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THE MINERALOGY OF ILLITES AND MIXED.LAYER

ILLITE/M ONTMORILLONITES

JonN HownRl AND Tnoues C. Mowarr,2 Department of

Geology, Unitersity of Montana, Missoula.

Aesrnacr
Twenty-one samples of illite and mixed-layer illite/montmorillonite have been sepa-

rated and analyzed after removal of organic material and free iron oxide' In addition, some

illites were fractionated into several particle size ranges or further treated chemically before

analysis. Some features of the group are: 1. AII (including illites) examined are of the 1Md

polymorph in the particle size range that excludes such detrital components as quartz. 2.

They are close to ideally dioctahedral, with the sum of octahedral cations averaging

2.o2+o02 (averagedeviat ion) '3 Al lhaveexcessH:o*;calculat ionof  st ructural formulas

by attributing excess HrO* to interlayer hydronium ion does not appeal satisfactory;

calculation in the normal manner results in structural charges considerably less than those

of true micas. 4. The c.E.c. is proportional to the per cent expandable layers 5. All have

low tetrahedral charges with Al, (tetrahedral) ranging from 0.13-0.50 in illite/montmorillo-

nites and 0.26-0 59 in illites. 6. The relationship between K" and per cent mica layers is ex-

cellent, but terminates at a potassium content significantly less than that of a true mica

The excellent relationship between structure and composition in the group when exclud-

ing the possibility of Hro* (interlayer) leads to the conclusion that the non-expandable

layers are of lower charge than true micas and contain lenses of trapped water. Some indica-

tion of this appears to be present in difiraction patterns of illites. It is suggested that illites

represent one mineralogical end member of the montmorillonite-mixed-layer-illite group

and remain distinct from true micas untii the beginning of metamorphism.

h.rtnoouctrow

A crucial matter in the problem of the origin of i l l i te is the abil ity to

distinguish dioctahedral mica (or i l l i te) that may form at low tempera-

tures from those dioctahedral micas known to form at high temperatures.

That is, to distinguish between possible diagenetic "i l l i te" and "i l l i te"
that occurs as detritus derived from the weathering of igneous and meta-

morphic rocks.
One possible method of distinction is based on the temperature depen-

dence of the stable polymorphs of ideal muscovite. Yoder and Eugster

(1955) found that the 1Md polymorph formed metastably at all tem-

peratures and was succeeded by 2Mr at high temperatures (>200-

350" C.) and 1M at low temperatures. Velde (1965) has re-examined the

system and found that 2Mr is the stable polymorph at temperatures as

Iow at 125" C. at 4.5 kb and has concluded that 1M is also metastable at

the muscovite composition. I{owever, the 1M polymorph appears to be a

stable polynlorph in dioctahedral micas containing considerable amounts

of octahedral Mg and Fe such as glauconite and celadonite (Burst, 1958;

Hower, 1961 ; Wise and Eugster, 1964).

1 Present address: Department of Geology, Western Reserve University, Cleveland.
2 Present address: Pan American Petroleum Corp., Research Center, Tulsa'
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Weaver (1958) has examined il l i tes from many ancient sediments and
concluded that most materials called i l l i te have the 2M1 polymorph and,
on the basis of Yoder and Eugster's data, are thus detrital high tempera-
ture micas. fn contrast to Weaver's conclusions, Velde and Hower (1963)
found that although 2M1 dioctahedral mica is present in most Paleozoic
shales, 1Md is by far the most abundant polymorph in the ( 1 p fraction,
thus reopening the consideration of i l l i te as a diagenetic product. Inde-
pendently of how these two sets of data can be reconciled, it does appear
that the 2M1 polymorph can form at diagenetic temperatures and is thus
not a certain criterion of origin.

Argillaceous sediments certainly contain detrital high temperature
dioctahedral micas. The detrital nature of coarse mica flakes is obvious
from thin section examination and from radioactive dating of these ma-
terials (e.g., Everended et al. 196l; Hower et al. 1963).It is the nature of
the more abundant, f ine-grained 10 A material in argil laceous sediments
that is in question.

Another possible method of attacking the problem is on the basis of the
structural and compositional relationships of i l l i te and mixed-layer i l l i te/
montmoril lonite as related to high temperature micas. This paper is
devoted to the mineralogical aspects of the montmoril lonite-mixed-layer
il l i te/montmoril lonite series and its relationship to the trisi l icic-tetrasi-
l icic dioctahedral mica series of Foster (1956). The writers hope that
these structural and compositional relationships form the beginning of a
framework on which the petrological aspects of the group can be exam-
ined in the near future.
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Selrpr,Bs eNo AN.cryrrcAr, TECHNTeuES

Samples. The samples used in this study are all from argillaceous sedi-
ments and include il l i tes and mixed-layer i l l i te/montmoril lonites (some of
which are K-bertonites) ranging up to 601/o expandable layers. Table 1
lists the occurrence and original (untreated) mineralogy of the size frac-
tion used for chemical analysis. The samples analyzed and reported here
were selected from a larger group. Samples which showed heterogeneity
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Sample (Formation) Age Original Mineralogy of Analyzed Cut

Interlake, well core, 9580-9590',

Williston Basin, Montana

Silver Hill, Jefferson Canyon,
Montana

Clinton, New York

Eau Claire, Illinois Basin

New Albany, Indiana

Sylvan, Oklahoma
Lowville, Fort Plain, New York

Gros Ventre, Wind River

Canyon, Wyoming

Salona, Bellefonte, Pa.

