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A, SUMMARY

Major and trace element abundance data are re-
ported for a total of 323 Southern African argillaceous
rocks, ranging in age from the unique three billion year
0ld Fig Tree shales to those of the Triassic Beaufort
Series of the Karroo System. In addition, less than two
micron clay fractions have been separated from thirty-
three of these sediments, and analysed for their major
components, as well as the alkali and alkaline earth frace
metals., Estimates of the average chemical and minera-
logical compositions of thgse sediments aré presented, and
compared with similar compilations recorded for argillités

from other parts of the world.

Studies pertaining to the ériginof the clay ”\\\
minerals are reviewed,»and it is conéluded that the bulk
of these minerals, present in shales and siltstones, do not |
originate in their depositional environments. , It is shown }mﬁ
that the clay minerals”can rarely be employed to provide \<f
direct evidence relating to.the chemistries of their depo- [
sitional environments, and that in many instances they are
more useful in providing information as to the chemical \
natures of their source rocks, and the climatic condition%NM////

prevailing in the provenance areas.

The major element abundances and inter-element

" ratios have been used, where possible,:to define the degree

of chgmical uniformity within the vérious sequences studied, &1
and to provide information pertaining to the physical and

" chemical conditions prevailing during the deposition of many
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of these sediments. Particularly interesting in this re-
spect are the shales of the Fig Tree Series, which are
believed to have been derived from basic or ulfrébasic
provenance areas, and deposited in relatively deep water. .
Shales sampled from the Bokkeveld Series of the Cape System
show a remarkable degree of chemical uniformity, both with
respect to the absolute abundances of the major and trace
elements, and also a number of inter-element ratios. Sedi-
ments from the NQrthern Ecca Facies of the Karroo Sysfem
display a number of distinct chemical differences compared
to those'sambled from the Central, Western and Soﬁthefn
Ecca Facies. Submarine shales of uncertain stratigraphic
location dredged from the Agulhas Bank have major element

compositions very similar to onshore Bokkeveld Series shales.

Pyrite and siderite bearing carbonaceous shales
from the Northern Ecca Facies of the Karroo System have
been studied in some detail. It is shown that in most in-
stances, increased production of pyrite occurs during
periods of reduced deposition, and that there is a distinct
relationship between organic matter content and pyrite growth.
It is suggested that in the presence of both anionic species,
the sulphides compete more favourably for dissolved iron than
does the carbonate ion. It is further shown that in ad-
dition to the pyrite and organic matter contents, the Si/Al
ratio may often be effectively used as a measure of relative

rates of deposition.

Major element variations with geological age have

also been studied in some‘detail° It is shown that no
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systematic variation could be detected for calcium, sodium
or aluminium., In the case of potassium, however, there is
an increase in abundance from the Ancient Fig Tree Shales,
reaching a peak in the late Precambrian or early.Cambriah
sediments, whereafter the average potassium contents of the
samples studied decrease. The possible roles played by
various life forms, both marine and terrestrial, are critical-
ly examined. Magnesium, on the other hand, decreases in
abundance from the Precambrian to the younger shales, and
this feature is attributed to the chemical compositions of
the respective source rocks, and the more alkaline weather-
ing conditions which‘are presumed to have been operative

during Precambrian and Cambrian times.

Abundance data for the trace alkali and alkaline
earth elements are presented for the various shales and sepa-
rated clay Vfractions studied, and these are compared with
values for other sediments recorded in the literature. The
factors influencing the distribution of these elements in

the external cycle are examined in some detail.

Particularly intéresting in this respect is the
element cesium. On the basis of published abundance data
for Cs in various sediments and natural watefs, it is shown
to be highly unlikely that detrital clays could act as a sink
for oceanic Cs, and in fact, there is a distinct possibility
that Cs is desorbed from the dlaylminerals in the marine en-
vironment. It is also shown that for some sediments, the ’
nafure of the detritus entering the basin of deposition,

and the rate at which it is deposited, play important roles
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in determining the ultimate Cs abundances of these rocks.
These factors render suspect the use of Cs as an indicator
of fresh water as opposed to marine deposition. In the
case of Rb, it is shown that the K/Rb ratios of the shales
and clays studied show very little variation about a mean
value of 170, which is distinctly lower than K/Rb ratios

recorded for the majority of igneous rock types.

The abundance of Li in argillaceous rocks is
shown, to an extent, to be dependent on mineralogy, and in
many instances this element exhibits well developed re-
lationships with both magnesium and iron. Of the alkali
elements, Li shows most promise as a potential indicator

of fresh water as opposed to marine deposition.

Abundance data for Ba and Sr in the South African
shales and clays are also given, and the factors governing
the distribution of these eleménts in argilléceous rocks

are discussed.

It is concluded that the alkali and alkaline earth
trace metals are largely incorporated in the clay minerals
at fheir sites of formation, and that ion exchange reactions
in the marine environment may not be asvﬁidespread as

previously believed.
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B. INTRODUCTION

Sedimentary rocks blanket most of the Republic of
South Africa and South West Africa and almost nothing is
known about their chemical or mineralogical compositions,
particularly the more fine-grained varieties. Knowledge
is also meagre‘concerning the depositional environments of
moét 0of these sedimentary formations, particularly the rocks
of the vast Ecca Series of the Karroo System, which, unlike
its equivalents in Burope and the United States of America,

contain virtually no diagnostic fossils.

Accordingly the present study was commenced in
1965, with‘the considerable assistance of the Anglo
American Corporation of South Africa. Its primary object-
ive was to accumulate a body of sound analytical data, both
major and trace element, for some of the more important
. representatives of the South African stratigraphic sequence.
A reconnaissance chemical study of this type was considered

desirable for three main reasons.

First, in the absence of any previous information,
it would define the degree of chemical variation both with-
in the various sedimentary formations and between them.
Second, it was hoped that these data could place limitations
both on the nature of the depositional environments of the
sediments studied, and also on the chemical nature of their
provenance areas. Such information would be most useful
in indicating the course of future research in this connect-
ion. Finally, the need for sound analytical data in clay

rich rocks has been repeatedly stressed because of the



general paucity of such analyses; and the dubious quality
of much of the data available in the literature. Inform-
ation of this type is extremely valuable in the compilation
of crustal abundance tabulations, and studies relating to
the chemical variation of the world's oceans and crustal

rocks with geological age.

To this last end, considerable care was taken to
assure both optimum precision and accuracy of the various
anélyses undertaken. For example, in the case of the major
elements, for which results are presented here, apprbximate—
ly two years were devotéd in collaboration with other members
of the Geochemistry Department of U.C.T. to fully in-
vestigating the advantages and limitations of several
published X-ray fluorescence sample preparatioh techniques.
The details of these studies are presented in Section I of
this text. Likewise for cesium, where determinations were
made using an optical spectrographic technique, the working
curve was calibrated by isotope dilution mass spectrometry,
and for lithium which was also determined using an optical
spectrographic technique, calibration was improved using

atomic absorption spectrophotometry.

The thesis is composed of two volumes, Volume I
is the text ana Volume II contains the analytical and
mineralogical data as well as details concerning the
lécalities of the varioﬁs samples studied. The letter "AY
affixed to any given table of results indicates that the
table concerned is located in Volume II of the thesis.

Diagrams referred to in the text are located in Volume II.



C. A DISCUSSION RELATING TO THE DISTRIBUTION OF THE MAJOR

ELEMENTS IN ARGILLACEQUS ROCKS

(1) Mineralogy:

The complexity of chemical composition of
argillaceous rocks as well as their fine gfained nature have
made determinations of average mineralogical composition
extremely difficult. The few estimates thus far made,
(Leith aﬁd Mead, 1915; Clark, 1924; and more recently Yaalon
1962; and Shaw and Weaver, 1965), indicate that clay
minerals constitute about 50% of the average shale, followed
by quartz and chert (30%), feldspar (5 - 10%), with iron
oXides, carbonates and a variety of:other minor minerals

making up the remaining 10 - 15%.

The clay minerals have naturaliy commanded the most
'vinterést, and with the advent of X-ray diffraction techniques
there has been an immense stream of publications from
geologists, geochemists and mineralogists discussing and
debating their geological significance. Undoubtedly the
most controversiai and fundamental problem confronting clay
petrologists concerns the origin of clay‘minerals in sedi-
ments; that is, are these minerals predominantly detrital,

or have the effects of diagenesis been sufficiently intense
as to mask characteristics of the individual clays inherited
from their source areas? Because of the particular
significance of this controversy to the problems to be
discusséd here it is necessary to review the available

evidence in some detail.



It is generally accepted that cléy minerals under-
gd various structural and chemical changes during trans-
portation deposition and burial, and that progressive
diagenesis tends to erase many original clay distribution
features. For this reason a large number of studies have
been carried out on Receht sediments where diagenetic pro-
cesses have not been active to the extent‘presumed for
-ancient sediments, and the original patterns are still by
and large preserved in sedimentary basins of known extent

and provenance.

Early work by Correns (1937, 1939) showed that
clay size material of Recent sediments is virtually all
crystalline, and that kaolinite and halloysite are often
the dominant clays in sediments from the equétorial Atlantic
Ocean. 5Likewise Dietz (1941, see Weaver, 1967) concluded
".;. clay mineral distribution on the sea floor is region-
ally simiiar to that on land in having a relative abundance
of kaolinite and iron oxide in tropical régions, ahd of
“illite and montmorillonite in temperate regions. Thisv

suggests that deep-sea clays are terrestrially derived".

' Grim,_Diefz and Bradley (1949) studied sédiments
from the Gulf of California and California coast, and found
that all samples contained illite, montmorillonite and
kaolinite, and some a chloritic mineral. They observed
that illite was the most abundant and kaolinite the least
abundant clay type, and attributed lateral variation to the
- gradual fdrmation of chlorite or illite at the expense of

kaolinite. Similar results were noted by a number of



-5 -

workers (Grim and Johns, 1954; Griffin and Ingram, 1955;
Powers, 1957; Milne and Earley, 1958; and Johns and Grim,
1958). In each of these studies lateral variations of clay
mineralogy are explained by alteration and modification of
pre-existing clay minerals, and in each case the authors
attributed the seaward increase of illite and chlorite
relative to kaolinite or montmorillonite to various forms

of marine diagenesis.

In other studies (Taggart and Kaiser, 1960; and
Griffin, 1962; for eXample) lateral variations are attribu-
ted to difference in supply from various source sediments
and current distribution, and no appreciable alteration as

a result of diagenesis was recorded.

A further mechanism which has been proposed to
explain these variations in clay composition is differential
flocculation. Van Andel and Postma (1954) suggested that
in the Gulf of Paria illite and kaolinite were flocculated
earlier than montmorillonite, and that consequently
montmorillonite tends to be most abundant in the open_gulf
in contrast to illite and kaolinite which are concentrated
in the delta portion. Whitehouse et al. (1960) and
'Perenga (1967) have determined the settling velocities

of illite, kaolinite and montmorillonite in waters of
varying chlorinities, and they found that on entering the
sea the settling velocities of kaolinite and.illite in-
crease sharply, whereas montmorillonite was only slightly

influenced by the increased salinity.

Hurley et al. (1959, 1961, 1963) in potassium -

argon age determinations of Recent marine and deltaic muds



have made an important contribution to this debate. Ages

| fanging from 100 to over 800 million years were recorded,
indicating-a detrital origin for the vast majority df these
clays. They found that silt sized illitic material from
the Mississippi River Delta gave an average age of 280
million years, whereas the clay size fractions from the same
samples give an average age of only 166 million years. They
concluded that this age could not be explained solely in
terms of the Palaeozoic shales from the central and eastern
portions of the source area, but could possibly be due to
mixing of clay detritus from younger sediments in a western
source area. These variations could equally be explained
by adsorption of potassium during deposition in the marine

environment.

Clay mineral studies on Recent non-marine sediments
are conSiderably scarcer than.for their marine counterparts.
Cuthbert (1944), Rateev (1952), Grim et al. (1960), Moore
(1961) and Droste (1961) all examined clay mineral
assemblages in various lacustrine environments, and in each

case found no evidence of diagenetic changes.

With regard to ancient sediments, numerous works
relating to the clay mineral assemblages in a vast variety
of different rockshave appeared in the literature in recent
years. In most of these studies, attempts have been made
to correlate various clay groupings with depositional en-

vironments and/or source areas.

Much of the pioneering work appears to have been

done by Millot (1949, 1952, 1953 for example), who was the



first person to make a detailed attempt to relate clay

minerals to environment of deposition. He has studied

- large numbers of rocks from various Buropean stratigraphic

sequences whose modes of origin arewell documented on pal-—"

aeontological or petrographic evidence. He differentiates

 between three major depositional environments, thus:-

(a)

(b)

(c)

In lacustrine sediments where the lake is believed to
have contained "aggressive", or acid waters, that is
to say waters of low pH engaged in active alkali
leaching, the dominant clay mineral is kaolinite

(80 - 100%) with accessory amounts of illite, chlorite
and montmorillonite. K20 in these sediments is less

than 2%, while MgO is less than 1%.

In non-aggressive lacustrine or lagoonal sediments,

where stagnant conditions generally prevail, and

. carbonate accumulation is a common feature, illite is

the most'abundant clay followed by chlorite and
montmorillonite, and occasionally minerals of the
sepiolite-attapulgite group. Kaolinite is rare. The

pH in these environments is believed to be between 7.4

and 8.8, and according to Millot the KéO'content'of

the sediments lies between 5 and 8%, and the MgO content
is about 4%.

In sediments of marine origin illite is invariably

.present, and is particularly abundant in calcareous

sediments. Chlorite and kaolinite are usually the
subordinate clays, except in carbonate rocks where the
latter is rare. K,0 lies commonly between 3. and 5.5%,

while MgO is generally close to 2.5%.



Numerous studies since Millot's early work have

B showﬁ that this relationship exists in many instanceé. For
example, Degens et al. (1957) studied a series of N
_Pennsylvanian sediments and found that the illite -

kaolinite ratio is statistically higher in marine and brack-

‘ish-water shales than in fresh-water shales. Pryor and

1_GlaSs_(l96l) studied the clay compositions of Cretaceous ‘and

'Tertiary sediments, and found that clays deposited in the
fluviatile environment were dominantly kaollnltlc,‘whereas
_1n the outer neritic environment montmorillonite predomln—
: ated, and those from the inner neritic env1ronment contalned
:approx;mately equal amounts of illite, montmorlllonlte and

;kaolinite.

A review of a substantial number of other clay

" mineral sfudies (Parham 1966) has shown that-in‘basins_of
éeéimeﬁt accumulation kaolinite is concentrated closer to the
a'sharé with'fespect to illite, and that iilife reacheaﬂa |

 maximum abundance seaward of kaolinite.

Grim (1951) poinfed out that kaolinite is relative-—
.ly-less abundant in ancient marine sediments, and mﬁst there-
'fore be altered during burial and diagenesis to some other
mineral, but Weaver (1958) says that this relationship
probably exists rather because nearshore sediments tend to

~ be preferentially destroyed by erosion.

Weaver (1960) showed that marine black shales

rich in carbonaceous material contain clay mineral

B assemblages of either purevillite or mixed layer illite-

montmorillonite or both, whereas fresh-water shales of this

ftypé almost invariably have kaolinite as the abundant clay.
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Bréck-water shales show groupings transitional between the

two types.

It would therefore appear from these data that
certain broad generalizations linking clay mineralogy to
‘depositional environment are permissable, and Weaver (1958),
'Whovfor many years has stressed the importance'bf detrital
contribution as opposed, to that of diagenesis in controlling
ultimate clay mineral assemblages, has reviewed data from

many parts of the world, and lists the following conclusions:-

(1) No particular clay mineral is restricted to any

particular depositional environment.

(ii) Illite, montmorillonite, and mixed layer illite-
montmorillonite can occur in abundance frequently
as the oniy clay minerals present, in any one of

the major depositional environments.

(iii) Kdolinite is mainly dominant in fluviatile environ-
ments, although it occurs in abundance in all

environments,

(iv) Chlorite is seldom, if ever the dominant clay
mineral and is generally least abundant in the

marine environment.
(v) Continental shales are seldom monomineralic. .

(vi) Contrary to previous opinion (Grim, 1951)
montmorillonite is quite common in ancient
sediments, and is found in abundance in Jurassic,
Pennsylvanian and Mississippian sediments, and is

present combined with illite and chlorite in the
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Middle and Lower Ordovician, aﬁd the Upper and
Middle Cambrian. Weaver acknowledges that
montmorillonite is rarer in Palaeozoic sediments
than in those from the Tertiary, but attributes
this in part to differences in weathering between
the two eras, rather than diagenesis over a long

period.

(vii) Glauconite is often considered as an ideal example
of a clay which forms by diagenesis under marine
conditions, but Weaver notes that even in this
case the nature of the source material will determine
the type of glauconitic clay produced. Moreover
several authors (Parry and Reeves, 1966; Porrenga,
1967; 1968) have cited instances of glauconite
formation in the lacustrine environment. Apart
from a few exceptions, however, glauconite is
recognised as a marine mineral often formed as an
alteration product of biotite (Galliher, 193%6) or a

- variety of other minerals (Hendricks and Ross,
1941) with the alteration taking place under re-
ducing conditions and slow deposition. Hurley
et al. (1960) investigated the age of glauconites,
and found ages consistent with the geological age
and with currently held views concerning the marine

diagenesis of this clay.

