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Abstract-A technique suitable for computer application has been developed whereby whole rock major element analyses 
are corrected for X-ray detectable nonday minerals and used to set up simultaneous equations which are solved to give 
clay mineral abundances. A theoretical evaluation of the approach by graphical methods enables the intrinsic errors to be 
very clearly assessed. Errors are minimized when SiO" AI,O,. and K,O are used as variables but only slightly increased 
if total Fe,O, + MgO is substituted for SiO,. Quartz and CO, content are the only data normally required which cannot 
be determined by X-ray fluorescence. 

Results compare favorably with estimates obtained by XRD and other methods, being more accurate than XRD and 
equally precise provided the rock does not contain clay minerals other than the kaolin grouP. the mica group, and chlorite. 
Errors are large when the clay mineral phases comprise more than 35% chlorite and as yet undetermined when smectite 
exceeds 10%. 

The method is ideally suited to the analysis of large numbers of mudstones offairly similar mineralogy especially where 
XRF equipment with direct output to a computer is available . 
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INTRODUCTION 

Mineralogical trends in fine-grained sedimentary 
rocks have until recently been relatively little studied. 
The principal difficulty has been the identification and 
quantitative determination of minerals of very fine par­
ticle size. Identification of most minerals by X-ray pow­
der diffraction is now routine and good abundance es­
timates of minerals such as quartz can be obtained from 
diffraction intensities. Clay minerals , because of their 
very variable composition and crystallinity still present 
a major problem. By adopting a standard procedure 
such as measurement of peak intensities of powder 
lines from oriented aggregates. reasonably precise 
(± 5%) estimates can be obtained for a suite of rocks of 
restricted stratigraphical range and geographical distri­
bution. Such estimates usually are not accurate unless 
steps are taken to establish absolute abundances for a 
type specimen by an independent method. 

Comprehensive chemical methods have been devel­
oped for the quantitative analysis of clay minerals (AI­
exiades and Jackson, 1966) but they consume much 
time of skilled analysts and cannot be justified for most 
geological investigations . Recent increased interest of 
petroleum geologists in clay mineralogy and the long 
standing problems of quality control in ceramic indus­
tries have highlighted the need for a method of clay 
mineral analysis that is more accurate, equally precise 
and more easily automated than XRD. 

Imbrie and Poldervaart (1959) described a scheme for 
the recasting of bulk chemical analyses into mineral­
ogical analyses for a limited range of sedimentary 
rocks . Major differences from X-ray results were re­
corded. Nicholls (1%2) developed a more flexible 

scheme in which normative clay minerals bearing no 
direct relation to actual phases present were computed 
as a means of comparing a wider variety of sedimentary 
rocks. Where the composition of phases present was 
known, norms could be combined into meaningful min­
erals . Such norms have not seen much application in 
practice and where mineral compositions are known 
abundances usually can be calculated more simply. 

Mietsch (1962) discussed a graphical method of rep­
resenting the uncertainty in recast mineral analyses as 
a function ofthe uncertainty in the most variable phase: 
in his case the clay as a whole . By this means the in­
vestigator could decide what level of knowledge of the 
clay composition was necessary to establish meaning­
ful recast mineralogical analyses when undertaking a 
large scale study. 

The present paper will show how similar graphical 
methods may be used to justify computer solving of a 
series of simultaneous equations set up to represent re­
alistic clay phases in a carboniferous mudstone se­
quence. The applicability of this technique to other 
rock types will be discussed . 

THEORETICAL EVALUATION OF 
THE PROBLEM 

The chemical composition of any rock type can be 
related to its known mineral constituents' compositions 
by a set of simultaneous equations of the type: 

a;x + b;)' + CjZ = lOOk; (I) 

where a;, b it Cj, and k ;, are the percentages of element 
i in mineral phases X, Y, Z and the bulk rock respec­
tively . x, y, and z are the percentages of phases X, Y, 
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Fig. I. X-ray diffractometer traces (14°/min) of an oriented specimen of typical Hepworth mudstone. Constructed peaks for interlayered illite­
smectite are shown in stipple. Positions of peak intensity measurements are indicated by bars. 

and Z present in the rock. The equations cannot be 
solved if there are more phases than elements deter­
mined or if the compositions of all phases for the re­
quired number of elements cannot be fixed within limits 
comparable to the experimental error of chemical anal­
ysis . In general the susceptibility of many mineral 
structures to ionic substitution precludes a simple so­
lution . 

Igneous petrologists circumvent the problem to some 
extent by the use of a normative calculation scheme 
based on knowledge of mineral associations assumed 
essentially to be equilibrium assemblages. No such as­
sumption can be justified for a sedimentary assemblage. 
Sedimentary rocks, however, contain a limited range 
of detrital minerals and simple neoformed phases 
whose abundances can be related directly to one or 
more elements in the bulk analysis . The schemes ofIm­
brie and Poldervaart (1959) and Nicholls (1962) thus 
satisfactorily account for free SiOz, Ti, S, P, and CO2 

in estimating quartz, rutile, pyrite, apatite, and carbon­
ates. Clay minerals present the major problem since, 
with the exception of kaolinite their compositions vary 
over wide ranges . Characterization is primarily by 
X-ray behavior and swelling properties: chemical com­
positions may overlap and have very different tetra-

hedral and octahedral cation occupancies. Such diffi­
culties can be tackled only by considering rocks of a 
common type with two or three clay phases whose 
compositional ranges are well documented in the lit­
erature. 

