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A b s t r a c t.

The mobility and conditions for isomorphic substitution of

alkali and interlayer water in micas have been investigated by means of infrared
spectroscopy and radioactive tracer technique. Dioctahedral and trioctahedral
micas have been treated with the following radioactive and non-radioactive
reagents: deuterium oxide, tritiated water, rubidium 86, potassium 42, l molar
solutions of LiCl and RbCl in tritiated water.
Diffusion experiments prove that a great part (the greater part?) of diffusion
follows cracks and defects in the mineral lattices, prohibiting accurate deter
mination of diffusion constants and diffusion anisotropi.
The influence of broken bonds along edges and defects upon the fixation
of adsorbed ions is proved by autoradiographs. The substitution of alkali ions
in the interlayer position by neutral water molecules in case of hydrous micas
is made probable. The charge balance in this case may either be caused by a
proton or a Li ion entering into the vacant position of the octahedral layer in
the dioctahedral micas. By trioctahedral micas the hydrous varieties seem to
represent mixed layer systems between ideal alkali mica (phlogopite)

and

vermiculite.

Introduction

The present paper presents results of various exchange experiments
on micas, carried out at the Geological Institute, Oslo University. In
a paper presented at the 11th Clay Mineral Conference, Ottawa 1962,
some results of the investigations on hydrous micas have already been
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presented. Other preliminary results of alkali exchange have been
published (1963) .
The refined studies by E. W. RADOSLOVICH (1960 and 1962 ) on
the structure of mica minerals have proved that the discrepancies
from the "ideal" mica structure (e.g. The Muscovite Structure by
W. W. JACKSON and J. WEST (1930 and 1933)) are considerable. Thus
the oxygen network has a marked ditrigonal symmetry. The following
cation oxygen bond lengths are quoted from RADOSLOVICH and
NORRISH

(1962) :

Muscovite, K-0
Glaukonite (Celadonite)
Xanthophyllite, Ca-O

2.799 2. 775 2 862 3.357 3.511 3.303
2.77 2.85 2.77 3.27 3.27 3.34
2.35 2.39 2.39 3.49 3.49 3.52
.

K -0

A

The interlayer cations are thus 6 + 6 co-ordinated to oxygen in
a double oxygen shell (not 12 co-ordinated as quoted in most text
hooks). The double oxygen shell gives the structure a certain flexibility,
which partly may be the reason for the easy replacement and isomor
phous substitutions in the interlayer position. Radoslovich and Norrish
advanced the following hypothesis:
a) In all the layer silicates the "silica" tetrahedra can rotate freely
to reduce the dimensions of this layer; but the rigidity of the
tetrahedral group prevents significant extension of the layer as,
e.g. in the serpentine structures.
b) In all the layer silicates the octahedral layer can be extended or
contracted with somewhat more difficulty, by changes in bond
angles rather than bond lengths, and therefore with accompanying
changes in thickness.
c) For the micas in particular the surface oxygen triads rotate until
some (probably half) of the cation-oxygen bonds have normal bond
lengths, i.e. until half the oxygens "lock" onto the interlayer cation.
The various hydrous micas described in literature have not been
examined in the same refined way as done by Radoslovich for the
non-hydrous varieties. In very many cases, though, certainly not
always, it seems that what has been called "hydrous micas" represent
interstratified minerals with montmorillonite, chlorite or vermiculite
sandwiched between layers with the structure of true micas, or mica
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with alkali deficiencies. Especially in the case of soil-forming minerals
admixture of alien material makes investigations and analyses compli
cated. As a rule there seems to be a correlation between the potassium
deficit and the discrepancy from the mica structure, probably because
of interstratification .
The cation exchange capacity of soil-forming micas, e.g. illites, is
generally regarded as partly due to substitutions in the backbone sheet,
partly to broken bonds along edges and defects.
The work has been sponsored by the Norwegian Research Council
for Science and the Humanities and the Norwegian Geotechnical Institute
to whom we are indebted for economic aid. We are further tlfankful
for help and measurements carried out at the Institute for Nuclear
Energy, Kjeller, and the Central Institute for Industrial Research,
Blindern. Especially we would like to bring our thanks to Mr. Gunnar
Eia, Mr. Just Grundnes and Mrs. Karen Halvorsen Garder for help
and advice in the performance of infrared and radioactive measure
ments.
Material

In order to investigate the bonding conditions we selected the
following minerals: a muscovite from Bjortjenn?, Aust-Agder, South
Eastern Norway, and a phlogopite from Skåtøy, South-Eastern
Norway. Both had a certain deficit in alkali content as comparcd to

the ideal mica formula, and a correspondingly higher hydrogen content.
Both micas were X-rayed for purity. The muscovite gave a perfect
2M pattern, Fig. l, whereas the phlogopite gave indications to a mix
ture of ideal phlogopite with minor amounts of vermiculite and (or )
chlorite. Fig. 2. For the investigations we will present we have used
single flakes as well as powder. For some runs we prepared controlled
grain size samples by means of sedimentation and microscopic control.
(Flake thickness being 0.8 micron ± 0.2 micron, and edge length
10-20 micron.) In other series non-controlled powders were used,
effective diameter being less than 5 micron.
The chemical analysis of the hydro-muscovite was carried out by
Mr. Finn Langmyhr at the University's Chemical Institute, and the
phlogopite was analysed by Mr. C. U. Wetlesen at the Central Institute
for Industrial Research.
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Fig. l. X-Ray diffractometer trace of the muscovite, oriented sample.
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Fig. 2. X-Ray diffractometer trace of the phlogopite, oriented sample.
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Table I.
Muscovite:

Phlogopite:

•••••••••••••• 44.30%
Al208 ••••••••••••• 35.95%
Fe808 ••••••••••••• 3.26%
MnO. . . . . . .... . . . . .
0.09%
KP .............. 10.20%
Nap . .. . . . .
. . . . 0.55%
H80 ( < 110° C) ..... 0.03%
HP (> 110° C) ..... 5.47 %

•••••••••••••• 40.32 %
Ti08••••••••••••••• 3.54%
AIPa ............. 12.63%
Fez03•• •••••••••• • 2.30%
FeO . . . . . . . . .. . .. .
5.03%
MgO .. . . . . . . .... . . 22.02%
Nap . . . . . .. . . . . .
0.36%
K20 . . . . . . . ... . . . .
9.32%
HP(+) .......... 4.00%
F . . . . . . . . .. . . . . . . .
0.30%

Si02

.

.

.

.1:99.85%

Si02

•

.

.1:99.82%
In addition :
V
Ni and Cu
Mn and Co
Ca not found

1/10%
1/100%
1/1000%
( < 1/10%)

l

spectrographically

Recalculating these analyses on the basis of the dioctahedral mica
structure using BROWN and NoRRISH (1952) concept of hydronium
ion in the interlayer position, combined with the HENDRICKS and
]EFFERSON (1938) concept, i.e. replacement of 0-2 by ( OH)- in the
vermiculite structure, we arrive at the following formula for hydro
muscovite:
(Ko.søNa0.07Ha0o.o7) (Ali. Sa Feo.17)VI (Si2.9sAlo.99)IV o9.77(0H)2.23
or, if calculated on the assumption that part of the + 110° C water
is adsorbed and not entering into the structure, the following formula
is obtained for the hydro-muscovite:
(K0.87Na0.07H300.06) (All.83Fe0.17) (Si2.98Al1.02) 010 (OH)2

•

(0.11 H20)

The analysis of the phlogopite does not permit a recalculation to
an ideal trioctahedral formula. If the analysis is recalculated on the
basis of trioctahedral structure omitting the titanium oxide which
seems to be present as rutile needles, we arrive at the following
formula:

- 0.07 val.
- 0.02 val.
+ 0 . 0 8 val.
3
( K0.88Na0.06)0.93 (Al1.02Si2.98) (Mg2.43Fe2+0.31Fe +0.12Al0.08)010 (0Hu3F0m). (0.19 H20)

502

PER JØRGENSEN AND I. TH. ROSENQVIST

---

The deficit in the interlayer position of 7 % can hardly be oc
cupied by H30+ for valency reasons. The vacancies may be filled with
water molecules. As, however, our investigations seem to indicate
that this material represents some mixed layer mineral, but this is
not fully revealed from the X-ray data, no such recalculation has
been done.
Diffusion Experiments
Diffusion of K42, Rb86 and

l)

H3

in adsorbed water on muscovite.

