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Aasrnacr

When muscovite+vermiculite and muscovite+montmorilionite are subject to mild

treatment with KOH they rvill contract to 10 A, indicating that they have inherited much

of the high interlayer charge oI the muscovite A revierv of the data on potassium "fixation"
indicates that the relation betr,veen the amount of "fixed" potassiurn ancl the number of

contracted 10-A layers is as yet not clear. Samples of montmorillonite r,vere subjected to

various treatments with KOH and it is shown that there is a direct relation betrveen the

l)er cent ol contracted 10-A layers and the per cent oI tetrahedral charge
Potassium treatments u'ith vermiculite indicates that there are highly charged biotite

and muscovite+vermiculites which readily contract to 10.0 to 10.2 A and low-chargecl

nonmica+vermiculites which resist contraction An attempt is made to organize the casily

measured parameters of expandecl 2:1 c1a1's and to show horr these parameters relate one

to the other and ultimately to the source material
A-sample of muscovite+montmorillonite exposecl to sea water readily contracted to

a 10-A Iattice, indicating the unstable character of such montmorillonites An examination

ol clays from marine sediments inclicates that muscovite and biotite+vermiculite and

montmorillonite are relatively rare and that most of the expancled clays are clerived from

low charged nonmicaceous minerals such as volcanic material, chlorite, and hornblende

The sequence illite+montmorillonite+illite is considered to indicate rejuvenation and

not diagenesis. Further, it is speculated that mixed-layer illite+montmorillonites have an

equilibrium ratio ivhich is determined by the interlayer charge and the composition of the

rvater in the environment of deposition
A limitecl study of Recent sediments indicates that most of the expanded clays in the

Gulf of Nlexico are volcanic+montmorillonites and that those from the Atlantic Coast

may be muscovite+montmorillonites.

INrrnopucrroN

Agronomists, and to a lesser extent mineralogisl-s, have accumulated a
great amount of data on potassium "fixation" by soils and clay minerals.
Relatively l i tt le effort has been made by geologists and petrographers to
evaluate the geologic significance of this phenomenon. The experiments
conducted during this investigation were designed to supplement the
data in the l iterature and an attempt was made to obtain some prelim-
inary ideas on the geological signifi.cance of the phenomenon of potas-
sium "fixation" by expanded clay minerals.

A number of investigators have reported the alteration of trioctahedral
l - r i o t i r e  l o  ve rm icu l i t e .  The  ve rm icu l i l e  has  a  1 - t . o -  t o  1+ .5 -A  sPac ing :  i l

* Publication No. i54, Shell Development Compan1., Iixploration ancl Procluction Re-

search Division, Houston, Texas.
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will not expand when treated with ethylene glycol but wil l collapse to
near 10 A when treated rvith K or when heated. (Walker, 1949, 1950;
Walker and Nli lne, 1950: Barshad, 1948, 1954; Van der nlarel, 1954.)

Walker (1950) and NIacEwan (1954) reported an example of biotite al-
tering to montmoril lonite. The montmoril lonite was differentiated from
vermiculite on the basis that it expanded to 17.7 A when treated with
glycerol and the vermiculite did not.

Recently, Brown (1953), Hathaway (1954), and Rich and Obershain
(1955) reported the presence of a dioctahedral vermiculite-l ike mineral
believed to have been formed by the alteration of muscovite. This ver-
miculite has a 14.0- to 11.7-A (001) spacing, wil i not expand when treated
wi th g lycero l ,  but  wi l l  co l lapse ro near  10 A when l reated wi th potassium.
Aluminum and iron can occur in the interlayer positions where they re-
tard collapse by potassium treatment and by heat treatment.

For a long time it has been noted that many soils "fix" potassium.
I{ore recently, numerous instances have been rep-orted where expanded
14 A clay minerals in soils wil l collapse to near 10 A when saturated with
potassium and dried at room temperature (Jackson and Hellman, l94L;
Rolfe and Jeffries, 1953; Kunze and Jeffries, 1953; Van der \{arel, 1954) .
These clays do not expand appreciably with glycol and are considered
by the writers of the latter two papers to be a vermiculite-l ike mineral
derived from the weathering of muscovite and il l i te.

Nluscovrrn--+l\,IolrrMonrlloNrrE ar.ro Nluscovrrp---+VBnlttcuLr.rE

The Ordovician Womble shale and the Cambrian Coll ier schist in the
Ouachita }tlountains of southeastern Oklahoma are composed largely of
well-crystallized illite (fine-grained 2 M mtscovite) and a small amount
of chlorite which, when weathered, alter to an expanded 2:1 clay and
kaolinite. The expanded clay mineral has a 14.0- to 15.0-A (001) spacing
in its natural state. When treated with ethylene glycol, the Womble clay
(BEC 70 meq per 100 gm.) expands to about 17 A, whereas the Coll ier
clay (BEC 50 meq per 100 gm.) shows no expansion (Fig. 1, Table 1).
However, when lhese clays are allowed to stand in a 1 ,rrl KOH solution
for 15 hours and dried at room temperature, both collapse to 10 A. ne-
fore KOH treatment the Womble sample had 1.60/6 KsO and after
treatment 3.8o/o. Neither of the K-saturated samples wil l expand when
treated with ethylene glycol. The K-saturated Womble sample, dried at
room temperature and placed in a 1 Ir CaClz solution for 15 hours, re-
expands to 15.0 A, and then when glycolated absorbs two layers of gly-
col and expands to 16.6 A. U'hen the K-saturated Womble sample was
dried at 110" C. for one week and then placed in a 1 .V CaClz solution the
expansion was less than for the sample dried at room temDerature.
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Frc. 1. (1) to (4)-Womble shale: (1) natural state: (2) with ethyiene glycol; (3) with