Martinsburg, Tazewell, Va.

OnoCaga, Cherry Vailey, N. Y.

Kalkberg, Cherry Valley
New York

Hig'e Bridge, Kentucky

Kinnekulle, Sweden Chasmops
l m .

Two Medicine, Bowman's

Corners, Nlontana

Wil:ox No. 1, Burst (1959) Well

No 10,  12,500' ,  La.

Colcrado, Bozeman Pass,

Illite

Illite

Illite
IIIite
Illite
Illite and chlorite

Illite
1\{ixed-1ayer mica/mont.

MixedJayer mica/mont. (K-bentonite)

MixedJayer mica/mont. (K-bentonite)

Mixed-layer mica/mont. (K-bentonite)

MixedJayer mica/mont. (K-bentonite)

MixedJayer mica/mont' (K-bentonite)

Mixed-Iayer mica/mont. (K-bentonite)

MixedJayer mica/mont.*sePte (?)

chlorite
Mixed-layer mica/mont. *Kaolinite

and chlorite

MixedJayer mica/mont.f sePte (?)

chiorite
MixedJayer mica/mont. {Kaolinite

and chlorite

Silurian

Cambrian

Silurian

Cambrian
U. Devonian
U. Ordovician
Ordovician
U. Cambrian

Ordovician
Ordovi:ian
M. Devonian
L. Devonian

Ordovician
Ordovician

U. Cretaceous

Eocene

U. Cretaceous

Montana
Wilcox No. 2, Burst (1959) Well Eocene

No. 5,  500' ,  La.

in amount of interlayering, quartz not removed by size fractionation, and

large amounts of kaolinite were eliminated.

Analytical Techniques. All samples were disagglegated by ultrasonics and

size-fractionated by centrifugal sedimentation. Diffraction patterns of

the various size fractions were run on specimens oriented by the method

of Kinter and Diamond (1956). Diffraction patterns were run on ran-

domly oriented specimens at a scanning rate oI l" 20fmin'; the (060)

spacing was determined by scans at f," 20/min. with 4o divergence and

s:atter slits. AII samples were treated for the removal of organic material

and free iron oxide (Jackson, 1956). Samples which contained only i l l i te

or i l l i te/montmoril lonite were not generally treated further. Several

specimens contained chlorite which was removed by heating in 1N HCI at

80o C. for one hour followed by boil ing in a 3/6 NazCOa solution' Two



828 J. HOWER AND T. C. MOWATT

specimens contained kaolinite which was removed b1' the method of
Hashimoto and Jackson (1960). Two il l i tes (rnterlake and Silver Hil l)
were further size-fractionated and aliquots of three i l i i tes (Interlake,
Silver Hil l, and Eau Claire) were boiled for thirty minutes in a 3o/e
NazCOa solution in order to observe the effects of these treatments on
structure and composition. AII samples rvere analvzed for SiO2, TiO2,
Al2O3, Fe as Fe2O3, MgO, CaO, and KzO by r-ray spectrographic tech_
niques on the undiluted sample (Hower et at. 1964). Sodium was deter-
mined by flame photometry and ferrous iron by the method of Reichen
and Fahey (1962). HzO- was determined by weight loss at 110o C. and
Hzo* by further weight loss on ignition. cation exchange capacities
were determined by Sr-saturation and r-ray spectrographic analvsis. Two
samples (rnterlake and colorado) were soaked in a 1N KCI solution for
24 hours and reanalyzed for KzO after washing.

Rn,surrs

Difraction Patterns. Figures 1 through 5 are diffraction patterns of repre-
sentative samples ranging from undetectable ( <I0%) to 60*Ta expand-
able layers. Three (Interlake, Gros Ventre and Two Medicine) were
separated from shales and three (Kalkberg, A-2, and B) from K-bento-
nites. The Gros ventre and Two Medicine samples contain chrorite;
Figure 3 shows diffraction patterns of these samples after chrorite re-
moval. For samples containing twentv or more per cent expandable
Iayers-i.e., those showing resolution between the 00112/001r0 and 001r0
f 002s on glycolation-the per cent expandable layers was generall l, deter-
mined by averaging individual results from the spacings of the 00110
f00rr2 4 on K-saturated samples and the 00117/00110, 00110/00217, and
002lof 0O3n after glycolation as derived from MacEwan, Ruiz Amil, and
Brown's (1961) and Weaver's (1956, p. 401) curves calculated using
Hendricks and reller's (1942) curves for infinite crvstail i tes. For ail
sampies but two the resulting per cent expandable layers for determina-
tions from individual spacings had an average deviation of +3/6. The
two which did not give consistent results by this method are the Colorado
and Kinnekulle B samples, both of which have large amounts of mont-
moril lonite la1'ers. In particular, both the samples have 00117/00116 spac-
ings of 17+A on glr, 'colation and are thus better interpreted with Mac-
Ewan's (1958) curves calculated for 3- and S-laver crystall i tes. For these
two samples the reported per cent expandable layers is derived from an
average of the 00116/00217 and 00110/0011, a spacings. It is of interest to
note that although the diffraction pattern of K-saturated Kinnekulle-B
(which contains a small amount of kaolinite) confirms mixed-layering, the
patterns of untreated and glycol solvated samples are quite similar to a
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l:i

Frc. 1. Difiraction patterns of oriented specimens of untreated (NT), glycoled, and

K-saturated Interlake Fm (<10% exp.), Gros Ventre Fm. (1501 exp') and Kalkberg Fm

(244/6 exp.) .



