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Arsrnacr

fn an attempt to effect considerable decomposition and to produce one of the clay
minerals, samples of microcline, albite, and kunzite were reduced to particles less than 0.1
micron in diameter by grinding them for 394 hours and more under water in an agate
mortar and pestle. The suspensions produced were electrodialyzed in the mortar, and it
was found that all of the constituents of these minerals diffused through the membrane of
the dialyzer. This was interpreted as evidence that silica and alumina, as well as the alkalis,
were present in solution as ions, indicating that clay minerals may probably form, at least
in part, by ionic reactions rather than by colloidal reactions. Over 50 per cent of the alkalis
were removed from the feldspars by dialysis; the kunzite lost 44 per cent of its lithia. The
decomposed minerals were hydrated. About 50 per cent of the water could not be expelled
at 100'C., and some of it stil remained at 500'C. Dehydration data suggested that the
water was merely adsorbed on the mineral particles. X-ray photographs showed that sub-
stantial amounts of the minerals were undecomposed and that no detectable new mineral
had been formed. After treatment of the decomposed materials in water in a bomb at
300'C., r-ray evidence for the formation of quartz and perhaps of kaolinite was found
The particles of the original minerals may also have increased in size during the hydro-
thermal treatment.

INrnolucrrox

Since several investigators in geology and in soil science have demon-
strated that feldspars can be partially decomposed in the laboratory by
cold water, this investigation was undertaken for the purpose of deter-
mining the amount of decomposition which could be effected by prolonged
grinding of feldspars in water. Another purpose was to determine by the
powder method oI $-ray analysis if one of the clay minerals could be pro-
duced, either by this method at temperatures normally found in weather-
ing, or by treatment of the material after grinding with water at ele-
vated temperatures.

The counsel of Professor John W. Gruner in connection with the exe-
cution of the experimental work and with the preparation of this paper is
gratefully acknowledged. The writer is also indebted to Dr. R. B. Elle-
stad for assistance with the analytical work and for helpful suggestions.

This study was made possible by the aid of the Graduate School of the
University of Minnesota. The work was completed in December 1937,
but due to unforeseen circumstances, it could not be published unti l now.

Wonr oF OrHER INvnsrrcerons

As early as 1848, W. B. and R. E. Rogersr found that f inely powdered

1 Rogers, W. 8., and R. E., Decomposition and partial solution of minerals: Am. f our.
Sci.,2d ser., 5, 401-405 (1848).
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DECOMPOSITION OF FELDSPARS AND SPODUMENE

feldspars gave an alkaline reaction when moistened with water. Similar
experiments on the alkalinity of feldspars were conducted by Kenngott,2
Clarke,s Tamm,4 and Stevens.b Stevens showed that feldspars, spodu-
mene, and numerous other silicates released enough bases when ground
in carbon dioxide-free water to give a basic pH. Tamm also demonstrated
that finely pulverized feldspars have a basic pH in water and that they
adsorb water, a portion of which can not be eliminated by heating at
110'C. More recently, the work of Correns and v. Engelhardt6 has indi-
cated that all components of a feldspar go into true ionic solution. After
treatment of adularia in water and in weak acid solutions, they found
that even silica and alumina diffused through the membrane of an ultra-
filtration apparatus.

Except for the experiments of Collins,T in which hydrofluoric acid was
used, the production of clay minerals by the alteration of feldspars in
cold solutions has not been reported in the literature. At elevated tem-
peratures, however, some of the clay minerals have been formed in the
laboratory by two methods. First, Badger and Ally,8 Schwarz and Tra-
geser,e,10 and Nortonlr'12 have altered feldspars with hot carbonated wa-
ter and weak acid solutions; and secondly, Noll,tr'u'r5 Bwell and Insley,16

2 Kenngott, A., Uber die alkalische Reaction einiger Minerale: Neues fahrb.,778-779
(1867).

3 Clarke, F. W., Alkaline reaction of some natural silicates: (/. S. Geol'. Sunny, Btill,.

167, 156 (1900).
a Tamm, O., Experirnentelle Studien iiber die Verwitterung und Tonbildung von

Feldspaten: Chemie der Erde,4,420+30 (1930).
6 Stevens, R. E., Studies of the alkalinity of some silicate minerals: [/. S. Geol'. Suney,

