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(b) Using system 3 (Foster, 1962, p., 21): Although the structural for -
muia of this chlorite (calculated from chemical data) corresponds best to the compo-
sitional area allocated by Foster to brunsvigite, the Fe2+: RZJr 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 pycnochlorite, 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 any one 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-
sification of chlorites, the results of the present investigation indicate 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 2 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, Pyrophyllite.
6.3.1, 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 40000 and that its
formation is accompanied by breakdown of teldspars, 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
455-7°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 Venterspost, 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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cluded the extraction of sufficient pyrophyllite to permit its complete characteriza-
tion as an X-ray diffraction standard by chemical analysis and detailed X-ray dif-
frection 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 pyrophyllite 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.
§.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

GESTOPTEFONTEIN LORAINE GOLD MINE
per cent per cent

SiO2 60. 00 65. 00
A1203 33.00 29.10
CaO 0. 07 -—
MgO 0.11 —
NaZO 0.17 0.04
KZO 0.30 0.15
H 2O 6.42 5.51

99.87 99.90
Impurities per cent Impurities per cent
rutile 1 muscovite 1
hematite 0.7 quartz 7
muscovite 2 rutile 0.4
Kkaolinite 2 pyrite 0.2

hematite 0.3
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6.3.2.3. 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 SiO4 sheets and an octa-
hedrally coordinated Al layer) is neutral, and the successive layers are held to-
gether only by weak van der Waals forces. I, however, substitution by A13+ takes
place for Si4+ in the tetrahedral layer, or other cations such as Mg2+ substitute for
Al3+ 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:
C M Na
(A3 75 %, 01 80, 01 N0, 06 %0. 06 ®i7.36 Ho.64) O30 Oy
Loraine:
(Alg g4 Nag 04 Ko og) Gy go Alp, 20) Og9 Oy
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
LATTICE CONSTANTS FOR TWO PYROPHYLLITE SAMPLES FROM GESTOPTE-
FONTEIN AND LORAINE GOLD MINE

GESTOPTEFONTEIN LORAINE GOLD MINE
a_ 5.150 + 0.002 & 5.164 + 0.001 &
b 8.945 + 0.003 & 8.937 + 0.001 &
c 18.682 + 0.011 & 18.671 + 0.002 &
BO 99° 55' + 4! 99° 47' + 4’
Volume 847.8 &° 8492 X
Space group Cc2/c Cc2/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
Table XXIV (Section 6.3.2.5) to lie at 1113 and 1119 cm_1 respectively. Both of
these bands are Si-O stretching vibrations, The zhift from 1119 (L) to 1113 (G)
cm-=1 is interpreted as indicating the effect of substitution by Al3+ for Si‘,:+ in the
tetrahedral position of the structure. The two absorption bands located at 944 (G)
and 948 (L) cm—1 are thought to be due to H-O—-A13+ 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) cm_1
is interpreted as being due to a change in aluminium content in the octahedral
layer, and the shift in the Si—O—AlVI 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 bo and co dimensions than that from Gestoptefontein. The Gestoptefontein
pyrophyllite shows more extensive interlayer substitution by Ca and Mg, and much
greater substitution by Al3+ for Si4+ 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
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X-RAY DIFFRACTION POWDER DATA FOR PYROPHYLLITE FROM GESTOPTE-
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FONTEIN AND LORAINE GOLD MINE

GESTOPTEFONTEIN
a3 ar i
observed calculated I/Il
9.215 9.205 100
4.600 4,601 32
4,445 4.445 55
4.412 4.412 30
3.065 3. 067 73
2,971 2,970 5
2.569 2.571 5
2.535 2.536 47
2.219 2.220 5
2.152 2.153 26
2.079 2.076 17
2.079 2.076 17
2.061 2.061 8
1.8398 1.8403 11
1.6897 1.6890 5
1.6851 1.6850 5
1.6851 1.6857 5
1.6609 1.6615 15
1.6434 1.6429 15
1.4925 1.4921 27
1.4893 1.4875 5
1.4813 1.4815 5
1.4718 1.4716 5
1.4704 1.4709 5
1.3835 1.3835 5

LORAINE GOLD MINE

ard 0 ar &
h k 1 observed calculated I/Il h k1
0 0 2 9.205 9.192 43 0 0 2
0 0 4 4,597 4,600 23 0 0 4
1 1-1 4,448 4,451 42 1 1-1
110 4,423 4,423 42 110
0 0 6 3.065 3,065 100 0 0 6
11 4 2,871 2,571 8 1 30
130 2.534 2.533 14 1 3-2
2 00 2.422 2.422 24 1 1-7
0 4 1 2.332 2,333 1 1 3-4
2 2 1 2.299 2,301 1 0 0 8
2 0 4 2,236 2.235 1 0 4 0
2 2 2 2.236  2.235 1 2 9 -1
1 3-6 2.167 2,167 4 1 3 4
0 01 2.098 2.099 1 0. 4 3
1 5-~1 2.081 2.082 6 2 0 4
2 4-2 2,058 2,059 7 1 3-6
3 1-2 2.006 2.006 1 2 0-7
310 1.8925  1.8925 2 1 3 6
1 5 2 1.8395  1.8400 5 0 0 10
1 1 11 1.6893 1,6891 4 2 4-1
3 3 -2 1.6879  1.6879 9 1 5-1
3 3-3 1.6475  1.6471 9 1 1-11
0 6 2 1.5294  1,5299 1 2 2-10
3 30 1,5136  1,5140 1 1 5-6
3 0 6 1.4936  1.4933 6 1 1 11
1,4901 11,4897 6 060
1,4901 11,4903 6 3 3-2
1.3696 1.3696 7 1 3-12
1,3136 11,3139 1 1 1-14
1.2941 1.2937 1 1 1 13
1.2389  1.2390 5 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
cmul_ Bond assignments v cm_l Bond assignments
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-O-Si stretch 1065 Si-O-8i stretch
1020 Si-O~Si
944 H-0--Al 948 H-O--Al
848 Si-O-(Al) 850 Si-O~(Al)
830 Si-O-Al 832 Si-0O-Al
808 Al-O 811 Al-O
735 Si-0-Al 735 Si-0O-Al
695 Si-O
566 ? 571 ?
530 Si-0-A1"7 535 5i-0-A1""
508 Si-0? 512 Si-07?
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-

dorp Contact Reef.
6.4. Muscovite.
6.4.1. 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
faet 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, A1)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 (1939,
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
layers being fully occupied by potassium ions. The succession of atomic layers in

muscovite is as follows:

60
Tetrahedral layer
4+ 3+
381 + Al
40 + 2(OH,F)
3+
4Al Octahedral layer

40 + 2(OH, F)

4+ 3+
381 + Al
_ Tetrahedral layer
60 __ ____ __
+
2K
60
A+ 3+
38 + Al (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, 2M_ and 3T poly-

1

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 ke 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 eachof these 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
RE COGNITION OF 1Md, 1M AND 2M 1 POLYMORPHS OF MUSCOVITE

POLYMORPH INTERPLANAR SPACING
1Md 4.48, 3.33, 2.58
1M 4,48, 3.66, 3.33, 3.07, 2.58
2M1 4.48, 4.29, 3.89, 3.74, 3.54, 3.33,

3,21, 8,01, 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 ?\,' 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 2M 1 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 (Si3 Al) 010 (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°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~ 2M1. Yoder and Eugster (1955,
pp. 246 & 254) and Smith and Yoder (1956, p. 223) accordingly accepted that an
irreversible 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 X polymorph of muscovite will weather to a mineral with an
expandable lattice and 1Md disordered structure. The original 2M 1 structure may,

however, be reconstituted by simply replacing the potassium lost during weathering.
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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 muscovite.
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 SiOz, MgO and H20 contents and low K20 contents,

Heinrich and Levinson (1955, p. 983) have shown that the phengites
(muscovites in which the Si:Al ratio exceeds 3:1, and in which an increase in Si
is accompanied by substitution of Mg or Fe2+ 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 describe the micas present in the auriferous conglome-

rates, shales and quartzites of the Witwatersrand System is to be deprecated.
6.4.2.3. Hydro(us)-muscovites.

Subdivision within the muscovites on the basis of differences in
KZO and HZO contents and on the basis of the Si:Al ratio has resulted in the esta-
blishment of two rather ill-defined species, namely the hydro(us) muscovites and

the illites. Although these two materials are sometimes considered to be synony-
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mous 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 interlayer K" ions by oxonium ions (H30)+.

Heystek (1955, p. 338) is one of the workers in the field of clay mine-
ralogy 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 KZO con~
tent and lower HZO content, and an ion exchange capacity (of 2.5 m.e./100 g
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 2M_ polymorphs of hydro-

muscovite was dependent on their chemical composition. Irll general, those hydro-
muscovites with a 2M1 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 proper. 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 (1Md). Velde and Hower (1963, pp. 1239 & 1253), however, define
an illite as a mineral found in sediments and having a primarily dioctahedral-type
structure 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 2 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 (i.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 2 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 )y 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 H20 or
other 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 X 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
evident 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 11000) 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 2 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:
Q) Muscovite, hydromuscovite and illite all show the same polymorphs,
namely the 1Md, 1M and 2M 1 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°C and illite has three endo-
thermic peaks at 150°C, 56000 and 95000 and an exothermic peak at 99OOC (Heys-
tek, 1955, pp. 339-341).
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4 When the minerals are arranged according to their K 2O content, the
order is: muscovite > hydromuscovite > illite.

