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TABLE XIX 

VARIETAL NAMES ALLOCATED BY DIFFERENT CLASSIFICATION SYSTEMS TO 

THEE CHLORITES FROM YERMONT, VENTERSPOST AND NEW MEXICO 

Chlorite System No. 1 System No. 2 System No. 3 System No. 4 
Source __ opti <::_'!D {Hey} {Foster} {PhilliEs} 

Vermont clinochore clinochlore clinochlore clinochlore 

Venterspost brunsvigite? pycnochlori te brunsvigite? pycnochlorite 

New Mexico brunsvigite thuringite* thuringite aphrosideri te 

* Name allocated on the basis that Fe
2

0
3 

content is greater than 4%. 

The varietal classification that was finally adopted for the three 

chlorites is discussed below: 

Vermont chlorite: All four systems of classification agree in identifying this 

chlorite as clinochlore. This chlorite is therefore not prochlorite, as originally 

suggested by the suppliers, Messrs. Ward's Scientific Establishment. 

New Mexico chlorite: Two systems of classification, systems 2 and 3 (respective­

ly, Hey's chemical system of classification and Foster's system), identify this 

chlorite as thuringite, which was also the identification suggested by Messrs. 

Ward's Scientific Establishment. Phillips' system (system 4) classifies this chlo­

rite as aphrosiderite, a variation of ripidolite. If only optical data is used (system 

1, Hey), without knowledge of the Fe
2

0
3 

content, this chlorite would be identified 

as brunsvigite, but this identification falls away when the Fe ° content, which is 
2 3 

greater than 4 per cent, is taken into account. The weight of evidence therefore 

suggests that this chlorite is in fact thuringite, as claimed by the suppliers. 

Venterspost {Ventersdorp Contact Reef} chlorite: Systems 2 and 4 (Hey's chemical 

system and Phillips' system) identify this chlorite as pycnochlorite, while systems 

1 and 3 (Hey's optical system and Foster's system) identify this chlorite as bruns­

vigite? The allocation of the name "brunsvigite" is considered to be suspect for 

the following reasons: 

(a) Using system 1 (Hey, 1954, p. 277): Chlorites with a 8 refractive 

index of 1. 629 and a birefringence of the order of 0.002 (as, for example, the 

Venterspost chlorite) fall virtually on the line dividing ripidolite and brunsvigite 

in Hey's system of classifi cation. An additional complication has been pointed out 

by Albee (1962, p. 864), that is, that an opti cal sign change occurs in chlorites at 

8:= 1. 630. In view of these considerations, it is felt that Hey's system (system 1) 

cannot be applied with any degree of certainty in the case of this chlorite, so that 

the identification "brunsvigite" is suspect. 
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(b) Using system 3 (Foster, 1962, p. 21): Although the structural for-

mula of this chlorite (calculated from chemical data) corresponds best to the compo­

sitional area allocated by Foster to brunsvigite, the Fe
2

+: R2+ ratio calculated for 

this chlorite was 0,86, Since this lies outside the limits of 0.25-0,75 assigned to 

brunsvigite by Foster, the identification of this chlorite as brunsvigite is again 

suspect. 

It can thus be seen that, in the case of the Venterspost chlorite, it 

is not possible to arrive at an unequivocal identification of the chlorite when either 

sytem 1 or system 3 is used, The evidence thus indicates that the Venterspost 

(Ventersdorp Contact Reef) chlorite should be identified as py cno chlorite , as sug­

gested by systems 2 and 4, and not as brunsvigite. 

6.2,3,5.5. The characterization of chlorites -~ conclusions, 

The main reason for the confusion at present surrounding the va­

rietal classification of the chlorites is that the classification systems that have 

been proposed by various authors at different times all impose arbitrary, and not 

necessarily similar, subdivisions on the chlorites. In the absence of a definitive 

ruling from some international body (such as the International Mineralogical Asso­

ciation Commission on New Minerals and Mineral Names), it is not really possible 

to select anyone of the proposed classification systems as being more "correct" 

than any other one, and the decision as to which classification system should be 

adopted can only be based on the personal preference of the individual investigator. 

All that can be concluded from the comparison of four chlorite clas­

sification systems carried out in the course of the present study is that it appears 

that the classification system proposed by Phillips (1964, p. 1116) is among the 

sounder schemes proposed to date, as it attempts to reconcile chemical data with 

structural data. It also appears that the use of optical data alone, without a know­

ledge of the chemical composition of the chlorite, may lead to an erroneous result. 

In fact, Hey's scheme (system 1), although based primarily on optical measure­

ments, does really require some chemical data for its operation. 

As regards the analytical techniques necessary for the varietal clas­

sifi cation of chlorites, the results of the present investigation indi cate that infra­

red spectroscopy and differential thermal analysis, in their current state of de­

velopment, do not appear to make any significant contribution to the characteri­

zation of 14 ~ chlorites. It seems therefore that chemical analysiS, a limited 

amount of X-ray diffraction work and the optical determination of the intermediate 
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refractive index (B) are all the techniques necessary for the characterization of 

varieties of chlorite. 

6.3. 

6.3.1. 

Pyrophyllite. 

Occurrence and genesis of pyrophyllite in the Witwatersrand. 

During the course of this study, the presence of minor amounts of 

pyrophyllite in samples of Ventersdorp Contact Reef ore from Venterspost, and of 

Vaal Reef ore from Hartebeestfontein and Zandpan, was detected by means of X-ray 

diffraction analysis (see Part I of this thesis). On examination of thin sections pre­

pared from this suite of samples, the pyrophyllite was found to occur intergrown 

with muscovite as interstitial material between the quartz pebbles. 

Little detailed mineralogical or X~ray work appears to have been 

carried out on pyrophyllite occurring in Witwatersrand horizons. Liebenberg (1955, 

p. ·112), when describing the mineralogy of Witwatersrand conglomerates, reported 

that "in some areas pyrophyllite is the main micaceous silicate in the matrix, e. g. 

at Blyvooruitzicht (Carbon Leader) where it is accompanied by only a small pro­

portion of sericite and muscovite". He did not, however, discuss the occurrence of 

pyrophyllite in detail. Fuller (1958, pp. 42 - 44) was the first to record pyrophyl­

lite as a component of the matrix of the quartzites of the Upper Division of the Wit­

watersrand System. He found that pyrophyllite was widespread in the Upper Divi­

sion of the System, and that it was particularly characteristic of the Main Bird 

Series. Viljoen (1964, pp. 30 & 109), who studied the conglomerates of the Main 

Bird Series, mentioned that the material that he identified as pyrophyllite invaria­

bly occurred intermixed with sericite as interstitial material between quartz grains 

and pebbles. Viljoen added that he found pyrophyllite to be microscopically in­

distinguishable from sericite when these two minerals were intergrown. 

The genesis of pyrophyllite has been most extensively studied in 

commercial pyrophyllite deposits, where the host rocks are usually original lava 

flows, breccias and tuffs of acid composition. The principal reactions involved in 

the formation of pyrophyllite are, according to Stuckey (1925, p. 449): (1) silicifi­

cation, accompanied by a decrease in alkalis and alumina, and (2) the hydrolysis 

of alkali feldspar with the production of sericite and/or pyrophyllite. In massive 

pyrophyllite deposits, pyrophyllitisation usually appears to have occurred under 

conditions of intermediate temperature and pressure, aided by hydrothermal solu­

tions that are in part juvenile. Fuller (1958, p. 43) has summarized the process as 

follows: "Field and laboratory evidence suggests therefore that pyrophyllite is 
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commonly produced by the hydrothermal alteration of fine-grained quartzo-feld­

spathic rocks at moderate depth and at temperatures in the vicinity of 400
0 

C and that its 

formation is accompanied by breakdown of feldspars, silicification, and leaching 

of alkalis. The fact that the mineral does not occur in the zone of weathering indi­

cates that elevated temperatures are required regardless of the chemical conditions 

obtaining." Recent laboratory studies of the stability of pyrophyllite (Kerrick, 1968, 

p. 205) have shown that the probable upper stability limit of pyrophyllite is below 
+ 0 + 0 

4:)5-7 C at 3.8 to 3.9 kilobars and below 447-7 C at 1. 7 to 1. 8 kilobars. 

As regards the genesis of pyrophyllite occurring in the Upper Divi­

sion of the Witwatersrand System, the only mechanism suggested to date has been 

that proposed by Fuller (1958, p. 44), He postulated that this pyrophyllite was only 

formed in rocks that were subject to local increase in temperature and at the time 

were sufficiently permeable to permit the passage of hydrothermal solutions. This 

hydrothermal activity was accompanied by changes in the gross composition of the 

rocks involved, particularly the removal of alkalis and the redistribution of silica. 

In the case of the present suite of samples, no better mechanism can be suggested 

for the genesis of the pyrophyllite occurring in the Vaal Reef at Hartebeestfontein 

and Zandpan than that proposed by Fuller. The pyrophyllite in the Ventersdorp 

Contact Reef at Venters post, however, was found to occur in a very sporadic 

fashion, and this probably represents localized hydrothermal alteration of pumi­

ceous ash exuded prior to the outpouring of the Ventersdorp Lavas. 

6.3.2. Characterization of pyrophyllites from Loraine and Gestoptefontein. 

6.3.2.1. Introduction. 

The quantitative relationship between pyrophyllite and the other 

minerals in the samples from the Vaal Reef at Hartebeestfontein and Zandpan and 

from the Ventersdorp Contact Reef at Venterspost has been commented on in Part 

I of this thesis. Before the amount of pyrophyllite occurring in these samples could 

be quantitatively estimated, however, it was necessary to find a suitable source of 

pyrophillite for use as an X-ray diffraction standard. Gibbs (1967, p. 80) has 

pointed out that the best way to overcome the problems of variability of composi­

tion and crystallinity of clay minerals when carrying out quantitative X-ray dif­

fraction analysis is to extract the individual clays from the samples themselves 

and then to use these separated clays as the standards for the series of samples. 

In the case of the present suite of samples, however, the pyrophyllite was found 

to be present in very small amounts (generally less than 2 per cent), and this pre-
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eluded the extraction of sufficient pyrophyllite to permit its complete characteriza­

bon as an X-ray diffraction standard by chemical analysis and detailed X-ray dif­

fraction analysis. An alternative source (preferably still a Witwatersrand ore) from 

which pyrophyllite could be extracted in a quantity sufficient to permit its detailed 

study and characterization was thus required. 

At the time when the need for a pyrophyllite standard became ap­

parent, the author became involved in the investigation of metallurgical extraction 

problems that were being encountered in the filtration of the "pregnant" gold- cyanide 

complex solutions at the Loraine Gold Mine. Here the "B" Reef, the basal conglo­

merate of the Kimberley Stage of the Kimberley-Elsburg Series, is mined, and X­

ray diffraction studies revealed that the "B" Reef at this mine contained large 

amounts of pyrophyllite and lesser amounts of intercalated muscovite. Since the 

settling characteristics of phyllosilicates (and in particular of pyrophyllite) in the 

gold extraction plant were only poorly understood, it was considered important to 

carry out a detailed structural and chemical analysis of the pyrophyllite occurring 

in the "B" Reef, as this was suspected of being the mineral speCies responsible 

for the poor gold recovery. At the same time it was realized that an investigation 

of the Loraine pyrophyllite would make available a well- characterized pyrophyllite 

that would probably be suitable for use as a standard in investigating pyrophyllite 

from other Witwatersrand horizons. A pyrophyllite concentrate with a purity of 

90% was obtained from ground portions of the "B" Reef at Loraine by beneficiation 

in a flotation cell using a frothing agent, and this pyrophyllite was then carefully 

characterized. This investigation appears to be the first detailed infra-red, X-

ray diffraction and chemical study to be carried out on pyrophyllite occurring in 

Witwatersrand conglomerates, and the results of this study are therefore reported 

at length in subsequent sections. 

Pyrophyllite from a non-Witwatersrand source (Gestoptefontein near 

Ottosdal in the Western Transvaal) was also at one time considered as a possible 

standard for quantitative X-ray diffraction analysis, and was subjected to the same 

investigations as the Loraine pyrophyllite. This Gestoptefontein pyrophyllite, which 

is commonly referred to as "Wonderstone", occurs in massive amounts in a rela­

tively pure form (approximately 89% pyrophyllite), and has the advantage that it can 

be utilized as a standard simply by crushing the ore without having to resort to in­

volved metallurgical procedures. Its suitability as a standard for Witwatersrand 

pyrophyllites was questionable, however, as the work of Net et al. (1937, p. 15) 

indicated that its genesis was very different from the genesis postulated by Fuller 
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(1958, p. 44) for Witwatersrand pyrophyllite. (Net et al. attributed a secondary 

origin to the Gestoptefontein pyrophyllite, and believed that it represented the end 

product of the alteration of volcanic ash). The analytical results obtained for the 

Gestoptefontein pyrophyllite were therefore compared with those obtained for the 

Loraine pyrophyUite in order to see whether the differences between the two pyro­

phyllites were such that they would rule out the possibility of using the Gestoptefon­

tein pyrophyllite as an X-ray standard for quantitative determinations of Witwaters­

rand pyrophyllite. 

6.3.2.2. Chemical analyses. 

The results of the chemical analyses of the pyrophyllites from 

Loraine and Gestoptefontein are set out in Table XX. These chemical analyses 

have been recalculated to allow for the presence of various impurities which were 

initially identified by optical and X-ray methods. 

TABLE XX 

CHEMICAL ANALYSES OF PYROPHYLLITE FROM GESTOPTEFONTEIN AND 

LORAINE GOLD MINE 

S'O 1 2 

Al 0 
2 3 

CaO 

MgO 

Na 0 
2 

KO 
2 

H
2

0 

~m,eurities 

"utile 

hematite 

muscovite 

kaolinite 

GESTOPTEFONTEIN 
per cent 

60.00 

33.00 

0.07 

0.11 

0.17 

0.30 

6.42 

99.87 

LORAINE GOLD MINE 
per cent 

65.00 

29.10 

0.04 

0.15 

5.51 

99.90 

Q~~ c~llt ImJ2urities ,eer cent 

1 

0.7 

2 

2 

muscovite 

quartz 

rutile 

pyrite 

hematite 

1 

7 

0.4 

0.2 

0.3 
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Structure and structural formulae of pyrophyllite from Gestopte­

fontein and Loraine Gold Mine. 

The structure of pyrophyllite may be visualized as consisting of a 

sheet of octahedrally coordinated Al ions sandwiched between two sheets of linked 

SiO 4 tetrahedra, resulting in the so-called 2:1 type of layer structure. In the pyro­

phyllite structure, each composite layer (consisting of two SiO 4 sheets and an octa­

hedrally coordinated Al layer) is neutral, and the successive layers are held to-
3+ 

gether only by weak van der Waal s forces. If, however, substitution by Al takes 

place for Si 4+ in the tetrahedral layer, or other cations such as Mg
2

+ substitute for 
3+ 

Al in the octahedral layer , then this substitution results in a negative charge 

being developed on the composite layer, which is in turn compensated for by the in­

troduction of other cations lying between the layers. 

The structural formulae of the two pyrophyllites, based on the 

chemical analyses (recalculated to allow for the presence of impurities), are given 

in Table XXI. 

TABLE XXI 

STRUCTURAL FORMULAE OF PYROPHYLLITE FROM GESTOPTEFONTEIN AND 

LORAINE GOLD MINE 

Gestoptefontein: 

Loraine: 

6.3.2.4. X-ray diffraction. 

Both samples of pyrophyllite were examined by X-ray diffraction, 

using the technique outlined in Part III. The lattice constants are given in Table 

XXII, and the interplanar spacings and indices in Table XXIII (see pages 94 and 95). 

6.3.2.5. Infra-red spectroscopy. 

Both samples of pyrophyllite were analysed by means of infra-red 

spectroscopy. The method used is described in Part III of this thesis. The results 

of the infra-red analyses are set out in Table XXIV (see page 96), and the infra-red 

absorption spectrum for the Loraine pyrophyllite is shown in Figure 14. 
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TABLE XXII 

LA TTICE CONSTANTS FOR TWO PYROPHYLLITE SAMPLES FROM GESTOPTE­

FONTEIN AND LORAINE GOLD MINE 

GESTOPTEFONTEIN LORAINE GOLD MINE 

a 5.150 + O. 002 ~ 5.164 + O. 001 R 
0 

b 8.945+0.003~ 8. 937 + O. 001 ~ 
0 

c 18.682 + 0.011 ~ 18.671 + O. 002 ~ 
0 

99
0 

55' + 99
0 

6 4' 47' + 4' 

Volume 847.8 ~3 849.2 ~ 
Space group C2/c C2/c 

6.3.2.6. Discussion of results. 

The infra-red vibration frequencies for the Si-O bands in the two 

pyrophyllites from Gestoptefontein (G) and Loraine Gold Mine (L) can be seen from 
-1 

Table XXIV (Section 6.3.2.5) to lie at 1113 and 1119 cm respectively. Both of 

these bands are Si-O stretching vibrations. The shift from 1119 (L) to 1113 (G) 

cm -1 is interpreted as indicating the effect of substitution by A1
3
+ for Si

4
+ in the 

tetrahedral position of the structure. The two absorption bands located at 944 (G) 
-1 3+ 

and 948 (L) em are thought to be due to H-O--AI vibrations. Here the hydroxyl 

group (O-H bending mode) has Al as its nearest neighbour in the pyrophyllite 

structure. The shift in (O-H) vibration frequency from 948 (L) to 944 (G) em-
1 

is interpreted as being due to a change in aluminium content in the octahedral 

layer, and the shift in the Si-O-AI VI vibration band from 535 (L) to 530 (G) cm-
1 

is likewise interpreted as reflecting a change in aluminium content in the octahedral 

layer. 

These interpretations of the infra-red spectra appear to be in ac­

cord with the X-ray diffraction data shown in Table XXII, and with the structural 

formulae listed in Table XXI. The pyrophyllite from Loraine Gold Mine has much 

smaller band c dimensions than that from Gestoptefontein. The Gestoptefontein 
o 0 

pyrophyllite shows more extensive interlayer substitution by Ca and Mg, and much 
3+ 4+ 

greater substitution by Al for Si in the tetrahedral position of the structure, 

than does the Loraine pyrophyllite, and this has led to changes in the lattice di-

mensions. 

Inspection of Table XXIII clearly shows the wide differences between 

the Loraine and Gestoptefontein pyrophyllite as regards the integrated intensity of 



95. 

TABLE XXIII 

X-RAY DIFFRACTION POWDER DATA FOR PYROPHYLLITE FROM GESTOPTE­

FONTEIN AND LORAINE GOLD MINE 

GESTOPTEFONTEIN 

'd' ~ 'd' ~ 
observed calculated 

9,215 

4.600 

4.445 

4.412 

3.065 

2.971 

2.569 

2.535 

2.219 

2.152 

2.079 

2.079 

2.061 

1. 8398 

1. 6897 

1. 6851 

1. 6851 

1. 6609 

1.6434 

1. 4925 

1. 4893 

1. 4813 

1.4718 

1.4704 

1. 3835 

9.205 

4.601 

4.445 

4.412 

3.067 

2.970 

2.571 

2.536 

2.220 

2.153 

2.076 

2.076 

2.061 

1.8403 

1. 6890 

1. 6850 

1. 6857 

1. 6615 

1. 6429 

1. 4921 

1. 4875 

1. 4815 

1.4716 

1.4709 

1. 3835 

III 
I 

100 

32 

55 

30 

73 

5 

5 

47 

5 

26 

17 

17 

8 

11 

5 

5 

5 

15 

15 

27 

5 

5 

5 

5 

5 

LORAINE GO LD MINE 

'd' ~ 'd' ~ 

h k I observed calculated II II 
o 0 2 9. 205 9. 192 43 

o 0 4 4.597 4.600 23 

1 1 -1 4.448 4.451 42 

1 1 0 4.423 4.423 42 

o 0 6 3.065 3.065 100 

1 1 4 2. 571 2. 571 8 

1 3 0 2.534 2.533 14 

2 0 0 2.422 2.422 24 

o 4 1 2. 332 2. 333 1 

2 2 1 2.299 2.301 1 

2 0 4 2.236 2.235 1 

2 2 2 2.236 2.235 1 

1 3 -6 2.167 2.167 4 

o 0 1 2.098 2.099 1 

1 5 -1 2. 081 2. 082 6 

2 4 -2 2.058 2.059 7 

3 1 -2 2.006 2.006 1 

310 1.8925 1.8925 2 

1 5 2 1. 8395 1. 8400 5 

1 1 11 1. 6893 1. 6891 4 

3 3 -2 1. 6879 1. 6879 9 

3 3 -3 1. 6475 1. 6471 9 

o 6 2 1. 5294 1. 5299 1 

3 3 0 1. 5136 1. 5140 1 

3 0 6 1. 493p 1. 4933 6 

1.4901 1.4897 

1.4901 1.4903 

1. 3696 1. 3696 

1. 3136 1. 3139 

1. 2941 1. 2937 

1. 2389 1. 2390 

6 

6 

7 

1 

1 

5 

h k I 

002 

004 

1 1-1 

110 

006 

130 

1 3-2 

1 1 --7 

1 3-4 

008 

040 

2 2-1 

134 

043 

204 

1 3-6 

2 0-7 

136 

o 0 10 

2 4-1 

1 5-1 

1 1-11 

2 2 -10 

1 5-6 

1 1 11 

o 6 0 

3 3-2 

1 3 -12 

1 1 -14 

1 1 13 

1 7-1 
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TABLE XXIV 

INFRA-RED VIBRATION FREQUENCIES AND BOND ASSIGNMENTS FOR TWO 

SAMPLES OF PYROPHYLLITE FROM GESTOPTEFONTEIN AND LORAINE GOLD 

MINE 

GESTOPTEFONTEIN LORAINE GOLD MINE 
-1 

Bond aSSignments 
-1 

Bond assignments v'cm v cm 

3670 OH stretch 3672 OH stretch 

3617 OH stretch 

3425 HOH 3425 HOH 

2370 ? 

1875 (quartz) 

1620 HOH 1625 HOH 

1113 Si-O 1119 Si-O 

1050 Si-0-Si stretch 1065 Si-0-Si stretch 

1020 Si-O-Si 

944 H-O--AI 948 H-O--AI 

848 Si-O-(AI) 850 Si-O-(AI) 

830 Si-O-AI 832 Si-O-AI 

808 AI-O 811 AI-O 

735 Si-O-AI 735 Si-O-AI 

695 Si-O 

566 ? 571 ? 

530 Si_O_AIVI 
535 Si-O_AIV1 

508 Si-O? 512 Si-O? 

474 Si-O 474 Si-O 

455 Si-O 

the basal reflection. For example, the integrated intensity of the (002) basal re­

flection of the Gestoptefontein pyrophyllite was 100, whereas that of the Loraine 

pyrophyllite was only 43. It is therefore apparent that if the (002) basal reflection 

were to be used for quantitative X-ray diffraction analyses, widely different re­

sults would be obtained depending on which pyrophyllite was selected as the stand­

ard. In view of Gibbs' (1967, p. 80) recommendations concerning the desirability 

of using a standard as similar as possible to the unknown, the Gestoptefontein 

pyrophyllite, with a genesis very different from that of the Witwatersrand pyrophyl­

lites, had clearly to be rejected in favour of the Loraine pyrophyllite. 
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Pyrophyllite extracted from the "B" Reef at the Loraine Gold Mine 

was accordingly used as the standard for quantitative X-ray diffraction determina­

tions of the pyrophyllite in the present suite of samples, since pyrophyllite of a 

sufficient degree of purity was not obtainable from either the Vaal Reef or Venters­

Jorp Contact Reef. 

6.4. 

6.4.1. 

Muscovite. 

Introduction. 

In the course of the present survey, the examination of samples of 

auriferous conglomerate taken from the Vaal Reef at Hartebeestfontein and Zand­

pan and from the Ventersdorp Contact Reef at Venterspost revealed the presence 

of muscovite, which was positively identified as such with the aid of X-ray dif­

fraction analysis and infra-red spectroscopy (see Part I of this thesis). Examina­

tion of thin sections prepared from these samples revealed that the muscovite oc­

curred as interstitially dispersed acicular grains intimately intergrown with other 

phyllosilicates such as chlorite and pyrophyllite, all these phyllosilicates being 

intermixed with fine mosaic-like quartz grains and sulphides to form the matrix 

material of the conglomerate. This matrix material helps to cement the larger 

quartz pebbles and boulders in the conglomerate. 

The presence of a micaceous mineral occurring interstitially in the 

auriferous conglomerates, and also in the shales and quartzites, of the Witwaters­

rand System has previously been reported by numerous authors. (The term "mica" 

is used in the present thesis to refer to the group of minerals that includes musco­

vite, phlogopite, lepidolite, paragonite, biotite, glauconite and zinnwaldite, and 

also the brittle micas margarite, clintonite and xanthophyllite.) This mica mineral 

has often been referred to simply as "sericite", but, as Yoder and Eugster (1955, 

p. 255) have pointed out, the term "sericite" is a field term that can be used to de­

scribe any fine-grained white mica. Since the white micas include both muscovite 

and paragonite, it becomes apparent that the name "sericite" is not speCific enough 

to permit the particular mica occurring in the Witwatersrand horizons to be pro­

perly characterized. In 1944 Frankel commented (p. 171): "Frequently the identi­

ty of the dominant silicate in the Rand banket is questioned, although the presence 

of alkalis in analyses of the total rock suggests that it is a mica. Professor Young, 

and other writers, have shown from microscopical studies that the mineral is a 

sericite." Frankel then proceeded to carry out X-ray diffraction analyses of sili­

cates collected from mines along the Reef, and concluded (1944, p. 171): "In all 
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cases the patterns were of the muscovite type and unit cell dimensions varied 

slightly. " 

One of the few investigators of Witwatersrand material who has, to 

date, been explicit concerning the exact nature of the Witwatersrand "sericite" has 

been Fuller (1958, p. 35). When examining quartzites of the Upper Division of the 

Witwatersrand System, Fuller stated: "The dominant mineral in the matrix of 

these quartzites is sericite, or, more explicitly, common 2M muscovite." Other 

investigators of samples from Witwatersrand horizons have been less explicit, 

however. Von Rahden (1964, p. 101), Viljoen (1964, p. 30) and Jacob (1966, p. 

11) all reported the presence of sericite or sericitic material in the Witwatersrand 

conglomerates examined by them, but did not specify whether the material was in 

fact muscovite. 

In view of the confusion surrounding the identity of the micaceous 

mineral commonly found in the auriferous conglomerates, shales and quartzites 

of the Witwatersrand System, the nomenclature that has been used in classifying 

certain micaceous minerals closely related to muscovite (i. e. , muscovite, sericite, 

hydromuscovite and illite) is briefly reviewed in subsequent paragraphs, and some 

of the differences between the structures and properties of these micas are dis­

cussed. This review is followed by a description of the characterization of the 

muscovite found in samples from the Vaal Reef at Hartebeestfontein, which was 

carried out by investigating this mineral in detail with the aid of several different 

analytical techniques and comparing the results with those obtained when samples 

of muscovite, hydromuscovite and illite from non-Witwatersrand sources were 

subjected to the same analytical techniques. 

6.4.2. A review of the structure and nomenclature of the muscovites. 

Muscovite, sericite, hydromuscovite and illite are all members of 

the mica group of minerals. Deer, Howie and Zussman (1966, p. 193) have de­

scribed the micas as follows: "The mica minerals as a whole show considerable 

variation in chemical and physical properties, but all are characterized by a platy 

morphology and perfect basal cleavage which is a consequence of their layered 

atomic structure. • . . . .. The basic structural feature of mica is a composite 

sheet in which a layer of octahedrally coordinated cations is sandwiched between 

two identical layers of linked (Si, Al)O 4 tetrahedra." 
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6.4.2.1. Muscovite. 