Weaver concludes on the basis of his studies that 1
clay minerals do not as a rule driginate in their deposit; (
ional environments, and that they are not strongly

-

modified by diagenesis during and after deposition. In a \
/

~
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discussion of clay mineral reactions in the marine en-
vironment Weaver (1958b) differentiates between ion exchange
reactions, the regrading of degraded clay lattices, and what

he refers to as diagenesis proper. He regards the forma-

tion of a clay mineral from a gel or from colloidal material

or by altering the basic lattice of arpre—existing mineral \
as the only true forms of diagenesis. Moreover Weaver
contends that the most common process acting on clays in the

marine environment is cation exchange.

There is therefore conflict of opinion as to
whether processes such as the regeneration of degraded
chlorite or the collapse of montmorillonite after potassium
adsorption should be considered diagenetic or not. Weaver
cites several examples of how degraded clays, according to
the environment in which they find themselves, adsorb

locally available cations and in so doing come to equilibrium

with their surrounding environment. This is a particularly
important conclusion from the geochemist's point of view,
for, regardless of whether the basic clay lattice is altered
during deposition and burial, or not, if they reach even,
partial equilibrium with the surrounding media, they should
for certain key elements e.g. Ca, K, Na and Mg, be capable
of retaining sufficient of their newly acquired characteris-—
~tics as to provide information relating to the chemical
nature of the depositional environment. The degree of
equilibrium attained by any particular clay will depend

: largely on Ehe length of time that it is exposed to the
environment and the degree of degradation'or capacity to

partake in ion exchange reactions of this type.
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'Important in this respect are the possible effects
of postdepositional alteration (epigenesis), and it would
appear that these effects have been somewhat under-estimated
by earlier workers, and that they are in fact comparatively
Widespfead. It is emphasized that these effects are
distinct from those acting on the sediment during deposition
and the early stages of burial. More data are available
for sandstories than for shalés. | Glass (1958) showed that.
kaolinite is more abundant in Pennsylvanian sandstones than
in intercalated shales, and that ".... kaolinite crystals
form in sand bodies prior to exposure, and that exposure in

outcrop augments the process",

Kulbicki and Millot (1961) described the post
depositional alteration in a series of Cambrian sandstones
of the Sahara, and found that those sediments.édntaining
petroleum contain kaolinite, whereas in non-petroliferous
bearing strata illite has formed at the expense of kaolinite.
They believed that the presence of petroleum in the sand
had blocked the secondary formation of illite by intersti~
tial salinelwaters. Permeability is therefore an important
factor in clay mineral formation not only in outcrop, but

also subsurface.

Smoot (1960) studied sediments from pre-
Pennsylvanian strata in Illinois and found that in the
permeable sandstones the clay assemblage consisted of
degraded illites, chlorites and kaolinite whereas in the
shales the clays were well crystallized illite and chlorite,
together with some degraded illite‘and chlorite and rare

traces of kaolinite. Since these strata were intimately
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associated and presumed to have had identical depositional
environments and clay mineral suites, Smoot suggested that
the observed differences were produced after compaction by
percolating fluids. Clearly the more permeable sandstones

would be more susceptible to alteration of this type.

In shales, studies of post depositional alteration
have been concentrated on montmorillonite bearing strata
(Burst, 1958); (Powers, 1958; Weaver, 1958b). These
authors showed that in Gulf Coast Tertiary sediments mont-
morillonite decreased with depth, and mixed layer illite;
montmorillonite increased. It would seem as if the collapse
of expanded montmorillonite layers starts at depths of only
5,000 feet, from where there is a gradual increase to
12,000 - 14,000 feet where about 70% of the montmorillonite
layers have collapsed. In this respect the work of
Szddeczky-Kardoss et al. (1968a,b) is of interest. These
workers converted montmorillonite to illite &n the laboratory
at low porosity and water content, and temperatures below

550°C..

These phenomena are of particular importance to
petroleum geologists, many of whom believe (see Weaver,
1960; 1967) that clay minerals may act as catalysts in the
formation of petroleum, and also affect the migration of
‘hydrocarbons. Hence Weaver has suggested that shales which
contain little expanded clay are frequently 0il shales in
contrast to shales with more abundant expandable clays which
could, givén the correct conditions, provide sufficient

water to flush out the contained hydrocarbons.
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In summary, therefore, several points of consider-
able interest to the sedimentary geochemist have emerged
from this survey of clay mineral studies in rocks and

Recent sediments.

(a) Each of the five major types of clay are commonly \

found in all depositional environments.

(b) In fluviatile environments kaolinite is the dominant

clay.

(e) In basins of sediment accumulation kaolinite is
concentrated closer to the shore with respect to

illite.

(d) Clay minerals are detrital in origin, and most
strohgly reflect the character of their source
material.  Consequently it is difficult on the
basis of clay studies alone to identify specific
deppsitional environments. Clays have however
beeﬁ shown to be useful in assigning a series of
environments sequentially, ranging from those with pre-
dominantly marine characteristics to those with
predominantly continental characteristics. In
addition clay mineral studies have been shown to be
particularly useful in single sedimentary basins of
limited extent (Weaver, 1958; Gauthier, 1967;

Stevaux, 1967; Fontes et al; 1967), but it is clear
that only rarely will environmental criteria from

one basin be directly applicable to sediments of othér
basins unless they both had similarvsource areas and

similar types of tectonic development. Furthermore

N
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it has been shown that clays are best used for
environmental studies in rocks younger in age
than Carboniferous, since clay assemblages become
less cbmplex with age; and in areas where major
changes of depositional environment are involved,
for example continental versus marine shales
rather than representatives from inner and outer

neritic environments.

Lastly, since most chemical changes during de-
position and early'burial are believed to resulf pre—
dominantly from ion exchange reactions it is deduced that,
provided poét depositional changes have not been too severe,
and that some measure of equilibrium was attained during
deposition, it should theoretically be possible to differ—‘\\
entiate chemically between fine grained sedimentary rocks A/(\

laid down in different environments.

(ii) The Sedimentary Norm

The desirability of a sound knowledge of the
mineralogical composition of argillaceous rocks haé been
repeatedly stressed, as also have the deficiencies of fhé
X-ray diffraction techniques generally used to derive this
information. As will be shown in a later section, a
knowledge of the abundances of certain key indicator
minerals such as pyrite and siderite are essential in en-
vironmental studies. In almost all cases these minerals
are present in sufficiently small amounts as to escape de-
tection by X-ray diffraction analysis. Quantitative

studies are impossible.
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For the major minerals, the degree of success
attained by quantitative X-ray diffraction studies depends
largely,on'the mineralogy of the rocks under consideration.
Wedepohl (1964), for example, has presented meaningful data
for. the "Kupferschiefer" of North-Western and Central
Germanyo The samples studied by Wedepchl (op.cit., p.322)
contain abundant carbonates, together with lesser amounts of
feldspar and quartz; clay minerals dc not generally comprise
more than 35% of the rock. Further, the clay mineralogy is
not complex, illite being by far the most abundant con- |
tributor. For shales containing only minor amounts of
carbonate and feldspar, and a preponderance of' assorted
clay minerals, on the other hand, semi-quantitative X-ray

diffraction analysis is considerably more hazardous.

In the first instance, many of the mounting
techniques used in X-ray diffraction studies produce
erroneous results. Gibbs (1965, 1966) has shown that many
of these techniques produce size segriegated mounts. Included
in this category are the pipette-on-glass slide, centrifuge-

on-glass slide and centrifuge-through~ceramic tile techniques.

Further, more serious problems arise in the inter-
pretation of the diffraction data, and the methods generally
used to calculate the relative amounts of the different
minerals present in the sample. Pierce and Siegel (1969)
have calculated the percentages of different clay minerals
present in a complex assemblage in twenty-five samples by
five different methods in common usage, but using the same
diffractograms. The results are most alarming. Not only

are the actual abundances significantly different for each -
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of the five methods chosen, but also different methods

show different trends between adjacent samples. The
authors noted however that although calculation by each of
the methods gave different results, each method is internally
consistent, and can give results which suggest meaningful
geological trends. Difficulty arises however when results

from different laboratories are compared.

In addition to these two difficulties the semi-
quantitative analysis of fine grained sediments by X-ray
aiffraction is fraught with numerous other problems - sample
preparation, degree of crystallinity and chemical uniformity
within and between mineral species, particle size ahd pre-

ferred orientation effects to mention'but a few,

Inherent and other difficulties in X;ray diffraction
techniques such as those mentioned above have prompted a
number of workers (Imbrie and Poldevaart, 1959; Miesch,

1962; and Nicholls, 1962; fof example) to deﬁise schemes for
recalculating chemical analyses of sediments to produce |
normative amounts of minerals presﬁmed to be present in the
rock. These authors have correctly pointed out that used
in conjunction with instrumental techniques such as X-ray
diffraction or differential théfmal analysis, considerably‘
more meaningful data are made available to sedimentary

petrologists and geochemists.

One reason why these methods, and for that matter
geochemical methods in general, have only infrequently been
employed to assist in problems of sedimentary geology, is
that techniques of major element analysis of silicate rocks

have been considered too difficult, time consuming, and in
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mahy cases inadequate. However recent advances in
analytical techniques, particularly those involving auto-
mated or éemi—automated instrumental methods have made the
determination of nearly all the major components of silicate

rocks relatively simple and very rapid.

Of the numerous sedimentary norm schemes which
have been proposed, the most flexible is that of Nicholls
(1962). In this method, unlike that of Imbrie and
Poldevaart (1959), no attempt is made in the initial stages
to recalculate in terms of minerals actually known to be
present.l Before determining the normative "clay" abundances,
the following molecules are cast - FeS, excess Fe203, Ca5
(PO, ), OH, CaCO

MgCO.,, and FeCO.. These in turn provide

4)3 3’ 3’ 3
the normative abundances of pyrite, excess iron, apatite,
calcite, dolomite and siderite in the final grouping, and a

knowledge of each is essential in environmental studies, as

© o will be shoWn in a later section. It is emphasized that

each of these minerals is generally present in shales at
‘levels far below the limits of detection, or at any rate
- levels suitable for even semi-quantitative analysis by X-ray

diffraction techniques.

(iii) NORMATIVE SILICATE MINERALS

| Whereas the allocation of major elements for the‘
recalculation of the non-silicate minor minerals enumerated
above is relatively straightforward, the method runs into
severe difficulties in the allocation of alumina, and the
recalculation of the normative "clays". The scheme caters
for the following molecules:- Fe12 Si8 O2O (OH)16 and Mgl2

ol

8 O20 (OH)l6 which are grouped together as normative
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chlorite, X, Al, (Si, Al (Si6 Al2) 05 (OH)A” Na., Al

o By \Plg By o By
(Si6 Al2) 020 OH4, Al4 Si8 O2O’ which are grouped as normative
illite, and Al4 Si4‘OlO (OH)8 which is returned as normative
kaolinite. Excess SiO2 is taken to represent normative
quartz. It will be appreciated that the generalizations
involved in such a scheme are broad indeed, since of the

clays only Kaolinite has what might be described as a norm-
ative formula. The variations encountered in the compo-
_sitions of all other clays are large, as may be seen in the

analyses of illites, chlorites and montmorillonites presented

by Grim (1968), or in Table 26A of this work.

A further problem is that neither plagioclase or

- K-feldspar appear amongst thé normative formulae, and Nicholls
(1962) points out that if feldspar is in fact present (as is
usually the case,) in the rock, the mica-type formulae will

be seriously overestimated.. In the Imbrie and Poldevaart
(1959) scheme, normative albite is calculated, but no allow-
ance is made for the possible presence of K-feldspar. This
is the major defect of the scheme, since shales frequently
contain as much as ten percent or more total féldspar

(Yaalon 1962).

Also of interest is the fact that all the K in the
rock is allocated to illite, and all the available Fe and Mg
in the silicate fraction to chlorite. Consequently an
illite—chlorite trend, for example, could be equally well
demonstrated by the use of ratios such as K/Fe+Mg or Al/Mg
(Porrenga 1967). Similarly in predominantly illite-
kaolinite assemblages the Al/K ratio would be as informative

as the calculated normative ratios, since the same assumptions
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i.e. the absence of feldspar and the normative nature of

kaolinite are implied in each case.

The above mentioned difficulties detract somewhat
from the versatility of this technique, but the norm never-
theless provides a means of usefully comparing the analyses
of different argililaceous rocks, albeit broad, and, more
importantly, it provides information as to the non-clay
mineral composition of the rock generally unobtainable from

X-ray diffraction studies.

In this work emphasis will be laid on the use of
interelement ratios for studying the chemical variations in
the rocks under consideration, and for the preliminary exam-
ination of the overall silicate mineral contents, an alterna-
tive procedure has been devised, more pertinent to the type

of problems confronted in a study of this nature.

In both local and regional sedimentary geochemical
studies a knowledge of the quartz, total clay, and feldspar
contents of the rocks often provides useful information.
Frequent examples, especially of the use of the quartz

content of argillites appear in the literature.

In the former category Spears (1964) in a study of
the Westphalian Mansfield Marine Band of Yorkshire, relates
the quartz content of samples taken at even intervals from a
20 foot section, to the rate of sedimentation, and in turn
to the grain size of the sediments. Bloxam and Thomas (1969)
in three studies of the Gastridoeras Subcrenatum marine band
of the South Wales Coal field successfully equate quartz

content to sedimentation rate, and ultimately, distance of g‘



deposition from the shoreline. In this work 6% samples
were collected from three vertical sections ranging in total

thickness from 5 to 14 feet.

On the other hand, on a more regional basis, Shaw
and Weaver (1955) have demonstrated the existence of a signifi-
cant relationship between gross mineralogy and environment
of deposition. These authors have prepared a series of
mineral variation diagrams for environments ranging from

fluviatile to deep-sea, reproduced here as Fig. 1.

Surveillance of these plots shows large scale
variations in the relative amounts of quartz, clay, feldspar
and carbonate, as one traverses from the riverine environ-
men$gto the deep-sea. It is seen that quartz and most of
the feldspar are preferentially deposited near the shore,
while the clay minerals predictably, are carried further to

the shelf, slope and deep-sea environments.

The variations observed by Shaw and Weaver are of \N
considerable magnitude. Quartz varies from greater than
50% in the fluviatile-bay environment to less than 20% in
the slope and'deep—sea sediments, while the total clays vary
from about 30% to greater than 70% in the same sequence.

These data are summarized in Table 1.
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Table 1.

Depositional % % % %
‘Environment Quartz Clay Carbonate Feldspar
Fluviatile 52 29 4 15
Lagunal 52 44 2 2
Deltaic - ’ 29 65 2 4
Slope 18 72 | 8 2
Deep-sea 16 62 15 4

élearly many exceptions to this general trend will
be found, but in reconnaissance studies of the type under
consideration here where knowledge of depositional environ-
ment is extremely scant in most instances, and fossil evidence
lacking, a broad (even if somewhat arbitrary) classification
of this type appears attractive. Fruitful ihterpretation
seems likely therefore if the approximate quartz, total clay,
feldspar and carbonate contents are kﬁown, due to the ranges

of variation involved. ‘s,

Several alternative methods for estimating the
total free quartz contents of sediments have been proposed.
The most widely used method is that of Trostell and Wynne
(1940), a chemical technique involving pyrosulphate fusion,
and alkali dissolution of the fusion product which leaves
free silida for gravimetric determination. The method is
precise but time consuming, requiring about eight hours for
each batch of analyses, and Till and Spears (1969) have

pointed out that limited platinum ware and laboratory
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facilities added to the fact that determinations must be
done in duplicate, render the technique ideal for small or
localised studies but prohibitive when a large number of

samples is involved.

Till and Spears (1969) have noted that while X-ray
diffraction techniques for the determination of quartz are
generally more rapid than chemical ones, the results are
usually considerably less precise. These authors have
described an attractive diffraction technique involving the
use of an added internal standard (boehemite) to the ashed
sediment prior to diffraction. Coefficient of variation is
claimed to be of the order of 2%. For studies of fhe type
attempted by Bloxam and Thomas (1969) and Spears (1964) where
constructive use is made of small variations of quartz content
in single rock sections of moderate extent, the latter method

seems highly suitable.

In this study, less than 2/u fractions were
separated from 33 represehtative rdcks ranging in age from
the 3.2 billion year Precambrian Fig-.Tree shales to those
from the Triassic Beaufort Series of the Karroo System. The
primary objective was to obtain an accurate picture of their
major and trace element contents, but these analyses may
also be put to use in the present context along the lines

suggested by Miesch (1962).

In this approach a knowledge of the overall clay
composition is used to compute, by means of a series of
simultaneous equations, the abundance of the total clay in
the rdck as well as those of quartz and the feldspars. Two

major assumptions are involved. First, it is assumed that
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the clays collected in the < 2/1 fraction are quantitatively \\\
representative of the clays in the total rock. In this )
case the<:2/u fractions were collected by gravity settling /
in a column of distilled water after a 7 hour dissaggregation //
treatment in an ultrasonic tank. Further details of this
technique are given in Chapter I. In addition to the<:2}1

fraction, samples from the 2—10/1and2> 10/1 fractions were

(
also retained. _
X-ray diffraction analyses of the three fractions

produced no detectable differences in the relative clay type
abundances between each group. Similar tests using an
electron microscope (R.C. McKenzie, pers. comm.) produced
equivalent results in fractions from shales which had been

previously exposed to ultrasonic treatment. ’///

The second, and more serious assumption is that the “Y

<:2/1 fraction contains only clay minerals. This is almost '
invariably not the case. Various estimates have been mede /

regarding the quartz content of <:2/1 separates from shales, |
and these range from zero to about 10% (Bradley 1965). It
would appear that "clay" fractions collected from recent,
unindurated sediments tend to contain more fine quartz than‘_J//

do ancient, lithified sediments.