KOH; (a) with KOH and ethylene glycol. (5) to (8)-Collier schist; (5) natural statel
(6) with ethylene glycol; (7) with KOH; (8) with KOII and ethylene glycol.
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Tagra 1 X-Rav D.q,ra oN Muscovrtn+MoNrlronrr,r,oNrrE AND

Muscovrrn+VERMrcur,rrE

Womble Shale
Collier Schist

Further, when the Ca-saturated Womble sample is heated to 600o C. for
15 hours,  i t  wi l l  co l lapse to oniy  10.0Aand not  the 9.3-Aspacing charac-
teristic of a Ca montmoril lonite. An r-ray pattern of a sample of wet, K-
saturated Womble clay indicated that it was completely collapsed to
10 A. X-ray diffraction patterns of both K-saturated samples show a
(060) value of 1.495 A, indicating thal the clay is dioctahedral. The
series of reflections between 4.4 and 2.6 A indicate that the clay has the
2 M muscovite structure (Table 2).

These expanded micas appear to have a strong preference for potas-
sium. When placed in a solution containing one part KCI to ten par-ts
X{gClz the Womble clay adsorbed the potassium and contracted to 10 A.
When given a choice, montmoril lonite (volcanic) adsorbs magnesium
more readily than potassium (Grim, 1953). This suggests that the pre{-
erential adsorption of potassium by the Womble clay may be a function
of charge andfor structural order.

The preceding data indicate that these expanded clays were derived
from muscovite. The Womble clay has some of the p-roperties of mont-
moril lonite, in Lhat glycolation expands it to near 17 A. However, it dif-
fers from the "typical" montmoril lonite because it collapses to 10 A
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when saturated u'ith K and dried at room temperature. 
' l 'he ease with

uh i t . h  t he  t rNomb le  t l ay  co l l apses  to  l 0 . i  uhen  sa tu ra ted  w i th  K  s t rg -

gests Lhat the interlayer charge is relatively large and that the predom-

inant lattice charge is probably tetrahedral ancl rvas inherited from lhe

original muscovite. The abil ity to contract is less in the finer grain sizes,

suggesting that when weathering is sufftciently severe. the high ]alt ite

charge can be destroyed. The fact that the Ca-saturated Womble clay

will collapse only to 10 A when heated to 600o C. suggests that a sulficient

number of the large K+ ions remain between the layers to prevent com-

plete collapse but apparently are not enough to prevent expansion' The

clifferential thermal curve of the Womble clay shows the second endo-

thermal reaction occurring at 550o C. The temperature of this reaction

is characteristic o{ i l l i te and approximately 100' lower than for volcanic

montmoril lonite.
The Coll ier muscovite--+vermiculite is similar to those previously

descr ibed by Brown (1953),  Hathaway (1954),  and Rich and Obershain

(1ess).
A question immediately arises as to how much of this muscovite+

montmoril lonite and biotite--+montmoril lonite is present in sediments

and soils and has been overlooked or considered as typical montmoril-

lonite (volcanic---+montmoril lonite). It seems likely that it would be

fairly common in soils. In the latter part of this paper some preliminary

data wil l be given concerning its presence in sediments.

The discovery of this material indicates how strongly clay minerals

can inherit much of the character of their source material. Whereas the

character of muscovite---+montmoril lonite is largely due to the structure

and charge which the muscovite---+montmoril lonite inherits from the

original muscovite, the "typical" montmoril lonite is aggraded largely

from a glass or gel and inherits no established structure or charge, but

only chemical characteristics, and is a separate entity. To be able to dif-

{erentiate between these various types of montmoril lonite can be o{

considerable geological and agricultural significance.

Potassrulr "FrxATroN"

In the pasl- twenty years many papers have described potassium "fixa-

tion" by montmoril lonite (Volk, 1934; Truog and Jones, 1938; Page and

Baver,  1940;  l {or t land and Geiseking,  1951;  Wear and Whi te,  1951;

Dyal  and Hendr icks,  1952;  Barshad'  1954).  Rei temeier  (1951) has de-

fined ,,f ixed" potassium as "applied potassium which is not immediately

replaceable by the usual cation exchange reagents as NHa acetate'"

Barshad (1951) has suggested that  " the lerm' f ixed 'cat ions be appl ied

to those present in a mineral with a contracted-type layered lattice re-

sisting replacement by cations thaL are unable to expand the lattice,
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notwithstanding the application of the most efficient meLhod of repiace-
ment." Accordingly, "the 'Ngr+-fixation' capacity of a soil or a mineral
would be defined as the absorbecl NHa+ not replaceable by K+, ancl
'K+-fixation' capacity as the absorbed K+ not replaceable by NHo+."

Barshad (1948, 1954) has shown that the amount of "f ixation" of
K+ and NHa+ is a function of the type of cation used as a leaching agent.
Thus " . . . cations present in a contracted crystal lattice (K+ and NHn+)
may be replaced by those which bring about an expansion of the crystal
lattice (Na+, NIg2+, Ci'+,3u2+) but not by those which cannot do so
(K+, NH4+)." The larger the size of the clay flake, the more diff icult it
becomes for the contracting-type cations to migrate into the interior of
the flake and, as a result, "f ixation" tends to increase as flake size in-
creases (Barshad, 1954). Though no "fixation" measurements were
made, the r-ray data indicated that Ca2+ was much more effective than
NH++ in replacing K+ from the Womble muscovite--+montmorillonite.

