i l l i te-kaol ini te  

40 7.59 3.67 2.03 4.70 -- 
74 7.63 3.66 1.99 5.06 -- 
76 7.50 3.79 2.19 4.62 -- 

103 7.53 3.74 2.08 4.67 -- 
61 7,73 3.69 1.86 5.00 -- 
82 6.29 3.72 1.25 3.14 -- 
92 6.30 3.72 1.24 3.36 -- 

40 7.50 3.64 2.07 4.64 -- 
74 7.64 3.68 1.94 5.14 -- 
76 7.64 3.80 2.30 4,32 -- 

103 7.72 3.75 2.23 4.90 -- 
61 7.76 3,78 2,12 5.27 -- 
82 7,65 3.70 2.93 5.26 -- 
92 7,58 3.68 2.81 5.28 -- 

40 8,27 4.03 2.00 5.05 -- 
74 8.39 3.83 1.90 4.94 -- 
76 7.97 4.00 2,19 4.39 -- 

103 7.99 3,96 2.57 5.37 --  
61 8.12 3.90 2.07 5.29 -- 
82 8.02 3,87 2.75 5.29 -- 
92 7.89 3.81 2.62 5.20 -- 

40 8.10 4.08 2.11 5.11 -- 
74 8.28 4.03 2.00 5.29 -- 
76 7.88 4.05 2.18 4.62 -- 

103 8.01 4.03 2.68 5.35 -- 
61 8.17 3.96 2.09 5.35 -- 
82 6.87 4.03 1.19 3.33 -- 
92 6.87 4.03 1.20 3.47 -- 

0 6.67 3.63 --  5.00 -- 
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T a b l e  1. C o n t i n u e d .  

Sample ~ Days pH pH4SiO4 DK + pMg 2. pAF + 

3 1 7 - 1 2  7 7.31 . . . .  
3 1 7 - 1 2  23 7.35 . . . .  
317 -12  35 7 .16  3.67 2 .59  4.51 - -  
3 1 7 - 1 2  69 7 .19  3.68 2 .12  4.35 - -  
3 1 7 - 1 2  132 7 .00  3.72 2.03 4 .36  - -  
317 -12  182 6 .99  3.71 2 .06  4 .33  - -  
3 1 7 - 1 2  251 6 .94  3.70 2 .00  4 .30  - -  
3 1 7 - 1 2  293 6 .90  3.73 2 .05  4.28 - -  
317 -12  370 6 .94  3.72 2.01 4 .16  - -  

317 -13  0 6 .54  4 .26  - -  2 .60  - -  
317 -13  7 7 .02  . . . .  
317-13  23 7.25 . . . .  
317 -13  35 7 .32  3.89 2 .32  3.47 - -  
317 -13  69 7 .42  3.87 2 .34  3.41 - -  
317-13  132 7 .44  3.89 2 .24  3.39 - -  
317-13  182 7.55 3.87 2 .28  3.35 - -  
317 -13  251 7.41 3.91 2 .19  3.31 - -  
317 -13  293 7 .39  3.89 2 .15  3.28 - -  
317-13  370 7 .28  3.86 2.19 3.24 - -  

3 1 7 - 1 4  0 6 .86  3.32 - -  2 .60  - -  
3 1 7 - 1 4  7 7.27 . . . .  
3 1 7 - 1 4  23 7.33 . . . .  
3 1 7 - 1 4  35 7.31 3.55 2 .24  3.62 - -  
317 -14  69 7 .52  3.67 2 .20  3.53 - -  
3 1 7 - 1 4  132 7 .62  3.74 2 .19  3.45 - -  
317 -14  182 7 .56  3.76 2 .08  3.41 - -  
317 -14  251 7.45 3.50 2.11 3.43 - -  
3 1 7 - 1 4  293 7.48 3.72 2 .04  3.41 - -  
3 1 7 - 1 4  370 7 .38  3.76 2 .07  3.38 - -  

3 1 7 - 2 1 C  0 6 .50  3.70 - -  5 .00 - -  
3 1 7 - 2 1 C  14 7 .16  3.68 3.09 6.77 - -  
3 1 7 - 2 1 C  14 7 .06  3.53 3 .32  6.06 - -  
3 1 7 - 2 1 C  14 7.24 . . . .  
3 1 7 - 2 1 C  13 7.17 3.45 3 .40  6.11 - -  
3 1 7 - 2 1 C  17 7 .07  3.41 3 .42  5.24 - -  
3 1 7 - 2 1 C  18 6.31 3.28 2 .69  4.91 - -  
3 1 7 - 2 1 C  48 6 .58  3.33 2 .93  5.08 - -  
3 1 7 - 2 1 C  13 6 .08  3.18 2 .49  4 .19  - -  

317-21 56 6 .40  3.36 3.13 4 .76  - -  
3 1 7 - 2 l  161 6 .26  3.45 3.01 3.16 - -  
317-21  256 5.99 3.45 3 .04  4 .89  - -  
317-21 332 6.05 3.47 2.98 4 .54  - -  
317-21 459 6.21 3.42 2 .92  4 .49  - -  
317-21 589 6.09 3.38 2 .80  4 .23  - -  