K+.

The mobility of adsorbed ions on mineral surfaces has been studied
in clays and similar material, RosENQVIST (1955), PHIL. F. Low (1961
and 1962), GoRDON R. DuTT and PHIL. F. Low (1962). In these cases
the tortuosity of the migration paths and the unknown thickness of
the adsorbed water layer make calculations of the real diffusion coef
ficient uncertain, as they are dependent upon several more or less
arbitrary assumptions. On the other hand the activation energy
determinations will be fairly accurate because of the good reproduc
ability of the single measurements of apparent diffusion coefficient.
In our experiments we have tried to follow up another way in which
the tortuosity difficulty could be avoided, and presumably also the
difficulty of working in a system of unknown thickness of the water
layer on each mineral surface.
We have chosen to follow up diffusion of alkali ions along parallel
flakes of muscovite having adsorbed water from the nearly saturated
humid atmosphere. At 98 %, and especially at 92 % relative humidity
the amount of adsorbed water can be fairly accurately determined,
when tritium-bearing water is used. If we consider the diffusion through
the mineral lattice itself as insignificant compared to the diffusion in
the adsorbed water layer, we may obtain information as to the order
of magnitude of this diffusion, although the accuracy of the measure
ments was not sufficient to permit calculations on the activation
energy. However, the activation energy as normally calculated by a
l
linear relationship between log. D and
does not hold in any case
T
for diffusion in multilayer adsorbed water, because in such a case the
activation energy will be a function of temperature. Therefore we have
not carried on any further along this line.
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For the first series of diffusion experiments, 100 flakes of muscovite of an
average thickness 30 micron were trimmed to a size 2 X 5 cm. The flakes were
kept for 2-3 days in an exicator by controlled relative humidity of 98 %. This
humidity was achieved by a saturated solution of CuS04 • 5H20. The exicator
was kept in an ultra thermostate at 20° C +--;-- 0.02° C. After equilibrium was
obtained, the minerals were placed in a chrome-plated box-shaped steel press,
open in one end. Thus the mineral package was protected by chrome-plated
steel on all sides except one short end. The amount of water adsorbed was con
trolled by another experiment, using tritiated water. After having tightened
the steel press to a pressure of 100 kg/cm2, the free end of the mica package was
brought in contact with the solution of K2C03 (irradiated for 21 hours at a flux
of 1.1 x 10 1 2 neutrons per cm2/sec.). Time of diffusion used was always 150
minutes, whereupon the free end of the mica flakes was rinsed with destilled
water to remove all non-adsorbed potassium. Then the piston of the press was
relieved. The package of flakes was treated with non-radioactive K2C03 to
replace adsorbed radioactive K, and the Beta activity of the solution was
measured. The measurements were performed by the Institute of Nuclear
Energy, Kjeller. The diffusion coefficient was calculated from the formula used
by Rosenqvist (1949) by diffusion of cations in feldspars:

:n2

d2

D=4P·t
p

is the ratio in radioactivity between the amount of potassium which has
diffused into the mica package after a time t and the radioactivity of l mm3

d

is the thickness of the hypothetic layer of water which will be obtained
provided l mm3 was evenly distributed over the available diffusion cross

of the saturated potassium carbonate solution.

section.

The four measurements we obtained for the diffusion coefficient

in the water layer at 20°
cm2/sec.

C

varied between 0.5 · 10-10 and 1.1

·

10-9

2) Rb+.
Because of the low reproducability of the potassium diffusion data
and because of the short half-lifetime of the isotope, 12.4 h, which
prevented us from carrying on diffusion through longer periods, we
decided to discontinue this series and use Rb86 instead of K42• The
rubidium isotope was transformed into the perchlorate state, and
diffusion carried on in analogous way to what is described for potas
sium. In this case we were also able to take autoradiographs of a
single flake, Fig.

3,

and we have tried to calculate the diffusion coef

ficient from photometer curves across the autoradiograph. These
measurements have

tentatively

been analysed by

means

of

the
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Fig. 3.
Autoradiograph
flake

Rb86

of

Fig.
a

muscovite

having diffused from
the end.

Autoradiograph

of

4.
muscovite flakes

after treatment with RbC104 solution
and

subsequent

rinsing,

showing

a

preferential cation fixation on crystal
defects.

electronic computor, Wegematic 1000. As seen from the autoradio
graph the distribution of rubidium along the surface of the mineral
is not even, and the result of the numerical treatment was that the
distribution data obtained are not following the Fick law to such

a

degree as to permit significant determinations on the diffusion coeffi
cient. Obviously there is a preferential adsorption and also diffusion
along the edges and other misfittings in the crystal. The average data
of the diffusion which may be calculated are all of the order of magni
tude J0-9 to J0-10

cm

2

f sec.

at 20° C.

Because of the uneven distribution of the diffusing isotope, we
have to conclude that the diffusion along the ideal parts of the surface
of the mineral in the adsorbed layer must be lower than the overall
calculated figures.
The partial fixation on broken bonds is demonstrated by Fig. 4.
In this case freshly cut flakes of muscovite were immersed in a satur
ated solution of RbCl04 for two hours, whereupon they were rinsed
with destilled water until all soluble radioactivity had been taken
away. Then the flakes were placed upon a photographic plate for one
week, and the autoradiographs obtained. They clearly demonstrate
the preferential fixat ion on crystal defects.
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3) T20.
Further diffusion studies were carried on in order to determine the
self-diffusion of adsorbed water. In this case the same press as in the
alkali diffusion series was used. The mica flakes were permitted to
adsorbe normal water from 47 % relative humidity vapour, i.e. above
concentrated solution of KCNS. After equilibrium the press was
tightened and transferred into a similar exicator above a saturated
solution of KCNS in tritiated water, having a concentration of 2 mC
T20 per milliliter. We carried out diffusion under these conditions for
different time periods varying from 10 minutes to 7 days. The self
diffusion coefficient in the adsorbed monolayer? of water at 20° C
was found as an average of 5 measurements to be:
D

=

1. 3 5

X

10-10 cm2fsec.,

the data varying between 0.55 X 10-10 and 2. 3 X 10-10 cm2/sec.
As the reproducability of the single values is not too good, the
average value is not sufficiently accurate to be used for activation
energy determination. We have, however, carried out a few measure
ments at 40° C. The following values have been obtained:

3.3
4.6
4.8

X
X
X

10-10 cm2jsec.
10-10 >>
>>
10-10 >>
>>

Diffusion in the adsorbed layer. A discussion.