Barshad (1954) interprets his data to indicate that "f ixation" is a
function of the amount of total interlayer charge. He has shown that an
expanded lattice with an interlayer charge of 150 or more meq per 100
gm. of materiai heated to 1000o C. wil l contract to 10.4 A when saturated
with K+, whereas lattices with a charge of 110 or less meq per 100 gm.
have an expansion equivalent to one molecular layer of water (12.4 A).
It appears that for lattices with charges greater than 150 meq per 100
gm., the amount of K+ "fixed" increases from 51 per cent of the total
exchange capacity for a sample with 159 meq per 100 gm. to 99.3 per
cent for a sample with a charge of 215 meq per 100 gm. The maximum
interlayer charge of the more common layer minerals would presumably
be muscovite, which Barshad (1954) reports as having a charge oI 262
meq per 100 gm. The muscovite--+vermiculite and muscovite-+mont-
moril lonite, l ike Barshad's biotite--+vermiculite, also appear to retain
much of the high interlayer charge of the original muscovite as shown by
their ready collapse to near 10 A when saturated with K+.

Truog and Jones (1938) indicated that K+ could be "fixed" to the ex-
tent of 40 per cent of the cation exchange capacity by alternately wetting
and drying montmoril lonite at 80o C. X,Iortland and Gieseking (1951)
indicated nearly 100 per cent "fixation" by drying the clays from a
solution of K:SiOe at 100o C.; however, it was necessary to dry Wyoming
bentonite at 400o C. to obtain a contraction to l0 A. Wear and White
(1951) used a milder treatment which consisted of saturating the clay
with K+, washing, drying at 105' C., and wetting and washing with NHa
acetate. Maximum "fixation" occurred with the Wyoming bentonite
where "fixed" K+ reduced the BEC by 22 to 28 per cent. Using even
milder treatment, Barshad (1954) was able to "fix" less than 4 per cent
NHa+ and less than 8 per cent K+ in montmoril lonite.
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Wear ancl  Whi te (1951) repor ted a s l ight ly  greater  than 25-per  cent
reduction in the (001) r-ray diffraction maximum of glycolated K+
"fixed" Wyoming bentonite and believe that this implied that 25 to 30
per cent of the layers were contracted to 10 A. If 25 per cent of the layers
had collapsed to 10 A they should be detectable in one of two ways: (o)
by a discrete reflection at 10 A, in which case it could be assumed that
fairly sizeable packets of layers had collapsed to 10 A and the resulting
clay was essentially a discrete mixture of 10-A and 17.7-A layers, or (6)
by  a  sh i f t i ng  o f  t he  17 .7 -L  (001 )  re f l ec t i on  r . owards  10  A ,  i nd i ca t i ng  a
random interstratif ication of 10- and 17.7-A layers. The r-ray patterns
presented do not show'either of these effects. Further, Jackson and Hell-
man (1941) s tate " I t  has been found in th is  laboratory that  0.7 to 0.9
per cent KzO may be fixed in nonexchangeable form in montmoril lonite
from bentonite and soil clays without affecting the (001) r-ray diffrac-
tion l ine ." As can be seen, the relation between the amount of
"fixed" potassium and the number of contractecl 10-A layers is as yet not
c lear .

NIouruonrrLoNrrE .q.No NoNtnor'rtrp

Both montmoril lonites and nontronites have a BEC ranging {rom
approximately 90 to 115 meq per 100 gm. air-dried material (or approxi-
mately 110 to 150 meq per 100 gm. of ignited material) ; however, analysis
of the chemical data (Ross and Hendricks, 1945; and Osthaus, 1954,
1955) indicates that montmoril lonites generally have from two-thirds to
all the total latt ice charge originating in the octahedral layer, whereas
in the Garfield nontronite approximately 95 per cent of the charge orig-
inates in the tetrahedral layer. Three montmoril lonites rvhich have
similar total interlayer charges but have widely varying ratios of tetra-
hedral and octahedral substitution were subjected to various potassium
treatments (Table 3). In all cases the (001) reflection of the K-treated
samples and the glycolated K samples were irrational, indicating that a
mixed-layer clay was formed. When the K-treated samples were washed
with NHrAc a regular (001) series with a fundamental periodicity o{
12.4 L was obtained,

The (001) values for the K-treated samples obviously represent mixed-
layered 10- and 12-A layers; however, in many instances it is cliff icult to
determine the exact ratio of the two types of layers. In several instances
it appears that the layers are mixed in two different ratios. Regardless
of the exact ratio of the mixed layers, the (001) values of the K-treated
samples and the glycolated K samples indicate a shift towards a smaller
spacing, therefore an increase in the number of 10-A layers as the relative
amount of tetrahedral charge increases. This is shown by both the room
temperature and 90o to 100o C. samples. Of the room temperature sam-
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Tasr,l 3. lrlpl:crs or KOH oN Vanrous N{oNttrtorrltoNrtos

Origin of
Chargez

100/p Oc
tahedral

KOH Solution
Room Temperatures

KOH Solution

90-100" c.4

45/s Tet-
rahedral

95/6 Tet-
rahedral

1:1 MixedJayer l0/12 4
n l r r c n a c L p f c 1 ? 4

(001) :  12 .3
(001) :15  5  e .g .

(001 :  12 .1
(001) :  14.0-16.0 e.g

1:1 MixedJayet 1O/12.4
( 0 0 1 ) : 1 1  6
( 0 0 1 ) : 1 5 . 2  

"  * .

2:3 and 7:3 MixedJayers
10/12.4 plus packets10.0

( 0 0 1 ) : 1 1 . 5  a n d  1 0 . 0
(oo1) :16 ,  12  anc l  1o  o

1:4 MixedJayer 10/12.4
( 0 0 1 ) : 1 2 . 1
(001) :13  5  e .g .