The rocks on which the present approach is devel­
oped are mudstones of Westphalian age from a freshly 
exposed quarry face of the Hepworth Iron Company, 
Penistone, Yorkshire, England. Full wet chemical anal­
yses are given in Pearson (1973) and will be published 
elsewhere. Quartz has been determined by XRD(meth­
od ofTi11 and Spears, 1969). The typical diffractometer 
trace in Figure 1 (oriented smear on glass) shows ka­
olinite and mica as the major clay mineral components 
with subsidiary chlorite. K saturation and glycol treat­
ments suggest that the complex mica peak may be at­
tributed to a 10 A nonexpandable mineral together with 
a small amount of a slightly expanding phase, possibly 
a randomly interstratified illite-smectite with around 
one third smectite layers (method of Mering, 1949). 

Total silicate compositions have been calculated 
from the bulk chemical analyses by subtraction of 
quartz, anatase, siderite , apatite, and pyrite making 
assumptions analagous to those of Nicholls (1962) . No 
other nonclay phases were detected by XRD. Water 
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Table 1. Chemical composition of the silicate fraction of mudstones (all values weight percent whole rock). 

SiO, AI,O, K,O MgO FeO Fe20 3 CaO Na,O H2O+ Total FM' 

HAV 30.63 22.06 2.58 1.61 2.47 1.56 0.28 0.41 7.26 68.86 5.64 
UCM 28.16 20.60 3.35 1.17 1.43 0.61 0.00 0.62 4.86 60.80 3.21 

LPM 23.49 20.96 3.76 1.83 5.27 0.86 0.05 1.16 5.28 62.66 7.96 

HAV Average of 16 upper Carboniferous (Westphalian) mudstones, Hepworth (Pearson. 1973). 
UCM Upper Carboniferous Mudstone. Bersham borehole (Nicholls. 1962). 
LPM Average of 10 lower Palaeozoic Mudstones, mid-Wales (Evans and Adams. 1975) . 
• FM = MgO + FeO + Fe20 3 • 

soluble Na and K were also subtracted. The average 
total silicate composition (HAV) for 16 mudstones is 
given in Table 1. Equivalent data for an Upper Car­
boniferous mudstone (Nicholls, 1962) and the mean of 
10 Lower Palaeozoic mudstones (Evans and Adams, 
1975) are also included. 

GRAPHICAL APPROACH TO 
THE SOLUTION 

The simplest approach is to assume that the average 
Hepworth silicate composition (HA V) can be parti­
tioned between three phases: kaolinite, illite, and chlo­
rite and that their compositions can be adequately ap­
proximated by analyses from the literature of clay 
minerals from rocks of a similar age and type. Equa­
tions of type (1) can then be applied. Table 2 shows 
some analyses from Deer et al. (1962) which have been 
chosen according to the above criteria. 

Of the major constituent oxides which could be used 
to set up equations: 

Si02/ Al20 3 ratio is related to lattice type 
K20 resides almost wholly in mica 

MgO, FeO reside mainly in chlorite 
Fe203 may reside in mica or chlorite or both 
H20+ is related to lattice type but is subject 

to the largest experimental error. 

Taking K 1, I 1 and C 1 from Table 2 as the compositions 
of kaolinite, mica, and chlorite respectively and apply­
ing equation (1) to Si02 for HA V gives: 

45.77 KA + 51.22 IL + 25.07 CH == 3063 

and if these are the only clay phases present 

KA + IL + CH == 68.86 

Substituting for CH and simplifying: 

(Si02) IL == 51.2 - 0.79 KA 

(2) 

applying the same procedure to A120 3 , MgO, and K20 
gives further linear equations: 

(AI20 3) IL == 138.4 - 3.2 KA 
(MgO) IL = 72.7 - 1.31 KA 
(K20) IL = 42.4 - 0.05 KA 

These four lines have been plotted on Figure 2 produc­
ing six widely scattered two variable solutions. The re­
striction that total clay content must not exceed 69% 
can be imposed by drawing in the line KA + IL = 69. 
This reduces the number of possible solutions by one. 
Clearly one or more of the compositions K 1, I 1, and 
C I must be grossly in error and the solutions are mean­
ingless. 

The logical next step therefore is to try and assess the 
effect on the above lines of varying the compositions 

Table 2. Reference analyses of clay minerals selected from Deer et al. (1962) (weight percent). 