(5) When the minerals are arranged according to their HZO content, the
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
arranged according to the perfection 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-
Iytical 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
results 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 were 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-

LAND
HARTEBEEST. SELATI NOUMAS  LYNNWOOD SWAZILAND
0 + + + + +
a A 5.192~0. 002 5.198-0.002 5.204-0.002 5,192-0.001 5.207-0, 002
o + + + + +
bo % 9.019-0. 002 9.034-0.002 9.049-0.002 9.002-0.002 9.005-0.002
+ + + + +
C0 ?\ 20.112-0. 006 20.077-0. 003 20.087-0.002 20.077-0,002 20.315-0.008
. 95°45' + 3' 95°46' + 20 95%46' +2'  95%6'+ 3 95%3' + 3
3 3
vol. 936, 9 > 938, 0 & 941.1 & 933.7 X3 947.5 &3
space C2/c C2/c C2/c C2/c C2/c
group
structure 5y oM 2M oM oM
type 1 1 1 1 1
6.4.3.2. Infra-red spectroscopy studies on muscovites, hydromuscovite and
illite.

The analytical techniques adopted for the infra-red analyses carried
out on the three muscovites, hydromuscovite and illite are described in detail in

Part III of this thesis.



TABLE XXVII
X-RAY DIFFRACTION POWDER DATA FOR MUSCOVITE FROM HARTEBEESTFONTEIN, HYDROMUSCOVITE FROM
LYNNWOOD AND ILLITE FROM SWAZILAND

HARTEBEESTFONTEIN LYNNWOOD SWAZILAND
a X a1 ad  w® g ak  waw
observed calculated 1 h k 1 observed calculated 1 h k 1 observed calculated 1 h k 1
10.040 9.995 100 0 0 2 10. 040 9.995 100 0 0 2 10. 040 10.111 100 0 0 2
4,995 4.998 24 0 0 4 5.112 5.108 28 0 0 4 5.035 4,992 20 0 0 4
4.458 4.453 23 1 1 -1 4.453 4,455 .69 1 1-1 4.480 4,489 31 1 1 0
4.103 4.107 8 0 2 2 4.392 4,388 5 0 2 1 3.897 3.899 5 1 1-3
3.880 3.877 13 1 1 -3 3.814 3.814 23 1 1-3 3.510 3.531 11 1 1-4
3.734 3.732 14 0 2 3 3.726 3.729 27 0 2 3 3.005 3.007 1 0 2 5
3.490 3.490 19 1 1 -4 3.580 3.578 5 1 1 3 2.880 2.879 6 1 1 5
3.202 3.200 17 1 1 4 3. 486 3.488 27 1 1-4 2.601 2.603 1 2 0-1
2.992 2.991 17 0 2 5 3.197 3.199 37 1 1 4 2.596 2.597 1 1 3 0
2.861 2.861 13 1 1 5 3.121 3.119 5 1 1-5 2.590 2.590 1 2 00
2.791 2.793 11 1 1 -6 2.987 2.988 38 0 2 5 2.584 2.586 1 1 1 6
2.583 2.585 12 2 0 0 2.860 2.861 29 1 1 5 2.574 2.573 34 2 0-2
2.559 2. 558 22 1 3 1 2.855 2, 854 29 0o 0 7 2.447 2.449 1 2 0 2
2.499 2.499 7 0 0 8 2.788 2.791 17 1 1 -6 2.409 2.407 7 2 0-4
1.9993 1.9999 i4 1 3 6 2.584 2.583 5 2 0 0 2.384 2.383 1 1 3 3
1.9993 1.9993 14 0 0 10 2. 556 2.557 63 1 3 1 2.009 2.009 1 0 2 9
1.4977 1.4975 14 0 6 1 2.499 2.498 12 0 0 8 2.009 2.007 1 1 3 6
1.4977 1.4984 14 3 3 -1 2.460 2.460 5 1 3 -3 1.6995 1.6998 1 1 5-1
2.393 2.393 5 2 0 -4 1.6995 1.69920 1 2 4 0
2.277 2.276 5 2 0 -5 1.6851 1.6938 1 0 012
2.237 2.237 5 0 4 1 1.6163 1.6163 1 2 0 9
1.9981 1.9985 5 1 3 6 1.5029 1.5024 15 3 3-1
1.7293 1.7303 7 1 3 9 1.5005 1.5007 15 0 6 0
1.6955 1.6955 8 3 1-2
1.6502 1.6500 5 2 2 -9
1.5244 1,5242 8 1 3 -11
1.4968 1.4961 42 0 6 1
1.4945 1.4943 42 1 5 6

"LOT
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TABLE XXVIII
X-RAY DIFFRACTION POWDER DATA FOR MUSCOVITE FROM SELATI

AND NOUMAS
SELATI NOUMAS
ar K a2 a2 a
I/1 I/1

observed calculated 1 h k 1 observed calculated 1 h k 1
9,995 9. 990 100 0 0 2 10.016 9.983 100 0 0 2
4,987 4.994 21 0 0 4 4,997 4,991 18 0 0 4
4,480 4,489 27 1 1 0 4.494 4,488 38 1 1 0
4,308 4,300 8 1 1 1 3.498 3.493 29 1 1-4
4,116 4,116 7 0 2 2 3.351 3.351 90 0 2 4
3.969 3.968 12 1 1 2 3.330 3.329 90 0O 0 6
3.889 3.882 12 1 1-3 3.125 3.125 10 1 1 -5
3.739 3.739 14 0 2 3 2.996 2.99%4 33 0 2 5
3.497 3.493 21 1 1 -4 2.795 2.793 20 1 1-6
3.327 3.329 71 0 0 6 2.572 2.569 44 1 1 6
3.205 3.202 24 1 1 4 2.510 2.509 6 1 1 -7
3.126 3.123 24 1 1-5 2.495 2.497 7 2 0 -3
2.993 2.993 23 0 2 b 2.468 2.468 8 1 3 -3
2.865 2.862 17 1 1 5 2.396 2.398 25 2 0 -4
2,793 2.793 13 1 1-6 2.387 2.385 25 1 3 3
2.603 2.603 2 1 3 0 2.131 2.133 20 1 3 5
2.571 2.569 46 1 1 6 2.060 2.059 9 0 4 4
2,512 2.510 9 1 1 -7 1.9976 1.9968 23 0 0 10
2,496 2.497 9 2 0 -3 1.9754 1,9736 10 1 3 -7
2.465 2.466 6 1 3 -3 1.9509 1. 9497 8 2 0 6
2.395 2.397 16 2 0 -4 1.7363 1.7365 9 1 1-11
2,385 2.384 16 1 3 3 1.6628 1.6635 12 2 0-10
2.258 2.259 2 0 4 0 1.6480 1.6483 19 1 3 9
2.151 2.149 8 2 0 -6 1.6330 1.6342 5 1 111
2,141 2.139 8 0 4 3 1.6060 1.6063 7 2 0 9
2.076 2.078 10 2 0 5 1.5625 1.5624 7 2 3 7
2,062 2.062 10 1 1-9 1.55682 1.5581 7 3 1 4
1,9959 1.9908 22 0 010 1.5582 1.5578 7 2 4 -6
1.9737 1.9730 6 1 3 -7 1.5251 1.5258 12 1 3-11
1.7329 1.7325 5 1 3 -9 1.5065 1,5069 29 0 6 0
1.6645 1.6645 2 0 012 1.5065 1, 5060 5 2 4 -7
1.6488 1.6479 2 1 2-11 1,4539 1.4543 5 0 2 13
1.6039 1.6038 6 2 4 -5 - 1.3535 1.3531 5 1 3-13
1,5258 1.5260 4 1 3-11 1.2823 1,.2829 5 2 6 2
1, 5056 1.5059 4 0 6 0 1.2767 1.2767 5 1 510
1.5051 1.5055 22 2 4 -7 1.2088 1.2089 ) 3 0-13
1.3399 1.3400 2 0 4 12
1.3057 1.3060 2 2 0-14
1.3042 1.3044 2 3 1-11
1,2913 1.2915 2 2 2-13
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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, HYDROMUSCOVITE

FROM LYNNWOOD AND ILLITE FROM SWAZILAND

bond

(s)t}IéItch
H-O-H
H-O-H
?
Si-O-Si
Si-O
Si-O

O-H--Al
Si-0O
Hgyation
Si-0O-Al
O-H

A%
Si-0O-Al :

HARTEBEEST.  SELATI NOUMAS  LYNNWOOD SWAZILAND
cm_ ! bond cr\r)x- ! hond em_ J bond cm_ bond _cr_\;a___l~
3667 O-H
3662 O-H
3644 O-H 3638 O-H
3625 QM. 3618 Q- 3021 Qidien 3621 Sifien 362!
3425 H-O-H 3420 H-O-H 3420 H-O-H 3427 H-O-H 3420
1619 H-O-H 1621 H-O-H 1620 H-O-H 1625 H-O-H 1618
1412
1115 Si-O-Si 1115
1060 Si-O 1060 Si-O 1065 Si-O 1085
1020 Si-O 1030 Si-O 1020 Si-O 1020 Si-O 1025
990 Si-O 985 8i-O 980 Si-O
940 O-H--Al 925 O-H--Al 925 O-H--Al 940 O-H--Al 920
827 Si-O 821 Si-O 821 8i-O 826 Si-O 820
794 ﬁﬁgation 790 ﬁggation 795 Bf)%'{ation 791 RBIHation 788
751 Si-0O-Al 742 Si-0-Al 741 Si-0-Al 748 Si-0-Al 742
690 O-H 683 O-H 680 O-H 690 O-H 680
530 Si-0O-Al Vi 520 Si—O-AlVI 523 Si-O—AlVI 528 Si-»O-AlVI 520
470 Si-O 468 Si-O 468 Si-O 473 8Si-O 465

Si-0

shown in Figure 14 (see Section 6. 3. 2. 5).

