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A B S T R A C T  

Muscovite and  K-feldspar (adularia) were dry-ground to -- 200/inch particles, which 
were suspended in water.  These suspensions were " t i t ra ted  " wi th  KC1, and  the p H  
was recorded as a funct ion of KC1 concentrat ion and temperature .  The results  indicate 
tha t  muscovi te  and adularia react wi th  water  to produce a surface film in which H+ 
has displaced I~+. The " t i t ra t ion " curves show some characteristics a t t r ibutable  to 
exchange reactions, others apparent ly  related to equilibria among solids of fixed com- 
position. ~V~aximum release of K+ from adularia  by  react ion wi th  water  is much  greater  
than  tha t  f rom mica. The in terpreta t ion is made tha t  the first result  of reaction of 
mica and  adularia wi th  water  is a surface layer tha t  grades from an outer  por t lon t h a t  
is s t ructural ly  disrupted to an inner port ion tha t  re ta ins  the original silicate s t ructure  
bu t  wi th  H + subs t i tu ted  for K+. Addi t ion of K + as KC1 to the suspending solution 
displaces I-I ~ f rom the disrupted zone, bu t  all I-I+ originally taken up  by  the solids was 
not  re turned to the solution by  conceutrat lons  of KC1 up to 1.0 ~ .  Exper iments  were 
of a few hours  durat ion ; work by  others  has  show~ tha t  the disrupted zone releases 
appreciable concentrat ions of silica and  a lumina  to solution over longer t ime intervals.  

These hydrolysis  exper iments  indicate t ha t  a t  25~ an  I-Lfeldspar or / - I-mica s t ructure  
is favored over a K-feldspar or K-mica  s t ruc ture  except in solutions in which the ratio of 
aK+ lag+ exceeds 109-1~ or 107-s respectively. These rat ios decrease in the t empera ture  
range 25-65~ by  a factor of about  10~ These results, where considered in relat ion 
~o the observed behavior  of feldspar and mica  under  weathering conditions, indicate 
tha t  the major  energy change for the  reactions, 

2 mica -~- 5H20 ~ 3 kaolin -~ 2K + d- 2 O t t -  
3 K-feldspar d- 2H~O ~ K-mica  ~- 6 quar tz  d- 2 O H -  

can be considered to result  from H+- t~  + exchange, and  tha t  the energy contr ibut ion 
from other  changes is small. 

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

During a recent graduate seminar in geochemistry at Harvard University,  
an attempt was made to summarize some of, the excellent work of  the past 
decade on hydrothermal alteration associated with veins. Because the zonal 
pattern of  alteration of felsie rocks under moderate conditions of  temperature 
and pressure is so uniform from place to  place (ef. Sales and ~eyer ,  1950 ; 
Levering, 1950 ; Schwartz, 1955), pointing to the effects of  a common con- 
stituent of  vein fluids, it was decided to investigate alteration reactions on 

1 Paper no. 156. Published u~lder the auspices of the Committee on Experhnental  
Geology and Geophysics and the Division of Geological Science at Harvard University.  

68 

https://doi.org/10.1346/CCMN.1957.0060107 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1957.0060107


~EACTIONS OF ~ELDSPAR AND MICA 69 

the simplest possible basis--an interaction of wall rocks with water. This 
decision was influenced strongly also by the striking results achieved by 
Morey and Chen (1955) using water leaches at relatively low temperatures 
and pressures. 

Chemical Reactions and Equilibria Relating 
K-feldspar, K-mica and Kaolin 

I f  attention is restricted to potassium feldspar, potassium mica and 
kaolin as important representatives of the much more varied alteration suite, 
one can write : 

3K-feldspar + 2 water = K-mica + 6 silica -[- 2K + + 2 0 H -  (1) 
2K-mica + 5 water = 3 kaolin + 2K + + 2 0 H -  (2) 
2K-feldspar + 3 water = kaolin + 4 silica + 2K + + 2 0 H -  (3) 

Equation (3) is superfluous, in the sense that it is the sum of equations 
(1) and (2). That is, if the system is to have fields of stability of K-feldspar, 
K-mica and kaolin, K-mica appears as an intermediate product in the 
reaction sequence from feldspar to kaolin. The interrelations of the three 
equations are clarified by obtaining the equilibrium constants and then 
making plots of the variables involved. 

At any given temperature and pressure the only variables are K + and 
OH-, assuming that  water is in excess and that  the amount of dissolved 
K + and OH- (or other dissolved species) is not sufficient to change the 
activity of water appreciably from unity. This appears from a derivation of 
the equilibrium constants : 

3KA1Si30 s + 2H20 = KAlaSiaO10(OH)2 + 6SiO~ + 2K + + 2OH-- (1) 
2KAI3Si3010(0H)2 + 5H20 = 3H~AI~Si209 + 2K + + 2 O H -  (2) 
2KA1SiaO s + 3H20 = HdA12SioO 9 + 4Si02 + 2K + + 201-I- (3) 

Because the activities of the solids and of water are unity, the equilibrium 
constants are all of the same form. 

[K+] 2 [OH-] 2 ~- ]~feldspar-mica (I) 
[K+] ~ [OH-] 2 ~- kmir (2) 
[K+] z [ O H - ]  2 : ]~feldspar-kaolin (a) 

Consequently, a plot of log K + versus log OH- for a given temperature 
and pressure will produce parallel straight lines with a slope of --45 degrees. 
The relative positions of the lines representing the equilibria, on the assump- 
tion that  all these minerals have stability fields, are shown i n Fig. 1. 