Although most of the values calculated for the diffusion coefficient
in the adsorbed surface layer upon muscovite involve rather great
uncertainties, they are consistent as far as the order of magnitude
goes, nearly all of them being in the range 10-10 to 10-9 cm2jsec. at
room temperature. These values are intermediate between those of
most liquids and those of most solids. The activation energy in the
adsorbed monolayer must be fairly low, of the order of what is nor
mally found in complex liquids, and probably somewhat lower than
found in most solids. The order of magnitude may be dose to the
value 9150 cal. per mol. as found in ice. The data do not permit any
better statement than this. We may compare the diffusion data in
the surface film with the data available for diffusion in ice. We have
found only few diffusion data in literature. According to H. GRANICHER
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(1958), M. THURKAUF determined the self diffusion coefficient for 018
and D in ice in the temperature range from
2.0 to
1.5° C. This
was done as a doctor thesis at the university of Basle in 1956. For
both isotopes, Thiirkauf found diffusion coefficients of 8 ± 2 X
10-11 cm2jsec. STEINEMANN (1957) investigated diffusion ofF in HF +
H 0 mixed crystal at
10° C. He found values dose to 10-11 cm2/sec.
2
ScHOLANDER, FLAGG, H ocK and lRVING (1953) discussed the diffusion
20° C, giving values of 1.7, 2 . 0, 2.7 X 10-10
of C02 through ice at
cm2jsec: However, EDVARD HEMMINGSEN (1959) reexamined the diffu
sion of carbon dioxide through ice, and found values between 0.3 and
9.5° C, and between 0.6 and 2.4 x 10-11
1.1 x 10-11 cm2jsec. at
cm2/sec. at
1.5° C. At
0.5° C Hemmingsen found D
7.9 to
14.4 X 10-11 cm2jsec.
The marked mosaic structure of most ice plates indicates that the
diffusion data are not related to perfect monocrystals. Hemmingsen,
in discussing the data by Scholander, Flagg, Hock and Irving, ad
vanced the opinion that their material was impure, as the discrepancies
are far beyond methodic uncertainties. According to Hemmingsen,
Scholander in personal discussion has agreed upon this explanation.
The abnormal rise in diffusion coefficient found by Hemmingsen in
the temperature range from
1.5° C to
0.5° C indicates a gradual
melting in this temperature range, most probably because of dissolved
impurities along the intercrystalline borders, or along the mosaic and
lineage defects. Similar phenomena were considered by MouM and
ROSENQVIST (1958) and by ROSENQVIST (1955 and 1959) in their
discussion of the apparent activation energy of 11.5 kcaljmol. in dense
clay-water systems. Most data by Low and co-workers (op. cit.) are
well below this value. This should be expected for a system inter
mediate between ice and water. However, the apparent activation
energy as calculated from the rise in diffusability is only valid pro
vided no change in the aggregate state of the diffusion medium takes
place. Some data for activation energy in the literature, e.g. by LAI and
MoRTLAND (1960) include values as high as those cited from Rosen
qvist (1955).
In a private letter from professor Phil. Low dated October 17,
1962, he reports to the senior author that the activation energy in the
data dealt with by him and co-workers was calculated as if no change
in activation energy occurs with temperature, that is no "melting"
-

-

-

-

-

-

-

=

-

-
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of adsorbed water occurs. He has obtained further data not yet pub
lished, showing that the apparent activation energy for adsorbed ions
in monomolecular and dimolecular layers of water in montmorillonites
increased markedly when the water content was increased from one
molecular layer to two molecular layers. This is explained by the
gradual "melting off" of the second adsorbed water layer. As the
adsorption data (see below) indicate that the amount of adsorbed
water at 47 % relative humidity corresponds to a monomolecular
layer, we may find explanation for the comparatively low activation
energies in this case by assuming that there is no great change in the
physical state of an adsorbed monolayer in the temperature range
from 20° C to 40° C. By higher water contents the greater part of
diffusion takes place in the outer more mobile water layers, and the
bonding conditions may vary considerably as function of temperature.
Thus the apparent diffusion coefficient and the activation energy will
depend upon the initial water content.
The physical state of the water dose to mineral surfaces has been
discussed for several decades. Various opinions have been expressed.
They may be summarized in three groups:

l. The water closest to the mineral surface represents a solid state,
( "ice-like structure", "crystalline water", "a continuation of the
mineral lattice", etc.).
2. The water phase represents a "two-dimensional liquid".
3. The water phase is a liquid with increased viscosity.
Diffusion data, nuclear magnetic resonance, permeability, con
ductivity and specific heat, and other methods have proved a
discrepancy from normal water.
Although there is a common agreement that the water closest to
the mineral phase has abnormal properties, there seems to be serious
disagreements as to what these abnormal properties represent. R. T.
MARTIN (1962) gives a good review. In some papers the diffusion data
and nuclear magnetic resonance values have been used in recalculating
the average viscosity. This is, however, only possible if the adsorbed
water is considered as one single phase of consistent properties. Under
such conditions we arrive at viscosity data for water in clays of the
order of ten to some few hundred cp, which is not abnormally high
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for a liquid. The same data may, however, be interpreted in a different
way if the aqueous phase is not coherent, e.g. an average viscosity
value of 100 cp as calculated from diffusion data may represent either
a liquid of somewhat increased viscosity, or a mixture of 99 %solid
and l % liquid with diffusion characteristics as in water. In such a
case the calculated viscosity is meaningless.
The diffusion experiments presented in this paper indicate the
latter type of explanation as most probable. This also agrees with
some high values of apparent activation energy. These values have
already been explained as due to the "partial melting" with increasing
temperature, similar to what Hemmingsen found in the temperature
range
1.5° C to
0.5° C. If these data are used for activation
energy calculations, they would result in several hundred kcal. per
mol., which obviously indicates that we have to do with fundamental
changes in the physical state, e.g. formation of some tenths of a per
cent of water at the intercrystalline borders.
-

-

Determination of adsorption isoterms for water, using tritium as tracer.

The difficulties in determining the amount of adsorbed water on
hydrogen-bearing minerals is well known. Normally it is done by
keeping the mineral powders in humid atmosphere of various relative
humidities until equilibrium, and then determine the loss of weight
by drying the sample to 110° C. However, as will be demonstrated later,
a part of the adsorbed water is still kept in the adsorbed state after this
treatment. Further some of the constitutional water of hydrogen
bearing minerals may be given off, even at such low temperatures.
In order to avoid this difficulty we have used samples of a muscovite,
and saturated solutions of the following salts in tritium water:
CH3 COOK
Cr03
KCNS
NaBr03
CuS04 5H20
•

13
35
47
92
98

%real. humidity 20° c
% )}
)}
20° c
20° c
% )}
)}
)}
% )}
20° c
20° c
)}
% )}

After a suitable time of exposure the mineral flakes were rinsed
with dioxane, which quantitatively removed the adsorbed water. The
radioactivity of the dioxane water solution was measured. From Fig. 5

ALKALI JONS AND HYDROGEN IN MICAS

509

100
90
80
o

N
1-

70

>.

·-

>

-

60

u

ni
o
"C
ni
a:

l

50
. .i

40

Gl
>

-

ni
Gl
a:

",

30
·

20

...--

--·-

�..".·"
. ...�

1-

l

l.··
1.· ·

l

l

l

.· .·•
.. ··

.·•

.·/
.. ··/
.
·
/"'"
/ "
"

. · ·

·
.. ·�
.··"' ,.. �

· ·:,_·,.,

10

_..
-·

13"/.

35"/.

40"/.