6.4.3.3.

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

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
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were, however, carried out on the two muscovites obtainéd 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
SiO2 47.96 44,63 42.80 50.60
AIZO3 31.45 37.25 38.70 33.70
Fe203 2.76 0.25 1.04 1.24
FeO N.D. 1.01 N.D. N.D.
TiO2 0.26 0.12 1.63 0.89
CaO 0.02 0.02 0.33 0.18
MgO 1.05 0.02 0.67 N.D.
K20 10.14 9.60 8.76 5.63
NaZO 1.14 0.63 1.26 0.19
LiZO 0.22 0.36 N.D, N.D.
PZOS 0.03 N.D N.D. N.D.
MnO 0.11 0.18 N.D. N.D,
H20 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.
* %k =

recalculated to allow for presence of 5% quartz.
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6.4.3.4. 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, Howie and Zussman (1966, pp. 515 - 518). These

calculations were based on the assumption that O =20 and (OH + F) = 4,

TABLE XXXI
STRUCTURAL FORMULAE FOR TWO MUSCOVITES, HYDROMUSCOVITE AND

ILLITE

1. Muscovite, Selati (pegmatite), Transvaal:

Feo© Ty
3.28 0.28 '0.03

) (Al Mg __Mn_ )AL _ Si_ _)O_(OH,F)

Na Li
1.62 0.29 0.12 0.21 0.01 1.64 6,36° 20

2. Muscovite, Noumas (pegmatite), Namaqualand:

3+ o+
N Li Al F F Ti M Al O (OH,F
&) 61M%. 1670, 190 ™5 6170, 257 %0. 140, 01M%0. 02) 2. 1555, 85 Ca0 )y

3. Hydromuscovite, Lynnwood (shale), Pretoria:

3+
K N, C Al F Ti M Al O (OH, F
( 1.48 a0.32 a0.05)( 2.22 e0.10 0.02 g0.13)( 2. 32 5 68) 20( )4

4, Illite, Gollel (clay), Swaziland:

3+

N C Al _F T A
0.89 %0, 05 %0. 02) @1 9470 12 THg. 08! A1

1. 74 6 26)0 (OH, F)4

6.4.3.5. Discussion 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 ao or b0
dimensions of the micas examined and their KZO content (or, in fact, their total
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
hycdromuscovite 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 Ky 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 Bangle 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 lattices of the other micas.

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 A1203 and SiO2 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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between the position of the O-H--Al or Si—O—AlVI absorption bands of the micas and

their Al2 O3 or SiO2 contents. Thus, it would not be possible to make use of differences

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

vite, illite and hydromuscovite.

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

dexed as having the 2M 1 structure on the basis of their interplanar spacings as

det ermined 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

827 and 820 cm_l, with no suggestion of any band located at 804 cm_l. 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

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

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

region 850 ~ 800 cm_l, 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

infra-red vibration frequencies located at 3667, 3662 and 3638 cm_1 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 hydromuscovite and
illite the decrease in K20 content, or even in (KZO + NaZO + Li20) content, is quite
apparent,

2) In the case of the illite, the significantly lower KZO content is

counter-balanced by a significantly higher HZO content, The HZO is probably
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present as H3O+ 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 micas examined by means
of X-ray diffraction analysis, infra-red spectroscopy and chemical analysis, the
following conclusions were reached:

(48] 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 infro-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
located between 800 and 827 cm_l is diagnostic of the presence of only the 2M1
polymorph, while if two absorption bands are found to occur between 800 and 827
cm-1 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.

) 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 chemical 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 2M1 polymorph of muscovite belonging to the C2/c¢ space group and

having the following lattice dimensions:
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5.192+ 0. 002 &

ao =

b = 9.019+ 0.002 &
c. = 20.112+ 0.006 &
8 = 95° 45' + 3!
Volume = 936.9 33

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-
sence of 1M polymorphs (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 2M 1 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 theory
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 ZM1 polymorph was present in these samples. This makes it impossible to
decide whether this muscovite originated in the 2M1 form or whether it was in-

troduced as a 1M variety and subsequently modified to the 2M 1 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
Siebte chnik 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 : chemical analysis, atomic 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, Chemical 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
absorption method developed by Oliver and others (1968) at the National Institute
for Metallurgy wase 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.



119.

8.4.1. Sample preparation for X-ray fluorescence analysis,

As was mentioned in Section 7,2, the grinding technique that had
t.zen adopted for all the samples gave rise to a median grain cize 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 coefficients 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

2Ry

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

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

the relation may be expressed as follows (Reynolds, 1963, p. 1133):
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*
ppm Z = ) - I . . . . . . 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 involvedg(ZKd ). The value of k is constant for
all measurements made with the same spectrometer, provided it is perfectly ad-
justed. The factoru’; is termed the mass absorption coefficient at wavelength )
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 K, 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:

@) The background intengity 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:

* = L + uF - B . . .
" sample Vot a Wg-u'g * e F Wew Equation 2
where WA = weight fraction of element A (and WA + WB ... + WN =1)

%k
and u A = mass absorption coefficient of element A at the wavelength under

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 Ka 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.

= 1 . Im o . . . . . . . . . Equation3

(rewritten from Baines, 1966, p. 118)
where px is the mass per cm2 of the sample (x being the sample thickness and
¢ the sample density)
u ¥ is the mass absorption coefficient
IO is the intensity of the incident radiation
I is the attenuated intensity of the transmitted radiation after having
passed through the sample

s 9. N
InN is2 30310g10
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When measuring mass absorption coefficients, the spectrometer is
set up to give high intensity radiation (Io) at the desired wavelength, normally the
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 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 , 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
¥ * unknown

nickel in the periodic table. In this wavelength region, the ratlou * standard

remains constant (Reynolds, 1967, p. 1499).

In the present investigation, since 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 K, . Cop-
per radiation (Cu Ka ) was chosen in preference to iron radiation (Fe Ka ) because
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 a would it be pos-
sible to apply these matrixabsorption corrections directly to the X-ray diffractionana-
lysesaswellas tothe 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 beendetermined at wavelengths different from those of
the analytical lines inquestion, the ratio between the values obtained at the wavelength
of the analytical line and the values obtained at another wavelength remains a constant.
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 selécted 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 2 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 W= 7,36
*

quartz U = 35,01

cellulose-quartz

mixture ¥ = 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 b = 387.86
*

With binder M= 28.39

Factor (28.39/37.86) = 0.750
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Sample 476

Without cellulose binder u " = 62,57
With binder u " = 47,00
Factor (47.00/62.57) = 0,751

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:

max H . + +« +« + .+ . . Equation 4
where d is the grain size measured in microns
max

*
and v is the measured linear absorption coefficient. (¥ =1 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 Engelbardt 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 ab.sorption 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 awedge shapein 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 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 theoretical 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 elements 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, Zr, K, Cr AND Ni BY X-RAY FLUORESCENCE

ELEMENT ROCK STANDARD CONCENTRATION PPM.,
Fe w-1 72523
Ti w-1 6400
Zr SY-1 2920
K SY-1 27000
Cr NIM-D 2750
Ni NIM-D 2200
8.4.4. Method of quantitative X-ray fluorescence analysis adopted in the

nresent 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:

(@) the presence of impurities in the target material that might result
in blank corrections having to be made;
(b) the possibility of interference to the analytical line by the characte-

ristic radiation from the target itself.
8.4.4.1.2, 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

INSTRUMENTAL 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 Ka LiF (220) fine W S.C. air

Zr Ka LiF (220) fine w S.C. air

Ni K LiF (220) coarse %% S.C. air

Cr Ka LiF (220) coarse w F,.C. vacuum

Ti Ka LiF (100) coarse Cr F.C. vacuum

K Ku P.E,T. coarse Cr F.C. vacuum
* §8,C. = scintillation counter

F.C.

i

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
10_6 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 Mp R where n is the number of pulses)

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).

For any particular element, say chromium:

I %
ppm Cru = (CrKa)u'uu . ppm cr® . . .+ . . Equation 5

s *s
) - H

1
(CrKy

where
I is the measured nett intensity = (peak intensity - background)
u *u is the mass absorption coefficient of the unknown powder sample
u*s is the mass absorption coefficient of the powdered rock standard
Cru is the chromium content of the rock sample

CrS 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 intensities.

