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AssrRAct

Recent work has shown that randomly interstratified 2:1 clays are abundant in sedi-

mentary rocks. X-ray diffraction patterns are presented which show a wide variety of ran-

domly interstratified clays composed of illite-montmorillonite, chlorite-vermiculite, illite-

chlorite-montmorillonite, and regularly interstratified chlorite-vermiculite. Methods of

identifying and estimating the ratio of mixed layers are demonstrated.

INrnooucrror.t

Various authors have reported the occurrence of mixed-layer clays in

relatively pure clay deposits and in soils. There is little, if any, literature

concerning the abundance and varieties of mixed-layer clays occurring

in shales, sandstones, and limestones. The author's investigation of the

clay minerals in sedimentary rocks has shown that a large number of

mixed-layer varieties are present, and that mixed-layer clays occur in

abundance throughout the geologic section.
From an examination of over 6000 sedimentary rock samples from all

over the United States, ranging in age from Cambrian to Recent, it is

estimated that over 70 per cent of the samples contain some variety of

mixedJayer clay.
Ability to recognize and identify mixed-layer clays will considerably

increase the criteria used for the zonation and characterization of sedi-

mentary rocks. It also appears likely that if minor environmental differ-

ences can be determined by clay mineral studies the mixed-layer clays

hold the answer. It is more likely that mixed-layer illite-montmorillonite
and chlorite-montmorillonite, rather than pure illite and chlorite clays,

are formed by marine diagenesis.
The 2:I clay minerals (illite, montmorillonite, chlorite, vermiculite)

can be considered to be formed of simiiar flake-shaped layers. The type

of cation which occurs between these layers determines the type of clay,
i.e. K+:il l i te, (Mg.AD(OH)r+:chlorite, CaH, Na+, Mg#, and HzO
: montmorillonite and vermiculite (vermiculite is considered to be a

coarse-grained montmorillonite). A non-mixed-layer clay will contain the

same type of cation between each layer; however, if 5 or 10 layers con-

tain K+ in the interlayer position (illite) and another 10 or 15 contain

Ca# and HzO (montmorillonite), etc., a mixed-layer clay is the result.

Mixed-layer clays apparently can form in all possible combinations of
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different layers (illite-montmorillonite, illite-chlorite, chlorite-montmoril-
lonite, illite-chlorite-montmorillonite) .

Mixed-layer clays in most cases are derived from the degradation or
aggradation of pre-existing clay mineralsl i.e. during weathering, K+
can be removed from some biotite layers, Mg++ and H2O deposited, and a
mixed-layer biotite-vermiculite formed; or in sea water the Ca+ and HzO
between some montmorillonite layers can be replaced by K*, and a
mixed-layer illite-montmorillonite formed. Mg(OH) z also readily replaces
Ca+ and HzO and forms mixed-layer chlorite-montmorillonite.

It is difficult, at the present time, to determine if a mixed-layer clay
in a sediment was formed by diagenesis in the basin of deposition or by
weathering in the source area. However, it is believed that originally a
large part of the mixed-iayer illite-montmorillonite and chlorite-mont-
morillonite clays were formed by marine diagenesis, and mixed-layer
chlorite-vermiculite clays, primarily because of their relatively large
grain size, are usually considered to have been formed by weathering.

IlBNrrrrcerIolT

trIonomineralic clays produce an (00/) series of r-ray reflections which
are integral sequences of the (001) reflection. The (001) reflection is a
measure of the clay thickness, e.g. 10 A for illite. Thus, the (00/) series
for  i l l i te  would be:  (001) :  10 A,  (002)  :5 A,  (003)  :3.3 A,  (004)  :2.5 A,
(oo5): 2 A, etc.

When the two different types of layers which form a mixed-layer clay
occur in random intergrowth the clay is referred to as a random mixed-
layer clay. In this case the (00/) series is not an integral sequence.

The (001) values are average values resulting from the simultaneous
scattering by both types of layers. This can be seen more clearly in Fig. 1.

