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The effect of isomorphous substitutions on the intensities 
of (OO1) reflections of mica- and chlorite-type structures. 

By GEORGE BROWN', B.Sc. 

Pedology Department, Rothamsted Experimental Station, Harpenden. 

[Taken as read March 24, 1955.] 

INTRODUCTION. 

W I D E L Y  used method of quantitative analysis in clay mineralogy 
is the comparison of the intensities of X-ray reflections from a so- 

called standard mineral with the unknown. In  the clay minerals where 
isomorphous substitution is frequent the term 'mineral '  generally 
covers a range of compositions and what is meant by such a term is a 
group of closely similar minerals. The so-called standard mineral is any 
member of a group which the particular worker may have in a pure or 
almost pure condition. If  the standard mineral and the mineral in the 
unknown give different intensities for an equal volume of material the 
results will be inaccurate. I t  is therefore essential if we are to evaluate 
the standard-mineral method to see what sort of errors are involved in 
assuming all the members of a group have the same X-ray intensities. 
In  this paper the effects of preferred orientation and absorption of 
X-rays in the specimen have been ignored, but, in a final analysis, these 
effects, too, would have to be taken into account. 

The majority of clay minerals have layer structures and the different 
groups of clay minerals are readily characterized by their different layer 
thicknesses. In these layer structures the a and b axes are perpendicular 
and lie in the plane of the layers so the low order (00/) reflections are 
commonly used for both qualitative and quantitative mineralogical 
analysis. All the 2 : 1-type clay minerals either are, or can be converted 
into, mica-type and chlorite-type structures without alteration of the 
fundamental silicate layer. The montmorillonite and the vermiculite 
minerMs, which can be regarded as expanded mica structures, can be 
collapsed by heating to give (O0l) reflections in similar positions to the 
mica reflections. The intensities of the (O0l) reflections from such heated 
specimens will depend on the nature and amount of the interlayer 
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material  and on the constitntion of the silicate layer as do those of the 
micas (see below). Thus calculations for mica-type and chlorite-type 
structures can be applied to the great maj ority of 2 : 1-type clay minerals. 

THEORY. 

The intensity of a reflection from a fine powder (as defined by Brind- 
ley, 1945) recorded on a cylindrical film by the Debye-Scherrer method 
is given by p 

pl 
I o - -  8r sin 0 QVAHZ' (1) 

where P is the energy diffracted into length l of a Debye-Scherrer halo 

by the set of planes (hkl), (hkl), and (hkl) being considered as different sets. 
Io is the energy per unit area in the incident beam, r is the distance from 
specimen to film, p is the multiplicity factor for the set of planes con- 
sidered, V is the volume of crystal powder irradiated of the substance 
giving the reflection, A is a factor for absorption in the specimen, ~F is a 
factor for preferred orientation in the specimen. 

N2~3 e 2 \2 

- 2 ( 2 )  

where the symbols have their usual significance (James, 1950), in parti- 
cular N is the number of unit cells per unit volume and F is the structure 
factor per unit cell. In  the clay minerals a more appropriate unit is the 
unit layer and in this paper all F values are calculated for this unit and 
so N becomes the number of unit layers per unit volume. 

For a given reflection from a given mineral group with a given 
equations (1) and (2) show that  intensity is proportional to F 2. For 
clay mineral layer structures with a plane of symmetry  parallel to the 
layers, if the origin of co-ordinates is taken at the plane of symmetry  
and the summation is made over half the unit layer, the expression for 
F(OO1) becomes 

F(00t) = 2 ~ f ~  cos 2~tz, (3) 

wherefa is the atomic scattering factor of a tom type a for the radiation 
used and z is the fractional co-ordinate of the atom. 

From equations (1), (2), and (3) it is apparent tha t  within a mineral 
group the most important  factor in changing low angle (00/) intensities 
will be isomorphous substitutions, for atomic co-ordinates do not vary  
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much within a group and small variations in them do not affect the 
intensities of low-angle reflections appreciably. 