SiO, AI,O, K,O MgO 

KI 45.77 39.07 0.3Jt 0.08 
MI 45.87 38.69 10.08 0.10 
12 56.91 18.50 5.10 2.07 
I I 51.22 25.91 6.09 2.84 
CI 25.07 19.78 0.50t 11.67 

K I Average of kaolinite analyses I. 2, 3, and 4 (p. 202). 
M I Clear flawless muscovite crystal. Analysis I (p. 16). 

I I Fithian illite. Illinois. Analysis 9 (p. 219). 

FeO Fe20 3 CaO 

0.04 0.30 0.26 
0.00 0.00 0.00 
0.26 4.99 1.59 
1.70 4.59 0.16 

21.66 7.54 1.04 

12 Illitic material fine colloid fraction, Pennsylvanian underclay. Analysis 12 (p. 220). 
C I Based on chlorite analysis 32 (p. 144) with adjusted K20, MgO, FeO. and Fe20, contents. 
* Does not include any Ti02 , MnO. or H20- recorded in analysis. 
t Taken as zero for Figures 4 to 8. 
t Taken as zero for Figures 2 to 8. 

Na,O H 2O+ Total* FM 

0.17 13.68 99.68 0.42 
0.64 4.67 100.05 0.10 
0.43 5.98 95.83 7.32 
0.17 7.14 99.82 9.13 

0.18 10.82 98.26 40.87 
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of the clay mineral phases. Analyses of sufficient spec­
imens are available (and summarized in Deer et al. , 
1962) to show that compositional variation in the kaolin 
group minerals is restricted enough to consider kaolin­
ite composition as fixed. Illites and chlorites can vary 
over wide ranges, but limits can nevertheless be drawn 
within which the compositions of all but a few uncom­
mon variants fall. Limits for the major constituent ox­
ides are shown in Table 3. The sum of iron and mag­
nesium oxides (designated FM) has a much more 
restricted range in chlorites than either iron or mag­
nesium individually and will therefore be used together 
with Si02 , Al20 a and K20 in subsequent calculations. 

Applying equation (1) to the data in Table 3 now gives 
four possible lines for each oxide: 

(Si02) I (Max) C (Max) 
I (Min) C (Max) 
I (Max) C (Min) 
I (Min) C (Min) 

(AI20 3) I (Max) C (Max) 
I (Min) C (Max) 
I (Max) C (Min) 
I (Min) C (Min) 

(K20) I (Max) C (Max) 
I (Min) C (Max) 
I (Max) C (Min) 
I (Min) C (Min) 

(FM) I (Max) C (Max) 
I (Min) C (Max) 
I (Max) C (Max) 
I (Min) C (Min) 

IL = 37 - 0.6 KA 
IL = 62 - 1.0 KA 
IL = 45 - 0.7 KA 
IL = 65 - 1.0 KA 

IL = 35 - 1.0 KA 
IL = -104 + 3.0 KA 
IL = 48 - 1.0 KA 
IL = 365 - 7.7 KA 

IL = 21 + 0.07 KA 
IL = 46 + 0.15 KA 
IL = 26 - 0.03 KA 
IL = 52 - 0.06 KA 

IL = 74 - 1.3 KA 
IL = 57 - 1. 0 KA 
IL = 79 - 1.5 KA 
IL = 52 - 1.0 KA 

When all the above are plotted out it is found that the 
first and fourth equations for each oxide together define 
the maximum area over which a solution with another 
oxide is possible. These four pairs of lines are shown 
in Figure 3, and the shaded area represents the region 
in which solutions consistent with all oxides simulta­
neously are possible. The correct mineralogical com­
position for HA V must therefore lie somewhere within 
this region . 

Thus far no approximation has been made, the only 
assumption being that kaolinite composition is fixed as 
in Table 2. Ifthe further assumption is now allowed that 
in general illites are related to an ideal muscovite end­
member by loss of K accompanied by an increase in 
tetrahedral Si occupancy at the expense of Al then any 
illite composition can be approximated by a mixture of 
the appropriate proportions of muscovite and an ex­
treme low K illite such as I 2 in Table 2. Introduction 
of both M I and I 2 together with K 1 and C 1 into a four 
phase calculation allows the illite composition to adjust 
by mixing end-members such that all K20 can be ac­
comodated . The remaining uncertainty then resides in 

Table 3. Compositional ranges of illites and chlorites 
(weight percent). 

lJIite Chlorite 

Oxide Maximum Minimum Maximum Minimum 

SiO, 56.91 (19) 45.87 (M I) 30.30 (C 26) 20.82 (C 5) 
AI,03 38.69 (M I) 18.50 (19) 24.47 (C I) 16.14 (C 7) 
K20 10.08 (M I) 5.10 (I 9) 0.93 (C 32) Nil 
MgO 3.93 (I 13) Nil (14) 37.96 (C 5) 3.79 (C 4) 
FeO 1.85 (I 6) Nil (12) 45.36 (C 23) Nil (C 9) 
Fe,0 3 5.12 (I 13) Nil (I I) 18.97 (C 2) Nil (C 14) 
FM 10.57 (I 13) 0.10 (M I) 46.03 (C 23) 32.40 (C 12) 