Muscovite is one of the most common micas, and occurs in a wide 

variety of geological environments. The structure of a muscovite was first esta­

blished by Jackson and West for a 2-layer monoclinic muscovite in 1930 (p. 211) 

and 1933 (p. 160), and subsequently refined in 1939 by Hendriks and Jefferson (193B, 

p. 729). In muscovite, one quarter of the tetrahedral sites are occupied by Al and 

three quarters by Si, with the twelve-fold coordinated positions between composite 

hwers being fully occupied by potassium ions. The succession of atomic layers in 

muscovite is as follows: 

60 { -

4+ 3+ 
3Si + Al 

-
40 + 2(OH, F) 

4AI 
3+ 

-
40 + 2(OH, F) 

+ 
2K 

60 

4+ 3+ 
3Si + Al 

Tetrahedral layer 

Octahedral layer 

Tetrahedral layer 

(Foster, 1956, p. 58) 

Smith and Yoder (1956, p. 210), from a consideration of possible re­

arrangement positions of the tetrahedral layers relative to each other, were able to 

predict that six simple polymorphs should be observed. For muscovite only the 1M, 

2M1 and, less commonly, 3T polymorphs have been found. The 2M2 polymorph has 

also been observed, but only in lepidolite, whereas the 20 and 6H polymorphs have 

yet to be found in nature. 

In addition to the three structurally ordered 1M, 2M1 and 3T poly­

morphs of muscovite, the presence of a structurally disordered one layer mono­

clinic 1Md polymorph has also been reported (Yoder and Eugster, 1955, p. 225), 

It is fortunate that differentiation l:e tween the various polymorphs is 

possible by means of X-ray diffraction. The characteristic X-ray diffraction re-
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flections attributable to eachofthese polymorphs were listed by Smith and Yoder 

(1956, p. 230) and are summarized in Table XXV. 

TABLE XXV 

CHARACTERISTIC X-RAY REFLECTIONS (INTERPLANAR SPACINGS) FOR THE 

RECOGNITION OF 1Md, 1M AND 2M1 POLYMORPHS OF MUSCOVITE 

POLYMORPH INTERPLANAR SPACING)l 

IMd 

1M 

4.48,3.33,2.58 

4.48,3.66,3.33,3.07,2.58 

4.48, 4.29, 3.89, 3.74, 3.54, 3.33, 

3.21, S,Ol, 2.87, 2.80, 2.58 

As may be seen from inspection of Table XXV, it would be difficult 

to identify the presence of the 1Md polymorph in the presence of the 1M and 2M1 

polymorphs, because of the existence of coincident reflections. The two unique 

reflections of the 1M muscovite, namely those at 3.66 and 3.07 )l,' would, if both 

were present (Velde, 1965, p. 440), be sufficient to establish the presence of the 

1M form in a mixture of both 1M and 2M1 polymorphs. 

The extremely detailed work carried out by Yoder and Eugster (1955, 

pp. 245 - 246), who studied the stability relations and polymorphs of synthetically­

prepared muscovite with a chemical composition of K Al2 (Si
3 

AI) 0
10 

(OH)2' has 

often been used to predict the stability and behaviour of naturally-occurring musco­

vite polymorphs. From this study Yoder and Eugster found that at 15000 p. s. i. 

water pressure at temperatures below 200
0

C a metastable form designated as the 

1Md polymorph made its appearance, and that as the temperature was increased, 

ordering of the structure occurred. The next phase to form was found to be the 

1M polymorph, followed in turn by the 2M1 polymorph. Yoder and Eugster found 

that they could not reverse the sequence 1Md+ 1M + 2M
1

. Yoder and Eugster (1955, 

pp. 246 & 254) and Smith and Yoder (1956, p. 223) accordingly accepted that an 

ir.reversible reaction of this type probably occurred during the progressive meta­

morphism that sediments might experience in nature. 

Studies carried out by Weaver (1958, p. 856) have, however, indi­

cated that a 2M1 10)l polymorph of muscovite will weather to a mineral with an 

expandable lattice and 1Md disordered structure. The original 2M! structure may, 

however, be reconstituted by simply replacing the potassium lost during weathering. 



101. 

Velde (1965, pp. 436 & 443) is of the opinion that the only stable mica 

polymorph in nature is the 2M1 form, but he conceded that at low and moderate 

temperatures the metastable 1Md and 1M polymorphs probably preceded its forma-

tion. 

The claim made by Mackenzie and Milne (1953, p. 178) that dry grind­

ing of muscovite would induce a transformation from the 2M1 polymorph to the 1M 

form has been repudiated by Yoder and Eugster (1955, p. 259), 

so that this mechanism should not be invoked to explain poly­

morphic transformations in mus<XWite. 

6.4.2.2. Sericite. 

As was pointed out by Yoder and Eugster (1955, p. 255), the term 

"sericite" is a field term used to describe any fine-grained white mica. Conse­

quently, it includes, but does not differentiate between, paragonite (the sodium-rich 

mica) and muscovite (the potassium-rich mica). Materials called sericite and 

having the general muscovite composition have been shown by Heinrich and Levin­

son (1955, p. 983) to exhibit the same polymorphs as muscovite. The major dis­

tinction that can be drawn between muscovite proper and the micas that may be 

described as sericite lies in the field of chemical composition. Since muscovite 

is included in the sericite micas, it is apparent that these micas are not neces­

sarily chemically different from muscovite, but non-muscovite sericites often have 

high Si0
2

, MgO and H 0 contents and low K 0 contents. 
2 2 

Heinrich and Levinson (1955, p. 983) have shown that the phengites 

(muscovites in which the Si:AI ratio exceeds 3:1, and in which an increase in Si 

is accompanied by substitution of Mg or Fe
2
+ for Al in octahedral sites) also ex­

hibit the 1M, 2M and 3T polymorphs shown by muscovite, and may also be included 

under the general heading of sericites. 

Since, therefore, the general term "sericite" gives no clear indica­

tion regarding the composition of the mineral or the polymorph present, the con­

tinued use of this term to des cribe the mi cas present in the auriferous conglome­

rates, shales and quartzites of the Witwatersrand System is to be deprecated. 

6.4.2.3. Hydro(us)-muscovi tes. 

Subdivision within the muscovites on the basis of differences in 

K 0 and H 0 contents and on the basis of the Si :AI ratio has resulted in the esta-
22· 

blishment of two rather ill-defined species, namely the hydro(us) muscovites and 

the illites. Although these two materials are somet imes considered to be synony-
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mOllS with one another (Levinson, 1955, p. 48), this view is not shared by all workers 

in the field of clay mineralogy. Accordingly, for the sake of clarity, the hydro(us) 

muscovites and illites are here considered under separate headings. 

Brown and Norrish (1952, pp. 929 - 931) have stated: "Hydrous micas 

differ from normal micas in that they contain less potassium and more water." The 

high water and low potassium content of the hydrous micas is thought to be due to 
+ + 

the partial replacement of the inter layer K ions by oxonium ions (H 0) . 
3 

Heystek (1955, p. 338) is one of the workers in the field of clay mine-

ealogy who believes that a distinction exists between hydromuscovite and illite. He 

classified material collected at the upper contact of Ongeluk Lava with Pretoria 

Series shale in Lynnwood Township as hydromuscovite in view of the Similarity of 

its chemical analyses and X-ray diffraction values to those reported by Brammall, 

Leech and Bannister (1937, p. 516) for hydromuscovite from Ogofau, Wales, and 

then subjected this material to differential thermal analysis and in addition deter­

mined its ion exchange capacity. On comparing the data with those reported for 

Fithian illite by Grim, Bray and Bradley (1937, p. 823), Heystek found that the hy­

dromuscovite had an apparently better degree of crystallinity, a higher K
2

0 con­

tent and lower H 0 content, and an ion exchange capacity (of 2.5 m. e. /100 g 
2 

dried material) that was considerably lower than the values of 20-40 m. e. /100 g 

dried material usually reported for illites. 

From his study of hydrothermally altered rocks in Japan, Kodama 

(1962, p. 89) concluded that the presence of the 1M and 2Ml polymorphs of hydro­

muscovite was dependent on their chemical composition. In general, those hydro­

muscovites with a 2Ml structure had a higher total alkali content than the 1M 

variety. Kodama further concluded that the development of a particular polymorph 

of muscovite might be influenced not only by the chemical potential of the water, 

but also by the amount of potasium in the environment. 

6.4.2.4. Illites. 

The term "illite", which was coined by Grim, Bray and Bradley in 

1937 as a general term to describe a mica-like clay mineral from Illinois, has 

given rise to confusion ever since it was introduced. The confusion has, in fact, 

been such that the committee of the International Mineralogical ASSOCiation, meet­

ing in 1965, could reach no unanimity as to whether this material constituted a 

valid group separate from the micas or whether it ought to be included along with 

the interstratified minerals (Brindley, 1965, p. 30). 
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Deer, Howie and Zussman (1966, p. 260) define illites as clay 

minerals structurally related to micas, most of them being dioctahedral, like mus­

covite, but containing more silica and less potassium than muscovite propero They 

add that most of the illites have fewer inter~layer cations than muscovite, so that 

forces between layers are weaker and there is considerably less regularity of stack­

ing, and thus the most common polymorph for illites has a disordered one-layered 

monoclinic cell (lMd). Velde and Hower (1963, pp. 1239 & 1253), however, define 

an illite as a mineral found in sediments and having a primarily dioctahedral-type 

strueture with less than 10 per cent of interlayered expandable layers, Yoder and 

Eugster (1955, p. 254) expressed the opinion that the use of the term "illite" should 

be restricted to the field. In addition, they felt that proof still had to be obtained 

that materials called illite were not in fact all mixed-layer structures, 

X-ray diffractometer traces of material usually described as illite 

show a tailing or broadening of the 10 5l.. reflection towards the low angle side of 

the peak. Factors which could cause such a phenomenon are either strain within 

the lattice or extremely fine particle size. In the case of the potassium-depleted 

and silica-enriched muscovites (1. e., illite as defined by Deer, Howie and Zussman, 

1966, p. 260) the regularity of stacking in the structure is far less than in the case 

of muscovite, as was mentioned above, and this irregularity of stacking could lead 

to X-ray line broadening. 

Lapham and Jaron (1964, p. 276) concluded that line broadening 

in illite appeared to be primarily the result of structural strain within 

the mica, rather than the result of a decrease in grain size. 

Possibly the best attempt to explain the actual structure of illite is 

that which was made by Gaudette, Grim and Metzger (1966, p. 1655). These 

authors, on the basis of cesium absorption experiments, concluded that the struc­

ture and X-ray behavior of illites could be visualized in terms of a "rind and core". 

The structure of illite was considered to consist of a structurally coherent silicate 

core which, although somewhat deficient in interlayer potassium ions, nevertheless 

still produced a 10 5l.. diffraction peak. This coherent core was then regarded as 

being surrounded by a more "incoherent" rind, which served as a locus for sorption 

and cation exchange, and was the area from which the physical properties for a 

particular 10 5l.. mineral were derived. The contact between core and rind was 

visualized as being gradational. The rind was considered to differ from the core 
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in containing even less potassium, possibly as a result of replacement by H
2

0 or 

oiher ions, and in having a slightly larger and somewhat irregular "c" dimension, 

but was regarded as possessing a skeletal framework reminiscent of the more co­

herent portion of the grain. A well-crystallized 10 ~ material would have a greater 

core to rind ratio, with a consequent improvement in the diffraction characteris­

tics and lower cation exchange capacity. 

Levinson (1955, p. 49) has shown that although illite may occur as the 

1Md, 2M and 3T polymorphs, these polymorphs do not appear to be related to any 

("vident geological, environmental or chemical variations. He further mentioned that 

he had noted the presence of the 2M and 1Md polymorphs in illites from Fithian, 

Illinois, and that while the 3T and 1M polymorphs had been found only in non­

sedimentary environments, specifically in decomposed granites, the 2M and 1Md 

polymorphs appeared to be restricted purely to sedimentary environments. 

Heystek (1955, p.341) examined a micaceous mineral from the clay 

at Gollel, Swaziland, by X-ray diffraction, chemical analysis and differential ther~ 

mal analysis, and also determined the ion exchange capacity of the mica. He 

found that the X-ray diffraction data compared very well with those published for 

the Fithian illite by Grim, Bray and Bradley (1937, p. 823), and that the chemical 

composition, differential thermal analysis curve and ion exchange capacity (20.7 

m. e. /100 g of material dried at HOoC) of the Gollel mica were all consistent 

with the accepted values for illite obtained by other workers. A further check car­

ried out by Heystek involved subjecting the mineral to mild thermal or chemical 

treatment. When this was done, the basal 10 ~ reflection showed no significant 

change, supporting the classification of the Gollel clay mica mineral as an illite. 

6.4.2.5. Properties of the muscovite minerals -- a summary. 

The similarities and differences in the properties of muscovite, 

hydromuscovite and illite may be summarized as follows: 

(1) MUSCOVite, hydromuscovite and illite all show the same polymorphs, 

namely the IMd, 1M and 2Ml polymorphs. 

(2) When the minerals are arranged according to their ion exchange ca-

pacity, the order is: illite> hydromuscovite> muscovite. 

(3) When differential thermal analysis curves are compared, it is found 

that muscovite has a single endothermic peak at 900°C, whereas typical hydro­

muscovite shows a single endothermic peak at 720
0 

C and illite has three endo­

thermic peaks at 150° C, 560
0 

C and 950
0 

C and an exothermic peak at 990°C (Heys­

tek, 1955, pp. 339-341). 
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(4) When the minerals are arranged according to their K
2

0 content, the 

order is: muscovite> hydromuscovite> illite. 

(5) When the minerals are arranged according to their H 0 content, the 
2 

order is: illite >hydromuscovite >muscovite. 

(6) The degree of perfection of crystallinity may be judged from the X-

ray diffraction patterns, with the more perfectly crystalline minerals having more 

sharply defined and more abundant X-ray diffraction peaks. When the minerals are 

Hrranged according to the perfeeiion of their crystallinity judged from the X-ray 

diffraction patterns, the order is: muscovite> hydromuscovite > illite. 

6.4.3. Experimental studies on muscovites, hydromuscovite and illite. 

As was mentioned earlier, thin section studies on the present suite 

of samples from the Vaal Reef at Hartebeestfontein and Zandpan and from the 

Ventersdorp Contact Reef at Venterspost revealed the presence of muscovite oc­

curring as interstitially dispersed acicular grains in the matrix of the auriferous 

conglomerate. In one sample from the Vaal Reef at Hartebeestfontein sufficient 

muscovite was present to permit its characterization by means of infra-red and X­

ray diffraction techniques, although unfortunately this muscovite was not present 

in a suitable quantity or degree of purity to permit chemical analysis to be carried 

out on it. In view of the paucity of information regarding micas occurring in Wit­

watersrand horizons, however, it was decided that the Hartebeestfontein muscovite 

should be investigated in as much detail as possible. At the same time it was de­

cided that several non-Witwatersrand micas should be subjected to the same ana­

lytical procedures for control purposes and in order to evaluate in practice the ap­

plicability of infra-red and X-ray diffraction techniques to the study of micas. 

The non-Witwatersrand micas examined consisted of the following: 

muscovite from a pegmatite from Selati, Transvaal; muscovite from the Noumas 

pegmatite in Namqualand; hydromuscovite from the Lynnwood Township, Pretoria; 

and illite from Gollel, Swaziland. (The hydromuscovite and illite were portions of 

the samples originally analysed and characterized by Heystek in 1955./ The tech­

niques used in the investigation were: X-ray diffraction analysis, infra-red spectro­

scopy and chemical analysis. The fine-grained nature of the micas and their over­

lapping optical properties precluded the use of optical techniques in the present 

study. 

New chemical analyses are presented for the two muscovites derived 

from the two pegmatites, and the chemical analyses for illite and hydromuscovite 
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originally reported by Heystek in 1955 have been recalculated to allow for minor 

impurities which were not reported or allowed for by Heystek but which were de­

tected when the samples were re-examined in the course of the present study. 

Similarly, the hydromuscovite and illite were reanalysed by means of X-ray dif­

fraction and infra-red spectroscopy during the course of the present study, and the 

l'esults of these revised analyses, not Heystek's original data, were used when 

making the comparison with the results obtained for the three muscovites. 

6.4.3.1. X-ray diffraction studies on muscovites, hydromuscovite and illite. 

The three muscovites, hydromuscovite and illite were examined by the 

X-ray diffraction method described in Part III of this thesis, and the lattice con­

stants and indices v:ere calculated and allocated using the computer programmes 

which are also listed in Part III. 

The lattice constants obtained for the various micas are set out in 

Table XXVI, while the integrated intensities and interplanar spacings are listed in 

Tables XXVII and XXVIII. The X-ray results are discussed in Section 6.4.3.5. 

TABLE XXVI 

LATTICE CONSTANTS OF MUSCOVITES FROM HARTEBEESTFONTEIN, SELATI 

AND NOUMAS, HYDROMUSCOVITE FROM LYNNWOOD AND ILLITE FROM SWAZI-

0 
a A 

b
O 

~ 
0 

c ~ 
0 

S 
vol. 

space 
group 

structure 
type 

6.4.3.2. 

LAND 

HARTEBEEST. SELATI NOUMAS LYNNWOOD SWAZILAND 
--~----.. - _.----- .. ,. -. -,.~---- .-------.-------- --.-.<~-

+ + + + + 
5.192-0.002 5.198-0.002 5.204-0.002 5.192-0.001 5.207-0.002 

+ + + + + 
9.019-0.002 9.034-0.002 9.049-0.002 9.002-0.002 9.005-0.002 

+ + + + + 
20.112-0.006 20.077-0.003 20.087-0.002 20.077·-0.002 20.315-0.008 

95
0
45' + 3' 9:::;046 , + 2' 95

0
46' + 2' 95

0
46' + 3' 95

0
53' + 3' 

936. 9 ~3 938. 0 ~3 941.1 ~3 933. 7 ~3 947.55\3 

C2/c C2/c C2/c C2/c C2/c 

2M 2Ml 2M1 2M 2M 
1 1 1 

Infra-red spectroscopy studies on muscovites, hydromuscovite and 

illite. 

The analytical techniques adopted for the infra-red analyses carried 

out on the three mus covites, hydromuscovite and illite are described in detail in 

Part III of this thesis. 



TABLE XXVII 

:X~RAY DIFFRACTION POWDER DATA FOR MUSCOVITE FROM HARTEBEESTFONTEIN, HYDROM;~JSCOVITE FR.O~~ 

LYNNWOOD AND ILLITE FROM SWAZILAND 
HARTEBEESTFONTEIN 

'd' ~ 'd' ~ I/I 
observed calculated 1 

10.040 
4.995 
4.458 
4.103 
3.880 
3.734 
3.490 
3.202 
2.992 
2.861 
2.791 
2.583 
2.559 
2.499 
1.9993 
1. 9993 
1. 4977 
1. 4977 

9.995 
4.998 
4.453 
4.107 
3.877 
3.732 
3.490 
3.200 
2.991 
2.861 
2.793 
2.585 
2.558 
2.499 
1.9999 
1.9993 
1. 4975 
1. 4984 

100 
24 
23 

8 
13 
14 
19 
17 
17 
13 
11 
12 
22 

7 
14 
14 
14 
14 

h k 1 
'd' ~ 

observed 

o 0 2 10.040 
o 0 4 5.112 
1 1 -1 4.453 
o 2 2 4.392 
1 1 -3 3.814 
o 2 3 
1 1-4 
114 
o 2 5 
115 
1 1-6 
2 0 0 
131 
008 
136 
o 0 10 
o 6 1 
3 3-1 

3.726 
3.580 
3.486 
3.197 
3.121 
2.987 
2.860 
2.855 
2.788 
2.584 
2.556 
2.499 
2.460 
2.393 
2.277 
2.237 
1. 9981 
1. 7293 
1. 6955 
1. 6502 
1. 5244 
1. 4968 
1.4945 

LYNNWOOD 

'd' ~ III 
calculated 1 

9.995 
5.108 
4.455 
4.388 
3.814 
3.729 
3.578 
3.488 
3.199 
3.119 
2.988 
2.861 
2. 854 

~. 791 
2.583 
2.557 
2.498 
2.460 
2.393 
2.276 
2.237 
1. 9985 
1. 7303 
1. 6955 
1. 6500 
1. 5242 
1. 4961 
1. 4943 

100 
28 
69 

5 
23 
27 

5 
27 
37 

5 

38 
29 
29 
17 

5 
63 
12 

5 

5 
5 

5 
5 
7 
8 
5 
8 

42 
42 

SW AZ ILAt"lD 

h k 1 
'd' ~'d' ~ I/I 

observed calculated 1 

o 0 2 10.040 10.111 
o 0 4 5.035 4.992 
1 1 -1 4.480 4.489 
o 2 1 3.897 3.899 
1 1 -3 3.510 3.531 
o 2 3 
113 
1 1-4 
114 
1 1-5 
o 2 5 
115 
007 
1 1-6 
2 0 0 
131 
008 
1 3-3 
2 0-4 
2 0-5 
o 4 1 
136 
1 3 9 
3 1-2 
2 2-9 
1 3-11 
061 
1 5 6 

3.005 
2.880 
2.601 
2.596 
2.590 
2.584 
2.574 
2.447 
2.409 
2.384 
2.009 
2.009 
1. 6995 
1.6995 
1. 6851 
1. 6163 
1. 5029 
1. 5005 

3.007 
2.879 
2.603 
2.597 
2.590 
2.586 
2.573 
2.449 
2.407 
2.383 
2.009 
2.007 
1. 6998 
1. 6990 
1. 6938 
1.6163 
1. 5024 
1. 5007 

100 
20 
31 

5 
11 

1 

6 
1 
1 
1 
1 

34 
1 
7 
1 
1 
1 
1 
1 
1 
1 

15 
15 

h k 1 

002 
o 0 4 
1 1 0 
1 1-3 
1 1-4 
o 2 5 
1 1 5 
2 0 -1 
1 3 0 
2 0 0 
1 1 6 
2 0-2 
2 0 2 
2 0-4 
1 3 3 
o 2 9 
1 3 6 
1 5 -1 
2 4 0 
o 0 12 
209 
3 3-1 
o 6 0 

.,.. 
o 
-.1 
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TABLE XXVIII 

X-RAY DIFFRACTION POWDER DATA FOR MUSCOVITE FROM SELATI 

AND NOUMAS 

'd' ~ 
SELATI 
o 

'd' A 

observed calculated 1/11 

9,995 
4.987 
4.480 
4.308 
4.116 
3.969 
3.889 
3.739 
3.497 
3.327 
3.205 
3.126 
2.993 
2.865 
2.793 
2.603 
2.571 
2.512 
2.496 
2.465 
2.395 
2.385 
2.258 
2.151 
2.141 
2.076 
2.062 
1.9959 
1. 9737 
1. 7329 
1. 6645 
1. 6488 
1. 6039 
1. 5258 
1.5056 
1. 5051 
1. 3399 

9.990 100 
40994 21 
4.489 27 
4.300 8 
4.116 7 
3.968 12 
3.882 12 
3.739 14 
3.493 21 
3.329 71 
3.202 24 
3.123 24 
2.993 23 
2.862 17 
2.793 13 
2.603 2 
2.569 46 
2.510 9 
2.497 9 
2.466 6 
2.397 16 
2.384 16 
2.259 2 
2.149 8 
2.139 8 
2.078 10 
2.062 10 
1.9908 22 
1. 9730 6 
1. 7325 5 
1. 6645 2 
1. 6479 2 
1. 6038 6 
1. 5260 4 
1. 5059 4 
1.5055 22 
1. 3400 2 

1. 3057 1. 30GO 2 
2 
2 

1. 3042 1. 3044 
1. 2913 1. 2915 

h k 1 

002 
004 
110 
111 
022 
112 
1 1-3 
o 2 3 
1 1-4 
006 
114 
1 1-5 
o 2 5 
115 
1 1-6 
1 3 0 
116 
1 1-7 
2 0-3 
1 3-3 
2 0-4 
133 
040 
2 0-6 
043 
205 
1 1-9 
o 0 10 
1 3-7 
1 3-9 
o 0 12 
1 2-11 
2 4-5 
1 3-11 
o 6 0 
2 4-7 
o 4 12 
2 0-14 
3 1-11 
2 2-13 

'd' ~ 
NOUMAS 

'd' ~ 
observed calculated 

IiI 
_1_ 

10.016 
4.997 
4.494 
3.498 
3.351 
3.330 
3.125 
2.996 
2.795 
2.572 
2.510 
2.495 
2.468 
2.396 
2.387 
2.131 
2.060 
1.9976 
1. 9754 
1.9509 
1.7363 
1. 6628 
1. 6480 
1. 6330 
1. 6060 
1. 5625 
1.5582 
1.5582 
1. 5251 
1. 5065 
1. 5065 
1. 4539 
1. 3535 
1.2823 
1.2767 
1.2088 

9.983 100 
4.991 18 
4.488 38 
3.493 29 
3.351 90 
3.329 90 
3.125 10 
2.994 33 
2.793 20 
2.569 44 
2.509 6 
2.497 7 
2.468 8 
2.398 25 
2.385 25 
2.133 20 
2.059 9 
1.9968 23 
1. 9736 10 
1. 9497 8 
1. 7365 9 
1. 6635 12 
1. 6483 19 
1. 6342 5 
1. 6063 7 
1. 5624 7 
1. 5581 7 
1. 5578 7 
1. 5258 12 
1. 5069 29 
1. 5060 5 
1. 4543 5 
1. 3531 5 
1. 2829 5 
1. 2767 5 

1. 2089 5 

h k 1 

o 0 2 
004 
110 
1 1-4 
o 2 4 
006 
1 1-5 
o 2 5 
1 1-6 
116 
1 1-7 
2 0-3 
1 3-3 
2 0-4 
133 
1 3 5 
044 
o 0 10 
1 3-7 
2 0 6 
1 1-11 
2 0-10 
1 3 9 
1 1 11 
209 
237 
314 
2 4-6 
1 3-11 
060 
2 4-7 
o 2 13 
1 3-13 
262 
1 5 10 
3 0-13 
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The results obtained when the five micas were analysed by infra-red 

spectroscopy are set out in Table XXIX, and discussed in Section 6.4.3.5. 

TABLE XXIX 

INFRA-RED VIBRATION FREQUENCIES AND BOND ASSIGNMENTS FOR MUSCO-

VITES FROM HARTEBEESTFONTEIN, SELATI & NOUMAS l _HYDROMUSCOVITE 

FROM LYNNWOOD AND ILLITE FROM SWAZILAND 

HAE! T~~E~§1', SEL~TI NOUMAS LYNNWOOD SWAZILAND - .. ------.--~ -------
\) -1 v-I \) -1 v -1 V-I 

em bond cm bond em bond cm bond cm bond 

3667 O-H 

3662 O-H 

3644 O-H 3638 O-H 

3625 O-H 
stretch 

3618 O-H 
stretch 

3621 O-H 
stretch 

3621 O-H 
stretch 

3621 O-H 
stretch 

3425 H-O-H 3420 H-O-H 3420 H-O-H 3427 H-O-H 3420 H-O-H 

1619 H-O-H 1621 H-O-H 1620 H-O-H 1625 H-O-H 1618 H-O-H 

1412 ? 

1115 Si-O-Si 1115 Si-O-Si 

1060 Si-O 1060 Si-O 1065 Si-O 1085 Si-O 

1020 Si-O 1030 Si-O 1020 Si-O 1020 Si-O 1025 Si-O 

990 Si-O 985 Si-O 980 Si-O 

940 O-H--AI 925 O-H--AI 925 O-H--AI 940 O-H--Al 920 O-H--Al 

827 Si-O 821 Si-O 821 Si-O 826 Si-O 820 Si-O 

794 R-H 790. R-H 795 R-H 797 R-H 788 R-H 
ibration Ibration Ibration Ibration Ibration 

751 Si-O-Al 742 Si-O-Al 741 Si-O-Al 748 Si-O-AI 742 Si-O-AI 

690 O-H 683 O-H 680 O-H 690 O-H 680 O-H 

530 Si-O-AI VI 520 
. VI 

Sl-O-AI 523 Si-O-AI 
VI VI 

528 Si-O-AI 520 Si-O-AI 

470 Si-O 468 Si-O 468 Si-O 473 Si-O 465 Si-O 

-----_._-------------

The infra-red spectrum obtained for the muscovite from Selati is 

shown in Figure 14 (see Section 6.3. 2.5). 

6.4.3.3. Chemical analyses of muscovites, hydromuscovite and illite. 

As has been mentioned earlier, the muscovite in the Vaal Reef at 

Hartebeestfontein was unfortunately not present in a suitable quantity or degree of 

purity to permit chemical analyses to be carried out on it. Chemical analyses 

VI 
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were, however, carried out on the two muscovites obtained from pegmatites from 

Selati and Noumas. The results of these analyses are set out in Table XXX, which 

also shows the chemical compositions of hydromuscovite and illite. In the case of 

these last two minerals, the compositions listed are based on chemical analyses 

originally carried out by Heystek (1955, pp. 338 & 341) but recalculated to allow 

for previously unreported impurities that were detected by X-ray diffraction ana­

lysis during the course of the present study. The results of all these chemical 

analyses are discussed, in relation to the results obtained by X-ray diffraction 

analysis and infra-red spectroscopy, in Section 6.4.3.5. 