1:4 and 3:2 Mixed-Lay-
er l0/12.4

( 0 0 1 ) : 1 2 . 0  a n d  1 1 . 2
( 0 0 1 ) : 1 3 . 2  a n d  1 1 . 4 3

I Per 100 gm. air-dried material.
2 Based on analyses by Wear and White (1951) and Osthaus (1954).
3 Allowed to stand in 1 N KOH solution 15 hours. r'r'ashed with distilled water, dried at

room temperature.
4 90-100' C., 2 hours in 1 ff KOH solution, washed with distilled water, dried at room

temperature.

ples, only the K-Polkvil le sample wil l absorb two layers of glycol; the
K-Wyoming and K-nontronite samples, which have considerable tetra-
hedral charge, wil l absorb only one layer of glycol.

The room temperature K-Wyoming samples were subjected to a con-
fining pressure of 40,000 psi for trvo weeks but no further contraction was
obtained. When the untreated Wyoming montmoril lonite was boiled
for 16 hours in a 1 -\r KOH solution, the (001) spacing shifted- to 11 A,
indicating that 60 per cent of the layers were contracted to 10 A. Boil ing
the nontronite for 16 hours caused a shift to 10 A, indicating approxi-
mately 100-per cent contraction. Cail l6re and H6nin (1949) were able to
contracL a montmoril lonite to 10 A by boil ing it in a 1 I 'r KOH solution
for 32 hours. It is certain that boil ing these clays for 2 and 16 hours has
csused considerabie modification of the basic 2:l latt ice; however, the
relative difference between the samples is retained. Barshad (195a) be-
lieves that it is the magnitude of the interlayer charge rather than the
origin which determines "fixation." This may be true for expanded
minerals which have an interlayer charge greater than 150 meq per 100
gm. o{ ignited material; however, as the above data indicate, for ex-
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panded 2:1 minerals with an interlayer charge less than 150 meq per

tOO g-. of igniteci material, the origin of the charge is quite signiflcant

in regard to the minerals' abil ity to "l ix" potassium or to contracl. to

tO A. These clata also suggest why the montmoril lonite in marine sedi-

ments is seldom pure, but usually contains from 10 to 90 per cent of

intergrown 10-A layers. It seems likely that if nontronite were exposed

to sea water for any length of t ime, it would form a mixed-layer clay'

The fact that these K montmoril lonites form mixed-iayer clays indicates

that the distribution of charge among the layers is inhomogeneous and

that some layers contain considerably more charge than others'

\rnnltrcur,rrB

Barshad (1954) has shown that vermiculites with a relatively lorv inter-

layer charge of around 160 meq per 100 gm. of ignited material on a per-

centage basis , ' f ix" only about half as much K+ as those with a charge of

200. Vermiculites with a charge similar to montmoril lonite, 106 meq per

100 gm. of ignited material, behave Uke montmoril lonite when saturatecl

with K+ and contracts to only 12.1 A.

Iites containing chlorite were formed from chlorite and that those con-

taining biotite were formed from biotite immediately suggests that there

may be some relation between the totai charge and the origin of vermicu-

lites.
Biotites in general have an interlayer charge of between 200 and 2'50

meq per 100 gm. of ignited material. The interlayer charge on a 2:I

chlorite lattice cannot be so readily calculated, since it is diff icult 1o de-

termine the relative amounts of Ala+ substituting in the tetrahedral and

the two octahedral layers or to unequivocally account for the oxidation

state of  any i ron '  
* , ,1 . , "  " . .  -^" - " ' . ,  e i r  hedrall,I ica structural formulas are trormally cited as 3 Si:Al in tetra

coordinations with a net deficiency of 1 charge per four. Chlorite anal-

yses range f rom about  2.5 Si :1.5 Al  to  about  3 Si :1 Al ,  but  in ternal

compensation is assumed to reduce the net deficiency to 1 charge or less'

No criterion other than hardness seems to be available generally to sup-

porl- the assumption. Gruner's (1934) average vermiculite analysis as

cast by Hendricks and Jefferson (1938) for their vermiculite structure

indicates 2.75 Si:1.25 A1, comparable with a chlorite mean, but it has
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since been established that vermiculite has a high capacity to exchange
\{g.

A ratio'alization of the magnitude of vermiculite-layer charges was
arrived at by W. F. Bradley as follows.

The mean of Gruner,s (1934) analyses, cited by Hendricks and Jeffer_
son (1938) in connection with their vermiculite structure was

(OH)3(NIg: 75Fes+6 a) (Alr xsiz ru)Og. 3 5 HzO.

Subsequent observations by Barshad (1948) indicate that of the order
of 100 to 200 meq of trl lg are exchangeable. ff, instead of casting Gruner,s
average on the basis of seven cations, it be cast on the basis of 7f* the
exchange-capacity cations lor a 72 oxygen mica unit, a formula would
emerge like

Mg6 s(OH), n(Mg2 6Fe3+o:rAlo rs)(Alr uSi: si)Oro4 HzO.

rt is seen that allowance for exchangeabil ity of n{g reduces the appar-
ent tetrahedral contribution to the net layer charge deficiency and in-
creases the apparent internal compensation by octahedral contribution.

Bradley has provided the following analysis of Grudemo,s Sample C.
Cnt 'oano S.qnnre C*

Cations per 100 gm air clry Oxygen atoms per 100 gm. air clry

sio: 33.92

Alror 16.20
FezOr  7  .12
F e O  1 . 5 0
MsO 19.12

exch. capacity
meq/100 gm air dry
HzO (tota|) 21 .12

01

71.32

4 7 7
r  _ . ) +

0 2 1
4 8 0

g? l

34 19 tota l
- .45 correction for Fe3+

- 1 .55 correction for (OH) by ignition

3 2 . 1 9
22 

, 
oxygen in ignited model

1 0 .  1 9

1 4 6
23 50

tI
2 0 . 3 9

* Grudemo, A ltOS+), An X-ray Examination of the Structure oi Vermiculites . Sued.islt
Cement and Concrele Researclt. Inslihtte, proceed,ings, No. 22.