830 J. HOWER AND

' ;- 
, '; ':;,, '.. ',

T. C, MOIT.ATT

:$ fJ
n { r

Frc. 2. Difiractionpatterns of oriented specimens of untreated (NT), glycoled, and K-
saturated Two Medicine Fm. (3316 exp.), Kinnekulle Fm A-2 390/6 exp.), and Kinnekulle
Fm. -B (6301 exp.)
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Frc. 3. Difiraction patterns of Gros Ventre and Two Medicine after chlorite removal.

non-mixed layer montmoril lonite and might be mistakenly identif i.ed as
such, if i t were not for: 1. Irrational (001) sequences, 2. Relative inten-
sit ies of the basal reflections somewhat different from those of montmoril-
Ionite, and 3. High scattering intensity at low angles--a phenomenon
predicted for mixed-iayer structures by calculation (MacEw an et al. 1961,
p. all). This last feature may be of the most use in detecting small
amounts of interlayering at either extreme of a sequence.

At less than about 20 per cent expandable layers the 00110,/00117 is not
resolved from the 00l1i,/002n and peak displacements become small, so
that a determination of amount of interlavering becomes less sure. The

831
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Irrc 4. Diffraction patterns of randomly oriented specimens of Interlake,

Gros Ventre, and Kalkberg.

following criteria were used for determinations of (20 per cent expand-
able layers:

1. Development of a low angle bulge (at 11 A+) and shift to 9.9 A at the ,.10 A,,peak
on glycolation these are presumably the unresolved 00110/00117 and 0011s/00217-and
shift to 10.2 A* on K-saturation=15 per cent expandable, 2. No appreciable shift of the
"10 A" peak on glycolation, but intensification and sharpening of the "(003)" actually
the 003r0/005y--at 3 33 A on glycolation= 10 per cent expandable (cf. Weaver, 1956, p.
207), 3. No apparent peak shifts or changes in relative intensity of the basal reflections
after any treatment = 5 per cent expandable.

Figures 4 and 5 are diffraction patterns of randomly oriented specimens
of the same samples. None show the ordering reflections of either the 1M
or 2M polymorphs although the (200)- or (20)-reflection at 2.58 A
which also exists in the lNId polymorph is quite intense. On this basis, it
was concluded that ali samples (including i i l i tes) are close to 100/6 of the
1Md polymorph.
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}t-t :

Frc. 5. Diffraction patterns of randomly oriented specimens of Two Medicine,

Kinnerkulle-A-2 and Kinnekulie-B.

From a petrological point of view it is of interest to note that the
Kalkberg (along with Salona and Onondaga) represent the minimum
amount of expandable layers (20+%) of all monomineralic K-bentonites
examined. In contrast, for example, the "i l l i te" phase of the "Catawba"
K-bentonite from the Ordovician Moccasin Fm. contains about 10 per
cent expandable layers but coexists with another layer silicate which
appears to be an "expanding chlorite." It was not possible to remove the
chlorite by mild chemical treatment and the sample was therefore not
analyzed.

Chemical Analyses. Table 2 is a Iisting of the chemical analyses of the
samples studied along with other pertinent data. The sequence of sam-
ples is of increasing per cent expandable layers followed by the size frac-
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Test-e 3. Cgourcar, Couposrtroms or WBr,r, Cuetacrnnrzro fr-r-ttrs aNl

Mrxro-Llvnn Mrc.t/MoNruoRrr,r,oNrrEs lnolt Otnrn Sooncns

Burnt  Steamboat
lvlor'son' 

Bluff2 springs3
,  Kinnekul le Kinnekul le

L\ealmont' 
No. 86 No. 158

Sio:
Tio,
Alro:
Fe:O:
FeO
Mgo
CaO
Na:o
K:O
H:O-
HrO+

49.03
1 . 0 6

r7 93
13 -11
1 . 3 1
2 . 7 9
0 . 3 9
0 1 0
7 .84

6 . 0 0

52.87
1 . 0 2

24.90
0.  78
1 . 1 9
3 . 6 0
0.69
0 . 2 2
7 .98
2 . 5 6
o .  / J

5 1  . 0
0 2 7

28.7
0 .  59
0 . 3 9
2 . 3 1
0 3 0
0 .  1 5
7  . 7 8
1 . 9 9
5 .96

52.44
0 . M

26.38
0 3 1

J . J /

0.66
0 . 1 6
7  .39
3 . 0 7
4 . 7 8

52.86  58 .87
0 . 3 6  0 . 1 8

2 2 . 9 7  2 2 . 3 4
1 . 6 4  2 . 5 3
0 . 5 5  0 . 3 6
3 . 1 1  4 . 2 3
1 . 4 0  0 . 1 2

0 .  1 6
4 . 8 3  2 . 7 5
5 . 7 9  0 . 7 7
6 . 7 6  7  . 7 5

Total 99.93 99.61 99.44 99.57 t00.27 99.29

Size Fraction <2 < 1/ a<2 <2 < 0 . 5

CEC
(meg/100 gm) n d21

cl Expandable
Layers <10

I Kelier, 1958.
2 Gaudette, 1965.
3 Schoen, 1964, pers. comm.
a Weaver, 1953.
5 Bystrom, 1956.

t ionated samples or those samples which were boiled in a 3% NazCOa
solution (designated NazCOs). The concentrations of the interlayer cat-
ions K, Ca, and Na reported in Table 2 are for fixed cations only; those
removable by cation exchange are included in the cation exchange ca-
pacity. Table 3 is a similar l isting of data obtained from well-character-
ized samples from other sources.