Characters in brackets refer to the muscovite. illite or chlorite 
analysis in Deer et al. (1962) from which the value was selected. 

the chlorite composition. This can be illustrated graph­
ically in terms of a three phase problem if all K20 is 
assumed to reside in illite and the Si02, AI20 3 and FM 
contents of illite are represented by linear functions of 
their values in M 1 and I 2. The following equations can 
then be derived: 

K20 (illite) = (lOO/IL) K20 (clay) (3) 
Si02 (illite) = 68 - 2.20 K20 (iIIite) (4) 
Al20 3 (iIIite) = -2.2 + 4.05 K20 (illite) 
FM (illite) = 14.5 - 1.44 K20 (illite) 

Equations of type (1) are now set up for the three 
remaining oxides with their illite values expressed as 
a function of K20. Taking Si02 as an example: 

45 .77 KA + Si02 (iIlite) IL + Si02 (chlorite) CH = 3063 

Substituting for Si02 (illite) from equation (4), for 
K20 (illite) from equation (3), for CH from equation (2) , 
writing Si02 (chlorite) as S and simplifying we obtain: 

(45 .77 - S) KA + (68 - S) IL + 68.86 S = 3631 

Substituting for S the maximum and minimum Si02 

contents of chlorite from Table 2 we obtain: 

Si02 (Max) IL = 41.0 - 0.41 KA 
Si02 (Min) IL = 46.5 - 0 .53 KA 

Following the same procedure for AI20 3 and FM we 
may derive: 

AI20 3 (Max) IL = 19.8 + 0.55 KA 
AI20 3 (Min) IL = -2.6 + 1.25 KA 
FM (Max) IL = 71 - 1.45 KA 
FM (Min) IL = 72 - 1.77 KA 

These equations have been plotted in Figure 4. The 
much reduced field of uncertainty can now be com­
pared with the field transferred from Figure 3. 

In order to monitor the effect on the solutions of 
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Fig. 2 to Fig. 5. See text for explanation . 

choosing a different illite end-member composition the 
above procedure has been repeated using illite analysis 
I I in place of 12. The Jines are replotted in Figure 5. 
The slight shift in the field which results can be taken 
into account when assessing the error of a determina­
tion by this method. 

The fields in Figures 4 and 5 reflect uncertainty only 
in chlorite composition. In Figure 6 the field from Fig-

ure 4 has been replotted on coordinates of% Alz0 3 and 
% Si02 in chlorite. Contours for kaolinite and illite 
(solutions to the simultaneous equations expressed as 
% total clay phases) have been drawn in and can be seen 
to be linearly related to chlorite composition except in 
the region of both high Al20 3 and high Si02 • 

A chlorite composition near the mean of the range 
(such as C 1 in Table 2) thus plots near the centers of 
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Fig. 6. Replot of solid field from Figure 4 on axes of chlorite composition. M indicates plot of mean chlorite composition C I. 

gravity of the fields in both Figures 4 and 6. Further­
more where chlorite composition is known a precise 
solution for kaolinite and illite can be read off a plot of 
the type shown in Figure 6. Where, as in the present 
case chlorite composition is unknown, use of a mean 
composition allows a solution with a clearly defined 
error to be obtained. 

ASSESSMENT OF ERRORS 

In Figure 7 the plot of Figure 4 has been repeated for 
three Hepworth samples so that their fields of uncer­
tainty may be compared with that ofHA V. The solution 
obtained using chlorite composition C t from Table 2 
is indicated in each case. The field area is found to vary 
with CH2 and the linear uncertainty in illite and kaolin­
ite is thus approximately proportional to the chlorite 
content of the sample. 

A further possible source of error lies in the assump­
tion that all K20 resides in the mica fraction of the clay. 
Examination of published analyses for kaolinite and 
chlorite indicates maximum KzO contents of 0.5% in 
kaolinite and 1% in chlorite (though chlorites common­
ly contain much less). The effect of variation in kaolin­
ite and chlorite KzO contents on the solutions has been 
assessed and included in Table 4. 

Table 4 shows the maximum error attributable to 
each source for solutions on HA V using clay mineral 
compositions K 1, M 1, I 2, and C I with Si02, AlzOa, 
and KzO as variables. The final column gives the total 
error reSUlting when FM, AlzOa, and K20 are used as 
variables. The error due to chlorite composition varies 

with the proportion of chlorite in the clay fraction and 
can be expressed as: 

KA (error) = 0.241 CH 
IL (error) = 0.146 CH 
CH (error) = 0.193 CH 

The total error thus becomes unacceptable (KA 
error> ± 10%) in rocks where chlorite constitutes 
more than around 35% of the total clay mineral. It 
should be noted, however, that the total error is the 
maximum error which can possibly arise with a rock in 
which an clay mineral compositions lie at the extremes 
of their ranges. For the majority of rocks therefore the 
errors will be significantly less. 