This says that this vermiculite is expresse<i by the formula:

ex Mgo ur ------l

(oH)* tr(Sir 66Al: il) ((Al vFe]$ne'fin1fi o- I oi' ss. 10. 2Hro.

Hydrogen in OH
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Had it  not been oxidized i t  rvould have been:

cx NIgo.ir -- I
(O I l ) 4 (S i5o rA l : . u ) (A l s l ' c1 .10Mgr .o r )  O r0 ' 10 .2HrO .

Layer charge is 1.50 as compared to 2.0 for micas and 1.00 for montmoril-

lonites. Broken down the same way the Gruner average used by Hencl-

ricks makes:

ex Mgo so ---r

OH,  s r (S is  uA l i  ro ) (A l .uoFe i r t rMgr .o r )  |  O:o  5r '8 .9 I I IO.

Layer charge is 1.66, indicating an average exchange capacity around

166 meq/100 gm.

Quali ty of agreements i l lustrated

Exch cap'y

Gruclemo
Gruner

1so I166 I

t46
t 7 2

It therefore seems fair to assume that an upper l imit near one charge

[per Oro(OH)z unit] exists for vermiculite, and that this l imit is most

nearly approached by muscovite--+vermiculite, closely approached by

biotite---+vermiculite, and possibly only half reached by chlorite--+ver-

miculite. Vermiculite derived from minerals such as hornbiende, serpen-

tine, and talc may have a charge as low as chlorite-+vermiculite, possibly

ranging as low as a charge of 0.3-0.5 or the charge of a typical volcanic
-)montmoril lonites.

Nine vermiculite samples were studied; two contained considerable

amounts of biotite and were believed to have formed from biotite; one

sample was obtained by leaching biotite with X'IgClz; the other six sam-

ples contain such minerals as chlorite, talc, antigorite, and hornblende,

and in most cases were formed by alteration of these minerals. It is

thought that these last six vermiculites should have a lower interlayer

charge than the muscovite---+vermiculites and biotite-+vermiculites.
Table 4 contains the results obtained when these samples were al-

lowed to stand in a 1 ir KOH solution for 15 hours, washed with dis-

ti l led water, and dried at room temperature, and then placed in 90o-

100' C. 1 lr KOH solution {or 6 hours, washed r'vith disti l led water and

dried at room temperature. These results indicate that, when treated

with potassium, the biotite---+vermiculites readily contract to the 10.2 to

10.3-A spacing characteristic of biotite. The nonbiotite--+vermiculites
contract to only l l  to 72.7 A, indicating the retention of one molecuiar
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T,,rerr 4. Errrcrs or. KOH oN Vanrous Tuocraueonar_ Vnnurculnrs

Cornposition

Vermiculite (l 'ormed by
leaching Biotite with MgCl:)

Biotite S
Vermiculite W

KOH Solution
Room

Tcnperaturel

V : 1 0  2

Broderick Mt,  Bolton,

Mass- No ef iect

Jeffet is i tc,  W Chester,

P a

Hal i te,  la

Roan Mt , North Caro-
lina

Antigorite S
Vermiculite W

M L Chlorite-Vermiculite

Vermiculite S
Tale, serpentine,
Chlorite

Corrensite, Franklin
Mts , Texas

Regular M L
Ch lo.ite-Vermiculitei

Cornn'all, England Vermiculite (f ibrous; de-

i 
rivcd {rom serpentine)3

I Aliowed to stand in 1 1/ KOH solution 15 hours, washed with distilled water, dried at room temperature
, 90 l00o C,, 6 hours in 1 ,V KOH solution, rvashed r-rith distilled water, dried at room temperature
a Samples which expand to I 7 A when treated with ethylene glycol.

iayer of water between the vermiculite layers. Where good samples were
available, as in leninite, it could be seen that the (001) series was regular.
A  m ixed - l aye r  10 .3  14  4 ,7 :3  c l ay  was  ob la ined  i n  t he  case  o f  Je f f e r i s i t e .
In many of these samples a portion of the vermiculite remained expanded
to 14 A after K treatment. However, when some of these samples were
boiled in 1 rY NH4F for five minutes to remove interlayer Fe and Al, they
would contra ct to 12 A when subsequently treated with K.

The granitized hornblende contained a mixed-layer biotite-vermiculite
and vermiculite. When treated with K, the mixed-iayer vermiculite con-
tracted to 10.3 and the unmixed vermiculite to only 11.4 A. Further,
the former would absorb only one layer of glycoi but the latter absorbed
two layers. This indicates that within one sample two types of vermiculite

KOH Solutior
9 0  1 0 0 "  c ,

V : 1 1  5
( M L  1 0  3 / 1 4 , 7 t s )

(some M L Chlorite-
Vermiculite present)
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were formed. In this same sample the relatively large vermiculite l lakes

would absorb only one layer of glycol, whereas the vermiculite in the

less-than-two-micron fraction absorbed two layers of glycol'

vermiculites apparentiy inherit much of their charge from the original

source mineral, as do the montmoril lonites, and on the basis of con-

tractabil ity they can be divided into at least two inheritance SrouPS:
Those which contract to 10 to 10.3 A when treated with K (biotite--+ver-

miculites and muscovite---+vermiculites) and those which contract to 11

Lo 12.7 A when treated with K (nonmica---+vermiculites).