Xfray diffraction traces of the 33 separated "clays"
showed that for some samples (e.g. BEc 14, Table 26 A) the
diffraction lines of quartz were completely absent, whereas
for others small amounts of quartz were detected. Attempts
at semi-quantitative analyses of these separates indicated

that for the majority of samples the quartz content was less
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‘than about 7%. Porrenga (l96% in his study of Recent sedi-
.menfs from tropical areas found the>quartz content of <:2/1
separates to‘average between B.and 5%. Nevertheless in the
calculation scheme to follow allowance will be made for

probable quartz contamination. ' , '

Similarly the clay fractions may contain small
'amounts of <:2/u feldspar, but in this case attempts at
semi- quantltatlve deteﬂmlnatlon were unsuccessful below about
5% feldspar. In the vast\magorlty of cases however feldspar
diffraction lines were not detected iﬁ the'separatee and the
maximum feldspar level 1n thesevfraetions,isIbelieved te be
considerablyvless than 5%. Similar observations were made
by Porrenga (1967). Moreover clays where traces of feldspar
were detected were invariably separated from shales oontain-
ing relatlvely large amcunts of feldspar, and the presence

of further minute amounts in the clay fraetlon Would not

significantly alter the results.

Consider, therefore; a hypothetical shale contain-

ing only quartz and clay minerals, and where the composition

of the clay fraction is accurately known. For this mixture
a; X + as Y = axz 1

100 100
bl- X + D, Y = b3 2

where al,'a2 and as are the amounts of A1,05 in the clay,
quartz and total rock respectively. X and Y are the per-
centage abundances of clay and quartz in the mixture. In

equation 2, b b, and b, refer to the SiO2 contents of the

1’ 72 3
three components. As an illustrated example, these re-
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lationships are expressed graphically in Figs. 2a and 2b.
using the overall average values of the 33 separated clay
fractions. On a volatile free basis, this average clay
(Table 294) contains‘Sl% Si0, and 28% A1203, In Figs. 2a
and 2ba'line.AB represents the variatibn of 8102 and A1203
respectively for all possible quartz-clay mixtures. For
any given concentration of these elements in the total rock,
the percentage clay (quartz) contribution to the mixture may

be read off in each case.

Clearly, if the so called pure clay contained a
proportion of less than 2 micron quartz, then the measured
SiO2 content of the clay would be too high, and its A1,203

content correspondingly low.

In Figs. 2a and 2b the errors caused by the 5%,
10% and 15% quartz confaminétion of the clay fraction at'any
given dilution are given‘by lines 1, 2 and 3 respectively.
‘A more quantitative estimate of the errors produced by pro-
gressive quartz coﬁtamination’of the'"clay" fraction is
given by takingvas an example concentration values of the
average South African shale which contains 66%.Si02 and 19%

A1203, These errors are given in Table 2.



- 27 -
Table 2.
Resultant
Absolute
% Quartz in Egtimated error for Percentage error
clay fraction | % clay % clay a) clay b) quartz
0 68.0 0 0 0
1 67.4 0.6 0.9 1.9
2 67.0 1.0 1.5 3.0
3 66.2 1.8 2.8 5.%
5 64.8 3,2 4.7 9.1
10 ‘ 61.0 7.0 10.8 18.0
15 57.6 10.4 15.3 24.6

Recalling the variations of these two components
recorded by Shaw and Weaver (1965) (Table 1) for the various.
depositional environments, it is seen that errors produced by
up to 10% quartz contamination of the clay fraction are not

excessive.

It has already been shown, however, that shales are
seldom completely free of feldspar, and therefore three
further equations catering for the presence of K-feldspar,
sodic and calcic plagioclase may be introduced. Consequently
for any particular shale from which a clay fractioﬂbhas been
separated we may Write five simultaneous equations of the
form: |

a; X + 2, Y + aBZ + a4U, + a5V = ag

— — eb——

100 100 100 100 100
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These equations may be solved; with the aid of a
computer, for the required 5 unknowns, i.e. the amounts of
quartz, clay, K-feldspar, Na-plagioclase and Ca-plagioclase
‘present in the shale. This treatment may be applied to
shales where no other Si, Al, K, Na or Ca phase is known to
be present. Where necessary, however, a suitable carbonate
correction can be made for the Ca content of the whole rock.
In this study, the abundances of these elements in orthoclase,
albite and anorthite used, were taken from the average values

reported by Deer et al. (1965) (Table 3).

Table 3.
_ % % % % %
Migeral | 8102 | A1203 KZO NaZO Cal
K-Feldspar 65 - 19 16 0 0
Albite : 67 20 0 11 0
Anorthite | 44 35 0 0 18

The results for various individual shale samples .
treated in this manner will be discussed later in this volume,
but one significant factor to emerge from these calculations
is that this treatment has afforded an independent means of
calculating the average mineralogic composition of 27 of the
shales from which clay fractions were extracted, and these
results are presented in Table 4 together with a selection

of previous estimates taken from the literature.
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Table 4.

Average Mineralogical Composition of Shales

Leith and Shaw This This

Component Mead Clarke. Yaalon and study study
(%) (1915) (1924) (1962) Weaver

(1965)  (a) (p)

Clay minerals 34 2570 59 60.9 55 58
Quartz 32 22.3 20 30.8 30 32
Na-Plagioclase - - - - 4 4
K—Feldspar - - - - 2 2
Ca-Plagioclase - - - - 0.5 0.5
Total Feldspar 18 30.0 8 4.5 6 6
[Carbonates 8 5.7 7 3.6 2 2
Fe-0Oxides 5 5.6 3 0.5 1 1
Others * | 2 11.4 3 3 6 1

* Includes organic fraction

The two sets of data, (a) and (b) have both been
arbitrarily corrected for 5% quartz contamination in the
‘separated "“clay" fractions. For the former, the ovérall
organic matter average for the entire sample population (3%3)
has been used. This figure is not representative since the
collection of samples was biased towards carbonaceous shales
from the Permian Ecca Series of the Karroo System. In the
latter case a weighted average more truly representative of
the average South African shale has been used. Carbonates
were calculated according to the scheme of Nichollé (1962).
The iron oxide situation is difficult to assess since some

of the Fe203 in the < 2p fraction (Av. 8.74%, all Fe
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expressed as Fe203) may be present as colloidal Fe203.

Shaw and Weaver (1965) carried out a sefies of X—ray dif—
fraction experiments using artificial mixtures containing
varying amounts of Ee203 and concluded that the average free
iron oxide content of shales does not exceed 0.5%. For the

- purpose of these calculations all Fe2O3 in the <:2/u fractions
was assigned to the clays. If one half of this amount is
present as free iron oxide then the average value rises from

< 1% to 3%.

The mineralogical estimates giveﬁ in Table 4 most
¢losely correspond withimbse of Shaw and Weaver (1965).
- These authors used an X—ray diffraction—absérption technique,
and their samples, which totalledIBOO, were North American
shales ranging iﬁ age from Blaeozoic to Tertiary. If the
quartz content of the clay fractions has been overestimated
" at 5%, then clearly the average clay content increases by a

few percent, and correspondence is even more exact.

v A further significant feature is that eétimates'of
thé three different feldspar types have been madevpossible_by
this scheme, and it is seen that the most abundant feldspar
in the shales is sodic plagioclase followed by K—feldspar.
Calcic plagioclase on the other hand is rare, the average
‘abundance being significantly less than 0.5%. The close
agreement of the4total féldspar content with the estimate of
Yaalon (1962) and Shaw and Weaver (1965) would seem to vindi-
cate the assumption that the feldspar content in the |
separated "clays"™ is negligible compared to the abundance

in the total rock.
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It should be borne in mind however, that for studies
of this type, (and this applies equally to the data of Shaw
and Weaver (1965) and Yaalon (1962) ), fine grained argillites
are usuvally sampled in preference to those of higher silt
content. Thus on a regional or world-wide basis the average
argillaceous sediment would almost certainly tend to be more
quartz and feldspar rich, with a corresponding decrease in the
amount of total clay, than is indicated by the estimates in

Table 4.

(iv) Normative Non Silicate Minerals

It is most desirable to know the Eh-pH conditions
under which a sediment accumulated and the studies of Garrels
and his colleagues (Castano and Garrels, 1950, Krumbein and
Garrels, 1952; Huber and Garrels, 195%; Huber, l958§ and
Garrels and Christ, 1965) have demonstrated that limitations
on the possible ranges of the érevailing'physico—chemical
conditions may be deduced from the nature of various authigenic
and diagenetic minerals within the rock, particularly the

iron minerals.

In natural environments iron commonly occurs in the
form of oxides, hydrated oxides, sulphides and carbonate. A
distinction is often drawn (see Nicholls, 1963, for example)
between the iron minerals originally precipitated and those
now present in the rocks. Nicholls believes that original
iron sulphide was precipated as the monosulphide (FeS.n HZO)
and that this was diagenetically converted to pyrite (FeSZ)
the most common sedimentary sulphide form. Fe (OH)3 is

likewise converted to Fé203. For this reason Nicholls re-

calculates his analyses, where possible, to the FedS form as
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he believes this to be a closer approximation to prevailing

depositional conditions.

Curtis (1967) on the other hand, recasts entirely
in terms of FeSQ, since he believes that it is not possible
to distinguish between early and late diagenetic conversion
in cases where FeS was in fact the early form. Curtis quotes
the work of Berner (1964c) who showed that in recent tidal
sediments metastable FeS is transforming to pyrite, and in
so doing thermodynamic equilibrium is being established, in
that Eh and pH measurements have shown that pyrite is in fact
the stable phase. In this work the latter procedure has been

adopted, and all sulphur has been cast as FeSZO

Garrels and Christ (1965) have shown in studies of
sedimentary iron mineral assemblages that there is sufficient
approach to equilibrium wifhin the depositional environment
to permit the use of relations based on thermochemicalvcalou==
lations. They demonstrate that any depositiocnal environment
can be represented on a two dimensional Eh-pH diagram, provided
total carbonate and sulphur in the system are fixed. An
example is given in Fig. %, where the stability relations of
the oxides, sulphides, and carbonate in water at 25°C and one
atmosphere total pressure have been reproduced. In this
example, the activity of the total dissolved sulphur is 10“6,

and that of total carbonate is lOO°

The authors point out however, that these diagrams
provide no information relating to the attainment of equi-
librium. Further this example makes no allowance for the
possible presence of iron silicates. The reason for this

is that thermochemical data are only available for iron
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metasilicate - FeSiO3, whereas in natural systems minerals

such as iron chlorite are most abundant.

Also it does not necessarily follow that the minerals
now found in the roék are truly authigenic in the sense that
they precipitated during the accumulatioﬁ of the sediment at
the sediment—wafer interface. Zobell (1946) has shown that
interstitial solutions in the upper part of the sediment
frequently have lower Eh values than those found at the inter-
face. For this reason, discussions such as those to follow
in this work refer to the upper dozen centimetres or so of
the accummulating sediment and not specifically to the sediment-
water interface. pH on the other hand is not usually‘as

strongly affected (Xrumbein and Garrels, 1952).

Interesting in this respect is the work of Berner
(1963), 1964 a, b, ¢, d) who has studied the distribution of
various sulphur species in the upper zones of recent sedimenﬁs@
He has shown that the sulphate and sulphide species vary in- .
versely with depth below the sediment-water interface due to
the action of sulphate reducing bacteria. The sulphide
species thus produced is pH dependent in that where pH is
 greater than7,HS£ajs the stable species whereas below 7 it
is H2Saq. Sulphide production is greater where abundant and
suitable organic matter is present, and the rate of depoSit—

ion sufficiently slow to allow the downward diffusion of the

sulphate ion.

Conditions controlling the production of siderite
in sediments are not as fully understood. Nicholls (1960)
and Nicholls and Loring (1962) in studies of sediments in a

British Coal Measure cyclothem concluded that siderite -
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was produced where reducing conditions were somewhat milder
than those required'for sulphide generationc‘ vOurtis (1967)
on the other hand has presented evidence to show that the
optimum natural environment for sulphide production is strong-
1y reducing and that in sediments from the British Westphalian
Coal Measures siderite and pyrite were both formed in con-
ditions where Eh varied from - 0.2 to - 0.3 Volts. In the
‘sequence studied by Curtis these conditions are believed to
have prevailed during the deposition of fresh-water, brack-

water and marine sediments.

Curtis believes that the growth of pyrite and
siderite is controlled by the generation of anionic species,
and demcnstrates that pyrite forms whenever bacterial re-
duction of sulphate took place, whereas siderite formed at
high partial pressure of 002, and usually in the absence of

sulphide.

This conclusion confirms the predictions of Garrels
and Christ (1965) whose calculations indicated that if
siderite is to have an important field of stability, dissolved
carbonate must be very high, and reduced sulphﬁr low. How-
ever, they point out (Fig. %) that even under these conditions
a considerable field of pyrite remains, and that siderite
can be equally indicative of moderate reducing conditions or

of very strong reducing conditions.

The presencé or abgsence of calcite and phosphate
in argillaceous sediments may provide further information.
Both the calcium and the phosphate ions are pH but not Eh
dependent (XKrumbein and Garrels, 1952). These authors

quote a figure of pH 7.0 above which phosphate is stable,
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and pH 7.8 above which calcite is stable. Thus a sediment
relatively low in calcite but high in phosphate can only
form in environments where the activity product of the
carbonate is not exceeded, that is to say below pH 7.8 and

probably in the range pH 7.0 - 7.5.

Attempts have alsd been made by Nelson (1967) to
estimate paleosalinities using the "sedimentary phosphate
method." He proposed that the Al-phosphate variscite, is
predominant in fresh water sediments, and that apatite is
the predominant phosphate in marine muds. Miiller (1969)
has however shown that many factors influence the distribu-
tion of phosphates other than salinity, not least of which
is the pH of the overlying solutions, and that the method

has only very limited use.

TRACE ELEMENTS

Various trace eléments (notably boron.) are often
used in environmental studies, particularly those concentra-
ting on paleosalinity measurements, and this aspect will be
-discussed in full in the sections dealing with the alkali

and alkaline earth trace metals. (Chapters G and H).
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D. THE MAJOR ELEMENT GEOCHEMISTRY OF
SOME SELECTED SOUTH AFRICAN SHALES.

In this section major element variations in the
shales, (and in some instances siltstones), sampled from
various South African stratigraphic sequences will be discussed.
Details of the analytical procedures followed are presented
in Chapter I, but it is pertinent to point out at this stage,
that the X-ray fluorescence technique ﬁsed for the majority
of these determinations (Norrish and Hutton, 1969) has been
found to be both extremely accurate and precise. Statistical
information regarding the precision of the method at abund-
ance levels common to shales, and estimates of the accuracy
made by'analysing a series of internationel rock standards
of well established composition ere also given in Chapter I.

A further example of the quality of the data thus produced
may be found by referring to the work of Von Michaelis et al
(1969). These authors used the above mengioned technique
to determine the major eleﬁents in a series of chondritic
meteorites, and were able to detect subtle variations_in

the abundances of these elements relative to one another,
which had been hitherto undetected, mainly as a consequence

of analytical error.

It is emphasized at the outset that due to the ex-
ploratory nature of this study individual sequences were not
always sampled for detailed sequential environmental studies,
although for several Ecca Series borehole sequences, samples
are sufficiently closely spaced for certain such conclusions
to be drawn. Rather, it was considered more important to

compromise somewhat between detailed study of a single sedi-
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mentary basin, or part thereof, and complete countrywide

random sampling.

It will be shown that this approach has been
successful in that information regarding the physical and
chemical conditions prevailing during the deposition of many
of the sediments has been forthcoming. At the same time a
number of regional uniformities of a chemical nature have
been detected particularly in sediments from the Karroo
System. These inter-element regularitiesmhgve proved to be
well developed in a vertical sense, and frequently statistical-
_ly<ﬁstinguishable from similar parameters recorded for
horizontally separatéd stratigraphic equivalents. An attempt
has been made to relate these features to the nature of the
source material, and the distance travelled by it to the site

of deposition. The significance and application of these

regularities to future studies are discussed.

For reasons outlined below samples from the Middle
Group of the Northern Ecca Facies of the Karroo System are
discussed first. Thereafter the sample groups are examined
in order of decreasing geological age. The section is con-
cluded by a summary of the more important observations, and
a discussion of major element vafiation in the sample popula-
tion with specific reference to geological age. Finally a
series of histograms are presented depicting frequency
distributions for each of the major elements in the sample

group as a whole.
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1. ' THE NORTHERN ECCA FACIES OF THE KARROO SYSTEM

The rocks of the Karroo SyStem covef abdut_half of
fhe Repubiic of South Africa. They also blanket the whéle
of Lesotho and czcur extensively in Scuth West Africa,
Botswana, Rhcdesia, Malawi, Zambia, Swaziland and Mozambique.