The vertical lines in the diagram below each r-ray difrraction pattern
show the position of the (001) reflections for each type of layer. The longer
lines show the position of the 10-A (001) series (10, 5, 3.3, 2) and the
shorter lines the position of the (001) reflections of the expandable layers
(I2.4, 6.2, 4.t3, 3.I0,2.07). The dark horizontal l ine indicates which
adjacent reflections combine to produce the observed average reflection.
These average reflections are referred to as (001)/(001), (002)/(003),
etc. indicating which two values combine to form the average value.
The precise position will depend upon the relative amounts of the two
layers, the form factor, and particularly in the case of the first maximum,
the polarization factor. Actually, averages are efiective between every
pair of adjacent specific positions, but the intensity and sharpness of
maxima are directly proportional to proximity. fn those instances in
which a node for one dominant species is flanked on both sides by equally



204 C. E. WEAVER

removed nodes for the minor component, the observed maximum merely

exhibits minor broadening toward both sides. (See Fig. 1: I at 5.02 A,

or  1,  3 at  2.0 A) .
The theoretical basis for the identification of mixed-Iayer clay minerals

o
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Frc. l-Randomly interstratified clay (20/q expanded layers/8lVo nonexpanded layers).

has been developed in papers by Hendricks and Teller (1942), Bradley
(1945, 1950, 1953), MacEwan (1949), and Brown and MacEwan (1950)'

Figure 1 contains r-ray diffraction curves of a clay composed oJ ran-

domly interstratified nonexpanded 10-A layers (illite) and 12.4-4 and
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14.5-A expanded Iayers (montmorillonite). When the exchangeable cat-
ions on the expanded layers are Na or K, the expanded layers contain
only one layer of water and are approximately t2.4 A thick. The (001)/
(001) spacing occurs at-10.3 A, the (002)/(002) at 5.02, and the (003)/
(004) at 3.30. The 10.3-A (001)/(001) spacing is an average obtained from
the 10-A and 12.4-A reflection. The (002)/(002) value in curve 1, Fig. 1,
Iies between the (002) 6.2-A reflection and the (003) 4.13-A reflection
and has a maximum near the (002) 5-A maximum.

In the H+ treated sample the expandable layers contain two layers of
water and are approximately 14.5 A thick. The first-, third-, and fifth-
order peaks are broader and decreased in intensity as compared to the
Na+ sample, whereas the second-order peak is sharpened and increased
in intensity. The broadening is caused by (001) values which form the
first-, third-, and fifth-order values moving farther apart; the sharpening
by the (001) values which form the second-order peak coming closer
together.

In glycolated specimens, both the (001)/(001) and the (001)/(002)
proximities are sufficient that they furnish observable maxima. The first
is difiused at about 11 A and the second much sharper at about 9.7. The
(003) and (005) reflections nearly coincide, and the increased intensity
of the 3.3-A reffection is quite marked.

When the mixed-layer clay is heated to 5500 C. the expanded layers
collapse to a thickness of from 9.4 A to 9.84, depending upon the type of
exchange cation. The resulting reflections are average values formed by
adjacent (001) values of the 10-A layer and 9.4-A to 9.8-A layers.

In an untreated mixed-layer illite-montmorillonite clay it is often
possible to tell whether the expanded layers have one or two layers of
water by observing the relative sharpness and intensities of the peaks
and by observing on which side of the 5-A and 3.3-A position the peaks
lie. The reason for this can be seen in the diagrams in Fig. 1 which show
the relative positions of the (001) reflections.

Brown and MacEwan (1950) have computed theoretical curves for
random mixtures of lo/12.4-fr, l0/I4-h, rc/$.4-A, 10/17.7-L, and
7.14/tO-A layers. With their formula, theoretical scattering curves were
compute-d for the (001)/(001) reflection of randomly interstratified 10-A
and 17-A layers at intervals of 10 per cent.