There are alternatives to this interpretation, but none seem as reasonable 
in terms of observed mineral relations. For example, if the reaction of 
K-feldspar to kaolin is not metastable, K-mica does not have a stability 
field, a conclusion refuted by the common K-mica-K-feldspar association 
in rocks. 
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Qualitative Effect of Temperature and Pressure 
The positions of the equilibrium lines on the log K+-log O H -  diagram 

can be estimated crudely from the following considerations. From the broad 
relation tha t  feldspars are unstable in soils, and micas generally so, it can 
be concluded that  the boundary lines lie at fairly high O H -  concentrations 
(pH ~ 9) a t  surface temperatures and pressures. The abundance of mica and 
kaolin in hydrothermal alteration zones at  moderate temperatures and 
pressures and of feldspar at  high temperature and pressure, together with the 

log OH- 

Fiour~E 1 . - -S t ab i l i t y  fields of  K-fe ldspar ,  K - m i c a  a n d  kaol in  as func t ions  of' K*  a n d  
O i l -  a t  a n  a rb i t r a ry  t e m p e r a t u r e  a n d  pressure .  The  dashed  line indica ted  the  
K- fe ldspa r -kao l in  reac t ion  is me~as~able. 

disappearance of kaolin, show tha t  with increasing temperature and pressure 
the boundary lines probably trend toward a region of lower pH. Thus, a 
qualitative 3-dimensional diagram can be erected (Fig. 2). 

On the basis of these general theoretical relations, it was decided to in- 
vestigate the reactions of feldspar and mica with water at low temperature. 
Complete reconstitution of these minerals is known to be sluggish at low 
temperatures, but a first step might be the determination of the relative 
strength of the bonding of H + and K + in the feldspar and mica structures. 
Also, hydrolysis reactions at  room temperature conceivably might provide 
a rough guide to the true kaolin-mica-feldspar equilibria. 

A C K N O W L E D G M E N T S  

We are indebted to manY people for suggestions and guidance in this 
work. The problem originally was developed in a geochemistry seminar at 
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Harvard  University, and we have discussed various aspects with many  of 
our colleagues in the geologic profession. Our greatest obligations, perhaps, 
are to Professor C. E. Marshall of the University of ]Y[issouri, to Professors 
Isaac Barshad, K. L. Babcock and Charles Meyer, and to Julian Hemley, all 
of the University of California. Dr Marshall read the original manuscript and 
made many valuable suggestions; in addition, he made available to use at  
an early date his work with V. E. Nash that  is cited in the bibliography. The 
physical picture of the surface reactions as proposed by  Marshall and Nash 
has been a major factor in aiding our interpretation of our hydrolysis data. 

1 
T ~ p  

~ / K ~ , O L I N  

/ 

FELDSPAR 

i 

K -  F E L D S P A R  

Ioq OH- 
(pH) 

]#IGUI~E 2.--Diagram showing general trend of kaolin, K-mica and K-fbldspar equi- 
librium boundaries as ihnctlons of p i t ,  log K +, and increasing temperature and 
pressure of the environraent. 

Drs Barshad and Babcock also read the manuscript, and we hope tha t  we 
have done justice to their many  suggestions in clarifying material originally 
unclear or ambiguous. Through the course of the work, we have kept in 
active correspondence with Mr Hemley, who is working on high tempera ture-  
high pressure equilibria among feldspar, mica, kaolin and related alteration 
products under the direction of Dr Meyer, and we have traded ideas and 
information with him continuously. 

I P R E V I O U S  W O R K  

The reactions of feldspar and micas with water at low temperature and 
pressure have been studied by many  workers. Of those studies especially 
pertinent to the present one, Tamm (1930) showed that  suspensions of micro- 
c]ine in CO2-free water can produce p H  values as high as 10.7, if large amounts 
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of fme-grained feldspar are used. He titrated the suspensions alternatel~ 
with HCI and X011, and found that the reactions are essentially reversible. 
Also, he determined the sodium and potassium released to the water. Figure 3 
is a plot derived from his data showing the concentration of bases released 
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FIGURE 3 . - - T a m m ' s  (1930)  d a t a  on  K + Na r e l e a s e d  to  s o l u t i o n  v e r s u s  pI-[ for  s u s p e n -  
sions of fine-grained rnicrocline in air-free water. Short dashes show theoretical 
line if one OH- is released for every K + or Na +. 

as a funct ion of  pH and log OH +. The large excess of  K + ( + N a  +) over O H -  
indicates that  some negat ively  charged ionic species or surface must  be 
present in the more concentrated suspensions to balance this excess K +. The 
slope of  the  l ine that  best fits his data shows a relation log K + = 2 log O H -  
+k.  
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Correns and Von Engelhardt (1938) made a somewhat similar study of 
adularia except that  in some experiments they controlled the pH of their 
suspensions, and also subjected the feldspar to a continuous supply of water 
or other reagent. They dialyzed the suspensions and showed that silica, 
alumina and potassium in ionic form are continuously released to a renewed 
water supply. Furthermore, their work showed that the atomic ratios of 
K/Si/A1 released to pure circulated water over a period of weeks from a 
suspension of 1# particles are of the order of 10.4/3.6/1, as opposed to the 
ratios in adularia of 1/3/1. In  one experiment adularia was ground in a ball 
mill, the suspending water was passed through an ultrafilter, fresh water was 
added, and the operation repeated many times. The overall ratio of K/Si/AI 
released to solution was 46.3/1.89/1. Their work shows that : (I) In an open 
aqueous system, K, Si and Al are released into true ionic solution, but in 
ratios that leave a protective layer of hydrous aluminum silicate at the 
feldspar surface. (2) The specific values of the ratio K/Si/AI differ from those 
in pure water if pH is controlled by suitable reagents. (3) In  the ball mill 
experiment, which most closely resembles our conditions because of its 
short duration, the ratio of released K to Si or A1 is very high. 

Armstrong (1940) ground feldspar in water and electro-dialyZed the sus- 
pension. His results also show that  the constituents are released in ionic 
form, and that K + and inn+ are by far the most abundant species in solution. 

None of the investigators has been able to determine any crystalline phase 
in the feldspar alteration products. 

1Kitra and l%ajagopalan (1948) suspended ground mica in water after con- 
verting it to the H+-form, and ti~rated the mixture with KOH. Their curves 
show typical ion exchange behavior ; the titrations are reversible. Potassium 
ion was released to the solution. 