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

with 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-1, 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. Quantitative X~ray Diffraction Analysis.
8.5.1. 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 determinéd by difference) in the 143
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:

1) 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, Fundamental concepts and techniques in quantitative X-ray diffrac-

tion analysis.
8.5.2.1. 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



134.
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. 0156o at 500 26 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 @, e doublet can be used as 29 for a weighted mean

1
wavelength A = 3 2 A, t Aaz ). The instrument must be set up and calibrated
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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linity of the substance, changes in peak shape occur, measurement of the area
:inder 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 are 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 cryvstallites (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
the 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
cah 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-
sating 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 measurements 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-and-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. ILeroux 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 wasto 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 6 for all measurements made with Cu K, radiation,
while at goniometer readings above 73 degrees 26 a 4 degree divergence slit was
used. A scatter slit of 0. 1o and a receiving slit of 10 were used throughout the

study to ensure maximum peak resolution.
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8.5.3. 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-Z0 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 microng) 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 formation 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 (1960, 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 (1 011) and (1 OiO) 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 multicomponent 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 ahsorption coefficient of

50 cng—l,

The maximum permissible crystallite size at which micro-absorp-
tion effects are still negligible willdepend 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:

dmax = %Q (in microns) . . . Equation 4
where dmax is the maximum particle size of the substance in microns and u is
the linear absorption coefficient of the substance (u =u*.0).

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

markedly detrimental 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):
¢ 2 3.2 e sin © . . . . Equation 6

H P
where t is the thickness of the sample
v is the mean linear absorption coefficient of the solid material composing
the powder
p is the density of the solid uncrushed material

p” 1is 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 Cu K radiation, found that a
minimum thickness of 0.09 mm satisfies equation 6 for a magnesium chlorite up to
a 20 angle of 18, 80. 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
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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:
@O 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 levevl 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 é 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 6 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 6 angle at which the X-ray beam will intercept that sample is given by the

following equation (Schoen, 1962, p. 1390):



INTERPLANAR SPACING ANGSTROMS

RADIATION: Cuky

DIVERGENCE SLIT : 1 DEGREE

s L 4 [} A i e 3 A 1

$+0 §2 14 1.6 i-& 2:¢C

FIGURE 17 INTENSITY CORRECTION FACTOR






145.

Y R
= . e e e e e e Equati
L =73 Sin 6 quation 7

where 7Y 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

® is the angle between the X-ray beam and the sample.

Solution of equation 7 (Schoen , 1962, p. 1390) indicates that a
minimum 2 6 angle of 7. 40 is required for a 1 degree divergence slit and a gonio-
meter radius of 17.0 cm. For Cu K radiation, the 14 2 (001) chlorite peak at
26 = 6, 30 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. 40.

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 brass 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 absorptionerrors, 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 toobtain 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. 8o 20 CukK, (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 g), 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) hasreviewed 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 multicom-
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 multicompo-
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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. 412) have pointed out that the basic
principle underlying the quantitative X-ray diffraction analysis of multicomponent
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:

K
I = 1 . . . Equation 8

SLE IR REIEA
where I, is the intensity diffracted by the component (component 1) that is being
analysed for
K, is a constant thatdepends on the nature of component 1 and the geometry
of the apparatus

x_ is the weight fraction of component 1 in the mixture

1
“I is the mass absorption coefficient of component 1
“1\7{ is the mass absorption coefficient of the matrix

D is the density of component 1
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Although equation 8 provides the theoretical basis for all quantitative
X-ray diffraction analysis of multicomponent 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):

I *
_ 1 Hs .
x1 = @) - |- . . . . Equation 9
10 !
where (Il)o is the integrated intensity of pure component 1
I1 is the integrated intensity of component 1 in the mixture
U :, is the mass absorption coefficient of the sample

*  ig 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 multicomponent 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 X1 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.
8.56.5.1, 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:

I *
LI 1 .M u_ - S . . . Equation 10
1 S *g 1

1 H
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where xlll is the unknown concentration of mineral 1 in the sample being
analysed
XIS is the known concentration of mineral 1 in a standard mixture
Ii‘ 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

;J"u is the mass absorption coefficient of the sample being analysed,
containing mineral 1

*s is the mass absorption coefficient of the standard mixture con-

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 selectedgi:’t‘he measurement of Il. 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 ‘Ereselecfed 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:

) It was found to be virtually impossible to obtain samples of the phyl-
losilicates encountered inthe 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 (10i0) peak and for the
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muscovite (002) peak were obtained by means of the Disc Integrator. When the
quartz (1 010) peak produced by the quartiz-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

multicomponent systems (in preference to multicomponent 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 f'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 in a 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 10500, 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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8.5.5.3. 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*u) and each standard (u *S). 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
allowing for the term :u/ LTS. The mass absorption coefficients must be meas-
ured at the same wavelength as that used in the measurement of the diffracted in-
tensities (Iu 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 Cu K o 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 ( u*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 U*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:

* * * *
u =W .un + W_,u + ..., +W o ou ., Equation 2
sample A A B B N N L
*
where 1 is the total mass absorption coefficient of the mixture
sample
WN is the weight fraction of component N (WA+WB+ ..... +WN =1)
u* 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-

*g
mination of the term ¥  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: copper with nickel filter

X-ray generator output: 40kV, 20 mA

Goniometer scanning speed: 1 degree 26 per minute

Slits: 1° divergence, 0. 1° receiving, 1° scatter
Ratemeter settings: 400 or 1000 counts per second

Time constant: 2 seconds

Detector: proportional counter

Discriminator: 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.
Chart-recorder paper speed: 26.5 mm per minute
Integration: by means of Disc Integrator
Sample holder: special design, see Section 8.5.3.4.2.

8.5.5.4.2. Choice of analytical peaks.

When any multicomponent mixture, such as a rock, is subjected to

quantitative 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 PEAKS CHOSEN FOR THE X-RAY DIFFRACTION 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 DETECTION LIMIT PER CENT

Muscovite

Pyrophyllite

1
2
Chlorite 2
Pyrite 3

1

Quartz
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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:

@) A 3°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-
gated by carrying out 160 consecutive measurements, at a scanning speed of 10 20
per minute, on the quartz (1150) 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, i.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 (10_10) 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-

nents being analysed for in the 143 Witwatersrand samples (Ill1 in equation 10) and
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in the binary-mixture standards (If in equation 10):

Each sample was end-loaded into the specially-designed sample
holder and scanned at 10 2 6 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 (1150) 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
for to the novaculite (1150) peak was then calculated, and this corrected Ill1 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 (1150) 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 I: was used in all subsequent calculations.
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 mixtures, the following procedure was adopted:
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Regression lines of "corrected integrated intensity' (corrected If)
on the concentration of phyllosilicate or pyrite in the binary mixture (xf) were
fitted by least squares, using the computer programme DALKREG written by C.
van Tonder of the National 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 (If) for any concen-
tration of the phyllosilicate or pyrite in the binary mixture (Xi). Alternatively,
the actual regression equations produced by DALKREG could be used to calculate
the value of I: for any particular xf, and this was the method finally adopted in the
present study in view of the greater accuracy in determining If 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 xf-

8.5.5.5.2. Evaluation of equation 10,

As was mentioned in Section 8.5.5.1, equation 10 states that:

u *u
u I s .
X = 1 H X Equation 10
1 = e 1
s 8
I1 U
u
where ) is the unknown concentration of mineral 1 in the sample being
analysed

x: is the known concentration of mineral 1 in a standard mixture,
in this case a mixture of mineral 1 and quartz

Ill1 is the corrected integrated area of reflection of mineral 1 in
the sample (see Section 8.5. 5.4, 5)

1: 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

H is the mass absorption coefficient of the sample being analysed,

containing mineral 1 (see Section 8, 5. 5, 3)
*s
u is the mass absorption coefficient of the standard mixture con-

taining mineral 1 (see Section 8.5.5.3)
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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 xll1 can easily be calculated. In
the case 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 (If) and the mass absorption coefficient of that binary mixture
( u*s) were calculated at each 1% increment of the weight percentage of component
1 in that mixture (xf). The product of each Ii and* u*s was then plotted against
each respective xf. These curves relating If Rt to xlS for the binary-mixture
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
fraction (xlll) 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 (1111) and the mass absorption coefficient of that sample ( : u). Thus, when
the results of the quantitative X-ray diffraction analyses of the 143 Witwatersrand
samples were being calculated, the corrected value of I‘; was first obtained (as
described in paragraph 8.5.5. 4. 5), and this was then multiplied by the mass ab-
sorption coefficient u*u of the particular sample being analysed. From the re-

*u u
, the concentration x 1 of the component being analysed for (mus-

sulting Ill1 .
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. INDICATED CONC, ABSOLUTE ERROR**
% % %

Mixture No, 1 (H Y = 45.32):~

Muscovite 5.00 4.3 -0.70

Chlorite 5.00 5.6 +0.60
Pyrophyllite 5.00 5.6 +0.60

Pyrite 10.00 9.4 ~0.60

"Quartz" 75.00 75.1 (by diff.) +0.10

*
Mixture No. 2 (¢ = 39.04):~

Muscovite 10.11 8.8 -1.31

Chlorite 4, 57 4.4 -0.17
Pyrophyllite 10,00 7.6 -2.40
Pyrite 5,00 5.6 +0.60
"Quartz' 70. 32 73.6 (by diff.) +3.28

*
Mixture No. 3 (¥ = 50,97):-

Muscovite 20.00 22.3 +2.30
Chlorite 0.00 -— =mee-
Pyrophyllite 20.00 20. 00 0. 00
Pyrite 15.00 14.6 -0.40
"Quartz" 45,00 43.1 (by diff.) -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. The High-precision Determination of the Cell Parameters of
Phyllosilicates.

