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POTASSIUM FIXATION BY CLAY MINERALS 
DURING HYDROTHERMAL TREATMENT 

ATSUYUKI INOUE 
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Chiba University, Chiba 260, Japan 

Abstract-The amount of K fixed in K- and Ca-saturated montmorillonite, vermiculite (trioctahedral), rec­
torite-type and IMII-ordered micalmontmorillonites was measured as a function of time (1-64 days), tem­
perature (25°_300°C), pH (6,0,9.7, and 10.7), and K-concentration (0.02 and 1.0 M) in solution. The amount 
of K fixed by the clays generally increased with increasing temperature, pH, and K-concentration and 
reached saturation in response to each experimental condition in 5 or 6 days. The K-montmorillonite and 
K-vermiculite fixed considerable amounts of K even at 25°C. Fixed K in montmorillonite increased with 
an increase of the layer charge which is also influenced significantly by the interlayer cation. In detail, the 
behavior in K-fixation was specific to each clay. 

The type of structural transformation with K-fixatiort was different for each clay. In montmorillonite, 
especially, the type of transformation was related to the cationic composition of the system; in K homoionic 
system, montmorillonite transformed rapidly into illitelmontmorillonite with about 40% expandable layers 
at 300°C and in a mixed cation system with Ca and K, it reacted gradually to random illitelmontmorillonites 
with increasing temperature. These data indicate that the cation-exchange process of a natural pore solution 
plays an important role in the gradual transformation of detrital montmorillonite to illite. 

Key Words--Diagenesis, Fixation, Hydrothermal, Interstratification , Montmorillonite, Potassium, Rec­
torite. 

INTRODUCTION 

It is well known that specific cations are fixed in the 
interlayer of clay minerals such as montmorillonite and 
vermiculite (Mackenzie, 1963; Grim, 1968). In most 
previous studies, cation fixation was examined using 
oven-dried clays. Several factors affect cation fixation, 
e.g., octahedral occupancy, layer charge, properties of 
the solvent, and properties of the cations (Marshall, 
1964). The layer charge required for fixation of alkali 
cation was predicted quantitatively by Eberl (1980) on 
the basis of an interplay between cation hydration en­
ergy and layer charge, assuming that the charge on in­
terlayer sites can be represented as asphere of equiv-

by Eberl (l978a, 1978b). In addition, Lahann and Rob­
erson (1980) determined the effect of solution chemistry 
for the dissolution of Si from montmorillonite under hy­
drothermal conditions. 

The purpose of the present investigation was to de­
termine the factors that control the amount of K fixed 
by clay minerals under hydrothermal conditions, and 
to clarify the mechanism ofK-fixation, A final goal was 
a better understanding of the mechanism of illitization 
of montmorillonite through interstratified intermedi­
ates during burial diagenesis. 

MATERIALS AND METHODS 

alent electric field strength. Four clays were employed in this study: montmoril-
Of those cations that become fixed, K is of greatest lonite from Aterazawa in Yamagata Prefecture, Japan; 

interest to most geologists and clay mineralogists. trioctahedral vermiculite from Palabora in South Mri­
Montmorillonite transforms to illite through a series of ca; a rectorite-type regularly interstratified mineral with 
interstratified phases in sedimentary basins (Burst, 1959, 50% expandable layers from Goto Mine, Nagasaki Pre-
1969; Perry and Hower, 1970; Weaver and Beck, 1971; fecture, which contained sericite and pyrophyllite as 
Hower et al., 1976; Yeh and Savin, 1977), and in hy- major impurities; and an interstratified illite/montino­
drothermal environments (Steiner, 196~; Browne and rillonite similar to the IMII -ordered type (Reynolds and 
Ellis, 1970; Eslinger and Savin, 1973; Inoue et aI., 1978). Hower, 1970) from Seigoshi Mine, Shizuol>a Prefec­
During the transformation, exchangeable cations such ture. The interstratified illite/montmorillonite con­
as Na+ and Ca2+ in the interlayer of montmorillonite are tained about 20% expandable layers and small amounts 
replaced by K+ from the pore solution, and the K+ is of quartz and goethite as impurities. The rectorite-type 
gradually fixed. interstratified mineral initially contained significant 

Eberl and Hower (1976) and Roberson and Lahann amounts of Na and Ca as well as K fixed in the inter­
(1981) studied the structural change from smectite to layer position (Tables I and 2). All samples were sat­
illite in the laboratory from a kinetic point of view. The urated with K+ or Ca2+. 
effects of interlayer cations on the reaction of mont- Hydrothermal experiments were carried out in Mor­
morillonite to interstratified phases were also examined ey-type reaction vessels of approximately II-ml capac-
Copyright © 1983, The Clay Minerals Society 81 
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Figure I. Percentage of non-exchangeable K vs . time for (a) 
K- and (b) Ca-montmorillonites under various temperatures , 
initial pHs, and K-concentrations . 

ity and Teflon reaction vessels of approximately 22-ml 
capacity at 100°, 150°, 200°, and 300°C. The internal 
pressure was the vapor pressure of H20 at the temper­
atures of the experiment. About 200 mg of starting ma­
terials and about 21 ml of reaction solution were put in 
the Teflon vessels; the same solid: solution ratio was 
used for the autoclave experiments. The initial pH of 
the solution was 6.0, 9.7 or 10.7; and the cation con­
centration was 0.02 or 1.0 M of K+, as the chloride or 
hydroxide. The hydrothermally treated clay was washed 
with distilled water, dried at room temperature, and 
stored in 100 ml of 0.1 N SrCl2 solution at room tem­
perature for a week. Under the conditions, most of ex­
changeable cations in the interlayer of clays were sub­
stituted by Sf. The Sr-substituted clays were analyzed 
for 'Sr, K, Ca, and Na by atomic absorption spectros­
~opy ; the bulk chemical compositions for some of the 
specjmens werealso determined. The percentage of ex­
pandable layers in the Sr-substituted products was de­
termined after ethylene glycol treatment, and the 
relation between X-ray powder diffraction (XRD) 
peaks and ' percentage of expandable layers was cal­
culated using the Kakinoki and Komura equation 
(Sato . 1'973). 