Prof. Paper f85-A, 1-13 (1934).
6 Correns, Carl W., and v. Engelhardt, Wolf, Neue Untersuchungen iiber die Verwit-

terung des Kalifeldspats: Chetni.e iler Erde, 12, l-22 (1938).
7Col l ins,J.  I l . ,Onthenatureandor ig inof  c lays:  Min.Mag.,71205-214(1886).
8 Badger, A. E., and AlIy, A., Note on the formation of kaolin minerals from feldspars:

J our. Geol,o gy, 40, 7 45-7 47 (1932).
s Schwarz, R., and Trageser, G., Uber die kunstliche Umwandlung von Feldspat in

Kaolin: Zei,tr. anorg. Chernie,2f5, 190-200 (1933).
10 -, Kunstliche Umwandlung von Feldspaten in Pyrophyllit: Nahnwiss.,23r5l2

(1935).
11 Norton, F. H., Accelerated weathering of feldspars: Arn. Mi'neral.,22, l-L4 (1937).
12 -, Hydrothermal formation of clay minerals in the laboratory: Arn. Mineral.,

24, t-17 (1939).
13 NoIl, W., Hydrothermale Synthese des Kaolins: Min. pet. Mitt.,45' 175-190 (1934).
L4 -, Mineralbildung im System AlzOa-SiOz-HzO: Neues fahrb.,7O, 65-115

(1e3s).
16 -, Uber die Bildungsbedingungen von Kaolin, Montmorillonit, Sericit, Pyro-

phyllit, und Analcim: Min. pet. Mitt.,48,210-247 (1936).
ro Ewell, R. H., and Insley, H., Hydrothermal synthesis of kaolinite, dickite, beidellite,

and nontronite: Jour. Research tl. S. Bur. Stondarils, f5, 173-186 (1935).
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812 LEE C. ARMSTRONG

and Gruner,l7 using co-precipitated silica-alumina gels and mixtures of
silica and alumina in various solutions, have synthesized kaolinite and
other hydrous compounds of sil ica and alumina.

ExpBnrupNr,cr Wonx
Apparatus Employed

A machine, consisting essentially of a mechanically rotated agate mor-
tar and pestle, was used for grinding the minerals in distilled water. It
was belted to a motor-driven reduction gear in such manner that the pes-
tle revolved about 80 r.p.m. in a clockwise direction while the mortar
turned one r.p.m. in the opposite direction

As the grinding produced suspensions too fine-grained to filter by or-
dinary methods, an electrodialyzer was used for this process. To eliminate
repeated transferences of suspensions from one container to another and
to permit the pestle to act as a stirrer, the dialyzer was attached to the
grinding machine and designed so that the mortar with its suspension
served as the anode compartment. The cathode compartment, consisting
of a pyrex glass tube sealed ofi at one end by a cellophane membrane dip-
ping into the suspension, was continually rinsed by small amounts of dis-
tilled water. The electrodes were of platinum. They were connected to a
source oI 220 volts D.C., and the distance between them was varied to
prevent heating of the solutions. Grinding and dialysis were continued
until a tiny drop of phenolphthalein introduced into the cathode liquid
indicated that bases were no longer being removed from the suspension.

Dehydration of samples of air-dried mineral residues, remaining in the
mortar after grinding and dialysis, was carried out in a vacuum appara-
tus designed very similar to the "tensi-eudiometer" described and suc-
cessfully used by Calsowl8 in the identification of kaolinite by the shape
of its dehydration curve. The portion of the apparatus containing the
sample was heated in a small electric furnace maintained to within 3'C.
of the desired temperature by a Leed-Northrup thermostatic control.

Small samples of the air-dried residues were treated hydrothermally in
a gold-lined, steel bomb with a capacity of 50 cc. The bomb charge con-
sisted only of 20 cc. of distilled water and a half gram of residue; it was
maintained at 300oC. in a thermostatically controlled electric furnace.

X-ray powder photographs of the minerals used in the experiments,
the residues, and of the hydrothermally treated residues were obtained.
AII exposures were made in a circular camera with a radius of 57.3 mm.
using unfiltered Fe radiation.