8.6.1. 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, CELFIT and GENRAT, 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 (¢ ) and a set of approximate unit cell
dimensions (a, b, ¢,a,B8, v), refines any or all of the latter by the method of least
squares until the shifts in these parameters fall below specified limits. The
GENRAT 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 corrected 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 6 correction (the angular discrepancy of the goniometer readirgs)
for the specific diffractometer used was found to be as follows: from +0. 010 29
at 20° 20, through 0. 00 at 50° 26 to -0.01° 26 at 110° 20 . This is of the
same order as that determined by Chayes and MacKenzie (1957, p. 534), who
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 preground 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
was used throughout at a scanning speed of 350 cm—1 per minute. Instrumental
accuracy was assured by calibration against the water vapour spectrum and the

spectrum of polystyrene.
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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 0.750 that had
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to be applied for cellulose binder in the disc.

Programme 7:
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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READ(S, 1021 IHUT ) o IKET hJLIT) THFTA,SIGITI,IT
WRITELG, 102VJHIT 1, IK(T ), JLLT ), THETALSIGIT)LIT
IF [THEYA) 1S,15,1¢

een=1v

SINTHsSTNI{PIXSTHFTA)

TIH(T)=THETA
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WRITECA,B0R) (SHT{J) 4U=1,6),(CFLLIJD 321,60
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CONT INUE

na 217 J=4,6

TF {ABSUSHT(J))-ANINC) 217,217,138
CONTINUE

00 401 I=sls6
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CONT INUE
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RC=RC%*1000.0/1001.0
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Bla4, TV=(CELNC(T)-CELL{1))*100.0
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WRITE(6,R01)

WRITE(£,R02)
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READE1 491, ENI=T0NO I IDFNoKD 4 K2, K2, {XNALT )4 T=1,15)
QFAN (192 ) FLAMDALAAA o MH YK g ML o M NK 4 ML

FORMAT(AF1D,. &)

FORMATE 1HLe401X,T1),1%,15A4}

CARL=0, wP(2994
CUTNE= (STINTAAREDT /D D) esD L el d

TFIKL ~11708,7

19y M 3 MATN PATE = 9611 YLl s N
AFAT (1,200) ANLR0,(N,MALPHA NRFTA ,NCAMMA onrn
CA=CNS{NALPHA #*PY POC D
CN=CNS ( MFT4 %P1}
CG=CNSINGAMMARDT ) o002
CFCA=CARY" WoL2ANY AL
CCRzCARED WoQ2M TN
FOC=rtasn [ LR R Y
X= {1 =COA=CU3=CCO2  #{ARCRACCI &L /P AMNARRD we(zatroen
A=l e—CCANIXIACESD w2y
R=(t=CCN)/X/ROKED wWBr2121n
C=lle=COrY/X/CNe%D BRI R kAl
Nz & {TURCA-CA)I{XRRNKMN) pnr2a2n
P22 & {CCRCACP ) fIXRADECT) B2 YP4"
Fe2 #{CAKCA=NA/{X®ANERN) wn( 21260
o oa vo( P36
AEAD U1 2900 AR N, R, F rors
7270751 ARDA pOL20
AA=SORT(AY %7 rrco
fRoqAITIR) +7
FC=802T(C) %7 onro
Ve /T AYOASRT LR N
CAY D=3y /8270 R ar R LTS
rae EYICC AR W 2240
CCAM=CAV /ALY LIS L LY
AR Tr-ADRTN v LT
ARE TT1-ARSTIMICRET) hLIed
ASAMZD I T-ADSTIN{C AN onr >
SALP= SIN (AALP) N
SOET =QIM[ AET)
SOAM=GINT AGAM) LAl
CL=(CAFTHCRAVar AL DY/ (Ol T#AnAY) WP D77
CR=(CALPECCAM=CAT T/ (SANORSAAY) WP 216
FOS(IALOECRFET - ANM) J(SAI DRSO T) [T YA
ALPUA = PTT-ARSING (1) rong
AETA = DIT-A2CTN ( () LY
CAMMA = PTT-ARSIN ( €7) poc2
PALOHAZ A PHASOT Rl T
NRFTA=OETA/OF LIS TP
IRAMMA=CAMMA /DY (IS RO
SR= SIN (RFTA) por>
SE= STIN (RAMMA) one>
ANz 1, ZCAARSAFETASA) WPC NG
AN, /{NOASALPESS)Y LO02354N0
CNs1,/1CC#SALORSR) wB2IREN
A5 WOraARen
Ake w2870

crnzCres?
V=ARRNRCOXCAITY |, ¢ 2, 2(AX( A 4CR=C T A-CCR=-CC )

WRITE [3,93) JTNENGKL K2 oK (XNALT),1=1,15) ppcy
FNOMAT(//TH LAMOATF IO, 64 7R AFSNY=FS, 0,40  A=F11,8,4k R2F11.°,44 WOCIOAIN
1 C=FL1ay4H N=F11, 8,40 F=F1Y, A4 F=r),0)

FORMAT (/7461 AN=FT1,6,%H AN2FI], A SH CN=F1],6,84 ALPHAZF11.6.,7H WPC2DAD7
1 AFTASFIY Ay 3H  CAMMA=FL] A ¢H v=F11,31 WR(20KDA
WRTTE {3,32) FLAMDAZAAARWALR L, N5 oF poON2

rare

DArE

(g}

nray



FARTRAN IV ~ LFVFL 1, MOD 3 MAIN NATE = ganyy

006R
2069
0070

aemn
sk g
2073
0074
nnes
nnTe
NIy
0078
nn19
Q0RO
NaRry
2082
ANRA
npas
A
0086
anar
anga
€139
n090
191
0092
13
AHETY
bLELS
0n9e
nra?
onos
nnaq
2100
TN
7102
RAGE]
N104
BT
nne
ninT
2198
M0e0e
c1n
~l1l
A 3 ¥4
K
0114
0115
olte
o117
o118
e
2120

FNRTRAN IV G

nt21
0122
27123
N124
arzs
0126
n127
o128
nyro
0130
[ I ]
2132
133
0134
0135
0136
M37
0138
n12e
0la0
0141
o142
N143
0144
a145
N146
M6
0148
N149
0150
1181
0152
n153
N16&
n1ss
a156
2187
2158
1159
2160
N1#1]
0162
nN163
2164
168
0146
2167
N1 68
nyeo
017C
nmn
nT?
N173
N174

383

99

7
18

1t

37
26

22
?3
21

75

?6
27

I8
23

12
ETA
3

©

35
L1d]

39

LEVFL

42
PR
44

L3
9é
46
%9
61 .

47
97
493

57
58

66
54

55
49
52

14
41

45
53
19

1
11
h?

WRITE {3,331 ANGENGCANALPHA,DPETA,NCAMYA v
WeITF (3,82)

FNRMAT (6% Hy SH Ky 55 Lylns  24TYETA 9K
1 1/DP, 20H (SIN THETA}222)

WOITE (3,93)

FORMAT(/7)

WRITE (2,97}
TFINC)27,17,27
TFINK)I27,19,17

TFINHIIT 16437

NL=NL e
TFUINEN=2)20,17 414

nN24 ]x"]f\".‘\
TEINH=MH) D21y 21,22
TFUNK-MK 121,421,223
TEENL =ML )21, 71,10

INCY(T Y=

TNN2L Th=NK

[T RS LN

AHzNH

A¥ =NY

AL =N

SEY A1 VzASAMSE 70U EAKBE 24 SAL R 2D of HAKEAY
TEESSTHITI-CHOTNF )25, 28, 2¢
HEENL 8

6N TN 24

TFEINLY?T7,2%,77

NK=NY 4]

ML=0

coTn 24

TFIANK)21,12,20

NHENHY

NL=

NK=(0

rOMTIMOF

1=100n0

TE(K2-1)31, 30,21
FNOMAT(314,F12.9)
nNA6K=Y, 1
TFISSTHIK)I=CHINF)A]48],25
STH=SAPT (SSTHIX)Y
THETA2ARSIN (STH)
NTHETA=THETAS 2, /0]
D=FLAMDA/2./STH
EalbE R ALl X )
IF(K3=-13102,10%,102

TF (ARSICARL=-SSTHIR) )=, DCAN001) 35,102,102
FORMATI315,4F14.8)

WRITE (3,26 INDLEK) o IND2(KD g TNNILIK) yNTHETALN NN, SSTH ¥
CAPL=SSTHIXK)
1FIX=1000179,40, 70
IFLTDEN=2)20,20,41

N=

NN&CT=1,1000

1, Mnp 3 MATN NATF = €9011

TFINH=-MH} 4L, 44,42
TFINK=MK ) 44944443
TFUNL-M 144,446,112
INNLCT)=NH
TNN2( 1) =Nk

INDI (T} =NL

AHENH

AK =NK

AL =NL
SCSTHIT)xARAHRE2ABSAK A #24CHAL ¥ %24 F RAHRAL
FNAMAT(314,F12.4}
TFIN)IS6446456
IF{NH)IK9,47,59
IFINL ST, 48,61
NL=~NL

e 10 A0
TF(SSTH(YI=CHTAE)&Rr 1T, Q7
TFINL)52,57,52
NE=NT +)

rrT0 AN
TFUSSTH(T}=CUTNF SR L8, K¢
NL==N| ¢}

TN A0

N=N+1
TFIN=-7)54,55,54
NL=NL -1

MmoTn k)

Nan
TFINL#T7152,50,52
NX=NK o1

NL =0

~0 To &0
TFINKISY,12,5)
NHsNHe 1

NK =

NL=0

COMTEsge

1=1000

TN 12

N=

NN T0T=1,1200

TF (NH=-MH)}38, 3R, 45
TFINK=MK )28, 3R, 5%
TFUINL =ML )38,38,12
AL LAY RS EL L
INP2LT)=NK

IMP3L =Nt

AH=NH

AK =NK

AL =Nt
SSTHUT)EASAHERDABRAKNED 4CRAL P24 VRAKFALSCSAHRAL 4FXAHRAK
TFINIAA, 13,hA
TFUSSTHIT)=CUTNF)A2462466
TRAINL 6446594072

14708702

pO(?
por

Mot TH ¥BN2NALR
wPO2NAGLE
pon)
WOLINALF
Pon>
WPr2068n
CLIS LY
[T RYS T
yor2nsan
WRLIARGR
WO INT
WOroa7In
VOO 2NTO
wpOINTIN
[SLR IR
vOr2aTEn
DLIE R I
¥R 237HA
WOE23TAR
WOLIVTAL
DI040 Als
LIS SN
woroaTeR
WP(2NRAN
y0i.2nay
»or20a97
werpiqan
we( 2nar
wngpnacn
WO 2GRN
(20877
WOLIORNN
w0 ICR

[N I LR R
WO 2g0A
wer2nan,
pono

poc?