EXPERIMENTAL RESULTS 

Effect on non-exchangeable K 

Changes in the percentage of non-exchangeable K 
(%N EK) under the various experimental conditions are 
summar,ized in Table J. %NEK represents the amount 
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Figure 2. Percentage of non-exchangeable K vs time for 
K-(solid curves) and Ca- (dashed curves) vermiculites under 
various temperatures, initial pHs, and K-concentration. 

of non-exchangeable K ion divided by the total amount 
of interlayer cations times 100. In montmorillonite and 
vermiculite, small amounts ofNa and Ca were retained 
after Sr-substitution, as shown in the table, but the Na 
and Ca contents in K-saturated specimens cannot be 
correlated with temperature or reaction time; there­
fore , their effects are neglected in the following discus­
sion. 

The %NEK values in K- and Ca-montmorillonites are 
plotted against time in Figure I. In K-montmorillonite, 
the %NEK values increased with increasing tempera­
ture, pH, and initial K-concentration in solution; they 
leveled off after reaction for about 5 or 6 days. The 
change of %NEK in Ca-montmorillonite was similar to 
that in K-montmorillonite, but the %N EK values in the 
former stayed smaller than those in the latter under the 
same experimental conditions. In detail, Ca-montmo­
rillonite did not fix K at room temperature , whereas 
some K-fixation took place in K-montmorillonite (Ta­
ble 1). The %NEK in Ca-montmorillonite at 300°C in­
creased for 5 days and then decreased. 

In general, the final change of %NEK in the vermic­
ulites (Figure 2) was nearly the same as that in the mont­
moriUonites, but at room temperature, it was larger in 
K-vermiculite than in K-montmorillonite. A decrease 
in %NEK in Ca-vermiculite was not observed at 300°C. 

Figure 3 shows the change of %NEK in the rectorite­
type and IMII-ordered phases. The %NEK values did 
not increase in either the K- or Ca-saturated rectorite­
type specimenatT = I ooo_J 50°C, pH = 6.0-10.7, and 
K-concentration = 0.02 M, but increased at 300°C in 

https://doi.org/10.1346/CCMN.1983.0310201 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1983.0310201


Vol. 31, No.2, 1983 K-fixation by clays during hydrothermal treatment 83 

Table I. Experiments determining percentage of non-exchangeable K ion. 

Initial Interlayer cations (meqllOO g) 
Initial cone. of Duration % Non-exch. % Exp. 

Specimen TCe) pH K ion (M) (day) Sr K Na Ca sum. K ion layer 

K-mont. 25 65.4 4.1 1.3 70.8 5.8 100 
Ca-mont. 25 72.1 2.3 74.4 0.0 100 
K-verm. 25 63.5 77.2 1.3 142.0 54.4 100 
Ca-verm. 25 106.4 9.4 10.0 6.4 132.2 7.1 100 
K-mixed Gl 25 16.8 126.4 18.7 17.8 179.7 70.3 50 
K-mixed S2 25 16.6 123.0 19.0 158.6 77.6 20 

K-mont. 150 6.0 0.02 13 62.1 7.5 2.3 71.9 10.4 100 
150 6.0 0.02 20 62.9 10.4 6.1 79.4 13.1 100 
150 6.0 0.02 29 55.3 9.0 3.9 68.2 13.2 100 
150 6.0 0.02 48 65.2 10.9 2.9 79.0 13.8 100 
150 10.7 0.02 6 58.8 20.5 3.9 83.2 24.6 100 
150 10.7 0.02 9 59.0 17.9 4.2 81.1 22.1 100 
150 10.7 0.02 20 58.2 19.8 5.8 83.8 23.6 100 
150 10.7 0.02 30 45.7 21.7 3.2 70.6 30.7 100 
150 10.7 0.02 43 57.3 24.3 2.3 83.9 29.0 100 
150 6.0 1.0 5 36.0 11.9 2.6 50.5 23.6 100 
150 6.0 1.0 10 39.9 13.6 3.9 57.4 23.7 100 
150 6.0 1.0 12 65.0 21.3 1.9 88.2 24.2 100 
150 6.0 1.0 20 50.6 18.8 3.6 73.0 25.8 100 
150 6.0 1.0 30 46.1 17.5 3.4 67.0 26.1 100 
200 10.7 0.02 1 49.5 20.8 7.4 21.0 98.7 21.1 >90 
200 10.7 0.02 6 43.3 37.7 3.9 84.9 44.4 >90 
200 10.7 0.02 12 38.6 26.0 5.5 70.1 37.1 >90 
200 10.7 0.02 26 37.4 37.9 5.5 80.8 46.9 >90 
300 9.7 0.02 9 36.2 85.7 6.4 128.3 66.8 -40 
300 10.7 0.02 1 37.0 78.5 10.7 25.0 151.2 51.9 -50 
300 10.7 0.02 5 34.0 56.3 90.3 62.3 -40 
300 10.7 0.02 10 24.0 59.7 1.0 84.7 70.5 -40 
300 10.7 0.02 30 33.1 96.6 4.2 133.9 72.1 -40 
300 6.0 1.0 5 32.6 99.8 tr. 132.4 75.4 -40 
300 6.0 1.0 30 22.6 97.7 120.3 81.2 -30 