Though the use of FM as a variable gives rise to a 
slightly enlarged field of uncertainty and therefore in­
creased errors, this may in some circumstances be a 
worthwhile sacrifice in that a semiquantitative quartz 
determination will then suffice to estimate total clay 

Table 4. Component errors in solutions for HA V. 

Chlorite Illile Kaolin· Chlo· 
eom- end- ite rite Total Total' TotalOt 

position member K,O K,O error error error 

Kaolinite ±2.3 ± 1.0 ±0.7 ±O.5 ±4.5 ±6.S ±6.5 
Illite ±1.5 ±2.0 ±0.7 ±0.5 ±4.7 ±6.8 ±8.7 
Chlorite ±2.0 ±1.5 ±O.O ±O.O ±3.S ±S . l ±7.3 

• Percent clay mineral fraction. Other values percent whole rock. 
t Determined on FM, AI,O" and K,O variables. All other values 

determined on SiO" AI,O,. and K,O. 
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Fig. 7. Solid field of Figure 4 compared to analagous fields for individual Hepworth mudstones. M indicates solutions obtained with chlorite 
composition C I in each case. 

mineral content. Little increase in error probably re­
sults from the use of total Fe20 a instead of FeO + 
Fe20a in FM, no separate FeO determination then being 
necessary. 

SOLUTION BY COMPUTER 

The above graphical approach is invaluable as a 
means of evaluating the proposed technique of clay 
mineral analysis but is far too time consuming to be 
used routinely. A simple Fortran 4 computer program 
(SIM2)* has been written whereby solutions for up to 
eight phases can be conveniently obtained by matrix 
inversion. For a four phase solution as in the present 
example, three oxides must be specified as variables on 
which the equations are to be solved provided the total 
clay mineral percentage is known. Examination of Fig­
ures 4 and 5 suggests that Si02 and Al20 a (with K20) 
are likely to give the most reliable solutions as their in­
tersection gives the smallest area of uncertainty. Where 
H20+ has not been determined and total clay percent­
age is not accurately known then FM may be used as 
a fourth variable. The program has a facility whereby 
oxides not used in solving the equations can be recal­
culated and compared with their input values, any large 
deviation indicating that one or more of the clay mineral 

• The program package can be obtained from the author. 

compositions chosen is a poor approximation to the real 
phase for the oxide in question. Clay mineral compo­
sitions can be amended to minimize deviations . In this 
way the ferromagnesian components in C I (Table 2) 
have been adjusted from chlorite analysis 32 in Deer et 
al. (1962) to give zero deviation . The total FM remains 
virtually unchanged. Na20 and CaO are minor com­
ponents and not readily assignable to any particular 
phase. H20 + likewise has not been recalculated be­
cause of uncertainty in the assignment of whole rock 
H20 to structural or possible interlayer sites and larger 
error in its determination. 

Table 5 lists clay mineral analyses obtained as output 
from SIM2 in four phase solutions using K I, M I, I 2, 
and C I as phase compositions and Si02 , AI20 a, and 
K20 as variables . The estimates obtained by Nicholls 
(1962) and Evans and Adams (1975) for their own sam­
ples are included for comparison . 

Table 5. Clay mineral abundances as weight percent whole rock. 

Kaolinite Muscovite Illite Chlorite Total mica 

HAY 27. 17 17.78 12.71 11.21 30.48 
UCM 18.70 26.99 10.78 4.33 37.77 
LPM 6.41 38.43 -4.84 22.65 33 .59 
UCM* 12.63 5.17 41.83 
LPMt nil 26.20 37.20 

• Estimates of N ichoUs (1962). 
t Estimates of Evans and Adams (1975) . 
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Table 6. Clay mineral abundances as weight percent clay fraction. Table 7. Deviation of recalculated oxides from input values (percent 

Kaolinite Muscovite Illite Chlorite Total mica 

HOI 30.34 31.82 19.52 18.31 51.35 
H02 28.75 31.60 20.49 19.16 52.09 
H03 28.59 32.20 22.53 16.68 54.73 
H04 39.73 28.85 18.08 \3.34 46.93 
H05 42.49 29.98 17.61 9.92 47.59 
H08 48.86 18.68 19.27 13.19 37.95 
HIO 36.55 25.87 21.57 16.02 47.43 
HII 42.31 25.28 15.92 16.48 41.20 
HI2 49.93 16.92 20.78 12.37 37.70 
H\3 53.96 17.84 \3 .24 14.97 31.07 
HI4 47.75 22.29 12.55 17.41 34.84 
HI5 40.41 27.08 15.48 17.03 42.56 
HI6 36.62 29.45 14.01 19.92 43.46 
HI7 38.05 21.34 25.24 15.37 46.58 
HI8 32.82 26.78 19.85 20.55 46.63 
HI9 32.32 27.73 21.07 18.89 48.80 

HAV 39.45 25.82 18.45 16.28 44.27 

Table 6 lists solutions for all Hepworth mudstones as 
percent clay mineral fraction and Table 7 the deviations 
from input values for the recalculated oxides not used 
as variables. 