(I AL L Te
werayeee
wera1AIn

nppe2

won21nan
1Y%

WOC21040
wPr2108n
Wer 21060
LLIaFA VR4S
WPC21NAD

14703702

weC21na9n
wor211nn
woC21310
wee21120
wor21130
wee21140
WP 21144
wP(21148
woC21141
WPC?211%80
wOC21154
WRC21160
wee2yn
Wor211R0
wPQ21100
wer2y2on
WOO21217
WPN212%A
wer2122n
wec2123n
wp(2124"
wee21252
woC212¢0
wpN21270
wonr212en
weE21260
wWPr213°"
weg21310
wWP( 21300
weC21320
wWPQ21260
wPC21350
WOC21 367
WPE21371N
wor2118n
wpn2y3an
woR2147C

WP( 21410
WPC21420
WPP2 1474
WOC21430
WOC 21440
WPQO21450
WRC2 460
WP0214790
WPC 21480
WPO2148A
Wor214P8
WPN214RC
wPC21490
wpo21500
WPr21810
wP021520

nALE Anna

DARE (A4



EARTRAN 1V 6 LEVFL 1, MO0 3 MATN OATE = ka011

o178
0176
0177
o178
otr79
0180
2141
0182
7183
0184
n18%
niae
187
n1ae
0189
0190
0191
0192
N3
0194
195
0196
0197
01998
0199
0200
n201
0202
n2n3
0204
3205
n2né
0207
n208
3209
0210
n211
0212
n2r3
0214
0215
0216
0217
0218
0219
0220
0221
0222
0223
0224
0225
0226

63 NL==NU
G0 T M
fh NL3=NL
6% NL=NLo1
G TN 70
56 Napel

TEIN=T)IAT 4B 6T
67 TFINLIT1469,72
71 NL7=Nt
69 NL =ML ]

M I 70
72 NL==NL

[CLENR AR D]
58 N=)

TFINL$3) 74,73, 74

14 IFINKY178,12,78
78 NH=NHE ]

NK=0

6n TN a3
T4 TFINKITS, 76, 77
75 NK=-NK
76 NK=NKX+1

6N TN Ay
17 NK==NK

ay

NL=0

10 CONT INUF

=107

(SR LA b
T9 [ B A s

0

Jsi-1

Ki=1-1

nn 92x=1,KI1
NO O1JAN=1 44

9
97

1000

FORTRAN 1V G LEVEL

0001
0002

c

(L.l
102

103

101

116

TFOSSTHEJAM)=SSTHIJANST1) DO, 90,90
STNNP =CSTHL JAN)
SETH(JANI =SSTH{JANS 1)
SSTHUJANS L) =STONR
TNTER= INNL{ JAN)
INDLIJAM Y =TNNLTIANGT)
INDL(JANSL )= INTER
INTER=INN2{JAN)
INN2CJANISTNN2 JAN+TY
INN2EJANS L) = TNTFR
INTER=TNNAL SAN)
INDICJANT s TANI(JANGY)
INDICIANST I =INTER
CONTINNE

J=)-1

CONT INUF

60 TN 31

syne

£ND

1y w00 3 10 DATE = 69130

FORTRAN 1V CORRELATION COVARTANCE PRNGRAM
REM S8 XBAR{SOV1,SD1903,COVI15001, STGT50,500 DATAISO), LM

DINENSTAN NMEAN(S0) 4NCOVI 15001 ,FNTI20), INENTI20),COFFF(30}

ODUBLE PRECTSION SOPRE ,DABS,DSORY

147091

15747721

EQUIVALENCE (STGE11,CMVITII(STGIISO1I,NCOVILII,ISDIT) ,CNEFELTY)

COMNON NOTN,NOVAR
READ (5,102,ERRa009) [DFNT
FORNAY (2004}
WRITE(A, 100)
FORMAT (219,740, *CARRELATION/COVARTANCF PROGRAN®)
WRITE (6,99) IDENY
FORMAT (T26,2044,7)
READ (5,101) NNIN,NOVA®
TF (12FRD .FO, OY IZF
TF INOVAR .EC. 0O) NOVAR=NOTN
1F (I9FEG GT. O) REAN (5,101 IVAR,ISTARY,ISTOP, INPRNT
FOARMAY (1615}
INTTIALIZE TO 7ERND
NPTS=0
NNCOV=NOVARS (NOVARS 1) /2
NN 1 =1, NOVAR
XBAR(T)=D
NRFAN(T ) =0
no 2 t=),NOCHY
covit)=o
NCOVITY=0
COLLFCT INPUT NATA, FORMAY Fracy
READ (5,102) (FRY(1),1=1,2M)
LONP PAINT FNR CARN RFANING
READ (S.FMT) (DATALT),I=1,NOINY
IF (NATAI1)1.FQ.0.0.NR.DATAL2},F0,0.0) GN TP 12
CALL TRANSINATA)Y
MRITE (141140 (DATA{I),T=1,NOVAR)
FORMAT{1X,8N13.6)
NPTS=NPTSe]
TNDX=0
GO TO (4,51, 12FRN
CONTINUF
JERNES ARF VALIN PATA
NN 6 1=1,NOVAR
CONS=NATA(T)
XBARC T )= XAARCT ) eCONS
N0 6 J=1,NOVAR
TNDX=TNNXeY
COVEINDX 1 CNVEINDX JoCONS*NDATA(Y)
CONTINUF
GO TN 3
CONTINUF
TEROES ARE MISSING TNFORMATION
N0 T I=],NNVAR
CONS=DATAC(T)
TFICONS18,9,8
TNDX= INDX +NOVAR=T 1
6D YO 7
XRAR{T)I=XBARCY )oCONS
NHEANTT heNREANT T )e)
N0 10 J=T,MOVAR
CON=DATALY)

TZFRO, TREG

e

wpe2t5r
WBr21540
W 21680
wen2156n
WPt 21570
worzisag
ALl
WOL2140D
wPIILETD
WON21AZD
WOr 21477
WDCIL AL
WO DL ANN
woN21 860
wor 21470
PLLEITLH
L2t} R
LLIg4 bt}
LLONS Ra Il
wee 21770
wora 7
werI1Tan
PLISA RIS
WP 2YTAY
wer Y7y
wer2y 00
WO 2 TN
FEEEIR AR
MEYETELE
WeA2ERIA
PR TERE)
worgray
weoatan
LIS KT
EERIETS
whiarar
DRANER I

HAWRA00
HMIR001
HAWRNN2
HAWK 003
HAWKONSG
HAWKOO0S
HANKONG
HWANKOOT
HANKAOR
HAWR 009
HAWKN 16
HAWK

HAWKO1Y
HAWKOYT2
HAWR012
MHAWKD Y4
HAWK O S
HAWKO 16
HAWKNY T
HANKALR
HAWK OO
HAWK D20
HANK Y
HAWK 0?22
HAWK N2
HAWK N4
HAWKN?2&
HAWKN 6
HAWRNDT
HAWKO?S
HAWKN S
HAWX 030
HAWK AR
HAWX 02>
HAWKNYY
HAWK N34
HAWKO3S
HAWKN 36
HAWKNAT
HANK O R
HAWX 09
HAWKO4N
HAWKNAL
HAWKOA 2
HAWK OGS
MAWK AL
HAWK0AS
HAWK D46
HAWKOLT
HAWKOAA
HAWK DA S
HAWKOS0
HAWKOS)
HANKO® 2
HAWKDSY
HAWK 0S4
HAWKOSS
HAWKOSE