The system'has been divided, mainly on lithological grounds,
into the Dwyka, Ecca, Beaufort and Stormberg Series. With
the exception of the predominantly volcanic Stormberg Series,
argillacéous rocks from each of the femaining three series

have been examined and are discussed in the present'study.

Affention is however focussed on the Permian Ecca
Series, representatives of which occur arcund the whole of
the Kérroo Basin. In the Northern Orange Free State,
Southern Trénsvaal and Swaziland, rocks of the Ecca Series
are referred to as the Coal Measures: These sedimeﬁts have
beén the source of most of South Africa's coal, and ihvad»
dition, atténtionihés recently.beeh focuSéed on rocks of the

Ecca Series . as possible. sources of petroleum and natural gas.

Shales from the Ecca Seriéé constitute about‘one-
‘half of.thosé'to be discuSéed ih‘this work;-and the reasons:
for this aré twofoldo -First, in view of'fhé economic |
implications and the complete lack bf knowledge of the.
}chemibal nature of these sedimenté, a.preliminary study of a
erw‘selected sections was considered necessary. Second,
drilling operaticns in the coal and potential oil fields have
prodﬁded borehole cores containing>fresh séﬁples ideally 3
suited for chémical analysis. In less favourable ciroﬁm—

stances such material is very difficult to Obtain as.Outcrop
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samples are generally deeply weathered.

The rocks of the Ecca Series have been the subject
of an extensive petrological, structural and petrographic
study by Ryan (1967) who divided the series into four facies,
which he has named the Northern, Central, Western and>Southern
Facies. For the reasons outlined above the Northern Facies
will be considered first in some detail, and since the results
of Ryan's work are not as yet easily obtainable, his principal

observations and conclusions will first be briefly summarized.

Rocks of the Northern Ecca Facies form an outcrop
belt ten to one hundred miles wide from Bloemfontein in the
west through Witbank in the North, and then Southwards through
Natal into Pondoland. The total outcrop length is about 600
miles, and the sediments have been divided by Ryan on litho-
logical groundsvinto the Lower, Middle and Upper Groups.
Within the coal fields, the Coal Measures rest either upon

Dwyka Tillite or upon one of the pre-Karroo systems.

The contact between the Lower and Middle Groups
was found to be gradational, and the former reaches peak
thickness in the vicinity of Durbén (1,500 feet). In
Dannhauser from whence one of the series of samples to be
discussed in this work is derived, The Lower Ecca Group is
only 80—250 feet thick. Ryan observed a general thinning
out of the Group in a Northerly direction, so that at
Witbank and Middelburgb(two further areas represented in
fhis study), the lowermost coal seams from the Middle Group

lie only a few feet above the Dwyka Tillite.

-

The Middle Ecca Group, or Coal Measures proper,
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is characterized in the coal fields by thick bands of sand-
stone and grit alternating with more shaly layers, and the
presence of a number of fairly continuous coal seams. Félse
bedding in the sandstones is almost universal. In the Trans-
vaal coal fields, the total thickness of the Middle Group is
not known, since the Upper Stage is not‘present, but at
Dannhauser it has an average thickness of 1100 feet. The
Group reaches a maximum thickness of 1920 feet in Swaziland

(Davies 1961).

With a few minor exceptions invertebrate and fish

| remains are almost totally lacking (Haughton 1969). This

is generally attributed to the deposition of the Ecca Series
in an inland cratonic sea containing water of low salinity.
In the lowermost Beaufort beds, however, sporadic frgsh water
lamellibrandhs have been recorded. Hart (1964) recofded

the preéesence of phytoplanktdn near the top of the Middle
Group. The evidence is however conflicting and éccording to
Smith (1968, pers. comm.) marine acritarchs and fresh water
algae have been identified by different workers from the same

samples of Ecca shale from the Bothaville District.

Rocks of the Upper Group are predominantly fine
grained with occasional thin limestone bands. In Swaziland
the group is comprised of carbonaceous shales, sandstones
and coal seams. The group maintains a fairly constant thick-
ness of about 800 feet. According to Ryan it is frequently
impossible to determine the top of the Upper>Group, and the

base of the Beaufort Series.

On the basis of his observations, Ryan concluded

that the sediments of the Lower Group of the Northern Facies



- 41 -

were deposited "under relatively deep water conditions" in

a continental sea which originally occupied the central
portions of the Karroo BaSin, and gradually transgressed
northwards at this time. During Middle Ecca times he
visualises rapid uplift énd erosion of a land mass to the
east and north-east of the present Natal coast. During this
time " .... the shoreline was displaced southwards, and
fluvial deltaic conditions are thought to have prevailed

over most of the area covered by the Northern Ecca Facies".
On the basis of heavy mineral studies he suggests that the

source rocks were essentially granitic in composition.

Upper Ecca times saw a second major transgression
of the sea due to continued subsidence of the northern
portions of the basin coupled with reduced relief of the

Eastern Highlands.

(a) Boreholes A/78, A/76, A/62 and Bh 134.
Hendrina - Middelburg - Witbank Districts.

(i) Borehole A/78.

Thirteen samples were taken at regular intervals
from this borehole over a vertical distance of
140 feet. Sample details are to be found in

Appendix 1.

The major element analyses are recorded in Table
14A.  The samples are all highly carbonaceous black shales
in which kaolinite is the major clay mineral with minor
amounts of illite and traces of montmorillonite. In some

samples\weak diffraction lines of K-feldspar were observed.

The content of organic material in these samples



- 42 -

is the highest of any group included in the present study;

and in two samples (A78/9 and.A78/11) where carbon has been
determined the values were found to be 1%.1% and 29.9%C.

These values correspond to losses on ignition at 950°¢C of

24% and 46% respectively. The average loss on ignition for
the thirteen samples is 27%. For black shales such as these
‘the loss on ignition may safely be taken as a semi-quantitative
measure of organic matter content, and the variation of loss

of ignition for the individual samples is plotted in Fig. 4.

Although the samples from borehole A/78 are
probably sufficiently close together (approximately 10 feet)
to allow interpretations to be made concerning continuous
variation of chemistry with depth in the section, for most
of the other boreholevsequences to be examined this is no#t
the case. Consequently Fig. 4, and ali subsequent borehole
variation diagrams are not plotted to a vertical scale, since
the object of these diagrams is to convey as effectively as.

possible the variation of a number of components relative to

each other in the individual samples. Therefore unless it
is specifically stated to the contrary, vertical continuation
is not implied, since in fine grained sediments such as these
drastic chemical changes are common over a matter of feet,

and often less.

As a consequence of the presence of large quantities
of organic matter in the A series shales, the silica contents
arelow and avefage 46.5%, the standard deviation being 5.5%.
(Table 284) On a volatile free basis the average Si02
content risés to 63.5%, and & drops to 3.0%. In other words

the effect of mutual dilution in this instance partially
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obcures the fact that in the inorganio_fréction the SiO2
content is reasonably constant. For Ai203 on the other
hand, in the samples prior to ashing the average abundance
is 20.3% (& = 3.1%) whereas in the ash the average is 27.7%

and the standard deviation remains at a value of 3.1%.

The Si/Al ratios for the A/78 samples show only
minor fluctuations about an average of 2.06 (& = 0.18)
(Table BOA)'and this is taken to infer a fairly steady supply
of roughly equivalent amounts of quartz and clay minerals to
the basin of deposition, variation in clay being the ﬁore
changeable. It is significant that the highest Si/Al rétio
(2.34) occurs in sample A78/6 which also shows the lowest loss
on ignition value (14%) . Likewise the lowest Si/Al ratio
(1.70) occurs in sample A78/10 which has the highest loss on

ignition (46%).

Several authors (Eagar 1951, and Bloxam and Thomas,
1969; for example) have noted a close relationship between
the amounts of detrital quartz and organic carbon, and have
used these constituents as effective measures of relative
rates of deposition, and often distance from the shoreline.
- Thus althoughbthe-fluctuations noted above for the Si/Al ratig
are not great, it is seen that the éamples with the highest
organic'mattér content contain the most clays relative to -
gquartz, and were almost certainly deposited at the slowest‘

rate.

Included in Fig. 4. are the variations of normative
pyrite (recast as FeS2) and siderite. The latter was cal-
culated by the method of Nicholls (1952) which was discussed

earlier at some length. Clearly in several samples from the
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central portion of the section where siderite is abundant
the normative pyrite content is very low, whereas in samples
where pyrite is present in some quantity siderite is also

present, but in much reduced amount.

In cyclothems from the British Coal Measures
(Nicholls, 1960; Nicholls and Loring, 1962; and Curtis 1967)
seguences are common where'basal/pyrite rich, marine sediments
grade ﬁpwards into sideritic non-marine strata. These
workers have however interpreted the significance of the

g
trends differently.

Nicholls (1960) believes that the variations are
the result of a strongly reducing environment ét‘the base of
the cyclothem, which became prqgressively less so as accumu-
lation proceeded. Curtis (1967) on the other hand, believes
that there is very little evidence for linking this trend with
progressive oxygenation of the depositional environment,
and attributes it to the generation of different anionic

species within the environment.

In the samples from borehole A78 there is ng evidence
df marine transgression, and it is noteworthy that the boron
content of all 1% samples is very constant and averages only -
36 ppm; What is interesting however is that a very close
relationship exists between the pyrite and organic matter

contents of the samples (Fig. 4).

Similar relationships were noted by Eagar (1951)
and Spears (1964). Therefore if the amount of'organic matter
in the sediment is a reflection of the rate of sedimentation,

the growth of pyrite below the sediment water interface is
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principally related thereto. It is suggested that for this
sequence the growth of diagénetic iron minerals is controlled
by the rate of deposition, and that in highly stagnant con-
ditions where the amount of detritus inflow is very low,
ample opportunity would exist for the development of equi--
librium conditions between the downward diffusion ofvsulphate
and its bacterial decomposition to the sulphide species,
providing always that suitable organic material was present

in sufficient quantity.

Support for this argument may‘be found by consider-
ing the distribution of K2O in the samples. It has been
mentioned that small quantities of orthoclase were detected
in the X—ray diffraction analyses of the samples, and this
K-feldspar is not believed to exceed a maximum concentration
in the range 5-7%. It has also been mentioned that illite
is only preSent in very minor quantities in these shales, and
it is therefore reasonableAto expect that most of the pétassiumi
present is contributed by the detrital Qrthoclasea Reference <
to Fig. 4 shows that K2O varies inversely wifh normative *
pyrite and that the correspondence of the two{curves is /
remarkably close. This may be taken to infer that in times {
where sediment influx to the basin of deposition was relative- !
1y rapid, the supply of detrital orthoclase increased cor- i
respondingly, whereas in times of low supply the clay/feldspar'
ratio of material entering the basin was markedly higher.
It is also noteworthy that the Na/K ratio is very low, and

reasonably constant at 0.10 (& = 0.004). Thus illite seems

to play a minor role in the distribution of these alkali

elements and most of the Na in the shales is also apparently.J/
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associated with the K-feldspar.

Where siderite is more extensive, seemingly in
times of more rapid deposition, it would appear that sulphate
reducing bacteria were not as effective, and that sufficient
bacterially generated 002 was available to produce the
necessary partial pressure to render the environment more
favourable to the formation of siderite. In other words,
unlike the sulphate reducing bacteria, those producing 002
do not depend on a downward diffusion of anionic species
from the overlying solution. This postulate would explain
why pyrite is rare when siderite forms in abundance, and
although some siderite is seen to form contemporaneously
with pyrite it is difficult to understand why its growth is
stunted at all, unless in the presence of both anionic
"species the sulphide ion competes more favourably for dis-

solved iron than does the carbonate ion.

A further point of interest is that the abundance
of iron in the samples is closely related to the content of
diagenetic siderite and/or pyrite. In samples containing
only minor amounté of siderite or pyrite the total Fe203
dbqtént is of the order of 1%. This of course is to be
i'éxpg%ted since none of the dominant minerals, kadlinite,
véuartz or K-feldspar contain any appreciable amount of iron.
In samples where either pyrite or siderite is abundant,

(eg. A78/6; 7 and 8) the Fe203 coﬁtent rises accordingly.
Curtis (1967) in his study of the Westphalian Coal Measure
shales studied this phenomenon in great detail. He showed
that for these sediments not only was the total iron content

controlled by the formation of diagenetic iron minerals, but
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also that the total amount of diagenetic iron was'inversély

related to the non-diagenetic fraction.

This was explained, in the first instance, byaa
process involving the growth of the diagenetic minerals
partly at the expense of iron present in the sample;'but'
more substantially from another, external source. A gimilar
situatisn clearly holds for the A/78 sediments, ekéeﬁt'that
in this instance, the majority of the diagenetié iron was
externally derived: this being necessary because of the
extremely low iron content of the quartz - kaolinite matrix.
Spears (1964)'has pointed out that in sdme casés an'exférhal”
source for iron is not necessary, as the sédimenfvcbhtainsﬂ
sufficient iron in these instances fovcater'for the needs

of the diagenetic iron minerals.

The distribution of Mn (Fig. 4) closely parallels
that of normative siderite in the ssction, and'onée'again an
ex?ernal source is required as the "matrix" saﬁplés contain
less than 100 ppm Mn, compared to a value of over 1000 ppm
in A78/8 where siderite development is most marked,» It is
also noteworthy that the Fe/Mn ratio in the three siderite
rich samples is in the range 40-60 comparsd to an aVerage
value of about 200 in the remaining samples.‘ It is con-
cluded that during the diagenetic formation of siderite Mn
is preferentially incorporated relative to Fe. Spears
(1964) has pointéd out that the use of this ratio as an
indicator of distance from the shoreline (Kéith and Degens,
1959) is hazardous for samples containing'diagenetié‘ifon

minerals and these observations lend weight to this opinion.
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The abundances of Ca and P are both Very low in
these shales (0.20% and 0.06% respectively), and from what
has been said earlier about the distribution of these elements
in argillaceous rocks, it is clear that pH Wasilow; ﬁrbbébly
slightly less than 7, during depositionn Both‘Mg and Ca
tend to be slightly enriched in those samples rich in
siderite, which is predictable since natural siderites usualn
ly contain Mg and Ca in addition to Fe2+° Phosphate is
also slightly enriched in shales containing siderite, and it

is interesting (Table 30A) that the Mg/P relationship is

closer than that displayed by Ca and P.

(ii) Boreholes A/76 and A/62

The three A series boreholes lie on a north-south
trending line, at intervals of approximately two miles.
A/76 is the most northerly section while A/78 the most
southerly. Six samples were taken from each of these two
boreholes over a vertical distance of 100 feet in each case,

making up a total of 25 samples in all from this area.

As was the case for borehole A/T78, the samples

are highly carbonaoeous, the average loss on ignition for
each sequence being of the order of 27%. Carbon was deter-
mined in three samples, A76/3%, A76/5, and A62/4 and values
of 11.8%, 8.3% and 14.9% respectively were recorded. The
chemical analyses of these rocks are to be found in Table
“15A. Ferrous iron determinations in these‘samples proved
totally unsatisfactory, due to the high contents of organic
carbon even though the method devised by Nicholls (1960)

for use on carbonaceous shales was used. This method is
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only effective for samples with up to 4% carbon equivalent,
‘above which results obtained are unrealistically high due

‘to reduction of ferric iron by organic matter.

Mineralogically the samples are similar to those
from A/78 in that kaolinite is the dominant clay in each
case., The A/78 shales however tend to contain more illite
than those from A/76 or A/72, where this clay together with
montmorillonite is only present in trace amounts. Faint
f?ﬁldspar diffraction lines were detected in most samples.
The samples from all three localities show similar chemical
characteristics and as these have been discussed at some
length for borehole A/78,only the more importaht féatures

will be noted here.

(i) Although individually slightly more erratic the average
Si/Al ratios in A/76 and A/62 are the same as found
for A/78, the overall average being 2.0%, and the
standard deviation 0.26. In other words, variations
of the quartz/clay rafio during deposition of these
sections were not extreme in the samples studied.

(i1) Although the amounts of normative pyrite in the samples

' (Fig.5) are relatively low, there is a definite re-
lationship between the amount of organic matter in the
samples and their pyrite contents. This is inter=-
preted as being a reflection of the rate of deposition,
pyrite beihg most extensively developed where deposition
was slowest, and consequently, organic matter most

abundént.
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(vi)
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The KZO content varies inversely with that of

'organic matter, and as the KZO is almost exclusively

contained in detrital K-feldspar for these samples,
it is inferred that most feldspar was supplied to the
site of deposition when sedimentation rate increased.

The Na/K ratios are slightly lower than in A/78 and

this probably signifies that K-feldspar is more

abundant relative to illite in these shales.

Normative siderite and pyrite vary inversely lending
support to the suggestion that rate of deposition
played a major rolé in controlling the growth of

these minerals.,

Manganese is associated with siderite and is enriched

‘relative to irom compared to those samples where no

siderite is present. In addition the iron and

manganese contents of sampies'cbntaining no diagenetic
iron minerals are extremely low and thefefore the
formation of these minerals requires an external
supply of Fe and Mn which appears to have been the

surrounding aqueous phase.

Ca and P are present in very small amounts indicating

pH levels of 7 or less during deposition. Eh on the

other hand was of the order of - 0.1 to - 0.3, and

these samples were deposited in a lagunal swamp en-
vironment and have mineralogical and chemical
characteristics corresponding to Millot's (1952)
’éggfessive" or "acid" lacustrine group. The nature

of the source rocks for shales of the Northern Ecca



Facies will be discussed at a later stage, but it is
clear from what has been said that the source material

was essentially granitic in composition.