Comparison of solutions with XRD and 
other methods 

X-ray powder diffraction estimates of clay mineral 
abundances were made by measuring peak intensities 
on diffractometer charts obtained from oriented whole 
rock powder on glass slides. For this purpose the 10 A 
peak was drawn in symmetrically (see Figure 1) and the 
residual after subtraction attributed to expanded micas 
and recorded as 11 A material. Peak intensity percent­
ages (p. i. p.) for all Hepworth samples are given in 
Table 8. 

XRD estimates have been plotted against computed 
chemical estimates in Figures 8, 9, 10, and 11. Linear 
regression equations and correlation coefficients are 
also given. In Figure 9 the combined 10 A and 11 A 
p.i .p. is plotted against computed total mica since this 
is found to give a better correlation than either 10 A vs. 
muscovite or 11 A vs. illite. The computed mica phases 
thus cannot individually be equated directly with their 
XRD counterparts. This may be a result of differing 
degrees of smectite interlayering in the illite or of the 
presence of discrete 10 A illite . 

The estimates of Nicholls (1962) for the Bersham 
mudstone (Table 5) were obtained by recombination of 
his normative silicates on the assumption that all K20, 
Na20 is in illite, all MgO, FeO in chlorite, and that re­
sidual A120 3, Si02 can be partitioned between kaolinite 
and a smectitelike illite component . No Al20 3 is attrib­
uted to chlorite. 

Evans and Adams (1975) determined the quantitative 
mineralogy of their Lower Paleozoic mudstones by the 
methods described in Alexiades and Jackson (1966). 
Chlorite in particular is determined thermogravimetri-

whole rock). 

MgO FeO FC203 FM 

HOI 0.02 -0.04 0.40 0.38 
H02 -0.25 -0.09 0.26 -0.09 
H03 -0.08 -0.00 -0.05 -0.13 
H04 -0.10 -0.34 0.16 -0.27 
H05 0.02 -0.42 0.22 - 0.18 
H08 0.69 0.24 -0.25 0.68 
HIO 0.05 0.60 -0.32 0.34 
HII -0.03 -0. 11 -0.24 -0.39 
HI2 -0.01 0.46 -0.74 -0.29 
H\3 -0.02 -0.44 0.07 -0.39 
HI4 -0.02 -0.39 0.24 -0. 17 
HI5 0.00 0.01 0.01 0.02 
HI6 -0.16 -0.48 0.44 -0.21 
HI7 0.06 0.39 0.09 0.53 
HI8 -0.20 0.37 -0.17 0.00 
HI9 0.03 0.40 -0.12 0.31 

HAV -0.00 -0.00 -0.00 - 0.00 
UCM 0.40 0.46 -0.31 0.55 
LPM -0.76 0.37 -0.63 -1.01 

cally during dehydroxylation up to 950°C. Illite is de­
termined as the bulk analysis residual after accounting 
for all other minerals detected by XRD. 

DISCUSSION 

The excellent correlation seen in Figures 8 and 9 is 
good evidence that the computed kaolinite and mica 
estimates bear a close relationship to the abundances 
of the real phases present. Though the correlation be­
tween computed chlorite and 14 A peak is less good this 
almost certainly reflects the errors inherent in both the 
measurement of small peaks from X-ray charts and in 
the assumption that abundance is directly proportional 
to peak height. Indeed it is generally true that over a 
wide range XRD peak height is not linearly related to 
abundance and the apparent linearity in Figures 8 to 11 
cannot be extrapolated to the ordinate. The apparent 

Table 8. X.R.D. clay mineral estimates as peak intensity percent 
clay phases. 

7A lOA IIA 14 A IOA + IIA 

HOI 52 28 9 II 37 
H02 49 31 II 9 42 
H03 46 36 8 9 44 
H04 58 26 9 8 35 
H05 63 27 6 4 33 
H08 66 16 8 9 24 
HIO 56 24 8 13 32 
HII 58 25 8 8 33 
HI2 68 17 7 8 24 
HI3 73 13 5 9 18 
HI4 68 16 \I 21 
HI5 64 21 7 8 28 
HI6 58 24 6 II 30 
HI 7 60 23 7 10 30 
HI8 54 26 6 13 32 
HI9 57 26 8 10 34 
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Fig. 8 to Fig. II. Relationships of X.R.D. estimates to calculated chemical estimates for kaolinite , total mica, muscovite , and chlorite. Reduced 
major axis linear regression equation and correlation coefficient (R) given in each case. 

22.67% overestimate of kaolinite and 16.71% under­
estimate of mica by XRD are thus unlikely to be phys­
ically meaningful. 

Whilst the precision of the present method is likely 
to be comparable to that of XRD for the dominant clay 
mineral phases, its realiability as an estimator of ab­
solute abundance is certainly far superior. The limit of 
detection is probably about the same in each case but 
whilst errors in XRD are iII defined and operator-de­
pendent the computation method allows errors to be 
accurately assessed. 