TABLE XXX 

CHEMICAL ANALYSES OF TWO MUSCOVITES FROM SELATI AND NOUMAS! 

HYDROMUSCOVITE FROM LYNNWOOD AND ILLITE FROM SWAZILAND 

SELATI NOUMAS LYNNWOOD* SWAZILAND** 
per cent per cent per cent per cent 

SiO 47.96 
2 

44.63 42.80 50.60 

AIO 
2 3 

31. 45 37.25 38.70 33.70 

Fe 0 
2 3 

2.76 0.25 1. 04 1. 24 

FeO N.D. 1. 01 N.D. N.D. 

TiO 0.26 
2 

0.12 1.63 0.89 

Cao 0.02 0.02 0.33 0.18 

MgO 1. 05 0.02 0.67 N.D. 

KO 10.14 
2 

9.60 8.76 5.63 

Na 0 1.14 
2 

0.63 1. 26 0.19 

Li
2

0 0.22 0.36 N.D. N.D. 

PO 0.03 N.D. N.D. N.D. 
2 5 

MnO 0.11 0.18 N.D. N.D. 

H
2

O 4.27 5.13 5.17 7.95 

F 0.57 N.D. N.D. N.D. 

Total 99.98 99.20 100.36 100.38 

N.D. = not determined. 

* = recalculated to allow for presence of 3% pyrophyllite and 5% quartz. 

** = recalculated to allow for presence of 5% quartz. 
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6.'1. 3. 4. Structural formulae for two muscovites, hydromuscovite and illite. 

The structural formulae for the two muscovites from Selati and 

Noumas, for the hydromuscovite from Lynnwood and for the illite from Swaziland 

were calculated from the chemical analyses of these minerals in accordance with 

the method outlined by Deer, Rowie and Zussman (1966, pp. 515 - 518). These 

calculations were based on the assumption that 0 = 20 and (OR + F) = 4. 

TABLE XXXI 

STRUCTURAL FORMULAE FOR TWO MUSCOVITES, RYDROMUSCOVITE AND 

ILLITE 

1. Muscovite, Selati (pegmatite), Transvaal: 

(K Na Li ) (AI Fe
3

+ Ti Mg Mn )(Al Si )0 (OR F) 
1.62 0.290.12 3.28 0.280.03 0.21 0.01 1.646.3620 ' 4 

2. Muscovite, Noumas (pegmatite), Namaqualand: 

N Li )(Al Fe
3

+ Fe2+ Ti Mn ) (AI Si )0 (OR F) 
(K1. 61 a O. 16 0.19 3.61 0.25 0.14 0.01 0.02 2.15 5.85 20 ' 4 

3. Rydromuscovite, Lynnwood (shale), Pretoria: 

(K Na Ca ) (AI Fe 3+ Ti Mg ) (AI Si )0 (OR F) 
1.48 0.32 0.05 2.22 0.100.02 0.13 2.325.6820 ' 4 

4. Illite, Gollel (clay), Swaziland: 

3+ 
(KO. 89NaO. 05 Cao. 02)(All. 94FeO.12 TiO. 08)(AI1. 74 Si6• 26)020 (OR, F) 4 

6.4.3.5. Dis cussion of results. 

6.4.3.5.1. X-ray diffraction. 

Examination of Tables XXVI, XXVII and XXVIII, in which the lat­

tice parameters and X-ray data for the three muscovites, hydromuscovite and il­

lite are set out, permits the drawing of the following conclusions: 

(1) No linear relationship appears to exist between either the a or b 
o 0 

dimensions of the mi cas examined and their K 0 content (or, in fact, their total 
2 

alkali content). 

(2) Comparison of Tables XXVII and XXVIII (Section 6.4.3.1), in 

which the interplanar spacings of the five micas are listed, with Table XXV 

(Section 6.4.2.1), which shows the characteristic interplanar spacings by which 

muscovite polymorphs may be recognized, indicates that all the muscovites, the 

hydromuscovite and the illite examined in the course of the present study could 

be satisfactorily indexed as having the 2M1 structure. In view of the absence of 
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the 3.66 and 3.07 5\ diffraction peaks from the diffraction traces of the five micas 

examined, there is no possibility that any 1M polymorph was present in these micas. 

(3) For all five micas, the X-ray reflections could be satisfactorily in-

dexed using the C2/c space group, to which muscovite has commonly been assigned 

in the past (Radoslovich, 1960, p. 919). 

(4) The volumes of the unit cells of the five micas (listed in Table 

XXVI, Section 6.4.3.1) could not be related to the chemical compositions of these 

micas. 

(5) The B angle value obtained for the illite from Gollel was slightly 

higher than that for the muscovites or the hydromuscovite. This is consistent 

with a greater degree of structural disordering in the lattice of this mica than in 

the latti ces of the other mi cas. 

(6) The X-ray diffraction powder data listed in Tables XXVII and 

XXVIII reveals that the pegmatitic micas yielded the most diffraction peaks, fol­

lowed in turn by the hydromuscovite and the illite. The apparently small number 

of peaks recorded for the muscovite from Hartebeestfontein is a consequence of 

its low degree of purity (i. e., contamination by minerals such as quartz), which 

resulted in peaks being present which were coincident with the muscovite peaks. 

From the original X-ray diffraction traces, it could be seen that the three musco­

vites yielded sharp well-formed symmetrical peaks, whereas those of the hydro­

muscovite and illite were less symmetrical. This falling-off in sharpness and 

symmetry of the peaks is a consequence of smaller particle size and greater 

structural disorder in the hydromuscovite and illite. Thus the findings of the pre­

sent study confirm the observations made by Heystek (1955, p. 341): "When com­

paring the d-values of the illite with those of hydromuscovite, it is quite notice­

able that the hkl reflections of the former are weak or absent as a result of its 

poorer crystallinity. In turn, this hydromuscovite has a lower perfection of crys­

tallinity than a muscovite mica. " 

6.4.3.5.2. Infra-red spectroscopy. 

Examination of the data shown in Table XXIX (Section 6.4.3.2) per­

mits the following deductions to be made concerning the infra-red behaviour of 

the micas: 

(1) Despite the wide differences in the A1
2

0
3 

and Si0
2 

contents of the 

micas which were revealed by chemical analysis (Table XXX) and reflected in the 

structural formulae (Table XXXI), there was no evidence of any linear relationship 
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VI 
between the position of the O-H--Al or Si-O-AI absorption bands of the micas and 

their Al 0 or SiO contents. Thus, it would not be possible to make use of differences 
2 3 2 

in the infra-red vibration frequencies of these bonds to differentiate between musco-

vite, illite and hydromuscovite. 

(2) The three muscovites, the hydromuscovite and the illite were in-

dexed as having the 2M1 structure on the basis of their interplanar spacings as 

determined by X~ray diffraction analysis (see Section 6.4.3.5.1). The infra-red 

spectra of these minerals showed only a single absorption band located between 
-1 -1 

827 and 820 cm , with no suggestion of any band located at 804 cm This is in 

agreement with the published spectra for 2M muscovite presented by Stubican and 

Roy (1961, p. 48), but directly contradicts the data presented by Oinuma and Hayashi 
-1 

(1965, p. 1219), who stated that 2M type illite showed doublets at 804 cm and 
-1 -1 

824 cm while the 1M type illite had only one broad absorption band at 822 cm 

In addition, the spectra published by Stubican and Roy (1961, p. 48) 

for 3T and 1M polymorphs show the existence of two absorption bands in the spectral 
-1 

region 850 - 800 cm ,which again directly contradicts the data of Oinuma and 

Hayashi (1965, p. 1218). 

(3) In Saksena's view (1964, p. 1725), the occurrence in muscovite of 
-1 

infra-red vibration frequencies located at 3667, 3662 and 3638 cm indicates lack 

of perfect crystallinity within the lattice, or some distortion within the structure. 

It is interesting to note that these vibration frequencies were not found in the infra­

red spectrum of the illite examined in the present study, although, on the basis of 

the X-ray diffraction results, the illite has been regarded as being the most poor­

ly crystalline of the five micas examined, but that these vibration frequencies were 

present in the infra-red spectrum of the hydromuscovite from Lynnwood. 

6.4.3,5,3. Chemical composition of the micas. 

The results of the chemical analyses of the muscovites from Selati 

and Noumas and of the hydromuscovite from Lynnwood and the illite from Swazi­

land have been listed in Table XXX (Section 6.4.3.3). Inspection of this table 

permits the following observations to be made: 

(1) As one progresses from muscovite through to hydromus,covite and 

illite the decrease in K 0 content, or even in (K 0 + Na 0 + Li 0) content, is quite 
2 2 2 2 

apparent. 

(2) In the case of the illi te, the signifi cantly lower K
2

0 content is 

counter-balanced by a significantly higher H
2

0 content. The H
2

0 is probably 
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present as H30 + ions in the manner suggested by Brown and Norrish (1952, pp. 

929 - 931). 

6.4.3.5.4. The usefulness and limitations of X-ray diffraction analysis and 

infra-red spectroscopy in the study of the micas. 

On comparing the results obtained for the mi cas examined by means 

of X-ray diffraction analysis, infra-red spectroscopy and chemical analysis, the 

following conclusions were reached: 

(1) X-ray diffraction analysis was found to be a far more sensitive tool 

than infra-red spectroscopy for the identification of polymorphs of muscovite. The 

results of the present study indicated, however, that infr?-red analysiS may assist 

in determining the type of polymorph present (in conjunction with X-ray diffraction 

analysis) if the infra-red spectra obtained are compared with the spectra for mus­

covite polymorphs published by Stubican and Roy (1961, p. 48), which were found 

to be preferable for use as standards to the data published by Oinuma and Hayashi 

(1965, p. 1219). On this basis, the presence of a single infra-red absorption band 
-1 

located between 800 and 827 cm is diagnostic of the presence of only the 2M1 

polymorph, while if two absorption bands are found to occur between 800 and 827 
-1 

cm it is likely that 1M or 3T polymorphs are present. It is apparent, however, 

that infra-red spectroscopy alone would not be suited to the identification of mix­

tures conSisting of either 1M and 2M, or 2M and 3T, polymorphs, as the absorp­

tion spectra are coincident and only the 1M and 3T polymorphs would be recognized 

while the presence of the 2M polymorph would be concealed. 

(2) The results of the present study indicate that infra-red spectroscopy 

cannot differentiate between muscovite, hydromuscovite and illite, and furthermore, 

in the case of muscovite, hydromuscovite and illite, infra-red spectroscopy can­

not be used to predict chemical composition. 

(3) It was found that the chemi cal composition of the micas studied could 

not be predicted directly from measurements of the lattice constants of the micas. 

6.4.3.6. The nature of the mica present in samples from the Vaal Reef at 

Hartebeestfontein and Zandpan and from the Ventersdorp Contact 

Reef at Venterspost. 

Summarizing the results of the characterization of the mica found in 

a sample from the Vaal Reef at Hartebeestfontein, it may be concluded that this 

mica was a 2M polymorph of muscovite belonging to the C2/ c space group and 
1 

having the following lattice dimensions: 
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a 5.192+ O. 002 ~ 
0 

b == 9.019'1- O. 002 ~ 
0 

c 20.112+ O. 006 ~ 
0 

8 == 95
0 

45' + 3' 

Volume == 936. 9 ~3 

Apart from this sample from the Vaal Reef at Hartebeestfontein 

where mica was present in sufficient quantity to permit it to be characterized, mica 

was detected as being present in the majority of the 142 other samples (from the 

Vaal Reef at Hartebeestfontein and Zandpan and from the Ventersdorp Contact Reef 

at Venterspost) that were examined quantitatively in the course of the present 

study. Unfortunately, however, the average mica content in these samples was 

only about 5%, which was too low to permit detailed structural analyses to be car­

ried out. Although the micas in these samples could thus not be identified with 

certainty, examination of all the X-ray spectra revealed no evidence of the pre­

senceof1Mpolymorphs (as judged by the fact that the 3.66 and 3. 07 ~ peaks were 

absent from all the spectra), and accordingly the micas in these samples could 

tentatively be classified as 2M1 polymorphs. Since they showed the same X-ray 

diffraction patterns as were shown by the characterized muscovite from Hartebeest­

fontein, it seems likely that the micas in these samples were also 2M1 polymorphs 

of muscovite. 

Weaver (1956, p. 159) has postulated that the great majority of clay 

minerals in sedimentary rocks are detrital in origin, and that they reflect the 

character of their source material and are only slightly modified in their deposi­

tional environments. If Weaver's suppositions are in fact correct, then, in the orr 

at least, it should be possible to trace the source and depositional history of the 

muscovite present in the Witwatersrand conglomerates and sediments. In the case 

of the present suite of samples, however, no such deductions can be made, in view 

of the fact that no evidence could be found that any muscovite polymorph other than 

the 2M polymorph was present in these samples. This makes it impossible to 
1 

decide whether this muscovite originated in the 2M1 form or whether it was in-

troduced as a 1M variety and subsequently modified to the 2M1 variety in situ. 
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7. PREPARATION OF SAMPLES FOR QUANTITATIVE ANALYSIS. 

7. 1. Introduction. 

Part I of this thesis describes an investigation into the relationship 

between the occurrence of gold, uranium and other minerals in certain Witwaters­

rand horizons. This investigation required that quantitative analyses for 14 com­

ponents should be carried out on samples collected from Witwatersrand conglome­

rate beds. The manner in which 21 bulk samples obtained from the Vaal Reef at 

Hartebeestfontein and Zandpan and from the Ventersdorp Contact Reef at Venters­

post were subdivided into smaller samples for analysis has been described in 

Section 2.2 and illustrated in Figures 4, 5 and 6. The number of analytical sam­

ples resulting from the subdivision was as follows: 

The 5 bulk samples from the Vaal Reef at Hartebeestfontein were 

subdivided into 43 samples for analYSis. 

The 8 bulk samples from the Vaal Reef at Zandpan were subdivided 

into 44 samples for analysis. 

The 8 bulk samples from the Ventersdorp Contact Reef at Venters­

post were subdivided into 56 samples for analysis. 

Thus, subdivision of the twenty-one original bulk samples resulted 

in the production of 143 analytical samples, each of which was analysed quantita­

tively for 14 components by means of the chemical, atomic absorption, X-ray 

fluorescence and X-ray diffraction techniques described in Section 8 of this thesis. 

7.2. Sample Preparation. 

In any investigation that involves the analYSis of a relatively large 

number of samples by a number of different analytical techniques, sample prepa-

ration should be rigidly standardized and sample handling should be reduced to a 

minimum to prevent sample contamination. In the case of the present study, it 

was desirable that, after comminution, the particle size distribution of each of the 

143 samples should be such that it would be suitable for all the analytical techni­

ques involved (i. e., chemical, atomic absorption, X-ray fluorescence and X-ray 

diffraction techniques) without further comminution or handling being necessary. 

The particle size distributions required forX-ray fluorescence and X-ray diffrac­

tion analysiS are more fully discussed in Sections 8.4 and 8.5, but, in brief, both 

these techniques require that the median grain size (at the 50% probability level) 

should be of the order of 15-20 microns. Accordingly, in order to ensure that the 

median grain size of the 143 samples would conform to these requirements, grind­

ing tests were carried out in the following manner: 
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Three composite samples (one from each of the three mines in­

volved) were prepared from fragments of either Vaal Reef or Ventersdorp Con­

tact Reef ore and were crushed to less than! inch mesh size. From each of 

these composites, nine 100-gram portions were successively weighed into a 

Siebtechnik grinder and ground for periods ranging from 10 to 120 seconds. The 

median grain sizes of these portions were then determined by sieving through a 

set of standard Tyler mesh sieves, while the finer powders were infra-sized by 

means of a Sartorius sedimentation balance. 

The results of these grinding tests are shown in Figure 15. It was 

found that a grinding time of 90 seconds in the Siebtechnik grinder produced sam­

ples whose median grain sizes lay between 16 and 22 microns, and accordingly a 

grinding time of 90 seconds was adopted for all of the 143 rock samples that were 

to be analysed. 

Repeated treatment of each sample with a bar magnet was found to 

be sufficient to remove all "tramp iron" formed in the samples as a result of the 

grinding process. 
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8. ANALYTICAL TECHNIQUES USED IN THE PRESENT STUDY. 

8. 1. Introduction. 

The main analytical techniques used in the course of the present 

study were : chemi cal analysis, atomi c absorption spectrophotometry, X-ray 

fluorescence, X-ray diffraction and infra-red spectroscopy. 

In subsequent paragraphs some of the uses and limitations of these 

techniques are reviewed and the reasons underlying the choice of certain specific 

techniques are discussed. Where it was found necessary, for the purposes of the 

present study, to develop new techniques or to modify existing techniques, the 

procedure finally adopted is described in detail. 

8.2. Chemi.cal Analysis. 

Chemical analyses were used to determine the chemical composi­

tion of the phyllosilicates investigated (see Part II of this thesis) and to determine 

the concentration of uranium in the 143 Witwatersrand samples that were analysed 

quantitatively (see Part I). Conventional methods involving the dissolution and 

spectrophotometric determination of uranium were chosen in preference to radio­

metric methods of determination of uranium in the interests of speed and accuracy. 

8.3. Atomic Absorption Spectrophotometry. 

Conventional fire assay methods for the determination of gold and 

silver could not be used in the present study because they called for more sample 

(30 grams, equal to 1 assay ton) than was generally available. Instead, an atomic 

absorptipn method developed by Oliver and others (1968) at the National Institute 

for Metallurgy was used for the quantitative determination of Au and Ag in the 143 

Witwatersrand samples, since this method required only 2.5 grams of sample. 

As has been pointed out by Beevers (1967, p. 428), who used a 

method similar to the one adopted in the present study, atomic absorption spectro­

photometry offers a rapid means of analysis whose results compare well with those 

obtained by conventional fire assay methods. 

8.4. Quantitative X-ray Fluorescence Analysis. 

In the present study, the whole rock pressed briquette method of 

X-ray fluorescence analysis was used for the quantitative determination of Fe, K, 

Ni, Ti, Zr and Cr in the 143 samples from the Vaal Reef at Zandpan and Harte-

beestfontein and from the Ventersdorp Contact Reef at Venterspost. 
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8.4.1. Sample preparation for X-ray fluorescence analysis. 

As was mentioned in Section 7.2, the grinding technique that had 

l_,een adopted for all the samples gave rise to a median grain ;:,izc of 16 to 22 microns 

when it was tested on the composite samples prepared from Venterspost, Harte­

beestfontein and Zandpan. This is much smaller than the 400 mesh Tyler screen 

size (30 microns) generally used in X-ray fluorescence analysis (Volborth, 1963, 

pp. 7-8), and is therefore quite suitable for powdered whole rock analysis. 

Volborth (1965, p. 1) has pointed out that one of the most difficult 

problems associated with the analYSis of rocks, minerals and ores is the detection 

of impurities introduced by grinding, irrespective of the manner of comminution 

used. In the present investigation all the samples were treated identically in an 

attempt to ensure that any impurities that might be introduced during the grinding 

processes would be more or less constant for all samples. 

8.4.1.1. Reasons for choice of pressed powder briquette technique for X-ray 

fluorescence analysis. 

Matrix effects, especially effects resulting from variations in part­

icle size, can cause major problems when powdered materials are analysed by 

means of X-ray fluorescence. The only certain way in which particle size effects 

can be eliminated completely is by the use of a solution or fusion method. The 

use of a fusion method may introduce other problems, however, since the fusion 

method dilutes the sample, thereby lowering the concentration of the elements in 

the analytical sample, and, in addition, fusion may result in the loss of some of the 

more volatile elements, such as potassium. Since particle size effects may, at 

least, be minimized by high-pressure pelleting at 30 tons per sq. inch (Baines, 

1966, pp. 118-120), it was decided to adopt this latter "pressed powder" method 

in the present study in preference to the fusion method. 

8.4.1.2. Preparation of pressed powder briquettes. 

Four grams of the ground sample were transferred to an agate mor­

tar, to which 6 drops of a 3 per cent weight-for-volume solution of Mowiol (water­

soluble plastic) in deionized water were added. The sample was then thoroughly 

blended with the Mowiol solution. The Mowiol was added to prevent shearing when 

the pellet was pressed in a hydraulic press to a pressure of 30 tons per sq. inch 

for 60 seconds. The backing material used to hold the pressed disc was one made 

of an intimate mixture of equal weights of Bakelite powder and boric acid that had 
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previously been blended for 60 seconds in a Siebtechnik mill. 

8.4.2. Matrix effects. 

In quantitative X-ray fluorescence spectrometry, any mixture may 

be regarded as consisting of two components, i. e. , the element being analysed for 

and the remainder of the elements, referred to as the "matrix". 

The accuracy of the X-ray fluorescence method of analysis of rocks 

(or any other material) depends on the precision and the reliability with which the 

intensities of the different characteristic X-ray radiations in the spectrometer can 

be measured, and on how accurately these measurements can be related to the con­

centrations of the different elements present. There are three principal causes of 

error in X-ray fluorescence analysis: 

(1) Instability in the spectrograph and its ancillary equipment, including 

drift and fluctuations. This factor may be reduced to an insignificant level by ope­

rating the spectrograph under optimum conditions and by comparing each unknown 

against a control standard. 

(2) Heterogeneity within the sample, caused by segregation of certain 

components in the matrix, and by surface effects such as particle size variations. 

In the present study, the effects resulting from heterogeneity have been minimized 

as far as possible by fine grinding (see Section 8.4.1) followed by the pressing of 

the powders into briquettes under high pressure, as recommended by Baines (1966, 

pp. 118-120)(see Section 8.4.1.1). 

(3) Absorption and enhancement effects related to the chemical nature 

of the sample. According to Reynolds (1963, p. 1133), the effects of enhancement 

may usually be disregarded in the analysis of trace elements (elements present 

below the 1 per cent level), and in any case these corrections are negligible, dif­

ficult to make and generally ignored in practice. The effects of absorption on the 

emitted radiation are, however, very important and cannot be overlooked. Accu­

rate analyses are not possible unless some correction is made for variations in 

the mass absorption coeffi cients of the samples. 

8.4.2.1. Mass absorption coefficient. 

If the matrix is constant in composition, then a linear relation is 

found to hold between the concentration of a given trace element (ppm Z) and the 

intensity of the radiation (IZKa ) from a member of the characteristic spectrum of 

that element. For very thick specimens (such as were used in the present study) 

the relation may be expressed as follows (Reynolds, 1963, p. 1133): 
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ppm Z . Equation 1 

In the above equation the value of k is determined by (1) the efficien­

cy and design of the spectrometer, and (2) the basic relations that govern the gene­

ration of the particular spectral line involved,(ZK,). The value of k is constant for 
a 

all measurements made with the same spectrometer, provided it is perfectly ad-

justed. The factor l1t is termed the mass absorption coefficient at wavelength A 

and is a simple function of the composition of the sample and the radiation utilized 

in the analysis (ZK a ). 

In the suite of samples examined in the present study, the composi­

tion of the matrix was not constant but varied between wide limits. In view of the 

fact that, in silicate rocks, for any particular wavelength shorter than Co Ka' the 

mass absorption coefficients can differ by approximately a factor of two as the ma­

trix composition changes, it was apparent that the mass absorption coefficient of 

each sample would have to be determined accurately before it would be possible 

to carry out meaningful quantitative X-ray fluorescence analyses on these samples. 

There are four possible ways of arriving at a correction for 

variations in the mass absorption of the sample: 

(1) The background intensity of the matrix is inversely proportional to 

the mass absorption coefficient, and may give an indication of the latter. The in­

tensity of the background is, however, not entirely independent of the wavelength 

used, and hence this method should possibly only be applied to the analysis of the 

heavier elements. 

(2) If the major element composition of the sample is known fairly ac-

curately, then the mass absorption coefficient of the sample can be calculated ac­

cording to the formula: 

* -W * * "" 11 sample - A· l1 A + W B' 11 B + ........ + W N' 11 N Equation 2 

where W A = weight fraction of element A (and W A + W
B 

+ ..... + WN = 1) 

* and 11 = mass absorption coefficient of element A at the wavelength under 
A 

consideration. 

This method has two inherent disadvantages: firstly, the major 

element composition of the sample must be known fairly accurately, and secondly, 

the accuracy of the answer is dependent on, and limited by, the accuracy of pu­

blished values for the mass absorption coefficients of the elements concerned. 

(3) The method advocated by Reynolds (1963, p. 1136) may be used. 

This method utilizes the fact that the intensity of the Compton scattered portion of 
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the characteristic radiation from an X-ray tube is inversely and closely related to 

the mass absorption coefficient of the sample. Here again, however, the method 

has some limitations. The range of elements that can be studied is limited in the 

long wave direction by the absorption edge of iron, while the short wave limit is 

controlled by the capability of the equipment to excite and measure the K a spectra 

of the heavier elements (Reynolds, 1963, p. 1142). 

(4) Direct measurement of the mass absorption coefficient of a sample 

is probably the best method of arriving at a correction for variations in the ab­

sorption of the sample. This procedure offers the added advantage that, when a 

portion of the sample has also had to be analysed by means of X-ray diffraction, 

the mass absorption coefficient results obtained by direct measurement by means 

of X-ray fluorescence may, if certain precautions are observed, also be used to 

correct for the matrix effects encountered in X-ray diffraction (see Section 8.5.5.3). 

8.4.2.2. Development of a method for the determination of the mass ab­

sorption coefficient of a sample by direct measurement. 

A technique devised by Norrish and Taylor (1962. p. 101) was used 

as the basis for the method of mass absorption measurement employed in the pre­

sent study. In outline, the method involves positioning a pressed disc of the ma­

terial whose mass absorption is to be measured in front of the detector (scintilla­

tion counter) and measuring the incident radiation that falls onto the detector with 

and without the pressed disc in position. The mass absorption coefficient of the 

sample can then be calculated from the following equation (equation 3), which is 

based on the elementary absorption theory that all X-rays are absorbed to some 

extent in passing through matter. 

* ]..I = 1 
Px 

I 
In 0 

I 
Equation 3 

(rewritten from Baines, 1966, p. 118) 
2 

where P x is the mass per cm of the sample (x being the sample thickness and 

p the sample density) 

]..I * is the mass absorption coefficient 

I is the intensity of the incident radiation 
o 
I is the attenuated intensity of the transmitted radiation after having 

passed through the sample 

In N is 2.30310g
10

N 
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When measuring mass absorption coefficients, the spectrometer is 

set up to give high intensity radiation (I ) at the desired wavelength, normally the 
o 

wavelength of the analytical line of the element that is being analysed for. If, for 

example, Fe radiation is required, then a disc of pure iron with the spectrometer 

adjusted to the setting for Fe K ex would be a suitable source. In fact, since iron 

is the heaviest major element encountered in most rocks, a single measurement 

of the mass absorption coefficient at the wavelength of Fe K a could be made, since 

this would be satisfactory for the determination of all elements on the short wave­

length side of the iron absorption edge, i. e. , nickel and those elements above 
j..I * unknown 

nickel in the periodic table. In this wavelength region, the ratio * t d d 
j..I san ar 

remains constant (Reynolds, 1967, p. 1499). 

In the present investigation, sinoe it was not practical to determine 

the mass absorption coefficients at the wavelengths of each of the analytical lines 

used (since six elements, Fe, K, Ni, Ti, Zr and Cr, were being analysed for), a 

compromise had to be adopted, and it was decided that the mass absorption coef­

ficients of all the samples should be measured at the wavelength of Cu Kex . Cop­

per radiation (Cu K ) was chosen in preference to iron radiation (Fe K ) because 
ex a 

X-ray diffraction analyses using copper radiation had been carried out on the same 

143 samples as were being investigated by X-ray fluorescence, and only if the mass 

absorption coefficients were measured at the wavelength of Cu K ex would it be pos­

sible to apply these matrix absorption corrections directly to the X-ray diffraction ana­

lyses as well as to the X-ray fluorescence analyses. Leroux, Lennox and Kay (1953, 

p. 741) and Reynolds (1967, p. 1499) have shown that even when the mass absorption 

coefficients of substances have been determined at wavelengths different from those of 

the analytical lines in question, the ratio between the values obtained at the wavelength 

of the analytical line and the values obtained at another wa velength remains a cons4tnt. 

