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Abstract-A method of clay mineral sample preparation for electron microprobe analysis has been devel­
oped in which a film of clay plus 10-12 wt. % colloidal graphite is deposited on a porous ceramic disc using 
a specially designed suction device. Correction procedures are used to obtain quantitative elemental anal­
yses representing the average chemical composition of the prepared sample. A statistical technique is em­
ployed to estimate the most likely proportions of clay minerals representing the known composition. Chem­
ical compositions of clay minerals are presented in terms of five coordinates ("Si," "AI," "Mg," "K," 
and "Fe"). Using literature data, the chemical compositions of 13 different clay mineral groupings were 
defined statistically by their multivariate means and variance-covariance matrices. A correlation param­
eter, X2, was calculated to compare the chemical composition of a sample with that of any mixture of the 
defined clay mineral groupings, the minimum X2 indicating the best-fit mixture. 

From chemical an¥Jlyses of artificial mixtures only approximate clay mineral proportions could be deter­
mined when the various clay mineral groupings had been defined statistically from literature analyses. The 
best results were obtained when the actual compositions of the end-members forming the artificial mixtures 
replaced the statistical definitions. Tests of the estimation procedure on clay mineral mixtures for which 
chemical compositions and corresponding clay mineral proportions were found in the literature, indicate 
that the technique has appreciable merit. 

Key Words-Electron microprobe, Illite, Kaolinite, Mixed layer, Montmorillonite, Quantitative mineral 
analysis, Statistical method. 

INTRODUCTION 

The proportions of the mineral components of most 
rocks (the mode) can be determined reasonably accu­
rately using optical point-counting techniques. The 
compositions of the individual minerals can also be de­
termined conveniently and routinely today by means of 
electron microprobe analysis. The clay mineral group, 
however, is an exception to these generalizations, and 
because of their fine grain size, only the identities of 
most clay mineral constituents can be determined with 
any degree of certainty. Attempts have been made to 
estimate proportions of clay mineral components on the 
basis of X-ray diffraction intensities, but these methods 
are fraught with difficulties associated with the effects 
of crystallinity, chemical substitutions, and variable 
water contents, as well as the possible presence of 
mixed-layer structures. The problem of determining the 
composition of clay mineral components of rocks has 
proved even more intractable inasmuch as physical 
separation is almost impossible and the range of pos­
sible compositions varies greatly with significant de­
partures from idealized structural formulae. Because of 
these problems, we know little about the chemical equi­
libria amongst naturally occurring assemblages of clay 
minerals. Many of these assemblages may represent 

proportions of these minerals during maturation and 
diagenesis. 

Many techniques have been used to obtain chemical 
information on clay minerals, but the only widely used 
means of determining the complete composition have 
been the classical methods of wet chemistry and the 
somewhat more convenient methods of X-ray fluores­
cence analysis. Although the latter technique is rela­
tively rapid when modem automated instrumentation 
is used, both require substantial amounts of sample and 
are destructive (unless questionable preparation pro­
cedures utilizing pressed powders are used in the X-ray 
technique). In recent years, great strides have been made 
in perfecting the techniques of electron microprobe 
analysis. In particular, developments in energy disper­
sive X-ray analysis have permitted fully quantitative 
analyses of complex natural minerals to be performed 
routinely and in a matter of a few minutes. These tech­
niques appear to be applicable to the analysis of clay 
minerals and clay mineral mixtures. An attempt was 
therefore made to develop a rapid and accurate method 
for determining the chemical composition of such clay 
materials and to develop a statistical technique using 
these data to estimate the most likely proportions of 
clay mineral components in the sample. 

non-equilibrium mixtures of two or more clay minerals, EXPERIMENTAL 
yet we have no means of establishing the equilibrium Preparation of samples 
state of such mixtures, nor are satisfactory ways avail- The < I-pom fraction of each sample was used to min­
able for tracing changes in the compositions and the imize the amount of non-clay mineral impurities. This 
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fraction was obtained by standard settling techniques 
after the sample had been dispersed, using an ultrasonic 
vibrator of the probe type, and repeatedly washed with 
distilled water to remove soluble impurities. 

Uniform clay mineral films were deposited onto po­
rous ceramic discs (Kinter and Diamond, 1956; Gibbs, 
1965) using a method similar to that described by Shaw 
(1972). However, pure clay films could not be made 
conductive by the usual technique of coating with car­
bon (or even gold), and a modified technique involving 
the addition of a known amount of colloidal graphite 
was developed (Smith and Cavell, 1978, 1980). A sus­
pension of colloidal graphite was prepared by dispers­
ing Acheson "Aquadag" in distilled water, centrifuging 
for 1 hr and retaining only that portion which had not 
settled. The typical amount of graphite required to im­
part adequate conductivity was found to be 10-12% (by 
weight), but ranged from 4 to 15% depending upon the 
individual clay sample. The concentrations of graphite 
and clay sample suspensions were determined by 
weighing the residues from known (pipeted) volumes, 
oven dried at 105°C. 