nARE [ aE

PAGF 000V



FORTRAN IV 6 LEVFL 1, ™OD 3 MAIN DATF = 69030 1574121
0053 TNDX=INDXe1 HAWXOST
0034 TELCONI 11,120,111 HANROSS
0035 n NCAVEINDX ) =NCOVE ITNDX} o1 HAWK %9
0036 COVE INDX 1=COVL TNDX ) +CONSCONS HAUR 040
0057 10 CONTINUE HAWKO6 Y
008 T CONT TNUE HAWK 062
0039 60 Tn 3 HAWKNG3
c PROCFSSING SECTION HAWKO64
0060 12 CONTINUE HAWK OGS
0061 GO TN (13,14),12FRN HAWROAE
0062 11 CONYINUE HAWKOAT
0063 ne 1S Ts1,NOVAR HANKO6 R
0064 15 XRARIT )= XBAR{T) /NPTS HANK 069
0063 INNX=0 HAWROTO
0066 N0 16 T=1,NNVAR HAWKOTL
0067 CONS=NPTSEXRARIT)Y HAWKOT2
0068 N 16 J=T,NOVAR HAWXOTS
0069 TNOXs [NNY+1 HAWKOTA
0070 COVUINDX I ={COVIINDX F=CONSEXBAR (I ) /INPTS-1) HANKOTS
0071 16  CONTINUF HAWKOTA
0072 60 10 21 HAWKOTTY
0073 14 CONTINUF HAWKOTS
0074 nO 17 T=1,NOVAR HAWKOTO
0075 TFINMEANTTY) 1T7,17,18 HAWKNAO
0076 18 XBARUT)=XRAR(T)/NMEANCTY HAWKORL
oor? 17 CONT INUE HAWKOR)
oove INDX=0 HAWKONY
0079 NN 19 1=1,NOVAR HAWKORS
0080 CONS=XBARITY HAWKOAS
0081 N0 19 J=T,NOVAR HAWKNSS
0082 TNDX= TNDX+1 HAWKOBT
0083 TEINCOVETNNX1119,19,20 HANKORR
0084 20 COVEINDXI=COVIINNX) INCOVE INDX)-CONSEXBARL I} HAVY O
0083 19 CONT INUE HAwx 0an
008e 21 CONT INUE HAWK 091
[4 NUTPUY OHASFE HAWK 0®?
oo0ayY GO 10 (32,33), T7Evn HAWR09Y
0088 2 WRTTE (6,109} HAWK 094
0009 GO 0 24 HAWURQOS
0090 33 WRITE(46,1100 HAWK 096
0091 109 FORMAT (T86,%2FRNFS ARE VALID DATA®Y HAWK 09T
0092 110 ENRMAT (TS, 7ERNFS ARE MISSING TNFORMATIONG) HAUKOOA
0093 L) CONTINUFE HAWK 099
0094 MRITE 16,1N4) NPTS,NOVAR WAux 100
0098 104 FORMAT (20, TS4, *NUMBER NF RFADINGS®TT4,16/T54, *ORDFR OF MATRIX®, MAWK1N?
EYTA,16,77788, COVARTANCE MATRIX ',/ HAUR 102
c UNPACK COVARTANCE MATRIX HAWK 103
0096 ITNDX=NOCVE]L HAUK 104
0097 NN 2% [PR=],NOVAR HAWK10S
0098 T=NOVARS1-TPR WAUK 106
0099 on 728 JPR=l,IPR HAWK107
0100 JaNOVAR ¢ 1-JPR HauR 108
0101 TNDX= INDX~1 HAUR 109
0102 S1GIJ, TVsCOVIINDX) WAWR110
0103 25 CONTINUE HAUK1l1
0104 0N 26 T=1,M0VAR AWK T2
0108 00 26 Jsl,1 HAWK113
0106 26 SIGLI,11=S1G(T1,9) wauile
FORTRAN TV G LEVFL 1, 0D 3 MAIN NATE = 69070 15747720
(4 PRINT COVARTANCE MATRIX HAWK 1 1%
oto7? M 2T T=1.NNVAR HAWK116
ol08 SP{TI=NSORTISTAIT, 1) HAWK11T
o109 WRITE(6,10%5) (STG(T,0),0=1,NNVAR) Hawx 118
o110 1085 FORMAY (TT7,7INn17,A,/) Hawxtro
o1 27 rONTINUE AWK 120
c FNRYM AND PRINT rpe MATRTY HAWK] Y
o1z MRTTE (A.107) [XAARITI,T=1,NOVAR) HAWK]122
0113 WRITE (6,115) {SNET),T=]1,N0VARY AN 122
or4 107 FORMAT (*19,TAl, 'MEAN VECTORO//ETT,TD1 7.5, /Y) HAWK 124
211s 116 FORMATY (7//,THT, "STANDARD DEVIATIOANSY 7 /(TT, T T 6, 7)) MAWK 128
olte WRTITE (6,108 [ TEYS
oy 1OA FORMAT [*)¢, 758, "COARRELATION MATRIX®, 7/} HAWK 127
O11R NN 28 T=1,NOVAR HAWK | 2%
o1te CONS=SnIT) [rpenpds
o120 N 29 )= NNYAD HAWK 130
0121 29 NATACII=STGIT, ) /(CONSESNLIYY MAWK1 2L
0127 WRITE (6,104) (NATALID 4J=1,NOVARY HAWK] 22
0123 106 FORYMAY (T4, ,14F0,5,7} AWK 132
ot24 ?R CONTINUF “l\ll(l“
0125 TF (IPFG,FN.N) BN TN 46 HAUK 1S
0126 WOITF (6,119) HAWK 34
0127 TIR ENRMAT (910, T6R, *REARESSINN SECTIANG 777} HAWK 2T
0128 NN 44 KKxTSTART,TSTNE HAWK 138
0129 CRV=], /STRIKK KK HAWK 70
0130 SIRTKK, XK x] HAWK 140
0131 NN KL JJ=TSTART,ISTNP HAWK 1 4Y
0132 41 SIRIKK G JIYV=COMRSTAIKK U T} HAWK 147
0133 N0 A4 TT=1STAQT, TCTNP HAWKY &7
0134 TFITT-XK)42,44,47 HAWK 144
0138 42 COM=_SIRLTT,KK) HAWK 148
o134 STGLT T KK t=n HAWK 14 A
0137 NN 43 JI=1START,ISTNP HAWK 14T
014 63 SEALTT, I =STOETT, 0) eCONSSTAIRK, JI) HANK] &R
0130 46 CONTINUF HAWKT4Q
0140 WRITE(6,111)1TVAR, ISTART, [<TND AWK ] S50
018 111 ENPMAT (T3R8, *VARTARLF S, [6,* PRENTCTENI//TAR, tOPENTCTNOSI, 16,9 -t WAWK]S]
£o 12/ HAWK | S
0147 TF {(MANLTNOOY, 2} _FO, N) &0 TN 5y HAWK 182
0143 82 WRTTE(6,114) AWK 182
014¢ 114 ENOMAT {///T58, 'SURMATOIY INVERSEY/) HAWK 1S4
0145 N0 S (1=1STARY, [STNE HAWKY &S
146 WPITE (6,117) (S1ALT11,J0),00=1STARY, 1STNP} HAWK %6
0147 117 CORMAT(ALIN,F1Y,A)) HAWK 12T
Olag L3 CONTINNE AWK 1 S8
N14aa 1 CONT NS AWK 189
orsn =0 HAWK160
0151 CONS=XRAR{TVARY HAWKIAL
n152 NN 39 [IxISTART,ISTOP HAUKY &2
0182 CNEFF(TT1=0 HaAWK16
n1s4 NN 40 JI=ISTART,ISTOP AWK} 64
0168 40 CORFR(TTI=CAFEELTTISTALTVAR,JJIOSIELLT, ]) AWK 168
n1se Q=R4SIR(TVAD, TT)SCAFEELTT) HAWK1 66
0157 CNNSZCONS-XRARTTTIRCNEEF(TTY HAWK AT
AR 19 CONT INUE HAWK 16R
01%a R=NSORTIO/SIR(TVAD, TVARY) AWK 169
nae SNPRE=ASAITINARSISTGLIVAL ,IVAR)#(] . -RP40)}) HAWK 1 TO
ni&y WRITE(4,112}4 2,SNPRE HAWK LT

PAGE 0002
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FORYRAN TV 6 LFVFL {, wpn 1 MATN NATF = AO0N 15747721
0162 112 FORMAY (TAR,*MILTIPLF CORRFLATINN = $,FIN_T//TAA,ISTANNADN NFVTIATY HAWK]T?
LN NE DRFNIFTINN = ¢,F20,7, /) HAWK T
0167 WRTTE (£,110) "ONS,(COFFFLJ),1=TSTARY,(STNOY HAWK | T4
0164 119 ENPMAT [TAR, 'CANSTANT = 1 ,F14,A//T1A, *OFARESSTINN CNFFRICTENTS S, HAWK Y 7S
EYRG,FI0, 60 7) LLULS R L
0165 TF (INPRT LT.3) 6N TN 464 HAWKYTT
016¢ WOIYF (6,120} HaWC 174
o167 120 FORMAY [1]°,T64,'PRFNTCTFEN VALUF LISTINGY , / /TG4, INRSFRYFNY T4, HAWK ] 7
E'ORENTCTENY, /) HAWK 1an
016R REWINN 1 HAWK 1 @]
0169 NN 46 T=1,NPTS HAWK YOO
0170 PEAN (1, 116)(NATALY) =T ,Nn VAR HAWK 1R
[ R4 POEF=rONS AWK 94
(o) i g N &7 J=TSTART,ISTND MAWK | a8
0173 &7 PRExDAFCCARFF ( J)RNATAL D) HAWK Y 4
N174 HRITE (A, Y12 INATA{TIVAR),POF HAWK 12T
c17s 113 FOADMAT (T2 ,FQ,4,7X,F0,4) HAWK YA
0176 4k CONTINE HAWK 199
a1r? RFWIND ¥ HAWK AN
OL7R 6N TN agA HAWK QY
o17e QQ0 WPTTF (A,100N0) HAWNKYOD
nleao 1LAON FRewAT (41°) HAWK QR
0181 STno HAWK ) "4
0147 Fan HAWK [N &
FARTRAN [y € LFVFL 1, wan 2 TeANS AATE = aan10 15747721
0001 SHRANUTINE TRAMSEX) HARY 105
0002 REAL®R Y({5N) HAWK 197
0002 COMMAN NOTN,NAYAR HARVYIOR
0004 NY = NNTN & ) AWK 109
o005 NN g=NY,NOVAD HAUK PN
0006 1 XY = DLAREX(J=NATMYY HAWK 20N
oon? LR ALY HAWC20
oonner enn LAWY AN