Sulrlr.q.nv AND SPECULATToNS

The above data need more substantiation, but a number of relations

are apparent and some interesting speculations can be made' It is ap-

parent that expanded 2: 1 clay minerals of either the vermiculite- or

montmoril lonite-l-ype can form by the alteration of muscovite, biotite,

chlorite, serpentine, talc, and material which does not contain a layer-

type lattice (volcanic material, hornbiende, feldspar). These expanded

minerals appear to have inherited enough o{ the character of their source

material that by proper treatments it should be possible to make a rea-

sonable assumption regarding the source.
Expanded clays (both vermiculite and montmoril lonite) derived {rom

muscovite (with a probable interlayer charge greater than 260 meq per

100 gm. of ignited material) wil l contract to near 10.0 A when subjected

to relativeiy mild treatment (placed in 1 N KOH suspension for 15

hours and dried at room temperature). This same treatment does not

usually contract expanded clays derived from biotiLe, but by warming or

boil ing the K+ solution for from 15 minutes to 6 hours these minerals

can be made to contract to approximately I0.2 A. Whett subjected to

these treatments the expanded clays derived from nonmicaceous min-

erals wil l in general remain all or partially expanded and afford (001)

spac ings  o l '  11  t o  12 .4  A .
The mild potassium treatment used to contract all the layers of mus-

covite-derived clays wil l when used on expanded minerals derived from

nonmicaceous minerals apparently contract approximately 40 per cent

of the layers to near 10.0 A if the interlayer charge is primarily tetra-

hedral in origin. Those clays in which a large portion of the charge orig-

inates in the octahedral layer have only 10 to 20 per cent of their layers

contractecl by this treatment. In order to attain any significant percent-

age of contracted layers by using potassium with this latter group of

clays, it is necessary to apply relatively drastic techniques such as dry-

ing at temperatures of 300o to 400o c., alternately wetting and drying at

80o to 110o C. ,  and boi l ing 20 to 30 hours"  With these more drast ic  tech-
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niques it is more than likely that the basic 2: 1 lattice is being modified
and that it is not the potassium alone which is causing the contraction.

Table 5 summarizes the types of treatment necessary to contract ex-
panded lattices of various interlayer charge. considerably more data wil l
be required to make a rigid classification of this type, but the present
data suggest that a grouping of this sort exists in nature and further that
this natural grouping is determined by the original source material.

Tenln 5. Poressruu TnBerunNr NncBssenv ro CoNrnecr ExpANorr.rc
Letrrcns or Vanrous INrenlayrn Cnancr

ll.rt"rtuy.. I
source Material ]T:":t:*t] ] ^(oo1)

] 
Lnarge, 

I Spacing
meq- 

i

* Per 100 gm. of ignitecl mateiial.

Figure 2 indicates how the contractibil i tv of expanded minerars can
provide a clue to the source material from which the expanded minerals
are derived. The first division is based on the number of layers which wil l
con l rac t  r o  10 .0  t o  10 .4  A  when  rhe  c lay  i s  p laced  i n  a  90o  ro  100 .  C .  I  . \ '
KoH solution for 2 to 6 hours, washed and dried at room temperature.
l ' Iore elaborate potassium contraction techniques as discussed above can
also be used to provide additional information. Then after it is deter-
mined whether the mineral is dioctahedral or trioctahedral a reasonable
prediction of the source material can be made. The assignment of source
materials, as shown in Fig. 2, is not rigid since there wil l be some over-
lap; however, it is believed that the assignment is modal in character
and wi l l  apply in  most  insrances.

The generally accepted definit ion of vermiculite (absorb one layer of
glycol) and montmoril lonite (absorb two layers of glycol) is not a genetic
one as both types of expanded lattice can be formed from any of the com-
mon source materials. Further, Bradley's (1945) investigations and the
present study have shown the occurrence of expanded minerais with
vermiculite crystall ization which wil l absorb two Iayers of glycol. An-
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other definit ion is based on the origin of the interlayer charge: mostly

tetrahedral-vermiculite, mostly octahedral-montmoril lonite. On the

basis of this definit ion most saponites, nontronites, and beidell ites, all

of which absorb two layers of giycol, would be classed as vermiculites'

It is obvious that these two definit ions are incompatible'

Barshad (1954) has suggested that the difference bet[ 'een these two

types of layers is iargely one of total interlayer charge; however, this wil l

/  
/  M U S C O V I T E

n \  -

" ,,--:'-r o  o  l o  4 A  - - - - . . >

' \ .--_\ 
B ortrE

* c r r u E a a t L v  v o L c a N l c  a N o  M A F I c  R o c x s  a N D  M I N E R A L S

Iirc 2. Methocl of obtaining information pertaining to the origin of expandecl minerals.

not be knolr,n for certain unti l the interlayer charge on muscovite-mont-

moril lonite and biotite--+montmoril lonite is determined' The sharpness

of the (001) reflections and the fairly standard sequence of (001) inten-

sit ies suggest that relatively large grain size and a specific type of crystal

orientation are also attributes of the highly charged vermiculite type of

iayers. There is apparently a complete spectrum of expanded minerals,

us clays can be found that contain nearly all possible combinations of

these criteria. For example, an expanded clay derived from a chlorite

may give the r-ray pattern of a typical vermiculite, indicating large

grain size and good vermiculite crystali ization, but because of low int.er-

layer charge may absorb two layers of glycol and not contract to 10 A

when it is potassium-saturated. Similarly, an expanded clay derived

{rom muscovite may have a high interlayer charge but be fine-grained

and have a montmoril lonite crystall ization.*
The type of expanded mineral formed is probably a combined function

of the type of source material and the type and degree of weathering,

* It is quite possible that a fundamental difference betrveen these tq o types of expanded

minerais is  the re lar ive homogenei ty of  [he s i l icate sheets.  At  one extreme are the f ine-

grained ,,montmorillonite" minerals which appear to have considerable differences in

lo*position and charge between their silicate sheetsl whereas the silicate sheets of the

relaiively coarse-grained "vermiculite" minerals are probably quite homogeneous'
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with the latter pr<ibably being the more important. The present division
(absorb one or two layers of glycol) between these two types of expanded
minerals is more frequently a reflection of weathering differences than of
source differences. The present data suggest that the degree of contracti-
bil i ty affected by potassium is of more genetic significance than the de-
gree of glycoi expandabil ity. For example, muscovite alters to expanded
clays, some of which wil l absorb one layer of glycol and others which wil l
absorb two l-ayers; hor.vever, both types of expanded clays readily con-
tract to 10 A when treated with potassium.