In  summary, both K-feldspar and K-mica react rapidly with water to 
give an alkaline solution, and the amount of K + freed is a function of the 
total surface exposed, as is the OH-  concentration achieved, suggesting that 
the water reacts to form at the feldspar or mica surface an insoluble H-A1- 
silicate which temporarily prevents further reaction. However, this H-A1- 
silicate, which can be visualized simply as an H-feldspar or H-mica, is not 
stable and breaks down in time to release silica and alumina, at least part of 
which is in true ionic solution. The dependence of the A1/Si ratio of ionically 
dissolved material on pH, demonstrated by Correns and Von Engelhardt 
(1938), probably is a measure of the solubility of the decomposition products ; 
but their calculation of the composition of the residual film on the mineral 
surface gives us little information concerning the possible phases. 0rthoclase 
conceivably might, in time, develop a film of mica or silica or other solids 
at grain surfaces ; the composition of the solution in equilibrium with these 
solids could change with pH without necessarily removing these phases, or 
the phases could change composition. 

Our interest was to determine the nature of the essentially instantaneous 
K+-H + reactions. To this end, we reacted ground feldspar and mica with 
water, and then " back titrated " by adding KC1 to the system. 
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. E X P E R I M E N T A L  

Materials Used 

The feldspar used was an adularia.  A nearly t ransparent  single crystal 
was coarsely crushed, and fresh clean f ragments  were hand-picked to avoid  
a small amount  of intergrown quar tz  and some unidentif ied surface contami-  
nation. No analysis of the par t icular  specimen used is available, but  the  
average composit ion of  other  samples from the  same locali ty is given in 
Table 1. The hand-picked mater ia l  was ground dry by a mechanical ly  dr iven 
agate mor ta r  and pestle unti l  i t  passed through a 200-mesh inch screen. No 
other a t t empt s  were made to control grain size. The ground mater ia l  was 
stored in s toppered glass jars and was used, in almost  all experiments ,  wi thin  
a day or two of grinding. 

The mica used was par t  of a large single crystal  of  muscovi te  ; the  anMysis 
is given in Table 1. Most of  the  mica was prepared in the same way as the  
feldspar ; some was " ground " by shaving with  a razor blade. 

TABLE 1.---ANALYSES O~" FELDSPAR AND MICA 

Adularia 1 Muscovite 2 
Si() 2 65.2 45.87 
Also a 19.0 38.69 
F%O a 0.0 - -  
Fo0 O. 0 
MgO - -  O. 10 
CaO - -  - -  
Na20 2.1 0.64 
KsO 13.8 10.08 
H~O 0.0 4.67 
TiO 2 - -  __ 

Total 100.1 100.05 

From Monte Fibbia, Gerhard, Switzerland, Harvard University Mineralogy Musemn 
Spec. no. 87356. Analysis averaged from those listed in Niggli, P., Koenigsberger, J. 
and Parker, l~. L. (1940) Die Mineralie~ der Schweizeralpen, v. 2, p. 545. 

s From Blue l~[ountain, Methuen Township, Ontario, Canada. Analysis from t{urlbut, 
C. S. (1956) Muscovite from Methuen Township, Ontario : Amer. Min., v. 41, pp. 892-898. 

Water  was first passed through a commercial  ion exchanger, then  distil led 
in Pyrex  glass from permangana te  solution. After  removal  of  air wi th  pre- 
purified nitrogen, the pH  of the water  was 6.9-7.0. 

Potassium chloride used was ei ther  reagent  grade crystals or a sa tura ted  
solution made with de-ionized and distil led water.  

Experimental Procedure 

In  most  exper iments  200 m] of  water  was placed in duplicate react ion 
vessels and deaerated before addi t ion of  weighed ground feldspar or mica. 
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The pH was measured by means of ~ glass electrode and a saturated ca.lomel 
electrode in each container ; each container also was equipped with a tempera- 
ture compensator and a solution ground. An amplifier and contimmus re- 
corder arrangement permitted alternate reading of the duplicate electrode 
pairs every eight seconds. Before and after each run, the electrodes were 
standardized with a pH-7 and a pH-4 buffer ; there was no deviation of more 
than 0.02 pH units. Also, paired samples checked within a few hundredths 
v f  a pH unit, so that  we estimate our pH measurement error at not more 
than ~=0.03 pH units. The feldspar-water and mica-water suspensions were 
stirred vigorously with magnetic stirrers; temperatures were measured at 
frequent intervals but not controlled. In  the dotermination of temperature 
coefficients, the reaction vessels were immersed in hot water and then cold 
water, and temperatures were correlated with pH readings by frequent 
measurements during the heating and cooling cycle. 

In a typical experiment, a weighed amount of ground feldspar or mica was 
added to 200 ml of rapidly stirred water that  had been deaerated as quickly 
as possible to minimize KC1 contamination from the salt bridge of the 
saturated calomel electrode. Nitrogen was bubbled slowly through the 
solutions throughout the experiment; the rate was increased just prior to 
each addition of reagents to prevent air contamination during addition. 
After addition of feldspar or mica, KC1 solution saturated at 25~ was added 
by pipette at various intervals depending on the time necessary to achieve 
constant pH. 

Results 

A. ADULAmA 

The p i t  of suspensions as a function of amount of material used.--Various 
weights of ground adularia were added to water, and the equilibrium pH 
was determined. Figure 4 shows the results. A hundredfold increase in surface 
area causes an increase of about one pI-I unit (tenfold decrease in aK+ ). 
~easurement of 4he more concentrated suspensions was made in a small 
water volume, l~esults from use of wt. feldspar/wt, water greater than 1/1 
were not included because of the uncertainty of pH measurements in such 
thick suspensions. The pH increased with every addition in the range studied. 