Ca-mont. 150 10.7 0.02 5 70.3 3.0 4.2 77.5 3.9 100 
150 10.7 0.02 10 62.9 4.0 1.8 68.7 5.8 100 
150 10.7 0.02 16 53.7 5.5 10.0 17.8 87.0 6.3 100 
150 10.7 0.02 36 50.0 5.7 4.8 10.0 70.5 8.1 -95 
300 9.7 0.02 9 40.4 23.9 12.2 27.4 103.9 23.0 -90 
300 10.7 0.02 5 49.0 56.7 2.9 12.8 121.4 46.7 -90 
300 10.7 0.02 10 47.6 59.3 2.9 22.4 132.2 44.9 -80 
300 10.7 0.02 20 43.5 48.6 1.3 35.6 129.0 37.7 -70 

K-verm. 150 9.7 0.02 5 36.6 98.0 1.3 3.2 139.1 70.5 50 
150 9.7 0.02 10 33.5 88.2 1.9 123.6 71.4 50 
150 10.7 0.02 4 38.0 128.2 2.9 169.1 75.8 50 
150 10.7 0.02 7 30.0 126.8 4.8 161.6 78.5 50 
150 10.7 0.02 7 33.5 119.8 3.2 156.5 76.6 50 
150 10.7 0.02 34 21.5 92.3 8.7 122.5 75·4 50 
150 10.7 0.02 35 40.1 174.1 4.8 219.0 79.5 50 
200 10.7 0.02 4 29.6 126.2 1.6 157.4 80.2 50 
200 10.7 0.02 10 14.5 112.5 15.2 142.2 79.1 50 
200 10.7 0.02 21 13.9 84.5 6.5 104.9 80.6 50 
200 10.7 0.02 24 19.1 104.0 3.6 126.8 82.1 50 
300 10.7 0.02 10 12.8 162.4 15.3 190.5 85.3 <5 
300 10.7 0.02 30 43.2 105.5 3.5 10.0 162.2 65.1 <5 

Ca-verm. 150 10.7 0.02 5 99.6 46.7 9.0 3.6 158.9 29.4 
150 10.7 0.02 10 77.0 44.8 6.1 3.2 131.1 34.2 
150 10.7 0.02 20 58.1 43.3 23.5 124.9 34.7 
150 10.7 0.02 30 81.8 48.4 1.6 2.9 134.7 35.9 
300 10.7 0.02 5 36.8 57.8 6.1 37.8 138.5 41.7 
300 10.7 0.02 II 39.7 60.1 4.5 12.8 117.1, 51.3 
300 10.7 0.02 30 14.1 94.2 6.1 85.9 199.5 47.2 
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Table 1. 

Initial 
Initial cone. of Duration 

Specimen TeC) pH K ion (M) (day) Sr 

K-mixed G 100 6.0 0.02 9 17.4 
100 6.0 0.02 20 17.4 
100 6.0 0.02 29 21.7 
100 6.0 0.02 41 17.0 
150 6.0 0.02 19 18.2 
150 6.0 0.02 28 17.8 
150 6.0 0.02 34 18.4 
150 6.0 0.02 48 17.4 
150 10.7 0.02 7 17.8 
150 10.7 0.02 11 18.2 
150 10.7 0.02 20 17.8 
150 10.7 0.02 28 19.7 
150 10.7 0.02 41 19.4 
300 10.7 0.02 10 12.4 
300 10.7 0.02 20 15.7 
300 10.7 0.02 27 17.6 

Ca-mixed G 150 10.7 0.02 19 15.9 
150 10.7 0.02 36 13.7 
150 10.7 0.02 49 18.2 
150 10.7 0.02 64 15.1 

K-mixed S 100 6.0 0.02 10 16.5 
100 6.0 0.02 22 15.5 
100 6.0 0.02 31 16.5 
100 6.0 0.02 45 21.1 
150 10.7 0.02 5 16.3 
150 10.7 0.02 11 16.8 
150 10.7 0.02 29 17.0 
150 10.7 0.02 33 17.2 
300 10.7 0.02 10 16.3 

1 K-interstratified mineral from Goto Mine. 
2 K-interstratified mineral from Seigoshi Mine. 

the K-saturated specimen (Figure 3a). The %NEK val­
ue in the IMII-ordered phase was nearly invariant up 
to 150°C and increased only slightly at 300°C (Figure 
3b). 

As shown in Figures 1-3, the %NEK values in the 
clays tend to attain a saturation at short reaction time 
under the respective experimental conditions. For de­
termining the exact temperature dependence of the sat­
urated %NEK in the clays, the corrected %NEK 
(.:l%NEK) at pH = 10.7 and K-concentration = 0.02 
M are plotted against ~T (=T - 2YC) in Figure 4 . 
.:l%NEK represents a difference between %NEK val­
ues at roc and 25°C. The increase of .:l%NEK with in­
creasing .:IT is accelerative in the montmorillonites 
(Figure 4a) and decelerative in the vermiculites (Figure 
4b). In addition, the %NEK value in K-montmorillonite 
was gTeater than that in Ca-montmorillonite at a given 
temperature, but the reverse was found in the vermic­
ulites. The increase of %NEK in the rectorite-type 
specimen was greater than in the IMII-ordered speci­
men. 

Continued. 

Interlayer cations (meq/IOO g) 
% Non-exch. % Exp. 