21L - f) ;rn' od: 
- i'

d'
I : F"2E

| - zl1 -/) sinz , 9-!'- y ,o"z* $ 
- 0 - f) ,orz*!

yf : proportion (expressed as a decimal fraction) of layers with higher spacing.

il' : "apparent spacing" as measured on the film.

dr : higher interlayer spacing.

dz = lower interlayer spacing.
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The form factor, F, and the polarization factor, E, were not computed

but were read from Bradley's (1945) experimentaily estimated form

factor curve which was compiled from various montmorillonite com-
plexes.

Figure 2 is a curve showing the migration of this (001)/(001) peak

as the percentage of expanded 17-A layers is varied. The (001)/(001)

was not calculated below about 30 per cent expanded layers. At 30 per

t l

O 20 40 60 80 lOO7. rxoond€d
toyers (tzi)

Frc. 2-Curve showing migration of (001)/(001) peak of randomly

interstratified 10A and 174 layers.

cent the peak is very weak but increases as the percentage of expanded
layers increases.

Exeuprrs or RANDoMLy INTERSTRATTITED fr,r,rrB-MoNTMoRrr-Lo-
NITE CLAYS OCCUNITNC IN SIIALES

Examination of a large number of shale samples indicates that the
randomly interstratified expanded and nonexpanded layers occur in all
possible ratios. Figures 3 and 4 contain a sequence of cc-ray diffraction
curves of mixed-layer clays in which the expanded layers range, at inter-
vals of approximately 10 per cent, from less than 10 per cent to 80 per
cent. Curves are given for mixtures of nonexpanded 10-A layers and
expanded 12.4-hlayers, and for 10-A layers and 17-A glycolated layers.
In addition to a mixed-layer clay, kaolinite, chlorite, illite, and qtartz
are present in many of these samples.

In some cases the ratio of lavers determined from the l0/12.4-A curve

A
t7

t 3
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and the l0/t7-A do not show exact agreement. In most cases this
discrepancy may be caused by the presence of a few intergrown chlorite
layers, as the measured l0/12.4-A value is usually too high and the
l0/17-Avalue too low. Heat treatment indicates that the chlorite layers
are relatively scarce. Table 1 lists the (001)/(001) values obtained from

lO/l7A ;6.s 7" Exponded Loyers

30-40

Frc. 3. Sequence of randomly interstratified clays (expanded and nonexpanded layers).

the curves in Figs. 3 and 4 and the calculated values taken from the
curve, in Fig. 2 (IO-L/I7-A) and from Brown and MacEwan (10-4,/
r2.4-L).

Curve 1 on Fig. 3 is an example of a mixed-layer clay which contains
Iess than 10 per cent of expanded layers. When the clay is glycolated
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there is no shifting of the peaks but there is a relative increase in the

intensity of the (003)/(005), 3.33-A peak as the (005) reflection of the

expanded layers is moved closer to the (003) reflection of the 10-A
layers.

When the expanded Iayers are increased to 20 per cent the reflection
resulting from the mixture of 10-A and 12.4-A Iayers has moved to 10.3

A. Whetr this material is glycolated, two high-angle peaks are formed,

11.0 A and 9.7 A, one resulting from a t}-F\/I7-h combination and

the other from a 10-A/S.5-A combination. The combination l0-L/17-h
peak gradually approaches a 17-A value and the 1O-A/S.S-A peal<

approaches an 8.5-A value as the percentage of expanded layers increases,
though there is not a straight-line relation as can be seen from the meas-

Taslp 1

to/rz.4 A 1O/r7 L

Calculated (A) Measured (A) Calculated (A) Measured (A)

Per cent
Expanded

Layers

< 1 0
20
30

40

10
10 .3
r0.7

1 1 . 0

1 1  . 3
t t .7
1 2 . 0
t 2 . l

10
10 .3

1 1 . 0

t t .2
tt.4
1 1  . 6
12 .0
t 2 . l

14.7

1 5  . 4
t6.2
1 6 .  s
16.7

10
1 1 . 0

1 3 . 3

1 4 . 3
1 5 . 4
1 6 . 0
t 6 . 4
1 6 . 7

12.9

50
50
70
80

ured values and from the calculated curve. Brown and MacEwan (1950)

have shown that when the two interfering reflections are relatively close,
10 A and 12.4 A, the calculated curve is nearly a straight line, and as the
reflections move farther apart, the curve becomes more S shaped.