(vii) Reference to the compilation of inter-element ratios
presented in Table 30A shows that for ratios involving
elements unaffected by diagenetic processes (e.g. Si,
A1, Ti, K and Na) the three sets of samples are
statistically indistinguishable. In other words
minor variations in each section caused by varying
rates of sediment inflow inhibit interpretation on
this scale regarding distance from the shoreline,

location of the provenance area and so on.

The increase in illite relative to K-feldspar in
the north-south sequence A/76 - A/62 - A/78, as reflected in
the average values of the Al/Na, Al/K and Na/K ratios, which
if real, would infer a source to the north of the area is
not significant at the 95% confidence level although it is

in full agreement with available geological evidence.

It is‘therefore concluded that if geochemical
measurements are to be useful in'tracing basinal features
on a small scale, specific marker beds whose exact positions
in the sequence are known, should be used. The effect of
this would be to eliminate much of the abovementioned.spread
and hopefully allow for fruitful interpretation. Such an
approach is feasible in coal fields where stratigraphic
variations are usually well known, and samples more readily

available.
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(b) Springbok Colliery Ltd. Borehole Bh 134,

Witbank is some 20 miles south-west of Middelburg,
and the samples under discussion here are the stratigraphic
equivalents of those from the A series boréholes. Borehole
134 is represented by seven samples, all black carbonaceous
shales (Ave., L.0.I. = 18%) taken from 260 feet of core. 'The
samples all contain kaolinite as the dominant clay mineral
with subordinate amounts of illite and traces of montmorrillon-
ite. Faint feldspar diffraction lines were detected in
most samples. Chemical data for these shales are given in
Table 18A, and it is readily seen that they are identical in
most respects to A series shales. The conclusions (i) to
(vii) enumerated in the discussion of A/76 and A/62 apply
equally to these samples, and will not be repeated. The:
variations of normative siderite, pyrite, K20 and L.0.I. are

depicted in Fig. 6.

The Si/Al ratio once again provides a good estimate
of fhe relative rates of deposition, and for samples Ec. 5
and Ec. 8 where the value of this ratio reaches a maximum,
the lowest losses on ignition are recorded. It is noted
however that the inverse relationship between K2O and L.O.I.
is not as well developed in these samples as in the cases
previously cited, and this is explained in terms of the

increased illite‘contents of these shales.

Identical provenance and extremely similar deposit-

ional environments are envisaged for the two sets of shale.
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(c) Boreholes‘GB45/64, GB47/64 and GB48/65 WAKKERSTROOM,

EASTERN TRANSVAAL

A total of 37 samples were taken from three bore-
holes orientated in a north-south line in the Wakkerstroom

District of the Eastern Transvaal.

Boreholg GB 48 is located about 3 miles north of
GB47 which in turn is placed 5 miles north of GB45. A1l
the holes penetrate the Coal Formation of the Middle Group,
and in each case argillaceous representatives were taken
over a core length of about 700 feet. Included towards
the base.of each section are samples from above, below, and

between the Alfred, Gus, Dundas and Coking coal seams.

The dominant clay minerals are kaolinite and illite
(muscovite) together with minor amounts of montmorillonite.
Fairly strong plagioclase and orthoclase diffraction lines
were detected in most samples. Full sample details are
given in Appendix 1. The silica contents of these samples
are considerably higher than those previously discussed, as
also are the Si/Al ratios. The overall averages are 58.3%,
&= 7.3%; and 3.03, & = 0.63 respectively. Data for one
of the sections (GB48) is plotted in Fig. 7, and the in-
creased prbduction of pyrite during periods of reduced de-
position is well illustrated, as also is the relationship
between organic matter and pyrite growth. In addition,
carbon has been determined in six samples, fwo from each
borehole, and a consistent relationship between these values,

the Si/Al ratios, and the CO, corrected loss on ignitions

2
is demonstrated in Table 5 of this text. Complete major

element analyses are given in Tables 11A, 12A and 13A.
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Table 5.

Sample No. % Carbon % L.0.I. Si/A1
GB 48/65/9. 7.60 17.1 2;5
GB 48/65/10 6.52 14.6 2.3
GB 45/64/8 5.37 11.5 2.9
GB 47/64/7 3,16 7.6 2.9
GB 47/64/6 1.96 5.7 3.3
GB 45/64/5 0.36 2.8 3.3

A1l three factors in this instance are related to

the rate of deposition.

Overall these rocks do not show as high a degree
of correlation between pyrite and organic C as was noted for
the A series shales. Moreover, normative siderite is com=-

. paratively rare in the rocks sampled from these cores. It

is only present in four basal samples from the GB 48 section,
one from GB 45, and it is completely absent in GB 47. In
all the remaining rocks where carbonate is.present it is as
‘calcite, as verified by the X-ray diffraction data in Table
1A. Howevér it is clear that in some of these carbonate
bearing samples small amounts of iron carbonate must be
present since iron is found to be slightly enriched in these
rocks. The recalculation has probably allocated Ca associa-

ted with detrital plagioclase to the carbonate molecule.

In addition several calcite rich samples contain
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moderate amounts of phosphorus e.g. 45/1 contains 3.7%
P,0;, and 45/4, 45/5 and 47/3 contain 1.76%, 0.64% and
0.63% respectively. This is unlikely to be detrital in
origin since it occurs in calcite rich strata, and an in-
crease of pH is indicated. It is pertinent to point out
at this stage that the boron contents of these rocks are

very low (Ave. 20 ppm) (Nel 1967).

Compared to the Middle Group shales from the
northern part of the basin, where highly stagnant lacustrine
conditions were shown to have been operative, these sedi-
ments were laid down erratically and at times very rapidly
in more mildly reducing conditions, and in more basic waters

where pH may have risen as high as 7.8 = 8.0,

The potassium distribution in these rocks is
dominated entirely by detrital orthoclase and muscovite,
and the overall Si/K average is 9.74, o = 0.8. | Fig. 7
shows the similarity between KZO variation and that of the
8i/A1 ratio, and it is clear that in times where the sedi-
mentation rate was increased, the amounts of detrital ortho-
clase and muscovite entering the basin rose accordingly, such
that the Quartz/K-feldspar + muscovite ratio remained

approximately constant.

In spite of the increased K20 contents of these
samples compared to those from the A sections, the Na/K
ratios of the former are significantly higher (Ave. 0.23,
o= 0.05), and this is due to the presence of detrital
albite, a constituent not found in the A series shales; ion
exchange reactions are not believed to have played any part

in the Na-K relationship. Titanium shows a moderate co-
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herence with Al, but the relationship is nowhere near as
close aé is observed for several other shale units discuésed
in this study. The sedimentary geochemistry of this element
will be discussed in more detail at a later stage. Non-
diagenetic iron, too, is enriched relative to the A series

shales.

Less than 2/1 fractions were separated from four
of these rocks, and the analytical results are to be found
in Table 26A. Using the scheme developed in an earlier
section, the approximate mineralog;cal composition of each
of thé four rocks was computed on a volatile free basis.

The results are presented pictorially in Fig. 8.

In Shaw and Weaver's (1965) classification two
samples plotted as deltaic sediments whilst two were classi-
fied as fluviatile. Taking into account the abundance of

‘false bedding in the sandstones with which these shales are
intercalated, the results support these authors' contention
that a broadly based classification of'argillaceous‘sedi—
ments on mineralogical grounds can be feasible.  Also when
cognizance is taken of the organic nature of many of these
sediments, together with the aforementioned comments on pre-
vailing.Eh;pH conditions during deposition, a fairly com-

prehensive environmental picture emerges.

(a) SOMKELE - BOREHOLE

The Somkele borehole is located in Northern
Zululand, near Mtubatuba, on the extreme. eastern flank of
the basin, and twenty-six samples were obtained representing

over 4000 feet of core. The exact locality of the Ecca-
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Beaufort boundary in this area is uncertain, and it is
probable that the upper few samples are in fact representa—.

tives of the Lower Beaufort shales.

The samples are all black shales with an average
carbon dioxide corrected loss on ignition of 8%. Kaolinite
and illite (muscovite) dominate the clay mineralogy of these
shales and various combinations of the two types are re-
presented. Minor amounts of montmorillonite are usually
also present. In all samples except Sec. 2 and 25, dif-
fraction lines of plagioclase were observed, and from the.low
Ca0 contents of these rocks (< 0.5%) it is seen that the
plagioclase is albitic. The K-feldspar contents of fhe
rocks were found to be low. Full sample locality and
mineralogical details are given in Table 1A, and the chemical

analyses are to be found in Table 16A.

Considering the large vertical thickness of sediment
involved and the consequent unrepresentative nature of the
sampling, the chemical compositions of these shales are re-
markably similar. The 8102 contents are consistently
higher (Aﬁe. 68.6%, 6=3.3%,volatile free) than any of the
Ecca shales thus far discussed, as also are the Si/Al
éatios (Ave. 3.5, ¢ = 0.5). This is a consequence of in-
creased quartz as well as decreased kaolinite contents
compared to their western and northern stratigraphic equi-
valeﬁts. It will be remembered that for the A series bore-
holes the average Si/Al, ratio was 2.03, 6 = 0.26, whereas
for those from Wakkerstroom the values were found to bee
%.03, ¢ = 0.63. Even in the fine grained highly carbon-

aceous Somkele shales Si/Al is greater than 2.5. Assuming



- 58 ~

a common granitic source area these factors can be
interpreted as reflecting both the degree of weathering
of the source rocks, and the relative rates of transport and

deposition.

A parallel relationship is once again cbserved
between the-pyrite abuﬁdances and the contents of organic
carbon, Fig. 9. In additionva negative correlation is
‘observed between these parameters and the Na/K ratio the
average value for which is 0.30, & =0.08, the highest-thus
far encountered in this discussion. It is clear that in
times of profuse deposition quartz and albite made up the
bulk of the detritus-enteringlthe basin, whereas K-mica and
kaolinite become more predominent in samples which have

accunulated at a slower rate.

_Support may also be found in Fig. 9 for an earlier
contention that in a reducing environment (Eh - 0.1 to =0.3)
pyrite growth is strongly influenced by the rate of sedi-
mentation, and that in the absence of sufficient time to
establish equilibrium between downward diffusing sulphate

ions and their bacterial reduction, pyrite will not develop.

Also it is clear that for siderite the situation
is more complex. In this section normative siderite is
present in several samples, and with one exceptibn, (Sec.9),
it is cnly present in abundance where pyrite is absent.

This is in agreement with the observations of Curtis (1967),
but it has been shown that mutual incompatability is by no
means universal. Curtis has shown that both pyrite and

siderite can form under identical pH-Eh conditions, but that
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siderite will not form unless a sufficiently high partial

pressure of CO, can be generated, and it would seem that

2
fulfilment of these conditions is not dependent on a very
slow rate of accumulation. Again one is forced to the con%
clusion that either sufficient quantities of 002 are not
generated under these conditions, or else that in the
presence of bothan imic species iron sulphide is formed pre-
ferentially. Thé latt;r seems more acceptable. A further
point of note in this connection is that in these shales

the total iron contents are not as clésely controlled by the
contents of the diagenetic minerals present, and it seems
likely in this case that where conditions favoured the growth
of these species, sufficient iron was available from the

solid detritus present, and the necessity of invoking an ex-

ternal source is obviated.

The titanium contents of these shales are con-
sistently lower than for any thus far discussed, consequently
the Si/Ti and A1l/Ti ratios are higher, and this point will
be discussed in more detail at a later stage. Small amounts

of normative calcite are present in some samples, notably

the four uppérmost in the succession. P205 contents are
moderately low (Ave. = 0.13%) and the maximum value recorded
was 0.2%% in Sec. 14, A low (£ 7) pH environment is thus
indicated. |

For four samplés,<: 2/1 fractions were separated
and analysed (Table 26A4). The average mineralogical compo-
sitions, on a volatile free.basis, computed for these shales
was: total clay 59%, quartz 33%, Feldspar 7% and carbonate

1%. In Shaw and Weaver's (1965) classification these samples
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would be grouped as deltaic. They were cleafly deposited
in a near shore environment where sedimentation was more
profuse than for any of the zones thus far considered.
Consequently their major element chemistry is overwhelmingly
dominated by that of the source rock, and the rate of erosion -

and deposition.,

(e) DANNHAUSER BOREHOLES

Ten samples were made available from two boreholes
in the Dannhauser District of Natal. Eight of these are
from a 900 foot section of B.h. G.35.0.9, and are black shales
moderately rich in carbonaceous material (Average loss on
ignition, corrected for co, = 12%) . The remaining two
samples are from B.h. G.3.0. 10, and were found to be silt-
stones poor in organic matter. A1l ten samples contain
kaolinite and illite as the dominant ciay minerals, together
with trace quantities of montmorillionite. Plagioclase and
K-feldspar were found to be present in most samples. Sample
Alocality details are given in Table 1A, andrchemical analyses

in Table 17A.

Mineraiogically and chemically these samples were
found to be very similar to their stratigraphic equivalents
from the Wakkerstroom District some thirty five miles to the
north, and conclusions for those samples apply equally well
here and will not be repeated. With regard to the diagenetic
minerals in B.h G.S5.0. 9 one particularly interesting feature
emerged. Two of these samples, Ec. Dan. 4 and Ec. Dan. 5
contain normative pyrite contents in excess of any encountered

S0 far; 6.7% and 8.2% respectively. These rocks contain no
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normative siderite. The sample above them in the sequence
Ec. Dan. 3, on the other hand, contains 7.;Znormative gide-
rite and only 0.8% pyrite. The remaining five samples
contain small quantities of normative calcite. The boron
contents of the pyrite rich shales are 72 ppm- and 66 ppm.
respectively, compared with an omerali average of 39 ppm.
for carbonaceous Coal Group shales and 17 ppm for the non-

carbonaceous varieties. (Nel 1967).

It follows from these remarks that Nel found an
overall correlation between organic matter and boron content
“in the Ecca shales, illustrated particularly well By the
Northern Facies shales from the Westefn.fringe of the basin
to be discussed shortly. These two shales’(Ec, Dan. 5 and
4) are, however, not extraordinarily carbonaceous, and their
boron contents cannot be explained solely on this basis.
Nel offered no reason why these rocks should be so markedly
enriched in boron. A more detailed account of trace
element - paleosalinity relationships will be presented in
Part 2, of this volume, but it is pertinent at this stage

t0 note the results of Williams and Keith (1963).

Thése authors,in a geochemical study of Pennsylvanian

coal beds, found that coals in areas of marine overburden

were higher in sulphur than the same coal beds overlain by'
fresh-water sediments. Sprackman (cited by Williams and
Keith) in studies of fresh-water and marine peat bogs in
Florida, U.S.A. , reports that fresh-water peats contain on

the average about six times less sulphur than the cor-
responding marine peats. Insufficient data is available

for the Dannhauser area, but the possibility of a marine
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transgression cannot be dismissed in view of the above-
mentioned high pyrite and boron contents. Further more

- detailed work in this area is clearly desirable.

(f) THE VIERFONTEIN AND BOTHAVILLE DISTRICTS

Six carbonaceous shéles (E . 11-16) wers collected
at Vierfontein Coilieries in the Western Transvaal. A1l
six contain .kaolinite as their dominant clay mineral.
Samples Ec l4,v15 and 16 were taken very close to the bottom .
coal seam in the area and contain organic matter and well
crystallized, extremely pure kaolinite with very small amounts
of quartz and traces of montmorillonite. An analysis of
the < 2/1 fraction of one of these, Ec 14, is presented in
Table 26A. The remaining three samples contain minor
quantities of illite and montmorillonite as well as albite

and K—feldsparo

As might be eXpected from these descriptions the
chemical compositions (Table 18A) vary rather widely de-
pending on the presence or absence of the various detrital
phases noted above, Nevertheless these samples are of
considerable interest in view of their extremely high borcn
contents (Nel 1967). The avefage for the six samples is
131 ppm, values in excess of 100 ppm being recorded in
each case, It will be remembered that the overall B
average for the Northern Facies shales is only 39 ppm.
(Nel 1967) has attributed these high boron contents to the
carbonaceous matter present in the sémples, but the situ-
ation is clearly more complex. The A series shales from

the northernmost sector of the basin contain only 20-30 ppm. B,
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and yet they are extremely rich in organic matter (Average
loss on ignition being 28%). The average loss on ignit-
ion of the Vierfontein samples on the other hand is 22%

(Range 9% - 37%).

Therefore, if as suggested by Nel, the boron in
these shales is inherited from the plant matter incorporated
in them, then either the organic matter present in the two
sets of shales is drastically differentin its original total
boron content, or else some factor during or soon after
deposition resulted in the adsorption of large quantities
of boron by the organic matter in the western portion of

the basin.

In addition to these high boron values, the
samples contain moderate amounts of normative pyrite, for
example Ec 11 and Ec 13 contain 1.26% and 1.74% respectively.
The work of Williams and Keith (1963) cited in the discuss-
lon of the Dannhauser shales is equally applicable here,
and the possibility of marine transgression in this area

cannot be dismissed.

Hart (1969) has described glauconite oécurrences
in this area, and also records the presence of phytoplankton
near the top of the Middle Group. He suggests that for most
of Middle Ecca time the basin was a "desalinated gulf" which
received large amounts of fresh water derived from the melt-
ing of the Dwyka ice caps, thus explaining the lack of macro-

inveftebrate fauna from these strata.