3 1 7 - 2 2 C  0 6 .50  4 .30  - -  2 .60  - -  
3 1 7 - 2 2 C  15 6 .06  3.85 2 .89  2 .93  - -  
3 1 7 - 2 2 C  17 6 .86  3.85 3.41 2 .84  - -  
3 1 7 - 2 2 C  28 6 .82  3.89 3.81 2.65 - -  
3 1 7 - 2 2 C  51 7 .09  3.98 3 .60  2.71 - -  
3 1 7 - 2 2 C  20 7 .06  3.92 3 .42  2.71 - -  
3 1 7 - 2 2 C  22 6.98 3.92 3 .04  2 .66  - -  
3 1 7 - 2 2 C  17 7.23 3.89 2.95 2 .64  - -  
3 1 7 - 2 2 C  14 7 .04  3.94 2.95 2.65 - -  
3 1 7 - 2 2 C  22 7.00 3.94 2 .97  2.63 - -  
3 1 7 - 2 2 C  17 6.88 3.92 2.98 2.63 - -  

3 1 7 - 2 3 C  0 6 .50  3 .40  - -  5 .00 - -  
3 1 7 - 2 3 C  9 7 .14  3.56 3.51 2 .80  - -  
3 1 7 - 2 3 C  14 6 .92  3.40 3.75 2.73 - -  
3 1 7 - 2 3 C  7 6.93 3.35 3 .40  2 .70  - -  
3 1 7 - 2 3 C  9 6.79 3.35 2 .99  2.69 - -  
3 1 7 - 2 3 C  14 5.57 3.34 3 .54  2.66 - -  
3 1 7 - 2 3 C  10 6 .62  3 .34  2.21 2 .65  - -  
3 1 7 - 2 3 C  27 6 .52  3.34 2 .22  2 .72  - -  

T a b l e  1. C o n t i n u e d .  

Sample ~ Days pH pH4SiO4 pK + pMg z+ pAl 2§ 

3 1 7 - 2 3 C  24 6.69 3.33 2.21 2 .70  - -  
3 1 7 - 2 3 C  6 6.71 3.33 2.21 2 .70  - -  
3 1 7 - 2 3 C  33 6.65 3.28 2 .20  2.61 - -  
3 1 7 - 2 3 C  25 6.65 3.28 2 .10  2.63 - -  
3 1 7 - 2 3 C  8 6 .78  3.24 2 .06  2.61 - -  
3 1 7 - 2 3 C  10 6.71 3.31 2.09 2.59 - -  

317-23  0 6.88 3.40 - -  2 .60 - -  
317-23  82 6.54 3.29 2.75 2.77 - -  
317-23  155 6.42 3.29 2 .73  2.77 - -  
317-23  282  6 .44  3.26 2.73 2.77 - -  
317-23  4 1 4  6 .42  3.27 2 .75  2.75 - -  
317-23  516 6.32 3.22 2 .69  2 .74  - -  

3 1 7 - 3 1 C  0 6 .50  3.70 - -  5 .00 - -  
3 1 7 - 3 1 C  14 7 .32  3.81 2 .94  5.80 - -  
3 1 7 - 3 1 C  14 7.16 3.66 3.18 5.97 - -  
3 1 7 - 3 1 C  14 7.34 . . . .  
3 1 7 - 3 1 C  13 7.23 3.48 3 .19  5.92 - -  
3 1 7 - 3 1 C  17 7.07 3.43 3.21 5.69 - -  
3 1 7 - 3 1 C  17 6.81 3.27 2 .89  4.76 - -  
3 1 7 - 3 1 C  36 6 .94  3 ,34  3 .00  5.29 - -  

317-31 10 6.59 3.36 2 .92  4.93 - -  
317-31 50 6.75 3,44 3.04 5.06 - -  
317-31 52 6.71 3.48 3.13 5.07 - -  
317-31 79 6.31 3.52 3 .04  4 .92  - -  
317-31 140 6 .70  3.57 3 .14  3.51 - -  
317-31 235 6.38 3.53 3 .04  4 .99  - -  
317-31 311 6.33 3.48 3 .09  4.77 - -  
317-31 438  6.56 3.45 2 .94  4 .74  - -  
317-31 568 6 .62  3.42 2 .92  4 .30  - -  

3 1 7 - 3 2 C  0 6 .50  4 .30  - -  2 .60  - -  
3 1 7 - 3 2 C  16 6.89 3.85 2 .86  2.95 - -  
3 1 7 - 3 2 C  17 7.03 3.83 3.07 2 .90  - -  
3 1 7 - 3 2 C  28 6.97 3 .88  3 ,66  2.69 - -  
3 1 7 - 3 2 C  65 6 .92  3 ,92  3.25 2.77 - -  

317 -32  10 6.72 3.94 3.47 2.73 - -  
317 -32  50 6.74 3.89 3.56 2.76 - -  
317 -32  52 6 .72  3.94 3.86 2.76 - -  
317 -32  79 6.66 3.96 3.71 2.73 - -  
317 -32  141 6.55 4 .02  3 .50  2 .70  - -  
317 -32  238 6 .52  3.89 2.58 2.71 - -  
317-32  312 6.49 3 .82  2.97 2.71 - -  
317 -32  441 6.51 3.66 3.37 2.69 - -  
317 -32  568 6 .40  3.71 3.25 2.65 - -  