92"/. 98"/.
Relative

Humidity

Fig. 5. Vapouradsorp tionisoterms for micapowders determined byT20methods.
Time varying between 10 min. and one week.

the results of the various runs are seen. There has been no determi
nation as to the absolute magnitude of the adsorbed water in this case,
as the total surface of the flakes was not known in each case. There
seems, however, to be a fairly flat plateau in the range between 13 %
and 47 % relative humidity, probably corresponding to a monolayer.
At 92 % relative humidity the thickness of the adsorbed layer is
multi-molecular. At 98 % relative humidity condensation took place
in most cases, and the data are omitted as being so high that they
cannot be relied upon. Assuming that a monomolecular layer is con
densed around 35-47 % relative humidity, the. thickness of the
layer at 92 % relative humidity corresponds to 3-4 molecules.
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The Hydrous Mica Program

The two micas used for the present investigations both deviate
from the ideal mica formula in a slight deficit in potassium and an
excess in hydrogen. Similar compositions, often very much more
deviating from the ideal mica formula, are frequently quoted in the
literature. It seems as if there commonly exists transitional minerals
between ideal alkali micas and hydrous micas, e.g. illites. In the crystal
chemistry, hydrogen-bearing silicates and aluminates present an inter
esting group of problems, for instance the isomorphy between hy
drated tricalcium-aluminate Ca3Al2(0H)12 and the garnet structure
Ca3Al2Si3012• DuNCAN McCoNNELL (1950) suggests a similar partial
replacement of Si04 by H404 in the montmorillonite structure. In
micas similar replacements do not seem to be suggested in literature,
nor do they seem to be probable for crystallographic reasons. However,
the positions and exchangeabilities of the hydrogen atoms in mica
structures have been discussed ever since GRIM, BRAY and BRADLEY
(1937) demonstrated that soil-forming mica minerals occur with a
marked deficit in potassium content compared to the potassium
content of the ideal structural formula. At the same time these clay
forming micas, as published byE. MAEGDEFRAU (1941), bad hydrogen
contents above that of rock-forming minerals, the hydrogen surplus
seemingly increasing by decreasing potassium content. When G.
BROWN and K. NORRISH (1952) suggested that the hydrous mica could
be derived from the ideal mica structure by substituting H30+ for
K+, their formula introduced a new concept, and it was adopted by
very many clay scientists. The main advantage in Brown and Norrish's
formula as compared to Maegdefrau's was that according to Maegde
frau, rock-forming mica could only lose potassium if silicon at the
same time substituted Al in the tetrahedral position. A metasomatic
double replacement is necessary in order to fulfil transformations
within the Maegdefrau formula,
M� (Si(s-y)Aly)( Mm,-! M11)4 020(0H)4
In many cases it seems as if muscovite can transform into hydrous
micas (illites or hydro-muscovites) by leaching in water at low
temperatures, without simultaneous metasomatic exchange of Al
by Si.
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The Brown and Norrish formula fits with the chemical analysis,
whereas the Grim, Bray and Bradley or Maegdefrau formula does not
fit with several of the published analyses of such minerals. Only rarely
are hydrous micas or illites found with less than 50 % of the cor
responding ideal mica formula.
In same rare cases, e.g. as described by BENGT LINDQVIST (1959)
micas which seem to have 73 % deficit in potassium are found. The
chemical analysis in this case corresponds to a mixed crystal between
the K(Si3Al)Al2010(0H)2 and H30(Si3Al)Al2010(0H)2. lf Lindqvist's
material represents a true crystalline structure and no mixed layer
mineral, his and various other analyses give a strong support to the
Brown and Norrish suggestion. This formula has consequently been
adopted by a great number of research workers. However, it has also
been disputed, among others by J. ERDELYI and co-workers (19581959 a and 1959 b ). Based on chemical and differential-thermal ana
lyses combined with X-ray investigations they disagree with the
structural type suggested by Brown and Norrish, but agree in the
general chemical formula which can be derived from this structure.
They assume that a part of the oxygen atoms in the backbone elements
is substituted by OH in amounts equivalent to the alkali deficit in
the interlayer positions. According to their formula these minerals
should have vacancies in the interlayer of an amount corresponding
to the deficit in negative charges of the backbone elements. In hydrous
micas it was assumed that the number of ions in the interlayer posi

tions depended solely upon the number of trivalent ions in the tetra
hedral positions. The methods applied by them do not seem to make
it possible to ascertain whether the vacancies in the dodecahedral
positions are empty or filled with a neutral water molecule. According
to the papers cited it seems as if the first alternative is the ane chosen
by the authors.
In a previous paper by MouM and RosENQVIST (1958), exchange
reactions have been carried out on illitic clay material from Åsrum,
Southern Norway. All the time the Brown and Norrish formula was
used. It was found that hydrogen was present in at least three different
states, even in material dried at 110° C. For that specific clay it was
found that 13 % of the hydrogen content at 110° C was to be considered
as adsorbed water. This water undergoes very quick exchange reactions
with the surrounding water. 17 % of the hydrogen content at 110 °C
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was considered to be present as H30+. This hydrogen undergoes slow
exchange reactions with the surrounding water. Equilibrium is ob
tained after a few weeks. The rest of the hydrogen, 70 %, undergoes
a very slow exchange reaction. Even for fine clay material equilibrium
is far from reached after two years at 110° C. This hydrogen is con
sidered as being present in OH- positions.
By the type of exchange reactions used in the paper quoted, it was
not possible to ascertain whether H30+ or any other type of bonded
hydrogen existed in the dodecahedral position. It could only be stated
that hydrogen in illites had three modes of occurrence.
The OH groups of micas are known to be differently bonded in
trioctahedral and dioctahedral micas. JOE WHITE and co-workers
(1961) showed this from the hending frequencies of the OH bonds at
about 935 cm-l.
By infrared investigations of the stretching frequencies of the OH
bonds in dioctahedral and trioctahedral micas, J. M. SERRATOSA and
W. F. BRADLEY (1958) found marked differences, viz. 3620 respectively
3710 cm-1. Furthermore, the intensity of the adsorption depended
upon the direction of the vibration plane of the infrared light which
passed trioctahedral flakes. The fact that the stretching frequency of
the OH bond in the dioctahedral micas was lower than in the tri
octahedral equivalents most probably is due to the weak hydrogen
bond from OH groups to the neighbouring oxygen, whereas by the
trioctahedral mica the OH axis is probably oriented normal to the
cleavage plane, without any secondary hydrogen bond to any other
oxygen. In lepidolite they found a combination of the two types of
bonds.
Based on the assumption that the hydrogen in the two micas
presented above represents the same type, although not in the same
relative amount, as in clayforming micas, we investigated the material
by aid of the two isotops of H, viz. D and T.
Infrared investi�ations

For various reasons we concentrated the infrared investigations
on the hydro-muscovite whose data are given above, whereas the
phlogopite was not investigated by IR. As the hydro-muscovite clearly
deviated from the ideal formula, either H30+ groups or H20 molecules
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must be present. For the examinations we have used the following
equipment:
Perkin-Elmer Mod. 21 Infrared Spectrophotometer, and
Unicam Infrared Spectrophotometer S.P. 100, NaCl prism and grating.
The following type of samples have been investigated: single flakes
and pellets of mica powder embedded in KBr. This was done in order
to elucidate the influence of surface-adsorbed water, which will be
present in much higher amount by a powder sample than by a single
flake.
In order to follow up the exchange and mobility of the hydrogen
atoms in the structure, the mica powder was kept in quartz tubes at
125° C for half a year in D20. From the previous experiments by
MouM and RosENQVIST (1958) we knew that such treatment will re
place most of the hydrogen supposed to be present in the interlayer
position (the H30 hydrogen according to Brown and Norrish concept),
whereas very little of the OH hydrogen is substituted. For the IR
investigation the D20 treated powder was divided into four samples,
one dried at room temperature, one heated for 5 hours to 100° C, one
heated for 5 hours to 300° C, and one heated for 5 hours to 500° C.
Fig. nos. 6 and 7 give the result of the IR investigation.
The difference between the powder and the flake of the same
material is chiefly seen in the weak double adsorption band at 28302900 cm-l, curves B-F. This effect is not present in the flake. We
assume it to be due to moisture adsorbed from the atmosphere. The

same bands are refound more or less clearly in the other powder
samples, even though they have been preheated to temperatures up
to 500° C before they were left to cool in air. It indicates that this
adsorbed water is readily readsorbed from the moisture of the at
mosphere, even though it may be driven off by heating. In the powder
samples we have the adsorption band around 3400 cm-1 due to the
KBr. In the same region there is also a slight depression in the "flake"
curve, which cannot be explained by the influence of the KBr. The
maximal extinction was found to be situated at 3625 cm-l, Fig. 7,
in agreement with the findings of Serratosa and Bradley. By the
powders which had been heated for 180 days at 125° C in D20, an
additional band at 2650 cm-1 was found. This new band must be due
to the partial protium-deuterium exchange. The wave length ratio
OD/OH found is 1.375 as compared to 1.35 as found by NATHAN
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Fig. 6. Infrared absorption of hydro-muscovite (Perkin-Elmer lVIodel 21).
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Fig. 7. Infrared absorption of hydro-muscovite in the range 3700-3500 cm-1,

indicating a fine structure in the OH stretching frequencies. (Unicam Infrared
Spectro-Photometer S. P. 100).
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OcKMAN (1958).