Hence, although the absolute values of the quantitative results obtained in the present study 

for elements of lower atomic number than copper may possibly be subject to minor 

error, this will in no way invalidate the results when correlations and comparisons 

are made between samples. 

In the present study, it was found to be impossible to press discs 

for mass absorption coefficient measurements that would be selfsupporting with­

out the addition of some binding material, even when pressures of 60 tons per sq. 

inch were used. The binding material selected was powdered cellulose, which 

was added to the sample in the proportion of 0.0600 grams of cellulose to 0.1400 

grams of sample. This was thoroughly mixed in an agate mortar and pressed in 
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a die at 60 tons per sq. inch to yield self-supporting discs suitable for measure­

ment. All discs were reweighed to 4 significant places of decimals after the in­

tensity measurements had been carried out. All measurements were made on 

duplicate pellets, and the average value obtained for the mass absorption coeffi­

cient was used in making matrix corrections. 

The addition of any diluent with a low absorption (such as cellulose) 

does, however, mean that the measured absorption coefficient must be corrected 

for the amount of diluent added. The following experiment was carried out in order 

to determine the amount of correction that would be necessary to compensate for 

the binding material: 

Mass absorption coefficients were measured on five discs consisting 

of pure cellulose, five discs consisting only of finely powdered Brazilian quartz 

(with a median grain size of 15.4 microns) and five discs conSisting of a mixture 

of 0.1400 grams of quartz and 0.0600 grams of cellulose. The values obtained 

were as follows: 

* cellulose 11 = 7.36 

* 11 35.01 quartz 

cellulose-quartz 
mixture 11* = 26.31 

On calculating the mass absorption coefficient for the cellulose-quartz mixture with 

the aid of Equation 2 (using the measured absorption coefficients for pure cellulose 

and pure quartz and the weight fractions of each component present in the mixture) 

a value of 26.72 was obtained. When this calculated mass absorption coefficient 

was compared with the measured mass absorption coefficient of the mixture (26. 31), 

the absolute error was found to be only 1. 52 per cent. 

From the results of this experiment, it was calculated that the cor­

rection factor that would have to be applied to all measured mass absorption coeffi­

cients to compensate for the presence of the cellulose binder would be 26.31/35.01, 

or 0.751. In order to check on the constancy and applicability of this observation, 

two samples whose mass absorption coefficients were expected to be vastly diffe­

rent (in view of differences in pyrite content observed in the original ore) were 

chosen from the suite of 143 samples awaiting analysis, and their mass absorption 

coefficients were measured with and without binder. The results were as follows: 

Sample 473 

Without cellulose binder 

With binder 

Factor (28.39/37.86) 

* 11 = 37.86 

* 11 = 28.39 

0.750 



Sample 476 

Without cellulose binder 

With binder 

Factor (47.00/62.57) 

* ]J 

* 
]J 

62.57 

47.00 

0.751 

125. 

Other considerations that had to be borne in mind when determining 

the mass absorption coefficient were: 

(1) Grain size. According to von Engelhardt (1955, p. 437), the maxi-

mum grain size of the particles should not exceed that which can be calculated from 

the equation: 

d = 
max 

100 
]J Equation 4 

where d is the grain size measured in microns 
max * 

and ]J is the measured linear absorption coefficient. (]J =]J • p ). 

Weiskirchner (1960, p. 258), who measured mass absorption coef­

ficients on carefully-sized fractions of powdered quartz, found that the maximum 

value for the mass absorption coefficient of quartz (34.85) was obtained when 

grains in the range of 2-4 microns were measured. These results are in accord­

ance with the predictions of equation 4. Weiskirchner (1960, p. 265) also exa­

mined the effect of using particle size distributions different from those recom­

mended by von Engelhardt in equation 4. Although theoretically the presence of 

grains of a size larger than the recommended size should yield values for the mass 

absorption coefficients smaller than the expected values, Weiskirchner found that 

some as yet unexplained factor compensated in full for the effect of variations in 

grain size in the region 2-30 microns. This factor seemed to be dependent on the 

mass absorption coefficient of the sample, so that the amount of compensation ap­

peared to be a function of the mass absorption coefficient, with more compensation 

occurring in samples with a higher mass absorption coefficient. 

(2) Quality of the discs. It is essential that the pressed discs should be 

fashioned in such a manner that parallel-sided discs are formed: any tendency to­

wards a wedge shape in the discs leads to incorrect values. This problem was, in 

fact, encountered in the course of the present study, and accordingly, in order to 

overcome it, the discs were rotated through 360 degrees in arcs of 90 degrees 

during the process of measurement. This produced a total of 8 measurements on 

the two discs prepared from each sample, the mean of all 8 values being taken as 

the mass absorption coefficient. 

(3) Monochromatic radiation. Ideally, it is necessary to carry out all 

mass absorption measurements using monochromatic radiation. The radiation pro-
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duced by the X-ray tube does, however, contain a fair proportion of harmonic ra­

diation with a wavelength of A /2. One way in which the amount of radiation of the 

harmonically-related type can be minimized is by using pulse height discrimination 

with the scintillation counter. Since, however, this requires the use of extremely 

narrow window settings, which may result in undesirable variations in the recorded 

intensities, a more satisfactory method of reducing harmonic radiation is to lower 

the excitation potential, i. e. the voltage applied to the X-ray tube. This results 

in less radiation with a wavelength of A!2 being generated. 

8.4.2.3. Verification of analytical procedure for determination of mass 

absorption coefficient. 

In order to check on the correctness of all the instrumental condi­

tions and analytical procedures used in the measurement of the mass absorption 

coefficient by means of X-ray fluorescence, a series of mixtures containing varying 

amounts of carefully-sized calcite (found to have a median grain size of 3 microns 

when the sizes were checked on a Sartorius sedimentation balance) and cellulose 

were prepared and their mass absorption coefficients were measured using the 

method that had been adopted for the present study. The values obtained were then 

plotted against the concentration of calcite in the mixtures, and a straight line was 

fitted to the points by a least squares method. On extrapolation of this line, a 

value of 67. 00 was obtained for the mass absorption coefficient of pure calcite. This 

is in excellent agreement with the value of 67.75 reported by Weiskirchner (1960, 

p. 258) for calcite with a grain size distribution of 2-4 microns. 

Using the same technique, the mass absorption coefficient for quartz 

with a median grain size of 15.4 microns was found to be 34.99, while for discs com­

posed only of pure quartz powder a value of 35. 01 was obtained. Once more, these 

values are in excellent agreement with the value of 36.1 reported for quartz by 

Norrish and Taylor (1962, p. 102), the value of 34. 9 obtained by Alexander and 

Klug (1948, p. 887), and with the theoreti cal value of 35. 00 obtained by calculation 

from the published mass absorption coefficients of the elements. Norrish and 

Taylor (1962, p. 102) have commented that the deviations between calculated and 

experimentally-derived absorption coefficients are generally less than the uncer­

tainty in the published absorption coefficients of the elements. 

After the analytical procedure for the determination of mass ab­

sorption coefficients had been verified as described above, a computer program­

me was drawn up to assist in calculating the mass absorption coefficients of any 
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powdered material. This programme (NIMMNHMU, programme 6 listed in Section 

9) takes into consideration the correction factor of 0.750 that had to be applied for 

cellulose binder in the disc (see Section 8.4.2.2) and the dead time of the scintil­

lation counter used in the present study (see Section 8.4.4.1.4). 

8.4.3. Methods of quantitative X-ray fluorescence analysis. 

Quantitative X-ray fluorescence analysis attempts to deduce the 

concentration of an element present in a sample from the intensity of the radiation 

produced by a member of the characteristic spectrum of that element. A standard 

of known concentration is required to provide radiation of a reference intensity with 

which the intensity of the analytical line of the element being analysed for can be 

compared. Two methods of quantitative X-ray fluorescence analysis are in use, an 

internal standard method and a method involving an external standard. 

8.4.3.1. The internal standard method. 

Use of the internal standard method obviates the need for measuring 

the mass absorption coefficient but produces other problems in its wake. Essential-

ly the method involves the addition to the sample of a known amount of an element 

whose line and absorption edge are near those of the element that is being analysed 

for. Since the intenSity of radiation produced by the added element undergoes the 

same absorption and enhancement as the analytical line, the ratio of the concen­

tration of the added element to that of the analytical element is related to the ratio 

of their intensities by a constant factor. Although the method is well established 

and is capable of yielding excellent results, it has some serious disadvantages in the 

circumstances of the present study. Firstly, the element used as the internal 

standard should be within two or three atomic numbers of, and should have the same 

concentration level as, the analytical element. It was impossible to comply with this 

requirement in the case of the present study, where six elements of widely varying 

concentration were to be analysed for. Secondly, the use of the internal standard 

method carries with it the possibility of introducing errors because of the neces­

sity for increased handling of the sample, with the consequent danger of contami­

nation, and because of the difficulty of ensuring that the internal standard is ade­

quately mixed with the sample. Thirdly, the internal standard method is most sa­

tisfactorily applied to the analysis of the heavier e.1ements in low and moderate con­

centration where only one or two elements are to be determined. Fourthly, the ad­

dition of elements to a sample dilutes the sample and thereby lowers the concen­

tration of the elements that are to be analysed for. All these considerations mili-
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tated against the use of the internal standard method in the present investigation. 

8.4.3.2. The external standard method. -- international rock standards. 

Since it had been decided that the use of any method that required 

the addition of other elements to the sample, whether as internal standards or as 

fluxing agents to overcome matrix effects, would be undesirable in the present 

study, it was decided to adopt the method of comparison employing external 

standards. 

A number of well-analysed rock samples, such as Diabase W-1 

(Fleischer, 1965, pp. 1263-1283) and Syenite SY-1 (Webber, 1965, pp. 229-248), 

with their currently-accepted analyses, were available for use as standards. 

Dunite NIM-D, a sample of dunite that has been prepared by the National Institute 

for Metallurgy as a future international rock standard, was also used in this study. 

The elemental contents of the three standard rock powders (W-1, SY-1 and NIM-D), 

which were used in the determination of the six elements Fe, Ti, Zr, K, Cr and 

Ni in the 143 samples from Hartebeestfontein, Zandpan and Venterspost, are 

listed in Table XXXII. 

TABLE XXXII 

ELEMENTAL CONTENTS OF THREE ROCK POWDERS USED AS STANDARDS FOR 

THE DETERMINATION OF Fe, Ti, Zl~, Cr AND Ni BY X-RAY FLUORESCENCE 

ELEMENT 

Fe 

Ti 

Zr 

K 

Cr 

Ni 

8.4.4. 

ROCK STANDARD CONCENTRATION PPM. 

W-1 72523 

W-1 6400 

SY-1 2920 

SY-1 27000 

NIM-D 2750 

NIM-D 2200 

Method of quantitative X-ray fluorescence analysis adopted in the 

~Jresent study. 

In the present study, the whole rock pressed briquette method. of X­

ray fluorescence analysis, using international rock standards as external standards, 

was adopted for the quantitative determination of the six elements Fe, Ti, Zr, K, 

Cr and Ni in the 143 samples from the Vaal Reef at Hartebeestfontein and Zandpan 

and from the Ventersdorp Contact Reef at Venterspost. The method of preparation 
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of the pressed powder briquettes has been outlined in Section 8.4. 1. 2. The 

Philips instrument used in the present study had four sample holders, three of the 

holders being used for samples while the standard (one of the international rock 

powders described in Section 8.4.3.2) was placed in the fourth sample holder. In 

each analytical run, measurements of peak and background intensity were made on 

the three samples, followed in turn by peak and background measurements on the 

standard, made under the same conditions as were used for the samples. 

The instrumental conditions and counting times used are discussed 

below. 

8.4.4.1. Instrumental variables in X-ray fluorescence analysis. 

The conditions used in the analysis of the samples are listed in 

Table XXXIII. In selecting these conditons, the following factors were taken into 

consideration: 

8.4.4.1.1. X-ray tube target. 

In order to achieve maximum sensitivity, the target chosen was, in 

each case, the one providing the best excitation of the specific element that was to 

be analysed for. Other factors that were also borne in mind when choosing the 

target were: 

(a) 

(b) 

8.4.4.1.2. 

the presence of impurities in the target material that might result 

in blank corrections having to be made; 

the possibility of interference to the analytical line by the characte­

ristic radiation from the target itself. 

Analysing crystals. 

The analysing crystals used were chosen by, where possible, com­

paring one crystal with another in order to see which one would give the highest 

intensity coupled with the maximum amount of dispersion to prevent line interfe­

rence. In the present study, the presence of extra reflections in the LiF (220) 

crystal, caused by the existence of sets of planes slightly tilted with respect to the 

main reflecting plane, was not found to produce any interference. 

8.4.4.1. 3. Choice of counter. 

A scintillation counter was used for the determination of the heavier 

elements, while a flow counter was used for the lighter elements. 
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TABLE XXXIII 

X-RAY FLUORESCENCE SPECTROMETRY 

INS'!'RUMENTAL CONDITIONS USED FOR THE DETERMINATION OF Fe, Zr, Ni, 

Cr, Ti AND K IN PRESSED WHOLE ROCK POWDER BRIQUETTES 

ELEMENT CRYSTAL COLLIMATOR X-RAY TARGET COUNTER* PATH 

Fe K LiF (220) fine W S.C. air 
ex 

Zr K LiF (220) fine W S, C, air 
(l 

N" K 1 a LiF (220) coarse W S,C. air 

Cr K 
(l 

LiF (220) coarse W F.C. vacuum 

T"K 1 a. LiF (100) coarse Cr F.C. vacuum 

K K 
a. P.E.T. coarse Cr F.C. vacuum 

* S.C. = scintillation counter 

F.C. = flow counter 

8.4.4.1.4. Counting losses. 

As can be seen from Table XXXIII, it was necessary to make use of 

the scintillation counter for the determination of some of the elements. The count-

ing rates associated with some of these elements were high enough to cause over­

loading of the detector and counting circuitry, and consequently, to correct for this, 

the so-called "dead time" of the counter had to be determined. This was measured 

by means of the well-known "foil technique" (Cullity, 1956, pp. 197 - 198), the 

value obtained for the Philips instrument used in the present study being 0.2440 x 
-6 

10 seconds. This factor was applied in all work requiring the use of the scintil-

lation counter. 

It was not found necessary to determine the "dead time" of the flow 

counter, as in this case the counting rates were never sufficiently high (greater than 

10, 000 counts per second) to cause overloading of the counter and its associated cir­

cuitry. 

8.4.4.1.5. Counting times. 

For each sample or standard, counts were accumulated for 10 se­

conds on peak and 10 seconds on background, the whole procedure being repeated 

10 times. The means of all the values obtained were used to calculate the concen-

trations of the elements in the samples. These counting times, coupled with the 
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number of counts recorded, were found to give adequate counting statistics. The 

relative probable error was found to be less than 1 per cent when calculated ac­

cording to the formulae given by Mirkin (1964, p. 76). 

0.675 
(Relative probable error]..l =.J where n is the number of pulses) 

p n 

8.4.4.2. Calculation of results of quantitative X-ray fluorescence analysis. 

The results of the analyses were calculated according to the fomula 

proposed by Reynolds (1967, p. 1500), which is shown below (Equation 5). 

u 
ppm Cr 

where 

For any particular element, say chromium: 

= 
I u *u s 
(CrKa) ']..1 • ppm Cr . Equation 5 

I s *s 
(CrKa) . ]..I 

I is the measured nett intensity = (peak intensity - background) 

* ]..I u is the mass absorption coefficient of the unknown powder sample 

* ]..I s is the mass absorption coefficient of the powdered rock standard 
u 

Cr is the chromium content of the rock sample 

Cr
s 

is the chromium content of the rock standard. 

This formula was incorporated into two computer programmes, Nos. 4 and 5 (see 

Section 9), into which were fed the mass absorption coefficients and the peak and 

background intensitie's. 

8.4.4.3. Check on the self-consistency of the method of X-ray fluorescence 

analysis used in the present study. 

Checks on the self-consistency of the method were carried out using 

the following samples: Tonalite T-1 (Ingamells and Suhr, 1963, p. 902), Syenite 

SY-1 (Webber, 1965, pp. 229-248), Diabase W-1 (Fleischer, 1965, pp. 1263 - 1283), 

Granites GA, GH, Basalt BR (Roubault, de la Roche and Govindaraju, 1966, pp. 

107 - 121) and Dunite NIM-D (unpublished analytical results, National Institute for 

Metallurgy) . 

The method used was as follows: Each of the samples in turn was 

used as an "unknown" and analysed for the particular element required using one 

of the other samples as a "standard". It was found that the results obtained were 

close to the published values when samples T-1, W-1, SY-1 and NIM-D were used, 

and that there was good self-consistency between these samples. For example, a 

value of 105 ppm (instead of the published value of 100 ppm) was found for zirconium 
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in W-1 when SY-1 was used as a "standard". On the other hand, poor results, often 

differing by as much as 50% from the published values, were obtained when the French 

standards GA, GH and BR were used, but these wide discrepancies may possibly be 

attributed to the fact that in most cases a total of only 3 published analyses, often 

wHh Widely different analytical results, was available for these samples. The grain 

size distribution in the French samples may be another factor responsible for the 

observed discrepancies, but this was not investigated in the present study. 

On the basis of this investigation, it was decided that the results ob­

tainable by the method of quantitative X-ray fluorescence analysis adopted for the pre­

sent study were satisfactory. 

Volborth (1963, p. 64) carried out similar work on pressed rock 

powders of wide modal and chemical compositions, and was able to conclude that the 

X-ray fluorescence method of analysis could be used satisfactorily to determine the 

major, and some of the minor, components of the rock. Volborth's method also in­

volved the use of finely-ground pressed rock powders without the use of binders, and 

the use of International Rock Standards Granite G-1 and Diabase W-l. He summarized 

the main advantages of this technique as being simplicity, sensitivity, speed, precision 

and accuracy, coupled with the fact that no weighing, diluting or fluxing operations had 

to be performed on the samples and that no additions of any kind had to be made to the 

samples. 

8.5. 

8.5.1. 

Quantitative X-ray Diffraction Analysis. 

Introduction. 

In the present study, X-ray diffraction analysis was used for the 

quantitative determination of pyrite, the three phyllosilicates muscovite, pyrophyl­

lite and chlorite, and "quartz" (which was determined by difference) in the 1.43 

samples from the Vaal Reef at Zandpan and Hartebeestfontein and from the Venters­

dorp Contact Reef at Venterspost (see Part I of this thesis). 

The quantitative X-ray diffraction analysis of a heterogeneous multi­

component mixture (the Witwatersrand banket) in itself presented problems of consi­

derable complexity, which were rendered more complex by the fact that quantitative 

determination of phyllosilicates in the presence of other minerals was also involved. 

Among the difficulties that are encountered when quantitative X-ray diffraction 

powder analysis is carried out on phyllosilicates are the following: 

(I) Since most of the phyllosilicates display a less perfect degree of 

crystallization than other minerals, and have an extremely fine-grained nature, the 

X~ray reflections produced by phyllosilicates are generally broader and of 
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lower intensity than the reflections produced by other minerals, and measurable 

reflections are few. 

(2) Strutural imperfections and rearrangements in the phyllosilicate 

lattice result in reflections with variable and often diffuse peaks, whose exact posi­

tions may be difficult to determine in view of their being asymmetrically broadened. 

(3) The inherent platy morphology of the phyllosilicates is a factor that 

causes preferred orientation, often to an unpredictable degree, during sample pre­

paration. 

In view of these difficulties, special precautions had to be exercised 

in the present study at all stages of sample preparation, diffractometer recording 

and interpretation of results. The techniques adopted are described and discussed 

in subsequent paragraphs. 

8.5.2. 

8.5.2.1. 

Fundamental concepts and techniques in quantitative X-ray diffrac­

tion analysis. 

Choice of radiation. 

Selection of the radiation to be used in an investigation is governed 

to a very 'large degree by the type of material that is to be examined, as well as 

by the availability of suitable X-ray tubes. In cases where the material that is to 

be examined has a high iron content (i. e. , over 20%), the use of an X-,ray tube 

with an iron or chromium target would normally be favoured. For analyses of si­

licate materials, however, despite the fact that they may contain moderate amounts 

of iron, the use of an X-ray tube with a copper target is preferred in view of its 

better dispersion at the low angle settings of the goniometer. Since silicate mate­

rials predominated in the present suite of samples, an X-ray tube with a copper 

target was selected for use in the present investigation. 

8.5.2.2. Detection limit. 

Examination of a diffractometer chart raises the question of how 

large a "peak" must be before it can be regarded as being a valid reflection. As a 

rough guide, Zussman (1967, p. 280) stated that a "peak" that is three times as big 

as the standard deviation of the background is likely to represent a reflection, De 

Vries (1966, p.5 ), on the other hand, defined the lower level of detectability as 

that concentration which permits one to distinguish the peak from the background, 

but which is not necessarily a region where practical analysis can still be per­

formed. This latter concept of the detection limit is the one that has been adopted 



for the purposes of the present study. 

8.5.2.3. Peak position. 

Chayes and MacKenzie (1957, p. 534) investigated the random errors 

inherent in the determination of the peak locations and the distances between peaks 

in X-ray powder diffractometer patterns. They concluded that the major part of 

the error in determining the position of a peak was apparently associated with ope­

rations contingent upon setting up the specimen and getting the instrument in motion 

(operations such as, for example, the synchronization of the chart recorder with 

the instrument). Chayes and MacKenzie took the position of the peak as being a 

point midway between the edges of the peak at two-thirds of the peak height, both 

coordinates being judged by eye. Differences between chart and standard of the 

order of 0.0156
0 

at 50
0 

28 were attributed mainly to operator error. Chayes and 

MacKenzie suggested that internal standards should be used whenever close deci­

sions have to be made. 

Zussman (1967, p. 280) concurred with Chayes and MacKenzie that 

the position of a peak on a diffractometer chart is best measured at the centre at 

about two-thirds of the peak height, and not at the apex of the peak. He added that 

the centre of an unresolved a ,a , ') 
doublet can be used as 2 8 for a weighted mean 

1 ~ 

wavelength A = -3 (2 A + A ). The instrument must be set up and calibrated 
a

1 
a2 

accurately with a standard specimen, and whatever measuring procedure is adopted 

for the standard's peaks should also be used for the peaks from other specimens. 

8.5.2.4. The measurement of intensity. 

As Zussman (1967, p. 284) has pointed out, various techniques may 

be used in the measurement of intensities. The intensity at a given Bragg angle can 

be measured by counting for a fixed time, or by timing a fixed count with a sta­

tionary goniometer. A similar result can be obtained, but with far less accuracy, 

by measuring the deflection of the recorder pen. In all these cases, the background 

measurements must also be made and subtracted. More generally, however, use 

is made of the scanning goniometer and the reflection profile as traced by the re­

corder. Zussman stated that the correct procedure is to obtain the integrated in­

tensity by measurement of the area under the peak, but added that often the peak 

height can be assumed to be proportional to the area, with the consequence that in 

these cases only the peak height needs to be measured. Zussman stressed, how­

ever, that in those cases where, as a result of variations in the degree of crystal-
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Unity of the substance, changes in peak shape occur, measurement of the area 

,mder the peak becomes mandatory. 

Norrish and Taylor (1962, pp. 102 - 103) stated that the most accurate 

method of measuring diffraction intensities is to take a large number of counts at 

the required angle, since, if sufficient counts are accumulated, the accuracy ob­

tainable is limited only by the output stability (usually of the order of 1 per cent) of 

the X-ray generator used. If no other lines lie near the line being measured, and 

if the background in this region is flat, then no problem should be encountered with 

the measurement of the height of the peak above background. Where complex mix­

tures arc being examined, however, Norrish and Taylor state that some integration 

method is to be preferred. During the analysis of rocks, for example, the back­

ground obtained invariably tends to be a sloping one, so that averaging the back­

ground on either side of the line does not necessarily give an accurate estimate of 

the line background, particularly if other lines lie near the one being measured. 

8.5.2.5. Techniques used in integration. 

In cases where materials yield broad, low and "hashy" X-ray re­

flections, the measurement of the X-ray intensities presents a most difficult pro­

blem. Reflections of this sort are often produced by poorly crystalline materials 

or severely strained crystallites (such as many of the phyllosilicates). Maximum 

peak intensity is almost useless for the quantitative estimation of such materials, 

and in these cases the areas under the peaks must be integrated. 

The most commonly used methods for computing the area under a 

diffraction peak are: triangulation, planimetry, the calculation of height times 

width at half height, cut and weigh techniques, and the use of a Disc Integrator. 

The merits of the various methods are reviewed below. 

8.5.2.5.1. Triangulation. 

In this case a triangle is constructed by drawing tangents to the 

slopes of the peak. The base is taken as the intersection of the two tangents with 

the baseline. The height is measured from the base to the point where the tangents 

intersect. The area is then calculated from the formula: area = ~ base x height. 

The accuracy and precision of this method are dependent on the skill 

employed in the construction of the triangle, and on the shape of the peak itself. 

Even when the peak shape is Gaussian, however, only 97 per cent of the area under 

the peak is accounted for when this technique is used. 
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8.5.2.5.2. Planimetry. 

The precision obtainable by means of the planimeter is governed by 

t he design of the instrument and by the skill of the operator. Higher precision can 

be obtained by tracing each peak several times and taking a mean value, but this 

procedure is very time-consuming. 

8.5.2.5.3. Height times width at half peak height. 

Since normal peaks approximate a triangle, the area under the peak 

can be approximated by multiplying the peak height by the width of the peak at half 

height. The normal peak base is not used in this calculation because large devia­

tions may be caused by tailing or absorption. 

Symmetrical peaks can be measured with reasonable accuracy by 

this technique, although narrow peaks set limits to the precision and accuracy ob­

tainable. Poor results are obtained when this technique is used to measure the 

area under asymmetrical peaks. 

8.5.2.5.4. Cut and weigh. 

In this case the areas under peaks are compared by cutting out the 

diffraction peaks and weighing the paper on an analytical balance. The accuracy 

of the method depends on the care used in the cutting-out, and on the constancy of 

thickness and moisture content of the chart paper. A major disadvantage of this 

technique is that recorded spectra are destroyed, but this problem may be avoided 

by photocopying the peak in question and using this cut-out for integration purposes. 

8.5.2.5.5. Disc Integrator. 

Of all the integration techniques, the one that has been found to be 

the best is based on the use of an attachment called the Disc Integrator. This is 

coupled to the normal recorder so that integration is performed simultaneously with 

the recording of the diffractogram. The use of the Disc Integrator permits allowan­

ces to be made for peak broadening, asymmetry and sloping backgrounds. Anderson 

(1964, p. 33) has investigated the precision of the results obtainable when the Disc 

Integrator is used. He reported that when samples containing varying amounts of 

bayerite were analysed, the mean coefficient of variation of measurments made 

with the Disc Integrator was 0.83 per cent, while when the technique of measuring 

peak heights was used the coefficient of variation was 1. 69 per cent. Similarly, he 

found that the measurement of a sample containing 70 per cent (repeated analyses) 

of poorly crystalline pseudeboehmite with a "hashy" peak resulted in a coefficient of 
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variation of 1. 1 per cent when the Disc Integrator was used, while when a compen­

,ating polar planimeter was employed the coefficient of variation was 3.6 per cent. 

In view of the fact that the use of the Disc Integrator enables rapid 

permanent records, complete with integrated intensities, to be made at the time 

of analysis, and, in addition, permits allowance to be made for sloping backgrounds, 

the Disc Integrator technique was selected for use in the present study. Comparisons 

can be made between the integrated intensities obtained by means of the Disc Inte­

grator in the present survey and the peak-height-to-background meaGurements quoted 

in the A. S. T. M. Powder Data File if the graph of peak height vs. integrated area 

given by Swanson, Morris, Stinchfield and Evans (1962, pp. 2-3) is used. (The 

integration results plotted by Swanson et aL were obtained by use of the planimeter 

and cut-anrl-weigh techniques). 

8.5.2.6. The choice of divergence slits. 

The size of divergence slit that should be used in a particular in­

vestigation is another factor that must be considered before commencing X-ray 

diffraction analysis. Leroux and Mahmud (1959, p. 337) and Schoen (1962, p. 1390) 

have examined the focussing arrangements of the X-ray goniometer that delineate 

the geometriC shape of the volume fraction of the sample being irradiated. Leroux 

and Mahmud reported that the departures of actual observed analytical results from 

the theoretical results expected could in each case be correlated with the volume 

fraction of the sample irradiated, as the width of the X-ray beam was changed. 