To prepare the analytical sample, the volume of each 
suspension required to produce a film of 50-60 mg total 
weight and containing 10-12 wt. % graphite was mixed 
in a small beaker and deposited onto a porous disc using 
the suction device shown in Figure 1. After being washed 
with distilled water, the disc with its clay film was re­
moved from the holder and left to air dry for .about 10 
min, clay-side up. It was then placed clay-side down on 
a glass slide coated with a fluorotelomer (e.g., Dupont 
"Vydax 550"), and left to air dry completely. The weight 
of the ceramic disc (2.5 g) was usually sufficient to 
maintain compaction while drying and thereby prevent 
the cracking and peeling that are frequently sources of 
difficulty in the preparation of such films. For some of 
the smectites, which absorbed large amounts of water, 
it was necessary to add extra weight (e.g., one or two 
extra discs) to ensure compaction during drying. The 
fluorotelomer coating prevented sticking while main­
taining a smooth upper surface. The electrical resis­
tance of the film after preparation (which must be suf­
ficiently low to allow incident electrons from the 
microprobe beam to leak away) was checked using an 
ohmeter. Values less than 5 megohms were considered 
satisfactory . 

Electron microprobe analysis 

Samples prepared in the above manner for micro­
probe analysis, can also be used for X-ray powder 
diffractometry. The minor amount of "colloidal" 
graphite produces only a very weak, broad peak which 
does not interfere with basal reflections from the clay 
mineral. A 5-mg sample prepared with a modified suc­
tion apparatus is adequate if X-ray diffraction patterns 
are not needed. 

The quantitative, energy-dispersive microprobe 
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Figure 1. Exploded cross-section of suction device. 

technique used to analyze as many as 22 elements in 
such materials was described by Smith (1976); the com­
puter software used in the data reduction step 
(EDATA2) was described by Smith and Gold (1979). 
The EDATA2 program integrates peak intensities, 
makes full corrections for matrix effects (atomic num­
ber, absorption, and characteristic and continuum flu­
orescence), and accurately calculates and subtracts 
background. It also strips escape peaks, makes dead­
time corrections where necessary, and deals rigorously 
with complex possibilities for peak overlap (i.e., inter­
ference). The program determines system resolution at 
the time of analysis, corrects all spectra acquired for 
any instrument miscalibration, and takes into account 
possible fluctuations in probe current during acquisi­
tion. 

Light elements which cannot be or are not usually 
determined by the microprobe, but which may be pres­
ent in the clay films (e.g., H, Li, C, and 0) are handled 
by a special subroutine. The subroutine allows either 
the entry of a known concentration (perhaps deter­
mined by X-ray fluorescence or atomic absorption) or 
the calculation of the concentration from parameters 
such as the analytical total or a structural formula. The 
subroutine also allows the entry and use of two different 
oxidation states for elements such as iron. Adjustments 
to the analysis can be performed during each iteration 
of the correction procedure to produce a more accurate 
result. 

The precision of the entire analytical method was 
tested by comparing the results of 40 replicate analyses 
(2 locations on each of 20 different discs) (Smith and 
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Table I. Comparison of analytical results for Fithian ilIite. 

Published values 
Experimental sample 

Probe 
Average Range Wet chemical average 

Si 26.59 23.24-29.35 25.93 25.96 
AI 13.95 10.80--17.74 14.01 14.17 
Fe3+ 3.51 3.15-5.48 ~:m4.34} 4.60 Fe2+ 0.93 - 1.88 
Mo 0.02 
Mg 1.32 0.85-1.84 1.58 1.46 
Ca 0.76 0.12-\.66 \.08 1.86 
Na 0.30 0.14-0.46 0.29 0.07 
K 5.10 4.22-5.71 5.49 5.65 
Ti 0.45 - 0.62 0.54 0.46 
0 47.09 46.72 46.76 

Weight % elements, recalculated water- and phosphorus­
free to 100%. 

Cavell, 1980). The accuracy of the method is indicated 
in Table 1 by comparison of the microprobe average for 
a sample of Fithian illite (A.P.I . reference clay) with the 
wet chemical analysis3 of identical material. Table 1 also 
gives the average of7 published analyses for other sam­
ples of this clay (Weaver and Pollard, 1975). The ana­
lytical results for any clay may vary with the amount of 
structural, interlayer, or adsorbed water present. Dur­
ing electron microprobe analysis, variable amounts of 
thi s water are driven off depending on the probe cur­
rent, the size of the analytical area, and the time re­
quired for the analysis. However, Smith and Cavell 
(1978) established that the analyses recalculated on a 
water-free basis do not vary. Hence, all microprobe 
analyses reported here and other published values have 
been recalculated on a water-free basis for the purpose 
of comparison. 

Smith and Cavell (1978) used this analytical tech­
nique successfully for various homogeneous clay min­
erals, including members of the kaolinite, smectite, il­
lite, and palygorskite groups; the same technique has 
been used without modification on clay mineral mix­
tures. 