3 1 7 - 3 3 C  0 6 .50  3.40 - -  2 .60 - -  
3 1 7 - 3 3 C  9 7 .02  3 .60  3.45 2 .80  - -  
3 1 7 - 3 3 C  14 7 .02  3 .52  3.58 2.75 - -  
3 1 7 - 3 3 C  7 6 .94  3,40 3.47 2.68 - -  
3 1 7 - 3 3 C  13 6.79 3,40 3.55 2.70 - -  
3 1 7 - 3 3 C  15 6.65 3,36 3.64 2.66 - -  
3 1 7 - 3 3 C  10 6.66 3.39 3.08 2.70 - -  
3 1 7 - 3 3 C  27 6.56 3,37 2.75 2.72 - -  
3 1 7 - 3 3 C  24 6.55 3.36 2.77 2.67 - -  
3 1 7 - 3 3 C  6 6.63 3,38 2 .64  2,66 - -  
3 1 7 - 3 3 C  17 6.65 3,34 2 .52  2 .60  - -  
3 1 7 - 3 3 C  17 6 .64  3.36 2.43 2 .60  - -  

317-33  21 6.57 3.34 3.01 2.71 - -  
317-33  118 6.43 3.33 2 .99  2.75 - -  
317-33  191 6 .42  3.33 3.52 2.75 - -  
317-33  321 6.43 3.28 2 .94  2.74 - -  
317-33  4 5 0  6 .40  3.29 2 .99  2 .72  - -  
317-33  552  6.35 3.24 2.87 2.73 - -  

323-1 56 4.32 2 .96  2 .36  2.25 5.44 
323-1 129 4 .52  3.01 2 .32  2.25 5 .80  
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Table 1. Cont inued.  

Sample ~ Days p H  pH4SiO4 pK + pMg 2+ pAl 2+ 

323-1 254 4.68 3.06 2.36 2.23 --  
323-1 386 4.74 3.13 2.33 2.21 --  
323-1 491 4.81 3.11 2.45 2.22 --  
323-1 623 4.81 3.11 2.31 2.21 5.70 
323-1 779 4.86 3.13 2.26 2.16 --  
323-11 56 3.50 2.63 2.53 2.13 4.05 
323-11 129 3.64 2.69 2.46 2.13 4.07 
323-11 254 3.65 2.76 2.45 2.12 4.16 
323-11 386 3.69 2.79 2.45 2.10 4.13 
323-11 491 3.69 2.78 2.50 2.11 4.20 
323-11 623 3.72 2.79 2.42 2.11 4.21 
323-11 779 3.75 2.79 2.40 2.08 4.19 
323-11 951 3.75 2.79 2.35 2.07 4.19 
323-12 56 3.50 2.61 2.48 2.14 4.05 
323-12 129 3.62 2.68 2.41 2.12 4.09 
323-12 254 3.64 2.73 2.40 2.13 4.10 
323-12 386 3.67 2.77 2.40 2.09 4.11 
323-12 491 3.67 2.74 2.40 2.12 4.15 
323-12 623 3.71 2.76 2.36 2.10 4.16 
323-12 779 3.73 2.76 2.30 2.07 4.13 
323-12 951 3.71 2.75 2.25 2.00 4.14 
323-21 138 5.82 2.78 2.82 2.22 --  
323-21 172 5.70 2.80 2.83 2.21 - -  
323-21 216 5.73 2.77 -- 2.20 --  
323-21 250 5.70 2.80 --  2.17 --  
323-21 294 5.34 2.77 2.67 2.12 --  
323-21 328 5.68 2.79 --  2.12 --  
323-21 358 5.73 2.78 2.58 2.09 --  
323-21 13 5.95 2.67 2.90 2.25 --  
323-21 38 5.75 2.68 --  2.26 --  
323-21 114 5.70 2.69 2.84 2.26 - -  
323-21 232 5.50 2.71 2.78 2.24 --  
323-21 392 5.92 2.74 2.75 2.23 --  
323-31 5 6.10 3.04 3.36 2.25 --  
323-31 12 6.05 3.05 --  2.23 --  
323-31 26 5.83 3.07 3.34 2.24 - -  
323-31 54 6.01 3.09 3.25 2.26 --  
323-31 t46 5.58 3.11 3.17 2.22 - -  
323-31 266 5.92 3.12 3.11 2.22 - -  
323-31 357 5.45 3.12 --  2.22 --  
323-31 478 5.68 3.13 3.02 2.19 --  
323-32 5 5.95 3.02 3.38 2.25 --  
323-32 12 5.94 3.05 --  2.24 --  
323-32 26 5.88 3.06 3.32 2.24 --  
323-32 54 5.88 3.06 3.27 2.25 --  
323-32 146 5.45 3.11 3.21 2.22 - -  
323-32 266 5.83 3.11 3.16 2.22 --  
323-32 357 5.67 3.11 --  2,20 - -  
323-32 478 5.74 3.11 3.02 2.18 --  
338-21D 5 3.77 2.85 3.10 2.25 4.35 
338-21D 9 3.95 2.88 3.22 2.25 4.73 
338-21D 23 3.96 2.92 3.30 2.25 4.97 
338-21D 26 4.39 2.93 3.49 2.27 5.42 
338-21D 19 5.26 3.01 --  2.22 --  
338-21D 10 5.32 2.92 -- 2.23 --  
338-21D 14 5.12 2.90 --  2.22 --  
338-21D 18 5.01 2.90 --  2.24 --  
338-21D 9 4.98 2.90 --  2.22 - -  
3 3 8 - 2 l D  7 4.92 2.90 --  2.22 --  
338-21D 14 4.85 2.91 --  2.23 --  
338-21D 13 5.68 2.94 --  2.23 - -  
338-21D 6 5.77 3.06 --  2.22 --  
338-21D 6 5.81 3.17 --  2.23 - -  
3 3 8 - 2 l D  6 5.71 3.24 --  2.22 - -  

Table 1. Cont inued.  