At a concentration of 30 to 40 per cent expanded layers the combina-
tion 5.0-A/6.2-A peak of the glycolated material increases suddenly
from around 5.0 A to 5.30 A and continues increasing to a value-of 5.6 A,
when 80 to 90 per cent of the layers are expanded. The 3.33-A/3.40-A
peak approaches a 3.40-A position as the per cents of expanded layers
increase. This peak is obscured by the 3.35-A quartz peak, but the asym-
metrical shape of the 3.35-A peak indicates that the mixed-layer clay has
a peak near to 3.40 A.

The composrte tO-fr1tZ.4-A peak approaches a 12.4-it value as the
proportion of expanded layers increases. The 5.0-h/6.2-A peak remains
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near 5.0 A throughout this range of values. This peak is quite weak and,
if present, is probably obscured by the 5.0-A pelk of the illite, which is
present in most of the samples. The 333-L/3.I0-A peak decreases from a

lo/t7A

ToExoonded
r5.4 Loiers

Frc. 4. Sequence of randomly interstratified clays (expanded and nonexpanded layers).

value of 3.31 A b 3.24 A as the percentage of expanded layers increases
from 20 per cent to 30 per cent. Thereafter the decrease is less rapid.

Curve 4, Fig. 3, has a broad (001)/(001) peak for both the t0/12.4-ir
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curve and Ihe t0/17-A curve. This sample appears to contain mixed-
Iayer crystallites in which the percentage of expanded layers ranges from
30 to 50. M6ring (1949) has shown that the smaller the number of unit
layers in each crystallite, the broader the difiraction maxima. However,
in this case it appears that the broad maximum is due to the presence of

UnlrGoled Ethy leno Glyco l

ro.o

2l

2 lo

3)

4l

Frc. 5. Occurrence of mixedJayer clays with other clays (mixed
lay er s- IO-2O/6 expanded/ 80-90/6 nonexpanded).
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Unir eoled

IN SEDIMENTARY ROCKS

E lhy lene G lyco l

Fro. 6. Occurrence of mixed layer clays with other clays (mixed

lay er s-20-30/6 expanded/70-80/a nonexpanded) .

crystallites with varying percentages of expanded layers rather than to

the smallness of the crystallites.
Figure 4* contains curves for 50, 60, 70, and 80 per cent expanded

layers. It should be noted that for clays containing 60 to 100 per cent ex-

* In the following figures an asterisk (*) at the bottom of afr rc-ray difiraction curve

indicates that the peak to the right of the asterisk is run at a setting having only one-half

the sensitivity as the setting used in recording the curve to the left.

z')

4)
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panded layers, there is
maxima, whereas there
cent expanded layers.

Un l reo ted

C. E" WEAVER

P  , . " .only a 1-A shift of the (001)/(001), L0/17-A
is a 6-A shift in the interval from 10 to 60 per

2)

3)

Ethy lene  G l yco l

Frc. 7. Occurrence of mixed-layer clays with other clays (mixed
Iay er s-30/s exp anded. / 7 O/6 nonexpand ed) .