In  the subsequent sections, tables of F values for basal reflections are 
given for micas and chlorites of different chemical compositions. The 
results are given as F 's  rather than in the form of intensities for a parti- 
cular experimental method as F values can be converted to intensities 
for different experimental arrangements by using the appropriate equa- 
tions (James, 1950). 

A P P L I C A T I O N  TO THE MICA GROUP.  

The clayminerals are composed of a framework of 0 and OH ions, 
the interstices of which may be filled with Si, A1, Mg, Fe, and K ions. 
Within a mineral group, if we treat O and OH together, the anion frame- 
work is constant and its scattering power for X-rays can be taken as that  
of the oxygens. Si, A1, and Mg have very similar atomic scattering 
factors (fa's) at low angles of diffraction and this allows them to be 
treated together in a structural position where any two occur together, 
and in such cases the atomic scattering factor of the major occupant has 
been used for all such atoms in that  position. For example, all tetra- 
hedral atoms have been treated as Si, for Si is always the major occupant 
of these positions ; in dioetahedral micas where the octahedral positions 
are largely filled with A1 with slight replacement of A1 by Mg and Fe, 
the atomic scattering factor for A1 has been used for (A1, Mg), and the 
Fe atoms are treated separately. 

In  the mica structure we can have isomorphous substitution of A1 for 
Si in tetrahedral positions, and A1, Mg, and Fe can all occur in octahedral 
positions. Of these the substitution of Fe is the only one which appre- 
ciably affects low-order (00/) intensities. The catio~ population of the 
interlayer position can also val T. There is less K in illites than in the 
true micas and it seems a fair assumption that  the K-vacant positions in 
illites are occupied by H20 or (HaO)+. I f  the K-vacant positions are 
indeed vacant in illites then the change in the intensities compared to 
true micas will be even greater than for a structure with H~O or (H~O) + 
in the interlayer positions, for the total scattering power of the atoms in 
the interlayer position will be changed even more. 

Using the atomic co-ordinates given by Jackson and West (1930) for 
muscovite, the atomic scattering factors for atoms in silicates given by 
Bragg and West (1928), and taking the plane of the octahedral ions as 
origin, F(OO1) per un i t  layer ( 9 • 2 1 5  =~. approximately) has been 
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calculated for reflections a t  10 A., 5 =~., and  3"3 ~ .  for d ioc tahedra l  

micas whose composi t ion  lies wi th in  the  limits, 

K2(Ai,Si)s(A1,Mg)402o(OH)4, 

K~(A1,Si)s(Fe),Q0(OH),, 

(H~O),(A1,Si)8(A1,Mg)~O,0(OH),, 

(H20)2(A1,Si)8(F%)O20(0H)4. 

A similar range  is covered for t r ioc tahedra l  micas. 

'I?A]~LE I. Contributions of various parts of mica layer to the/~'s of (00/) reflections. 

Section 
of 

structure. 
Skeleton 

Interlayer 

Octahedral 

Contribution for 9 • 5 • 10 =~.3: 
to to to 

Composition. F (10/l~.). F (5/~.). F (3-3/l~.). 
(Si, A1)sO2o(OH)4 17 120 74 

(invariant) 
2.0 14 - -  37 34 30 
1.5 K 0-5 H20 32 30 26 
1-0 K 1.0 H~O 27 25 22 
0-5 K 1.5 H20 23 21 18 

- -  2.0 H~O 18 16 14 

AnGina- AnGina- Anoma- 
Normal. lous. Normal. lous. Normal. lous. 

4A1 ... 45 45 42 42 39 39 
3AllFe ... 58 54 54 51 50 46 
2A12Fe ... 71 64 66 59 60 52 
1A13Fe ... 85 73 78 67 71 59 
4Fe ... 98 82 90 75 81 66 
6Mg ... 68 68 62 62 56 56 
5MglFe ... 81 78 75 71 67 63 
4Mg2Fe ... 94 87 87 79 78 70 
3Mg3Fe ... 107 96 99 87 89 77 
2Mg4Fe ... 120 105 I l l  96 100 84 
1Mg5Fe ... 133 114 123 104 111 91 
6Fe ... 146 123 136 112 122 98 

The results  are in tab le  I. They are given as cont r ibu t ions  of  various 

pa r t s  of the  mica  s t ruc tu re  to F(00/) per  uni t  layer.  The inva r i an t  

skeleton consists  of the  t e t r ahed ra l  cat ions and  the  oxygen  f ramework .  