Application of the present method to the data of Ni­
cholls (1962) produces results significantly different 
from (though broadly similar to) those of that author. 

This is entirely due to the different assumptions made 
concerning the compositions of illite and chlorite . The 
present estimates fall well within the range of possible 
mineralogical compositions suggested by Nicholls 
(1962) in his discussion (KA : 9-26, IL: 32-45 , CH:3-
6), lie close to the means of the ranges proposed and 
are at least as good estimates of the actual mineral con­
tents. 

Recalculation of Evans and Adams (1975) data by the 
present method likewise gives abundances for illite and 
chlorite somewhat lower than those authors ' indepen­
dent estimates . The differences in this case can be at­
tributed to the admitted unusual compositions of the 
illites and chlorites in these Lower Palaeozoic sedi-
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ments, most of which, if Evans and Adams (1975) cal­
culations are correct, lie outside the normal ranges pro­
posed in this paper. Even so, the estimates are not too 
dissimilar: an indication that the present technique is 
applicable to rocks of a variety of ages and types other 
than those of the study. 

The evidence above suggests that this technique can 
be applied to common mudstone mineralogies with the 
possible exception of those which are smectite rich. 
Any small interlayer smectite component in the Hep­
worth mudstones is assumed to have been accommo­
dated by the flexibility allowed to the illite composition. 
It is with this in mind that I 2 has been used for the 
computation rather than I 1 since it allows a wider illite 
compositional range. Smectite compositions are very 
variable indeed and where smectite makes up more 
than around 10% of the clay fraction of a rock then the 
present method probably cannot be applied without 
further information on smectite composition. The max­
imum smectite content in the Hepworth mudstones is 
probably about 8%, with most samples containing a 
maximum of 5 to 6%. Further work is needed to estab­
lish the optimum way of incorporating smectite into this 
type of analysis. Such work is currently in progress. 

CONCLUSION 

A method of computing clay mineral analyses from 
bulk chemistry has been developed which is likely to 
be applicable to many mudstones in common industrial 
use. It is restricted in its present form to mudstones in 
which smectite does not exceed 10% of the total clay 
mineral and which do not contain significant quantities 
of clay minerals other than kaolinite, micas, and chlo­
rite . Errors become serious when chlorite exceeds 35% 
of the total clay mineral unless the chlorite composition 
can be determined by microprobe or chemically. 

The method is ideally suited for use where whole 
rock analysis of large numbers of fairly similar mud­
stones is carried out routinely by XRF and results are 
processed directly by computer or electronic calcula-

tor. Although the use of Si02, A120 3, and KP as vari­
ables has been found to minimize errors , only slightly 
inferior results are obtained if total FeZ0 3 + MgO (FM) 
is used instead of Si02 . Acceptable clay mineral anal­
yses can be produced, therefore, from XRF analyses 
supplemented by quartz and CO2 data. Access to XRD 
equipment is otherwise necessary only for occasional 
qualitative checks on the clay mineralogy. 

Clay mineral analyses computed by this technique 
have shown good correlation with XRD estimates and 
are considered to be far more accurate and equally pre­
cise . Precision is improved in a suite of rocks if indi­
vidual mineral compositions are approximately con­
stant. The technique has been tested on three 
mudstones of rather different compositions and found 
to give results comparable with other methods. Differ­
ences can be satisfactorily accounted for in terms of the 
different assumptions underlying the calculations or 
extreme compositions of the mineral phases. 
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Pe3ffiMe- Pa3pa6oTaH y~06H~ AnH Hcnonb30BaHHH KOMnbffiTepa MeTO~,C nOMO~bffi 
KOTOpOrO KOppeKTHpyeTcH aHanH3 Bcex rnaBHNX 3neMeHTOB nopo~ 3a BnHHHHe He­
rnHHHCT~X MHHepanOB,06HapY*HBaeMNX peHTreHOCKOnHqeCKHM MeTO~OM,H OAHoBpe­
MeHHO B~BOAHTCH ypaBHeHHH,peweHHe KOTOPNX ~aeT OTHOCHTenbHoe cOAep*aHHe 
rnHHHCThlX MHHepanOB. TeOpeTHqeCKaH O~eHKa 3Toro no~xo~a rpa¢HqeCKHMH cno­
C06aMH nOKa3~BaeT,qTO OH n03BonHeT OqeHb XOpOWO B~HBnHTb cy~ecTBeHH~e 
oWH6KH. OwH6KH YMeHbWaIDTCH,eCnH Si02t A1203 H K ° HCnOnb3YffiTCH KaK nepe­
MeHH~e,HO TOnbKO HeMHOrO YBenHqHBaIDTCH,eCnH Fe 261 + MgO nonHOCTbffi 3aMe~aeT 
Si02 . CO~ep*aHHe KBap~a H CO HBnHffiTCH 06~qHO e~RHCTBeHHhlMH Heo6xo~HMNMH 
~aHHhlMH,KOTOp~e He MorYT 6~Tt onpe~eneH~ MeTO~OM ¢nffiopec~eH~HH peHTreHOB­
CKHX nyqel1. 