Also of interest are the large quantities of TiO2

present in the kaolinite rich shales Ec 15 and Ec 16 which
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contain 1.89% and %.06% Ti0, respectively. This is
probatly in the form of anatase which is a common con=-
stituent of kaolins of high purity and consequent slow

formation (Grim 1968).

BOTHAVILLE BOREHCLE VB 79/65

Three siltstones and one shale were sampled from
B.h. VB 79/65, in the Bothaville District, some 25 miles
from Vierfontein. Kaolinite is once again the dominant
clay, but for these samples, the subordinate clays are illite
and chiorite. Upper Ecca shales from Bothaville which are
discussed in a later section have montmorillonite as their
dominant clay. A1l four samples contain abundant plagio-
clase and K-feldspar, and the shale, BEC 4292 contains a

small quantity of normative siderite.

As a consequence of the very high albite contents,
the Na/K ratios are high (Ave. = 0.47), and further aspects
of their chemical composition will be discussed when dis-

vcussing the nature of the Upper Group shales from this area

in a later section,

CONCLUDING REMARKS

‘The rocks of the Middle Group of the Northern Ecca
Facies have been shown to represent various combinations of
the assorted weathering products of an albite-orthoclase-
muscovite parent, laid down in a series of very different
depositional environments. These vary from the acidic,
anaerobic lagunal or inner neritic environments where carbon-

aceous material has been preserved in some quantity to the
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fluviatile-deltaic type of sediments containing lesser
quantities of organic remains, and large amounts of

detrital quartz, feldspar and K-mica.

The weathering products of such a source rock would
differ quite widely depending on the rate of weathering, -
conditions of drainage, pH, and most important in this in-
stance, the rate of uplift and erosion of the source region
itself, Kaolinite is a hydrolysis product of both K;feldspar
and albite (Helgeson et al. 1969)., and further, it is the
stable clay .in the acidic environments commonly represented
in the Ecca shales, and it is clear that both the weathering
and depositional>environments of these Permian rocks have
favoured the formation and pfeservation of this clay.
Detrital K-feldspar has been shown to be present in varying
amounts in the different sections studied, and Weaver (1967)
has noted thaf most residual kaolins contain some K-feldspar
and K-mica showing their relative resistance to weathering

COmpared to albite.

A combination of these factors has resultéd in the
large differences in the elemental make-up of representatives
from different parts of the basin, as illustrated by the
discreteness of many of the interelement ratios which have
been discussed, and are presented for mutual comparisons

in Table 3%0A.

The variations in the nature of supply and types
" of depositional environments render the rocks most suitable
for further geochemical study, and detailed investigations

in selected areas should provide valuable information re-
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garding both chemical variations in vertical sections with

particular reference to the Eh, pH and salinity of the over-
lying and interstitial waters - particularly in the westefn
~ sector where some evidence of possible marine transgreséions
has been found, and secondly, geochemical -~ mineralogical
studies of individual lateral units should provide further
information regarding the direction of sediment inflow, and

relative shoreline movements during deposition.
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2. SWAZITAND SYSTEM

Fig Tree Series

The Swaziland System in the south—eastern“Transvaal
is>one of the oldest stratified systems exposed. The folded
synclinal belt of this system forming the Barberton Mountain
Land (Visser et al. 1956) has a length of about 110 km.
aligned in a north-easterly direction, and a width of about
%0km. The system is-diVided into three series, the Onverwacht;
the Fig Tree, and the Moodies. The basal Onverwacht Series
consists mainly of what were originally basic volcanic rocks
with subordinate acid types, and in some parts ultra-basic
serpentinites, peridotites and gabbros are found within the
basic lavas. The Fig Tree Series comprises several thousand
feet of shale, grit and graywacke together with well developed
horizons of chert, jasper and ironstone. Rb-Sr age determi-
nations by Allsopp et al. (1968) indicate a minimum age of
deposition of 3 x 109 years. The Moodies Series consists of
about 12,000 feet of thick fofmations of gquartzitic rocks

separated one from the next by minor shale units (Haughton 1969).

A total of twenty-two samplés from the Fig Tree
Series were examined, and the major element analyses are
presented in Table 2A. Sample descriptions énd localities
are to be found in Tablé 1A, The samples may be subdivided

into three groups, as follows:-

(a) The shales proper, which are in a sense, unique, in that
they are all finely laminated and remarkably well preserved
considering their very great age. Illite and iron - rich

chlorite are present in varying amounts, and in some samples the
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chlorite is the dominant clay type. Faint diffraction.
lines of plagioclase were detected in most instances, and

a few samples contain trace quantities of K-feldspar.

(b) The graywackes, which are medium to fine grained
(Allsopp et al. 1968), and which contain iesSer quantities
of the abovementioned clay minerals, and ﬁoderate amounts
of albitic plagioclase. Minor amounts of K-feldspar were

detected in several samples.

(c) The ferruginoﬁs shales, which contain varying quantities
of iron-rich chlorite, together with significant amounts of
hematite, magnetite and goethite. The total Fe203 contents
of these samples are in excess of 15%, and in one sample,

Fg 2, as high as 40.1%

The most striking aspect of the major element
chémistry of all these sampleé is their.high.MgO content
(Ave. 5.21%, & = 0.99%). Consequently, as may be seen
from‘Table 30A, these shales have higher ngTi, Mg/K and
~lower Al/Mg ratios than any other shales -included in this
work. This feature is interpreted as being indicative of
a high magnesium_soﬁrcé area, and is in accordeith the
author's earlier work cohcerning thé Crfand‘NijEOntents of

these sediments (Danchin 1967).

In this study it was shown fhat the Fig Tree
argillites contain, on the average, 860 ppm Cr and 495
“ppm  Ni, compared to 120 ppm and 49 ppm respectively in

228 other South African shales of younger ages.
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It was postulated that these large amounts of
Cr and Ni entered the basin of deposition in lattice
positions within the degraded clays, and that the source
areas contained a high proportion of basic and ultra-basic
rock types. The high Mg contents of the shales lend further
support to this contention. The total iron contents (ex-
pressed as Fe203) of these sediments are also high, and the
average value excluding the ferruginous shales is 10.56%,
compared to 6.18% (on a volatile free basis) for all South

African shales.

In view of the great age of these sediments, and
the uncertainties concerning the compositions of the primeval
oceans and atmospheres it would be of value %o know the true
oxidation state of the iron present in them. Unfortunately
for a number of samples insufficient material was avaiiable
for FeO determinations, and, more important, most of the
samples were taken from outcrop exposures and have almost
_oertainly been weathered to varying degrees. The fer-
ruginous - shales, Fg 1, 2, 8, 9, 10 and 11 are useless
in this respect, and with the exception of -Fg. 1 are all
badly affected. For the shale samples of fresher appear-
ance- where FeO was determined it was found that the
Fe2+/Fe3+ ratios variod rather widely, but in most cases
had a value of greater than one. However untii very fresh
borehole samples become available these results cannot be
viewed as aﬁything but an indication of the minimum amount
of iron present in the ferrous state. Sulphur is only
present in trace quantities, the maximum value observed

being 0.11% in sample SH.7.
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In the shales, SiO, varies from 52% to 59% where-

2
as in the graywackes the range is from 63% to 69%. The
A1203 contents of the rocks are consistently low, the
average value for the shales being 14.9%, while for the gray-
wackes it is 10.5%. Consequently there is a distinct
difference between the Si/Al ratio of the two types, the
values being 3.4 and 5.6 respectively. The TiO2 contents

of the rocks are lower than for any of the younger sediments
studied, (Ave. 0.59%, & = 0.12%), but the Al/Ti ratios

(Ave. 20.3, & = 1.6) are not greatly higher than for the
average South African shale, once again illustrating the
close coherence displayed\by these two elements in fine-

grained sedimentary rocks. This relationship is discussed

in more detail ‘in a later section.

The Na,0O contents of the rocks vary widely and

2
are dependent on the amounts of detrital plagioclase present,
the maximum value observed being 1.70% for graywacke SHT;

K2O also shows wide variations, and is predictably highest
in the 1l1lite rich shales and lowest in the graywackes.

The average K2O content of the shales is 2085%, which is
somewhat higher than might\have been expected in rocks de=-
rived from a source area in which basic and ultra-basic

rock types predominated, and this feature is discussed in

some detail in the section dealing with major element

variation with geological age.

Faint diffraction lines of dolomite were detected
in a few samples, particularly in several of the graywackes. .

Unfortunately, insufficient material was available for CO2
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determinations in some of the samples, but it is shown in
Table 24, that the few samples containing small quantities

of CO, also have increased Ca0 contents compared to the

2
remainder of the samples where the CaO contents are very low.
(Overall average 0.90%). The P205 contents are invariably
low, the average being 0.09%, and the standard deviation

0.02%.

Less than 2/1 fractions were separated from two of
the shales, Fg 14 and Fg 17, and one ferruginous shale,
Fg 1, and the major element analyses are presented in
Table 26A. The -~ Fg 14 and Fg 17 separates are very
gimilar in chemical composition, and quite different from
othef clay fractions separated from younger shales. The
high iron and magnesium contents of the chlorites, and the
low A1203 contents are particularly well illustrated. In
the case of the ferruginous shale, Fg 1, it is seen that

the total Fe content of the<<'2/1fraction is 36.0%, and

293
the 3102 content lower than for any other separate. The
computed total clay contents of Fg 14 and TFg 17 are 82%
and 63% respectively, and are indicative of slow deposition,

probably in fairly deep water.

5 PONGOLA SYSTEM,

Mozaan Series

The early Precambrian Mozaan Series covers large
areas of Swaziland, and also occurs in the Vryheid and Piet
Retief Districts of the south-eastern Transvaal. The series

follows the predominantly basic lavas of the Insuzi Series,
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and reaches a maximum thidkness of about 16,000 feet
(Haughton 1969). It comprises a thick succession of
quartzites and shales, many of which have been converted

to andalusite phyllites or schists.

Seven Mozaan shales from Swaziland, all in an
advanced state of weathering, were analysed, and the results
are presented in Table 3A. Five of the samples are highly

ferruginous shales, Fe203 varying from 26:1% to 54.2%.

These samples contain very little clay minerals
and their mineralogy is dominated by quartz, and a variety
of iron oxides and hydroxides, nbtably goethite, hematite
and magnetitea Two samples, Mz 3 and Mz 5, contain moderate
amounts of illite (K20 contents 2.31% and 2.3%% respectively).
" Sample.Mz.3 contains 13.5% total Fe203,' ana Mz 5 is a silt-
stone containing 74% Si02° The drastic weathering ex-
perienced by these Mozaan shales has modified their original
compositions and rendered them unsuitable for environmental .

or comparative geochemical studies.

4, KHEIS SYSTEM

Rocks designated to the Kheis system cover large
areas of the north-western Cape, and southern South West
Africa. The age of deposition of the Kheis System is un-
known, but in the opinion of Martin (1965) it is probably
older than 2,600 million years. Major element data for
one Kheis siltstone are presented in Table 3A. I1lite is
the dominant clay mineral, and the K2O content of the rock

is 3.46%. Further discussion of this sample is included
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in the section dealing with variation of major element

chemistry with geological age.

5. THE WITWATERSRAND SYSTEM.

Due to the presence of lafge gquantities of gold and
uranium in the sediments of the Witwatersrand System, the
geology of these rocks has been documented in tremendous

detail (see for example Haughton 1969).

The great pile of sediments constituting the system

-is subdivided as follows:-—

Kimberley - Elsburg Series ) Upper Division

Main - Bird Series )

Jeppestown Series

Government Reef Series Lower Division

Hospital Hill Series

The Jeppestown and Government Reef Series which
are represented in this study reach maximum thicknesses of
8000 and 4000 feet respectively (Brock and Pretorius, 1964),
and comprise alternating shale and guartzite sequences de-
posited in.a gradually sinking ovoid basin. Allsopp (1964)
has tabulated isotopic ages for Archean granites overlain
by the younger Witwatersrand sediments. Since the contacts
are unconformable, the age given (2720 * 100 million years)
can be regarded és a maximum age of the lower Witwatersrand

sediments, which are in all probability considerably younger.

Haughton (1969) considers that the sediments were

deposited in an intracratonic depression comparable in size
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with the present day Lake Victoria. Evidence regarding
prevailing climatic conditions is conflicting, and in.thie
respect it is interesting that Nel (1967) found the boron
contents of the samples described below to be extremely low
(Ave. 11 ppm), and concluded that they were deposited in a

fresh-water environment.

Ten shales from borehole JY 8 in the Klerksdorp
District have been analysed, and the results are presented
in Table 4A. Five of the samples, JP 6-10, are from the
Government Reef Series, and five, JP 1-5, from the Jeppes-
town Series. The samples all contain chlorite and illite
as the dominant clay minerals, together with wvariable

amounts of albitic plagioclase.

The average MgO content of the ten shales is 4.44%,
which is intermediate between the high values recorded for
the Fig Tree shales, and all other representatives of
younger formations for which analyses are presented in this
work. In this respect it is interesting that the Cr and
Ni contents of these samples are also intermediate between
the very high values observed for the Fig Tree shales, and
those recorded for younger shales (Danchin 1967 a). Once
again this is taken to be indicative of a source area con-
taining a significanf proportion of basic and/or ultrabasic
rock types. The total iron contents are also very similar
to those of the Fig Tree shales, and in the case of two
samples JP 5 and JP 9, the diffraction lines of magnetite
were detected. The average Fe203 content of the remaining-

eight samples is 8.2%. With the exception of JP 5 which
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has 0.14% MnO, all the samples have very low manganese con-
tents, the values lying in the range 50-150 ppm, and the
Fe/Mn ratios of these shales are the highest of any group

discussed here (Ave. 673).

The Si/Al ratios are markedly different for the
two sets of shales, the average for the five Government
Reef Shales being 3.4, while that for the Jeppestown shales
is 4.5. It has been demonstrated that & close relation-
ship often exists between the Si/Al ratio and the rate of
deposition, and since borehole samples from the Witwaters-
rand System are more easily obtainable than for other less
well documented successions, further work on more closely
spaced samples should provide useful information in this

connection.

Small amounts of normative calcite are present
in several of the samples, and the average Ca0 content is
1.39%. As was the case for the Fig Tree shales, the P205
contents are low, (Average 0.08%). Also, the Na2O contents’
are a reflection of the amounts of detrital albite present,

and Na.0 varies between 0.21% and 2.56%, the average being

2
1.19%. Consequently the Na/K ratios are high, the average

value of this ratio being 0.71.

An analysis of the chlorite—illite<less than 2/u
fraction of one sample, JP7, is presented in Table 26A. As
was the case for the Fig Tree separates, the high iron and
magnesium contents of the chlorite are wellbillustrated;

The clay content of this sample was found to be 59%.
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6. SINCILAIR FORMATION

Kunyas Series

The Kunyas Series attains a maximum thickness of
about 5000 feét, and comprises about 1300 feet of arkoses and
grits followed by a series of phyllific shales (Martin 1965).
De Villiers (Pers. Comm) estimates that the age of the
series is between 1080 and 1260 million years; Beetz (1922)
concluded that the sediments are of marine origin, and this
‘conclusion is supported by Nel (1967) who recorded an average

of 109 ppm boron for the samples discussed here.

Major element analyses for five Kunyas phyllites
are presented in Table 5A. The samples all contain illite
" as the dominant élay/mineral, together with traces of plagio-
clase and K-feldspar. The samples are all quartz-rich as
evidenced by their high average $i0, content (72.2%) and
§i/Al ratio (4.52). A further feature of interest is that
these samples héve the lowest Al/Ti ratios of any of the
groups studied, and it is suggested that they contain small
gquantities of detrital ilmenite although these were not |

detected in the X-ray diffraction traces.

Similar low Al/Ti ratios were observe§ for a few
isociated quartz rich Ecca sediments, and it is probable that
the amount of detrital ilmenite entering the basin reached
a maximum during periods of rapid erosion and sﬁpﬁly, and
that any relationship between Al and Ti in the clays them—
selves in these sediments is masked by the presence of

ilmenite.



- 77 =

The average Na/K ratio is very low (0.07) as a re-
sult of the presence of significant quantities of K-mica
and the absence of plagioclase; and since these rocks are
believed to be the products of fairly rapid erosion and de~
position, it is 1likely that the source rocks did not contain
plagioclase as a.major component. In addition, the Cal and
P205 contents of the rocks are both low, average values being

0.11% and 0.12% respectively.

7o DAMARA SYSTEM

The Damara System has the widest distribution of
the Precambrian Systems in South West Africa, and the single
sample analysed in this study (Table 3A) is an illite- |
chlorite shale from the south-eastern section of the Damara
Syncline, and is believed by H. Martin (Pers. Comme) to be
of marine origin. It has a K,0 content of 4.88% and is

relevant to the discussion of major element variation in

shales with geological age, presented in a later section.