Leroux and Mahmud found that the best results were obtained when 1 degree di­

vergence slits were used with copper radiation, and concluded that, for quantita­

tive analysis where the resolution of the peak line was not a problem, the use of 

the maximum permissible divergence slit opening was to be recommended. 

Bearing these recommendations in mind, the following conditions 

were selected for use in the present investigation: the largest possible divergence 

slit opening, which would permit the greatest possible amount of the sample to be 

irradiated, was chosen. This meant that a divergence slit of 1 degree was used 

between 2 and 73 degrees 2 e for all measurements made with Cu Ko. radiation, 

while at goniometer readings above 73 degrees 2 e a 4 degree divergence slit was 

used. A scatter slit of 0.1
0 

and a receiving slit of 1
0 

were used throughout the 

study to ensure maximum peak resolution. 
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Factors affecting the intensity of reflections in X-ray diffraction 

analysis. 

Many factors affect the intensity of the reflections obtained when 

substances are irradiated by an X-ray beam. Some of these factors, which must 

be taken into account in quantitative X-ray diffraction analysis, are reviewed in 

subsequent paragraphs. 

8.5.3.1. Intensity and sample particle size. 

"The question of the effect of grain or particle size on the relative 

intensities of X-ray reflections from powders consisting of a mixture of two or more 

substances is of fundamental importance in several different connections. It arises, 

for example, when mixtures of known composition are used for the purpose of 

making accurate comparison of the intensities reflected by the individual compo­

nents. The question is equally important in connection with the converse problem 

of determining the composition of a mixture from the reflected X-ray intensities. " 

(Brindley, 1945, p. 347). The theoretical calculation of the intensity of X-ray 

reflection by crystalline powders is usually based on the assumption that the inten­

sity reflected by any small volume element dV of the powder is proportional to dV, 

provided that there is only negligible absorption within the volume element. The 

total reflected intensity may then be obtained by integration over the volume of the 

powder specimen, making due allowance for absorption and for the random orient­

ation of the crystallites. If the particles of a mixture are sufficiently fine, the re­

flected intensities from different components may be regarded as being equally in­

fluenced by the mean macroscopic absorption of the mixture, but with coarser par­

ticles this equalization of absorption may not occur. 

Klug and Alexander (1954, p. 292) have statistically examined the 

relationship between peak intensity, reproducibility and crystallite size. From an 

examination of four quartz-powder fractions containing crystallites with mean di­

mensions of, respectively, 5-{;0 microns, 15-50 microns, 5-15 microns and less 

than 5 microns, Klug and Alexander found that the reproducibility of the intensity 

measurements was considerably better in the case of the finer fractions (i. e. , 

those with mean dimensions less than 15 microns) than in the case of the coarser 

fractions. The reproducibility of peak heights for quartz is dependent on the random 

orientation of the crystallites, and this is most easily achieved in powders with a 

small particle size. Klug and Alexander also found that the average observed in­

tensity of the finer fractions was greater than that of the coarser fractions. This 
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could be attributed to a reduction in extinction in samples made up of very small 

crystallites, since small particle size reduces extinction and microabsorption ef­

fects to a negligible level so that near-maximum peak intensity results. When, 

however, the average particle size of quartz is reduced to below 2 microns the x­

ray peak intensity decreases. probably as a result of the f ormation on the particle 

surfaces of a thin "amorphous" material that is developed during grinding and con­

tributes to X-ray absorption (Tatlock, 1966, p. 5). Weiskirchner (196 0, p. 265), 

who studied the X-ray intensities of quartz and calcite powders, reported a similar 

effect, 

In the course of the present investigation, the relative intensities for 
- -

the quartz (1011) and (1010) peaks were examined in relation to the median grain 

size, which was determined on a Sartorius sedimentation balance. The results are 

plotted in Figure 16. It can be seen that, for both quartz peaks, the maximum in­

tensity occurred with particles whose median grain size was 13.6 microns. 

It would seem that where the crystallites have a grain size larger 

than 30-40 microns, a reduction in the intensities due to extinction can be expected. 

According to Tatlock (1966, p. 6), experimental work on sized fractions of pure 

minerals indicates that sample powders should have a maximum crystallite size of 

40 microns and a minimum size greater than 2 microns if both optimum reproduci­

bility and near-maximum intensity are to be obtained in quantitative X-ray dif­

fraction analysis. Tatlock unfortunately did not specify this optimum particle size 

distribution in terms of median grain size, although a particle size distribution is 

more meaningful expressed as median grain size than as a size range. The results 

obtained for quartz in the present investigation (reported in the previous Section) 

indicate, however, that a median grain size in the region of 15 microns (13.6 microns 

for pure quartz) is probably close to the optimum. It is obvious that samples 

should conform to the optimum median grain size if pOSSible, but when a whole 

rock powder is to be analysed, it must be remembered that the use of any separa­

tion technique (such as sedimentation) to extract from the sample a fraction that 

conforms to the optimum median grain size is likely to render the sample unre­

presentative. The quantitative analysis of a multi component mixture requires that 

the sample as a whole should be analysed, not just any particular size fraction of 

that sample, and hence it is necessary to employ a grinding technique that will pro­

duce, from the original complete sample, a powder whose median grain size ap­

proximates to the optimum. 

Mirkin (1964, p. 78) has pointed out that the mean error for samples 
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with the same mass absorption coefficient but different grain size distributions can 

vary from 4 per cent for grains with a median grain size of 15 microns to 15 per 

cent for particles with a median grain size of 40 microns. For particles with a 

median grain size lying between 5 and 10 microns, Mirkin found that the error was 

between 1 and 2 per cent for samples with a mass absorption coefficient of 
2 -1 

50 cm g 

The maximum permissible crystallite size at which micro-absorp­

tion effects are still negligible will depend on the difference between the component 

and the matrix as regards their absorption of the radiation being used. (The matrix 

is defined as the components other than the component being analysed for, so that 

the analytical component and the matrix together constitute the sample as a whole.) 

As was mentioned in Section 8.4.2.2, von Engelhardt (1955, pp. 436 - 437) has 

proposed the following equation, relating grain size to the linear absorption of the 

substance, as a guide to the optimum grain size distribution: 

d 
max 

100 
]1 

(in microns) Equation 4 

where d is the maximum particle size of the substance in microns and]1 is 
max 

the linear absorption coefficient of the substance (]1 ==]1 *.P ). 

Particles with a median grain size in accordance with equation 4 

will show the minimum micro-absorption effects. 

Alexander, Klug and Kummer (1948, p. 742) have calculated that if 

an error of 1 per cent in the intensity measurements can be tolerated, then in the 

case of silicates whose mass absorption coefficients lie in the range between 20 

and 100 the maximum permissible grain size would be of the order of 5 microns. 

8.5.3.2. Intensity and the effect of background. 

It is important to remember that the total intensity and the back­

ground intensity should be known with approximately the same degree of absolute 

error, as decreasing the absolute error in only one of the two quantities will not 

improve the overall accuracy but will only improve the precision of the difference, 

i. e., the net intensity. 

For good quantitative results to be obtained, it is necessary to re­

member that the peak-to-background ratio of the most intense line of the powder 

pattern of a substance determines the minimum detectable amount of that substance 

in the mixture. Any decrease in the peak-to-background ratio will, therefore, be 

marl<edlydctrinl(~nt<ll to the accuracy of the determination. Buerger and Kennedy 
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(1958, pp. 756 - 757) have rightly pointed out that, when a small amount of material 

is supported in an X-ray path, the background noise from the mounting media in­

cludes random reflections that may be indistinguishable from low intensity peaks 

of the diffraction pattern. Provided that the specimens are large enough to be 

packed or pelleted or are of quasi-infinite thickness the background noise contri­

buted by the holder or support is usually masked. This is one of the reasons why 

an adequate sample thickness is necessary. 

8.5.3.3. Intensity and sample thickness. 

In order to achieve maximum diffracted intensity, the thickness of 

the sample must exceed a certain minimum given by the equation published by 

Alexander and Klug (1948, p. 886): 

t > 3.2 
]J 

-p­
p'" 

where t is the thickness of the sample 

. sin 6 Equation 6 

]J is the mean linear absorption coefficient of the solid material composing 

the powder 

P is the density of the solid uncrushed material 

p'" is the density of the sample powder including interstices 

6 is the Bragg reflection angle. 

This relationship between thickness and absorption should be noted, 

as the absorption of the material will determine the thickness of sample required. 

For example, the mass absorption coefficient (which is obtained by dividing linear 

absorption coefficient by density) of magnesium chlorites is lower than that of iron 

chlorites, and therefore magnesium chlorite samples should be thicker than iron 

chlorite samples. Schoen (1962, p. 1388), using eu Ka radiation, found that a 

minimum thickness of 0.09 mm satisfies equation 6 for a magnesium chlorite up to 
o 

a 26 angle of 18.8 . If one iron atom was substituted for magneSium, however, 

Schoen found that the minimum thickness decreased to 0.046 mm, while a pure 

iron chlorite only required a sample thickness of 0.016 mm. 

Zussman (1967, p. 280), in discussing the effect of absorption errors 

that occur in diffractometry, mentioned that the higher the absorption coefficient of the 

sample was, the lower the error was likely to be. This effect was also noted by 

Weiskirchner (1960, p. 265). The practical way in which to minimize absorption 

errors is to keep samples as thin as possible, while taking care that the minimum 

thickness speCified by equation 6 is exceeded. 
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Williams (1959, p. 1842) used gum tragacanth as a diluent in order 

to minimize absorption effects in quantitative work. Normally Williams used a 

sample depth of only 0.005 mm, but for many materials this thickness proved to' 

be too small, necessitating the use of a greater sample depth and dilution of the 

sample by gum tragacanth to yield final samples with mass absorption coefficients 
2 -1 

of about 20 cm g 

8.5.3.4. Sample holders and their effect on intensity measurements. 

Various designs and types of sample holders have been proposed in 

the past, and a great deal of discussion has taken place regarding the relative 

efficiencies and advantages of different sample holders. 

Sample holders may be broadly classified into two types, rotary 

sample holders and stationary sample holders. 

8.5.3.4.1. Rotary sample holders. 

The basic concept underlying the use of a device with the sample 

holder rotating in its own plane is that, relative to a stationary holder, a rotary 

device permits more crystallites to contribute to the reflections and offers a bet­

ter chance that all orientations will be equally represented. In other words, the 

use of a rotary device has, in theory, the following advantages: firstly, it helps to 

average out inhomogeneities, since a larger surface area than that of the conven­

tional Philips holder is presented to the X-ray beam, and different parts of the 

specimen are covered during the rotation; secondly, since the X-ray beam is not 

parallel but slightly divergent, crystallites that are not accurately parallel to the 

surface may be able to reflect at some position during the rotation. 

The use of a rotating sample holder for the study of samples con­

taining material likely to adopt a preferred orientation during packing into the 

sample holder (such as the phyllosilicates) has been advocated by some workers 

and equally loudly decried by others. According to Mirkin (1964, p. 78) the mean 

relative error in the measurement of peak intensity for a sample with a median 

grain size of 15 microns and a mass absorption coefficient of 50 decreases from 

the 4.00 per cent obtained when a stationary mount is used to 0.27 per cent when 

the sample is rotated. This represents a very worthwhile improvement in the ac­

curacy of the measured intensity of the peak. Williams (1959, p. 1842) advocated 

the use of a rotating sample holder constructed from copper (see also Section 

8.5.4). On the other hand, Schmalz (1958) is quoted by Tatlock (1966, p. 34) as 

having found that no better reproducibility could be obtained when the rotating 



sample holder was used than was obtained when samples were mounted in a sta­

tionary holder. 

A rotating sample device was initially tried out in the course of the 

present investigation, but was discarded for the following reasons: 

(1) The construction of the sample holder provided was such that pre-

ferred orientation could not be avoided during the loading of the sample. 

(2) A modification suggested by Bystrom-Asklund (1966, p. 1233) to 

overcome this drawback was considered, but the mechanical problems associated 

with the use of the rotating sample device, and the fact that small divergence slits 

would have had to be used to produce full irradiation of the sample, militated 

against the use of the rotary sample holder. 

(3) The mechanical construction of the rotating sample device was such 

that the goniometer would have required re-alignment each time that the diffracto­

meter had to be used with conventional sample holders. 

8.5.3.4.2. Stationary sample holders. 

Various types of stationary sample holders were considered for use 

in the present study, as were also various sample loading techniques. These in­

cluded the following: 

(1) Gude and Hathaway (1961, p. 994) have suggested a sample holder 

for use with very small samples. This consists of a conventional aluminium sample 

holder with a rectangular opening (Philips holder) over which is laid a membrane 

substrate of plastic, made in a way similar to that in which substrates for electron 

microscopy are prepared. The sample is then sprinkled onto the membrane co­

vering the opening in the sample holder. Whilst this technique is clearly suited to 

the qualitative study of small amounts of sample, it is equally clearly not suitable 

for quantitative analysis, and was not adopted for use in the present stUdy. 

(2) Tatlock (1966, p. 34) has suggested the use of a "back-loading" 

sample loading technique. This technique calls for a conventional Philips alumi­

nium sample holder with its rectangular opening. A glass slide is taped to the one 

side of the opening and the sample is loaded from the back and compressed with a 

spatula until the sample is level with the back of the sample holder. A piece of 

stiff card or glass is then taped to the back of the holder, and the original glass 

slide is removed from the "front" of the holder, with this surface then being 

presented to the X-ray beam. This technique was tried out during the course of 

the present study, but was rejected because it was found that the sample orienta­

tion that resulted was not reproducible. 
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(3) Von Engelhardt (1955, p. 435) proposed the use of a so-called "side-

loading" technique. This involved a modification of the conventional Philips holder, 

in which one edge of the sample holder was cut away, a glass plate was glued to the 

back of the holder and, after another glass slide had been clamped to the front of 

the holder, the sample was poured into the holder from the top edge. In this case 

the width of sample exposed to the X-ray beam was 11 mm and length 28 mm. 

(4) Niskanen (1964, p. 709) has reported that he used the type of holder 

proposed by von Engelhardt with great success in his study of methods of reducing 

orientation effects in quantitative X-ray diffraction analysis of kaolin minerals. He 

found that the holder was satisfactory provided that care was taken to ensure that 

the sample was compacted in the holder in a reproducible manner. Niskanen pro­

posed that a small frame should be used, in which the holder could drop from a 

constant height (in a manner best likened to the blade in a guillotine). A frame of 

this type was constructed for the present study, and was found to yield satisfactory 

results. 

It soon became clear, however, that although the adoption of a side­

loading technique was a definite step forward as regards the attainment of a more 

predictable degree of sample orientation, the size and construction of the sample 

holders used by von Engelhardt (1955, p. 435) and Niskanen (1964, p. 709) could be 

considerably improved upon. Before a new holder could be designed, however, the 

question of the optimum sample length had to be considered. Schoen (1962, p. 1390) 

has drawn attention to the fact that the intensities of X-ray diffraction peaks are ob­

viously related to the area of sample irradiated, and that this is in turn related to 

the size of divergence slit used. (The question of the choice of divergence slit has 

been discussed in Section 8. 5.2.6). As long as all the energy in the X-ray beam 

falls onto the sample, the intensity of one diffraction peak may be compared with 

that of another, but at low angles of e part of the X-ray beam will pass above and 

below the sample, so that the sample is irradiated with less energy and peak heights 

are reduced from their true value. Choosing a narrower divergence slit will cer­

tainly overcome the problem of the X-ray beam passing above and below the sample, 

but this procedure has the drawback of decreasing the intensities of all the peaks by 

reducing the amount of energy falling on the sample. A more attractive and con­

venient method of ensuring that the energy all falls onto the sample without having 

to resort to continual changes of the divergence slits is to increase the size of the 

sample area to be irradiated. The relationship between sample length and the par­

ticular e angle at which the X-ray beam will intercept that sample is given by the 

following equation (Schoen, 1962, p. 1390): 
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y 
L 

57.3 

R 
sin 8 

Equation 7 

wherey is the angular aperture of the divergence slit in degress 

L is the length of the sample in centimetres 

R is the goniometer radius in centimetres 

8 is the angle between the X-ray beam and the sample. 

Solution of equation 7 (Schoen, 1962, p. 1390) indicates that a 
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o 
minimum 2 8 angle of 7.4 is required for a 1 degree divergence slit and a gonio-

meter radius of 17.0 cm. For eu K a radiation, the 14 5t (001) chlorite peak at 

2 8 =0 6. 3
0 

requires a sample length of 5.4 centimetres. Assuming that the energy 

is uniformly distributed throughout the X-ray beam but that a sample holder with a 

sample length of only 4.6 cm is used, the chlorite (001) peak heights would have to 

be increased by 15 per cent (4.6/5.4 = 0.85) to make them comparable in intensi­

ty with peaks received at angles greater than 7.4
0

• 

Unlike the sample holders described earlier, the holders manufac­

tured for the present investigation did not involve the modification of commercial 

sample holders but rather the designing of completely new types of holders. The 

design was, however, influenced by the mechanical limitations imposed by the size 

of the X-ray chamber of the Philips goniometer used, so that the maximum sample 

length, for example, could not exceed 5.0 cm. With the aid of equation 7, however, 

it was possible to construct a nomogram (Figure 17) relating the angular setting of 

the goniometer (or interplanar spacing of the mineral, "d") to the length of sample 

used, from which it was possible to read off the correction factor that had to be ap­

plied to the diffracted intensity. 

The holder manufactured for use in the present study was made of 

brass. Its design is shown in Figure 18. The sample is loaded from the end after 

the brass plate shown in the Figure has been securely clamped over the open groove. 

An essential feature of this design is that the two mating surfaces of sample holder 

and backing b:rass plate must be absolutely flat to ensure that the sample does not 

leak out during loading, and also that the sample surface is level with that of the 

sample holder. Brass was selected as the material for the backing plate because 

it was found that glass slides and plastics (as used by other investigators) tended 

to distort and also develop an electrostatic charge that tended to disrupt the 

sample surface when the plate was removed, leading to poor precision. 

Although ideally, to minimize absorption errors, specimens should 

be made as thin as possible while remaining consistent with the equation of Alexander 
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and Klug (1948, p. 886) (equation 6, Section 8.5.3.3), it was found that a sample 

of this thinness could not be loaded properly. The prototypes of the sample holder 

had a groove with a depth of only 0.5 mm, but this resulted in poor precision as it 

was impossible to obtain uniformity of filling of the holder. It was found in practice 

that the depth of the groove in the sample holder had to be between 1 and 1. 5 mm 

in order to enable the sample to be loaded satisfactorily. This thickness of 1.5 mm 

had the advantage of ensuring that the sample was thick enough to mask background 

noise contributed by the holder (see Section 8.5.3.2). The groove in the holder was 

widened to 12. 5 mm to ensure that at no stage could the X-ray beam impinge upon 

the holder at the sides of the sample. Since, however, the overall length of the 

sample holder was 5.4 cm, the X-ray beam could, under certain conditions, ir­

radiate the small area of brass below the groove. At angular settings greater than 

6.8
0 

28 eu K a (13~) the small area of brass cannot be irradiated and therefore 

no background is contributed by the holder under these conditions. At angular set­

tings below this (i. e., at settings greater than 13 ~), however, there will be some 

contribution from the background, but, as the area of holder irradiated is approxi­

mately 1/15 that of the sample, it can be considered negligible. 

Gibbs (1965, p. 741) has reviewed several techniques of sample 

loading that are applicable to quantitative clay mineral analysis by X-ray diffrac­

tion. Unfortunately, however, none of these techniques could be used in the present 

study, as they were all designed for samples that had been sedimented to obtain 

only the 2 micron fraction of the samples and, as has been mentioned earlier 

(Section 8.5.3.1), any technique involving size fractionation cannot be used in the 

quantitative analysis of a whole rock powder as it renders the sample unrepresen­

tative. 

8.5.3.5. Preferred orientation and intensity measurements. 

The platy morphology of the phyllosilicates makes it possible that 

they will sometimes adopt a preferred orientation during packing into a sample 

holder. If this occurs, it results in the intensity of the basal (00 £) reflections 

being raised at the expense of the non-basal reflections. In the case of the present 

study, the problem of preferred orientation was overcome by the fact that the spe­

cially-designed wider sample holder (described in Section 8.5.3.4.2), together with 

the end-loading technique adopted, produced samples with a reproducible degree of 

orientation. 

Various authors have suggested overcoming the problem of prefer­

red orientation by the addition of diluents to samples containing substances that are 
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likely to adopt a preferred orientation. Von Engelhardt (1955, p. 435) advocated 

the addition of finely-ground cork powder to the sample, while Brindley and Kurtossy 

(1961, pp. 1208 - 1209) suggested a technique that involved the mixing of samples 

with a thermoplasticorganic cement, the addition of Dioxane to dissolve the cement 

and the subsequent grinding of the mixture to a fine powder after drying. Both these 

techniques were considered unsuitable for use in the present study, for the following 

reasons: 

(1) The addition of any diluent lowers the detection limits of the minerals 

present in the mixtures to be analysed. 

(2) The proposed techniques call for considerable additional work to en-

sure that there is adequate mixing of the sample with the diluent, and at the same 

time carry with them the danger of contaminating the sample. 

(3) The addition of a diluent alters the total mass absorption coefficient 

of the sample. Thus, if these techniques had been adopted, the mass absorption 

coefficients of all the samples would have had to be re-measured before the dif­

fraction results could have been evaluated. 

8.5.3.6. Mass absorption and peak intensities. 

As was the case in quantitative X-ray fluorescence analysis (see 

Section 8.4.2), absorption effects are also extremely important in quantitative X­

ray diffraction analysis and must be taken into account. A simple comparison of 

the diffraction patterns obtained from crushed whole rock powder samples (such as 

were examined in the present study) would not give a true reflection of the weight 

concentrations of the components present in the samples if the comparison was 

based only on the peak heights of the various components without suitable allowance 

being made for absorption effects. Klug and Alexander (1954, pp. 92 & 411) have 

drawn attention to the situation that arises when a mixture contains both a strong 

absorber (such as pyrite) and a weak absorber (such as quartz). The net effect is 

that the peaks of the weakly-absorbing material (quartz in this example) appear 

weaker, and those of the strong absorber (pyrite) appear stronger, than would have 

been expected from the linear relationship between concentration and peak intensity 

for each separate component. 

Because of this situation, the quantitative analysis of any multi com­

ponent mixture by means of X-ray diffraction presents considerable difficulties, in 

addition to problems caused by matters such as orientation and grain size. The 

difficulties presented by the quantitative X-ray diffraction analysis of multi compo-
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nent systems have been confronted by numerous earlier investigators, but usually 

the scope of these investigations was confined to two- orthree-component systems. 

In the case of the present study, however, it was necessary to develop techniques 

that would permit quantitative X-ray diffraction analysis for five major components 

(muscovite, pyrophyllite, chlorite, pyrite and "quartz", which was determined by 

difference) to be carried out on samples that often contained more than 10 compo­

nents, although many of these other components were only present in minor amounts 

lying at, or just below, the detection limit. The summed effect of all these minor 

components on the total mass absorption coefficient of the sample could not be over­

looked or dismissed, however, and it was thus necessary to ensure that the method 

of quantitative X-ray diffraction analysis developed for the purposes of the present 

study should take the total mass absorption coefficient of the sample into account. 

8.5.4. Methods of quantitative X-ray diffraction analysis. 

A brief discussion of some of the methods of quantitative X-ray dif~ 

fraction analysis that have been proposed by earlier workers follows below. This 

precedes a description of the method finally adopted for use in the present study 

(see Section 8. 5. 5). 

Klug and Alexander (1954, p. 4:2) have pointed out that the basic 

principle underlying the quantitative X-ray diffraction analysis of multi component 

mixtures is that the sample in question must be considered as being composed of 

just two components, the particular mineral that is to be analysed for and the sum 

of all the other minerals, which may be conveniently called the "matrix". The 

equation developed by Klug and Alexander (1954, pp. 411 - 415) for the analysis of 

any mixture is as follows: 

Klxl -------------- Equation 8 

P 1 [xl (p; - P 11) + p 11] 

where II is the intensity diffracted by the component (component 1) that is being 

analysed for 

K1 is a constant that depends on the nature of component 1 and the geometry 

of the apparatus 

Xl is the weight fraction of component 1 in the mixture 

* is the mass absorption coefficient of component 1 PI 
* is the mass absorption coefficient of the matrix 

PM 
P is the density of component 1 

1 
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Although equation 8 provides the theoretical basis for all quantitative 

X-ray diffraction analysis of multi component mixtures, it is not easy to evaluate 

in practice. 

When quantitative X-ray diffraction analysis is actually undertaken 

in practice, a method of countering absorption effects must be found, the method 

that is most commonly adopted involving the addition of an internal standard to the 

sample (Klug and Alexander, 1954, p. 426). In the case of the present study, how­

ever, it was again decided (as was earlier decided for quantitative X-ray fluores­

cence analysis -- Section 8.4.3.1) that the use of an internal standard method would 

not be advisable, since not only is the addition and proper blending of an internal 

standard time-consuming and difficult, but also the addition of an internal standard 

dilutes the sample, increases the number of measurements required and carries 

with it the danger of contaminating the sample. 

Various authors have proposed methods of quantitative X-ray dif­

fraction analysis that do not require the use of an internal standard. Williams 

(1959, pp. 1842 - 1843) has suggested a method that calls for a sample of finite 

thickness to be mounted on a copper specimen holder, with corrections for ab­

sorption effects being obtained from the intensity of a reflection from the specimen 

holder. This method involves the use of a rotating specimen holder and is unfortu­

nately limited to samples with low mass absorption, or alternatively requires dilu­

tion to ensure that samples have low total mass absorption. It was not found possible 

to make use of this method in the case of the present study. 

Leroux, Lennox and Kay (1953, p. 740) and Lennox (1957, p. 767) 

have also proposed methods of quantitative X-ray diffraction analysis that do not 

require the use of an internal standard. The basis of these methods is the following 

relationship, which was derived by the authors from the basic equation (equation 8): 

where (11)0 

I 
1 

fl * s 

* fl 1 

xl 

x 
1 

is the integrated intensity of pure component 1 

Equation 9 

is the integrated intensity of component 1 in the mixture 

is the mass absorption coefficient of the sample 

is the mass absorption coefficient of pure component 1 

is the weight fraction of component 1 in the sample. 
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Niskanen (1964, p. 1268) developed a practical analytical procedure 

based on the methods proposed by Leroux and coworkers. He was able to obtain 

excellent quantitative results on a series of synthetic mixtures composed of kaolinite, 

quartz and calcite, the mean absolute error (defined as the difference between the 

X-ray results and the actual percentages) of his analytical results being only 1. 5%. 

Niskanen made use of an external standard consisting of fine quartz powder moulded 

in Lucite to standardize the X-ray intensity so that comparable results could be ob­

tained on a day-to-day basis. Niskanen estimated that, if his technique were to be 

used in the analysis of actual rock samples, the mean absolute error would be with­

in 5%. For the purposes of the present study, however, Niskanen'S method has a 

drawback in that it requires a knowledge of the intensity and mass absorption coef­

ficient of the pure component (as can be seen from equation 9). In the case of the 

present study this data was not available, because of the virtual impossibility of ob­

taining samples of the phyllosilicates encountered in the Witwatersrand banket in 

a 100% pure form and because of the difficulty of obtaining "absolute" integrated 

values on samples of pure phyllosilicate when a phyllosilicate does happen to be 

available in a pure form (see Section 8.5.5.1), and thus Niskanen's method could 

not be used in the present investigation. 

Black (1963, pp. 15 - 16) independently derived an equation of a form 

fundamentally similar to equation 9 (though with minor refinements) as the basis for 

his method for the analysis of bauxites. The application of Black's equation is, 

however, confined to those cases where the background on either side of the analy­

tical peak in question can be expressed as a linear function of the reciprocal mass 

absorption coefficient of the material. As far as the present investigation is con­

cerned, Black's method suffers from the same drawback as Niskanen's method in­

asmuch as it requires that pure component be available, in this case not only so that 

the "maximum" intensities can be determined but also to see how the backgrounds 

which are associated with all the chosen lines vary with absorption coefficient. The 

use of Black's method in the present investigation had thus to be ruled out. 