17 Gruner, J. W., Formation and stability of muscovite in acid solution at elevated
termperatures : Am. Miner al., 24, 52+528 (1939).

18 Calsow, G., Uber das Verhaltnis zwischen Kaolinen und Tonen: Chemi.e der Erde,2,
415-44t (1926').
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Mi.nerols Llsed

Two feldspars, microcline and albite, were used in the experiments, and
kunzite, a variety of spodumene, was also employed. The compositions of
the fresh minerals and of the residues left in the agate mortar after grind-
ing and dialysis are given in Table 1. AII analyses were made in the Rock
Analysis Laboratory, Department of Geology, University of Minnesota.
The methods used were essentially the same as those set forth by Hille-
brand and Lundell.le Lithium was determined bv the orocedure described
by Wells and Stevens.2o

Telr,n 1. ANelvsas ol MrNln,rls Usnl exn ol Rnsrouos
(L. C. Armstrong, analyst)

Microcline Albite Kunzile

SiOi
AlzOr
CaO
NazO
KzO
LrzO
Ignition

Fresh 
i 

Residue

%
65 .46
19.12
niI

.t .)l

1 1 . 9 3
n.d.
0 .  1 8

Fresh

%
66.01
21 .40

r . 7 4
r0.27

.56
n.d.

. 2 7

Residue

%
69.98
1 1  . 8 7

2 . 7 3
, L J

n.d
t + .76

Fresh

7o
64.20
28.O2
nil

. 1 8

.05
7 .62

. U J

Residue

o7
/o

61 .05
19.37
nil

.04

.04
2 . 9 2

t6.52

%
/ + , J . 1

8  . 5 3
niI

.6+
2 . 2 6
n d .

t 4 . 2 0

Total 99.98 100 25 99.94 99.9+

M.icrocl,ine: Locality unknown. Grayish white cleavage fragments. Albite present in
perthitic intergrowth; calculation of the norm indicates a composition of 70.6 per cent
orthoclase and 29.4 per cent albite.

Albite: Locality unknown. Grayish white moonstone cleavage fragments; calculation
of the norm indicates a composition of 86 8 per cent albite, 8.6 per cent anorthite, and 3.1
per cent orthoclase.

Kunzite: From San Diego County, California. 
'Iransparent 

lilac-tinted cleavage frag-
ments.

Decomposition and Hydration Efects

The data relative to grinding and to the amount of material which dif-
fused through the cellophane membrane to the cathode are listed in Table
2. As described in the foregoing, the cathode compartment of the electro-
dialyzer was continually rinsed by small amounts of distilled water. These
cathode solutions, which were clear and free from sediment, were evapo-

1e Hillebrand, W. F , and Lundell, G. 8., Applied Inorganic Analysis, John Wiley and
Sons, New York, 1929.

20 Wells, R. C., and Stevens, R. E., Determination of the common and rare alkalis in
mineral analysis: Ind.. and Eng. Chem ,6, 440 (1934).
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rated to dryness in platinum dishes, and the residues were analyzed to
determine the number of milligrams of each substance removed in solu-
tion. From these weights, the m.e. (milliequivalents-equivalent weights
in milligrams) have been calculated to show the relative number of ions of
bases removed from each of the three minerals.

Taele 2. Dara or Gnr.uurrc aNo EL.ectnoorelysls

Microcl ine ALbite

876
2000

Kunzite

Wt. of sample (gms )
Time ground (hrs.)

Volume of cathode solution (cc.)

3
921

2000

4
394

1500

Auounr ol Mernnral rn rna Clrnoon' Sor.urroN

From
Mi.crocline

Front
AIbi,E

Frotn
Kunzite

,ngtns. m..e. n .e.

. 5 5
SiOz
AI
Ca
Na
K
Li

ro .4t
6 . 4
nil

49 .6
1 5 6 .  1
n.d.

7 3  . 5
J .  '

2 t . 7
t60.2

9 . 6
n.d.

. + l
1 . 0 8
6.96

')L

2 4 . 8
5 . 0
nil
n.d.
n.d.