The most useful way of examining the chemical analysis of a mineral is,

of course, to calculate first a structural formula. This, however, assumes
that one knows the structure completely and the proper distribution of

ions within the various lattice sites. This is not known for the i l l i te (or

mixed-layer i l l i te/montmoril lonite) structure. There are two particular
problems: 1. All i l l i tes and mixed-layer i l l i te/montmoril lonites contain

HrO* in excess of the "normal" 4.5Vo+ of aluminum dioctahedral

-2010<10



d i €  q

r o o  r

I

€ N N  N\ o o o  r

I

o . , i €  s
\ o o o  r

+

O \ T N  N\ c o c  s

-L

€ ; 6  N
\ o o o  N

o d o  d
+

\ O N i  c ! ,r o o  r
o o o  o

-L

€
r

+

€ N

\ c  l
o o '

o \ N
r c )  @

+

9 N H  o . l
r O O  S

+

r i N  O
N O O  €

o d o  o
+

+ p o
i !

. +  y  6
N :  = 5

V Z ) < J : r )

s

I

I

N
r

I

N

I

N
r

I

r
r

I

€
N

I

N
@

I

a
N

I

@

I

O Q
+ . 9  t o

.'i .! ;-'i

T. }IOWER AND T. C. MOWATT

@ O € O \ 4 Nq * ? r q . l

I

o o 4 O \ : - i
o N o - o o
- i o o d - i c j

I

4 r c o : : \ o

J o o o s i  o
I

I

€ \ o N € a €
q N O N O O

* O O O i O

I

N + 1  O O $ H€ o o 9 0 N
J c ; o d . i o

I

\ O O + 1  : + o

I

r $ 4 r o o

: A -

I

€ A 4 N € Q

I

\ o q 4 o + 1  O

* c i d c ; 6 i c j
I

o
u

- ! ! E ; i
< l r F r A A r )

-l

€ N N

I

N € C O\ o . a o

I

\ O o €

I

a : i\ o s o

I

\O <r -+1
\ o o o

I

I

I

I

I

O T N

. . ^ - i
I

bo
6

A < Q

6

F

o

Fn

O \,/

a

l i l

a

H X

3Z
a

> V

a

o

6 \ /

E l

= 4

9 ? o
E

= ( J

,a. z

i e

tr
o

o

Fr

m

O

z

838

a
O

O

ts
F

F-l

z
- l(-)
z{
O
O

rl

ts
O-)
,;
z

x

z

ts
(,

z

ts
F]

h

O
!

(,

!

F



839

D i T  O\ o o o  r

I

r i r  D

a q ?  9
+

+

€ d N  \ O

n o o  €
^ . { - i  ;

-L

d r - E  O
@ o o  r
- i ^ - :  ;

I

N i 6  €
\ o o o  \ o

-t_

< I N \ O  N
\ o < f o  s

I

N N O  N
\ o o o  s

I

s o N

a o 4
9 ? q  F

+

b o
. = b o

+ o ( €

M Z X E O

d

E

I

I

I

I

r

I

I

N
r

I

r

I

s

o o
- 9 b o

F F I O

MINERALOGY OF ILLITES

N C ) N d O s
+ r N d N O s

I

o \ o N N O O 4
1 r ? a q 1

I

\ O c O 4 O O \ €

I

4 i o c o o o

i O O O N O

I

6 A N N N C O
$ * o € o o

J d o o . i c j
I

h \ O N + 4 N D

J o d c ; . i c j
I

D h 4 \ o i c o
4 i o N o N

- d o d . i c ;
I

s38R89
J o d d . i  o

I

\ o $ r r \ o o < 1
b c r o o o o
J c j o d . i c ;

I

o
u

i !

. 9 ,  1 .  b o E  E
a  r i  r i  > , i O

a

E

\o *1 dr

I

o \ i d
N N N

- ; o d
I

r N N

o O O
I

€ N N
\ O 9 o

- ; o c i
I

N O S\ o a s
; d c j

I

a i i\ o o o
- i ;  - i

I

\o .+r <:1

-; ci c;
I

d o c ;
I

O O N N

I

a
bo

6 < o

d
.o

.t

F

. 9

" ;

o
Fl

d 6
> :
>r .Y

a 9

A E
. o xz =

ez
o

L)

d

C)