Sample j Days p H  pH4SiO4 pK + pMg 2+ pAP + 

338-22D 24 5.73 2.90 3.60 2.22 
338-22D 19 6.13 2.91 - -  2.22 
338-22D 6 6.45 3.29 --  2.23 
338-22D 6 6.51 3.48 --  2.21 
338-22D 28 6.77 3.47 --  2.20 

m 

m 

C = c o l u m n  equil ibrated.  D = l iquid r e m o v e d  by i m m i s -  
cible displacement .  

K ( m u s c o v i t e )  w o u l d  b e  t h e  e q u i l i b r i u m  c o n s t a n t  fo r  
Eq.  (1). T a k i n g  n e g a t i v e  l o g a r i t h m s :  

p K ( m u s c o v i t e )  = p K  + + 3 p A P  + 
+ 3pH4SiO4  - 1 0 p H .  (2) 

T h e  a c t i v i t y  o f  t h e  m u s c o v i t e  p h a s e  m u s t  be  c o n s i d e r e d  
w h e n  c o m p a r i n g  p K ( m u s c o v i t e )  t o  r e p o r t e d  v a l u e s  fo r  
p u r e  m u s c o v i t e .  T h i s  n e e d  n o t  be  d o n e  u n t i l  i t  is de -  
t e r m i n e d  t h a t  t h e  s a m p l e s  i n d i c a t e  t h e  p r e s e n c e  o f  a 
m u s c o v i t e  p h a s e  b y  g e n e r a t i n g  a c o n s t a n t  
p K ( m u s c o v i t e ) .  

A c o m m o n  m e a s u r e  o f  t h e  c o n s t a n c y  o f  a n y  men2  
s u r e m e n t  is  t h e  s t a n d a r d  d e v i a t i o n  (~). F o r  d e v i a t i o n s  
i n  v a l u e s  o f p H  - I/3pAP + for  s o l u b i l i t y  d e t e r m i n a t i o n s  
o n  g i b b s i t e  (K i t t r i ck ,  1966) ,  cr w a s  + 0 . 0 7 ,  w h i c h  g e n -  
e r a t e s  a e o f  + 0 . 0 6  log  u n i t s  fo r  i n d i v i d u a l  p H  a n d  
p A P  + a n a l y s e s ,  b u t  i n c l u d e s  d e v i a t i o n s  d u e  to  equ i l i -  
b r a t i o n  a n d  s a m p l i n g .  A ~ o f  + 0 . 0 2  is  o b t a i n e d  f r o m  
a n a l y s i s  a l o n e .  U s i n g  t h e s e  r e s u l t s  fo r  g i b b s i t e ,  t h e  a n -  
t i c i p a t e d  ~ fo r  a m u s c o v i t e  p h a s e  i n  Eq.  (2) is  

~r p K ( m u s c o v i t e )  = [ (0 .06)  2 + 3 (0 .06 )  2 
+ 3 (0 .06)  2 + 10(0.06)2] ':2 

= 0 .25 .  

T h e  ~ o f  + 0 . 2 5  e s t i m a t e d  fo r  p K ( m u s c o v i t e )  for  Eq.  
(2) is  p r o b a b l y  a m i n i m u m  v a l u e  b e c a u s e  i l l i te  is  a p -  
p a r e n t l y  a m u c h  m o r e  c o m p l e x  m i n e r a l  t h a n  g ibbs i t e .  
F o r  e x a m p l e ,  21 s o l u t i o n  a n a l y s e s  o f  t h e  G o o s e  L a k e  
i l l i te  ( T a b l e  1) h a d  a n  e x p e r i m e n t a l  p K ( m u s c o v i t e )  va l -  
u e  o f  - 11.9 w i t h  a a o f  2 . 2 8  ( T a b l e  2). 

T h e  e a s i e s t  w a y  t o  e v a l u a t e  t h e  c o n s t a n c y  o f  t h e  
e x p e r i m e n t a l  p K  v a l u e s  i n  T a b l e  2 is  to  c o m p a r e  t h e  
e x p e r i m e n t a l  r v a l u e s  (G i n  T a b l e  2) w i t h  t h o s e  b a s e d  
u p o n  g i b b s i t e  c o n s t a n c y  (~ ) .  T h e  r a t i o  r is  d e n o t e d  
b y  R i n  T a b l e  2. T h e  a p p r o x i m a t e  R o f  m u s c o v i t e  fo r  
t h e  G o o s e  L a k e  i l l i te  i s  9. I f  a p h a s e  w a s  c o n t r o l l i n g  
s o l u t i o n  c o m p o s i t i o n  i n  a n  e q u i l i b r a t i n g  i l l i te  s a m p l e  
a n d  t h e  e r r o r s  i n  a n a l y s i s ,  s a m p l i n g ,  a n d  e q u i l i b r a t i o n  
w e r e  s i m i l a r  to  t h o s e  f o u n d  fo r  g i b b s i t e ,  R s h o u l d  be  
u n i t y .  A p p a r e n t  p K  v a l u e s  fo r  a p h a s e  t h a t  w a s  n o t  
c o n t r o l l i n g  s o l u t i o n  c o m p o s i t i o n  s h o u l d  v a r y  c o n s i d -  
e r a b l y  w i t h  c h a n g e s  i n  o n e  o r  m o r e  s o l u t i o n  p a r a m e -  
te rs ,  r e s u l t i n g  in  R v a l u e s  m u c h  l a rge r  t h a n  u n i t y .  R 
v a l u e s  c l o se  to ,  b u t  h i g h e r  t h a n  u n i t y  m i g h t  o c c u r  w h e n  
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Figure 1. Compositions ofsoluti0ns equilibrated with illites (plus goethite). Symbol size is anticipated 2tr for each coordinate, 
based upon solubility results for gibbsite. Left. Goose Lake illite. Slope = 3.26, intercept = -6.52, r = 0.97, n = 48. Arrows 
indicate the approximate direction of approach to equilibrium. Middle. Goose Lake illite plus kaolinite, and Beavers Bend 
illite plus kaolinite. 12- and 13-day samples omitted. Slope = 4.96, intercept = -12.9, r = 0.96, n = 69. Right. Goose Lake 
and Beavers Bend illites. 9-day samples omitted. Slope = 1.92, intercept = 4.24, r = 0.98, n = 12. 