Titration curves with KCl.--Most of the work was confined to the reaction 
of a 1 percent suspension (2 g adularia/200 ml H20 ) with added K +, although 
0.25 percent and 6 percent suspensions were also tested. After the adularia 
was added to water, KC1 solution saturated at 25~ was added in small 
increments. After each addition, the pH was allowed to come to " equili- 
brium," the measure of equilibrium being a constant p i t  value for a period 
of five minutes or more. In  general, the reaction was rapid ; there was little 
variation in pH thirty seconds after addition of KC1. At various stages of 
total KC1 concentration, the containers were heated and were allowed to 
come to constant pH at a higher temperature ; this temperature ranged up 
to 65~ A series of such heating experiments showed that  the temperature 
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coefficient of pH is nearly linear between 25 ~ and 65~ and is --0.016 
=L 0.002 pH units per ~ 

The experimental results are given in Table 2. The molality of KC1 was 
used to calculate act ivi ty of K + on the assumption tha t  the mean act ivi ty  
coefficient of KC1 (y ~ KC1) is the same as tha t  for K + and for C1-. Values 
for 7 =L KC1 were obtained from Harned and Owen (1950, p. 369). The 

I00  
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0 : RUN A IN I0 ml HzO 
: RUN 8 IN 20 ml R20 

x = 9 GRAMS IN I00 mL H20 
o = 2 GRAMS IN 200mlH?O 
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LO 2 0  3 0  5.0 IO 20 50 lO0 
gtoms odularm x ~00 
groins w o l e r  

FIGURE 4.--Graph showing p i t  of various wt.-percent suspensions of 
ground adularia in water. 

tabulated results are shown graphically in Fig. 5. We debated using mKC 1 
instead of calculated aI(+ values for our plots and calculations, but  decided 
that  inasmuch as pH measures a~+, we should a t tempt  to keep K + in the 
same units. Neither method is entirely satisfactory, as will be shown later. 
The values for m~:c] were calculated from the amount of KC1 added; the 
concentrations used were always so large that  K + from the feldspar or from 
the calomel electrodes was negligible. 

B. ~ICA 

The pH of suspensions as a function of amount of material used.--Figure 6 
shows the relation between pH and weight of mica added to pure water. 
In  contrast to feldspar, mica suspensions a t ta in  constant p H  at relatively 
low weight percent values. The slope of the curve, in the region preceding 
constancy, is steeper than tha t  for feldspar and suggests a direct proportion- 
al i ty between log weight of mica added (surface added) and increase in pH. 

"Titration curves" with KCl.--Suspensions containing 1 wt.-percent mica 
or more gave similar curves when t i t ra ted  with KC1. A curve at  lower p i t  
was obtained from a 0.11 wt.-percent suspension. 

Numerous runs were made to determine the temperature coefficient of the 
reactions. The value of --0.016 i 0.002 pH units per ~ was ob ta ined- -a  
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TABLE 2 . - - "  TITIVATION " OF ADIJLAB, IA SUSPENSIONS WIT~ KC1 

Temp. 
(~C) p H  25~ * ~KCI ~/KCI log aN* Remarks  

A 0.25 Wt.-percent  Suspension of -- 2OO~mesh Adularia (0,5 g/200 ml) 
9.11 28.0 9.16 - -  - -  - -  Highes t  p H r e a c h e d .  
8.92 28.0 8.97 0.0053 0.929 --2 .31 
8.65 32.8 8.77 0.0105 0.900 - -2 .02  
8.51 33.1 8.64 0.021 0.868 - -1 .74  
8.36 33.7 8.50 0.042 0.829 - -1 .46  
8.19 34.1 8.33 0.083 0.782 - -1 .19  
8.10 35.0 8.24 0.125 0.750 - -1 .03  

B 1 1 .00Wt . -pe reen t  Suspension o f - - 2 0 0 - m e s h M a t e r i a l  (2.0 g/20O ml) 
9.78 30.0 9.86 . . . .  Highes~ p H r e a c h e d .  
9.21 30.0 9.29 0.0420 0.829 - -1 .46  
9.06 31.0 9.16 0.083 0.782 - -1 .19  
8.94 32.7 9.06 0.125 0.750 - -1 .03 
8.85 33.5 8.99 0.163 0.730 - -0 .92  
8.79 33.8 8.93 0,203 0.715 - -0 ,84  
8.09 34.0 8.83 0.297 0,687 - -0 .69  
8.60 34.0 8.74 0.389 0.663 - -0 .59 
8.49 34.0 8.63 0.561 0.633 - -0 .45  
8.38 34.4 8.53 0 .72I  0.612 - -0 .36 

B~ 1 .00Wt . -pe rcen t  Suspension o f - - 2 0 0 - m e s h N [ a t e r i a l  (2.0 g/20Oml) 

9.31 26.9 9.33 0.042 0.829 - - I . 4 6  
9.18 26.0 9.20 0.083 0.782 - -1 .19  
9.08 26.0 9.10 0.125 0.750 - -1 .03  
9.00 26.0 9.02 0.163 0,730 - -0 .92  
8.95 26.0 8.97 0.198 0.718 - -0 .85  
8.90 26.0 8.92 0.241 0.699 - -0 .77  
8.78 28.0 8.83 0.315 0.681 - -0 .67 
8,69 28.0 8.74 0.385 0,665 - -0 .59  

B a 1 Wt.-percent  Suspension of -- 200-mesh Adularia  (2.09 g/200 ml) 

77 

9.50 28.0 9.55 0.021 0.868 - -1 .74  
9.32 28.0 9.37 0,042 0.829 - -1 .46  
9.18 28.0 9.23 0.083 0.782 - -1 .19  

C 6.0 Wt.-percont  Suspension of -- 200-mesh Adularia  (9 g/150 ml) 
10.21 29.0 10.27 - -  - -  - -  Highest  p H  reached. 

9.96 29.0 10.02 0-017 0.878 --1-82 
9.85 29.0 9.91 0.035 0,840 - -1 .55  
9.72 30.0 9.80 0,067 0.787 --1-28 
9.55 30.0 9.63 0,132 0.745 - -1 .00  
9.48 30.0 9.56 0.197 0.718 - -0 .85 
9.40 30.0 9.48 0.258 0,698 - -0 .74  
9.34 30.0 9.42 0.319 0.678 - -0 .68 
9.18 30.0 9.26 0.598 0.628 - -0 .43 
9.01 32.0 9.12 0.845 0,600 - -0 .30  
8.94 30.4 9,03 1.07 0,582 --0 .21 
8,80 32.6 8.92 1.44 0.566 --0 .088 

The tabula ted  results are plotted in Figure 5. 
* Tempera ture  coefficient used to correct p H  values to 25~ = --0-016 pH/~  on 

all runs. 
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FIOURE 5. - -Observed ~itra~ion curves for various wt.-peree~tg suspensions of 
adularia ; p H  values corrected ~o 25~ 
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FIG ~aE 6 . - -Graph  showing p H  of wu'ious wt.-percent  suspensions of 
ground mic~ in wa,ter. 
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resul t  ident ical  with t h a t  for adular ia .  The exper imenta l  resul ts  are given il~ 
Table 3 and  are shown graphica l ly  in Fig.  7. 