8. MATMESBURY FORMATION

Considerable portions of the south—western Cépe
Province are comprised of the thick, folded geosynélinal
sediments of the Malmesbury Formation. In the vicinity of
the Cape Peninsula the formation consists of quartzites,
feldspathic grits and blue shales which vary in grain size
from very fine-grained well bedded varieties to more Silty,
arenaceous members. Allsopp and Kolbe (1965) carried out

Rb-Sr isotopic age determinations on these shales, and came
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to the conclusion that the age of deposition cannot greatly
excéed 595 p 45 million years. Kroner (1968) has concluded
that sediments of the Vanrhynsdorp area, previcusly believed
to be part of the Malmesbury Formation are in fact members

of the Nama System, and that the formation is not represented
in the Vanrhynsdorp area. Nel (1967) found the average
boron content of‘the Malmesbury shales to be 136 ppm, and

concluded that they are marine in origin.

Three argillaceous and two arenaceous represen-
tatives of the Malmesbury Formation were analysed, and the
results are presented in Table 6A. The samples all contain
illite as the dominant clay mineral,'and small quantities of
plagioclase were also detected, especially in the more

arenaceous variety.

The three argillaceous Malmesbury shales are very
similar in chemical compositién,and contain moderately>high

MgO and total Fe contents (3.58% and 8.23% respectively).

203
The K2O contents in each case exceed 4% and the Na2O contents

average 1.50%.

The more arenaceci.s members contain\lesSer amcunts
of Fe, Mg, Al and K, and as a result of their higher quartz
and plagioclase contents, considerably more SiO2 and Na2O
(73.74% and 2.43% respectively). As a consequence of these
variations in chemical composition with grain-size, many
more samples will have to be analysed before meaningful con=
clusions regarding the nature of the source rocks of these

shales can be drawn.
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9. CANGO FORMATION

Pre-Cape sediments forming a belt 75 miles loﬁg‘
and 10 miles wide from Ladysmith in the west to Uniondale
Road in the east, south of the Swartberg”ﬁountains have
been correlated with the Maimesbury Formation.  The sedi-
ments of the Cango Formation comprise a sequence of shales,
quartzites, limestones and grits, which are generally

highly folded and sheared.

Four Cangd shales ﬁere analysed, agd the results
are presented in Table 6A. The samples all contain illite
as the dominant clay, together with minor amounts of
chlorite. Weak diffraction lines of plagioclase were de-
tected in only one samble, Cg 3, and no traces of K=fe1dspar
were observed. Notable features of these‘shales are the
high potassium contents (Ave. 5.17%), and thé uniformity
of chemical composition in spite of the'large»diétanceS'
between the sample localities. Cg %, which contains albite

has an Na,.O content of 1.24%.

2

The three remaining samples each contain less than
0.5% Na20° Saﬁples Cg 1 and Cg 2 have small amounts of
nermative calcite. Nevertheless the average Ca0 contert
is low, and the overall average is 0.80%. The average

P205 content is 0.17%

In terms of their major components, thevCango
shales are similar to the more argiilaceoug representatives
of the Malmesbury Formation, and different in.a number of
respects from the youngér Bokkevéld shales. iFér'example,

the average Al/XK ratios in the'Malmesbury, Cango and
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Bokkeveld shales are 2.39, 2.33 and 3.25 respéctively

" while the Mg/Ti ratios are 3.85, 3.51 and 1.89.  Further
more detailed chemical studies might afford an excellent
means of quantitatively‘assessing the Malmesbury-Cangov
correlation which is difficult by other methods due to the

very fine-grained nature of the sediments.

Less than 2/@ fractions were separated from one
Cango shale (Cg 1) and one Malmesbury shale (Mm 7), and
the results are presénted in Table 26A. As has been
shown to be the case for the whole rocks, the clay fractions
are also very similar in major element chemistry, and the
total clay contents of the two rocks are notably high; 82%

and 77% respectively.

'10.  NAMA SYSTEM

Sediments of the Nama System cover large portions
of the southern part of South West Africa and NamaQualaﬁd;
and are Pre-Devonian in age (Martin 1965)@ The system is

divided into four series, as follows:-

(i} ~ The Kuibis Series:- In the type area,'the gseries

consists of interbedded quartzites and shales overif
lying basal conglomerates, and reaches a maximum
thickness of about 600 feet (Haughton 1969).
Kriner (1968) believes that the Kuibis sediments
were deposited under shallow marine COnditions, a
view supported by Nel (1967) on the basis of the

high boron contents of the Kuibis shales.
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(ii)  Schwarzkalk Series:- This series consists of a

maximum thickness of 1000 feet of well bedded,‘
dark, bituminous limestones with a few inter-

calated shales.

(iii) Schwarzrand Series:- In the type area the series

consists of about 1150 feet of soft greyish-green
to bluish-grey shales with sandstone intercalations

and some black limestones.

(iv) Fish River Series:- This series is typically

developed between the Schwarzrand Eecarpment and

the Fish River Valley, and consists of a maximum

of 2300 feet of quartzites and red and purple
ergillaceous sandstones and shales. Current
bedding and ripple marks are common features of the

Fish River sediments.

Martin (1965) believes that most of the sediments
of the Nama System were deposited in shallow water, on a
stable platform or shelf. Two Kuibis shales, and one silt-
stone have been analysed, and the results are presented in
Table 5A, together with the mean values of fiVe Kuibis shales
analysed by Kroner (1968). The samples all contain illite
as the dominant clay mineral toéether with traces of mont-
morillenite, and small quantities of K—feldspare Plagioclase

was not detected in any of the samples.

The shales are rather variable in composition, but
one feature of importance is the high K20 content of the
Kuibis shales. Krdner found an'average K2O content of 5.68%

in the five shales analysed by him, and the two analysed in
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this work, Kui 2 and 4 contain 5.79% and 8.57% respectively.
Further, less than 2}1 fractions were separated from these
two shales, and the separates were found to contain 9.58%
and 10.25% K2O, on a water free basis.° The significance
of these results will be discussed in the section dealing

with major element variation with geological age.

Four Schwarzrand shales were énalysed, and the
results are presented in Table.5A. The samples are all
illite-chlorite shales containing vériablevamounts of albitic
plagioclase and K-feldspar. The K,0 contents of these
samples vary between 1.92% and 5.8%% (Ave. 3.20%). The

remaining major elements show rather wide variations.

Fourteen samﬁles from the Fish River Series were
analysed, nine samples from various outcrop localities in
South West Africa, and five from a borehole in the Gibeon

District, and the results are given in Table TA.

A1l the samples contain illite as the dOmihant
clay”mineral, together With occasional minor quantities of
chlorite and traces of montmorillonite. Plagioclase\is
present in all the samples, as also is K-feldspar in lesser
amounts. Diffraction lines of calcite were identified in

several ‘samples.

The average SiO2 content of these sediments is

66.07%, & = 6.75%, whereas the mean A1,0, content is 12.77%,

3
& = 2.53%. The Si/Al ratios are therefore high, and
average out at 4.44 , &6 = 0.94 . In addition to the large
proportion of detrital quartz, the samples contain abundant

detrital plagioclase (Ave. Na,0 = 1.72%), and these features
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together with the abundant cross bedding noted at several

of the sampling points infer a fairly rapid rate of erosion
and deposition. It is interesting that the A1/Ti ratios |
are slightly lower than for most other shales studied (Ave.
15.51), and as was the case for the Kunyas shales, it is
suggested that the sediments contain minof quantities of

detrital ilmenite.

Further, most samples contain moderate amounts of
normative calcite (Ave. Cal = 2.77%), and several samples
contain conspicuous quantities of PZOB’ for eiample FR.4,
whose PZOB content is 0.3%9%. The mean P205 content is 0.22%.

Sulphur is only present in trace quantities. These factors

are suggestive of deposition in water where pH was probably

in the range 7.2 - 8.0, and Eh > O,

11. CAPE SYSTEM

(a) Bokkeveld Series

The Lower Devonian Bokkeveld Series consists of
five shale bands, separated One.from the other by bands of
sandstone. The thickness of‘fhé succéssion is difficult
to.ascertain,‘but apparently reaches about 5000 feet in the
Gydo Pass (Haughton, 1969). Fossils are found in most
beds of the series, but marine forms (predominantly brachio-
pods and lamellibranchs) are largely confined to the lower
half of the sequence, from whence most of the samples dis-
cussed below are derived. A few marine forms have been
recovered from.the upper parts of the series, but these beds

have yielded mainly plaht fragments.
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Major elgment analyses for 38 Bokkeveld shales
are given in Table 8A. These shales contain i1llite and
chiorite as the dominant clay minerals, and in several samples
illite is the only clay present in abundance, and only
traces of chlcrite were detected. Most samples contain
traces of montmorillonite and minor amounts of plégioclasea

K-feldspar was only rarely detected.

The samples were taken from a éeries of widely
separated localities in the Cape Folded Belt, and it is
therefore of particular interest that variations both in
the absolute abundances of the major elements, and in the
inter-element ratios (Table 30A) are not large. 810,,
for example, has an average abundance of‘62;57%, the standard
deviation being 3.92%. For A1203 the values are 17.55%
and 2.22% respectively. Similérly ratiosvsuch as A1/ and

A1/Mg do not vary greatly, the mean values being 3.25 and

8.71L, and the standard deviations 0.3% and 2.10 respectively.

Further, samples from the first and second shale
bands when.compafed with similar samples from other lateral-
‘ly separated localities showed no statistical differences
either for the absolute abundances of the major elements or
for various inter-element ratios such as Si/Al, Al/K, Al/Mg
and Mg/X, thus further demonstrating the chemical homogeneity
of these shales. Thus unlike other examples discussed
earlier, in the case of the Bokkeveld Series it is unlikely
that geochemical parameters could be used as indicators of

source locality or sediment transport.
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Figure 10 shows a plot of the Si/Al ratio against
that ~f Na to K, and a strong pdsitive correlation be-
tween the two ratios is illustrated. This suggests that
the single most important factor affecting the Na/XK ratio
in these shales is the rate of supply of detritus to the
basin of deposition, which is in turn related to the rate
of'erosion in the source area. In other words, dufing
periods where the quartz/clay fatio of the material trans-
ported to the basin of deposition.was high, so also was the
quantity of detrital plagioclase being transported, and
consequently the Na/XK ratio. Since K-feldspar is rare in
these rocks it follows that when the quartz/clay ratio was
low, so also was the Na/K ratio, since most of the X enter-
ing the basin of deposition was present within the illite
lattice. It would therefore appear that the effects of
ion-exchange reactions during deposition on the Na/K ratio
have been masked by the effect of varying rates of plagio-
clase inflow, which reached a maximum during periods of more

rapid sedimentation.

A further notable feature of these shales is the
.cicse relationship between A1203 and TiOZQ (FPig. 11). Thé
existence of an A1-Ti coherence in shales was first noted
by Goldschmidt (1954), who suggested that very little Ti

is chemically or physically bonded to clay minerals, but is
probably present as finely divided T102 (for examﬁle as
anatase), and is deposited along with clay flakes. Hirst
(1962)‘conclud§d that Ti is probably associated with the

clay fraction during weathering and transportation, and

suggests that very little Ti can be actually precipitated
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from solution. Porrenga (1967) has attempted to relate the
A1203 / TiO2 ratios in modern marine sediments to those of
the source areas, noting that granitic rocks have ratios in
the range 37 to 46, while for gabbros and basalts the value

is usuvally between 18.5 and 6.5.

In the South African shales the ratio is quite
constant regardless of the nature of the source areas of the
various shale groups. For example, the Fig Tree shales
‘which are believed to have had a basic provenance have an
average Al/Ti ratio of 20.3, & = 1.6; while the shales
from the Northern Fgcies of the Ecca Series of the Karroo
.System have ratios varying from 18.0, & = 2.3, in the GB
series boreholes to 21.4, d = 1.9 in samples from the
Somkele borehole. These rocks are believed to have been
derived from a source area in which albite, ofthoclase and

muscovite were the dominant minerals.

It has been shown that in a few instances low
ratics Were.recorded for sediments where the rate of de-
position is believed to have been comparatively rapid, and
small quantities of detrital ilmenite have been washed into
the basin of deposition together with quartz, feldspar and
clay detritus. In the case of the Kunyas shales, where
the lcwest average ratio was recorded (12.9) a basaltic
provenance is most unlikely, as it has been shown that these.
shales contain only 2.21% total Fe203,'and 0.66% MgO. These
samples have the highest average Si/Al ratio of any group
for which results are presented in this work.

It is particularly interesting that for the

separated <:2/1 fractions, variation of the ratio is wide,



[S)]
-]
i

and in addition the overall average value of the ratio in
these clay fractions is considerably higher than in the shales
. themselves, that is to say 32,3, & =15.3. This means that
fhe ultrasonic disaggregation-gravity settling treatment has
removed some of the titanium relative to the aluﬁinium, and
renders extremely uniikely the suggestion that the bulk of
the Ti in shales is present in six-fold co-ordination in
the clay minerals (see Porrenga 1967). Also, no support

can be found for the suggestion of Lebedev (1967) that Ti

ig enriched in shales depcsited in a fresh-water environment.

It seems more likely that since the vast majority
of the clay minerals are apparently‘detrital in origin,
the relationship between Ti and Al which is closely main-
tained regardless of clay type has its origin during the
processes of mineral breakdown and clay formation in the
source area. The reasons for the quantitative nature of the
coherence and the form of the titanium oxide or hydrate
in the shales are nevertheless not fully understood, and

require further study.

bFurther features of interest are the low concentra-
tions of Cal0 and P205 in the Bokkeveld shales (0.21% and
0.14% respectively). In addition, SUlphur rarely exceeds
0.1%, and carbon, which was determined in four samples, Bkl,

%3, 20 and 23 is less than 0.5% in each case (Table 84).

Leés than 2/1 fractions were separated from four
samples, Bk 7, 14, 18 and 21, and the major element analyses
are given in Table 26A. As was found to be the case for

the whole rocks, the clay fractions are remarkably similar
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in chemical composition, and the average mineralogical

composition of the four samples is:-

Clay 62%
Quartz 33%
Feldspar 4%
Carbonate 1%

(b) Witteberg Series

Rocks of the Witteberg Series lie conformably
above those of the Bokkeveld, and according to Theron
(1962), the series reaches a maximum thickness of about
4,000 feet in the Willowmore District. It is divided into
a Lower Stage, which comprises aboﬁt 590 feet of ripple
marked quartzites and shales, a Middle Stage, conéisting
of akout 1900 feet of cross bedded sandstone with thin
shale intercalations, ahd an Upper Stage consisting of
about 1600 feet of dark shales with intercalated sandstones.

The Upper shales carry plant and fish remains which have
yet to be fuliy'identified (Haughton, 1969). Du Toit
(1939) considers the entire 4,000 feet to be non-marine in
origin and to range in age from Middle Devonian to Lower

Carboniferous.

seven Witteberg shales were analysed, and the
results are presented in Table 9A. As was the case for
the underlying Bokkeveld shales, illite ahd éhlorite are
the dominant clay types, with occasional traces of mont-
morillonite. Diffraction lines of plagioclase were de-

tected in only one sample, Wb 4, and K-feldspar was not
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observed. Chemically the samples are very similar to
those of the Bokkeveld Series as may be seen from the data

given in Table 5 below.

Table 5.

Element ' Bokkeveld Witteberg
810, 67.3 % 66.1 %
Ti0, 0.95% | 0.90%
Al203 S 17.7 % 18.8 %
MgO 1.79% 1.46%
Ca0 0.27% 0.26%
Na.,0 0.66% ‘ 0.56%
K0 3.47% 3.50%
si/Ti 5%.9 542
AL/K . 3.25 3.54

- Mg/Ti - 1.89 1.70
Na/K 0.21 0.30
B (Nel 1967) 64 ppm 42 ppm

It is therefore highly probable that the Bokkeveld
and Witteberg éediﬁents were derived in a continuous period
of sedimentation from the same source area. Small differ-
ences in the major element cﬁgmistry such as the increased
Al and decreased Na contents of the Witteberg shales can be
explained in terms of the slightly increased clay and de-
creased plagioclasé-contents which in turn are functions of

the rate of erosion and deposition. A less than 2/u
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fraction wés separated from Wb 6, and the mineraldgical
composition of this shale is‘69% clay, 27% quartz, 3%
feldspar and less than 1% carbonate., Differences in the
salinity of the waters of deposition are discussed in the

section devoted to the trace elements.

12. KARROO SYSTEM

(a) Dwyka Series

Rocks of the Dwyka Series are divided into the
Tillite Stage and the Upper Stage (Haughton 1969). Along
the Southern belt of the Karroo System the Tillite Stage |
has an estimated fhickness of 2,000 feet, and is followed
conformably by a succession of about 500 feet of olive
green shales whose upper part consists of a zone of per-
sistent carbonaceous shale, generally between 50 and 100
feet thick, which weathers white on exposure, and is known

as the "White Band®.

Several Upper Dwyka sedimentsvwere sampled at
various localities in the Capé Province and South West
Africa, and in the field the samples appeared to be very
fine grained and clay rich. Chemical analyses of these
samples, (Table 94), however, showed that many'of them,

Dw 1, 4 and 5 for exampie, contain very high S'iO2 contents
(= 70%), and that they were generally clay poor and very
variable in chemical composition. Two samples from the
"White Band", IDw 3 and LDw 4 were analysed, and the re-
sults are also given in Table 9A. Organic carbon was

determined in both samples, and found to be 4.18% and 3.71%
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respectively corresponding to losses on ignition of 10.3%%
and 8.9%. These'samples have very low total iron contents

(Ave. 1.60%), as well as Ca0O and P contents (0.22% gnd

2%
0.15% respectively). Several authors (Du Toit, 1939, and
Haughton, 1969, for example) report variable occurrences of
pyrite &and carbonate nodules within the "White Band", and
in view of the results given above, it would appear'that
chemical conditions varied Widely during the deposition4of

this carbonaceous shale, and thus renders it highly suitable

for further, more detailed geochemical studies.