the phase is controlling if  errors were larger than 
they were for gibbsite. Alternatively, the phase may 
not be controlling, but a narrow range in solution pa- 
rameters may result in relatively constant apparent pK 
values. All of  the R values of  Table 2 exceed unity, 
with those of  talc and phlogopite so high as to exclude 
them immediately from consideration as phases for 
controlling illite solubility. The lowest R values were 
obtained for the bulk sample formulae, for pyrophyl- 
lite, and for leucophyllite. Muscovite was intermediate. 

Again using a muscovite phase as an example, its 
equilibration with kaolinite can be considered. 

2KA12(AISi30,o)(OH)2(muscovite) + 2H § + 3H20 
= 3A12Si2Os(OHL(kaolinite) + 2K § (3) 

pKM_ K = 2pK + - 2pH. (4) 

The PKM_ K in Eq. (4) does not involve an A13+ term, 
whereas pK(muscovite) in Eq. (2) does. A large number 
of  samples in Table 1 were equilibrated with kaolinite 
in order that pK calculations for at least those sam- 
ples not be limited to conditions where A13§ could 
be determined. In practical terms, this means 
that pK(muscovite) could only be evaluated at low pH, 
where there is sufficient A1 in solution for analysis. By 
way of  contrast, PKM-K can be evaluated over a wide 
range in pH, which constitutes a much more rigorous 
test of  pK constancy. Indeed, R values for muscovite- 

kaolinite in Table 2 were much higher than for mus- 
covite alone, because pK values for muscovite-kaolin- 
ite changed considerably with pH. If  solubility deter- 
minations are to be used as a tool for identifying 
unknown phases (instead o f  only characterizing known 
phases), the constancy of  pK values for a phase both 
alone and also with another phase such as kaolinite is 
a much more demanding test. Certainly a phase that 
really is present and controlling solution composition 
should pass both tests. By this criterion only pyro- 
phyllite and the bulk illite compositions still have 
promise as solution-controlling phases. It can be seen 
that they have R values approximately the same as 
kaolinite which, of  course, is known to be present in 
the samples considered, because it was added to them 
initially. 

No doubt some of  the values in Table 2 are better 
than others. For example, values obtained after a long 
period of  equilibration are more likely to be at equi- 
librium than are those obtained initially from the same 
sample. For  this reason, tre values were calculated for 
the last analysis of  long-term equilibrations (not shown). 
The Goose Lake and Beaver Bend illites were used 
because they gave the highest correlation coefficients 
in plots such as Figure 1. It was found that R values 
for muscovite, leucophyllite, pyrophyllite, and bulk il- 
lite phases for these illites were decreased to half or 
less of  the values of  Table 2, showing that long-term 
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Table 2. Equilibrium constant and standard deviation for 
potential phases in solutions equilibrated with three illites. 

D a t a  b a s e  I N 2 p K  3 a s tr~ R 

muscovite pK § + 3pAl 3§ + 3pH4SiO4 - 10pH 
GL 21 -11.9  0.25 2.28 9 
BB 21 -13.1 0.25 2.32 9 
F 45 -13.6  0.25 1.50 6 

muscovite-Kl 2pK § - 2pH 
GL-K1 36 -5 .3  0.12 3.45 27 
BB-K1 36 -5 .4  0.12 3.27 29 
F-K1 183 - 7 . 4  0.12 2.71 23 

pyrophyllite 2pAl 3+ + 4pH4SiO4 - 6pH 
GL 21 - 2 . 0  0.21 1.10 5 
BB 21 -2 .6  0.21 1.32 6 
F 45 -2 .8  0.21 0.60 3 

pyrophyllite-K1 2pH4SiO4 
GL-K1 36 6.0 0.08 0.74 9 
BB-K1 36 5.9 0.08 0.59 7 
F-K1 216 6.8 0.08 0.82 10 

leucophyllite pK § + pMg 2+ + pa l  3+ q- 4pH4SiO4 - 6pH 
GL 21 -1 .4  0.22 1.34 6 
BB 21 - 1.9 0.22 1.68 8 
F 45 -2 .4  0.22 1.21 6 

leucophyllite-K1 2pK + + 2pMg 2+ + 6pH4SiO4 - 6pH 
GL-K1 36 -4 .7  0.24 8.41 35 
BB-K1 36 -5 .4  0.24 8.47 35 
F-K1 183 -5 .6  0.24 4.48 19 

phlogopite pK + + 3pMg 2+ + pAP + + 3 p H a Z i O 4  - 10pH 
GL 21 -13.5 0.25 2.55 10 
BB 21 -15 .0  0.25 3.38 14 
F 45 -15.3  0.25 3.03 12 

phlogopite-K1 2pK § + 6pMg 2+ + 4 p H a S i O 4  - 14pH 
GL 36 -45.5 0.31 23.4 76 
BB 36 -47 .0  0.31 22.7 73 
F 183 -50 .2  0.31 12.2 39 

talc 3pMg 2+ + 4pH4SiO4 - 6pH 
GL 84 - 11.7 0.22 7.98 36 
BB 72 - 12.5 0.22 8.02 36 
F 272 -15.1 0.22 8.74 40 