The in ter layer  a n d  the  oc tahedra l  con t r ibu t ions  are given for different  

a tomic  popula t ions  of these  posit ions.  The oc tahedra l  cont r ibu t ions  are  

given under  two  headings,  normal  and  anomalous.  This is necessary  

because the  a tomic  sca t te r ing  factor  of Fe  is reduced  when  Co-Ka 

rad ia t ion  is used owing to  anomalous  dispersion. The F value for a 

basal  reflection of a par t icu lar  mica is given by  the  sum of t he  appro-  

pr ia te  cont r ibu t ions  ob ta ined  f rom tab le  I. 
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For example, for the 5-~. reflection from a mica of composition 
(K1.5(H20)o.5)(A13Fe,)(A1,Si)sO2o(OHh: 

(a) with Cu-Ka radiation 

F(5) = F(5)(skeleton) +F(5)(A13Fe~) +F(5)(K~.~(H~O)o.~) 

= 120+54+30 = 36; 
(b) with Co-Ka radiation 

F(5) = 120+51+30 = 39. 

For compositions intermediate between those given in table I inter- 
polation gives accurate values for F. 

APPLICATIOS~ TO THE CHLORITE GROUP.  

For the calculations on this group the same curves of atomic scattering 
factor were used as before and corrections for anomalous dispersion of 
Co-Ka radiation by Fe were made. The atomic co-ordinates used were 
those given by Norrish (1952) which are closely similar to those given 
by Brindley and Robinson (1951). The plane of the mica layer octa- 
hedral cation sheet which is a symmetry plane was taken as the origin of 
co-ordinates. 

The chlorite structure consists of a regular interleaving of mica-type 
and brucite-type layers. There are therefore two kinds of octahedral 
sites per unit layer and in both of these Fe may replace (Mg,AI). The 
calculations in this paper deal only with chlorites where both octahedral 
layers are trioctahedral. The replacement of (Mg,AI) by Fe is the only 
isomorphous replacement commonly encountered which would change 
the intensities of the low-order basal reflections. For a given Fe content 
the octahedral atoms can be arranged in different ways between the 
two types of octahedral site so both number and arrangement of Fe 
atoms affect intensities. 

The F values per unit layer for (00l) reflections at 14 •., 7 A., 4-7 ~_., 
and 3"5 A. have been calculated for chlorites whose chemical composi- 
tion lies in the range 

[(Mg,A1)l~][(Si,A1)s]O~o(OH)l~ 

and [(Mg,AlhF%][(Si,A1)8]O~o(OH)16 

for both symmetrical and asymmetrical arrangements of the octahedral 
i o n s .  

For chlorite structures the intensities of the basal reflections at 7 i~. 
and 3.5 ~. are dependent on the Fe content but independent of its 
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a r rangement .  Values for F(7) and  F(3"5) are given in table  I I  for t he  

range of chemical  compos i t ion  previously  ind ica ted  a t  in tervals  of 1 Fe  

TABL]~ II. /v (7 ~.) and F (3-5 ~.) for (00l) reflections of chlorite-type structures 
for a unit layer. 

0ctahedral atoms F (7 A.) E (3.5 A.) 
(per unit layer). Normal. Anomalous. Normal. Anomalous. 

12Mg . . . . . . . . .  95 95 150 150 
l lMglFe . . . . . . . . .  108 104 161 157 
10Mg2Fe . . . . . . . . .  120 113 172 165 
9Mg3Fe . . . . . . . . .  133 122 184 172 
8Mg4Fe . . . . . . . . .  146 130 195 179 
7Mg5Fe . . . . . . . . . .  159 139 206 186 
6Mg6Fe . . . . . . . . .  172 148 217 193 
5Mg7Fe . . . . . . . . .  184 157 228 201 
4Mg8Fe . . . . . . . . .  197 166 239 208 

a t o m  per  uni t  layer. The F ' s  for basal  reflections a t  14 ~_. and  4.7 •. 

depend  on the  difference in sca t t e r ing  power  be tween  the  occupants  of  

t he  two types  of oc tahedra l  sites. Table I l I  gives the  values for F(14) 

TABLE III. F (14 ~.) and F (4-7 ~.) for (00/) reflections of chlorite-type structures 
for a unit layer. 