P 6
a

o

o

U

F



.a \o o\. $ i n

+

€ O
< .  1 * \ o
o o o

+

< r l * 4
O O O

+

- o q
$ l - h

+
s O j \ O
+ l o 4

+

$ 1 O \ o
n O \ O

+

n l H \ o

+

@ r q
h l o \ o
o ' o o

+
r € o
4 l O \ O

T

+ 1  N 4\ o o o  r

I

a 4 9
4 O O  \ O

o o o  d
+

t '  " .
? P

! O d

Y Z X E Q

o

I

I

I

O

I

I

N

I

r

I

I

e

I

I

I

O A
- 9 b o

F t s l O

J. HOWER AND T. C. MOWATT

€ O , O N N O \
4 0 0 0 0 N

I

O , O d r * r O €
+ o o : o i

e O O O N O
I

H i  i c o N
4 i  l $ c ) o
- O  O N O

I

4 O l  i 4 @
4 O  l < 1  O N

i < >  O N O
I

o \ O  4 r + l O
d r o  4 0 d l

I

€ 4  O s i
4 o  l s r o o
* O  O N O

I

4 d r i € € n
N O O H O N

- i c j o c i J d
I

H N  O \ O D
4 :  l < r o N
* O  O N O

I

r t r N  r O c O

J -

I

\ o N  \ o < t + 1

i O  O N O

I

H N Q N c ) N

I

il

- l - a . a H  5 : . !
<  t r J r A ( n l )

d

cd

O \ e :\ o o o

I

€ N N

a  1 < '
I

N N N

I

o r N
N N N

I

€ H i

I

a e i\ o s o

€ N N

I

N C O @
\ o o o

I

\ o o o

I

; o o
I

\o +r ir
N N N

I

G- s
6  < . )

d

€
d

F

= o o

Ez

O O

_ > E
l i o

W N

Ei
\,1

a

r)

o
-d bo

cd

o

d(n

cd

z
c d a
> E
> r

a v

o

840

s
s

a \

I

|]

F



841

N e r a
l l o l  a

+

N N N  \ O
N O N  $

-L

N \ o @
N l H o

d ' o o
+

O \ s \ O
1 l :

+

i N
+ r l : q

-L

+ o d

\ l Z X . A O

o

o

I

6

I

I

N

I

I

o q

.9  q t r

MINEKALOGY OF ILLITES

< 1  N  c O < i :
< { i  l < r O . o
* O  O N O

I

O N N i D O O
b i O r + r O N

J c i d c i . i c j
I

4 d 6 d ' . + 1  4
4 H O N O N

J c i d c ; 6 i c ;
I

r c O N r o . l r. : a o l q a
i O O O H O

I

4 D + r \ o o o
9 " ? . t q n
H O O O N O

I

bo
+ + c i

U E :

af i f i> ;u

6

€ N N
€ r i

I

6 N N

I

dt \o \o
€ i i

I

€ N N

I

\o =l1 <1
r N N

I

q

6 < r )

o

F

a

- V *

tl

o

J n

.=z

S o
J i A
>z

E
d

O

o

Ez

H

\)
I

Fl

F



842 I. HOWL,R AND T. C. MOWATT

potassium micas (Foster, 1964, p. F3) which is attributable to structural
hydroxyl in the ideal single layer unit of O10(OH)2, and 2. There is, per se,
not one structural formula that can be written for a mixed-layer struc-
ture. A mixed-layer structure is obviously not compositionally homoge-
neous.

Ercess HzOl . The excess HzO* in mixed-layer i l l i te/montmoril lonites
can, perhaps, be attributed to the trapping of interlayer water molecules
on dehvdration during the determination of H2O. In fact, the whole pro-
cedure of how and at what temperature to determine HzO- is open to
question (Warshaw, 1957; Foster,1964, p. F3). It follows, however, that
if this explanation is generally applicable, illites which contain no derecr-
able expandable layers should not contain excess HrO*. But they do.
Under these circumstances, it may be possible to attribute excess HrO*
to an abnormally high (OH) content or to the presence of the interlayer
cation H3O+ proxying for K+. Brown and Norrish (1952) examined these
possibil i t ies and opted for Hao+ because calculation of the structural
formula of two of Grim et al.'s (1937) type illites in this manner yielded
structural charges equal to micas and reduced the octahedral cation popu-
Iation to close to the ideal 2.00 per ol '(oH)r. Table 5 l ists the structural
formulas for the best characterized illites available-i.e., those with ap-
parently no expandable layers, which are monomineralic, and have chem-
ical analyses. Two (Interlake(0.5 and Morrison) turn out quite nicely;
however, most yield octahedral cation populations considerably less than
2.00 and some very high and unbalanced charges. This may result from
poor HzO* determinations and should be further examined, but the
writers consider at this time that there are fairly good reasons for exclud-
ing the possibility of Hrg+ and explaining excess HzO* in another man-
ner (as wil l be explained later).