It seems that the O-D extinction remained unchanged
even after 5 hours of heating at 100° C, but nearly completely dis
appeared after 5 hours at 300° C (Fig. 6 curve E) and remained at
the same low value after 5 hours at 500° C (Fig. 6 curve F).
Thus we have to conclude that a distinct part of the hydrogen in
the micas is replaced by deuterium after 180 days. This part does not
represent the adsorbed water, nor does it represent the normal OH
groups of the mica structure. The fact that the OD band nearly
completely disappears by heating to 300° C for 5 hours makes it
improbable that this hydrogen can be present as D30+. The assumption
of such bonding conditions for deuterium would have resulted in a
loss of nearly 2/3 of the deuterium by heating to 300" C. As the deu
terium-protium exchange must be statistical, the cracking of the
D30+ group would have resulted in a loss of D20 and one D+ left in
the structure to combine with the basal oxygens of the tetrahedral
layers. The fact that a small part of the OD band remains unchanged
at higher temperatures is explained by us in the same way as earlier
by Moum and Rosenqvist, namely that some of the OH groups of the
structure are also exchanged by OD.
The conclusion as to the infrared data is that the OD frequency
represented by the 2650 cm-1 band is due to two types of bonding,
namely distinct water molecules in separate positions, the frequencies
of the IR absorption overlapping the OH bonds of the octahedral
layers. Consequently the 3625 cm-1 band also represent� a combi
nation of the stretching frequencies from the OH and the water
molecules of no or very weak hydrogen bonding. The fine structure
of the 3625 cm-1 peak indicates that the bonding conditions for the
H and O cannot be simple, but represent various bonds of nearly the
same energy. This fine structure as seen in Fig. 7 seems to be due to
the variation in the bond strength from Al to (OH), which again
depends upon the bonds to the O of the next nearest cation neighbours.
These may be both Al, both Si or most probably one Al and one Si.
There are, however, other possibilities in addition. D. RoY and R. RoY
(1957) discuss the multiple structure of the OH-IR bands of related
minerals.
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Tritium
Protium exchange in micas

In order to follow up the
exchange reactions and mobilities of the various hydrogen
positions by tagged atoms,
tritium-bearing water was
used, the tritium content being
2 mC/ml. One gram of mineral
powder was heated together
with 1-2 ml of this water
at various temperatures and
times. After this treatment one
part of the mineral powder was
separated from the water in
excess of the adsorbed phase
by keeping the powder in an
exicator at 47 % relative
humidity for four days. The
vapour had the same relative
radioactivity as the water used,
i. e. 2 mC per gram water. In
another
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110° C for one to two hours. Fig. 8. \Vater contentjtemperature curves
In this case the air had a nor
for material treated.
mal content of normal water,
i. e. relative humidity of the
order of 0. 5 %.
After such preatments the samples were placed in a tube furnace,
and slowly heated to a temperature of 1150° C in a stream of dried air.
The rate of heating was 100° C per hour. The air which passed the
furnace was cooled in an U-shaped condensing tube using liquid
nitrogen as cooling medium. For each 100° C the U-tube was changed.
The vapour in the air which condensed in the U-shaped tube was
weighed, and subsequently dissolved in 10 ml dioxane. The radio
activity of the dioxane-water solution was measured and compared
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Fig. 9. Relative tritium content of water given off at increasing temperatures.

with standard solutions containing l and 100 mg of tritiumwater and
10 ml dioxane respectively. Fig. 8 shows the cumulative weight curves
of the water content of the minerals after heating at 7 to 9 days at
115-315° C in tritiumwater. For the sake of comparison the corre
sponding curve from a calcium montmorillonite from Namdalen is
added.
Fig. 9 shows the relative radioactivity of the various water fractions
from samples of muscovite pretreated in various ways.
Fig. 10 a, b and c shows the amount of tritium in the various
fractions collected. Each of the columns represents the tritium water
independent of the total amount of water given off after one hour at
each temperature, the temperature range being divided into intervals
of 100° C each. (In Fig. 10 a the column between 100° and 200° C
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was lost. As seen from Fig. 9,
however, this fraction has a
very high relative radioac
tivity. )
Fig. 11 shows the relative
amount of tritium in the vari
ous water fractions of the
phlogopite, and Fig. 12 a, b
and c gives the amount of
tritium standard in the vari
ous fractions of phlogopite
corresponding to Fig. 10 in
case of muscovite.
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ment of equilibrium with the hydrogen of the vapour in the sur
rounding atmosphere. This fraction of the water given off at tempera
tures below 300° C is obviously of the same nature as the water given
off below 100° C, i. e. adsorbed water.
We thus have a method to distinguish between water of adsorption
and water of constitution. This distinction is not possible solely from
the loss of water curve, as some of the constitutional water is given
off in the same temperature range. The consitutional water, on the
other hand, is clearly demonstrated to be present in two states,
namely the part of water which is given in the temperature interval
between 100 and 600° C (chiefly between 300 and 400° C). It is char
acteristic for the samples treated with tritium oxide at 115° C for 9
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days, and subsequently per
mitted to exchange adsorbed
water with normal water of
the laboratory atmosphere (Fig.
10 b), that 5/6 of the tritium
content is given off in the
temperature interval between
200 and 500° C, although only
17 % of the total hydrogen
content is lost within the
temperature range. The hydro
gen given off in this water
fraction clearly distinguishes
itself in several ways from the
OH groups of the mineral phase.
The hydrogen present as such
groups is mainly given off in the
temperature range600-1100°C.
Since as much as 5/6 or
more of the non-adsorbed tri
tium is expelled by moderate
heating, mainly in the tempera
ture range around 350° C, it is
improbable that this hydrogen
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In the case where the muscovite powders had been treated for 7
days at 315° C (Fig. 10 c), the general picture of the tritium content
in the water fractions is fundamentally different. In this case we have
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obtained a marked maximum in the temperature range from 4508000 C, and even in the water lost at temperatures above 800° C the
tritium content is considerable. The tritium content in the fractions
between 450° and 800° C makes about 73 % of the total tritium,
whereas 18 % is given off at temperatures below 400° C, and 9 %
above 800° C. The curve in Fig. 8 shows that 28 %of the total water
content is given off in the temperature interval between 450° and
800° C, 19 % between 100 and 450° C, and 53 % above 800° C.
Thus it seems as if a new hydrogen-bearing phase had developed
as a result of the hydrothermal treatment. As far as we are able to
judge, this phase must be of a type which gives off the majority of its
water in the temperature range from 450 to 800° C. This is in very
good agreement with a dioctahedral montmorillonite (compare the
dehydration curve for the dioctahedral montmorillonite from Nam
dalen, Fig. 8). X-ray data and differential-thermal analyses have not
as yet made it possible to ascertain the nature of the hydrothermally
formed phase. The results by R. M. GARRELS and PETER HowARD
(1959) make it possible that the new-formed phase may be kaolinite.
Our X-ray data, however, seem to be in better agreement with the
assumption of small amounts of a phase related to montmorillonite.
By the samples treated at low temperatures no such new-formed
phase seems to have developed.
The data clearly show that the rate of exchange for the three types
of hydrogen is very different. The adsorbed hydrogen exchanges
rapidly. The next type of hydrogen exchanges to several per cent
within a week at 115-120° C, whereas the third type of hydrogen,
certainly present as OH groups, only exchanges to a very low per
cent after such treatment.
Jf we assume that the water lost at temperatures above 800° C
solely derives from the OH groups of the mica structure, we find that
the amount of tritium in this position is roughly 30 times higher after
7 days of hydro-thermal treatment at 315° C than after 7 days at
125° C. The activation energy calculated on basis of these two figures
gives the very low value of 13. 2 Kcal/mol.
For the trioctahedral phlogopites we have several similarities with
the results found for the hydro-muscovite, but also marked differences,
compare Figs. 9 and 10 with 11 and 12. The first striking feature by
the phlogopite is the marked maximum in the tritium content in the
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water lost at temperatures around 450° C, whereas the muscovite had
the corresponding maximum at a temperature of 350° C. The phlogo
pite as well as the muscovite seems to develop a new phase after
hydrothermal treatment at 350° C. This phase has a maximum in the
loss of water at 550° C. At the same time even by 7 days at 1151200 C, and in a much more accentuated way after 7 days at 350° C,
we have tritium fixed in a position which corresponds to the loss of
water in the temperature interval 800-1100° C. Especially in the
highest part of this range, between 900 and 1100° C, the tritium content
is marked. Whether this corresponds to hydroxyl ions in the octahedral
layers of the trioctahedral micas or in the new phase is not possible
to ascertain. The minimum in tritium content found between 650° C
and 900° C ( although the phlogopite gives off more than 25 % of its
water in this interval) seems to indicate that either the hydroxyl
ions of the phlogopites are not present in equivalent positions, or most
probably we have to assume a new phase. The equivalency of the
hydroxyl ions is assumed in the recognised crystal structure. J. M.
Serratosa and W. F. Bradley's investigations of the stretching fre
quencies of the OH bonds in the trioctahedral micas point in the same
direction. On the other hand, it is difficult to point to any distinct
known mineral corresponding to the values found. The amount of
tritium given off in the temperature interval around 900° C corre
sponds to roughly 5 % of the total mica. At present we think it mo;;;t
probable that vermiculite has been formed, giving off its