lr,

C o
M o n l m o r i l l o n i l e

20
2 5 A

Frc' 3' charactT:ffJ;l?il#tl:ff.?*;ffi'lffii vermiculite and

rt would seem best for the present to divide the vermicurites from the
montmoril lonites on the basis of the relative sharpness and intensities of
their (001) reflections (Bradley, 1953) (Fig.3). This division would be
based largely on type of crystall ization. A further division could then be
based on the degree of contractibil i ty when potassium-saturated (Fig. 2).
The contractibil i ty would be a reflection of the interlayer charge and, to
some extent, the type of source material. whether the clay absorbed one
or two layers of giycol could be the basis of an additionar subdivision.
Figure 4 is an attempt to organize these easily measured parameters of
expanded 2: 1 clays and show how these parameters relate one to the
other and ultimately to the source material. A useful terminology based
on this scheme might be: muscovite-derived vermiculite or muscovite-
vermiculite, chlorite---+montmoril lonite, volcanic---+montmoril lonile, horn-
blende--+vermiculite. This is only a preliminary scheme and experiments
are being continued to determine whether more quantitative potassium
and glycol techniques can be used to provicle more specific information.

,l i+
r on  i  ^

t 5

3 3 4
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It might be worth while here to consider the agronomist dehnit. ion

o{ ,,hxation" as applied to potassium. Agronomists are primarily con-

c.erned with the cation and its ease of extractibil i ty (frxation), whereas the

mineralogist ancl geologist are more concerned with the effects of the

cation on the clay lattice (contraction) and the implications regarding

the lattice composition, which can be infe6ed from the contraction data.

It is apparent from the available data that f i.xation does not necessarily

imply contraction, and conversely contraction does not necessarily imply

fixation. Contraction data may provide more useful geologic informalion

than does f ixat ion.

"  
'  t l  >  M l J t ' o !  f t

-  f R l  ! f  O l  T a

4  _  I  F  +  c |  o R  r E :  N o N M  c a c E o u s  M A T F R  a  *

P j l a  

'

/ r

. rr . i !  

' "  
"*r t2 4

-  N O N M  C A C E 0 ! S  M A T E F I A L  r

+  N O N M I C A C E O U S  M A T E R  A L  * ;  C H L O R I T F

. I :i : :,T;'; ;.""': : ll: -" i l: : ;. T:i' " : " : ": l:J ̂ "

Frc 4 Organizational scheme to subdivide the expanding clay minerals into groups,

and the relation of these groups to source materials'

The degree of  contract ion appears to af ford some measure of  the tota l

charge and the amount of tetrahedral charge in a 2:I layer lattice. In

most cases the amount of contraction wil l be a function of the expanded

mineral's origin; i.e., complete collapse wil l occur only in those expanded

minerais which have a relatively high tetrahedral charge, which would

be those derived from mica-type minerals. No collapse would indicate

relatively low totai charge or a high percentage of octahedral charge,

and in most cases, an expanded mineral which formed from nonmica-

ceous material or chlorite. Expanded minerals, in which only part of

the layers contract, would imply intermediate amounts of tetrahedral

charge and a probable origin from nonmicaceous material or chlorite.

This intermediate group may have inheritance implications which are

not yet known. It is possible that the amount of contraction in minerals

that do not completely contract is a function of the chemical composition

of the source material.
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Gnor,ocrcar Srcltr-rclxco

As the preceding section has indicatecl, if muscovite-montmoril lonite
wil l readily contract to 10 A when mildly treated with KoH, possibly
there is sufflcient potassium in sea water to accomplish this contraction.
one gram of muscovite---+montmoril lonite was praced in a gallon of sea
water and shaken mildly for 10 days. As can be seen from the tr-ray par-
tern (Fig.5), a sizable amount of the expanded clay has contractecl to
10 A. The glycolated patterns indicate that the expanded clay formed
three discrete phases: completely contracted packets, mixed_layer
packets (7:3) ,  and complete ly  expanded packets.

At the end of 30 and 60 days, the first two phases increased in amount
and the last phase decreased. when the 30-day sample was dried at
105o c., nearly all the clay contracted to 10 A. when the muscovite
---+montmoril lonite was evaporated to dryness (60o to g0' c.) three times
from sea water ,  most  of  i t  contracted to 10 A (Fig.5) .

These experiments indicate that expanded clays derived from musco-
vite and probably biotite are unstable and are not l ikely to be founcl in
marine sedimenLs. over 100 marine samples containing expanded 2:1
clays and representing 40 formations were treated with potassium to de-
termine the amount of contraction. rn only one highly weathered sample
was there any suggestion of appreciable 10-A contraction. l,Iost of these

minerais found in sediments are formed by the weathering of micas.
However, samples of 35 mixed-layer i l l i te-montmoril lonite clay from 20
marine formalions were potassium-treated and none contracted to 10 A.
rt seems likely that mixed-layer i l l i te-montmorilonites which were
formed by the weathering of micas and deposited under marine condi-
tions have already been contracted to 10 A by adsorbing the potassium
from the sea water.

Four expanded 2:l clay samples from ancient continental shales were
iound that contracted to 10 A when saturated with potassium.