Other possibilities exist that can explain chemical analyses that yield
structural formulas of lower than true mica charges for illites. The sam-
ples may actually be compositionally (and structurally) heterogeneous
with respect to particle size. This possibil i ty has been treated by Jonas
(1960) and Jonas and Roberson (1960) who give logical explanations to
explain such changes based on increased surface area with decreasing
particle size. rn the present study, the two best i l l i tes were fractionated
(Interlake and Silver Hil l) into three size ranges-0.3{).5p, 0.1-{.3p,
and (0.1p-and each fraction was analyzed. As can be seen from Table
2, the compositions do not vary much over this range of particle size,
except for Tioz which decreases rapidly with decreasing particle size; it is
considered to be a separate phase and is excluded from structural formula
calculations. There is a slight indication of decreasing potassium with
decreasing particle size as predicted by Jonas and by Jonas and Rober-
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844 J. HOWER AND T. C. MOWATT

son. This factor appears to be of l i tt le significance, especially when one
considers that only 18/6 of Interlake (0.5 and 27/o of Silver.Hil l (0.5
is in the (0.1 range. It is also possible that amorphous alumina and
sil ica are present. This would not be detectable by diffraction but would
contribute tetrahedral and octahedral and not interlayer ions to the struc-
tural formula calculation. An attempt was made to remove the possible
amorphous alumina and sil ica by boil ing three i l l i tes (Interlake (0.5,
Silver Hil l (0.5, and Eau Claire (1) in a 3/6 NazCOa solution. No
weight loss occurred except a few per cent attributable to loss during
transfer and, as can be seen from Table 2, the compositions are not signif-
icantl l '  different from the untreated samples. It is concluded, therefore,
that the samples are monomineralic and homogeneous.

Formulas for Mired.Jayer Struclures. As mentioned above, and as has
been pointed out by Weaver (1965), a single structural formula wil l not
suffice for a mixed-layer structure. Weaver has suggested that mixed-
layer i l l i te/montmoril lonites be considered as having two compositional
units: an "i l l i te" unit with an 8-10 weight per cent KzO composition and
a charge of about 8O/ethat of a mica and a montmoril lonite unit with a
charge of 35-40/6 that of a mica and no fixed potassium. This is cer-
tainly better than viewing a mixed-layer structure as homogeneous, but
is most l ikely too simple a model. Some reasons for believing Weaver's
model too simple are as follows:

1. It cannot explain the sequence of inter-layer charges in randomly interstratified
iilite/montmorillonites unless the structure can be centered on the interlayer lattice posi-
tions rather than the 2:1 unit. Although tetrahedral compositions and charges can be as-
signed easily with this model, a similar assignment in the octahedral layer becomes a
dilemma; 2. It allows for no compositional gradation with a given Iattice unit between
montmorillonite and dioctahedral mica-a feature whicb seems unlikelv from a petrolosical

viewpoint.

It is tentatively suggested here that the "homogeneous" single structural
formula represents the mean 2: 1 unit composition and that some sort of
distribution of composition l ies about this mean. Until the nature of
mixedJayering can be examined more carefully, it is considered sufficient
to write a single "mean" structural formula with the realization that it
represents no more than that.

Srnucrunal AND CoMposrrIoNAL RBurroNsurps

As explained above, it appears that the samples investigated are com-
positionally and structurally homogeneous and that structural formulas
calculated from the chemical analyses should be meaningful. It als<l ap-
pears that the structural formulas should be calculated neglecting excess



MINERALOGY OF ILLIT].',S 845

HrO+. Iable 4 is a l isting of cations per 11 oxygens from which struc-

tural formulas can be written. The calculated interlayer charges varv

from 0.81 equivalents per 11 oxygens (for the best i l l i te, Interlake) to

approximatell '  0.40 equivalents for mixed-layer i l l i te/montmoril lonites
containing about 60/6 expandable layers. Figure 6 is a plot of fixed inter-

layer potassium against total charge. Included diagrammatically is a

K n
vS

TOTAL CHARGE

o r €

O This paper

@ Other sources

o 8

Fro. 6. The relationship between fixed interlayer potassium, Kn, and structural charge in

illites and iilite/montmoriilonites.

field for montmorillonite, assuming a mean charge of 0.35 equivalents.

AIso included is a straight l ine which represents K. total charge i.e., the

theoretical potassium content if all the interlal'er charge were satisfied by

fixed polassium. The deviation between the two curves is charge-satisfied

by exchangeable cations. The curve extrapolates nicely to all fixed cations

at the mica (1 equivalent) end to all exchangeable cations at the mont-

moril lonite (0.35 equivalent) end.
Figure 7 is a plot of per cent expandable la1'ers against the number of

fixed interlayer cations per structural unit. The relationship is very satis-
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Frc. 7. The relationship betrn'een per cent expandable (montmorillonite) Iayers and fixed
interla]'er cations in illites and illite/montmorillonites.

f actory but extrapolates to about 0.8 equivalents of f ixed interlayer cations
for no expandable layers rather than 1 equivalent as in micas. This fea-
ture is przzling and is the reason that Brown and Norrish (1952) con-
sidered including HsO+ as a fixed interlayer cation. An explanation should
be given why the present writers ignore the possibil i ty of HeO+; they are
as follows:
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1. Assuming the H:Ot determinations to be reasonabl)' reliable, the formulas calcu-

lated by the method of Brown and Norrish do not give consistent-and sometimes not

reasonable-results. In contrast to the considerably varying octahedral cation population

(1.88-2.00) which averages 1.93 occupied positions when including H3o+, normal formulas

have octahedral populations ranging from 1.98 to 2.06 and average 2.02. This is close to

ideally dioctahedral and the appeal is one of simplicity' 2' If Hro+ is present, one must con-

sider that the IftO+/K ratio in illites and illite/montmorillonites is quite constant, other-

wise the good relationship shown in Figure 7 would not exist. since the Eo+/K+ ratio in

the structure would undoubtedlv reflect the H3Q+/t(+ in the solutions which contributed

MUSCOVTTE < 0.5 tn INTERLAKE < 0,5 'N

847

6

Frc. 8. A comparison of difiraction patterns of Interlake and a

muscovite, both sized to (0.5p.

the interlayer cations this demands a very restricted acidity to potassium ion concentra-

tion in these solutions. This does not seem reasonable, especially when one considers the

range of H+/K+ ratio over which Meyer and Hemley (1959) found muscovite stable. 3.