Figures 5, 6, 7, and 8 contain rc-ray diffraction curves of the less-than-
two-micron fraction of a variety of shales and sandstones. These curves
illustrate a variety of ways in which the mixed-layer clays just discussed
can combine with other clays to complicate the interpretation of the r-
ray curves.
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Figure 5 illustrates the case where a 10-A il[te and a 10.1-A to 10.5-A
mixed-layer clay (10 per cent to 20 per cent expanded layers) occur to-
gether. In the first glycolated curve the presence of the mixed-layer clay

Unlreofed Elhylene Glycol

t4.o
lL.t?.o

Frc. 8. Occurrence of mixed-Iayer clays with other clays (mixed

layers- ) 4O/6 expanded/ ( 6016 nonexpanded).

is shown only by a slight sharpening of the first- and third-order peaks

and an increase in intensity of the third order. In the second curve glyco-

lation has caused the developmelt of a more symmetrical first-order

peak and formed a minor peak at 9.8 A. In the third curve in which the

first peak of the untreated sample has a broad 10.0-A to 10'5 A top, the

5)

4l
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mixed-layer phase is quite obvious in the glycolated sample. The 10-A
peak of the fourth curve suggests the presence of normal illite clay; how-
ever, the glycolated sample shows the presence of considerable mixed-
layer material.

The r-ray patterns in Fig. 6 illustrate a variety of ways in which 10-A
il l i te and 10.5-A to 11.0-A mixed-layer clays (201o 30 per cent expanded
layers) can occur. fn all cases the presence of the mixed-layer clays be-
comes evident when a glycolated sample is r-rayed.

Fig-ure 7 shows typical combinations of 10-A il l i te and 11.5-A to
I2.0-]\ mixed-Iayer material (30 per cent expanded layers). The mixed-
layer clays in the unglycolated patterns are largely in the 10/14-A fo.-
rather than the l0/12-h. Curve 4 shows, in addition to a mixed-layer i l-
Iite-montm_orillonite (13 A), a mixed-layer chlorite-vermicurite reflec-
t ion (15.5 A) .

Figure 8 shows patterns resulting from mixtures of 10-A illite peaks
and broad 10-A to 14-A mixed-layei peaks (40 to 100 per cent expanded
layers). In the glycolated patterns the high-angle mixed-layer peak is
frequently obscured by the 14-A chlorite peak.

X-ray patterns of over 6000 sediments have revealed that approx-
imately 50 per cent of them have mixed-layer clays of the types shown in
the previous figures.

Exaupr,Bs or Raxoour,y INTERSTRATTT.TED cnr.onrrn-VERMrculrrE

Figure 9 contains xc-ray patterns of randomly interstratified chlorite
and vermiculite layers. Chlorite has strong second-order (7.1-A) and
fourth-order (3.55--A) reflections and weak first-order (t+.2-f) and
third-order (4.73-L) reflections. rn vermiculite the interlayer matter
(Mg# and HzO) is less dense than in chlorite tMg(OH)z] and as a result
the first-order reflection (14.2 A) is strong and the second and third or-
ders are weak. Thus, in a mixed-layer chlorite-vermicurite clay the rela-
tive intensities of the r4.2-L and 7.1-A peaks can be used to estimate
qualitatively the relative percentage of chlorite and vermiculite. How-
ever, as the relative height of the 7.1-A andl4.2-A chlorite peaks vary
with chemical composition, quantitative evaluation would be complex.

The first three curves in Fig. 9 are *-ray patterns of treated bulk
samples of randomly interstratified vermiculite-chlorite layers. The
presence of such a mixture is suggested in the first curve by the relative
intensities of the 14.0-A and 7.2-A peaks. when the sample is heated to
400" C., approximately 50 per cent of the layers collapse to 10 A and the
resulting r-ray curve las peaks at 12.6 e, gO-A1t+2-A), 8.0 A 1Z.t-A
/rc-A),4.e0 A @.7s-L/s.0-A), and 3.4s A (3.33-A/3.si-A) *r,i.n ur.
average values obtained by interaction of the 14.2-L (001) series and the
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10-A (001) series. When the sample is heated. to 5500 C. and the OH- is
removed from the chlorite interlayer positions the second-, third-, and
fourth-order chlorite reflections are destroved and the curve contains
only an 11.6-A reflection formed. by the tO-A and 13.8-A (with the loss

Unlreoled

550cc

s)