Discussion 

A.  ADULAP~A 

The curves of Fig.  5 show t h a t  the  react ion of adu la r ia  wi th  water  is 
surface-dependent ,  for the  grea ter  t he  amoun t  of g round  adu la r ia  in a given 
amoun t  of  water ,  the  higher  the  p i t  achieved at  a given excess po tass ium ion 

O 0  

- 0 . ~  

(3 

- 1 5  

- 2 . 0  

\ 

\ 

7 0  7.5 8 .0  

x = 0 . I I  w t  % 
0 = l . O  w t  ~ 

A =  2 . 5  w t  % ~ 

8.5 9.0 9 .5  
pH 

FIGIJI~E 7.--Observed titration curves for various wt.-percent suspensions of 
mica ; pH values corrected go 25~ 

concentrat ion.  This re la t ion  corroborates  T a m m ' s  (1930) work  on mierocline 
suspensions (Fig. 3), which shows increasing amounts  of  K + -t- N a  + released 
to  solut ion wi th  increasing pH,  and  our own results  on the  equi l ibr ium p i t  
of var ious  weight -percent  suspensions of adula r ia  in pure  wa te r  (Fig. 4). 
Because K + is re leased to  solution, t he  exchange can no t  s imply  be adsorp t ion  
of  H + on the  fe ldspar  surface;  H + mus t  p r o x y  for K + and  release i t  to  
solution. 
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p H  

A 

TABLE 3 . - - "  T1T~AirION " oF ]V~IcA SUSPENSIONS WITIt KC1 

Temp.  
(~ p H  25~ * m K C  l YKC1 log aK+ Remarks  

0.11 Wt.-percent  Suspension of -- 200-mesh Material (0.23 g/200 ml) 

9.30 26.8 9.33 . . . .  
8.95 26.8 8.98 0.0053 0,929 - -2 .31 
8.50 33 .0  8.63 0.0105 0.900 - -2 .02  
8.34 33.8 8.48 0.021 0,868 - -1 .74  
8.21 34 .0  8.35 0.042 0.829 - -1 .46  
8.05 34.8 8.21 0.083 0.782 - -1 .19  
7.99 35.0  8.15 0.125 0.750 - -1 .03  
7.88 34.0  8.02 0.163 0.730 - -0 .92  
7.81 33.8  7.95 0.202 0.715 - -0 .84  
7.73 33.5 7.87 0.297 0.687 - -0 .69  
7.69 33.8 7.83 0,389 0.663 - -0 .59  
7.63 34.5 7.78 0.561 0,632 - -0 .45  
7.59 34.1 7.74 0.721 0.612 - -0 .36  
7.53 33.8  7.67 1.01 0.586 - -0 .23  

B1 1 .OWt. -percen t  Suspension o f - - 2 0 0 - m e s h  

9.80 24.5 9.79 - -  - -  - -  
9.23 24.5 9.22 0.0053 0.929 - -2 .31 
9.03 25.3 9.04 0.0105 0.900 - -2 .02  
8.86 25.8 8.87 0.021 0.868 - -1 .74  
8.64 26.2 8,66 0.041 0,829 - -1 .46  
8.42 26.7 8.45 0.083 0.782 - -1 .19  
8.29 31.0 8.39 0.125 0.750 - -1 .03  
8.20 31.0  8.30 0.163 0.730 - -0 .92  
8.14 31.5 8.24 0.202 0.715 - -0 .84  
8.02 32.0 8.13 0.297 0.687 - -0 .69  
7.94 32.0 8.05 0.389 0.663 - -0 .59  
7.80 32.0 7.91 0.561 0.632 - -0 .45  
7.72 31.5 7.83 0.721 0.612 - -0 .36  
7.62 30.9 7.71 1.01 0.586 - -0 .23  
7.41 29.0  7.47 2.00 0.55 + 0 . 0 4  

]32 1.0 Wt.-percent  Suspension of -- 

9.78 23.5 9.76 - -  - -  
9,31 24.0  9.29 0.0053 0.929 
9.10 24.2 9.08 0.0105 0.900 
8.92 24.5 8.91 0.021 0.868 
8.70 24.8 8.69 0. 041 0. 829 
8.48 27.0 8.48 0.083 0.782 
8.38 28.0 8.43 0.125 0.750 
8.26 29.0 8.31 0.163 0.730 
8.20 29.0 8.26 0.202 0.715 
8.08 29.5 8.15 0.297 0.687 
7.99 29.5 8.06 0.398 0.663 
7.86 29.5 7.93 0.561 0.632 
7.78 29.5 7.85 0.721 0.612 
7.67 29.5 7.74 1.01 0. 586 
7.46 29.0 7.48 2.00 0.55 

Highest  p H  reached. 

Pronounced drift  on m a n y  
readings, p robab ly  be- 
cause of small  a m o u n t  
mica  used. 

Drift  e r r a t i c - -mean  p H  
values used. 

Material (2 g/2O0 ml) 

Highest  p H  reached. 

Highest  p H  read is mo- 
m e n t a r y  v a l u e  ; h a s  
rapid  downward drift. 
p H  values after  addi- 
t ion excess KC1 s teady 
for t imes up  to 2 hours.  

200-mesh Material (2 g/2O0 ml) 

- -  Highest  p i t  reached. 
- -2 .31 
- -2 .02  
- -1 .74  
- -1 .46  
- -1 .19  
- -1 .03  
--0-92 
- -0 .84  
- -0 .69  
- -0 .59  
- -0 .45  
- -0 .36  
- -0 .23  
-50.04 
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TABLE 3--co~t. 