Karlak and Burnett (1966, pp. 1742 - 1743) have proposed a method 

based on an interesting mathematical treatment of basic theory, but their method 

requires a knowledge of matrix theory for its application so that the likelihood of 

its general adoption is limited. From their work (Karlak and Burnett, 1966, p. 

1744) one significant fact emerges, however, namely that when more than 3 compo­

nents are to be analysed for in a mixture it is advisable to use intensity values ob­

tained from binary calibration mixtures as an aid in the calculation of the results. 
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Tatlock (1966, p. 1) has developed an interesting technique for the 

analysis of felsic rocks. This method makes use of calibrated X-ray diffraction 

patterns established with the aid of standard powders, which consist preferably of 

minerals separated from the suite of rocks under study. Unfortunately the techni­

que is limited to the analysis of rocks with relatively constant and restricted mi­

neral assemblages. It is, however, interesting to note that Tatlock, like Niskanen 

(1964, p. 1268), makes use of the reflection obtained from quartz to adjust the in~ 

strument settings so that the data can be rendered comparable on a day-to-day 

basis. 

An entirely new approach to the problem of multi component analysis 

has been made by Moore (1968, p. 325). This is based on the concept that the in­

tensity of any given diffraction maximum is linearly affected by the relative amounts 

of the other mineralogical components present, or, put mathematically, that any 

mineral suite composed of n different components may be described by an n di­

mension linear manifold. The solution of such a system is facilitated by the princi­

ples of linear algebra, and statistical analysis may be applied through multiple 

linear regression. Moore has applied his method to the analysis of 2- and 3~ compo­

nent systems consisting of mixtures of quartz, fluorite, kaolinite, glauconite, il­

lite and montmorillonite, and claims an accuracy of within 2 per cent for the method. 

Moore has pointed out (1968, p. 335) that in the analysis of binary mixtures the ab­

solute percentage error, defined as (.X - Xl) • 100 where X is the concentration 

indicated and Xl is the actual concentration of material in the binary mixture, is 

largest when the percentages of the two components are nearly equal. The error 

tends to zero as the proportions approach either single component end point. 

8.5.5. Method of X-ray diffraction analysis adopted for the present study. 

8.5.5.1. General considerations. 

The method of quantitative X-ray diffraction analysis that was final-, 

ly adopted for the present study is based on an equation published by Norrish and 

Taylor (1962, p. 99). This equation is of the same form as the one proposed by 

Reynolds (1967, p. 1500) that was used in the calculation of the X-ray fluorescence 

results of the present study (equation 5, see Section 8.4.4.2), The equation used 

in the calculation of the X-ray diffraction results of the present study is as follows: 

* ]J u 

*s 
]J 

Equation 10 
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u 
where xl is the unknown concentration of mineral 1 in the sample being 

analysed 
s 

xI is the known concentration of mineral 1 in a standard mixture 

I~ is the integrated area of reflection of mineral 1 in the sample 

If is the integrated area of reflection of the same diffraction 

line of mineral 1 in the standard mixture 

*n is the mass absorption coefficient of the sample being analysed, 
]J 

containing mineral 1 

*s is the mass absorption coefficient of the standard mixture con-
]J 

taining mineral 1. 

The use of equation 10 as the basis of a method of analysis has the 

advantage of not requiring any internal standards or calibration charts, and, in 

addition, of making it possible for any diffraction peak produced by mineral 1 to 

be selected.tfthe measurement of II' This latter fact is of considerable import­

ance in the analysis of multicomponent systems such as rocks since, because of 

the complexity of patterns that may occur, any preselected line may suffer inter­

ference from adjacent or coincident lines, while in the case of the present techni­

que the selection of a suitable line for measurement can be made after the diffracto­

meter trace has been obtained. Another advantage of the technique adopted for the 

present study is that pure minerals are not required to act as standards, as they 

were in many of the methods discussed in Section 8.5.4, but that mixtures of known 

composition may be used instead. The use of pure minerals as standards is, of 

course, not precluded by equation 10, but in the case of the present study pure­

mineral standards were considered to be impracticable for the reasons listed be­

low: 

(1) It was found to be virtually impossible to obtain samples of the phyl-

losilicates encountered in the Witwatersrand banket in a 100% pure form. 

(2) Even when a pure phyllosilicate happened to be available for use as 

a standard, it was found that it was very difficult to obtain reliable "absolute',' in­

tensity values because of the orientation problems that arise when pure phyllosili­

cates are subjected to X-ray diffraction analysis. This was clearly illustrated by 

a test carried out in the course of the present investigation, in which a comparison 

was made between the precision of the results that could be obtained from a sample 

of pure muscovite and the preCision obtainable from a quartz-muscovite mixture 

(consisting of 30 per cent quartz and 70 per cent muscovite). Both samples were 
-

endloaded 10 times andintegrated intensities for the quartz (1010) peak and for the 
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muscovite (002) peak were obtained by means of the Disc Integrator. When the 
-

quartz (1010) peak produced by the quartz-muscovite mixture was measured, the 

coefficient of variation of the measurements was found to be 3.64%, while the coef­

ficient of variation of measurements of the muscovite (002) peak was found to be 

3.16% when the peak was produced by the quartz-muscovite mixture but 7.32% when 

the peak was produced by pure muscovite. The wider scatter of results obtained 

when measurements were made on pure muscovite may almost certainly be ascribed 

to the occurrence of a greater degree of preferred orientation in the muscovite when 

quartz was not present to act as a diluent. These findings indicate why the equation 

(equation 9) used by Leroux, Lennox and Kay (1953, p. 740), Niskanen (1964, p. 

1268) and Black (1963, pp. 15 - 16) could not be used in the present study to cal­

culate X-ray diffraction results, since equation 9 requires a knowledge of "abso­

lute" intensity values measured on the pure component and it was apparent that 

little reliance could be placed on "absolute" intensity values measured on pure 

phyllosilicates (see Section 8. 5. 4). 

It was thus clear that, in the present study, mixtures of known compo­

sition would have to be used as standards for quantitative X-ray diffraction analysis. 

As was mentioned in Section 8.5.4, Karlak and Burnett (1966, pp. 1742 - 1743) have 

stressed the advantages of using binary mixtures as standards in the analysis of 

multi component systems (in preference to multi component standard mixtures), and 

accordingly binary mixtures of known composition were prepared for use as stand­

ards in the present investigation. 

8.5.5.2. The preparation of binary-mixture standards. 

When standards are prepared for use in the quantitative X-ray dif­

fraction analysis of a rock, the X-ray intensities of the minerals present in that 

rock should be simulated as closely as possible. Ideally, the minerals that are to 

be used as standards should be extracted from a sample of the actual rock that is to 

be analysed. When analysing samples from the Witwatersrand banket, however, it 

is seldom possible to extract minerals from the banket in a suffiCiently high state 

of purity to permit them to be used in the preparation of standards, and minerals 

obtained from other sources must often be used instead. This unfortunately intro­

duces some errors, because of differences in reflection intensities between minerals 

from different sources, but these errors cannot be avoided. 

In the present study, five minerals (muscovite, pyrophyllite, chlo­

rite, pyrite and quartz) were to be analysed for, and accordingly, high-purity 

samples of these five minerals were required for the preparation of standards. 
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These high-purity samples were obtained in the following manner: 

Muscovite: The muscovite used was one originally mined from a pegmatite in the 

Eastern Transvaal (Selati) and supplied in a ;"micronized" state. The median grain 

size was of the order of 5 microns and the purity greater than 99 per cent, based 

on the results of X-ray diffraction analysis and microscopic examination. The 

characterization of this muscovite is described in Part II of this thesis. 

Pyrophyllite: The pyrophyllite used was obtained by the flotation of ore from the 

Loraine Gold Mine and was found to be 92 per cent pure, containing 7 per cent of 

quartz and 1 per cent of muscovite as impurities. The characterization of this 

pyrophyllite is also described in Part II of this thesis. 

Chlorite: The chlorite used was obtained from the Ventersdorp Contact Reef at 

Venterspost and purified by heavy liquids. The chlorite was found to be 85 per cent 

pure and to contain 15 per cent of quartz as an impurity. Again, the characteri­

zation of this chlorite is described' in Part II of this thesis. 

Pyrite: The pyrite was obtained from Vogelstruisbult Mine on the East Rand, re­

presenting portion of a flotation concentrate prepared at the mine. The pyrite was 

further purified by heavy liquid and magnetic separations to yield a final concen­

trate that assayed over 98 per cent pure. 

Quartz: The quartz powder used was obtained by grinding large optically-pure 

Brazilian quartz crystals ina Siebtechnik grinder for 90 seconds and air-elutria­

ting the resulting powders to obtain an estimated particle size distribution of the 

order of less than 20 microns. (XRY, see Figure 19). This was then further 

water-elutriated to yield a fraction with a median grain size of 8.4 microns, re­

ferred to as sample BQ 20 (see Figure 19). 

The preparation of binary mixtures from these five minerals was 

carried out as follows: 

The five "standard" minerals (muscovite, pyrophyllite, chlorite, 

pyrite and quartz) were first dried for 1 hour at 105
0

C, and then, with the aid of 

an analytical balance, binary mixtures of muscovite-quartz, pyrophyllite-quartz, 

chlorite-quartz and pyrite-quartz were made up with due allowance for the pre­

sence of impurities in the components. The mixtures were then placed in screw­

top glass bottles with two 1/4-inch steel ball bearings and violently agitated on a 

commercial flask shaker for 1 hour. All binary-mixture standards were prepared 

in duplicate, and care was taken to ensure that pairs of standards were always 

shaken simultaneously. 
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The determination of mass absorption coefficients for Witwaters­

rand samples and for binary-mixture standards. 

When, as in the present investigation, a method of quantitative X-ray 

diffraction analysis based on the application of equation 10 is adopted, it then be­

comes necessary to determine the mass absorption coefficient of each sample 
*u *s 

(Jl ) and each standard (Jl ). This is a consequence of the fact that this method 

of X-ray diffraction analysis does not require any internal standards, since the use 

of internal standards in other analytical methods is essentially an indirect way of 
*u *s 

allowing for the term Jl / Jl. The mass absorption coefficients must be meas-

ured at the same wavelength as that used in the measurement of the diffracted in­

tensities (I
u 

and IS), as the use of any other wavelength could give rise to serious 

errors if an element with an absorption edge between the two wavelengths happened 

to be present. In the present investigation eu K a. radiation was used for both ab­

sorption and diffraction measurements. 

The method that was developed for the determination of mass ab­

sorption coefficients in the present study has been described in detail in Section 

8.4.2.2. The value of the mass absorption coefficient ( j.l *u) of each of the 143 

Witwatersrand samples undergoing analysis was determined by this method at the 

time when these samples were being investigated with the aid of X-ray fluorescence 

techniques, In the case ·of the binary-mixture standards, however, a slightly dif-

* ferent approach was adopted for the determination of Jl s, in that mass absorption 

coefficient measurements were only carried out on certain of the binary-mixture 

standards while the mass absorption coefficients of the remaining binary-mixture 

standards were calculated from these measured coefficients with the aid of 

equation 2 (Section 8,4.2.1), Equation 2 states that the mass absorption coefficient 

of any mixture can be calculated in the following manner from the mass absorption 

coefficients of the pure components constituting the mixture and the weight fractions 

of the components in the mixture: 

* * * * 
Jlsample = W A . ~ + W B' Jl

B 
+ ,..... + W N' Jl N ... ,...... Equation 2 

* where Jl 
sample 

* Jl 
N 

is the total mass absorption coefficient of the mixture 

is the weight fraction of component N (WA+W
B

+ ... · ,+W
N 

= 1) 

is the mass absorption coefficient of component N at the wave­

length under consideration. 
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Thus, once the method of mass absorption coefficient measurement described in 

Section 8.4.2.2 had been used to determine the mass absorption coefficients of 

100% pure quartz and of a binary-mixture standard of known composition where 

quartz was one of the two components, it became a simple matter to use equation 

2 to calculate the mass absorption coefficient for any other binary mixture having 

the same two components but a different composition. This calculation could, of 

course, have been carried out manually, but in the present study, to save time, 

the computer programme NIMMNHNS, programme 7 listed in Section 9, was used 

to calculate the mass absorption coefficients over the whole range of binary mix­

tures involved, from the pure component on the one hand to a mixture of 1 % com­

ponent with 99% quartz on the other. This procedure greatly facilitated the deter-
*s 

mination of the term)J for insertion in equation 10. 

8.5.5.4. Procedure adopted for quantitative X-ray diffraction analysis. 

8.5.5.4.1. Instrument settings. 

A Philips wide range goniometer model PW 1050 was used for all 

the determinations. The instrumental settings used were as follows: 

Radiation: 

X-ray generator output: 

Goniometer scanning speed: 

Slits: 

Ratemeter settings: 

Time constant: 

Detector: 

Discriminator: 

Chart-recorder paper speed: 

Integration: 

Sample holder: 

8.5.5.4.2. Choice of analytical peaks. 

copper with nickel filter 

40kV, 20 rnA 

1 degree 2 e per minute 

10 d' 0 10 
.. 10 tt Ivergence, .. recelvmg, sea er 

400 or 1000 counts per second 

2 seconds 

proportional counter 

pulse height discrimination was used. 

The discriminator was set to give optimum 

peak-to-background ratio while still pas­

sing 90% of the energy due to copper ra­

diation. 

26. 5 mm per minute 

by means of Disc Integrator 

special deSign, see Section 8.5.3.4.2. 

When any multi component mixture, such as a rock, is subjected to 

quantitati ve X-ray diffraction analysis, the selection of a suitable analytical peak is 
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to a great extent governed by the nature of the components of the matrix. The 

matrix components may, for example, cause the occurrence of peak interference 

in the region of the strongest line of the component that is being analysed for, or, 

in the case of rocks containing phyllosilicates, it may be found necessary to use 

basal reflections in the interests of increased precision of measurement, although 

the use of basal reflections entails special precautions to minimize any tendency 

to preferential orientation. 

The peaks that were finally chosen for the analysis of the three 

phyllosilicates (muscovite, pyrophyllite and chlorite), pyrite and quartz in the 

present study are listed in Table XXXIV. 

TABLE XXXIV 

ANALYTICAL PEAKSC_H2~EN FOR THE X-RAypIFfMCTIQN ANALYSIS OF 

MUSCOVITE, PYROPHYLLITE, CHLORITE, PYRITE AND QUARTZ 

MINERAL ANALYTICAL PEAK 

Muscovite (002) 

Pyrophyllite (002) 

Chlorite (002) 

Pyrite (200) 
-

Quartz (1120) 

8.5.5.4.3. Detection limits. 

The detection limits, as defined by de Vries (1966, p. 5) (see 

Section 8. 5.2.2), are set out in Table XXXV. 

TABLE XXXV 

X-RAY DIFFRACTION DETECTION LIMITS FOR MUSCOVITE, PYROPHYLLITE, 

CHLORITE, PYRITE AND QUARTZ 

MINERAL 

Muscovite 

Pyrophyllite 

Chlorite 

Pyrite 

Quartz 

DETECTION LIMIT PER CENT 

1 

2 

2 

3 

1 
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8.5.5.4.4. Precision of measurement. 

In order to obtain some idea of the degree of reproducibility of 

peak intensity measurements on a day-to-day basis, various tests were carried 

out to investigate the stability of the instrument used in the present study. The 

results of these tests were as follows: 

(1) A 3
0

C rise in temperature of the instrument was found to result in 

an increase of less than 0.2% in the integrated intensity. 

(2) Variations in diffracted intensity with respect to time were investi-
o 

gated by carrying out 160 consecutive measurements, at a scanning speed of 1 2 e 

per minute, on the quartz (1120) peak produced by a sample of powdered quartz 

with a median grain size of 8.4 microns (sample BQ 20, see Section 8.5.5.2) set 

in a matrix of fibre-glass ground to a mirror-like flat finish with fine abrasives. 

The sample was moved between each set of 10 measurements. The changes in 

peak height over a period of 7 hours are shown in Figure 20. The peak heights 

were found to range from 34.7 to 42.7 (arbitrary units), with a mean of 39.6 and 

a coefficient of variation of 3.03%. 

These results clearly indicated that it would be necessary to in­

troduce some method of correction for short-term drift and random fluctuations in 

X-ray beam intensity, 1. e., the need for the use of some external standard to 

enable comparable results to be obtained on a day-to-day basis became apparent. 

Two substances were considered for use as an external standard, the one being the 

quartz powder BQ 20 set in a matrix of fibreglass as described above and the other 

being a slab of novaculite, which is a very dense even-textured light-coloured 

cryptocrystalline siliceous rock similar to chert but characterized by a dominance 

of quartz rather than chalcedony (Tarr, 1937, pp. 18-47). When the suitability of 

these two substances was compared by carrying out 10 repeated observations of 

integrated intensity (using the Disc Integrator) on the quartz (1010) peak produced 

by each substance, it was found that the coefficient of variation of the results was 

0.82% when novaculite was used and 1. 59% when quartz BQ 20 was used. It was 

thus clear that novaculite would be superior to quartz as an external standard. 

8.5.5.4.5. Procedure adopted for the determination of diffracted intensities 

in Witwatersrand samples and binary-mixture standards. 

The following analytical procedure was finally adopted for the deter­

mination of the diffracted intensities of the analytical peaks of each of the compo-
u 

nents being analysed for in the 143 Witwatersrand samples (11 in equation 10) and 
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in the binary-mixture standards (I~ in equation 10): 

Each sample was end-loaded into the specially-designed sample 
o 

holder and scanned at 1 2 e per minute, using the instrumental settings listed in 

Section 8.5.5.4.1. The integrated intensities of the analytical peaks of the 

minerals being analysed for were then determined with the aid of the Disc Integra­

tor. Novaculite was used as an external standard to correct for short-term drift 

and random instrument fluctuations, and, after each sample had been run, the 

quartz (1120) peak of novaculite was run and integrated in the identical way. The 

ratio of the integrated intensity of the analytical peak of the mineral being analysed 
- u 

for to the novaculite (1120) peak was then calculated, and this corrected 11 was 

used in all subsequent calculations. 

In the case of the binary-mixture standards, the analytical peaks 

selected for the components of the binary mixtures were, of course, the same as 

those chosen for the minerals in the banket samples (see Section 8.5.5.4.2). The 

loading and integration techniques adopted, and the instrumental settings used, were 

also identical to those used in the case of the Witwatersrand samples. Each 

standard was prepared in duplicate (as has been described in Section 8.5.5.2), and 

each of the duplicate standards was loaded and scanned three times, so that the in­

tegrated intensity of the analytical peak produced by a known quantity of the standard 

mineral was in fact determined six times. After each standard had been run, the 

quartz (1120) peak of novaculite was run and integrated. The average value obtained 

for the integrated intensity of the analytical peak on the six standard runs was then 

divided by the average value obtained for the quartz peak on the six novaculite runs, 

and this corrected IS was used in all subsequent calculations. 
1 

8.5.5.5. Calculation of results of quantitative X-ray diffraction analyses. 

8.5.5.5.1. Preparation of calibration curves for binary-mixture standards. 

As has been described in Section 8. 5. 5.2, the binary-mixture 

standards used in the present study were all mixtures of the analytical component 

(component 1 in equation 10) with quartz -- or, more specifically, the standards 

were mixtures of muscovite and quartz, pyrophyllite and quartz, chlorite and 

quartz, and pyrite and quartz. The exact composition of each standard mixture 

had to be selected on an arbitrary basis, and accordingly, in order to overcome 

any bias that might have been introduced by the selection of these particular 

standard mix~ures, the following procedure was adopted: 
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Regression lines of "corrected integrated intensity" (corrected I~) 
on the concentration of phyllosilicate or pyrite in the binary mixture (X~) were 

fitted by least squares, using the computer programme DALKREG written by C. 

van Tonder of the Nat ional Institute for Metallurgy. These regression lines are 

shown in Figures 21, 22, 23, and 24. The correlation coefficients for the straight 

lines fitted ranged between 0.97 and 0.99, and the level of significance was in all 

cases greater than 0.1 per cent. From the graphs of the regression equations it 

was possible to read off the value of the integrated intensity of the analytical line 

produced by the phyllosilicate or pyrite in the binary mixture (I~) for any concen­

tration of the phyllosilicate or pyrite in the binary mixture (X~). Alternatively, 

the actual regression equations produced by DALKREG could be used to calculate 

the value of IS for any particular x
S

, and this was the method finally adopted in the 
1 1 s 

present study in view of the greater accuracy in determining II permitted by this 

latter method. As an aid in calculation, tables were constructed to show the value 

of I~ (calculated from the regression equations) at each 1 % increment of x~. 

8.5.5.5.2. 

u 
x 

1 

where 

Evaluation of equation 10. 

As was mentioned in Section 8.5.5.1, equation 10 states that: 

= 

u 
xl 

s 
xl 

I
U 

1 

IS 
1 

*u 
]..I 

*s 
]..I 

s 
x 

1 
. . . . . . . . Equation 10 

is the unknown concentration of mineral 1 in the sample being 

analysed 

is the known concentration of mineral 1 in a standard mixture, 

in this case a mixture of mineral 1 and quartz 

is the corrected integrated area of reflection of mineral 1 in 

the sample (see Section 8.5.5.4.5) 

is the corrected integrated area of reflection of the same dif-

fraction line of mineral 1 in the standard mixture (calculated 

from regression equations -- see Section 8.5.5.5.1) 
*u 

]..I is the mass absorption coefficient of the sample being analysed, 

*s 
]..I 

containing mineral 1 (see Section 8.5.5.3) 

is the mass absorption coefficient of the standard mixture con­

taining mineral 1 (see Section 8.5.5.3) 



r---------~-----.-----~,--------------~ 

BO 

70 

/ 
- 60 

// ~::l. 
• • 1 .,... 

H -
I-
Z 

/ w 50 

U 
l1. 
!.&.. 
W / 0 
u 
Z 40 

0 
t-
o.. 
a= 
0 
tn 
en 30 
~ 
CJ) 
If) 

<! /" ~ 
/ x 20 / >-

l- I V) 
-" .t_ 
W 
I-
Z 10 

I 
'0 ,--~~-~.-._._, ... I ___ .,.......,. •• ---!.._. ____ , __ i~~, •.• y •• ~. __ .....L..1 _J 

10 15 25 

FIGURE 25 t0USCOVITE-PERCENT (x~) 



.----.-----~------ .. ~-~ 

...., 

r­z 
w 
U 
IJ.. 
IJ.. 
W 

160 

140 

120 

o 
U 
z o 
..... 
tl. 
(k: 

100 r 
o 
(/) 

CO 
<{ 

en 
V> 
<t 

eo 

~ 60 

)( 

>-..... 
V> 
Z 
W 40 

~ r 

20 
I 

o 

/" 
/ 

1 

/1 
/ 

/ 



~---------------------------'.------,-----.-------~-.-----------

80 

-'" 70 :l' 
~ 

t.1 ~ 
H -
~ 
Z 
W 50 
U 
u., 
LL 
W 
0 
U 
Z 50 

0 ...., 
a.. 
ll: 
0 
U) 
Q) 40 « 
V) 
If) 

<i 
~ 

)( 30 

>-.... 
If) 

z I .w 

t 
t--
Z 20 

, 

L ____ ~ __ m. __ .J_.'U. __ _.& __ ._l ___ ~.==_==J MkSr 

10 1'5 20 25 

FIGURE 27 FYROPHYLLITE- PERCENT L'(~) 



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

40 

-'I. 35 
-.r: 
~ . 

'll ... 
H 

.... 
Z 
W 30 

U 
!J.. 
lL. 
W o 
U 
Z 25 

o 
~ 
il., 
(k: 

o 
V') 
OJ 20 I 
~ 

X 15 t 
>­
}-

U) 

Z 
W 
~ 
Z 10 

/ 

r / I 
" 1- / I 
1/ I 
r I o L _____ .-..I! __ ~_~. ____ ~ •• _.A~ ___ '_,~ __ ~__1....~~ __ .........! _ _ J . 

5 10 15 20 25 

FIGURE 28 PYRITE··- PEF{CENT (x~) 



161-. 

After the analytical procedures described in preceding paragraphs 

have been carried out, all the quantities on the right-hand side of equation 10 have 

been determined experimentally and the value of x~ can easily be calculated. In 

the Cqse of the present study, however, it was found useful to adopt the procedure 

described below for the sake of added convenience in calculation: 

The corrected integrated intensity produced by component 1 in a 

binary mixture (IS) and the mass absorption coefficient of that binary mixture 
* 1 

( Jl s) were calculated at each 1 % increment of the weight percentage of component 
s s *s 

1 in that mixture (x ). The product of each I and Jl was then plotted against 
11* s 

each respective x s. These curves relating IS . Jl s to x for the binary-mixture 
1 1 1 

standards muscovite-quartz, chlorite-quartz, pyrophyllite-quartz and pyrite-

quartz (component 1 being respectively muscovite, chlorite, pyrophyllite and 

pyrite) are shown in Figures 25, 26, 27 and 28. Once these graphs have been 

plotted, the graph for each series of binary-mixture standards made up from a 

specific component 1 and quartz can be used to read off the value of the weight 
u 

fraction (Xl) of component 1 in any sample (not necessarily a binary mixture) from 

the products of the integrated area of reflection produced by mineral 1 in the 

sample (Iu) and the mass absorption coefficient of that sample (~u). Thus, when 
1 

the results of the quantitative X-ray diffraction analyses of the 143 Witwatersrand 

samples were being calculated, the corrected value of I
U 

was first obtained (as 
1 

described in paragraph 8. 5. 5. 4. 5), and this was then multiplied by the mass ab-

sorption coefficient Jl*u of the particular sample being analysed. From the re-
u *u u 

sulting 11 . Jl ,the concentration Xl of the component being analysed for (mus-

covite, chlorite, pyrophyllite or pyrite) was then read off from the graphs shown 

in Figures 25, 26, 27 and 28. "Quartz" (i. e. , quartz plus all the other components 

of the banket sample that were not being analysed for) was then determined by dif­

ference after the amounts of muscovite, chlorite, pyrophyllite and pyrite in each 

sample had been calculated. 

8.5.5.6. Check on the accuracy of the method of quantitative X-ray dif­

fraction analysis adopted in the present study. 

In order to evaluate the accuracy of the results obtainable by means 

of the method of quantitative X-ray diffraction analysis adopted in the present 

study, the following test was carried out: 

Three different five-component mixtures, consisting of muscovite, 

chlorite, pyrophyllite, pyrite and quartz, were made up from the five high-purity 
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minerals in a manner identical to that used in the preparation of the binary­

mixture standards (see Section 8.5.5.2). These three five-component mixtures 

of known composition were then treated as unknown samples and analysed by 

means of the X-ray diffraction method adopted in the present study. The results 

of these analyses are set out in Table XXXVI. 

TABLE XXXVI 

RESULTS OF QUANTITATIVE X-RAY DIFFRACTION ANALYSES CARRIED OUT 

ON THREE STANDARD MIXTURES CONSISTING OF MUSCOVITE, CHLORITE, 

, PYROPHYLLITE, PYRITE AND QUARTZ 

COMPONENT 

* 

TRUE CONC. 
% 

Mixture No. 1 OJ = 45.322 :-

Muscovite 5.00 

Chlorite 5.00 

Pyrophyllite 5.00 

Pyrite 10.00 

"Quartz" 75.00 

* Mixture No.2 (J.l =39.04):-

Muscovite 10.11 

Chlorite 4.57 

Pyrophyllite 10.00 

Pyrite 5.00 

"Quartz" 70.32 

* 
Mixture No. 3 {J.l = 50. 97}:-

Muscovite 20.00 

Chlorite 0.00 

Pyrophyllite 20.00 

Pyrite 15.00 

"Quartz" 45.00 

INDICATED CONC. 
% 

4.3 

5.6 

5.6 

9.4 

75.1 (by diff.) 

8.8 

4.4 

7.6 

5.6 

73.6 (by diff.) 

22.3 

20.00 

14.6 

43.1 (by diff.) 

ABSOLUTE ERROR* * 
% 

-0.70 

+0.60 

+0.60 

-0.60 

+0.10 

-1.31 

-0.17 

-2.40 

+0.60 

+3.28 

+,2.30 

0.00 

-0.40 

-1.90 

** Absolute error = indicated concentration - true concentration 
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The last column of Table XXXVI, in which the absolute errors for 

the determination of the individual components are listed, provides an indication 

of the accuracy obtainable with the technique of quantitative X-ray diffraction ana­

lysis developed in the course of the present study. It can be seen that, on the 

whole, the absolute error of each determination compares very favourably with 

the mean absolute error of 1. 5% which Niskanen (1964, p. 1270) obtained when he 

analysed synthetic mixtures by means of an X-ray diffraction technique that re­

quired pure components as standards (see Section 8.5.4). In fact, the mean ab­

solute error of all the determinations listed in Table XXXVI is only 1. 1 %, which 

indicates that the accuracy of the binary-mixture-standard method of quantitative 

X-ray diffraction analysis used in the present study may be regarded as satis­

factory. 