STATISTICAL ANALYSIS 

Previous attempts to use bulk chemistry as a basis 
for examining clay mineral mixtures (Pearson, 1978; 
Imbrie and Poldervaart, 1959; NicholIs, 1%2; Miesch, 
1%2), have met with rather limited success due to the 
variability of clay compositions. Clay mineral speci­
mens show not only a wide range of possible substitu­
tions, but also deviations from ideal stoichiometry, 
variable H20 content, variations in exchangeable cat­
ions , and the ubiquitous presence of both soluble and 
insoluble impurities. As a means of avoiding the con-

3 Analyst: A. Stelrnach, University of Alberta, Edmonton , 
Alberta. 

Table 2. Source of clay mineral analyses used. 

Trioctahedral chlorite: Foster, 1%2, A27-A29; Deer et al., 
1%2, 139-145. 

Dioctahedral chlorite: Weaver and Pollard, 1975, 96. 
Montmorillonite: Weaver and Pollard, 1975, 58-59, 64-65, 

76-77; Grim and Giiven, 1978, 144-148; Deer et al., 1962, 
232-234. 

Palygorskite: Weaver and Pollard, 1975, 120, 123. 
Vermiculite: Deer et al. , 1%2,252-253. 
Celadonite: Weaver and Pollard , 1975,48-49. 
Glauconite: Weaver and Pollard , 1975, 32, 42. 
Nontronite: Weaver and Pollard , 1975, 76; Deer et al., 1%2, 

233. 
Beidellite: Weaver and Pollard, 1975,60,76-77 . 
Sepiolite: Weaver and Pollard, 1975, 128. 
Saponite: Weaver and Pollard , 1975, 80. 
Kaolinite: Weaver and Pollard, 1975, 132, 134, 145, 146, 150--

151; Deer et aI., 1962, 202-203. 
Illite: Weaver and Pollard, 1975,8-9; Deer et al., 1962,218-

220. 
Mixed-layer clays: Weaver and Pollard , 1975, 109-110, 115. 

straints of fixed or idealized end-member compositions , 
the following technique was developed to provide a more 
flexible statistical approach to the definition of clay 
mineral compositions . 

Clay mineral analyses were selected from the lite~­
ature (Table 2) in the following manner: (1) No duph­
cate analyses were used; (2) Analyses were not used if 
the original report expressed doubt about the sample 
identity or purity; (3) If the calculated structural for­
mula showed an excess of aluminum or silicon (com­
mon impurities) over the maximum permissible for the 
clay mineral species to which the sample had been as­
signed, the analysis was not used; (4) K~olin-group 
mineral analyses with more than 0.25% alkahs and anal­
yses of chlorites with more than 0.25% Na20 + K20 + 
CaO were rejected on the grounds that there is no place 
in the structure of these clays for these elements; (5) 
Smectite analyses with more than 1.0% K20 were re­
jected as possibly being mixed-layered smectite/illites. 
Similarly, illites with less than 1.0% or more than 10% 
K20 were rejected. All analyses reported in the com­
pilations listed in Table 2 and not rejected for the rea­
sons given above were used to define statistically the 
chemical compositions of each of the clay mineral 
species in terms of a group centroid and a variance-co­
variance matrix. 

Useful individual elements or element combinations 
were sought which would result in the grouping of anal­
yses of each clay mineral species about a unique cen­
troid. On the basis of valence, structural sites occupied, 
and the tightness of the groupings of the data for each 
clay mineral, the following combinations were chosen: 
"Si" = Si4+only;"AI" = A13+ + Ti4+;"Mg" = Mg2++ 
MnH ; "K" = K+ only, and "Fe" = Fe2+ + Fe3+. Ca 
and Na were not included because they produced un­
acceptable scatter in some of the sample groupings, 
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Table 3. Centroid, variance-covariance definitions for 13 clay mineral groupings. 

Al 
Mg 
K 
Fe 

CLAY MINERAL 

centroid centroid centroid 
"K" (ppm) "AI" (ppm) "Mg" (ppm) 

129565 

I 6693 
/ 2732 
I 412 
I 4792 

282789 

I 1586 
I 720 
I 30 
I 131 

378266 

2091 
516 
81 

981 

98976 

/ 2265 
I 1086 
I 13 
I 679 

15568 

/ 891 
I 878 
I 0 
I 171 

167207 

/ 1579 
I Il24 
I 58 
I 84 

v ariance-cov ariance 
matrix of 

correlation 
coefficients x 106 

CELADONITE 

121637 

2732 
1785 

119 
1078 

126928 

412 
119 

Jl93 
63 

MONTMORILLONITE 

61670 ·4071 

720 
746 

21 
159 

BEIDELLlTE 

30 
21 
35 
26 

16951 5049 

516 
216 

61 
147 

SAPONITE 

81 
61 
31 
31 

382930 1075 

1086 
2400 

8 
3550 

SEPIOLITE 

354437 

878 
2500 

o 
2882 

13 
8 
4 

20 

o 

o 
o 
o 
o 

PALYGORSKITE 

165669 

1124 
Il59 

28 
95 

2148 

58 
28 
13 
10 

centroid 
"Fe" (pp m) 