Warshaw (1960) was able to synthesize a simplified "illite" quite readily with K+ as the

interlayer cation, but was unable to synthesize "illites" which included HsO+. 4. The last

point is positive rather than negative, and is an attempt to explain the minor differences be-

tween diffraction patterns of the best illites (e.g., Interlake) and muscovite, when both are

in the clay size range.

Figure 8 is a comparison of Interlake i l l i te and a muscovite' Both have

been sized to (0.5p. There are two main difierences: 1. Interlake's basal

reflections are considerablv broader-a feature which cannot be attrib-

t02t06
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uted to peak broadening caused by smaller particle size, and, perhaps
more significantly, 2. There is considerable scattering intensity at low
angles in the Interlake pattern, but not the muscovite. As mentioned
previously, high scattering intensity at low angles is an inherent feature
of mixed-laye-r structures. Yet the 10 A peak of Interlake is very close to
ideal (10.05 A) and there is no apparent shift or change of relative in-
tensity of the basal reflections under anv treatment. It is of interest to
note that in a 40,000 ft. section of the Precambrian Belt sediments in
Idaho, the dioctahedral 10 A material in the ( lpr fraction goes from a
non-interlayered 1Md structure with significant scattering intensity at
low angles (the same features as Interlake) at the top of the section gra-
dationall l ' to a 2M structure with low scattering intensity at low angles
(as in the muscovite pattern) at the bottom of the section where porphy'-
roblasts of biotite make their appearance (greenschist facies) (Maxwell,
1964).

With some temerity it is now suggested that the excess HzOf in i l l i tes
is present as neutral H2O trapped in non-expandable la1,ers. The HzO
molecules may be present either in the interlayer structural positions not
occupied by K+ and/or as lenses of water. This may cause the less regular
basal repeat distance in i l l i tes (as shown by broader basal reflections) and
also the higher scattering intensity at low angles. This appears to be a
characteristic of i l l i te unti l i t is converted to a true mica of the beginning
of metamorphism. It seems to the writers that it would be a remarkable
coincidence if it took exactly 1 equivalent of in-terlayer K+ (plus HaO+
Na+, etc.) to collapse a 2: 1 structure to near 10 A and there is no obvious
reason why' it could not happen at a somewhat lower charge. There are
valid structural reasons for having 1 mole of K per Oro(OH)z as a maxi-
mum but not as a minimum. An elucidating further step not yet taken
would be to extract the interlayer cations-and thus expand the layers
-of an i l l i te l ike Interlake with sodium tetraphenyl boron and determine
the available charge with a cation of high hydration energy such as Mg2+
or Ca2+ (so that the layers wil l not prematurely collapse). If the available
charge turns out to be near the 250 meg/100 gm* theoretical C.E.C. for
muscovite, then the present concept is wrong, Brown and Norrish (1952)
are probably right, and H3O+ is present. If, however, the charge is ap-
proximately 200 meg/100 gm, it would appear that the excess HzO* is
either attributable to retention of HzO- water above 105-110. C. or is
present as neutral HzO in the non-expandable layers.

Figure 9 is a plot of cation exchange capacity against per cent expand-
able lar-ers. The curve extrapolates to about 100 meg/100 gm at 100/6
expandable la1'ers (a reasonable value for montmoril lonite) and to some-
thing less than 10 meg/100 gm at 0/6 expandable layers (a reasonable
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CEC (meq.ri00gm)

vs

Z Exp.  layers

a
x
UJ

o

Fro. 9. The relationship between cation exchange capacity and per cent expandable layers

in illites and illite/montmorillonites.

value for edge exchange). Although the relationship is quite good, the

scatter of points is outside of the experimental error. There are some un-

explained features which determine C.E.C.

L,r-rrB AND ILLTTE/Moltruonrr-LoNrrE ColrposrrroNs

IN TERMS OF THE ENI MBMSBRS PYROPIIYLLITE-

Muscovrm-Cpr,epoNrrn

From a petrological point of view it is of interest to examine illite and

illite/montmorillonite compositions in terms of the end members pyro-

phyllite,

[(At,) (sin)oro(oH),]0,

muscovite

[ (ert (si,erl]o,o(oH),1'- [K,]'+,

and celandonite,

16e!+1ne,4r - ue1+ (sl,) o,o(oH),] 
t-[K,].'*

849
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Compos i t ion  o f  i l l i tes

and micy/ mont mori llonites

O This paper

E Other sources

€ ) A

6 6
a -  ^  o
o o'-

- o o o  e

celadoni te +- inc. oct. chg. pyrophyllite

Fro. 10. The distribution of illite and illite/montmorillonite compositions within the
composition triangle pyrophyllite-muscovite_celadonite.