Content of mica octa- 
hedral sheet less content 

of brucite octahedral F (14/~.) F (4-7 ~.) 
sheet. Normal. Anomalous. Normal. Anomalous. 

6Mg-6Fe . . . . . . . . .  29 29 196 196 
5Mg-5Fe . . . . . . . . .  16 18 184 188 
4Mg-4Fe . . . . . . . . .  2 6 17--2 18~ 
3Mg-3Fe . . . . . . . . .  11 5 160 172 
2Mg-2Fe . . . . . . . . .  24 17 148 164 
1Mg-lFe . . . . . . . . .  38 28 136 156 
0Mg~0Fe . . . . . . . . .  51 40 124 147 
1Fe-lMg . . . . . . . . .  65 51 112 139 
2Fe-2Mg . . . . . . . . .  78 63 100 131 
3Fe-3Mg . . . . . . . . .  91 74 88 123 
4Fe4Mg . . . . . . . . .  105 86 76 115 
5Fe-5Mg . . . . . . . . .  118 97 64 107 
6Fe-6Mg . . . . . . . . .  132 109 52 99 

and  F(4.7) for t he  possible differences in sca t te r ing  power  be tween  the  

two types  of site, the  difference in sca t te r ing  power  being reckoned as 

mica oc tahedra l  con t r ibu t ion  less bruci te  oc tahedra l  cont r ibut ion .  

To obta in  the  F values for a chlorite of a par t icular  composi t ion,  t he  

F(7) and  F(3-5) values are ob ta ined  f rom table  II .  There are usual ly  

several possible a r r angemen t s  of t he  oc tahedra l  a toms  and  so several  
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possible values for F(14) and F(4.7) can be obtained from table I I I  
corresponding to the possible arrangements. 

For example, to obtain the E values for a chlorite (for Cu-Ka) which 
contains 2 Fe atoms per unit layer, i.e. [(Mg,A1)10F%][(A1,Si)s]0~o(0H)I~, 
from table I I I  F(7) = 120 and F(3"5) = 172. With 2 Fe atoms per unit 
layer the possible F(14) and F(4.7) are obtained as shown in table IV. 

TABLE IV. Possible F (14 ~.) and/7 (4-7 X.) values for (00/) reflections of a chlorite 
structure of composition (MgloF%)(SiA1)sO2o(OHh6 per unit layer. 

Possible arrangements. From table III.  
Mica. Brucite. Difference. F (14 -&) F (4.7 A.) 

6Mg 4Mg,2Fe 2Mg-2Fe 24 148 
5Mg, 1Fe 5Mg, 1Fe 0Mg-0Fe 51 124 
4Mg,2Fe 6Mg 2Fe-2Mg 78 100 

The converse of the above method can also be applied. From the 
ratio F(7)/F(3.5) the Fe content of a chlorite can be obtained and from 
the ratio F(14)/F(4"7) it may be possible to decide how the atoms are 
arranged. 

DISCUSSION-. 

There are four points which should be brought to notice: 

(1) I f  the intensities of an unknown mica or chlorite after correction 
for absorption, orientation, &c., do not fit the calculated data, then 
either its chemical composition lies outside the range for which calcula- 
tions have been made or the atomic co-ordinates are significantly differ- 
ent from those used here and the reason for the discrepancy should first 
be sought in them. 

(2) F values for micas and chlorites apply to the stated unit volumes 
and therefore their F ' s  are not directly comparable. 