PANE ONNG

nacc neaY



FORTRAN IV G LEVEL 1, MOD 1 MAIN DAYE = 68300 03754749 PAGF 0001

[
C CHROMIUM CONTENT OF WITWATERSRAND SAMPLES
C REFERENCE SAMPLE USED WAS D1 NIM DUNITE WHICH CONTAINS 2750 PPM OF CR
C FLOW COUNTER USED BUT NO DEAD TINE CORRECTION APPLIFO
€ CORRECTED VALUES SHOWN ARE EXPRESSED (N PARTS PER MILLION.
€ USAMPL =UNCORRECTED INTENSITY OF SAMPLE
C USAMBG =UNCORRECTED BACKGROUND INTENSITY OF SAMPLE
C MUSAM =MASS ABSORBYION COEFFICIENY OF SAMPLE
C USTAND = UNCORRECTED INTENSITY OF STANDARD
C USTABG =UNCORRECTED BACKGROUND INTENSITY OF STANDARD
C MUSTAN =MASS ABSORBTION COEFFICIENT OF STANDARD
C CONSAM =CONCENTRATION OF ELEMENTY IN SAMPLE
C CONSTA =CONCENTRATION OF ELEMENY IN STANDARD
0001 REAL®8 USAMPL JUSAMBG , MUSAM, USTAND (USTARG , MUSTAN,CONSAM,CONSTA, FINS
1AM, F INSTA
0002 DIMENSION HEAD(20),DENT(2)
0003 READ (S, 1000) HEAD
0004 1000 FORMAY {20A4)
000% WRITE (641005) HEAD
0006 1005 FORMAY (°*17,20A4)
0007 WRITE (6,1006)
0008 1006 FORMAT (*OCORRECTED VALUE IDENTIFICATION®, /)
0009 00 1020 1=1,1000
ooto READ (5,1010,END=1040) USAMPL ,USAMBG s MUSAM, USTAND,USTARG,NUSTAN,CO
2NSTA, DENTY
0011 1010 FORMAT (F6.092XoF6.002XsF6.392XeF6.0s2XeF6,092X9F6.392X+F6.0,42X,24
34)
0012 FINSAM = USAMPL-USAMBG
0013 FINSTA = USTAND-USTABG
0014 CONSAM = FINSAM/FINSTASMUSAM/MUSTANSCONSTA
0015 1020 WRIVE (6,1030) CONSANJDENT
0016 1030 FORMAT (°0°¢F11.3413X,2A4)
o017 1040 STOP
ools END
FORTRAN IV G LEVEL 1, MOD 3 MAIN DATE = 68316 22731754 PAGE 0001
C THIS PRNGRAM USES REYNOLD®S FORMULA TO CORRECT FOR MATRIX EFFECTS.
C NICKFL CONYFNT OF WITWATERSRAND SAMPLFS,
C RFFERENCE SAMPLE USEN WAS NIM DUNITE WHICH CONTAINS 2200 PPM OF NI
C CORRFCTYEN VALUES SHOWN ARF FXPRESSED IN PARTS PFR MILLINN.
C USAMPL =NCDRRFCTED INTENSITY OF SAMPLE
C USAMBC =UNCNRRECTEN BACKGROUND INVENSTYY OF SAMPLE
€ MUSAM =MASS ARSORATION COFFFICUENT NF SAMPLF
C USTAND = UNCORRECTED INTENSITY OF STANDARD
€ USTABG =UNCORRFCTIFD BACKGROUND INTENSITY OF STANDARD
C MUSTAN =MASS ABSNRRTIOM CNEFFICTIENT OF STANDARPD
C CONSAM =CONCFNTRATION OF ELEMENT IN SAMPLE
C CONSTA =CONCENTRATION NF FLFMFNT [N STANDARD
C THIS 1S WHERF THE DATA 1S SPECIFIFD.
0001 REAL®E USAMPL LUSAMBG , MUSAM, USTANDUSTABG s MUSTAN,CNNSAM, CONSTA,FINS
1AM FINSTA
0002 DIMENSION HFAN{20},0ENTID}
0003 READ (5,1000) HEAD
0004 1000  FORMAY (20A4)
0005 WRITF (6,]005) HEAD
0006 1005 FDRMAT {¢1°%,20A4%)
0007 WRITE 16,1008}
0008 1006 FORMAY {*OCORRFCTEN VALUF INFENTIFICATION®, /)
0009 nn 1020 f=1,1000
0010 READ (5,'010,END=1040) USAMPL,USAMBG,MUSAM, USTAND,USTABG,MUSTAN,CO
2NSTA,DENT
ooty 1010 FORMAT (FH.092XeF6.092XoFbo392X3F0.012X9F6.092XsF6,342X4F6.042X,2A
34)
C CALCULATIAN OF CNPRECTINAN NUF TN DEAD TEIME OF SCINTILLATION COUNTER,
0012 TRUSAM = USAMPL/{1,0-USAMPLE,2440D-06)
o013 TRUSRG * USAMBG/(1.0-USAMBG®*,24400-06)
001« TRUSTA = USTAND/(1.0-USTAND®,2440D-061}
no1s TRUPRC = USTARG/{1.0-USTARGE®,24400-06)
C THIS IS WHERE THE RACKGROUND IS SUBTRACTFN FRNOM PEFAK TNTENSITY,
0016 FINSAM = TRUSAM-TRIJSRG
0017 FINSTA = TRUSTA-TRURAG
C CALCULATINN OF CNNCEMTRATINN OF ELEMENT USING REYNOLD®'S FORMULA
008 CONSAM = FINCGAM/E INSTARMUSAM/MIJSTANSCANSTA
ocl1e 1020 WRITF (A,1010) CNNSAMNENT
0020 1030 FOPMAT (°C',F11.3,13X,244)
0021 1040 STINP

0022 ENP



prograi nisiviue

this progran Is used to calculate the mass absorbtion coefficient of
any powdered naterlal,w.huse nedian grain size is leas than lu wicrouns
and which has been pressed Into a disc.

eyenul Is the Incident radliation falling on the scintillation counter
with nu pressed disc in the bean path. (10),
eye is the radlation falling on the scintillation counter after it
kas passed through the pressed disc. (i).
weight 1s the weight of the pressed disc velghed to 4 decinal places.
trueit Is the Incident radiation with no disc In the bean path and
corrected for scintlllation counter dead tlie losses.
truei le¢ the radiatiun after passing through a pressed disc and
corrected for sclntillation courter dead tine losses,
v fs the nass absorhbtion coefficient of the substance.
real*g eyenul,eye,velget, trueil, truei,w,final
dirnension head(20),dent(2)
read (5,1600) head
Luvt foruat (2La%)
write (0,1005) head
iuey  foruat ('1°,20a4)
write (b,i00uL)
luu foruat (‘'vcorrected value identification',/)
do 1020 1=1,1000
read (5,110, end=10hlu) eyenul,eye,weight,dent
1016 format (fC.G,4x,fb.0,4x,f5.4,5x,4a4)
¢ dead tlme correction factor of scintillatiun counter is Jchsvod=Uo
truel¢ = eyenul/(1l,.i-eyenul®, 2440d=UL)
truei ® eye/(l.i-eye*.24Lid=-UL)
s » 1,267/welghtedlog{trueic/truei)
Cc v.750 is an experlientally deteriined instruiental constant.
final = 1w/0,750
1020 write (u‘Aosn) final,dent
Iu36 forrat ('G',F11.3,13x,zab)
1ot astop
enc

D000 OO0N

VA

//go.sysin dd »

program nitnnhns.

thls progran calculates the nass absurbtion coefficient fur a mixture

and relative concentrations are knuwn.

coonNnnNnono

ul is the vass absorbtion coefficient qf cuiponent i
¢ auz Is the wass absorbtion coefficient of conpunent z
real®h 1wl 2, uxc,
Integer outcl,ou2
dinension coripl(5),conp2(3)
1 read (5,900,end=1050) conpl,corpl
U0 fornat (2(5aL))
read (5,1600) rwl,ru2
1600 fornat (2f10.0) )
write (6,1010) rul, i o
lult fornat (‘lresults with 1 1 =',f6.2," and nu 2 = ', 6.2,/7)
write (£,1620)
1620 format ('6Y,9x,'¢1",21x,'c2’,15x, "rii")
write (6,iC25) compl,cann?
1625 fornat ('u',5ak,3x,5ab,/)
do 1036 i=1,161
cl = float(i-1)
¢z = 100.0 = ¢l
iRxe = uircl ¢ a2ecl
ra = muxc/lu0.0
outel = ifix (cl)
outc? = Iflx (c2)
write (L,1040) vutcl,Qutc, i
163 contlnue
Ilube foraat ('u',tll, i3, 34,13, tes,fuos)
50 L0 L
lbbu - stup
end

composed of any two conponents whose mass absorbtlon coefflclients
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