K Na Ca sum. Kion layer 

129.8 19.0 25.3 191.5 67.8 50 
130.0 17.7 24.6 189.7 68.5 50 
133.6 20.9 24.6 200.8 66.5 50 
131.5 19.6 24.6 192.7 68.2 50 
134.7 18.7 26.4 198.0 68.0 50 
127.9 18.4 20.3 184.4 69.4 50 
132.4 18.7 26.4 195.9 67.6 50 
129.6 18.7 26.4 192.1 67.5 50 
129.2 20.3 24.6 191.9 67.3 50 
132.8 61.0 26.0 238.0 55.8 50 
130.9 18.0 19.6 186.3 70.3 50 
129.8 22.2 7.1 178.8 72.6 50 
129.2 18.0 21.0 187.6 68.9 50 
114.0 11.6 16.0 138.0 82.6 -50 
147.1 5.2 16.0 184.0 80.0 -50 
123.8 0.6 5.0 147.0 84.2 -50 

121.5 16.8 24.2 178.4 68.1 50 
93.8 14.2 21.0 142.7 65.7 50 

127.9 15.1 29.6 190.8 67.0 50 
123.6 13.5 21.4 173.6 71.2 50 

124.5 20.6 161.6 77.0 20 
122.8 19.6 157.9 77.8 20 
122.1 20.0 158.6 77.0 20 
123.6 19.3 164.0 75.4 20 
123.2 18.4 157.9 78.0 20 
129.2 21.6 167.6 77.1 20 
128.5 20.3 165.8 77.5 20 
125.3 21.6 164.1 76.4 20 
140.5 19.3 176.1 79.8 -20 

The bulk chemical compositions of the reaction prod­
ucts at pH = 10.7 and K-concentration = 0.02 Mare 
given in Table 2. The FePa and MgO contents of the 
montmoriIlonites remained nearly constant during the 
reactions at any temperature. The Si02 content de­
creased gradually during the reaction at a given tem­
perature. The Al20 3 content increased with increasing 
temperature and tended to increase slightly during the 
reaction at a given temperature. As a result, the SiOJ 
Al20 3 mole ratios in the products (Table 2) decreased 
with increasing temperature and only slightly during the 
reaction. The decrease in the SiOJ Al20 a in the K-mont­
morillonite was more than that in the Ca-montmoril­
lonite at 300°C. 

In the vermiculites, the Si02 , A120 3 , and Fe20 3 con­
tents increased and, contrary to that of MgO, decreased 
with increasing temperature. The change of the SiOJ 
A120 3 ratio is uncertain because of a lack of data. On 
the basis of a few analyses (Table 2), the SiOJAl20 3 
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Figure 3. Percentage of non-exchangeable K vs. time for 
K- and Ca-interstratified specimens under various tempera­
tures, initial pHs, and K-concentration. (a) rectorite-type 
specimen, (b) IMII-ordered specimen. 

ratios in both the rectorite-type and IMII-ordered phas­
es decreased. 

Structural change with increasing %NEK 

Representative XRD patterns of the reaction prod­
ucts are shown in-Figures 5-7. 

K-montmorillonite. The percentage of expandable lay­
ers in the run products from the K-saturated montmo­
rillonite at 25°-200°C decreased only slightly, although 
the basal reflections changed slightly (Figures 5b and 
5c). At 300°C, the expandability decreased to about 40-
50%. In the 300°C product (Figure 5d), an ordered illite/ 
montmorillonite with an about 30-A peak for a one-day 
run was associated with a randomly interstratified illite/ 
montmorillonite with greater expandability. For a 30-
day run at 300°C (Figure 5e), an ordered illite/mont­
morillonite with a 27.5-A peak and a random product 
with about 70-80% expandable layers were produced. 
In a preliminary run ofK-montmorillonite at 400°C, the 
product had an expandability less than 30% and was 
associated with K-feldspar and quartz. Neither kaolin­
ite nor pyrophyllite was formed at any temperature. 

At a K-concentration of 1.0 M, the percentage of ex­
pandable layers decreased to about 30-40% at 300°C. 
The product was also associated with a small amount 
of a random illite/montmorillonite with greater expand­
ability (Figure 5f). 

Ca-montmoriLLonite. The expandability of the Ca-sat­
urated montmorillonite changed only slightly up to 
150°C. At 300°C (Figure 5g), the first order reflection 
shifted from 17.3 A in the initial to 16.4 A in the product. 
When the specimen was resaturated by K+, the first or­
der reflection shifted to 11.6 A at ambient RH and to 
14.3 A on glycolation. These shifts suggest that high­
charged montmorillonite formed because high-charged 
smectites tend to have smaller basal spacings for a giv­
en OO[ reflection than do smectites with lower layer 
charge (Brindley, 1966). In addition, an enhancement 

80 

It) 

!::! 60 
::s::: 
W 
Z 40 
r;e. 

I 
~ 20 
~::s::: 

W 

(a) Montmorillonite (b) Vermiculite 
80 

60 

40 

20 

ZO"~.-.1..._-..JL--_-'-""_--' __ ..L-_.-.1...--IO 
r;e. 

(c) Rectorite-type 
::s::: 40 
W 
Z 

o 
0- 20 
<I 

(d) n.m-ordering 
40 

20 

O~-~"~L----'-""---'~--~~~-JO 

o 100 200 300 0 100 200 300 

b. T ( T - 25) °C 

Figure 4. Temperature dependence on increase of saturated 
%NEK in (a) montmorillonite, (b) vermiculite, (c) rectorite­
type interstratified phase, and (d) IMII-ordering illite/mont­
morillonite at pH = 10.7 and K-concentration = 0.02 M. 
Solid and open circles indicate K- and Ca-specimens, respec­
tively. 

of the background at <5°2(J, indicates that the specimen 
has a random interstratification (Weir et at., 1975). The 
product at 300°C is illite/montmorillonite with about 70% 
expandable layers as determined from the relation be­
tween the 001 peak position and expandability (Sato, 
1973). 

The product at 300°C was associated with other phas­
es having major peaks at 9.03, 5.61 , 3.42, and 2.93 A. 
These data suggest the presence of wairakite-type and 
heulandite-type Ca-zeolites, though the identification is 
not certain. In the Ca-montmorillonite runs (Table 1), 
the retention of CaH tended to increase gradually with 
increasing temperature and run time. Most of the re­
maining CaH probably concentrated in the associated 
zeolites rather than in the interlayer position of the 
clays. 