"
tale water"

at a high temperature.
Summarizing, we may state that by hydro-muscovites we have
water present in three different states:
l.

"Low-temperature water I" in equilibrium with the humidity of
the atmosphere after very short time. This adsorbed water at
47 % relative humidity is given off at temperatures below 400° C.

2. "Low-temperature water Il" in equilibrium with humid atmos
phere after a long time. This water is given off at temperatures
between 200 and 500° C.
3. "High-temperature water" given off at temperatures between
500° C and 1150° C. This is the majority of the water, probably in
equilibrium with the humidity at atmosphere after a very long
time.
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In phlogopite we have:

4. In trioctahedral micas subdivisions of the water similar to the
dioctahedral micas can be seen. The difference is mainly seen in
the amount of exchanged water given off in the temperature range
from 900 to 1100° C.
5. The marked difference between the hydro-muscovite and the
hydrophlogopite is most clearly seen by minerals which had been
subjected to hydrothermal treatment at the highest temperature,
i. e. 315° C for 7 days.

Comparison of infrared and tritium data

The result of the infrared examination correlated to the tritium
determination shows that a part of the water is given off in the tem
perature range from O to 400° C. This water is in extremely quick
exchange equilibrium with the vapour of the surrounding atmosphere,
but in a very slow exchange equilibrium with the rest of the hydrogen
atoms of the mineral. Conventionally we call this water, adsorbed.
Depending upon the relative humidity of the atmosphere, the amount
and bonding conditions of this water are variable. The faint infrared
adsorption band at 2900 cm-1, Fig. 6, seems to represent this water.
If this is a correct interpretation, it represents very strong hydrogen
bonds between the water and the oxygen network of the mineral
surface. The abnormally strong bathochromic shift indicates the in
tensity of the hydrogen bonds.
J. J. FRIPIAT, J. CHAUSSIDON and R. TOUILLAUX (1960) showed
that the OH stretching frequency of water adsorbed in montmorillonite
and vermiculite was decreased below that in normal water vapour
when the amount of free water is lower than corresponding to mono
layer. Very strong hydrogen bonding to the surface oxygen of the
mineral may be reason for the strong bathochromic shift in the 0-H
stretching frequency.
The next type of water represented by the 0-D frequency at
2650 cm-l, which nearly disappeared after 5 hours at 300° C, cor
responds to the water given off in the tube fumace around 400° C
after l hour. This water is in intermediate exchange equilibrium with
the surrounding atmosphere, i.e. in the course of weeks. It seems to
correspond to the alkali deficit in the mica molecules. It is in very slow

ALKALI IONS AND HYDROGEN IN MICAS

525

exchange equilibrium with the rest of the hydrogen. As nearly all
deuterium which had entered the powder after 180 days could be
driven off at 300° C in 5 hours, the conclusion arrived at is that this
hydrogen must be present as neutral H20, and not as H30+ groups.
In the latter case we would have 2/3 of the water driven off at the
distinct temperature, and not more than 90 % as seen from Fig. 6.
The rest of the hydrogen corresponds to the OH of the structural
formula.

ARTIFICIAL ALKALI METASOMATISM
L. WHITE and co-workers (1961) found from infrared studies on
dioctahedral micas treated with molten lithium nitrate strong indi
cations as to a very particular replacement of potassium by lithium.
The Li+ ion enters into the empty hoies of the octahedral sheet in a
dioctahedral mica. At the same time potassium is expelled from the
interlayer position. After this anhydrous treatment a trioctahedral
lithium-aluminum "pyrophylite" or "tale" was obtained. In order to
follow up the line of replacements by tritium we treated muscovite
and phlogopite powders with solutions of lithium chloride, rubidium
chloride in tritiated water. The experiments were performed along
the following lines:
joE

One gram of mineral powder (D <5 microns) was heated for 6 days to 125° C
in quartz tubes together with the reagents mentioned. Subsequently the samples
were washed with destilled water to remove all solved alkali, and afterwards
the samples were heated at a rate of 100° per hour in a tube furnace. The water
phase given off was collected and the amount of T20 therein determined for
each 100° C in the interval from 100° to 1200° C. The tritium data are s een
from Figs. 13, 14, 15 and 16. The amount of alkali solved from the minerals by
the different treatments is given in table II.
Table II.

Alkalis solved after 6 days at 125° C as per cent of alkali content of
the mineral powders.

HP
Muscovite

... .... ...

.

Phlogopite

. .

.

.

.

.

.

.

.... ..
.

1.2 m LiCl

1.1 m RbCl

Na

7.3

16.5

12.7

K

0.8

5.6

2.9

13. 8

11. 5

11. 5

1.7

2.7

1. 9

Na

K
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As clearly demonstrated by the tritium data Figs. 13 and 14,
presence of Li ions in the tritiated water initiates a marked increase
in the amount of tritium entering the dioctahedral micas, at 125° C
as well as at 300° C. In both cases the tritium which had entered
occupied those positions which give off their water at moderate tem
peratures, i. e. around 3-400° C. In the trioctahedral micas, the
phlogopites (Figs. 15 and 16), presence of Li does not influence the
tritium entrance to any significant extent.
On the other hand it seems as if the presence of Rb+ in the solution
has an opposite effect, diminishing the amount of tritium which enters
in the positions in question. From the data of the solved alkali we
observe that Li clearly increases the amount of potassium as well as
sodium brought in solution from the dioctahedral micas, whereas by
trioctahedral micas no difference is demonstrated. In presence of Rb
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chloride, the muscovite gives off more alkalis than in cases where water
without dissolved salts is used. The trend of the data seems to be ex
plained by assuming the model of Joe White & Co-workers (op. cit. ,
namely that Li+ enters into the vacant octahedral position of the
dioctahedral mica, expelling K+ from the interlayer sheet. The hole
left gives place for a water molecule. Radius K+
1.35 Å. (Radius
H20
1. 45 Å.)
By the trioctahedral phlogopite no such replacement in the octa
hedral position is possible. Consequently no significant difference is
seen by the various treatments. The Rb ion seems to enter the inter
layer position preferentially, expelling potassium and mainly sodium
from this layer, and even filling up positions which otherwise could
be taken by water molecules.
The very much higher extraction of sodium than potassium from
both types of mica minerals is clearly demonstrated. The structure
of muscovite as well as phlogopite involves greater stability by the
great interlayer cations Rb and potassium than by the small sodium
ion, and lithium cannot give a stable structure in aqueous medium if
entering into this position.
=