These data suggest that most of the expanded 2:l clays and inter-
growths of expanded and nonexpanded 2: 1 clays found in marine sedi-

when deposited, as most of them are, in a marine environment.
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'I'his type of transformation is merely a rejuvenation and is fre-

quently cited as an example of the diagenesis of montmoril lonite to i l l i te.

The actuai case is more analogous to going from a l{g or Ca montmoril-

Frc 5. Womble shale: (1) natural state; (2) in sea rvater 10 days; (3) in sea rvater

30 days; (4) evaporated to dryness {rom sea water 3 times.

lonite to a Na montmoril lonite and back to a Mg or Ca montmoril lonite.

Mg or Ca montmorillonite+Na montmorillonite+Mg or Ca montmorillonite

Degradation Aggradation
K illite + Ca illite + K illite

It has been noted also thal although mixed-iayer chlorite-vermiculite
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is quite common in unweathered marine sediments, mixed-layer biotite-
vermiculite is rare. This further suggests that the highly charged ver-
miculite layers derived from biotite when exposed to sea lvater wil l con-
tract to near 10 A, whereas the relatively low-charged chlorite->ver-
miculite layers wil l not tend to contract. The low charge in the chlorite
--+vermiculite is suggested by the fact that the layers usually absorb two
layers of glycol and do not contract to 10 A when treated with KOH.

The montmoril lonite in most marine sediments is not a pure montmo-
ri l lo-nite but frequently contains 10 to 30 per cent of intergrown contracted
10 A ("i l l i te") layers and sometimes chlorite layers. If, in areas of rela-
tively slow deposition, it is assumed that the variously charged 2:I tat-
t ices attain some sort of equil ibrium with the surrounding sea water,
then most volcanic--+montmoril lonites apparently contain sufficient
interlayer charge to afiord 10 to 30 per cent of the layers to contract to
10 A by absorbing potassium from sea water. Expanded clays with a
higher interlayer charge, such as bravaisite and the Ordovician K-
bentonites, wil l have 50 to 80 per cent of their layers contracted under
simiiar conditions. The present data on mixed-layer i l l i te-montmoril-
lonite suggest a definite relation between interlayer charge and per cent
of contracted 10-A layers; howsr,.s1, the chemical and r-ray data are
not sufficiently accurate to make a positive correlation, nor is it definite
that the mixed-layer ratio represents actual equil ibrium with sea water;
i.e., the original montmoril lonite was not in contact with sea water long
enough to contract all the layers potentialiy contractible.

In summary, it might be speculated that for any given expanded min-
eral there is an equil ibrium ratio of expanded to nonexpanded layers
which is determined by the location and amount of interlayer charge and
the composition of the water in the environment of deposition. Sea
water might be considered the standard environment.

It is of interest to note that most of the partially contracted clays that
have formed from an expanded lattice by the l ixation of potassium have
more KzO than il l i te clays formed by moderate weathering and mechani-
cal breakdown of muscovite. If all the KzO in K-bentonite, bravaisite,
and most glauconites is assigned to the contracted 10 A layers, it is found
that these layers generally contain 7O to 12 per cent KrO as contrasted
to the 5 to 7 per cent of K:O normally found in detrital--+il l i tes. As
both of these types of layers have a relatively high interlayer charge, it is
probable that it is slow growth of the aggraded material that allows
individual layers to reach an equil ibrium condition and absorb the maxi-
mum possible amount of potassium. Thus, as might be expected, a high
KzO content between contracted layers might be a reflection of an ag-
gradation and low KzO of a degradation origin. Further speculation
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based on scattered data suggests that the Kro content of i l l i t ic material,
or the relative amount of aggraded il l i te, tends to increase with increasing
geologic age.

RncnNr l,Iuus

Seventeen mud samples from the Brazos River of central Texas and
marine and brackish water samples from the western Gulf of N{exico
were saturated with potassium to determine the extent of contractibil i ty.
All samples contained an appreciable amount of montmoril lonite and/or
mixed-layer i l l i te-montmoril lonite (1:9 to 3:7). The upstream Brazos
River muds obtain most of their clay from soils developed on Pennsyl-
vanian i l l i te. chlorite. and kaolinite shales. A sizable portion of the ex-
panded clay in these river samples contracted to 10 A, rvhich suggests
that it was formed by the weathering of i l l i te. Further downstream, the
outcropping sediments are of Cretaceous and Tertiary age and contain
an abundance of montmoril lonite which is thought to have had a vol-
canic origin. The expanded clays from the mud in the lower sections of
the river showed no detectable contraction to 10 A when saturated with
potassium. The clays all contracted from 14 to 15 hto tZ to 13 A. None
of the clays from the western Gulf of X{exico showed any detectable 10-A
contraction. As these clays are generally derived from the Cretaceous
and Tertiary, this is to be expected. Thus, it appears that "stripped"
mica or i l l i te--+montmoril lonite supply only a minor portion of the clays
being deposited in the western Gulf o{ X,Iexico and that volcanic--+mont-
moril lonite is the major expanded mineral present. As i l l i te is the pre-
dominant clay mineral in the sedimentary and rnetamorphic rocks along
much of the Atlantic Coast, it might be expec[ed that much of the ex-
panded clay being supplied to the Atlantic Ocean would have been
derived from muscovite and il l i te. Samples were not available for study,
but Powers (1953) has reported that expanded clays from the Patuxent
River in ntfaryland, when treated with potassium acetate, contract to 10
A; further, he shows that the expanded material progressively disappears
as the environment becomes more saline.

In considering the diagenesis of montmoril lonite to i l l i te in a marine
environment, i l  would be wise to be more specific as to the source material
from which the "montmoril lonite" was formed. It seems unlikely that
low-charged volcanic---+montmoril lonites would ever alter to 10-A il l i te
in a marine environment.
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