188743 

47921 
10781 

63 1 

55651 

32385 

1311 
159/ 
26 1 

7811 

40664 

9811 
1471 
311 

12731 

55041 

6791 
35501 

201 
63881 

58178 

171/ 
28821 

01 
82531 

25534 

841 
95 1 
101 

3201 

Variance-CQvariance matrices have been corrected for sample size (N) by division by (N - I). 

151044 

I 4823 
I 752 
I 640 
I 5197 

379420 

I 2272 
I 701 
I 520 
I 669 

207057 

900 
752 

5 
390 

GLAUCONITE 

84643 

752 
558 
80 

336 

134191 

640 
80 

504 
483 

ILLITE 

40202 

701 
415 
190 
230 

105660 

520 
190 
455 
201 

VERMICULITE 

384199 286 

752 
1177 

4 
347 

5 
4 
o 
4 

270589 

5197 1 

336 1 
483/ 

9457 1 

403% 

669 1 
2301 
201 1 

7881 

59931 

390 1 
3471 

41 
657 1 

TRlOCTAHEDRAL CHLORITE 

290447 

I 8040 
111045 
I 0 
J 17483 

366651 

11045 
18141 

4 
30823 

63 

o 
4 
o 
5 

222330 

174831 
30823/ 

51 
560991 

~- ~-----------------

504903 

I 177 
I 2 

2 
63 

KAOLIN 

2434 

2 
5 
o 
8 

357 

2 
o 
1 
o 

6709 

63 1 

81 
01 

87 1 

DIOCTAHEDRAL CHLORITE 

608892 10185 o 3918 

I 2464 638 0 40 1 
1 638 220 0 91 
I 0 0 0 01 
I 40 9 0 13/ 
-----~----~~~~------

NONTRONITE 

145461 15769 2363 445684 
---------- ----------

4105 166 308 3162/ 
I 166 181 39 366/ 
I 308 39 28 279 1 
1 3162 366 279 2803 1 
--~----------------~ 
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TCI'! Trlocfohedrol Chlorite 
DCI'! Dloclo"ltdralChloritlt 
M Monlmorillonillt 
P Pgly.gorskil. 
V V •• m'cillil. 

" , 
Nonlrolll'e 
Beidlllillt 

SI Sepiolil. 

Se! Saponi" 

K Kondillt 

f'ZZJ Indicates High"Fe" 

&SS':! Indicotn High"K· 

Figure 2. A diagrammatic representation of the 13 clay min­
eral groupings based on the statistical definitions of Table 3. 

possibly because of their presence as exchangeable cat­
ions or in impurities. 

The compositional groupings of 13 clay minerals are 
expressed in statistical terms in Table 3. For each of 
four of the "elements" used, the centroid or mean val­
ue is shown as well as the variance-covariance matrix 
obtained by standard statistical methods. "Si" was not 
included because it plus two of the other "elements" 
in the table, "AI" and "Mg," equal unity, and one (e.g., 
"Si") was therfore redundant. This is a direct result of 
normalizing all analyses by division by the sum of the 
raw "Si" + "AI" + "Mg" values. 

Figure 2 is a diagrammatic representation of the var­
ious clay mineral groupings based on the literature anal­
yses. The groupings lie within a base triangle with "Si," 
"AI," and "Mg" as apexes and "Fe" and "K" as sep­
arate vertical axeS. Groupings high in either "Fe" or 
"K" are shown by shading. The ellipses represent one 
standard deviation variation about the centroid and en­
close approximately 68% of all samples within each 
group, if the groups are multivariate-normally distrib­
uted. This assumption was made for the illustrative pur­
poses of this diagram, but not elsewhere in the calcu­
lations. For element proportions, which form a closed 
number system, multivariate normality is unlikely. The 
clay mineral groupings are well separated with distinct 
centroids and characteristic standard deviations. Only 
glauconite and celadoniteshow substantial overlap, and 
indeed, these two minerals may form a continuous se­
ries (Weaver and Pollard, 1975, p. 47). Figure 2 also 
shows clearly a separation between trioctahedral clays 
("Mg" -rich) and dioctahedral clays, parallel to the "Si"­
"AI" baseline. No such clear trend is evident parallel 
to the "Mg"-"AI" baseline (separating 1:1 from 2:1 
clays) because of the increased substitution of AI for Si 
in vermiculites and saponites (Deer et al., 1962, p. 272). 

MONTMORILLONITE 

Figure 3. x2 values obtained by plotting an analysis of sample 
155 against hypothetical mixtures of three end-members. 