K-vermiculite. In a preliminary test, the basal spacing 
of vermiculite saturated with either Ca or Sr at room 
temperature was shifted by ethylene glycol treatment 
from 14.8 to 15.6 A and from 15.6 to 16.2 A, respec­
tively (Figures 6a and 6b), whereas the K-saturated 
specimen collapsed to 10.6 A (Figure 6c). In addition, 
the K-saturated vermiculite had another broad peak at 
13.5 A, and the Ca-saturated vermiculite had extra small 
peaks at 13.5 and 8.27 A. 

After hydrothermal treatment of the K-saturated ver­
miculite at 150° and 200°C, the 14.5-A peak of the Sr­
substituted specimen split into 15.6- and 13.5-A peaks 
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Table 2. Chemical analyses of reaction products at pH = 10.7, and K-concentration = 0.02 M. 

SiO,l 
AI,O, 

Temp. Duration SiO, Al,O, Fe20 al MgO CaO Na,O K,O SrO H,O Total (mole 
Specimen (0C) (day) (wt.%) ratio) 

Original 
montmorillonite 56.46 19.88 2.20 3.22 0.41 3.35 0.01 15.11 100.64 4.82 

K-mont. 150 5 56.40 19.44 1.98 3.13 0.08 0.56 1.86 16.60 100.05 4.91 
150 12 55.94 18.94 1.84 3.06 0.12 0.64 2.06 16.98 99.58 5.01 
150 20 55 .34 19.35 2.17 3.29 0.11 0.88 2.61 16.72 100.47 4.85 
150 30 54.57 19. 13 1.93 3.17 0.11 0.82 2.38 17. 11 99.22 4.83 

K-mont. 200 I 55 .34 19.76 2.38 2.92 0.59 0.23 0.98 2.56 15.73 100.49 4.75 
200 6 54.23 20.62 1.93 3.36 0.12 1.77 2.24 16.41 100.68 4.47 
200 12 54.03 19.72 1.87 3.12 0.17 1.24 1.99 15.84 97.98 4.66 
200 26 53.15 20.52 2.00 3.39 0.17 1.78 1.93 15.Q2 97.93 4.40 

K-mont. 300 I 53.18 22.16 2.29 3.10 0.70 0.33 3.70 1.91 13.59 100.96 4.08 
300 5 53.31 22.88 2.98 2.90 2.65 1.76 13.31 1002 3.96 
300 . 30 52.05 24.43 3.23 3.37 0.11 3.63 1.74 11.44 1002 3.61 

Ca-mont. 150 5 56 .03 19.07 1.93 2.93 0.13 0.14 3.64 16.70 100.57 4.98 
150 10 56.28 19.18 1.80 2.86 0.05 0.19 3.26 17.21 100.83 4.98 
150 16 55.54 19.51 2.12 2.90 0 .50 0.31 0.26 2.78 17. 16 100.08 4.84 
150 36 55 .72 19.53 2.05 2.84 0.28 0. 15 0.27 2.59 15.84 99.27 4.83 

Ca-mont. 300 20 52.52 20.33 2.69 2.88 0.73 0.33 1.20 2.56 16.76 1002 4.39 

Original 
vermiculite 36.18 9.90 4.90 25.91 0.55 0.06 1.12 20.64 99.26 6.21 

K-verm. 200 4 37.86 10.94 6.14 22.00 0.29 1.71 5.84 16.93 101.71 5.87 
200 10 40.92 9.60 4.69 21.53 0.67 1.50 4.12 16.22 99.25 7.23 
200 21 40.23 1l.75 4.74 20.47 0.40 1.68 2.80 17.21 99.28 5.82 
200 24 39.60 10.80 4.91 22.22 0.31 2.06 3.62 17.51 101.03 6.22 

K-verm. 300 30 41.54 10.92 6.27 25.10 0.37 0.11 7.49 0.68 7.52 1002 6.46 
Ca-verm. 300 30 40.32 12.13 6.90 22.79 1.28 0.51 4.31 0.97 10.79 100' 5.64 

Original 
mixed layer G 50.70 32.36 0.54 0. 18 l.l0 0.39 6. 17 7.89 99.33 2.66 

K-mixed G 300 27 50.78 33.79 0.33 0.20 0.78 0.68 7.63 0.91 5.81 100' 2.55 

Original 
mixed layer S 55.50 28.21 1.43 0.48 0.48 0.46 5.99 8.63 101.18 3.33 

K-mixed S 300 10 51.77 33.56 1.99 0.43 0.59 5.81 0.68 8.71 100' 2.62 

1 Fez03 as total Fe. 
2 The wt. % Si02 was obtained by subtracting the wt. % of the other oxides from 100%. 

after ethylene glycol treatment.In addition , very weak 11 .2-A peaks after ethylene glycol treatment (Figure 6f). 
peaks at 25.2 and 8.6 A were noted (Figure 6d). Thus, With increasing temperature, the 11 .2-A peak shifted 
the products at 150° and 200°C consisted of the ex- toward a high angle , but the 13.3-A peak shifted toward 
panded 15 .6-A layers attributed to vermiculite and a a low angle . At 300°C, the 11.2- and 13.3-A peaks shift-
small proportion of an interstratified phase of 10-A (mica) edto 10.3 A and 15.7°A,respectively(Figure6g). These 
and 15 .6-A (vermiculite) layers giving 25.2-A, 13 .5-A, observations suggest that the products consisted ofver-
and 8.6-A reflections. The intensity of the 15.6-A peak miculite and an interstratified phase. 
diminished gradually with run time, but the 13.5-A peak Interstratified phases. Structural changes in the rec-
became more intense and shifted somewhat toward a torite-type and IMII-ordered phases were undetected 
high angle. At 300°C, the 15.6-A peak disappeared, and up to 150°C. At 300°C, only a slight peak shift was ob-
the basal spacing shifted to 10.2 A (Figure 6e). K-feld- served in the K-saturated rectorite-type specimen (Fig-
spar and quartz were formed in a preliminary run of the ure 7b), and the ordering was unchanged . In the K-sat-
K-saturated vermiculite at 400°C, pH = 10.7, and urated IMII-ordered specimen, at 300°C, the 11.6-A peak 
K-concentration = 0.02 M. decreased in intensity and the 9.8-A peak was sharp-