=

Discussion in light of the mica structur�

The great reproducability of the tritium data and the striking
similarity between the data obtained when lithium chloride solutions
are used compared to the data for pure tritium treatments indicate
that the water which enters the mica structure after LiCl treatment
must be of the same fundamental type as a part of the water present
in hydrous micas. The present investigations demonstrated that
hydrous micas based on trioctahedral backbone sheet differ fundamen
tally from dioctahedral micas. The X-ray data, Figs. l and 2, indicate
that trioctahedral hydrous micas represent some kind of a .mixed
layer mineral of phlogopite and vermiculite and/or some chlorite,
whereas the hydrous mica based on the muscovite structure is either
a pure 2M muscovite, or with an admixture of 1M illite. After hydro
thermal treatment of the dioctahedral type, at 300° C a new phase
seems to develop, probably representing a partial montmorillonitic
interstratification.
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The conclusion arrived at is:

l) Hydrous micas may be derived from the dioctahedral muscovite
structure by substituting some of the interlayer cations by neutral
water molecules.
2) In order to equivilate the charges between the backbone sheet and
the interlayer cations + water molecules, positive charges have to
be added to the backbone sheet. This may either be a small uni
valent cation (Li+) entering the vacant octahedral position of the
backbone sheet, or other changes may take place.
3) By natural hydrous micas of the muscovitefillite type it seems as
if the negative charge of the backbone sheet is reduced proportio
nally to the deficit in the interlayer cations by addition of a proton
in the backbone sheet. At the same time the vacant interlayer
positions are occupied by water molecules. The most probable
position for the proton entering the backbone sheet seems to be
at the tri-coordinated oxygens at the apex of the tetrahedrons
(oxygen shared between the octahedral and tetrahedral layers. )
The difference between trioctahedral and dioctahedral micas make
such a position for the proton possible in the dioctahedral structure.
Around each vacant position in the dioctahedral structure we have
:oix nearest neighbours, four of them being oxygens forming a square
in one plane diagonally through the unit cell, two of them being OH
forming the apexes of the tetragonal bipyramide (or octahedron). The
hydrogen which enters this space will have to adjust itself to (form
bonds with) one or more of the four oxygens. As these oxygens have
got three nearest cation neighbours in muscovite as compared to four
cation neighbours in the phlogopite structure, a vacant orbital is
available. In the muscovite structure, 3/4 of the apical oxygens of the
tetrahedral layer fully satisfy the electrostatic valency rule by 4/4
valencies towards Si and 2 X 3/6 towards Al, the sum being exactly 2.
Statistically, 1/4 of the oxygens has got 3 Al as nearest neighbours,
and does not fully satisfy the electrostatic valency rule, as the valencies
towards the nearest neighbours make 3/4 + 2 X 3/6
1.75. This
discrepancy from 2 for the valencies of oxygen in the mica structure
adds up to the charge deficit of the backbone sheet.
If a proton enters such a structure, it seems most reasonable to
derive a hydrous mica structure from the muscovite structure by
=
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adding a proton to an apical oxygen of any Al04 tetrahedron. Such
a tetrahedron will then be Al030H. As several equivalent Al atoms
are present in the mica structure, the additional H may be statistically
shared. An apical oxygen in one tetrahedral layer and the nearest
apical oxygen of the opposite tetrahedral layer are at a distance which
in itself gives possibilities for hydrogen bonds. In the "vacant case"
by alkali muscovite the 0-0 distance according to the data of
Radoslovich is 2. 95 A. By introducing a hydrogen this distance will
have to diminish, probably to the corresponding di<;tance in the Al
octahedrons, i. e. 2.72 A. If the valency of such a bond is set
1 / 2,
the discrepancy from the electrostatic valency rule of these oxygens
will be reduced to 1 / 4 by use of the fourth orbital in the oxygen atom.
In a muscovite structure we have statistically 3 Al in suitable positions
(the number will vary between 2 and 4), and by a statistical distribution
of the excess proton in case of 4 tetrahedral Al the discrepancy from
the electrostatic valency rule will vanish. Such a tautomery structure
will then represent a faint analogy to the resonances between the two
Kekule structures of the benzene molecule. The probability for each
apical OHO bond between two Al04 tetrahedrons is 35 %·
The angular discrepancy from linearity for the direction of the
=

orbital by an hypothetic hydrogen bond between two nearest oxygen

neighbours of the tetragonal bipyramide in the octahedral layer is
rather large, of the order of 50°, thus making a direct hydrogen bond
on the straight line between two fixed oxygens less probable. The
proton is most probably placed nearer the center of the square. On
the other hand, the direct line towards the next nearest neighbours in
the opposite tetrahedral layer is favourable for a hydrogen bond. In
this case, however, the 0-0 distance across the vacant position is of
the order of 4.4 A, RADOSLOVICH and NoRRISH (1962). This great
distance probably rules out the possibility for a diagonal hydrogen
bond, even by considerable contraction. The infrared spectrum does
not indicate any bonding of this type for the OH of the lattice, as
compared to the extremely strong hydrogen bonding for the H20 of
the adsorbed vapour. Consequently we have arrived at the suggested
model similar to the model suggested by Joe White (op. cit. ) for Li
in the "octahedral" position. Fig. 1 7. In the hydrous micas we have
indicated a tautomery structure by marking the four positions in
question with the sign of 3 / 4 O, 1 / 4 OH. (Fig. 18).
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o3/4Si, 1 /4A1

®oH O o
0 Al

.

Li

Fig. 17. Suggested structure of muscovite after treatment with lithium chloride.
(The pure muscovite structure after Brown (1961) Fig. V. 1. )

o 3/4Si,1/4Al

(9 3/40, 1/40H
0 Al

@oH Qo

Fig. 18. Suggested structure of hydro-muscovite. (The pure muscovite structure
after Brown (1961) Fig. V. 1. )
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In case of the phlogopite structure we have no free orbital in the
oxygens at the apexes of the tetrahedrons. If these trioctahedral micas
should permit a certain substitution of K by H20 in the interlayer
position, the valency balance of the backbone sheet must be due to
an oxidation of iron in the octahedral layer, or to a substitution of
Mg by Al. In both cases we will decrease the negative charge of the
backbone sheet which may counterbalance the losses of positive
charges from the interlayer positions, thus permitting neutral water
to replace K+. By a substitution of 1/3 of the bivalent central atoms
in the trioctahedral structures by a trivalent ion, the electrostatic
valency rule is satisfied for the oxygen in the apex of the tetrahedral
layers surrounding Al in the following way: 2 X 2/6 from bivalent
ions + 3/6 from the trivalent ion in the tetrahedral layer + 3/4 from
the silicon, .E
23/12, or very dose to 2.
However, the tritium substitution in the material dealt with by
us may, as stated above, be satisfactorily explained by assuming an
interstratified structure, or partial mixed layer structure with phlogo
pite and vermiculite. The trioctahedral hydrous micas are still obscure,
whereas the present investigations indicate that dioctahedral hydrous
micas partly represent mixed crystals betwee:r.. the following ideal end
members:
=