This statistical description of the clay mineral group­
ings is, in one sense, a "worst case," because the data 
taken from the literature encompass not only a broad 
spectrum of clay mineral parageneses but also a wide 
range oflaboratory techniques, analysts, and errors. For 
a particular study a much more restricted selection of 
literature analyses might be more appropriate; alter­
natively, a series of carefully selected pure clays ac­
tually involved in the study might be used. In such cases, 
centroid values based on the more select popUlation 
should be better and variances smaller than those shown 
in Table 3. 

The composition of an individual sample was com­
pared to the statistical definition of a single clay mineral 
group by calculating a ')(2 value: 

')(2 == (U ~ X),·S-l·(U ~ X) 

where U is a vector of compositional values for the un" 
known, S is the variance-covariance matrix for the clay 
mineral grouping to which the unknown is being com­
pared, and X is a vector defining the centroid of the clay 
mineral grouping. Because this expression involves the 
inverse of S, it is necessary that the leading diagonal of 
this matrix (the individual variance values for each vari­
able) be entirely non-zero. A small constant was there­
fore added to the values in Table 3 as required. If the 
variables ("Al," "Mg," "Fe," and "K") were nor­
mally distributed, the probability that the sample be­
longs to a given group could have been assigned, but as 
the variables used here formed a closed number system 
this waS inappropriate and only the ')(2 values could be 
used. In this situation the most suitable group to which 
a given sample can be assigned is that which gives the 
lowest X2 values. 

A property of variance and of variance-co variance 
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Table 4. Best estimates of two- and three-component artificial mixtures against end-members defined by literature values 
and against known end-members. 

Mixtures determined 

Prepared mixture Using end-members defined by Using anaiyzed end-
compositions literature values (Table 3) member compositions 

Mixture 
number M K M 

142 100 0 0 100 
143 0 0 lOO 17 
144 20.5 0 79.5 36 
145 51.5 0 48.6 62 
146 71.9 0 28.1 80 
147 0 lOO 0 11 
148 19.6 80.4 0 29 
149 49.4 50.6 0 60 
150 71.5 28.5 0 76 
151 20.4 29.3 50.3 41 
152 32.0 32.8 35.2 52 
153 51.7 20.4 27.9 67 
154 19.5 60.0 20.5 36 
155 59.7 12.2 28.0 75 
156 16.0 69.9 14.1 32 
157 15.6 16.0 68.5 40 

M = montmorillonite; K = kaolinite; I = illite. 

matrices is that they, as well as centroids, are additive. 
Thus, a statistical definition may be obtained for any 
hypothetical mixture of statistically defined clay min­
erals by taking the necessary proportions of the end­
member values. Furthermore, the X2 test may be used 
to compare the composition of an unknown with that 
of any postulated mixture or series of mixtures to de­
termine a 'best fit.' As an illustration, in Figure 3 illite, 
kaolinite, and montmorillonite have been chosen as 
three components. Hypothetical mixtures covering the 
entire range of compositions in the triangle were gen­
erated at 1% intervals, and the composition of test sam­
ple 155 compared with each. The X2 values obtained are 
shown as contours which reach a minimum represent­
ing the best estimate of the composition of sample 155. 
In practice such testing was carried out using simple 
'hilI-climbing' computer techniques. 

RESULTS AND DISCUSSION 

To test the procedure described, a series of sixteen, 
2- and 3-component synthetic, mechanical mixtures of 
kaolinite, iIlite, and montmoril1onite, chosen from the 
A.P.!' reference series, was prepared. Microprobe 
analyses were performed on the pure end-members and 
on each of the mixtures. The statistical procedures out­
lined were then used to obtain a 'best' (minimum X2

) 

estimate of the proportions of the 3 clay minerals in each 
of the artificial mixtures. In Table 4, the prepared com­
position of each sample is compared with the compo­
sition estimated from the analyses by means of the sta­
tistical parameters obtained from the literature data. 

In general, although the results are encouraging, there 
is a consistent bias of about 2(}%' towards montmoril­
lonite at the expense of kaolinite and ilIite, even in the 

K x' M K x' 

0 0 0.17 100 0 0 0.00 
0 83 0.24 1 0 99 0.00 
0 64 0.18 22 1 77 0.00 
0 38 0.16 53 0 47 0.00 
0 20 0.13 74 0 26 0.00 

89 0 0.13 0 100 0 0.01 
71 0 0.12 20 80 0 0.01 
40 0 0.14 54 46 0 0.01 
24 0 0.15 73 27 0 0.00 
18 41 0.12 23 27 50 0.00 
20 28 0.12 37 28 35 0.00 
12 21 0.12 54 18 28 0.00 
48 16 0.11 23 57 20 0.00. 