C 2.5 Wt.-percent Suspension of --200-mesh Material (2.5 g/100 ml) 
8.77 31.8 8.88 0.0105 0.900 --2.02 
8.67 31.8 8.78 0.021 0.868 --1.74 
8.57 31.8 8.68 0.031 0.850 --1.59 
8.50 31.8 8.61 0.041 0.829 --1.46 
8.35 31.7 8.46 0.083 0.782 -- i .  I9 
8.24 31.7 8.35 0.125 0.750 --1.03 
8.24 31.7 8.35 0.125 0.750 --1.03 . . . .  Added mica to m~ke 3.7~o 

suspension. 
D Various Wt.-percent Suspensions. 

Mica was supended in KC1 solutions of various concentrations. 
When mica was originally in excess of 1 wt. percent, addition of more mien---up .to 

several wt. percent--did not change the ptL 
* Temp. coefficient used to correct pI-I values to 25~ = -- 0. 016 pH/~ on all runs. 

The simplest mechanism of react ion would be of the type  : 

Kor  -~- H20 --~ I-tor ~- OH-  -~- K + 

(where Kor  = potassium orthoclase ; Her  = hydrogen orthoclase) 
or 

Kor  -~ H + = Her  -~ K + (4) 

in  .which one K + and  one O H -  would be released for each H + used up. 
Tamm's  data  (Fig. 3) show tha t  this cannot  be the  only react ion at high pH,  
for K + (K + ~- Na +) is not  equivalent  to OH-  ; ins tead the ratio of K + to 
O H -  increases rapidly at  high p H  values. 

From another  point  of view, T a m m ' s  data  show tha t  the cations released 
a t  high p H  are considerably in  excess of OH-,  so that ,  to ma in t a in  electrical 
neu t ra l i ty  in  the  suspension, the cations in  excess of O H -  mus t  be balanced 
by  some other negat ively charged ion or surface. For  example, at  pH 10.68, 
O H -  is 10 -a.s2, whereas total  cations are 10 -2' e3, showing tha t  less t h a n  one- 
t en th  of the released K + and  Na + are balanced by  OH- .  The best interpre-  
t a t ion  of Tamm's  da ta  (heavy dashed line on Fig. 3) suggests tha t  below 
p H  I0, O H -  ~ (K + ~- Na+), indicat ing tha t  the dominan t  reaction may  be 
of the simple type  suggested (equation 4), whereas above p H  10 another  
reaction comes into ascendancy. The dot ted line on Fig. 3 shows the relat ion 
expected between (K + + Na +) and  O H -  if the only react ion occurring is 
t ha t  of equat ion (4). The lower O H -  values actual ly observed (heavy dashed 
line) suggest some type  o f "  back r eac t i on"  tha t  uses up OH-,  or the presence 
of a negatively charged surface or negatively charged ion in  solution. 

Thus, the reactions involved can be considered to be simple cation sub- 
s t i tu t ion  releasing K + and  forming a hydrogen orthoelase (Her), followed by  
a dissociation a t  pH > 10 to give a negative ion or surface, 

Because most of our work was done below pH 10, we decided, as a first 
approximation,  to aItalyze the reaction as if  it  were : 

Nor  -~ H + = Her  -~ K +. 

I I  + and  K+ are species dissolved in  the suspending water, bu t  a question 
6 
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arises concerning the nature of ls and Her. Should they be treated as 
solids or as exchange substrates (essentially as solvents)? Clearly both Her 
and If or cannot be bulk solids, for their concentration (activity) would 
remabl constant during the reaction and the equilibrium constant would be 
of the form : 

lc - -  ~q<+ (5) 
0~+ 

Such a cons tant  would be a s t ra igh t  line on a p lo t  of log aK+ agains t  pH ,  
as shown b y  line no. I in Fig.  8.  Fur the rmore ,  i f  equi l ibr ium were a t t a ined  
with solid Nor  and t Ior ,  the  pos i t ion  of  the  l ine would be fixed a t  cons tan t  
t empera tu re  and pressure and  would not  shif t  wi th  changing amount s  of 
suspended solid. 

Theretbre,  the  ac t iv i ty  of l ( o r  or Hor  or bo th  is changing. Our first guess 
was t h a t  t he  ground feldspar was behaving  l ike a clay suspension;  t h a t  is 
to say that placing the feldspar in water permitted H + to substitute for 
l( + on the surface, and that back-titration with K + replaced the H + ions 
in such a way as to maintain a ratio of H+-saturated surface to K+-saturated 
surface essentially proportional to the ratio of all+ in solution to aK+ in solu- 
tion. This is tantamount to saying that both Kor and Hor concentrations 
wry with changing H + and I4+ in solution. The expression for an exchange 
of this type would be written : 

ax+ [Her] 
a~+ [Kor] -- k (6) 

I n  Fig.  8 line no. 3 shows the  curve to be expected  from such behavior.  
The l ine is d rawn on the  assumpt ion  t h a t  the  concentra t ion  of  I-Ior is equal  
to the  [OH-]  in the  solution, and  t h a t  the  concentra t ion  of  }(or is equal  to 
t he  [OI t - ]  of  original hydrolys is  minus  the  [OH-]  a t  a n y  given po in t  on 
the  excess K+ t i t r a t ion  curve. Thus i t  is assumed tha t  each K + displaced 
from the  surface b y  react ion wi th  wa te r  yields one OH- ,  and  t h a t  as IK -I 
is res tored  OI-I- d isappears  ti 'om solution. We have des ignated the  [OH-]  
resul t ing f rom original hydrolys is  as Nor  ~ for we regard  i t  as a measure  
of the  original react ive  surface of  the  fe ldspar  under  condit ions where one 
K + and  one O H -  are released for each H + bound.  Our d a t a  do not  fall  on 
such. a curve, bu t  lie between i t  and  the  s t ra igh t  l ine expected  if  both  K o r  
and Hor  are solids of fixed composit ion.  

The observed t i t r a t ion  curve, a t  high added  KC1, has ve ry  nea r ly  a - -45  ~ 
slope ; thus  there  is l i t t le  change in the  ra t io  of  [Nor] to  [Hor] in t h a t  par t .  