GL 0.59pK § + 1.93pAl 3§ + 0.15pMg 2§ + 3.65pH4SiO4 
- 6.68pH 

GL 21 -3 .7  0.22 1.39 6 

GL-K1 0.59pK § + 0.15pMg 2§ + 1.72pH4SiO4 - 0.89pH 
GL-K1 36 2.3 0.11 0.93 8 

BB 0.53pK § + 2.05pAl 3§ + 0.13pMg 2§ + 3.62pH4SiO4 
- 6.94pH 

BB 21 -5 .2  0.22 1.58 7 

BB-K1 0.53pK § + 0.13pMg 2§ + 1.57pH4SiO4 - 0.79pH 
BB-K1 36 2.1 0.10 0.89 9 

F 0.64pK + + 2.03pAP + + 0.19pMg 2+ + 3.5 lpH,SiO4 
- 7.1 lpH 

F 41 - 8 . 0  0.22 0.90 4 

F-K1 0.64pK + + 0.19pMg 2+ + 1.48pH4SiO4 - 1.02pH 
F-K1 183 0.9 0.11 0.77 7 

Table 2. Continued. 

D a t a  b a s e  I N 2 p K  3 a I a~ R 

KI 2pAl 3+ + 2pH4SiO4 - 6pH 
GL-K1 12 -6 .7  0.19 1.21 6 
BB-K1 12 -7 .8  0.19 1.19 6 
F-K1 23 -8 .5  0.19 0.76 4 

GL-K1; BB-K1 mica 0.29pK § + 1.42pH,SiO4 - 0.29pH 
GL-KI; 
BB-K1 69 3.5 0.08 0.13 2 

GL; BB mica 0.30pK § + 2.30pAl 3§ + 3.70pH4SiO, - 7.20pH 
GL; BB 42 - 5 . 2  0.21 1.53 7 

~GL = Goose Lake illite, BB = Beavers Bend illite, F = 
Fithian illite, K1 = kaolinite. For example, GL refers to all 
Goose Lake samples producing the necessary analyses, where- 
as GL-KI refers only to those GL samples to which kaolinite 
had been added. 

2 N = number of observations, tr s = anticipated standard 
deviation based upon gibbsite, a, = experimental standard 
deviation, R = trJag. 

3 pK for the mineral calculated from the indicated formula. 

equi l ibra t ion  values were indeed  less var iable  wi th  re- 
spect  to those  phases  t han  were all values  taken to- 
gether.  However ,  when  i l l i te-kaolini te  samples  were 
s imilar ly selected and  recalculated for the  same phases,  
the R values  r ema i n ed  essential ly unchanged .  Appar -  
ent ly m o s t  o f  the va r ia t ion  that  caused  the high R 
values for  samples  conta in ing  kaolini te  was due  to the 
wide range in pH,  no t  to t ime.  Thus,  pyrophyl l i te  and  
bulk c o m p o s i t i o n  phases ,  which  had  s imi lar  R values 
wi th  and  wi thout  kaolinite,  again appea red  to be the 
only likely phases.  Because R values for kaol ini te  de- 
creased cons iderably  w h e n  last analyses were  selected, 
the  presence  o f  pyrophyl l i te  and  bulk  c o m p o s i t i o n  
phases  was  no t  as likely as kaolini te  (in the samples  to 
which  it was actually added)  on the basis  o f  the last 
analysis.  It is curious tha t  p K  values for  bulk illite 
fo rmulae  fit the data  so well. It has  been  shown  that  
each illite conta ins  at least  two phases  or  c o m p o n e n t s ,  
yet  a bulk  formula  is bes t  sui ted to a sample  conta in ing  
only  one  phase.  Pe rhaps  Figure 1 (left) d isplays  equi- 
l ibria be tween  c o m p o n e n t s ,  or be tween  two phases,  
each close to bulk compos i t i on .  

Evaluating a mica phase 

O f  the mica  phases  cons ide red  in Table  2, only the 
bulk  illite compos i t i ons  genera ted  R values  close to 
those  o f  kaolinite.  It is poss ib le  that  a mica  phase  o f  
appropr ia te  compos i t i on  would  fit the da ta  o f  Table 1 
m o r e  closely than  any o f  those  t r ied  in  Table  2. The  
p rob lem,  o f  course, is dev is ing  some sys temat ic  way 
to ob ta in  the c o m p o s i t i o n  o f  this " a p p r o p r i a t e "  mica  
phase ,  so tha t  it  could  be evaluated.  For  an  approach  

https://doi.org/10.1346/CCMN.1984.0320205 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1984.0320205


Vol. 32, No. 2, 1984 Solubility measurements of phases in illite 123 

utilizing some assumptions and the data itself, consider 
Eq. (3). A muscovite-pyrophyllite solid solution re- 
suiting in an a luminum silicate can be assumed with 
a K content of  X (where 1 > X > 0). Such a mica, 
equilibrated with kaolinite, would generate an equation 
as follows: 

2KxA12+xSi4_xOlo(OH)2 + 2XH + + (20 + 7X)H20 
= (2 + X)A12Si2Os(OH)4 

+ (4 - 4X)H4SiO4 + 2XK +. (5) 

pK/2 = XpK + + (2 - 2X)pH4SiO4 

- XpH 

pH - pK + = [(2 - 2X)/X]PH4SiO4 (6) 

- pK/2X. 