8.6. 

8.6.1. 

The High-precision Determination of the Cell Parameters of 

Phyllosilicates. 

General considerations. 

In the course of the present study it was found necessary to carry 

out accurate determinations of the cell parameters of certain of the phyllosilicates 

present in the Vaal Reef and Ventersdorp Contact Reef samples, and also of cer­

tain other phyllosilicates which were examined for purposes of comparison with 

the phyllosilicates from the main suite of samples (see Part II of this thesis). 

Various methods exist for obtaining high-precision values of cell con­

stants and indexing the reflections obtained. In the case of the present study it 

was decided to use the diffractometer in preference to the Debye Scherrer camera 

in the interests of higher precision and resolution (Zussman, 1967, p. 281, and 

Brown 1961, p. 6). The use of the diffractometer also made it possible to obtain 

integrated intensities for the various reflections by means of the Disc Integrator 

attached to the recorder. A least squares refinement technique (Mirkin, 1964, 

p. 523) was regarded as the best approach for the calculation and refinement of the 

cell parameters. The reflections selected for least squares refinement were, as 

far as possible, reflections that could be indexed unambiguously. Usually more 

than 20 reflections were used for each computation, and, in view of the number of 

calculations involved, the results were evaluated with the aid of the IBM Model 

360/50 digital computer at the University of the Witwatersrand. 

Two computer programmes, CE LFIT and GENRA T, were used to 

calculate the cell parameters and to index the diffraction peaks. The CELFIT 
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programme (Bracher, 1967), when supplied with sets of Miller indices (h, k, 1), 

corresponding values of the Bragg angle (6 ) and a set of approximate unit cell 

dimensions (a, b, c, a ,8 ,Y), refines any or all of the latter by the method of least 

squares until the shifts in these parameters fall below specified limits. The 

GENRA T programme (Pistorius, 1968), when supplied with sets of unit cell di­

mensions, will generate all possible (h, k, 1) reflections between two specified 

values of Bragg angle ( 6). Reflections forbidden by space-group restrictions 

have then to be eliminated from the list by inspection. Both these programmes 

were rewritten into FORTRAN IV in order to be compatible with the IBM Model 

360/50 computer, and are listed in Section 9 of this thesis as programme 1 

(CELFIT) and programme 2 (GENRAT). 

8.6.2. Sample preparation for cell parameter determinations. 

Sodium chlorite (A. R. grade) was used as a standard to ensure an­

gular accuracy of all measured diffraction peaks, the values accepted for sodium 

chlorite being those given by Mirkin (1964, p. 550). Although sodium chlorite is 

generally mixed with the sample and used as an internal standard, in the present 

case, where the lattice parameters of phyllosilicates had to be determined, it was 

used as an external standard since the addition of sodium chlorite would have led 

to a reduction of the often already small peak intensities with consequent loss of 

precision in the measurement of the angular position of the peaks. 

The powdered phyllosilicate samples were end-loaded into the 

specially-designed brass sample holders (see Section 8.5.3.4.2), and a sample 

area approximately 50 mm long by 12. 5 mm wide was presented to the X-ray 

beam. Integrated intensities were correct ed for sample length with the aid of the 

nomogram shown in Figure 17. Instrumental settings were as listed in Section 

8.5.5.4.1. 

The 15 correction (the angular discrepancy of the goniometer readings) 
o 

for the specific diffractometer used was found to be as follows: from +0.01 2 e 
o 0 0 0 

at 20 26, through 0.00 at 50 26 to -0.01 2 e at 110 2 e. This is of the 

same order as that determined by Chayes and MacKenzie (1957, p. 534), who 
o 0 

found a difference of 0.0156 at 50 26. 

8.6.3. Measurement of angular position and intensity of peaks. 

For all peaks the angular position was taken as a point in the centre 

of the peak, two thirds of the distance up from the base line. Intensity measure­

ments were obtained by means of a Disc Integrator, with the strongest peak being 

taken as 100. 
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8.7. Infra-red Spectroscopy. 

In the present study, infra-red absorption spectroscopy was used 

as an aid in the characterization of the phyllosilicates (see Part II of this thesis). 

The infra-red absorption spectra were obtained by means of the "alkali halide 

disc" technique in the foll owing manner: 

The concentration of powdered material embedded in potassium 

bromide was adjusted so that the level of absorption in the infra-red beam would 

produce an almost full-scale deflection in the region of interest. This meant that 

the concentration level of the analytical material was generally about 0.1 to 0.3 

per cent. 

Approximately 2 milligrams of pre ground sample material, with 

the grain size being less than 2. 5 microns, was added to 1000 milligrams of 

Harshaw infrared-quality potassium bromide and blended in a Grindex or Wig-L-Bug 

dentists' amalgamator. Approximately 200 milligrams of the blended mixture was 

then weighed out and pressed in a vacuum die to form a suitably robust pellet 

or window. A pressure of 60 tons per square inch in a vacuum of less than 1 mm 

of mercury was found to be satisfactory in most cases, producing discs with a 

high percentage transmission (of the order of 85%). 

The absorption curves were obtained by means of a Perkin Elmer 

Model 521 double-beam grating-type instrument. Linear wavenumber recording 
-1 

was used throughout at a scanning speed of 350 cm per minute. Instrumental 

accuracy was assured by calibration against the water vapour spectrum and the 

spectrum of polystyrene. 



166. 

9. COMPUTER PROGRAMMES. 

Seven computer programmes used in the course of the present study 

are set out in subsequent pages. All the programmes were written in FORTRAN IV 

in order to be compatible with the IBM Model 360/50 digital computer. 

Programme 1: 

This programme, CELFIT, was used for the calculation of the cell 

parameters of the phyllosilicates (see Section 8.6.1 and Part II of this thesis). 

Programme 2: 

This programme, GENRAT, was used to index the reflections ob­

tained during X-ray diffraction analysis of the phyllosilicates (see Section 8.6.1 and 

Part II of this thesis). 

Programme 3: 

This correlation covariance programme was used in the statistical 

evaluation of the results of the quantitative analyses carried out in the course of the 

present investigation (see Section 4 in Part I of this thesis). 

Programme 4: 

This programme was used in calculating the results of the quantita­

tive X-ray fluorescence analyses (see Section 8.4.4.2). It makes use of Reynolds' 

formula to calculate the concentration of an element from analyses carried out with 

an international rock standard as an external reference standard. This programme 

was used where analyses had been performed with the aid of a flow counter, so that 

no dead time correction was required. 

Programme 5: 

This programme was used instead of programme 4 to calculate quanti­

tative X-ray fluorescence results in those cases where a scintillation counter had 

been used in the analyses, so that a dead time correction was necessary. This pro­

gramme incorporates the dead time correction of the scintillation counter used in the 

present study. 

Programme 6: 

This programme, NIMMNHMU, was used to calculate the mass ab­

sorption coefficient of any powdered material whose median grain size was less than 

10 microns and which had been pressed into a disc (see Section 8.4.2.3). This pro­

gramme makes use of equation 3 (see Section 8.4.2.2) and takes into consideration 

the dead time of the scintillation counter and the correction factor of O. 750 that had 



to be applied for cellulose binder in the disc. 

Programme 7: 

167. 

This programme, NIMMNHNS, was used to calculate the mass ab­

sorption coefficient for a mixture composed of any two components whose mass ab­

sorption coefficients and relative concentrations are known (see Section 8.5.5.3). 
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COJllflP ILEA; OPTIONS - N"'ME- iliA T "'t OOT_Cl, Lt N(CNT_C;h. snUR Cf. Acn, NnL IS T, NnOHI(, LnAD, IIIIAP, NO~"t T, fro ,Nn)(p I:f' 

UN 0002 

UN 000] 
t SN OOO~ 
t ~N 0005 
t SN 0006 
1 C;N 0007 
I SN 0008 

I SN OOOq 

I SN 0010 
I!\N 0011 

I'iN 0012 
t"'" n013 

ISN 0014 
ISH 001"i 
I~N OOlb 
100N 0.017 
'5N ('01 R 
ISN OOlq 
ISN ce70 
I SN con 
ISN ron 
T "N 0021 
I SN C014 
I SN 0025 
I SN 001f. 
I SN 0027 
I SN n028 
I <iN 0011} 
IS' 0030 
tC;N 0011 

'''' OC3? 
ISN aO'n 
'<iN C014 
I SN 0035 
l<iN 00'1-
IS,,", 0037 
ISH 0018 
ISH 003Q 
tS'" 00,,"0 
r<i'" 0041 
'<iN 0047 
r SN 004. 
'S'" 00,.1, 
I SN 00"" 
'C;N DOlt" 

C IDENTITY, CElFIT ° 'JIfIIFNS 1 fiN eELN, 6l ,(FlL 16 I, A"",OA (61 ,At 1,11, N(lT f'" 1, NU"l (1 I, ",UJIII' f 7" 
UMC 1000. ,.JKIIODO),.JLt 1000), TTM( I 000' t S IGI 1 00(\, ,WTGIIOCO 1, "SOl 1 'lOO 
2' ,ssel 10001 ,n, l' ,SI-4Tfb' ,fl.1 b,b', Tfllli tol ,FAlllfbl, lOt 10001 

DOUBLE PREC 1510N TlTH (q, 
eO .... r!N Pt, PIX, x tP, AA,A:B ,PC: ,AALP, A:Rr T, QGAII4,CFLN 

101 FORJIfIIATflI5,lFIO.o;,to;I 
101 FnRII4ATllI-i0,bFI<;.1,f1?!i1 
105 FnRJIfIIATf3l5,2FIO.-;.3"'1'J.~1 
lab Fn~II4ATf 1F 1 <;. 4/1 'H. f,F' 1 S. 4110)', 'if 1-;. 4/4r.x ,4F 15.4/M):II, ~q r..,.115)', 

12F 1 ~,"/qOX, F 15.1t I 
1("1 FrJ~III"T(1l-il/IOHOITFPAlTf1N.n,4H OF',"i)(.q/UHlll?~ f1t~~CT (FLL, 

13F 11.", 1F 11.1/ IXI 
800 FI"'RIIIAlI11-41nz .... oF'NU O-CHL 4.~n F"!'}"l7fll'llFI2.4,lFl1.~11 
801 FOR~ATIII-lO/4HO H,4X,I .... I(,4)(,lHl,'X.RH(I/n' ... ?,?X, 

I I'Hll/n' •• 1,1X,1H THI:TA.,3X,1H THFTA,lX,71-4 THFTAJ 
802 FnA;IIIA" 20X, 1,..(\8 Ii ,1X,41-1C:Al( ,bX, 'lIHOfi S, 7X,41-1( At r ,4MI1 I HI 
eOl FnRIoIAT (11040, QX ,2MA., 13x. 2HR., 13X, lH(., 11)(, f':,HALOIIA., Q)(, 

1 "Hl!~rTA., 10X.fHGA.M~A., 4)(, 6Hvnl UIIIF 1 
8(,,~ FnRIIIIAT(1Hr)II1~1 IIIATRU' 
80b f'ORII4A TliHOll15H INYfA c;F I14ATA U 1 
1'07 F(lRI1A.T( JH01/<'It-I R-IiHlne;) 
808 F.:RlIIIATlIHO/9H O-SHIFT~lItoF 13.h/1I11-1 D-CHL"",FI '.id 

PI-'.1415q26536 
XIPz}'\O.O/PI 
P IXaOI I Ij:jr). '1 
HAAR"',., 

qqq RFA{'l('!'i,~aqIIT(TlFltl,'-l,~) 

80q rn~IiIIAf(qAR' 

~ E AD I 5, 100 I R A, A R, q (, P AL p. P BE T ,At": Alii 
Ion FnRIIIATIHIO.C;1 

IF (AA-I.OI Q,9,IC 
10 (All oH IP 

RA-CRN( I' 
AE\-CElN(l' 
A(-Cn~(l' 
PALO·CFLNI4) 
o~ET:CFlN( 1I'j, 
RC,AII4:(FLN(H 

9 cn~Tt~U[ 
~FAnf 0;.100)1 AYPJflAII',' -I,"" 
nn III '-I,ll 
IF (AY~OAtllI 111,112,111 

III FA"1III",t1."u.v><"'f.II"."7 
III AEJ\O f'5.1~')~· 'llll,t"'I,'" 
101 FflRIIIIAl(l'1!'->1 

ror 11 I-I,'" 
~FAI1 ("i,'''II·!· ... \(TI.NtlII47fll 
IF t NI,". III I 1 J, \ '.1 J 

11 (('tNT tNtlF 
11 OrAn 1C;,IOIj).\XI~(,A~I"J( 



lCif\l ('OoCt1 
I!liN 00oCt8 
lCiN OOoCtq 
1 SN 0050 
15'- 0051 
1 C;N 0052 
ISN OO~3 
lC;N 00'i4 
ISN OO~5 
I SN OC5" 
IC;N 001)7 
ISN 0058 
I C;N 0059 
1 SN 0060 
PiN 0061 
tCiN ('1062 
lCiN rOb~ 

I SN 0064 
IC;N ('060; 
I SN 0066 
IS~ OCI'>1 
I SN 00108 
I SN OG6q 
III)N 0010 
I C;N 0071 
ISN 001? 
1 SN 0073 
t S" 0074 
I SN 0070; 
f'iN 00711 
I CON OC77 
I CON OOH~ 
reiN r01Q 
ISH OORO 
IC;N CO"1 
I SN oeR2 
Ie;N 0083 
'SN 0084 
lCiN rOAO; 
ICioN 0086 
IS~ OO~7 

,SN OC8A 
ISH OCA9 
I CiN 0090 
III)N COQl 
ISH oe97 
I C;N ooq~ 

ISH oe94 
I SN 0095 
I SN OOQ6 
t SN 0097 
ISH 0098 
'CiH 0099 
ICiN 0100 

ISN 0101 
ISH 0102 
III)N (1103 
I C;N 0104 
ISH 0105 
ISN 0106 
IS'" 01('11 
I SN 010R 
I'I)N 0109 
ISN 0110 
ISH 0111 
ISN 0112 
IC;N 0113 
ISN 0114 
t C;N n 110; 
ISN Ollll 
ISH (,1l7 
tC;N 0118 
ISH Ol1Q 
lC;N 0120 
I C;H 0121 
ISN 01" 
ISH 0123 
IS'" 0124 
ISN 0}:'5 
ISN 0126 
'SN 0121 
UN 0178 
ISN 012Q 
,e;~ 0130 
IC;N 01'1 
ISN 0132 
ISH OB3 
III)N 0134 
'II)N CB~ 
I SN 0136 
ISN 0137 
IC;N 0118 
III)N 013Q 
,SPII 0140 
I CioN 0141 
UH 0..,.2 
ISH 014) 
ISH 0144 
ISH 014'1 
ISH 0146 
ISN 011,1 
ISH 0148 
UN 0149 
ISH ono 
ISN 011)1 
ISH 0151 
'SN 0153 
,SN 01S4 

Of1 lit (-1,1000 
REAC'5, I021JHC I l,JkC II,Jlf I ',THFTA,SIGClI, fT 
wRtn t t., I07'Jl-iCI I, JK (t" JLC t I, THFTA, c;rr,II' ,IT 
IF (lHf"TA' 1~,1~,1t-

Ih ICII,-n 
S INTH_II) IHI PI x.THF TA' 
TT~I' ' .. T~(TA 
WTG( I '-1.0n S tGt I ,.FA"'I t T I.Sf IIf'? .o.P"UTt-~FTA II 
SS~« I I .. FA"( IT I.e; nH ... ~ 1 '-ITM 

14 cnNT INUF 
I" NIHL=I-t 

(All PECIP 
nl"' 19 Iz l,h 

lq CfLU t '-CELIIf, l' 
NtTFRzO 

18 NITFRzNITER+} 
IoIQ ITFI", (O?)HITFR"T PLf-ll I ,I:l,QI, (P:LLIII,lzllh' 
nil 17 J_l,7 
rr. 17 K-J,7 

17 A (J,K ' .. OlD 
C(1('A",Cr'lS I 0 I X.oAl 0) 
cr~A ... (nCj crl xu-8FT, 
C oc;r.,.cnc;« PI uPGA'" 
S l"'A-~ IN IP t X.OAlP' 
S IHfhc;rN'PIl(U:R"'TI 
S IN(;" S INCPIX.RGAIIIt, 
e; 11 ... 0,1,.0", 
S27",oR.RfI 
c;3~%QC.RC 

S 1 2-1.0.AA.AA.cn~G 
~ 13",z.n."A.Ac·cnS8 
c;? 3* ,. O.RR •• C.C nC;A 
nn 'D '-t,HqFl 
F""-JHf t' 
Fk-Jt{ (I, 
n-Jlf I J 
SC;Cf' I_HI.FH.q I+F.*F9I:*1I:j?2+Fl*FI .q3+FI-t*FK*q ?FH*Fl*q ~+FIt'.FI*e;?3 
Of1I-IS§Of I I-~V:f' II.wTGC I I 
011 '-(2.".F""*fFH.AA+FI(.Op.r.nsr,+Fl*oc.cnC;JJ' ,.wT("" I 
01 2'.1 2.0.Fk.fFH.R .... CnC;G+FI( ... R+FL.R(.COC;" ".\IITr.f') 
nt 3 I -( 2 .0.Fl.' F' .... ~A.cnsA+FI(.AR.(n~hF-l.RC II.WTG II ) 
Of 4' -f-o,.FI(.fl.A8.RC.Ci tNA 191). ('\) *wTr.(' I 
Of 'i }-(-PI.FH.Ft..RA.RC.S IH8 IQo. 0 I.wtr I t I 
nl6 I -f-ol.FH.FK*"".'U,.S I Nr./9f"J, n l*wTG C II 
!"In 21 J"'I,l 
lFINUMllJl1 72,,?,?~ 

?3 1 hNlI~l C J. 
IK·NUM21 J. 

71 nClk)·Ollk'+OIITI 
'2 no 24 J-l,6 

IF fNOT(JJI 21),?'i,2ht. 
?66 IT-NOT I J I 

74 rtf IT 1-0,0 
2'; no 26 J-l,1 

no 76 I(-J,1 
26 ,CJ,KI-,'J,K'+OfJI*OCkl 
20 CI"NT tNUE 

on IfJ9 '-',6 
IF c~nT(t" lQ8,IQe,(fn 

IQ1 IT-NOTt" 
199 'ItTtlTI-I,O 
19" WRITE(6,ROl§. 

WP ITEt6, t06' C IAt, ,Jt ,J·I, 7', 1-1,11 
no '00 '-2,NPAII. 
l- '-I 
nn 200 J-l,l 

20r} ACt,J'-O,O 
... 1 t, I l-I.O/~ORTCAI 1,1' I 
nn 202 ,_,,~P'R 

?02 4Cl,tI-An,Il.AfI,1I 
no 201 '-2,IrfP6R 
l- I-I 
Of] ?f)4 J.t.l 

70lt A,t,n./I,II,II-A.'J,I'.A'J," 
IF UII,t II QQA,9"R,9cH 

q91J A",1I-.COOI 
wP'TFI6,90~:" 

QQjl, r:rRIWAT('*'1 
097 AII,I'=1.0/S0PTIo\(f,II, 

ll- 1+1 
nn ?OC; JzI,l 
on 7e6 I('"J,l 

21")6 ACI,JI-A,'J,J'-A.CK,l,UIK,JI 
200; AfI,J'-ACJ,JI*A",J, 

IF fI-IrfPAR) ,n,703,'7? 
", no 2n7 J'"Ll ,NPo\P 

nn 2'11 k.-I,l 
211 AII,J'-AlI,JI-AtK,I'*Afl<,JI 
207 "fI,J'.Aft,JI*A' loll 
203 CONT INUF 

nf' 208 J-l.lrfPAtt 
7C~ A 'NoAR, J '.A( ~PAq. J I.AI NPAP ,NoAP I 

nn ?IO '_2,,,,oAR 
-t-HPAq-l+l 

A Te"'P-,, "'''''''' I 
0("1 210 J-l,""1 
l-'-l 
nn '09 K-l,l 
JIIIt( .NPAII.-I(+ 1 

?oq A'M I ,J I-A, 1liiI, J I-A (Jlllt, "'I< I.A, ""I(, J I 
211) AlIIIII.J,,,,,,CJIfIII,J,*ATF"'P 

nn '13 '-2,"IPAII. 
L_ I-I 
!"I" 713 J-1,l 

211 A(J, tI-'n,JI 
f'lO 214 '-I,"'PAII. 
SHTC II_n.n 
on ?14 J-I,"fPAR 



ISN 0155 
14iN 0156 
I~'" 011)1 
ISN 01'5f1 
ISH 01'59 
'SN 0160 
I ~N 0161 
ISH 0162 
ISH 0163 
IS~ 0160\ 
ISN 0165 
ISH 0166 
IIiN 0167 
UN 0168 
ISN 0169 
I SN 0110 
I~N 0171 
ISH 0112 
I'iN 017] 
l'iN 0114 
I'iN 0115 
ISN 0116 
I~N 0111 
ISN 0118 
I'iN 0119 
t~N OleO 
I'iN 0181 
IS" 018? 
''iN 0183 
I'iN 0184 
IS,. 0185 
ISN 0186 
I'iN 0181 
ISN 0188 
I~N 0lA9 
ISN Vlt10 
ISN 0191 
tc;,. 0192 
'~N 0193 
ISH 0194 
IS" 0195 
ISH 0196 
I ~N 0191 
ISH 0198 
ISH 0199 
I SN 0200 
ISH 0201 
ISH 0202 
I SN 0103 
ISH 020. 
I~N 020~ 
ISH 0206 
I'iN 0201 
ISH OZOI 

'SN 0209 
l'iN 0210 
I SN 0211 
ISN 0212 
ISH 021' 
ISN on4 
''iN 021'5 
ISH 0116 
I S~ 0211 
ISN 021~ 
I'iN 0219 
ISH 0220 
I'iN 0221 
ISN 0222 
I'iN en, 
I S~ e214 
I'iN 02?'i 
ISN 0226 
I~N 0227 
ISN one 
t SN 0279 
IS,,", 0230 
ISN 0211 
I'iN 0232 
''iN (lz'n 
I SN 0234 
ISN 0235 
ISPII 02]6 
I SN 0237 
''iN 02'8 
ISN 0739 
t SN 02"0 
ISH 0241 
I SN 070\2 
{'iN 024' 
ISN 0244 
IS~ 021t5 
l'i~ 021t6 
t c;,N 021t7 
IS,,", 021t8 
l'iN 0249 
''iN 0250 
ISN 02151 
fCiN 0257 
ISH 02'53 
ISN 07'54 
I SN 07'5~ 

I'iN 0256 
IS~ 02ljl 
I SN 0258 
t'iN 02459 

211t SI-ITfll-SHTfI'+""I,J,.ACJ,IIIII11. 
00 314 '-1,6 
IF IHUMIC") 31'5,111i,316 

316 IT-HUMIC II 
IK-HUM2C I' 

310\ SHTIIT ,-SHTlIK' 
11'5 WRlTEI6,A06. 

WRlfFI6,106. IUII,JI,J-I,71,1-1,1I 
WRtTFlb,B071 
WRITE 16,10'" 1~I-ITltI,l·l,M 
RA.RA+SHTe I I 
FtA·RIHS ... TIZ. 
RC·FtC.SHTI1. 
R"'LP.RAlP.SHT( It I 
RafT_R:"ET.SHT( 'S) 
AG ...... Rr. ..... +~HT 16' 
(ALL RH IP 
on '1'5 J·l,6 
'iHTf J '.(ElNI J '-CEll (J I 

711) CELlfJI·CElN(J' 
WR'fE(II,80~' fSMTtJI tJzJ .61 ,fCFlllJI ,J.I ,f., 
0(1 116 J·I,] 
IF IAR~'~MTt.J)I-A.HNC) 2"",7111,1" 

216 cnNTINUf 
no 217 J.4,6 
fF fA8SI~HT(.I»)-ANIN(1 211,117,1~ 

217 CONT INUt:: 
00 401 '-l,b 
IF INOTII" 4(12,4C7.4(11 

1t01 ef'NT IHUF 
402 F .... N.JrfRFl-7.' 

R .... 1001.0.A:A/IOOO.0 
CAll PEe Itt 
RA~RA*lOOO.O/J 001. 0 
00 403 I·l,b 

401 SI 1, I I. (eELNf I .-(ELL (I II *1 oon. OlR.A 
RA-R~*IOOl."ItOOO. 0 
CAU RfC IP 
R~.R.A* 1000. 011 DOl. a 
rn 1tf)4 1.1,6 

1t04 AI', I •• (CFlNIII-f'Elll I I '*1 OO~. O/AR 
RC·"C*IOOI.OIlOOO.O 
(All Rf( IP 
FledC* 1000.011001. a 
no ltc'S '·l,b 

40'5 Be 3, I' -ICElHI I I-CELLI I , )., 000. ~IRr 
RAlP·RALP+O.OI 
CAll REr IP 
RALP·R:ALP-O.OI 
Ilfl 406 1-1,6 

406 A' 4, II.C(FlNClI-CElll 1"*100.0 
FtBETalt:BfT.O.Ol 
C"'ll RE( IP 
RBfT-RIIEY-O.OI 

"n 4('17 1.1.6 
407 AI",t'.(CElNIII-CFlI Ct".lOO./) 

RCAlllldGAIIII+O.1)1 
CALI RfC IP 
II(A"~RGAM-n.Ol 

on 4C~ '.1,6 
4011 R(h,I'.(CFlNCII-CElIII))*II"IO.1"I 

nn Itnq '-1,1 
p: (NU"UII) 41t1,410,411 

4}1 It-NUIIIUI' 
lK-NU""( I I 
on "09 J-},6 

40Q PlI IK,.I).I)I IK,.I)+I\, JT,J) 
41t) nn 412 I-I,ll 

IF ( ... OHIII 41',413.414 
41" IT .... Ollll 

N'! 41l. J.I,6 
417 AI n,J'·o.') 
411 F .... N.AI7.7)/FMHN 

01" 41S 1.1,1'. 
S~TI' ).0.0 
{'In 416 J-I,,", 
T~"'( .1,=(1.0 
nn 411 K=I,t.. 

417 Tf""Jl=TE"'(J)+A(J,Kl.~(I(,11 
4111 S~TI').S"'TI'I+TF"'(J).R(.I,'I 

41" SI-IT( ".SOA:TfS4Tf{'." ...... N' 
on 418 I z l t 7 
I" (NUMIfI1l41C),419.4?O 

4'Ol'-NU-lIt, 
IK·NIJIoII7f1l 

41R St-tTftT,-C;MrtIKI 
41') Will TFIII,~OO)I(Hll' 'tT ,,' ,f.1 tf <;~Tf I) t 1"1 ,61 

WA IHI6,803) 
(CSAzcn~'rt{x·CHlf41) 

C(!"iR'"'COqPU*(HLC ",, 
crSr.z(('SfPU*CHlIfl' , 
Vf1l· 1. O-cn~A.(n'iA-C(!C;R.Crc;'\-cr'iG.enc;,G. 2. 0.(nO:;,ucn<;~.("'c;(. 
vnL.CELL I , ) .CFLL (? '.C"LL f' ,. SOP T (YnL) 
WP ifF (6, 1011DA, 1;1 A ,Rr: ,RAl p. ~Rf T ,PfA"', ynl 
W~IH(6,~OI' 
wRlTEfh~OZ' 
nn 400 I·t,N"FI 
IT,., 10f I' 
xa-C;OIlTf I.O-sse f 1 I IFA""(' T II 
Xl'·X I p.ARcnS I XA) 
nEl.TTMI, '-'I(R 

400 wDITF lei" 1051JH' fI .JKII J tJl fI J, SC;O" I ,C;'iC (' I, Tn." ',XR,Of:L 
GO TO 9Qq 
STOP 
FNO 



2 

')O~l 

·11")".7 
'J,,)0~ 

(-';')4 

0005 
e:1c(. 
0007 
(1008 
OOOq 
J01n 
0011 
","ll '1 
oon 
'1014 
001' 

(. ~P~f:"P"T 

C PQOr,R:AM GE~Q:ATfRS'" 
C n.c.,""v,.nfQ c::r M)I\0C;!F. 
r. rttC:;T"~'UC:. 
( nAT4 r~Qnc:. 