ened (Figure 7d). The expandability of both the rec-
Ca-vermiculite. The basal reflection of the product from torite-type and IMIl-ordered phases decreased only 
the Ca-saturated vermiculite at 150°C split into 13.3- and slightly. 
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Figure 5. Representative X-ray powder diffraction patterns 
of hydrothermal products from K- and Ca-montmorillonites 
after Sr-substitution and glycolation . (a) original K-montmo­
rillonite, (b) K-montmorillonite, 150°C, 10.7,0.02 M, 43 days, 
(c) K-montmorillonite, 200°C, 10.7, 0.02 M, 26 days, (d) 
K-montmorillonite, 300°C, 10.7,0.02 M, I day, (e) K-mont­
morillonite, 300°C, 10.7,0.02 M, 30 days, (0 K-montmorilIon­
ite , 300°C, 6.0, 1.0 M, 30 days, (g) Ca-montmorillonite, 300°C, 
10.7, 0.02 M, 20 days. H = heulandite ; W = wairakite. 
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Figure 6. Representative X-ray powder diffraction patterns 
of hydrothermal products from K- and Ca-vermicuIites after 
Sr-substitution «d)-(g» and glycolation «a)-(g». (a) original 
Ca-saturated vermiculite, (b) original Sr-saturated vermicu­
lite, (c) original K-saturated vermiculite , (d) K-vermiculite, 
200°C, 10.7,0.02 M, 24 days , (e) K-vermiculite , 300°C, 10.7, 
0.02 M, 10 days , (1) Ca-vermiculite, 150°C, 10.7,0.02 M, 30 
days, (g) Ca-vermiculite, 3000C, 10.7, 0.02 M, 30 days. 
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Figure 7. Representative X-ray powder diffraction patterns 
of hydrothermal products from rectorite-type and IMII-or­
dering interstratified minerals after Sr-substitution and gly­
colation. (a) original K-rectorite-type specimen, (b) K-recto­
rite-type specimen, 300°C, 10.7,0.02 M, 27 days, (c) original 
K-1MII-ordered specimen, (d) K-IMII-ordered specimen, 
300°C, 10.7,0.02 M, 10 days . S '" sericite, P '" pyrophyllite, 
Qz = quartz. 

DISCUSSION 

Meaning of change in the Si021A120 3 ratio 

If catioll"exchange reactions in the interlayer posi­
tion were .the only reactions to take place in the present 
study, the Si02/Alz03 ratiosofthe products would not 
vary during hydrothermal treatment because the ex­
periments were conducted in a closed vessel. On the 
contrary, the SiO/A.l20 a ratio tended to decrease with 
increasing temperature in the montmorillonite and the 
interstratified phases runs (Table 2), suggesting that 
some of montmorillonite layers decomposed during hy-

100 
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~ 

.r:. 60 

u 
x 
<IJ 

40 I 
C 
0 
C 

0 -0 

o~~--~--~--~--~---w. o 20 40 60 

Ofo illite layer 
Figure 8. Percentage of non-exchangeable K vs . percentage 
of illite layer in natural iIIite/montmorillonites and the products 
in the present experiment. 

drothermaltreatment, and that dissolved AI was taken 
into the remaining montmorillonite layers and ex­
changed for Si at the high pH. In natural rocks, the extra 
Al and Si in the solution would ultimately precipitate as 
a cement. However, quartz and K-feldspar formed at 
400°C, and neither kaolinite nor pyrophyllite was pro­
duced at any temperature in the present study. The sil­
ica lost from the solid run products presumably re­
mained in solution. Thus', the lower Si02/AI20 a ratios 
of the products approximately represents the increase 
of layer charge due to the substitution of AI for Si. This 
interpretation is supported by the increase in the total 
amount of interlayer cations with increasing tempera­
ture (Table 1). 

Mechanism of K-fixation by clays 

In general, cation fixation is thought to take place 
when the cation dehydrates in the interlayer space of 
clay and resides directly on the clay surface. In terms 
of the hydration state of interlayer K , Shainberg and 
Kemper (1966a, 1966b) indicated that in a clay-solution 
system, 49% of the K ions in the interlayer of mont­
morillonite partially dehydrated, even at room temper­
ature, and resided directly on the clay surface. In the 
present experiment, if the K-fixation takes place in the 
same manner, the amounts of fixed K in the montmo­
rillonites are smaller than the Shainberg and Kempers' 
estimate. In addition, the amount of fixed K at room 
temperature is attributed to the amount oflayer charge; 
the difference in the %NEK values at 25°C between 
K-montmorillonite and K-vermiculite is due to the dif­
ference in primary layer charges in. the clays. The 
amount of K fixed in the montmorillonites increased with 
rising temperature (Figure 1) . Inoue and Minato (1979) 
demonstrated that the amount ofK fixed in K-saturated 
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montmorillonite is independent of temperature be­
tween 80° and 300°C. Accordingly, the increase of 
amount of fixed K with increasing temperature noted 
in the present study was caused mostly by the increase 
oflayer charge arising from the substitution of Si by Al 
in montmorillonite as discussed above. 

Eberl (1980) indicated that the layer charge required 
for the K-fixation with illite formation is -0.77 per 
0 10 (OHh, and distinguished between K-fixation with 
illite formation and fixation on the surface of lower 
charged montmorillonite by oven-drying. The relation 
between %NEK and percentage of illite layers in nat­
ural illite/montmorillonites is shown in Figure 8. If K­
fixation takes place only in a layer with -0.77 of layer 
charge, i.e., if %NEK corresponds directly to the per­
centage of illite layers, the relation between these fac­
tors is represented by the line drawn in Figure 8. In fact, 
the plots are biased in the upper part of the line; the 
%NEK is greater than the percentage of illite layers in 
an illite/montmorillonite, meaning that lower charged 
montmorillonite itself has areal capacity for K-fixation. 
In order for the illite layer to be detected on the XRD 
patterns ofillite/montmorillonites, however, the %NEK 
in the interlayer of montmorillonite must exceed a 
threshold value. This idea is also evident· from the 
changing behavior of the d(OOI) spacing ofK-Ca mont­
morillonite (Gaultier and Mamy, 1979). 