It can be seen from Eq. (6) that i f  the mica phase of  
Eq. (5) was controlling solution composition, the equi- 
l ibrium data should lie along a straight line of  slope 
( 2 -  2X)/X on a plot of  p H -  pK + vs. pH4SiO4. 
From Figure 1 (middle), it can be seen that solution 
analyses for Goose Lake illite-kaolinite and Beavers 
Bend illite-kaolinite produce a reasonably straight line 
(r = 0.96). These values were united to increase the 
data base for the calculations because these illites gave 
similar results in the calculations shown in Table 2 
and in various data plots, including Figure 1. The 
line slope of  4.96 in Figure 1 (middle) is equal to 
(2 - 2K)/K (from Eq. (6)). This corresponds to a K 
content of  0.29, which in turn corresponds to a for- 
mula of  Ko.29A12.29Si4.TtOlo(OH)2 when Eq. (5) is con- 
sidered. In Table 2, it can be seen that for Goose Lake 
illite-kaolinite and Beavers Bend illite-kaolinite mica, 
the pK values fit the data very well (R = 2). 

The phase generated from these data should also be 
in equilibrium with its constituents as follows: 

Ko.z9Alz.29Si3.71Olo(OH)2 + 7.16H + 
= 0.29K § + 2.29A13§ + 3.71HaSiO4. (7) 

pK = 0.29pK + + 2.29pA13+ 

+ 3 .71pH4SiO4-  7.16pH. (8) 

As shown at the bot tom of Table 2, this second test of  
the Goose Lake illite and Beavers Bend illite mica 
formula resulted in a much larger R of  7. Examination 
o f  the these data (not shown) shows that the inclusion 
of  AP + in Eq. (8) requires a much larger pH term, 
which is the main cause of  the variability in pK. 

A third test of  the mica formula in Eq. (7) can be 
obtained by rearranging Eq. (g): 

3pH - pAl 3+ = -0 .13 (pH - pK +) 
+ (1.62pH4SiO4 - 0.44pK). (9) 

As a first approximation, pH4SiO 4 is assumed to be 
constant. Eq. (9) then indicates that the line slope for 

equilibrium data should be -0 .13 .  For this test it was 
necessary to exclude some of the Goose Lake and Bea- 
vers Bend data of  Table 1. The 9-day analyses were 
excluded because they were probably not at equilib- 
rium. This narrowed the range of  PH4SiO4. The Goose 
Lake illite-kaolinite and Beavers Bend illite-kaolinite 
samples also were excluded, because at constant 
pH4SiO4, the 3pH - pAl 3+ parameter was fixed, and 
thus the system represented by Eq. (9) was invariant. 
The remaining 12 solution values for the Goose Lake 
and Beavers Bend illites were plotted in Figure 1 (fight), 
where a straight line was generated (r = 0.98), but the 
slope was 1.92 (not -0 .13) .  The line slope of  Eq. (9) 
is - ( K / 2 )  + K, so that for a slope of  1.92, K calculates 
to be -1 .3 .  This is not only incompatible with the 
formula in Eq. (7), it is impossible. Thus, the agreement 
of  the first test with the formula of  Eq. (7) is diminished 
by the disagreement of  the third test. 

The formula of  Eq. (7) may have failed because some 
of  the assumptions made in generating it were unwar- 
ranted or the data base was too limited in size and 
range. A promising phase formula should pass more 
than one reasonable test of  pK constancy. It should be 
noted that bulk illite formulae and pyrophyllite were 
at least not eliminated in two tests, although R values 
were not low enough to guarantee their presence. The 
results o f  phases tested indicated that it is much easier 
to eliminate phases as candidates for solution control 
than it is to confirm their presence. 