5 20 0.13 63 10 27 0.00 
57 11 0.12 19 66 15 0.01 

6 54 0.14 18 16 66 0.00 

case of pure end-members. The reason for divergence 
between the actual (prepared) and the estimated com­
positional values is the discrepancy between the com­
positions of the real clays used and the literature group 
definitions. This difference can be demonstrated quite 
clearly if the statistical procedure is repeated replacing 
the literature centroids by the actual values for the clay 
minerals used, while retaining the literature-based vari­
ance-covariance matrices. This change results in esti­
mated compositions closely approaching the actual 
compositions and X2 values tending to zero (also shown 
in Table 4), compared to O.1-{).2 when literature values 
were used. 

In practice, the identities of the clay mineral com­
ponents of a mixture may not be known and must be 
determined by some other technique, such as an X-ray 
powder diffraction pattern of the same sample as pre­
pared for microprobe analysis. Particularly where only 
small amounts of one or more of the components are 
present, an incorrect choice may be made for the com­
ponents of the test triangle, but this is not critical. Fig­
ure 4 illustrates that where an incorrectly chosen end­
member was actually absent from the sample, the 
approach remained entirely appropriate. The X2 values 
reach a minimum at the edge of the triangle between the 
two clay minerals present. 

Table 5 illustrates other results obtained using one 
incorrect component in the test triangle. Here, illite has 
been replaced by chlorite. In 2-component mixtures, 
where both components (here kaolinite and montmo­
rilIonite) are present in the test triangle, the results are 
identical to those shown earlier, the lowest X2 values 
falling on the edge between the 2 components present. 
However, where one component (illite) present in the 
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Figure 4. X2 values obtained by plotting an analysis of sample 
144 against hypothetical mixtures of three end-members. 

3-component sample was not present in the test trian­
gle, the extremely high X2 values show that the results 
are meaningless and that a different suite of clays should 
be chosen for the test triangle. Clearly, it should be pos­
sible to choose the most appropriate clay components 
using the computer program, on the basis of the posi­
tion in compositional space of the analytical data.Fur­
thermore, such a choice need not be limited to three 
components. Testing with 4-component mixtures could 
readily be accomplished. 

Apart from the ubiquitous mechanical mixtures of clay 
minerals, natural examples also include many mixt'ct­
layer clays. The procedures described here should be 
suitable for estimating the proportions of the interlay­
ered species. Table 6 shows estimates of the propor­
tions of illite and montmorillonite in a series of natural 
mixed-layer clay minerals, estimated by X-ray powder 
diffraction methods (Weaver and Pollard, 1975). Also 

Table 5. Best estimates of 2-component artificial mixtures 
using incorrect selection of end-members. 

Prepared Determined 
mixture mixture 

composition composition 
Mixture 
number M K M K C X' 

142 100 0 0 100 0 0 0.17 
143 0 0 100 98 0 2 44.62 
144 20.5 0 79.5 99 0 1 26.51 
145 51.4 0 48.6 99 0 1 9.55 
146 71.9 0 28.1 100 0 0 2.60 
147 0 100 0 11 89 0 0.13 
148 19.6 80.4 0 29 71 0 0.12 
149 49.4 50.6 0 60 40 0 0.14 
150 71.5 28.5 0 76 24 0 0.15 

M = montmorillonite; K = kaolinite; I = illite; C = chlo-
rite. 

Table 6. Estimates of montmoril1onite/illite mixed-layer clay 
proportions. 

XRD estimates Statistical estimates 

M K M K X' 

<10 0 >90 0 0 100 0.77 
10 0 90 11 0 89 1.18 
15 0 85 2 0 98 0.90 
20 0 80 9 0 91 0.92 
30 0 70 39 0 61 0.44 
33 0 67 30 0 70 0.53 
40 0 60 29 0 71 0.38 
45 0 55 41 0 59 1.28 

'50 0 50 17 43 40 0.22 
60 0 40 71 0 29 0.29 

M = montmorillonite; K = kaolinite; I = illite. Analyses 
and XRD data from Weaver and Pollard (1975). 

, Hydrothermal alteration. 

shown are the proportions statistically estimated using 
the chemical data for these samples reported in the same 
publication. Again, literature-based statistical param­
eters have been used, and the discrepancies between 
the results are comparable to those in Table 4 where 
these parameters were also used. It will be noted that 
although kaolinite was one available component, it was 
invoked in only one case which, possibly significantly, 
was annotated as "hydrothermal" in Weaver and Pol­
lard (1975). 

The results obtained for another series of natural 
mixed-layer clays (Weaver and Pollard, 1975) are shown 
in Table 7. These are reputedly regularly interlayered 
montmorillonite/chlorite. The three components of the 
test triangle were chosen as montmorillonite, dioctahe­
dral chlorite, and trioctahedral chlorite. Again, the ac­
tual component clay mineral compositions are un­
known but the use of the literature-based statistical 
parameters produced reasonable results. The X2-values 
obtained for samples 2, 3, and 7 are high, and it is un­
certain whether the poor fit reflects inadequacies in the 
reported chemical analyses or substantial deviations of 
the actual clay mineral compositions from the litera-

Table 7. Estimates of montmorillonite/chlorite mixed-layer 
clay proportions. 