(3) In  connexion with quantitative analysis by the standard-mineral 
method the data in tables II ,  I I I ,  and IV show that  appreciable changes 
in F and hence in intensities occur in both micas and chlorites owing to 
isomorphous substitution. This effect is illustrated in table V, which 
gives the relative intensities of Debye-Seherrer reflections with Cu-Ka 

TAI3LE V. Relative intensities of (00/) reflections for equal volumes of different mic~- 
type minerals. 

Relative intensities of (00/) 
reflections. 

Mineral. Structural formula. 10 ~. 5 _~. 3.3/~. 
Muscovite K~(Ala)( Si,A1)sO~o( OH)4 1.0 0.7 1.2 
Phlogopite K~(Mg6)(Si,A1)sO20( OH )4 3.6 0.2 1.7 
Illite Kz(H20)I(AI4)(Si,A1)sO2o(OH)4 1"9 1-0 1-4 
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for equal volumes of three minerals of mica structural type (ideal 
formulae). The results show that  large errors can occur in the standard- 
mineral method unless great care is taken to match the standard mineral 
and the mineral in the unknown. I t  is also of interest tha t  the integrated 
intensity of the 10 A. reflection from an illite should be greater than tha t  
of muscovite if the illite specimen is totally composed of crystalline 
material. 

(4) The calculations suggest a possible alternative to the standard- 
mineral method of quantitative analysis. For this the preferred orienta- 
tion factor ~', the absorption factor A, and the relative integrated 
intensities have to be measured for (00/) reflections. This involves 
extra work but in the standard-mineral method A and W are usually 
ignored, the assumption being tha t  both factors are the same in the 
standard and the unknown or tha t  the factors are negligible, and it is 
further assumed that  peak intensities are proportional to integrated 
intensities in both the standard and the unknown. There is no great 
difficulty in evaluating all of these. The absorption factor can be calcu- 
lated irom the chemical composition of the unknown mixture, the pre- 
ferred orientation of the specimen car~ be measured in several ways (e.g. 
Brindley, 1953), and the relative integrated intensities can be obtained 
by detailed photometry of line profiles or more directly using diffracto- 
meters. 

The problem of finding the percentage of mica (say) in a mixture con- 
sists in evaluating equation (1) for Vmica. Assuming absorption and 
preferred orientation factors have already been obtained, the unknown 
factors in equation (1) applied to mica reflections are P/Io, F 2, and Vmica. 

(i) To obtain the F 2 values for the particular mica in the mix tu re . - - I f  
the absolute intensities of the (001) reflections, say 1, 2, 3, &c., of the mica 
in the unknown are P1/Io, PJIo, Ps/Io, &c., then their integrated relative 
intensities on a Debye-Scherrer powder pattern are P1, P~, P3, &c. 

F r o m  equation (1) 
P1 _ F~ ~ A~ ~ (4) 

F2 ~F 2 A2,.~2 P2 2 - , 

where ~ is the combined cone size and polarization factor for a randomly 
oriented powder and is equal to 

1+c0s220 
sin~0 cos 0 

and ~F, A, F, and P have the same meaning as in equation (1). From the 
photograph we obtain the ratios P~/P2, P2/Pa, &c., and ~ ,  W2, A~, A2, 
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~1, ~:2 can alI be obtained. Hence using equation (4) we obtain the ratio 
F~/F~ and similarly F2/F221 s, &c. Consideration of the (060) spacing of the 
mica along with the best fit of observed and calculated values of the 
ratios F~/F~, &c., gives the F 2 values of the particular mica in the mixture. 

(ii I To obtain P/Io.--P/Io is the absolute intensity of a reflection. 
With photographic methods, to evaluate P/I o a known volume of an 
internal standard, 1 e.g. sodium chloride whose absolute intensities are 
known, is mixed with the unknown powder. Comparison of the inte- 
grated relative intensities of the sodium chloride reflections with their 
known absolute intensities gives the factor to apply to the integrated 
relative intensities of the mica reflections to put them on an absolute 
scale. With spectrometers absolute intensities can be determined directly 
without using an internal standard by monitoring both incident and 
reflected beams. 

Having obtained two of the three unknowns in equation (1) substitu- 
tion gives Vi~ca , and the proportion of mica in the mixture can then 
be obtained. 
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