In summary, it has been demonstrated that multiple 
phases or components control solution equilibria in 
three illites, but that the chemical composition of  these 
phases cannot unequivocally be determined from the 
solubility data. The statistical and graphical techniques 
applied, however, are promising for evaluation of  phase 
composit ion formulae derived from other consider- 
ations. The solubility data for the three illites provides 
an extensive data base upon which to test compositions 
and theories. 
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Pea]oMe--HJU~nTbI H3 FyceBoro O3epa, Bo6poaoro PIarn6a, H r ypaBHoBetunBa~nch B npHcyTCTBnn 
reTriTa (HJIH reMaTHTa) npH KOMHaTHO~t TeMnepaType B TeqerfHH 2,6 J/eT. KaoJIHHHT C ~I3BeCTHO~ CTa- 
6tLrIBHOCTBIO 6btJI ~o6aaJIeH K HeKOTOpbIM o6pa3RaM. O6pa3Rbi paCTBopa nonyqanncb nocJ~e ReHTpnqby- 
roBaltPI~l npa HJm 6e3 HecMenIHBaeMOFO nepeMeiiIeHHfl HJIPI BBI/LRC.rlaqHBaHH~I I(O.rIOHHBI. CHMHTOMaMtl 
paBHOBeCI4~I 6blJ/tI UOCTO~IHHBIe Be.qHqHHbI B TeqCHHC ~aJIHTe.rIBHOFO nepno~a BpeMeHl~I C HCI'IOJIB3OBaHHeM 
paCTBOpfleMOCTH KaoJIHHHTa KaK BHyTpeHHOFO HH~HKaTOpa. FJIaBHblM HpH3HaKOM C03~aHH~ paBHOBeCH~ 
6blJI IlO~XO~ K aTOMy COCTO~IHHIO n3 06OHX~ neHaCblt~eHHOFO H nepenacbn~eHnoro COCTO~HHfl. FpaqbHl(!:I 
~aHHBIX ylta3blBalOT Ha TO, qTO H.rlJ/HTbI CO:Iep~KaT ~Be nslrI 6oJIbme d~a3BI /:I.rIkI KOMHOHeHTbI B paBHoaecnri 
Me>K~y C060~. CTaTnCTriqecKHe n rpadpriqecKae IIO~XO~bl HCnO.rlbaOBaJ/HCb ~JIfl aHaJi~aa COTHH paaHoBecnR. 
HeI:I3MeH~ICMOCTb BeJI~/q/,IH pI( ~.rl~l pa3JIHqHblX BbIpa~eHH~I yKaablBaeT Ha TO, HTO 06LI~H/~I COCTaB HJLrlHTa 
H nHpoqb~i2~2~nT ~IBJI~IIOTC~I qbaaaMH HIJ~H KOMHOHeHTaM!:I KOHTpOJIHpy~OH~HMH paCTBOpbI. MycKoB~tT, Key- 
KOd~H.rLrlI/IT, d~.rlOFOHHT, H Ta~IBK He Ilp0~lB.rl~llOT TaKHx qcpT. dPaaa noxo:~a Ha MyCKOBHT, HO C MeHblLIHM 
co~ep>KanrteM K, coraacyeTc~ xopotuo c O~H~M ab~pa>Kea~eM pK, no He coraacyeTca c :~ByMa ~pyrrIM~i. 
[E.G.] 

Resiimee--Illite von Goose Lake, Beaver Bend, und Fithian wurden in der Gegenwart von Goethit (oder 
Haematit) bei Raumtemperatur und fiber den Zeitraum von 2,6 Jahren ins Gleichgewicht gebracht. 
Kaolinit mit bekannter Stabilit~t wurde zu manchen Proben hinzugegeben. L6sungsproben wurden nach 
dem Zentrifugieren mit oder ohne nicht mischbaren Ersatz oder mehrmaliger Auslaugung genommen. 
Das Gleichgewicht wurde durch konstante Werte fiber eine l~tngere Zeit angezeigt--wobei die KaolinitliS- 
lichkeit als innerer Standard verwendet wurde--und vor allem auch dadurch, dab das Gleichgewicht von 
seiten der Unters~ittigung und der Ubers~ittigung eingestellt wurde. Die Datenplots deuten darauf hin, 
dab die Illite zwei oder mehr Phasen oder Komponenten im Gleichgewicht miteinander enthalten. Statis- 
tische und graphische Methoden wurden angewandt, um hunderte von Gleichgewichte zu analysieren. 
Die Konstanz der pH-Werte fiir verschiedene Ausdrficke weist darauf bin, dab die Durchschnittszusam- 
mensetzung yon Illite und Pyrophyllit wahrscheinlich L/Ssungs-kontrollierende Phasen oder Komponenten 
sind, wahrend das ffir Muskovit, Leukophyllit, Phlogopit, und Talk nicht zutrifft. Eine Muskovit-~ihnliche 
Phase mit niedrigerem K-Gehalt als Muskovit entsprach einem pK-Wert gut, w~ihrend sie zwei anderen 
nicht entsprach. (U.W.) 

R6sum6--Des illites de Goose Lake, Beavers Bend, et Fithian ont 6t6 6quilibr6es en pr6sence de goethite 
(ou d'h6matite) ~ temp6rature ambiante pour aussi longtemps que 2,6 ans. On a ajout6 de la kaolinite 
de stabilit6 connue/t  quelques 6chantillons. Des 6chantillons de solution ont 6t6 obtenus apr6s la cen- 
trifugation avec, ou sans d6placement immiscible ou d61avement de colonne. L'6quilibre 6tait indiqu6e 
par des valeurs constantes pendant une longue p6riode de temps, avec la solubilit6 de la kaolinite comme 
indicateur interne, et de mani6re plus importante, par l'approche de l'6quilibre h partir d'h la fois la sous 
saturation et la supersaturation. Des graphes de donn6es indiquent que les illites contiennent deux phases 
ou compos6s, ou plus, en 6quilibre les uns avec les autres. Des techniques statistiques et graphiques ont 
6t6 employ6es pour analyser des centaines d'6quilibrations. La constance des valeurs pK pour des ex- 
pressions vari6es indique que la composition d'illite en masse et la pyrophyllite sont de vraisemblables 
phases ou compos6s contr61ant la solution, mais que la muscovite, la leucophyllite, et le talc ne le sont 
pas. Une phase semblable ~ la muscovite, mais de moindre contenu en K que la muscovite s'est bien 
associ6e avec une expression pK, mais pas avec deux autres. [D.J.] 
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