( 

C I. rqL"""" 1. I. 
e Cf"lIJ"N 3. J",,:~,WHrp~ ff'I:N" r"q A (:1'RtC, 'FTP.af.n~AL. f-If:""Af.('\~14t 
( nq r.OTHnOnunl( CDV(,Ttl. 
C ,nFN." FrtP " 1140~nCl P'tf CPY~'Al. 
( Iflf:~"''' rill> A i)1"H,,,,pf't·nnot,, rl:' lp'n H'lt 
c r.0Ve"A,I. 
( ""t'l"'''' <;. 1(1 <;j::1= nAT" ("Qfl '1.. 

C rnl'JN''l 7. I(] I(?_. - HU: P~<;"lTC: WIll Plf C:;nfHF" '" "rr~p (,e 
l~Tt-l~fll. V~I!!~(" ,HFnOf nr"'I'.'~ P'1p.'TI'="'. 

I( 7-' - lIn ("'OT, Nt rn::~"~r Do PIT ("'r.. 
"" rn<:> [PRlr, TJ"lPlI.rrl"tH , .... F .... "r,I"'~AI ,,,,., .... 1'f"'UI .. "~J(:_ 

nPAI (QY<UI" 1(4 aotAV Pf ""IIAI Tn t. Hqc;. loll 1 
\:'J(tI~r T~."T 0,::<;",-1(' 1\1'l[ no,,,,,,l=n rl"'IV fno TI ~ 

r,QC:;T nl= '" <:rr ('If 1~,I(,l-Vl\ll'<: wlUI f)(~rTtV 
('.f "'fl AI.' ?$Tf.'FTr.. 
IF THI<; l=.\rtlITY "If'T ,,.,,."TFn 

~'.\. T,I,e r!.CI' lTV T<; "'~lLV ~.Vf't"r,1: II:" 1(7Nl T."'. 
WUFN I<rlj,trtT<; AO~ <;I"OTI=". 

"'lll'J~'~1 1)-77. '\'.IV ~.IPI'~."'tlJur.f"lr "!f,.,.,MI'.TTr"" T("1 'rr~'f,rv p"'''lr .. , 

('lL 1)"1"" 1-". L \ ... " ..... 
..,-tt, ('IT1_rt:"C: V-\I'I::: ?TqeT& IN n~r,,,"'~(. 

17-14, p-",t,,)(. 

lCi-l1, I(-"'~X. 
lQ-?', I-~I\X, 

'l-'~, .~-"''1. 
?4-?', Il_" 1 1,'. 
?7-7<1, l-o"'''j. 

"rCfl../n!N'; Tn r00,",I\T"C.'1.( ,fl. -',1·1"'< 

"'. ~lNl ".I.(,r,r:,> ,"rrron'~lr. rn ~"'n"'''T ., .... !=1\'.~,< 
I<?Z I\"!,q,),C,),AlDf-4/\,PFT,t,,,r;AMMI\ AfrnO'lT"'r. T" fflOM"T",.rl".i"< 

f"/llq::~1Iij l'"l'" TNrll1 nnt'" '~f'?f 1(1(:( 1 • t"H")~ II·",' 1. IIi<;T~f ")"(' 1 

'1"·"'I\I<;"W"·I,\ll'l 
I=P"",,,TI 1= 1. 3,F4.(1,"'I~" " 
F-f1P~/\TC t',rQ.h1 

Fn~"ATf6Fq.,." 
f\? FrlQ'ltAT till' 

PI' .~. lit 15Q16')/2. 
tl "1.1. I 41r;92f'a<;/PIO. 

I') ItFAnc "q',EN'l-IOI'(l 'IOfN,1t'1 ,Kl,K1t, I XNAII J, , .. " t 1':) 

~FI\f) (l.~ , "'tAMIlA.,e,AA."Jf,~K''''l,'''H,Nk,l\~l 

100 FOA""T(6Fl,),It' 
q1t FOP""T' tMt,'tflX,III,lV,ll':fl4' 
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oon " C"HHNUf 
0018 ",.nx-o 
001. "" Iff '_l,"OYltt 
0080 r.nNS-Xf\AQ:n 1 
OOSI I'M'1 ,q ... , ,"'OYIIt 
00.2 I .. ox-,Nn'(+1 
0083 If: ffrtCOYI r .. Oxl" Q, ICI,2" 
0004 20 COYC Utnx ,.COY( IN". 1 INCnYI , .. fl. I-CO"~.XB"R( Jl 
OO,,'} 1° cn"TJNUE 
0086 21 rnNT l'fUE 

C nUT'UT O"""'F 
00.' GO Tn 11?,131, IIFllln 
00 •• '2 W'tlrr: Ctt, ,o~. 
OO,,~ CO TO 14 
OMO " "",TFfA.lI01 
OMI \~ FORJIIIT (T'§6,'ZFROFS .,,£ Yilt" nUl" 
OM1 1\0 Fn.JIII,T tT'§t,'lFlllnF~ i"E ~14;4;I"r. 1 .. ". .... Tlntt·, 
OOff1 '4 CONTlNOf 
0094 .,,,tT~ '6,ln4' Nl'TI\,MOV." 
OOq5 ,04 FM'''T l'O',T5.,'HUMBEIII nF IIIFlnl"GS',T1'4,'ft,T'§4,'ORDf" ('If 

,.f14, '6,' IT'58, 'COVU: lANCE .lnIX', '" 
UN'ACt( cnyu:, I,NCf ~l Tit' X 

00% ,Nnx-HOC"'·I 
00"" no 2'5 ,'.-1 ,'fOV". 
OM. '-... OVA.+t-'''' 
00" Of' ''J JH:-l, I". 
0100 J-NOy,tt.l-J'" 
OtOI '''"x. ,""x-l 
0102 Stt;C.J. n-COV( ,,,,,x. 
0103 ,. CntlTt_ 
0101t nn 26 ,-, ,,.,.,,. 
0105 00 26 J-I,t 
Ot06 2. S IGI".' 1-~Ir., I .... 

FOtt"UN 'v G leVH 1, lIton "\ 

010" 
010" 
0ln9 
ottn 
Ottl 

0" 'NT cnvu U"'CF liliAn IX 
no ?" r.,,-.nYAIt 
"'Of r I.n~I)RT(qr;f J ,t II 
WP''':,,,,,I.,'5' C<lilr." ,J',J-l,-.oYA.' 

lnlli FOIt"'AT (Tl,,,nl".fo," 
21 ,-nNTINUF 

r: Fnp", .. ~m OR '~T ,-"pp IIIIATIt fl' 
VAITF ,1',,10"1 ,.AUff"''''t,JrtnY''.' 
WlttTF 'ol"ttlli) l",n(fI,'-I,Nf'YIAI 

10" f!OltilllAT ('l',TM,UIlf!.lN VHTOtt'''fTl,''('Ill.fo,ft' 
It''i FOPillllI,T "",T'51,'",TANO".0 "EVU.Tt""~','I(T1,101".fo,ftl 

V"U'F (fo,lnA' 
10JIL f:nQIIIIA,T "1',T'5f1,'C"pR£LAHnN "ATA,.',," 

nn 1111 1'" ,"'InVA" 
CnN~",,,,n, II 
nn lQ J-l,"'''VAD 

7Q "ATI(Jl.qG(I,Jl',rnllf"'.~nIJI' 

V"TTF '",10''' 'r'lAl,t,(JI,,Jsl,lIffWAA, 
11')f, FOOIII,T 'T4,14'F1').II\,II 

,~ CflIlfTf"'ltlf: 
If: f10'Fr..f~.')J r.n T" ~" 
WDtT~ ''',111111 

11~ F"QItIIAT "",TSP:.'Pr:r.AF~qnllf <'FI':Ttn"',,,, 
I'm ~4 I(I("I"'T~OT,IO:;T"o 

Cf'l"''''I.'Q(':fI(l(,1(1(1 
0:;,(':,1(1(,1(1(1"1 
nn ~l JJ"tO:;TjlqT, '~Tnp 

41 '" tr.(I(I(,JJ1.'-f',,*<,,~(t(I(,JJI 
nf' ~4 " .. f<liTII,DT,l':.Tno 
I'F( I I-I(I( 14?,lt4,4" 

4' (n",,,-"'O;''',1(1(1 
0:; Jr.( I' ,KIC' I"n 
nn 4'1 JJ .. ,O:;TI\PT"",TI10 

4~ c; tq t', J.lls< ,r., I' ,J.ll.(rlll.""r.II(I(, JJ I 
44 cmnlNUf 

WDIT'F(",llIIlV"D,IO:;TAOT,I<rn" 

l"41'nl 

MAW.C)lJ1' 
" .... 8'5" 
MA"""'~ 
MAWGM' 
HAwn61 
H'",,,,,, 
H .... "61 
H''''{I~4 
H""':06i!1 
... _o1111 
HA.,..,.." 
H ..... 06" 
M'",,06Q 
Hawcn,?O 
HAwn"t 
MAVK012 
H ...... 01" 
HAWKn14 
HAwn'?'5 
Haw:n1A M .. .,.O"" 
"''''0''8 
HI"KO"Q .... .,,,""t1 
H".nUIPlI 
HA""O_' 
.. 1vet:nfll, 
HIW.Olll4 
.. l"I(OIll'5 
Ha .... nM 
HA"(08" 
H .. ",,('tIII" 
HA"I({lftQ 
Ha ... "." 
HI""Oql ..... .,., 
.. a .... oc-, 
HA","4 
H"VKt)Q'" 
H"WKI1% 
",,,litO"" 
HA ... .,.." 
HAW"" 
HAve tOO 

.,TRIX', HA"",,,, 
"" ... to! 
HAWltIt" 
"' .... t04 
....... 'O'); 
..... t08 
H .... tOl' 

"""UM 
..... IM 
_no 
... tn 
..... tn 
""""In 
_n4 

ll11i'41f2'1 

H .... K 11 iii 
....... tlft 
H • .,lllt" 
HIVWI1 III 
H • .,·0,4 

M'''''I'O 
HA.,llt" 
.... ,,1(1" 
...... wl''S 
HAVKI'4 
"".,Kl,' 
""Wll:I?" 
.. awlC'?" 
"AWIl"" 
M.WI( t ,Q 

Ott? 
Ott] 
Otl4 
Ott'S 
Oil'" 
0111 
OttA 
Ott~ 

0170 
0171 
(1127 
0173 
017~ 
012'5 
OPt-
0111 
OPA 
011Q 
nnn 
("131 
aD? 
(l ,,~ 

O,,~ 

on"i 
on,. 
onl 
OPA 
onQ 
OHO 
OH1 111 ~nPIIII,t,T 'T,~,'VAD'AIlIF',I"',' pqFnH'lF\"I,,'T~B,'oPF"'rTno<',I",' 

"'''w.:' '('I 
M'Wl(l'Sl 
H.WIt I '1' 
'·"v.: t3~ 
MIWI(I'S4 
... atllet'S., 
M.lVI(I~'" 

"'"",wI'1l7 
H'WICI'U 
""WIlt'~Q 
"'.VI( 14" 
"'''VI(141 
",I,WIlt14" 
HIIWI'I4111 
Ha"1(144 .... ,,1( I"~ 
HA"9{1· .... H"WtC,.'f 
HIV9{14" 
"."t(14Q 
"A"tr I 11\0 
MIWI(I"" 
MIWI(III\· 
HI'".: I 11\, 
.. a"I(I~~ 
.. ,1,"1(111\4 
H.WK I"'~ 
"1"1(111':6 
MAVICI"''' 

HAWK '''''' 
" • .,I(Itr;Q 
NAv.:l,.n 
"1"1(1'" 
"""I(H1 
"IWK'"'' 
.... "1('''4 
HI,,,I(I'" 
HI.,.: ''''6 
"A"KI"" 
H".,I(I"" 
""""lttQ 
..... .,IItI"n 
Haw':lll 

r., PII 
IF IlIIInn(I"'00T,21 .FO. nl (':('1 Tn "il 

.. , woHE''',114, 
ltlt ~nDMAT ""To:;A,'O:;U"MAT"I'" 'IIfV'FO~F'" 

nf'l "i~ t'_'O:;To\PT.t~T"D 

wofTF 'I.,n7, '''tr.,n,JJI,.J.Jsl<TAltr,t''Tnttl ,,1 ~nDIIIIATfJllflX,l:'t~.lql 

I"NH'~"F 
"'il ,-n"'TI"HlF .·0 

r:n"S"l(PlIPf 'VAA 1 
n" ~9 If"'IO::TII,AT,I<Tn" 
cnEF'F f I I ,~", 
nn 41" JJ"ISTII,DT,'<Tnp 

4" U''''F'F f" ':'-I1FF'F," "<1 r. , 1 VAP ,JJ ,.~,r.I", JJ I 
tt-=o.", lfa 'vAo, I I '*C'nFF'Ff' t I 
(nllf"'",rn~"'-"'PlII,R f I 1 ,.rnfl:'F (' t 1 
-:n'lTI""IF 
Ih''''''OOT, D,,,,, r., TVAo, 'VAil 11 
<nDI')F : "<;;''''' T I I'lA!);'" I 0:; TG( lVAD.' VAD I.' t ._0 •• 1 11 
..,1')'TQ",117' D.",np~F 

... ~ GOGZ 



FnRTR,,-. tv r. LFVFL 1, "'nn ~ MA t'" 1"' /,"7'71 

nib? 

016~ 

01"4 

016r; 
O)bf 
0)"1 

o,,,p 
01 "q 
OPO 
0111 
011? 

01"7' 
"P4 
('17" 
0,7" 
0}71 
OPR 
opo 
O}P" 
01 Rt 
01111? 

on"1 
OOO? 
OOO~ 

0004 
ooor; 
000" 
00n7 
O"OA 

t17 f:nRMI,' f'~~,'M"lTtPlF rnARf"l"Ttn~ '" ',Fll"1.111'~R,'<;T~~I"I"on f'FVlATl I-I"WI(I"7? 
r.'1,. nF DAFOTr'Tf'l'f ... ,F?(\.1, 11 HUlit ,1~ 

WOlTF fjl."tlQI "f)"Jc:.,(rnFFFIJ',J=tc:.UQ',t<;Tnpl I-I"W1(174 
llC) Fntn'AT 'T'A,'{"n~<;TA"T '" ',F'4.I-IIT~A,'oFr:oFc:.",nN rnc·· .. n::,rt"t.J'<;".f I-IAwl(l"7" 

/:TI-4,,",(\."'/I I-IAWI(,7,., 
IF ,tN,,0'.IT.1' (;f"t ,,, 4" I-IAW':I"71 
WOITF (b,170) I-IAWI('''A 

121"1 FnR'"'A' ('I',Tr;4,'PQFnlrTP" V"'-!lF 1'<;'t"'I';',lfTc;4,'''P:<;f"OVf"!,,',''''''l, MIIWl(t"C 
r. 'poE","T",.,', II 

RF"',"J"" I 
nn 41- T:I,~DTc:. 

I)FAn fl.t,,,l(naTo\(JI,J""t,N"VAO, 
POf":ro"J'\ 
"f"l 47 J",Ic:.TART,'<;Tn" 

4"7 DO"",DO"'+cnFFf"IJI*nATf'fJI 
WArTf: ff.,"~lnATl\f'VAol,oot= 

111 f:('ID"'AT f'O:;?,"'Q.4,"",FO.41 
4" (flNTP'IIF 

itFwI"Jn 1 
r,n Tf"t t:lJIIA 

QQ"l WOlTF If.,,()r'tn, 
1('('11"1 FnO""AT 1'1') 

c:.Tl"o 

"'''''1 

<;IIPOf'llln"Jt= 'QI\~'<;I)(1 

Qt="l*~ Y(C;O, 
rr"''''''''''1 "WI"I,,-I'1V,,A 
"J1~Nn'~I+l 

nf'l I J="l,"'''Vtr. P 
1 XLII = nl"r:fltIJ-NnPlIl 

n r: l"t II)~, 

1-1111011( 1 A" 

.... 11,1011( I A' 
1-111\0111' 1 Q? 
MIIWIt 1 t:I~ 
L-4AWI( I t:l4 
1-111 WI( 1 A" 
1-1111011( 1 A .... 

.... "Wl( 1 Q"7 
1-4 A WI( 1 QA 

'"HI WI( t IlQ 

1-41\1.11( ,,,n 
1-411\-11(1("11 

.... IIWO(' 0;> 
1-1,.1,010( 1 Q" 

I-4I1IJIl' ,")4 

1-1 A WI( I")" 

I-tAWll'l<l.., 
t-tAIoIO( l ~"7 
I-fAWll'l (lit 
I-tIlWO(t(l,,) 
1-1"\011( ')rn 
1-1111010( ')nl 

1-11o\<lI(?("o,) 
I-I"W'" .,,,, 

PAr:,:: nO"4 
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FOUUN IV G LEVEL I. NOD I MAIN DATE. 6111'300 

0001 

0002 
000) 
0004 
000' 
0006 
0007 
oooa 
0009 
0010 

0011 

0011 
oon 
0014 
0015 
0016 
0011 
0018 

C 
C CHRONIUM CONTENT OF WITWATERSUND SANI'\.ES 
C REFERENCE SANI'\.E USED WAS 01 NIN DUNITE WHICH CONTAINS 2750 PPM OF CR 
C FLOW COUNTER USED aUT NO DEAD TIllE CORRECTION APPLIFD 
C CORRECTED VAlUES SHOIIN ARE FXPRESSEO IN '.lOTS PEA MILLION. 
C USAN'L -UNCORRECTED INTENSITY OF SAMPLE 
C USAMBG -UNCORREcno BACKGROUND INTENSITY OF SAIIPLE 
C IIUSAII -MAS~ AeSORBTION cnEFFIC lENT OF SAII'LE 
C US UNO - UNCOOllECTEO INTENSITY OF STANDUO 
C USTABG -UNCORRECTED BACKGROUND INTENSITY 0' STANOARO 
C IIUSTAN -MASS A8S0OBTION COEFFICIENT OF STA"OARO 
C CONSAN -CONCENTRATION OF ELEIIENT IN SAMPLE 
C CONSTA -CONCENTRATION 0' ELEMENT IN STANDUD 

REAL.! USAfIIPL ,USAMeG. "U~'''. USTANO. U~TA8G, "UST AN,CmtSAJII, CON'" At fJ NS 
UN.FINSU 

DINENSION HEADI201.DENTl2' 
RUD n.IOOOI HEAD 

1000 .OIINAT 120&41 
WRITE ' •• 10051 HEAD 

1005 FoafiliAl ('l',20A4' 
IIR lYE '6.10061 

1006 .ORNAT I'OCORRECTEO VALUE IDENTIfiCATION'. fI 
00 10'0 1-1.1000 
ReiD (', lOlO,ENO-lOItO I USAJltPL,US.MeG, MUS'", us "NO,US T ARC. Ii4UST AN.eo 

lNSTA. DENT 
tOlD FDRIIUT (F6. O. 2)(,F 6. D. 2)( ,F 6.", 2)(,F6. 0.21 ,F6. 0, 2)( ,f6. '3,2_ ,F6.0, 2X, 2' 

)4. 
FlNSA. - USAMPL-USAIIBG 
F INSU - USTAND-USTA8G 
CONSA. - FINSAII,FINSTU"USA"'IIUSTAN.CONSTA 

1020 \illITE 16.10)0. CONS&N.DENT 
10'30 FO.'''' l'O',Fl1.'.11)(,2A4' 
1040 STO' 

END 

FORTRAN IV G lFVfL I, 111('10 ') nATE' 68116 211]7/54 

0001 

0007 
000) 
0004 
0005 
0006 
0007 
0008 
OOOq 
0010 

0011 

001)' 
00) ~ 
00)4 
I'} 0 I 'l 

001 b 
0017 

0018 
oOlq 
0070 
0071 
Don 

C THIS PPinGRAII4 USES REYNOlO'~ FORfiltUlA TO COAAECT fDA JIIIAnu)( EfFECT~. 
C NICKFL CONy.NT OF WITWlTE.~RANO ~l"'LFS. 
C AFFEAENCE SA"'PlF USED WAS NI'" DUNI TE WHICH CONf"'IN~ ?200 PP" OF NI 
C CORAFCTEn VAlUfS ~HO"N AAF FXPAESSeO IN PAATS PFA IItllllON. 
C USAMPl -',NCOPRFCfFD INTENSIfY nF SAMPLE 
C USAII48r. -UNcnRRECTEn J\ACKGROUNO INTENSITY Of SAMPLE 
C MUS'" ~IItAC;!I; ARSOAIHIO'" COFFFICtENT OF S"'''PLF 
C USTANO - UNCORRECTED ""'ENSfTY Of STlNOActO 
C UST48G "'U~COAA.FC'FO BACKGROUNO INTENSITY Of STANO.t.'tr) 
C fIIU~TAN -fIIIIASC; A8c;t"IQ'HlnN CnFFfiCtE"'T ("IF e;TAHnAPO 
( tnNS'''' -CONCFNTRATlO'" OF ELEMENT IN Ii'MPlE 
( CONSTA .CONC[HTItATI("IN nF FLfJlillPH IN e;TANOAPD 
t 'HIe; IS WHFRf THE DATA ,~ C;PECIFIFO. 

RF Al.A lJSAIIiIIPl ,1IS.IIiIISG, MUSA,.., us TANO, U~TA8G, MUST AN,Ct"INSA"',eONSTA, FINS 
lAM,F '''STA 

OIM[HC;ION HFAnl?O},OFNn? 
DEAO (5,1000) HEAO 

1000 FORMAT f 70A4' 
WRITF (6,1005' HEAIl 

1005 FOAMAT 1'1', 20AIt 1 
WAITF (6,lOOb' 

1006 fORMA' ,tOCORA.FCTfl) VALUr InFNTtFltATION',,' 
nn lO'O '-1,1000 
RF.AO (!'I, t 01 O,FNO- loltO, U~A\IIIJ'L ,U~A f118G, MUliAIII, US T UIO, US, ABG, MU!i TAN,tD 

2-'STA,OFNT 
lOt 0 FORMAT t Fh.O, 2)(, F 6. 0, lX ,Fh. 1, lX ,F t.. 0, lX ,F6. 0, 2X, fh.], 2X, Fb.O, 7)(, 2A 

341 
( (AlelllAT"''''' rF (Oppr::rTION nUF Tn OEAD TIME Of C;(INT'llATtn~ enUNTfR. 

TRUS"," '"' UC;AMPl', t.0-IJSA~Pl •• 2440!)-0'" 
TA lISF\{: .. US,. ... 8(;/11.O-USAJII8C •• 21t1t0o-061 
TAIJC:TA - UC;TANO'll.0-USTANO •• 1440o-06, 
TRIIPRr. ~ USTAf'r;/1 t.o-USTAI'C, •• 'It.OO-06, 

( THle; I~ W--tF:Rf THF PA(t(r,RDUNn Ie; SUBTR.ACTFn FRnM PEAK I~TFNSITY. 
F INSA'" = nWC:AfIII-TIlIJC)AG 
FINST&, .: TRUSTA-TRURRG 

CAlClllATffN OF cn"l(f"llqATfnN (IF [lEJlfENT IJSING REYNnln'S F~qNUlA 
CO~CjA'" '" FIN('A""t= 1"4STA.",ue;A",IIiIIQC;T.ftN.cnNC;TA 

t020 "'RITF ''',10",01 (n"f~AM.nF~IT 

10'\0 FOPMAT pr',Fl1.1tl~X,?A4) 
10lCtO CjTnp 

fNO 

'AG. 0001 

PAGf 0001 
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c prf.l.,rahl nl' .•. WIII" .... 
c tll15 prOSra,') Is used to calculate the r'18SS absorotlon coefficient uf 
c any po .. dered [,'-i)terlal,,,.hu58 nedlan 4lrain size Is lea. than .1.1. ... ,dCrl)ll~ 
c and hhlch has been pressed Into a disc. 
c 
c eyenu) Is the Incident radtdtlon falling on the scintillation cv .. nter 

.. Jlth no IJre~sed dl~c In the heall path. (10). 
eye Is the ra~l.,tlon falling un the scintillation counter ilfter It 

c ha~ pa!;o:.ed th rough the pre50£ed d I se. (i). 
c \.;elt;ht Is the ... eight of the nres~ed disc \:e1ehed to It decifli11 place:.. 
c tr .. ell; Is. the Incident rac1latior; .. ,'Ith no disc In the bean path ar,t! 

cor-reeter! for scintIllation cour,ter de",rl tTile 105ses. 
trl.el I!. the roJcllati(.1l after passing thrOlIRt. a prp.5050p.f! dbc anc! 

c correctel1 for scintillation courter dertr. tine lossf"s. 
C JIU I!> the JlaS~ absortJtlc.n coefficient of tt-,e .ub~tance. 

n~a 1 *(i eyenu 1 ,eYf:,\.E 1.tt, trlu'!' C, t ruel,; lu, fl na 1 
tlJr"en:.ivn heat!(2(..),c!ent(2) 
read (S,lGUO) hfl!a.j 

l.~~u fon.at (2,l"a:') 
Hrlte (l",lOO~) I,ead 

lu..;, fUrI.oat ('1',2Ua4) 
\"/rltfl! (b,l(;Ol» 

lU\,;u rontat ('"corrected villue 
UO lO.tu '-I,lOUO 

I lien t I fica t lor;' , /) 

read (S,llr"llJ,enc:!-lLia.r.;) tI)."enul,qye, .. el£ht,c.:ent 
lUlu fOrPlCtt (ft.O,"x,flt.u,"'x,fS.",Sx,;';a") 
C \leild tl,lle correction factor of ~clnti 1latlun CUIJI,ter h. .~~"ul.l-Uu 

truelv - eyenul/(1.O-eyenul •• 1't~Od"'UL) 
truel - ey./(1.O-.ye*.~"'4~d-uC) 
mu • 1.:li;Jl/welght*ulog(truell../truei) 

c ",.75(, i~ un eXjJerJ,lellt"lIly deterdlned In!.trwlental cull~tant. 
final - !lu/U.1!)O 

/-

~~ ~,t: t (~, ~~:; i 1 ~ ;~~~~~~~ ~) 
;,to~ 

enL 

//go.sy~irJ ,jr. * 

Iu 1(; 

IG":J 

lu~5 

11;:'J 
11l4v 

l'j~U 

~ ~~~~r:'~o~;~~~n~~~~ulate~ tl,e 'la~~ a~~orbtiunabc.oo"rtbftlloc,l,ent fur a Ilixture 
c COl1lpo5ed of an)." t\iO eOllllUnents wl,use rla~.It coeffl cl ent~ 
c dnd relative c()ncentratll.)l1~ are :"'nm.n. 

~ Ilul is the ,1aS~ alJ::torbtlun e(jeffici~nt of CVilj)dner.t .1-
C ilU:t Ifio the l,laSS ab~orbtiofj coefficient of COjlpvnent 

red 1 *4 I MJI,IIU2,IIU)l.C,J III 
Inteser outcl,out:2 

dlilenslon cOllpl(S),COllp2(S) 
read (S,!JOO,end-~OSr.) cOllpl,corl..,2 
fO(lk,l (L(Sa4» 
read (5,1000) rlUl,tlU2 
fu(llilt (:iflL.v) 
~;rlte (&,1010) flul,.t1u2 
fa (I la t (' 1 resu 1 ts .Ii th Illl 1 -', f b. ~, , and rILl 2 .. " f li. I., /) 
write (t.,lfJ20) 
fun-lilt ('C',l)x,'cl',21x,'C2',15)1.,'I'II:'> 

•• rlte (6,lC2S) conpl,collp2 
for;-:at ('L',;a4,.::'x,Sil4,./) 
do lC30 '-l,H;1 

cl • floal(l-ll 
c2 • 100.G - cl 
IlU)l.C - flul*el + jI1J2*e:t. 
ru - rluxc/lt..O.(. 
(Jutel'" Ifl .... (cl) 
outcZ - Iflx (el) 
Hr I te (u,.lJ ... rJ) uI.tcl,o ... tc:i,I.U 
continuE: 
fur'\il.t ('I..',tll,ij,t> .. ,I~,t .. ';"f".~) 
6~ to .1-

:.tu~. 

end 
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