The increase of layer charge in montmorillonite was 
affected by the interlayer cation; the increase of layer 
charge in the K-montmorillonite runs was more than 
that in the Ca-montmorillonite runs at the same tem­
perature (Table 2). The presence of Ca in solution in­
hibits effectively the substitution of Si by AI in mont­
morillonite (Lahann and Roberson, 1980). Therefore, 
the presence of Ca in the interlayer of montmorillonite 
also retarded the increase of layer charge due to the 
substitution of Si by AI, which resulted in the smaller 
%NEK in the Ca-montmorillonite at a given tempera­
ture (Figure 4a). 

In both ordered interstratified phases, a small in­
crease in the %NEK was recognized at 300°C (Figures 
4c and 4d). If the expandable layers in such ordered 
interstratified phases are identical to the montmorillon­
ite in a property that affects K-fixation, the %NEK 
would be almost lOO% at 300°C. A dissimilarity in a 
K-fixation property between the montomorillonite and 
the expandable layer in the ordered interstratified phas­
es means that the expandable layer has some distinct 
property that affects K-fixation, a property not found 
in pure montmorillonite. The difference of the increase 
of A %NEK between the montmorillonites and the ver­
miculites (Figures 4a and 4b) may be due to the different 
type of reaction between them during hydrothermal 
treatment (see below). 

Structural transformation with K-fixation 

Regatding the structural transformation of mont­
morillonite, Eberl and Hower (1977) and Eberl (l978b) 
demonstrated that K- and Ca-montmorillonites in each 
homoionic system transform rapidly and directly to 
rectorites at specific temperatures. In the present study, 
a similar type of transformation was observed in the K 
homoionic system, whereas in the Ca-K mixed cations 
system, it was not found. In a mixed cations system 
with Na and K, Na-montmorillonite reacted gradually 
to random illite/montmorillonites as well (Roberson and 
Lahann, 1981). Accordingly, the present experimental 
observations indicate that the type of structural trans­
formation of montmorillonite is influenced greatly by 
the cationic composition in the reaction system; in a 
single cation system, montmorillonite transforms rap­
idly and directly to an ordered interstratified phase at a 
specific temperature for each cation, while in a mixed 
cations system, it reacts gradually through random in­
terstratified phases. This difference is caused by the 
fact that the transformation in a mixed cations system 
is accompanied by an exchange reaction between ca­
tions having different hydration energy. Furthermore, 
the experimental results indicate that the gradual trans­
formation of detrital montmorillonite to illite is affected 
significantly by the cation-exchange process for a natu­
ral pore solution. 

The different types of transformations noted for the 
montmorillonite and the ordered interstratified phases 
in the present study indicate that the expandable layers 
in rectorite and IMII-ordered illite/montmorillonite are 
more stable than montmorillonite even at high temper­
ature. This is evident from natural and experimental as­
semblages ofNa- or Ca-rectorites and IMII-ordered il­
lite/montmorillonites, indicating that they formed at 
fairly high temperature (Eberl and Hower, 1977; Eberl, 
1978b; Hower et aI., 1976; Inoue et aI., 1978). 

In the vermiculites, the transformation of K-vermic­
ulite to mica proceeds through a regular interstratifi­
cation of vermiculite and mica layers (Figure 6). The 
transformation took place below 300°C, and at 300°C 
the regular interstratified phase finally converted to a 
mica. The reaction trend in the Ca-vermiculite runs is 
probably similar to that in the K-vermiculite runs, though 
the reaction rate is slower because a considerable 
amount of primary interlayer Ca remains at 300°C (Ta­
ble 1). The formation of a regular interstratified phase 
in the vermiculite as in the present experiment was also 
observed in Ca-K exchange reactions of vermiculite at 
35"-150°C (Inoue, unpublished data). Sawhney (1967) 
attributed this transformation behavior to the polar­
ization effects of a collapsed layer for an adjacent ex­
pandedlayer. 
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Pe3IOMe--KoJUI'IeCTBa K, CPIlKclIpoBaHHofo B K- II Ca-HacblmeHHblx MOHTMOPIlJIJIOHIITe, BepMIIKYJIIITe 
(TpexOKTa3).1pll'leCKoM), II CJIIO).Ie/MoHTMOPIlJ]J]oHIITe TlIrra peKTopllTa II IMII-yrropJIl1o'leHHoH, 1I3MepJI­
JIOCb B 3aBlIClIMOCTlI OT BpeMeHII (OT 1 110 64 I1Hell), TeMrrepaTypbl (OT 25° ).10 300°C), pH (6,0, 9,7, 
II 10,7) II KOHQeHTpaQlI1I K (0,02 II 1,0 M) B pacTBope. KOJIII'IeCTBO K, CPIlKclIpoBaHHofo fJIIIHaMII, 
B OCHOBHOM YBeJIII'IIIBaJIOCb C YBeJIII'IeHlIeM TeMrrepaTypbl, pH, II KOHQeHTpaQlI1I K II 110CTlIfaJIO 
HaCblmeHIIJI B Ka)K,l1blX 3KcrrepllMeHTaJIbHblX YCJIOBIIJIX B Te'leHlIe 5 llJIll 6 ).IHeH. K-MOHTMOPIlJIJIOHIIT 
II K-BepMIIKYJIIIT CPIlKCIIPOBaJIll 3Ha'lllTeJIbHble KOJIII'IeCTBa K l1a)Ke rrpll 25°C. KOJIll'leCTBO K, 
CPllKcllpoBaHHofo B MOHTMOPIlJIJIOHIITe, YBeJIll'lllBaJIOCb c YBeJIH'IeHlIeM CJIOHHOfO 3apJIl1a, KOTOPblH 
TaK)Ke rrOI1BepfaJICJI 3Ha'lllTeJIbHO BJIllJIHll10 Me)KCJIOHHOfO KaTIIOHa. B oc06eHHocTil rrOBel1eHlle rrpoQecca 
cpllKcaQllll K 6blJIO crreQlIcpll'leCKOe I1JIJI Ka)K110H fJIllHbI. Oc06eHHo, B MOHTMOPllJIJIOHllTe, TlIrr TpaHc­
cpopMaQlIll 3aBllCeJI OT KaTIIOHHOfO COCTaBa CIICTeMbl; B OI1HOIlOHHOH CIICTeMe K MOHTMOPIlJIJIOHIlT 
6blCTPO TpaHccpopMIIPOBaJICJI B IIJIJIllT/MOHTMOPIlJIJIOHIlT C OKOJIO 40% paCrrUlpJIlOmllXCJI CJIOeB rrpll 
300°C, a B CIICTeMe co CMemaHHblMII KaTIIOHaMIl Ca 11 K, MOHTMOPIlJIJIOHIIT Bll1101l3MeHJIJICJI nOCTerreHHO 
rrpll YBeJIll'leHlIll TeMrrepaTypbl B HeyrrOpJI).IO'leHHbIH llJIJIllT/MOHTMOPllJIJIOHIlT. 3TlI l1aHHble YKa3blBalOT 
Ha TO, 'ITO rrpoQecc 06MeHa KaTIlOHOB eCTeCTBeHHblX rropOBblX paCTBopOB IIfpaeT Ba)KHYIO pOJIb B 
rrOCTerreHHOH TpaHccpopMaQlllll1eTPIlTaJIbHOfO MOHTMOPllJIJIOHIlTa B IIJIJIllT. [E.C.] 