7l \,
Hl l
le5 ltzo

Elhylene Gtycol 550"C

unfreofod
lrnfroolod

Frc. 9. Randomly interstratified chlorite/vermiculite layers.
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of OH- the chlorite shrinks fuoml4.2 A to upprorimately 13.S A), (001)

vahres and a 2.89-A reflection (003)/(005).
Curve 4 shows a mixed-layer chlorite-vermiculite in which the chlorite

is more abundant than in curve 1. The mixed-layer clay illustrated by
curve 5 consists almost entirely of vermiculite layers. In the pattern of
the glycolated sample it can be seen that the (001)/(001) peak has
shifted to 15 A and the (002) l@02) peak to 7.6 A.

When the _sample is heated to 550" C. and the expanded layer col-
lapses to 10 A the (001)/(001) peaks shift to a lower spacing ot IL2 4..

Tnnre-CoupoNENT Mrxon-Levpn Cr-av MrNBur,s

Mixed-layer clays containing three components-illite, chlorite, and
montmorillonite-are fairly common in shales. Figure 10 contains *-ray

r2.o

ll o..s u A
/ U l  r  l \  / v

"/ 
[niv" I rcrw-tzi

$"^*-{w-J"{'r 407c Chl, g Mont.

+
K '

M g t *

400"  c

to / l4 / tz .  ro.g i

25 -3O% Ch l .  a  Mon t

c

l O l 1 4 "  l l . O A

25% Ch lo r i t s

l5% Monlmor i l lodi te

6O{,  I i l i fe

550"  C

Fro. 10. Mixed-layer clay (illite/chlorite/montmorillonite).
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difiraction curves of a typical clay of this type. Although interpretation

of the data is rendered difficult by the presence of some discrete chlorite

and illite, the following observations appear justified: The presence of

chlorite layers is shown by the curves of the heated samples. The curve of

the 400" C. treated clay has only collapsed to 11 A and the 5500 C. curve

actually shows an increase in intensity as OH- is removed from the bru-

cite layer of the chlorite.
When the mixed-layer clay is leached with MgClz, the expanded layers

absorb two layers of water and are approximately 14 A thick. The form

factor for chlorite is sufficiently similar to that for montmorillonite
(Bradley, 1953), that the i l l i te (tO A)-chlorite (14 A)-montmoril lonite
(14 A) mi*edJayer clay can be treated as a two-component, 10-A and

14-A system. The curve of the MgH treated material indicates a mixture

of approximately 40 per cent 14-A chlorite-montmorillonite layers and

60 per cent 10-A illite layer_s. Leaching the material with KOH collapses

the expanded layers to 12 A and lowers the (001)/(001) peak to 10.8 A.

The curve of the K+ treated clay indicates that the mixed-layer clay

has between 25 per cent and 30 per cent of layers greater than 10 A. This

lower value may be caused by the K+ collapsing some of the expanded
layers to 10 A.

material. The mixed-Iayer clay is therefore composed of approximately
60 per cent illite layers, 25 per cent chlorite layers, and 15 per cent mont-

morillonite layers.

Rncur-en MrxBt-L,q,vER CLAYS

Regular mixed-layer clays are those in which two or more different
types of layers occur in a regular sequence, i.e., AB, AB, AB, or AAB,

AAB, etc. (Bradley, 1950 and 1953).
The (001) value of a regular mixed-layer clay is equal to the total

thickness of the two or more types of layers which are present, i.e., the
(001) value of a regular mixed-layer illite (10 A) and montmorillonite
(14 A) would be 24 A,. Regular mixed-layer clays are differentiated from
random mixed-layer clays in that the (00/) series occurs in an integral se-
quence. It has been pointed out by Bradley (personal communication)
that large (001) values (24 to 3O A) are, in themselves, not proof of regu-
larity. In random mixed-layer clays where the form factors are sufficient-
ly different, in addition to an (001)/(001) average reflection, a low-angle
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reflection will occur in the 24-A to 30-A region because the contributions
from the layers with the higher scattering power are not completely can-
celed by those of the lower power. For example, in a random mixed-