A lack  of change of [Kor] is unders tandable ,  inasmuch as the  K + surface 
would be expec ted  to  be a lmost  comple te ly  res tored  b y  add i t ion  of  KCI, b u t  
t-I+ appears  in solut ion with  increasing tfC1, so t h a t  [Itor] mus t  decrease i f  
i t  is behav ing  as an exchange subs t ra te .  The s imples t  exp lana t ion  seems to 
be to  assume tha t  [I tor]  is cons tan t  th roughou t  the  t i t ra t ion .  I f  so, the  
exchange cons tant  reduces to  : 

aK+ -- k (7) 
a~+ [Kor] 
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FICUR~ 8, - -Compar ison of theoretical and exporiment~l vulues for the equa t ion :  
[l<~or + H +, a s suming  (1) Both  K o r  and  Hor  a r e  solids of cons tan t  a,ctivity, 

k = [K+]" 
[H+]' 

(2) that ~LIor only is a solid of constant activity, 

k -~ [K+] 
[H+] [Kor] ; 

and (3) t ha t  neither Kor  nor  Hor  is a solid of constant  activity,  

k - -  [K+] [Kor] 
[K:"] [Kor]" 
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Curve no. 2 on Fig. 8 has been calculated on this assumption. In  making 
calculations it is assumed as before that  []{or ~ is equal to the aoR- resulting 
from original hydrolysis, and that  [Kor] is equal to [Kor ~ -- ao~- at any 
given point on the KC1 titration curve. 

The experimental data are fitted by the calculated curves within the limit 
of error. 

In Fig. 9, the relation between the experimental results for the three 
suspensions studied, and curves calculated on the basis of the reaction 
constant from equation (7) are shown. The fit is reasonably good. ]Deviation 
from the calculated curves is chiefly at high pHI, where the calculated curve 
for the 6 wt.-percent suspension lies to the right of the observed points at 
low KCI concentrations. This indicates that substitution of acE- resulting 
from hydrolysis for [Kor ~ is too small. This relation is consistent with 
Tamm's observation (Fig. 3) that released bases exceed aoH- at pH values 
above 10. 

The closeness of the fit is also somewhat unexpected because the con- 

centration of Kor was used. In exchange constants, which contain a ratio of 

( concentrations i.e. [Hor]] '  it is commonly assumed that the ratio of the 

concentrations is nearly equal to the ratio of the activities, because the 
activity eoetIieients are for similar species and have comparable (if unknown) 
vMues. Thus : 

aKor __ 7~or[ K~ 
agor 7~or[Hor] 

~/Hor 

aKor 
aHor 

but : 

SO : 
T~or 

,,~ [Kor] 
-- [Her] 

Presumably the reasonable fit indicates that  the activity coefficient of 
Kor does not change markedly with change of ionic strength of the solution. 

In  summary, the hydrolysis-titration data are fitted fairly well if it is 
assumed that  the major reaction is substitution of H+ for K + at the feldspar 
surface, releasing one OH- from water for every K+ released (at pH values 

10). The H-feldspar behaves like a crystalline solid to the extent that  it 
appears to maintain constant concentration, whereas the K-feldspar behaves 
like a typical exchange substrate with a concentration ranging from nearly 
zero to a value approximately proportional to the amount of surface intro- 
duced. In  a formal sense the reaction can be written as if Kor were a dis- 
solved molecular species, Her a solid of fixed composition, and H + and K ~ 
dissolved ions. 

This essentially empirical curve-fitting is in accord with the physical 
picture of the reaction process drawn by Nash and Marshall (1956a, 1956b). 
They deduce a surface zone of disruption as a result of hydrogen ion a t t a ck  
on feldspar, with a gradation downward into a little-changed feldspar frame- 
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work into which hydrogen ions have diffused. Correns and Yon Engelhardt 
(1938) have a similar concept and show that the rate of thickening of the 
acid reaction fihn corresponds to that of a solid state diffusion process. In our 
short-term experiments we visualize that a feldspar grain in water develops 
a broken-up surface layer that grades downward into a zone where H + ions 
occupy K + positions, protecting the interior of the grain from further attack, 
and presenting a thin layer of " crystalline " Her to the external solution. 

-2 

4-.~ 

o ~ 

- 5  

- 4  

[ . . . . . . . .  7 

%~ 

'NNdR - -  - - - -  - -  O - - - -  -1 -ONO o ~ 0  ~ O ~'%~ 

0 

8 pH 9 ~0 

FIGUI~E 9. -Comparison of titrations of 0.25 wt.-pereent, 1.0 wt.-poreent, and 6 wt.- 
p e r c e n t  feldspar suspensions.  Circles are expcrim.ental,  l ines are calculated from the 
equation,  

a K +  _ ] 0i~,3. 
a t t +  [ K o r ]  
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Eventually the disrupted zone loses silica and alumina to the solution but 
still leaves an alu_minous silicious residue (Correns and Von Engelhardt, 
1938), so that  the time necessary for equilibrium to be attained between bu.]k 
crystalline Kor and solution may be long even in terms of geologic periods. 

B. Mica 

In  distinction to adularia, the reaction of mica with water reaches an 
equilibrium pH at tow wt.-percent suspensions (Fig. 6). Furthermore, 
insofar as we can determine, the slope of the pI-I-log wt.-percent line 
is 45 degrees in the region preceding equilibrium, indicating that the major 
reaction involved is straightforward H+-K + substitution. All the titrations 
carried out with lwt.-percent or higher suspensions gave essentially the 
same curve, and additions of mica to suspensions containing various eon- 
ten, rations of added KC1 caused no pH change. Presumably, then, the 
reaction taking place is : 

K-mica -t- H + = H-mica d- K+ 

At suspensions of 1 wt. percent and above, the reaction, as measured 
by the ptI,  is independent of the amount of mica present. I f  so, the titration 
euiqzes, as shown on Fig. 7, should be sSraight Hues with slopes of --45 
degrees. This is true at high values of added KC1, but there is significant 
deviation from linearity at low added KC1. Furthermore, a considerable 
spread of pH values was obtained at low added XC1 for various suspensions, 
so that  there may be hydrogen ions held in a variety of sites on the mica 
plate surfaces and edges. For example, if the hydrolysis p i t  is obtained by 
successive small additions of mica to water, the curve shown in Fig. 6 is 
obtained. On the other hand, if a large amount of mica is added to pure 
water, the original pl t  may rise to t0 or even slightly higher. Then a pro- 
nounced downward drift takes place, with pH eventually settling in the 
vicinity of 9.3 (the maximum achieved by the other method). This lowering 
of pH can be achieved quickly by addition of a very small concentration of 
KCI(0.0005]~{). At the moment, we attribute this original high pH to weak 
H + adsorption on the edges of the minute mica flakes ; with release of X d 
f}om the mica itself, or by addition of a small amount of XC1, these hydrogens 
are discharged, and the resulting pH (9.3) represents H+-K + exchange 
chiefly on the plate surfaces. 