Resiimee--Die K-Menge, die an K- und Ca-gesiittigten Montmorillonit, Vermiculit (trioktaedrisch), und 
Montmorillonit vom Rektorit-Typ und IMII-geordneten Glimmer/Montmorillonit gebunden ist, wurde in 
Abhiingigkeit von Zeit (1-64 Tage), Temperatur (25°-300°C), pH-Wert (6,0,9,7, und 10,7), und K-Kon­
zentration (0,02 und 1,0 m) der Liisung untersucht. Die K-Menge, die an Tone gebunden wird, steigt im 
allgemeinen mit zunehmender Temperatur, steigendem pH, und steigender K-Konzentration und erreicht 
den Siittigungszustand, in Abhiingigkeit von den jeweiligen experimentellen Bedingungen, nach 5 bis 6 
Tagen. K-Montmorillonit und K-Vermiculit binden beachtliche K-Mengen selbst bei 25°C. Die an Mont­
morillonit gebundene K-Mengewiichst mit zunehmender Schichtladung, die ebenfalls beachtlich durch die 
Zwischenschichtkationen beeinfiuBt wird. 1m einzelnen ist die K-Bindung fur jeden Ton spezifisch. 

Die Art der strukturellen Umwandlung durch die K-Bindung war bei jedem Ton anders. Bei Montmo­
rillonit war die Art der Umwandlung von der Zusammensetzung der Kationen im System abhiingig; im 
reinen K-System wandelte sich der Montmorillonit rasch in IllitiMontmorillonit urn mit etwa 40% bei 300°C 
expandierbaren Lagen. In einem gemischten Kationensystem mit Ca und K wandelte sich der Montmo­
rillonit allmiihlich mit zunehmender Temperatur in unregelmiiBige IllitiMontmorillonit-Wechsellagerungen 
urn. Diese Ergebnisse deuten darauf hin, daB der Ionenaustausch mit einer naturlichen Porenliisung eine 
wichtige Rolle bei der allmiihlichen Umwandlung von detritischem Montmorillonit in Illit spielt. [U.W.] 

Resume-La quantite de K fixee dans la montmorillonite saturee de K et de Ca, dans la vermiculite (trioc­
taedrale), et dans les montmorillonites/mica du type rectorite et ordonnees-IMII a ete mesuree en fonction 
du temps (1-64 jours), de la temperature (25°-300°C), du pH (6,0, 9,7, et 10,7) et de la concentration en K 
(0,02 et 1,0 M) en solution. La quantite de K fixee dans les argiles a generalement augmente proportion­
nellement it la temperature, au pH et it la concentration en K, et a atteint!a saturation vis it vis de chaque 
condition experimentale en 5 ou 6 jours. La montmorillonite-K et la vermiculite-K ont fixe des quantites 
considerables de K meme it 25°C. K fixe dans la montmorillonite a augmente proportionnellement it la 
charge de couche qui est aussi infiuencee de maniere significative par Ie cation intercouche. En detail, Ie 
comportement dans la fixation de K etait specifique pour chaque argile. 

Le genre de transformation structurale avec la fixation de K etait different pour chaque argile. Dans la 
montmorillonite, specialement, Ie genre de transformation etait apparente it la composition cationique du 
systeme; dans un systeme homoionique K, la montmorillonite s'est rapidement transformee en illite/mont­
morillonite avec it peu pres 40% de couches expansibles it 300°C, et dans un systeme melange avec Ca et 
K, elle a reagi graduellement en des iIlite/montmorillonites quelconques proportionnellement it une aug­
mentation de temperature. Ces donnees indiquent que Ie procede d'echange de cations d'une solution 
naturelle de pores joue un role important dans la transformation graduelle de montmorillonite detritique 
en illite. [D.J.] 
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