S h o l c

L i m e s l o n c  R c s i d u c

o
j

oq
N

E f h y c n e  G l y c o l

5 5 0  " C

Frc. 11. Regular mixed-layer clays.

layer clay containing 50 per cent 10-A illite layers and 50 per cent 14-A
montmorillonite layers a given 120-A interval will contain approximate-
ly five 10-A illite layers and five 14-A montmorillonite layers. The strong-
er scatterer will be encountered 5 times per 120 A, yielding an ill-defined

o
oi
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period of about 24 A,f.or which a difiuse scattering maximum is to be ob-
served. In the regular mixed-layer clay the value t2O/5 is consistent and
the resulting r-ray reflection is relatively sharp; however, in random
mixed-layer clays this value is only a statistical average of a population
which may have values ranging fuom 120/I to 120/12 and thus the re-
flection is relatively broad and variable.

Regular mixed-layer clays are not common in sedimentary rocks but
several have been found. Figure 11 contains r-ray diffraction patterns
of two identical regular mixed-layer clays. One is from a Pennsylvanian
shale and the other from a Mississippian limestone residue. The two
clays in Fig. 11 are apparently composed of alternating 14.4-A chlorite
layers and 14.8-A vermiculite layers. The (001) value is approximately
29.2 h. Listed below are the calculated (001) series and the measured
(00/) series for untreated, glycolated, and heated patterns.

Ethylene Glycol

001
002
003
004
005
006
007
008
009
0010

Calculated
(A)

2 9 2
14.6
9 . 7 3
7 .30
5 .84
4 . 8 7
4 . 1 7
3 .65
3 . 2 4
2 . 9 2

Measured
(A)

29
t4 .6
9 . 7
7 .30
5 .90
4.90
4 . t 7
3 .63
3 . 2 7
2 .92

Calculated
(A)

3 1  . 0
1 5 . 5
1 0 . 3
7  . 7 5
6 . 2 0
5 . 1 6
4.43
3 .88
3 . M
3 . 1 0

Measured
(A)

3 1
1 5 . 5
to.2
7 . 7
6 . 2
5 . 1 2
4.40
3 . 8 4
3.44
3 . 0 8

Calculated
(A)

24.0
1 2 . 0
8 . 0
6 . 0
4 . 8
4 . 0
3 .43
3 . 0
2 .66
2.40

1 2 . 0
8 . 0
6 . 0
4 .77
4 . 0
3 .40
2 . 9 7

When the sample is treated with ethylene glycol the vermiculite layers
are increased, to I7 A and an (001) value of approximately 31 A is ob-
tained. Again the (001) sequence is integral. The 7.2-4.and,3.60-A lines
indicate the presence of some unmixed chlorite. After being heated to
550o C. the vermiculite layers collapse to 10 A and the chlorite to 14.0 A.
The resulting (001) values are an integral sequence of 24 A.

ExeuprB ol How Mrxnn-LevER CLAy MrNener.s
CaN Be Usnn lon ZoNarrox

Mixed-layer clays, though presumably quite sensitive to environmen-
tal changes, can be found to maintain a consistent ratio through several
hundred feet of sedimentary rock. Figure 12 contains r-ray patterns
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which illustrate how it is possible to zone a thick section of sedimentary
rock by using the mixed-layer clays.

The sample from the upper zone, in addition to illite, contains a mixed-
layer vermiculite-chlorite, with the vermiculite layers predominating.

Vermicul i tc /  Chlorl lc

Vermicul i lc /  Chlorl lc

Vcrmlculltc / Chloril.

Montrnorlllonitc / lllltc

Fro. 12. Shale zonation with mixedlaver clavs.

The sample from the middle zone contains a mixed-layer vermiculite-
chlorite which is predominantly chlorite. The lower zone contains illite, a
mixed-layer illite-montmorillonite, and a mixed-layer vermiculite-chlo-
rite.

t l

2l

3)
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