Literature estimates Statistical estimates 

M C, C3 M C, C, X' 

50 0 50 45 0 55 0.73 
50 0 50 58 0 42 9.06 
50 0 50 45 0 55 2.86 
50 0 50 26 0 74 0.42 
50 0 50 29 0 71 0.25 
50 50 0 33 54 13 0.07 
50 50 0 48 52 0 2.66 

M = montmorillonite; C2 = dioctahedral chlorite; C3 = 

trioctahedral chlorite. Analyses and literature estimates from 
Weaver and Pollard (1975). 
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ture-based centroid values. Sample 1 appears to be a 
I: 1 clay, but samples 4 and 5, which have moderate X2 

values, are probably 1:3 rather than I: 1 clays. Sample 
6, with a very low X2 value, appears to involve all three 
components and not to be a simple mixed-layer clay. 

CONCLUSIONS 

Accurate analyses of clay minerals and clay mineral 
mixtures can be obtained using a specially developed, 
energy-dispersive electron microprobe technique. The 
analytical data from mixtures can be interpreted by 
computer programs which use simple statistical pro­
cedures to obtain a best estimate of the proportions of 
the possible clay mineral components in the mixture. 
Precise estimates of these proportions can be obtained 
when the compositions of the individual clay mineral 
components are known. Less precise estimates can be 
obtained using average compositions and statistical 
measures of compositional variations based on avail­
able analyses published in the literature. 
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PUIOMe--Pa3pa60TaH MeTO.l\ nO.l\TOTOBJIeHHH 06pa31.\OB fJIHHHCTbIX MHHepaJIOB AJIH aHaJIH3a nYTeM 
pelITreHOBcKoro MHKpOaflaJIH3aTopa. $l1JIbMbI fJIHHb! H 10-12% no Becy KOJlJIO~aJIbHOfO fpaq,HTa 
o~alOTcH Ha nopOBaTOM KepaMH'IeCKOM AHCKe npH nOMOll.\H Cnel.\HaJIbHO KOHCTpylipOSaflHOfO 
BcaCblB31OlI.\erO npH60pa. llp0l.\e.l\YPbl KOppeKI.\HH HCllOJIb3YlOTCH .I\lIH Ka'leCTBeHHblX 3.I\eMeHTHblx 
aHaJIll30B, npe.I\CTaBJISilOlI.\HX Cpe.I\HHH XHMH'IeCKHH COCTas n0.I\roTOBJIeHHbIX 06pa31.\oB. CTaTHCTH'IeCKlUI 
TeXHHK3 HCnOJIb3yeTcH AJlSI onpe.I\eJIeHHH 60JIee BepoSiTHblX npOnOpl.\HH rJIHHHCTblX MHHepaJIOB, 
npe.I\CTaSJIHIOIl\HX H3BecTHblH COCTaB. XHMH'IeCKHe COCTaBbl rJIHHHCTbIX MHHepaJIOB npe.I\CTaBJIeHbl Kat( 
4>YHlCI.\HH lllITn KOOPAHHaT ("Si, " "AI," "Mg," "K," H "Fe"). MCnOJIb3YJl .l\HTepaTypHble .I\aHHble 
6b1JI onpe.l\eJIeH CTaTHCTH'IeCKH XHMH'IeCKHH COCTaB 13 pa3JIH'IHhIX rpynnHpoBoK rJIHHHCTblX MHHepaJIOB 
Ha OCHOBaHHH HX MHorOBapHaHTHblX Cpe.l\HHX H BapHaHTHbIX-KOBapHaHTHbIX MaTpHI.\. TIapaMeTp 
KOppeJIHI.\HH, X2, 6blJl nO.I\C'IHTaH .l\JISI cpaBHeHIUI XHMH'IeCKOfO· COCTaBa 06pa31.\a C COCTaBOM JII0600 
Cl'<teCH onpe.I\eJIeHHblX rpynnHpoBOK fJIHHHCTf,IX MHHepaJIOB; MHHMHYM X2 COOTBeTCTBOBaJI CaMOMY 
JIY'lUleMy llo.I\6opy CMeCH. 