Figure 10 is a composition triangle with these minerals at the vertices
and is a slightly modified version of that of yoder and Eugster (19s5).
The muscovite-celandonite side is the wel-known trisilicic-tetrasilicic
dioctahedral potassium mica series of Foster (1956). The pyrophyll ite-
muscovite and pyrophyllite-celadonite sides should logicallv represent a
gradation from non-expandable pyrophyllite through mixedJayer
pyrophyllite/montmorillonite structures, montmorilonite mixed-layer
mica (or illite)/montmorillonites, to mica. Beidellite wourd lie on the
pyrophyllite-muscovite side and "classical" montmorillonite on the
pyrophyllite-celadonite side. A field for montmorillonite is outlined as
lying between a lattice charge of 0.2 to 0.4 equivalents. The field may
actually be smaller than this.

The compositions of all samples are plotted on this diagram according
to the layer charge distribution obtained from structural formulas. r'o
give an example, the i l l i te from the Silver Hil l Fm. ((0.5p) has the
structural formula:

-0.38 _0.34 _o.72 +0 72
tf{11,ftfu "Igyqry) 

(Si: ooAlo,,) o,o(oH) e] [K6 66Na6 61x6 q3]
199

e
\o.

t
o+
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Percent expandable

layers

OThis  paper

I Other sources

+inc .  oc t .  chg .

Frc. 11. The relationship between number of fixed interlayer cations and structural charge

in illites and illite/montmorillonites.

On the basis of this structural formula, the Silver Hili illite is considered

to consist (compositionally) of 3816 celadonite, 34/o muscovite' and 2816
(the remainder) pyrophyllite.

Figures 11 and 12 are contoured plots of the same parameters (number

of fixed interlayer cations and percent expandable layers) as was shown

in a different manner in Figs. 6 and 7 . The contours are' within the

reliabiiity of the data, parallel to the mica side. Therefore, it appears as if

these features are not affected by tetrahedral-octahedral charge distribu-

tion as would iogically be deduced from cr1'stal chemistry (Weaver',

1es8b).
AII samples fali within the field of mixed-layer structures, which they

are except for the i l l i tes with <lo7o expandable la-'-ers. The points nearest

the montmorillonite field are Kinnekulle B, a K-bentonite, and Wilcox

fr2, amixed-layer structure separated from the Eocene Wilcox Fm., both

of which contain abofi 60/6 expandable (montmorillonite) layers.

K-bentonites with abofi 20/s expandable layers (such as Kalkberg,

Onondaga, and Salona) plot far from the montmorillonite field, having

structural charges (0.6f equivalents) appraoching i l l i tes. They are thus

not merely montmoril lonites with potassium as the interlayer cation.

\ov
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Number of  f ixed
inter layer cat ions

(K+ Na)n

O Th is  paper

E Other sources

€ -  i nc .oc t . chg .

Frc. 12. The relationship between per cent expandable (montmorillonite) layers and
structural charge in illites and illite/montmorillonites.

Therefore, the suggestion which persists in the literature-of which the
latest example is that of Huff (1963)-that K-bentonites are merely
K-exchanged montmoril lonites is invalid. rt is certainly possible that high
charge montmorillonites formed originally in a potassium deficient en-
vironment (such as in acid hydrothermal alteration associated with ore
deposition) would convert to highly expandable mixed-layer i l l i te/mont-
morillonites when introduced into a K-rich environment (the ocean, for
example). Weaver (1958) has already suggested a similar possiblity.
K-bentonites with 8O/6 illite layers are another story. They cannot be
explained simplv by the shuffiing of interlayer cations. Their origin in-
volves either an original mechanism of formation difierent from normal
bentonites (Bystrom, 1956) or a later alteration including compositional
changes involving the 2:l structure.

The relationships in Figs. 6, 7,10, 11, and 12 also show that mont-
morillonite layers do not collapse to 10 A unless the charge is available
to fix sufficient potassium. Therefore, there appears to be no evidence for
the collapse of montmorillonite layers with increasing depth of burial-
unless burial depth involves not only increasing pressure, but composi-
tional chanses as well.

\
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A further feature of interest is shown by the distribution of points in
Fig. 10. There appears to be a limited field occupied by illites and illite/
montmorillonites. None lie near the celadonite or muscovite vertex. Even
the best illites do not approach sericites in terms of tetrahedral charge,
and only a few are up in the phengite field. Therefore, unless something
chemically drastic-such as alteration of the tetrahedral AI/Si ratio-
happens during weathering, illites and illite/montmorillonites do not ap-
pear to be degraded high temperature dioctahedral micas derived from
igneous and metamorphic rocks. Illite and illite/montmorillonite com-
positions deserve an attempt at a petrological interpretation in terms of
the recent phase equil ibria studies of pertinent systems (e.g., Velde,
1964)-especially since it appears that some mixed-layer clays may be
stable rather than metastable structures (Iiyama and Roy, 1963).

CoNcrusroxs

Montmorillonites, mixed-layer illite/montmorillonites, and illites form
a continuous mineralogical sequence in which the composition and struc-
ture are quite nicely related. The illite end of the sequence appears to be
distinct from true dioctahedral micas. The compositional range of this
mineral group within the limits pyrophyllite-muscovite-celadonite indi-
cates that the group deserves a petrological interpretation different from
that of degraded high temperature dioctahedral micas.
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