5 9 . 0 8 .  5 0

8 .69Total 228.5 268.7 8 8  . 8 9 . 0 5

Calculated on the basis of a four-gram sample, the m.e. of bases re-
moved in solution from the microcline would be 9.13 instead of 6.85 as
given in Table 2. It is interesting to note that this figure agrees closely
rvith the m.e. of bases removed from four gram samples of albite and kun-
zite, indicating that each gram oi the three minerals lost about the same
number of positively charged ions during the artificial v/eathering proc-
ess. Ifowever, these data are not strictly comparable. The kunzite was
not ground as long as the feldspars, and r-ray investigations showed that
it was probably the coarsest grained of the three minerals.

As in natural weathering, alumina and silica were the most difficultly
soluble. The albite lost considerably more silica than did the other two
minerals. This was verified by grinding additional samples of albite and
microcline and dialyzing with the current reversed, so that the mineral
suspension was in the cathode compartment and the anode was in dis-
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tilled water. After grinding each sample for 100 hours, the anode solution
from albite contained over 50 per cent more silica than that from micro-
cline. Only small traces of alkalis were found in the anode solutions, which
excludes the possibility that silica diffused through the membrane as al-
kali silicate molecules. In an identical experiment conducted with two
grams of transparent colorless qtartz, the anode solution contained 6.6
milligrams of silica. It seems very probable that some of the silica from
the finely ground feldspars and quartz was hydroly zed to silicic acid and
migrated to the anode as negatively charged silicate ions. The presence of
silica in the cathode diffusates (Table 2) is more difficult to explain; it
may have entered the cathode compartment of the dialyzer as alkali sili-
cate molecules. The bases (Na, K, Ca, Li, and Al) undoubtedly difiused
to the cathode as positively charged ions. These data, then, support the
observation of Correns and v. Engelhardt2l that all components of a feld-
spar go into true ionic solution. This, as they point out, throws new light
on the weathering of silicates and the formation of hydrous silicates. It
is probable that clay minerals may form, at least in part, by ionic reac-
tions rather than by colloidal reactions as it has been generally be-
lieved.

The analyses oi the minerals used and those of their respective residues
remaining in the mortar after grinding and dialysis are compared in Ta-
ble 1. The analyses have been recalculated to total 100 per cent in Table
3, and the losses and gains in each constituent have been computed on the
assumption of no change,in the alumina content. Actually, some alumina
was lost by each mineral (see Table 2), but these losses were so small that
they do not seriously affect the accuracy of the calculated changes.

Due to wear of the agate mortar and pestle, large amounts of silica
were introduced. The microcline, for example, gained 101 per cent of
silica by weight from the mortar and pestle. It also gained 31 per cent of
water by weight. Since the albite and kunzite did not gain as much silica
or as much water as the microcline (Table 3, column D), it seems prob-
able that a part of the water held by the residues may be due to hydra-
tion of the silica added from the mortar and pestle.

The microcline lost 59 per cent of its soda and 57 per cent of its potash
(Table 3, column F). A greater percentage of soda than of potash was
also dissolved from the albite, and the percentage of lime dissolved was
larger still. Therefore, if it is assumed that a major portion of the silica
removed by dialysis came from the minerals rather than from the agate
worn from the mortar and pestle, the rate of solution of the components
of the feldspars may be given as follows: CaO)NarO>K2O>SiO,

?1 Correns and v. Engelhatdt, op. cit.
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T,rsm 3. Car-cur-lrroN ol Lossas exn GtNs

Microcline

Sio:
AlzOs
NarO
KzO
HrO

%
65 .33
19.08
3 5 0

1r .91
. 1 8

/o

74 37
8  . 5 3

.64
2 . 2 6

14.20

%
166 .35
19.08
t . 4 3
5 . U O

. t r .  / o

%
+101 .02

+31.s8

o/^

- 2 . 0 7
-6 .  85

F

+154.63

-59 14
- 5 7 . 2 t

large gain

Total 223 68 +132 .60

Albite

Sio:
Alro:
CaO
NazO
K:O
HrO

65 .85
2 1  . 3 5

l . t J

10.24

. 2 7

70.02
1 1 . 8 8

2 . 7 3
.23

14 .77

125.83
2 t . 3 5

. 6 7
4 . 9 1

. + l

26.54

+s9.98

+26.27

+91.09

-61 .27
- 52 .05
- 2 6 . 7 9

Iarge gain

+86.2s

- 1 . 0 6
- 5 . 3 3
-  . 1 5

- 6 . 5 4Total 100.00 100.00 179.71

Kunzite

SiOz
Alzo:
NazO
KzO
LirO
HzO

Total 100.00 +47 .43

A. Analyses of minerals used recalculated to total 100 per cent.

B. Analyses of residues recalculated to,total 100 per cent.

c. column B recalculated on the assurnption of no loss or gain of Alzoa. In the case of

microcline, for example, the oxides in column B are multipliea fru T 9^8.
8  . 53