Because the mica reaction is independent of the amount of mica present, 
we assumed that the equilibrium constant for the reaction is : 

(H-mica) (K +) (K+) 
(K-mic~} (H$i --~ iHe) =/Cmica 

From the high KCi portion of the titration curves of Fig. 7 a value for 
}c of 10 +7~-~~ is obtained. 

We can not explain the deviation of the low KC1 part of the curve from 
a straight line. 
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C. I~ELATION OF I~YDROLYSIS TO" TI~UE EQUILIBI~IUM 

The hydrolysis reactions studied can be thought of as a first step in the 
change of ]~-feldspar to K-mica, and of K-mica to kaolinite. Their chief 
value is to show the remarkable avidity of hydrogen ion for the AI-Si-O 
framework of K-feldspar and K-mica. The low concentration of H + in pure 
water at room temperature is sufficient for rapid release of K + from these 
minerals. In mica, this attack apparently ceases when the K+/H i- activity 
ratio in the suspending medium reaches a value of about 1074 It has not 
been possible to determine the limiting ratio for feldspar, presumably because 
fixation of advancing H + prevents a further attack and the grains become 

K+ 
armored, l-lowever, Tamm (1930) produced suspensions with a H:~ ratio of 

I0 s'~, and ill our most concentrated suspension (6 wt.-percent) the ratio, 
although variable with added KCI, ranged up to about I0 s's. From another 
aspect, the fddspar always behaved as if a surface (or near surface) fihn of 
solid [I-orthoclase were present, so that the reconversion of the 14-orthoclase 
back to K-orthoclase was not accomplished at any ratios of K + to H + used ; 
thus K + is highly ineffectual in competing with H +. 

These results are consistent with the absence of orthoclase as a primary 
sedimentary chemical precipitate. It could form only if K + could compete 
successfully with H + for positions in the feldspar structure, and this con- 
dition could be realized only in environments low in H + (pH I0.5~.) and high 
in K + (10-*?). Sed imen ta ry  mica,  on the  other  hand,  would no t  require  qui te  
;inch ex t reme condit ions.  

Also, the  hydrolys is  exper iments  indicate  t h a t  the  big  energy change in 
the  reac t ion  from feldspar  to  mica plus silica, and  f rom mien {o kaol ini te ,  
must  be in  the  d isp lacement  of the  cations, for the  equi l ibr ium cons tants  
:For these react ions also depend  on the  ra t io  of the  act iv i t ies  of  K + to H +. 
The hydrolys is  is so vigorous t h a t  there  is l i t t le  energy lef t  over,  so to speak,  
for s t ruc tura l  rear rangement ,  hyd ra t i on  or eject ion of  silica, i f  the  t rue  
equi l ibr ium react ions  are  to occur anywhere  near  the  condit ions we can 
deduce from weather ing relat ions,  or from ex t rapo la t ion  from higher  tem- 
pera tu re  occurrences. 

As a reasonable e s t ima te  the  equi l ibr ium cons tant  for the  reac t ion  (25~162 
1 ~tmosphere) : 

3K- fe ldspar  @ 2 H  + = K-mica  -t- 6Si0~ d- 21s 

lc = a-~-2 a~+ 
is approx ima te ly  1019 (pH 10.5, aju- ~ i0-1), whereas t h a t  for the  react ion : 

2 K - m i c a  ~- 2 H  + -5 3I-I~0 = 3 kaol in  ~- 2 K  + 
e 

a~+ 

is approx ima te ly  101~ (pH = 9.5, a1(+ = i0-2). 
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These  e q u i l i b r i u m  cons t an t s  wou ld  g ive  s t a n d a r d  free energies  for  t h e  
reac t ions  o f  a p p r o x i m a t e l y  - - 2 6  kca l  and  - - 2 0  kca l  r e spec t ive ly .  I t  is 
n o t a b l e  t h a t  t hese  rough  va lues  a re  n o t  p a r t i c u l a r l y  sens i t ive  to  t h e  specific 
condi t ions  chosen.  

The  t e m p e r a t u r e  coefficients of  these  reac t ions  m u s t  be  v e r y  s teep,  for  
adu la r i a  f o rms  in  mi ld ly  a lka l ine  h o t  spr ings  ( p H  = 8.5, aK+ : 10-a), a n d  
mica  is s t ab le  in  s t rong  ac id  (pH --~ l )  a t  350~ (Gruner ,  1944). This  sugges ts  
t h a t  t h e  o t h e r  ca t ions  b e c o m e  b e t t e r  c o m p e t i t o r s  w i t h  I-I+ a t  e l e v a t e d  
t e m p e r a t u r e s  a n d  pressures  so t h a t  a t  a g iven  pFI  t h e  kao l in i t es  g ive  w a y  
to  t h e  micas ,  a n d  t h e  mica  in t u r n  to  t h r e e - d i m e n s i o n a l  sil icates,  as t e m p e r a -  
t u re  a n d  pressure  increase.  

T h e  s a m e  t r e n d  was  found  in  t h e  hyd ro lys i s  reac t ions ,  wh ich  m o v e d  to  
lower  p H  a t  c o n s t a n t  aK+ w i t h  inc reas ing  t e m p e r a t u r e .  H o w e v e r ,  t h e  s lope 
( - -0 .016  p H  un i t s  pe r  ~ is p r o b a b l y  f l a t t e r  t h a n  t h a t  for  e q u i l i b r i u m  b e t w e e n  
t h e  b u l k  minera ls .  
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