K(Si3Al)Al2010(0H)2 and [ H20(Si3Al)Al209(0Hh
H20(Si3Al) (Al2H)010(0H)2]

=

The hydro-muscovites and true illites have compositions fairly
dose to that of potassium muscovite, and the pure hydrogen end
member is never found.
This structure type may explain why the illites seem to break up
in montmorillonitic and illitic elements when the alkali deficit exceeds
50 o/o. The Brown and Norrish formula, on the other hand, will not
in the same way explain this feature, as their formula involves the
same charge distributions for illites and ideal muscovites.
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Sammendrag

Ved hjelp av forskjellige tracermetoder sammenholdt med infrarød
absorbsjonsspektroskopi har vi undersøkt en dioktahedrisk og en
trioaktahedrisk glimmer, med kjemisk sammensetning som det fremgår
av tabell I og etterfølgende beregnede formler. Begge mineraler av
viker fra den ideelle formel for muskovitt og phlogopitt idet de har et
underskudd på alkali.
2
Det er foretatt forsøk på diffusjon av K4 , Rb86 og H3 i det
adsorberte overflatelag. De funne verdier ligger mellom 10- 9 og
2
10-10 cm fsek. Aktiveringsenergien synes å være av samme størrelses
orden som aktiveringsenergien ved diffusjon i is. Overflatesjiktets
fysikalske egenskaper diskuteres. Det konkluderes med at egenskapene
nærmest må representere et uperfekt todimensjonalt fast stoff. Det
blir videre vist at anvendelsen av T20 tillater bestemmelser av ad
sorbsjonsisotermer for vann uten å influeres av mineralenes konstitu
sjonshydrogen.
Ved hjelp av infrarøde studier og radioaktive målinger utført på
hydromuskovitt som har undergått delvis isotopsubstitusjon med
deuterium og tritium, sannsynliggjøres det at de dioktahedriske hydro
glimmere representerer kalirike blandkrystaller mellom den ideelle
muskovitt og et hypotetisk endeledd av formel H20(Si3Al)Al209(0H)s
eller H20(Si3Al) (Al2H)010(0H)2.
Ved forsøk med kunstig alkali-metasomatose under anvendelse av

RbCl og LiCl oppløst i T20-holdig vann vises det at en ved de diokta
hedriske glimmere har substitusjon av Li+ + H20 mot K+, i mot
setning til den enkle utbytting Rb+ mot K+. Li+ inngår åpenbart i
oktahederposisjonen, mens H20 inntar den plass K+ hadde i mellom
sjiktposisjonen. Ved trioktahedriske mineraler kan det ikke påvises
noen prinsipiell forskjell i substitusjonsmekanismen mellom lithium
og rubidium. Tabell Il og Fig. 1 3 og 14. Den trioktahedriske hydro
glimmer som har vært undersøkt synes å bestå av et blandsjikt
mineral (mixed layer mineral) i motsetning til den dioktahedriske
hydroglimmer, som oppfattes som en ekte blandkrystall.
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PesJJMe.

MeTO�aMK p�HOaKTKBH�X KHAKKaTOpOB K KH�paKpaCHOH adcopd�HOH
HOH cneKTpOCKOITHK KCCne�oBaH� O�Ha AHOKTa3ApHqecKaH H O�Ha TpH OKTa3�pHqecKaH CRJJAa, XHMHqecKHH COCTaB H �OPMYRhl KOTOphlX npHBe
p;eHbl B radn.II H B nocne.n;yiO!IIHX ifJopMYnax.

Oda MHHepana oKasanHcll

HeCKORbKO OTnl'JqaJJ!IjHMHCH OT l1.ztea1l:&HOlt tlJopMym,r

MYCKOBHTa 11 tiJn·oro

�KTa, TaK KaK y HHX HeAOCTaqa HOHOB �enoqHhlX MeTaRROB.
]�nH npoBe.n;eHhl OnbiT� no .H;HifJifJy3HH K42,

Rb8� H

HJ

B a.n;copdHpO

BaHHOM nOBepXHOCTHOM cnoe.

ilonyqeHHble 3HaqeHHH K03�HUHeHTa .H;HifJ
2
-IO
�Y3HH nexaT B l1HTepBane OT IO_g .11;0 IO
CM /ceK. 3HeprHR aKTH

BaUHK oKasanacll rora �e nopap;Ka, KaKOH

KMeer 3HeprHR aKTHBaUHH

.H;H�Y3HH BO .Rb.H;y.

llpOBO,II;HTCH Odcy�p;eHHe �H3HqecKHX CBOHCTB no

BepXHOCTHOrO cnoa;

AenaeTCH BbiBO� O TOM, qro 3TH CBOHCTBa XOp0-

�0 COOTBeTCTBYKlT CBOHCTBaM �BYXMepHoro HeCOBepilleHHOrO TBepp;oro
rena.

!anee noKa3aHo, qro Hcnonll30BaHHe T2o

nosBonaeT onpep;e

n&Tll H30TepMhl a.n;copdaUKK BO.H;hl des noMeX CO CTOpOHhl BOAOpop;a ca
MOrO MHHepana.

Ha OCHOBaHKH pa.H;HOaKTHBHhlX H3MepeHHH H HCCRe�OBaHHH npH nOMOmH
HH�paKpaCHOH adcopdUHOHHOH cneKTpOMeTpHH, npoBe.H;eHHhlX Ha rHp;po -

MYCKOBHTe, nop;BeprHyTOM qacTHqHoMy H30TOnHOMY OdMeHy C ,ll;8HTepHeM
H

TpHTHeM, CTaHOBHTCH BepOHTH�, qTo .H;HOKTa3,ll;pHqecKHe rH.H;pO-CRKl.H;hl

npe.��;cTaBRRIOT codon

CBOeMy

6oraTbre KanHeM

XKMHqecKOMY COCTaBy

TBep�hle pacTBOphl, KOTOphle no

ne�aT Me�p;y Hp;eanllHbiM MYCKOBHTOM

H

KaKHM TO rHnOTeTHqecKHM KOHeqHbiM 3B8HOM ifJopMYn:

H2o(SiJAl)Al2o9(0H)J HnH

H20(Si3Al)(Al2H)010(0H)2•

IlpH on�TaX C HCKYCCTBe'HHOH MeTa30MaT030H HOHOB ll(enoqHbiX MeTan
nOE -

npH npHMeHeHHH RbCl

lli8H T2o -

BbiHCHHnOCb, qTQ
Li++ H20,

H

Y

LiCl, paCTBOpeHHbiX B BO.H;e, CO.H;ep�a
.H;HaKT03.H;pHqecKHX CnKl.H;

HadnJJp;aeTCH

B OTRHqHe OT npOCTOrO OdMeHa K+ Ha Rb+
3aMelljeHHe K+ Ha
BepORTHO Li+3aHHMaeT MeCTO B CTPYKType OKTasp;pa, a H2o 3aHHMaeT
ro Mecro, Koropoe K+ KMen B npoMe�yToqHoM cnoe cTpyKTyphl.
Y

TpHOKTa3.H;pHqecKHX MHHepanOB HeRll3H npHMeTHTb npHHUHnHanbHOH pa3-

.HH�hl B UeXaHH3Me 3aMe!lleHHR nHTHeM HnH pyp;HeM / Tadn. II 11

I3

H I4

/.

llo CBOeH CTpyKType

pHC.

HCCne.H;OBaHHaR TpHOKTa3.H;pHqecKaH

CnDAa donee nOXOXa Ha MHHepan CO CMeillaHHDIMH CROHMH, B OTnHqHe OT
,ll;HOKTa3,ll;pHqecKOH rH.ztpo- CnKl.H;bl, KOTO!)YIO
HaCTOH!IIHH TBep�hlH paCTBOp.

MO�HO paccMaTpHBaT& KaK
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