CpaBHeHHe pe3ynbTaToB C O~eHKaMH,nonyqeHHhlMH C nOMo~bro APTI H ~pyrHMH Me­
TO~aMH,nOKa3anO,qTO npe~naraeMHl1 MeTO~ HBnHeTCH 60nee TOqHhlM,qeM APTI H B 
TaKoA *e Mepe BocnpoH3Bo~HM npH ycnoBHH,qTO nopo~a He co~ep*HT rnHHHCThlX 
MHHepanOB KpOMe KaonHHOBOI1 rpynn~,rpYnn~ cnffi~ H xnopHTa. OwH6KH BenHKH,Kor-
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Aa rnHHHCT~e MHHepanbH~e ~a3~ BKnroqaroT 50nee 35% xnopHTa,H HeonpeAeneHH~, 
KorAa cOAep~aHHe CMeKTHTa npeBOCXOAHT 10%. 

MeToA HAeanbHO nOAXOAHT AnH aHanH3a 50nbworo qHCna aprHnnHTOB C npHMepHO 
OAHHaKOB~ MHHepanOrHqeCKHM COCTaBOM oc05eHHo,KorAa B HanHqHH HMeeTCH 
060PYAoBaHHe ~pn C npHMNM B~OAOM Ha KOMnbroTep. 
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Kurzreferat- Eine passende Methode fUr Computer-Anwendung wurde entwickelt 
indem Hauptelementanalysen fUr mit Rontgenstrahlen auffindbare Nicht-Tonmin 
eralien korrigiert wurde und dazu benutzt wurden,Gleichungen mit drei Unbe­
kannten aufzustzen,welche fUr Haufigkeiten der Tonmineralien gelost wurden. 
Eine theoretische Auswertung der graphischen Bestimmungsmethoden macht es 
moglich,die wesentlichen Fehler klar zu sehen.Fehler sind auf ein Minimum 
reduziert,wenn Si02 Al203 und K20 als Variable benutzt werden,aber werden 
leicht erhoht,wenn Fe 20 3 und MgO zusammen fUr Si0 2 substituiert werden.Die 
Quartz-und Kohlendioxydgehalte sind normalerweise die einzigen notwendigen 
Daten,die nicht durch Rontgenfluoreszenz bestimmt werden konnen.Resultate 
schneiden im Vergleich mit Bestimmungen,die durch XRD und andere Methoden 
erhalten wurden,gUnstig ab,weil sie exakter als XRD sind und genau so pra­
zise vorausgesetzt,keine sonstigen Mineralien als die zu den Kaolin- und 
Glimmergruppen gehorigen und Chloritanwesend sind. Grosse Fehler erschei­
nen,wenn die Tonphasen mehr als 35% Chlorit enthalten und sind noch nicht 
bestimmt worden,wenn mehr als 10% Smektit vorhanden ist.Die Methode ist ide 
al fUr die Analyse einer groBen Anzahl von Schluffsteinen mit ziemlich ahn­
lichen mineralogischen Eigenschaften,besonders wenn ein Rontgenfluoreszenz­
apparat mit direktem Ausgang in einen Computer erha ltlich ist. 

Resume-Une technique a ete developpee qui peut etre adaptee a des appli­
cations a l'ordinateur.Dans celle-ci, les analyses d'element principal de 
roche entiere sont corrigees pour les mineraux non-argileux detectables 
aux rayons-X et utilisees pour etablir des equations simultanees qUi sont 
resolues pour donner les abondances des mineraux argileux.Une evaluation 
theorique de l'approche par methode graphique permet l'assessement clair 
des erreurs intrinseques.Les erreurs sont les moindres lorsque Si02 ,A12 03 , 
et KzO sont utilises comme variables,et seulement legerement plus impor­
tantes lorsque tout Ie FeZ03+ MgO est substitue pour du SiOz.Les conte nus 
de quartz et de COz sont l e s seules donnees normalement requises qui ne 
peuvent pas etre determinees par la fluorescence aux rayons-X. 

Les resultats peuvent etre favorablement compares a des estimations 
obtenues par diffraction aux rayons-X (X.R.D) et par d'autres methodes, 
etant plus exacts que la diffraction aux rayons-X et tout aussi precis que 
celle-ci,acondition que la roche ne comprenne pas de mineraux argileux 
autres que ceux du groupe kaolin,ou des groupes des micas et des chlorites. 
Les erreurs sont grandes quand les phases de mineral argileux comprennent 
plus de 35% de chlorite,et l'importance de ces erreurs est jusqu1a pre­
sent indeterminee lorsque Ie contenu de smectite depasse 10 %. 

Cette methode 5' adapte idealement a I' analyse de grands nombres d' argi­
lites de mineralogie relativement semblable,particulierement dans les cas 
ou l'equipement de fluorescence aux rayons- X (X.R.F) directement relie a 
l'ordinateur est disponible. 
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