D. Gains in parts by weight per 100 parts of the fresh mineral (C minus,4)'

E. Losses in parts by weight per 100 parts of the fresh mineral (C minus,4).

F. Losses (-) and Sains (*) of each constituent in parts by weight per 100 parts of

/ D o r E  \
the constituent in the fresh mineral | ,- X100 f .

\ "  /

) AlzOe. The kunzite was least altered; it lost only 44 pet cent of its lithia.

Carbon dioxide was not found in the residues. Therefore, the loss on

64. r2
27 .99

. 1 8

.05
/ . o r
.05

61 .09
19 .38

.04

.04
2 . 9 2

1 6 . 5 3

88.  23
27 .99

.06

.06
4 . 2 2

23 .87

+24.r r

+23 .82

_  .  L L

-3 .39

+ 3 7 . 6 0

- 6 6 . 6 7

- {+4 .  JJ

Iarge gain
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ignition has been attributed to water. In an attempt to determine if the
water was adsorbed or if some of it had become a part of the lattice of a
hydrous silicate, the residues were dehydrated at various temperatures.
Dehydration curves plotted from these data (Fig. 1) show that approxi-
mately one-half of the water could not be expelled by heating the residues
at 100'C.; some of it sti l l  remained at 500o C. The curves are quite
smooth, indicating that the water was held essentially in the same manner
at high as at low temperatures.

/.

-

I
/

-a-..a- A/btfe Restdue
---n- Kunzile nesidue

I

T
/oo 2oo 3oo 4oo 5oo &o

Tempera.turc tn Degree s Centrgrade

Frc. 1 Dehydration curve of finely ground and electrodialyzed microcline,

albite, and kunzite.

Clay minerals, such as kaolinite, have dehydration curves with inflec-
tions which show the temperature at which crystal lattice water is
liberated. Ifowever, as Kelly, et a1.22, have pointed out, these inflections
are less pronounced when the clay minerals are finely pulverized. This ef-
fect has been ascribed to adsorbed water and to the probability that lat-
tice water is more readily expelled from very tiny particles. Samples of

22 Kelly, W. P., Jenny, Hans, and Brown, S. lI., Hydration of minerals and soil col-
loids in relation to crystal structure: Soil Sci, ,41,259-27+ (L936).
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Morton kaolinite23, dehydrated before and after grinding, gave curves
(Fig. 2) which agreed closely with the work of these investigators. The
shape of the dehydration curve of the kaolinite approached that of the
residues as it was ground finer. In view of this fact, the dehydration data
are considered to be inconclusive, but it seems probable that most of the
water was merely adsorbed on the residue particles.

+ L/orton Kao/in
--+- . r ground/20/n

"  240"

I

too 200 300 400 500 600

Tetnpera lure /'n Degree s Cen ltgrade

Frc. 2. Dehydration curves of Morton kaolin.

X-nav Dara

Mineral Resi.d,ues. X-ray patterns of the microcline, albite, and kunzite
residues were essentially the same as those obtained from the fresh min-
erals, showing that no detectable new mineral had been formed. The lines
on the patterns, however, were much broader and more diffuse, and some
of the lines from weak reflections in the minerals were entirely lacking in
the residue patterns. The broadening of lines on an r-ray powder diagram

23 For description and analysis of Morton kaolinite see Grout, F. F., and Soper, E. K.,

Clays and shales of Minnesota: U. S. Geol. Suruey., Bull.67812l9 (1919).
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becomes very marked when the mineral particles are approximately 0.01
micron in diameter.2a From this efiect, it was estimated25 that the resi-
dues had a grain size ranging about between 0.1 and 0.02 micron. The
kunzite residue was the most coarse-grained; its grain size was probably
near the coarser limit of this range. Although large amounts of agate
were added to the residues from the mortar and pestle, no quartz lines
could be detected in the r-ray photographs. It was probably present in
particles less than 0.01 micron in diameter, which would be too fine-
grained to reflect the r-rays.