TOJIbKO npH6JIH3HTeJIbHb!e npOnOpl.\HH fJIHHHCTblX MHlJepaJIOB MO:>KHO onpe.I\eJIHTb H3 AaHHbIX 
XHMH'IeCKHX aHaJIH30B HCKYCCTi;leHHhIX cMeceii, B TO BpeMH Kor:o.a pa3JIH'IHble rpyllffilpoBKH rJIHHHCTblX 
MHHepOJIOB 6blJIH onpeAeJIeHbl CTaTHCTH'IeCKH no JIHTepaTypHbIM .I\aHHbIM. CaMble JIY'lUIHe pe3YJIbTaTbl 
6blJlbl nOJIY'IeHbl KOf.I\3 AeiicTBHTeJIbHble COCTaBbl KOHe'lHblX 'IJIeHOB, q,0PMHPYIOII.\HX HCKYCCTBeHHble 
CMeCH, 3aMeHHJIH CTaTHCTH'IeCKHe onpe.I\eJIeHH". TIpoBepKa Ol.\eHHBalOlI.\eii np0l.\e.I\yphI Ha CMecSlX 
rJIHHHCTblX MHHepaJIOB, AJlSi KOTOPblX XHMH'IeCKHe COCTaBbI H COOTBeTCTBYlOlI.\He npOnOpl.\HH fJIHHHCTblX 
MHHepaJIOB 6b1JIH HaO.I\eHbl B JIHTepaType nOKa3b1Ba1OT , '1TO 3Ta TeXHHKa HMeeT 6oJIbmoe 3Ha'leHHe. 
[E.G.] 
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Resiimee-Es wurde eine Methode zur Probenautbereitung von Tonmineralen fiir Mikrosondenanalysen 
entwickelt, bei der ein Film von Ton mit 10-12 Gew.-% kolloidalem Graphit auf eine poriise Keramik­
scheibe aufsedimentiert wird, wozu eine speziell entworfene Absaugvorrichtung verwendet wird. Korrek­
turvorgange werden verwendet, urn quantitative E1ementanalysen zu erhalten, die den Durchschnittsche­
mismus der praparierten Probe darstellen. Ein statistisches Verfahren wird benutzt , urn die 
wahrscheinlichsten Tonmineralverhrutnisse aus der gegebenen Zusammensetzung abzuschatzen. Die che­
mische Zusammensetzung der Tonminerale werden durch fiinf Koordinaten ("Sr," "AI," "Mg," "K," 
und "Fe") dargestellt. Indem Ergebnisse aus der Literatur verwendet wurden, wurden die chemischen 
Zusammensetzungen von 13 verschiedenen Tonmineralgruppen statistisch definiert und zwar durch ihre 
Multivariatmittelwerte und ihre Varianz-Kovarianz-Matrizen. Ein Korrelationsparameter, X2, wurde be­
rechnet, urn die chemische Zusammensetzung einer Probe mit der einer Mischung aus den definierten 
Tonmineralgruppen zu vergleichen, wobei das k1einste X2 die best passendste Mischung anzeigt. 

Aus den chemischen Analysen von kiinstlichen Mischungen konnten nur ungefahre Tonmineralvertei­
lungen bestimmt werden, wenn die verschiedenen Tonmineralgruppen statistisch aus den Literaturana­
Iysen definiert wurden. Die besten Ergebnisse wurden erzielt, wenn man die tatsachliche Zusammenset­
zung der Endglieder, die die kiinstlichen Mischungen bildeten, anstelle der statistischen Daten verwendete. 
Tests dieses Auswerteverfahrens an Tonmineralmischungen, deren chemische Zusammensetzung und ent­
sprechende Tonmineralverhaltnisse in der Literatur angegeben sind, zeigen, daB diese Methode beachtliche 
Vorziige hat. [U .W.) 

Resume-Une methode de preparation d'echantillon de mineral argileux pour l'analyse microprobe d'elec­
trons a ete developee dans laquel\e un film d'argile plus 10-12% au poids de graphite colloidale est depose 
sur un disque de ceramique poreux au moyen d'un dispositif a ventouse cree specialement. Des procedes 
de correction sont employes pour obtenir des analyses quantitatives d'e\ements representant la compo­
sition chimique moyenne de l'echantillon prepare. Une technique statistique est employee pour estimer 
les proportions les plus vraisemblables des mineraux argileux representant la composition connue. Les 
compositions chimiques des mineraux argileux sont presentees en fonction de cinq coordonnees (" Si," 
" AI," " Mg," "K," et " Fe" ). En employ ant les donnees de la Iitterature, les compositions chimiques de 
13 groupes differents de mineraux argileux ont ete definis statistiquement par leur moyenne multivariat et 
par leurs matrices de variance-covariance. Un parametre de correlation, X2, a ete calcule pour comparer 
la composition chimique d'un echantillon avec celle de n'importe quel melange des groupes de mineraux 
argileux definis, le minimum X2 indiquant le melange chimiquement le plus proche de l'echantillon. 

A partir d'analyses chimiques de mehmges artificiels, seules des proportions approximatives de mineraux 
argileux pouvaient etre determinees quand les groupes de mineraux argileux avaient ete definis statisti­
quement it partir des analyses provenant de la litterature. Les meiUeurs resultats ont ete obtenus lorsque 
les compositions actuelles des membres extremes formant les melanges arti1iciels remplacyaient les defi­
nitions statistiques. Des tests de procedes d'estimation des melanges de mineraux argileux pour lesquels 
des compositions chimiques et des proportions de mineraux argileux correspondants avaient ete trouvees 
dans la litterature, indiquent que la techique a un merite appreciable. [D.J .] 
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