Bomb-treated Residues. The residues were treated in 20 cc. of distilled
water at 300"C. in a gold-lined, steel bomb with a capacity of 50 cc. The
new lines, which appeared on the *-ray photographs after this treatment,
are given in Table 4. The albite and kunzite were subjected to these con-
ditions for 7 and 8 days, respectively, and similar experiments with these
materials for 16 days yielded the same results. The line at d:3349 h ap-
peared on the microcline residue pattern after hydrothermal treatment
for 7 days, but the other two lines did not appear until the residue had
been maintained at 300' C. for 18 days. Some of the lines which were
missing on the photographs of the residues reappeared after the hydro-
thermal treatment, and all lines were less diffuse, suggesting that there
may have been a small increase in the size of the particles of the original
minerals.

Terr,n 4. INrnnu,exm Drsraxcn. d. or Naw Lrlms rN rnr X-n.q.v PnorocnLpRs
or rue Rosroues AIrER Hynnorrroxlr,rr. Tnparunxr er 300"C.

Microcline Residue
(18 days)

Albite Residue
(7 days)

Kunzite Residue
(8 days)

d  1 n  A

m

d.in A 
I

4.457
3.342

4.463
3 .358
2 .555
1 .828
1 . 4 9 2

m
w

m

* I:Intensity; vw-very weak; w-weak; m-moderate.

Since the most intense line of qtrartz would occur at d:3.33 A, the line
at about that position in the patterns has been assigned to quartz,
formed from silica derived either from the minerals or from the agate

aBragg, W. H., and W.L. The Crystdline State, G. Bell and Sons Ltd., London,
188 (r933).

25 Gruner, J. W., Personal communication (1937).
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mortar. The other lines agree closely with some of the strong lines of

kaolinite. The line at d.:1.49 A is particularly characteristic of kaolin

minerals and similar layer structures. Two of the most characteristic
lines of kaolinite would be produced by reflections from the basal pina-

coid and should appear atd.:7.16 and 3.58 A. These lines were not de-

tected on the photographs. Somewhat unequal spacings of the layers may

be an explanation for the lack of strong reflections from the basal pina-

coid' 

suMr,,,qnv

Samples of microcline, albite, and kunzite were reduced to particles

less than 0.1 micron in diameter by grinding in water in an agate mortar
for 394 hours or more. The suspensions produced were electrodialyzed in

the mortar to remove bases. It was found that all of the constituents of

the minerals diffused through the membrane of the dialyzer. This was

interpreted as evidence that all of the constituents were present in solu-

tion in the ionic state, and that clay minerals may form, at least in part,

by ionic reactions.
The feldspars lost more than 50 per cent of their alkalis. The rate of so-

lution of the components of the feldspars was: CaO ) NazO ) KzO ) SiOz

) AIrOa. Silica was dissolved more readily from the albite than from the

microcline. The kunzite lost 44 per cent of its lithia and small amounts of

silica and alumina.
The decomposed minerals were considerably hydrated. About 50 per

cent of the water could not be expelled at 100oC., and a small amount of

water was still retained at 500oC. Some of the water may be attributed
to hydration of relatively large amounts of silica introduced from the

agate mortar and pestle. Dehydration curves of the decomposed minerals

were essentially smooth, suggesting that much water was probably pres-

ent as adsorbed water and not as crystal lattice water.
X-ray investigations revealed that substantial amounts of feldspars

and kunzite remained in the residues after grinding and dialysis. No evi-

dence of the formation of a new mineral could be detected in the r-ray
photographs.

After treatment of the decomposed minerals in water at 300oC., r-ray
photographs displayed a new line indicating the formation of quartz.

Other new lines suggested the formation of kaolinite or of a similar layer

structure. The feldspar and kunzite lines were more intense, suggesting
that the particles of these minerals increased in size during the hydro-
thermal treatment.