Ecca Series

The rocks of the Ecca Series follow conformably
on the Dwyka Series, and have been subdivided by Ryan (1967)
into four facies - the Northern, Central, Western and
Southern Facies. Shales from the Northern Facies have
already been discussed in some detail, and now thefgeological'
nature of the remaining three facies as described by Ryan

will bé'reviewed.

(b) The Southern Facies

The Southern Facies is confined to the Karroo

Trough, and reaches a maximum thickness of 10,500 feet
north of Grahamstown. The rocksvoutcrop along the southern

structural margins of the basin and form an outcrop belt 10
to 15 miles wide, extending from Matjiesfontein in the west
to the Indian Ocean in the east. Ryan'has subdivided the
facies into the Lower, Middle and Upper Groups. The Lower
Group consists of a succession of green and blue shales con-

taining plant fragments and invertebrate tracks, followed by
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a more arenaceous group of sandstones with thin inter-
calated shale bands. Ryan believes that turbidity
currents played an important role during the depositibn‘
of these sediments. The Middle Groﬁp consists of 2,000
to 4,000 feet of bluish-black shale, and the Upper Group”
comprises a succession of sandstones and shales commohly
displaying ripple marks and cross bedding. The thick-

ness of the group varies from about 2,000 to 4,000 feet.

Ryan believes that the Middle and Lower Groups
of this facies were deposited in a deepbwater environmeﬁt,
gsince the sediments show abundant turbidité structures,
and shallow water structures are generally absent. He
points out,however, that no marine fossils have been found
in the Southern Ecca Facies. In Upper Ecca times, uplift
in the source area to the south resulted in an influx of
coarser clastic material, and fluvial-deltaic conditions

are thought to have prevailed.

(c) Central Ecca Facies

As the name implies, the sediments of the Central
Facies occupy the central portions ofvthe Karroo Basin, and
are composed almost entirely of bluish-black shales and
flagstones. The facies reaches an estimated maximum thick-
ness of 4,000 feet along the northern margins of the Karroo
Trough and thin out to the north to a minimum thickness of
| about 1,300 feet, Ryan points out that sandstone forma-
tions within the other three facies grade into shale in the
Central Facies, and he believes that fairly deep watef con-

ditions prevailed throughout most of Ecca times, shallow
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water structures only'being found in the véry uppermost .
beds. Marine fossils have not been found in these sedi-
ments, and Ryan believes they were depositedvin a vast

"ocontinental seal.

(d) Western Ecca Facies

Rocks constifuting the WesterﬁﬁFacies outcrop
along a belt five to twenty miles wide between Matjieé—
fontein in the south and Calvinia in the north. Ryanv
has divided the facieé on lithological grounds into the
Lower, Middle and Upper Groups. The Lower Group com-
prises a thick argillaceous formation, overlain’by more arenaceous
members which thin out towards the north west. About
60% of the Middle Group is a bluish-grey shale, the re-
mainder being made up of silfstones and sandstones. The
Upper Group is composed of shales, siltstones and sandstones

in which ripple marks are commonly observed.

Ryan suggests that the Lower Group was deposited
in relatively deep water, but that during Middle and Upper'
Ecca times tectonic uplift in the source areas to the west
and south caused a rapid influx of coarser clastic material,
and that the sediments of these groups are predomihantly

fluviai~deltai¢ in origin.

Apart from the shales of the Nor%hern Facies, a
total of forty four samples from different localities in
the remaining three facies were analysed, and the results
are given in Tables ZOA; 21A and 22A. Sampie‘ldéalitieé

are given in Table 1A.
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Nine samples from the Southern Ecca Facies were
studied, (Tablé ZOAL five of these being from boreholes in
the Fraserburg and Laingsburg Districts; and the remaining
four are outcrop specimens, three from near Laingsburg, and
one from the Ecca Pass near Grahamstown.  The samples all
contain illite as the dominant clay mineral, together with
lesser quantities of chlorite in some instances, and oc-
oasionai traces of kaolinite. X-ray'diffraotion analysis
revealed the presence of plagioclase in eight of thé'nine

samples, and K-feldspar in only one.

The Central Facies is represented by 24 samples
from widely spaced localities, ten being obtained from
boreholes in the Vicﬁoria'West and SutherlahdvDistricts, ahd :
the remainder are outcrop samples (Table 1A).  With two
exceptions the samples all contain illite as the dominant
clay with lesser amounts of chlorite and occasional traces
of kaolinite and montmorillonite. Two samples, WEc 5p'
and CV 71 contain kaolinite as the dominant clay. The
presence of plagioclase was confirmed for most samples,
and K-feldspar was detected in trace amounts in four in-

stances.

The Western Ecca Facies is represenﬁed by 10
samples, seven from borehole No. 1 in the Gibeon District
of South West Africa, and the remaining three are outcrop B
samples, one'from the Calvinia Distriof; and two'from
west of Sutherland. The clay mineralogy of these samples
is variable (Table 1A), and each of the four clay types
" is represented. Both plagioclase and K-feldspar were

detected in all ten samples.
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In addition, eight Lower Ecca shales and six
Upper Ecca shales from the Northern Facies were aﬁalysed'-
and the results are given in Tables 10A and 19A°” The |
Lower Ecca represehtatives are all illife'bearihg‘éhales
from outcrop localities in the Gréytowh and Vryheid
Districts, while those from the Upper Grbup were selected
from Borehole VB/85/65 in the Bothaville District. The
clay mineralogy of these carbonaceous shales is dominéted.
by montmorillonite with lesser quantities of kaolinite and
illite. Small‘amounts.éf plagioclase and K-feldspar were

detected in all six samples.

Shales from the Southern, Central and Western
Facies show remarkably little variation in their'dhémical
compositions, and differ in several important respeqts ffom
those of the Northern Facies. Some relevant data illustra-
ting these features have been extracted from Tables 28A and

30A, and are reproduced below as Table 6.
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* * * * * *
Sample Ti0, A1,05 Mg0  Ca0 ﬁ<2o Nay0 |Si,y Alpy, Al Mgy, Mgy Na x Ky
[Upper Group - Northern Facies 0.97 21.10 1.61 0.66 2.23  1.31 ]2.65 11.87 6.23% 1.66 0.53 0.49 3.17
(6)
1Midd1e Group - Northern Facies| 1.06 21.77 1.25 0.64 5.01 0.92 [2.74 17.44 5.41  1.47 0.35 0.24 4.57
(115) |
Lower Group - Northern Facies 0.84 20.64 0.90 0.56 , 2.49 0.89 2.88 21.89 5.60 1.11 0.27 0.33 4.1%
(8) |
Southern Facies (9) 0.66 17.94 1.90 1.22 4.0%3 1.29 |3.72 7.74 2.96 2.68 0.38 0.45 6.97 -
Central Facies (24) 0.70 17.96 1.9% 0.74 5.80 1.38 |[3.19 8.09 3.04 2.94 0.39 0.37 17.63
Western Facies (10) 0.79 16.94 1.92 0.83 3.47 1.29 [3.42 8.28 3.41 2.84 0.53 0.38 6.08
Beaufort Series (11) 0.71 17.01 1.85 0.83 %.84 1.32 |3.38 8.21 2.89 2.71 0.35 0.34 7.72

* Abundances given in weight percent, volatile free.

Values in parentheses indicate number of samples studied.
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Two factors of importance emergevfrom these data.
First, although the number of samples studied is relatively
small, it would appear that the shales of the Southern,
Central and Western Facies are notably homogenéous in their
major element compositions. It will be remembered that
the sémples were taken from widely spaced localitiés,,both
laterally and vertically in each of the thrée'facieS;' It
is therefore probable that these sediments were alijpré—
duced in areas of similar climatic conditions from roéks
not widely different in chemical compositioh, and that the
clay detritus has been further homogeniséd during trans-

portation and deposition.

Second, shales from the Northern Facieé contain
significantly more Al, and less X and Mg than those from
the other three facies. This ié principally because of
the dominance of kaolinite in the former'iﬁétance; and illite
and chlorite in the latter, although it is interesting’
that the six Lower Group shales from the Northern Facies
contain illite as the dominant clay, and in spite of this
contain significantly more A120 than iilite rich shales
from the Central, Southern and Weétern>parts of the basin.
The separated clay fraction of one of these samples, Ec 18,

also contains more Ale3 than clays from shales in the

other facies (Table 264).

Although it has been shown that the bulk of the
material of which most shales are constituted is detrital
in origin, it is distinctly possible, but does not neces-

sarily follow that the shales of the Northern Facies were 4
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_derived from source rocks whose chemical compositions
differed markedly from those of the other three facies.
Several other extremely important factors opérafive dﬁring'
the processes of mineral breakdown and élay formation can
drastically affect the ultimate composition of the result-
ant shale. Particularly significant ih this respect is
the nature of weéthering to which the source rocks were
subjected, which in turn is primarily dependent on pre—
vailing climatic conditions and the nature and extent of
the vegetation in the source area. In addition, factors
such as the rate of eroéion, distance from the»éource, and
the presehce or absence of diagenetic minerals all con-
tribute té the ultimate chemical composition of fhe result-

ant shale.

In the case of the Nbrthern Facies shales,
particularly those from the Middle.Group climatic condi-
tions in the source area probably played an important'réie
in this respect. In view of the abundant coal seams and
deciduous plant fossils (Haughton, 1969) which are found
in these shales it is probable that a moist, cool climate
prevailed, ‘and that weathering conditions generally Wére
quite acid, thus favouring the formation of kaolinite
rather than illite and chlorite. Further,'in the deposit-'
ional environments themselves where vast quantities of
organic matter accumulated, the pH has been shown with few
exceptions to have been low, thus further favouring the

stability of kaolinite.



- 99 -

In this respect, two samples from the western
flank of the Central Facies, WEc 5b and 5p, are of interest.
Both samples are black shales containing abundant calcite,
~the Ca0 contents being 12.95% and 34.09% respectively. In
addition WEc 5p contains abundant phosphate (1.57% PZQB)
and normative pyrite (1.30% S). This sample contains very
little clay, and has only 5.2% Ai203, whereas WEc 5b con-
tains illite as the dominantbclay.and has a K2O content of
4.16%. Unlike the black shales of the Northern Facies
these sediments appear to have been deposited in water of
considerably higher pH (> 7.8), as evidenced by the high

normative calcite and apatite contents.

Also of interest are the six upper Ecca shales
from the Bothaville District, from borehole VB 85/65.
Chemical analyses of these black shales are given in Table
10A, and as may be seen from the compilations of average
inter-element rafios, they are similar in composition to the
shales from neighbouring Vierfontéin Collieries. Organic
carbon was determined in two of the samples, BEc 4269 and
4270, and they were found to contain 3.5% and 5;8% C re-~
spectively. As was the case for several of the Vierfon-
tein shales, those from Bothaville contain moderate amounts’
of normative pyrite, féur of them having greater than one
weight percent, and one sample BEc 4265 has 6.31% S¢ In
addition, three of the samples, BEc 4268, 4269 and 4270
contain more than two percent normative siderite. The
samples contain an average of 0.56% Ca0O, and 0.11% P205.
Unfortunately these samples were not analysed by Nel (1967)
for boron, but in view of the diagenetic mineral assemblage,

and the remarks made previously in connection with the work
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of Williams and Keith (1963), it is emphasized that this

sector of the Karroo Basin merits further close study.

(e) Beaufort Series

Within the main Karrco Basin the sediments of the
Beaufort series follow conformably cn thcse of the Ecca
Series (Haughton, 1969) ., The series makes a huge oval,
covering an area some 800 miles long and 300 miles wide,
‘and the Beaufort beds are exposed over the whole of the
Great Karroo, most of the Orange Free State, western Natai,
the Transkei and the Eastern Province. The total thick-
ness of the series is probably in excess of 12,000 feet in
the southern part of the basin, and the entire sequence is
made up of alternating feldspathic sandstones, and blue,
purple, green and red mudstones and shales. In many areas,
particularly in the central portibn of the basin it is im~
possible to differentiate between the Upper Ecca shales, and
those of the Lowermost Beaufort Beds (Ryan, 1967). The
outstanding feature of the Beaufort Series as a whole is its
abundance of vertebrate fossil remains, the lower beds con-
tain reptiles, and these give place largely to mammal-like
reptiles and amphibians. Ryan (1967) believes that shallow
water continental conditions prevailed during the deposit-

ion 9% most of the Beaufort Series.

The major elements were determined in eleven
Beaufort shales and the results are given in Table 24A.
The samples were taken from widely spaced localities

(Table 1A), ranging from Coffee Bay in the Transkei to
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Bloemfontein, Richmond, Carnarvon and Victoria West. In
each case illité is the dominant clay mineral, together
with traces of kaolinite and montmorillonite. The presence
of plagioclase was confirmed in all eleven samples, and

traces of K-feldspar were observed in samples Bf 1 and Bf 5.

The dispersion of the major elements in these
shales is very small, and the samples have extremely simi-
lar chemical compositions. For eXample SiO2 has a mean
concentration of 63.04%, the standard deviation being 2.04%.
For Al2O3 and Ti0, the values are 16.25% and 0.68% with
standard deviations of 1.15% and 0.04% respectively. Refer-
ence to Table 6 in this'text shows that in terms of both
the absolute abundances of the major components, and also
the inter-element ratioé, the shales are statistically in-
distinguishable from those of the underlying Southern,
Central and Western Facies of the Ecca Series. This suggests

that conditions in the source area showed very little change

during the formation of this entire sequence.

13. SHALES DREDGED FROM THE AGULHAS BANK

An éxample of the application of accurate major
element analysis of fine-grained sediménts ig afforded by
a series of submarine shales dredged from the‘Agulhas Bank,
.and supplied by R. Gentle of the Department of Oceanography,
U;C.T; The offshore locality of the Bokkeveld-Malmesbury
contact is not known with ény degree of certainty in this
area; and it was hoped that chemical treatment ﬁould pro-

vide information as to whether the samples were derived
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from the Bokkeveld Series or the Malmesbury Formation.,

Eight samples were Studied, and in each case
illite and.chlorite were found to be the dominanf clay
minerals, togetker with minor amounts of plagicclase and
occasional traces of K-feldspar. ‘Complete major element
analyses are given in Table 25A, and mean values for 24
inter-element ratios are presented in Table 30A. Some
more pertinent data have‘been extracted from these Tébles,

and are reprdduced in this text as Table 7.

It is seen that the dredged Agulhas Bank shales

and those from the Bokkeveld Series contain significantly
more A1203 and TiO2
those of the Malmesbury Formation. Two sets of data are

, and less Ca0, MgO and K,0 than do

given for the Malmesbury sediments, in the first case all
analyses including both the argillaceous and arenaceous
‘varieties are included, and in the second only the more

fine grained types have been considered.
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Table 7.
| A1l
Dredged Bokkeveld Malmesbury | Malmesbury
shales Series sediments shales
510, 62.91 62.57 (3.92) 66.10 1 60.90
710, 0.87 0.94 (0.90) 0.68 - 0.80
A1,05 | 17.63 17.55 (2.22) 15.25 16.94
MgO : 1.89 1.53 (0.48) 2.82 3.58
CaO 0.19 0.21 (0.25) 0.67 0.65
K,0 3.49 3.12 (0.69) 3.78 4.50
P,05 0.15. 0.14 (0.05) 0.14 0.15
Al/Ng 9.14 (1.62) 8.71 (2.10) 5.20 4.27
A/X %3.21 (0.33) 3.25 (0.33) 2.65 2.38
Fe/Mg | 4.12 (0.58) 4.38 (1.50) 2.68 2,74
Mg/Ti 2.08 (0.70) 1.89 (0.53) 3.83 3,34
Ca/P 2.12 (0.71) 2.41 (2.48) 7.47 7.53

Figures in parentheses are the standard deviations on the

means.

The similarities between the dredged shales and
those of the Bokkeveld Series are particularly well illustra-~
ted when the ratios Al/Mg, Al1/X, Fe/Mg, Mg/Ti and Ca/P are
considered, and it is seen that in each case the mean values
recorded for the Malmesbury sediments fall outside of.the
range of two standard deviations from the mean of both the

Bokkeveld and dredged shale values. These data suggest
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very strongly that these submarine samples are members of

the Bokkeveld Series of the Cape System.
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E. VARIATION OF THE MAJOR ELEMENTS WITH GEOLOGICAL AGE

Age variation studies_of the major elements in
finelgrained sediments are of particular importanoe to a
number of geological and chemical disciplines, and are
pertinent to discussions concerning the chemical evolu-
fibn of the world's oceans and continents. Unfortunately,
data are scarce and of varidble quality.. The most com-
ﬁrehensive studies to date are those of Vinogradov and
Ronov (1956 a, b), who analysed some 250 composite samples
comprising over 6,000 individual‘argilléceous rocks from
the Russian Platform. The samples ranged in age from
Precambrian (580 million years) to Tertiary (30 million

years).

'Debafe concerning possible chemical variations of
the composition of the oceans has, on the other hand, been
profuse. Goldschmidt (19%3) was the first to perform a
series of geochemical balance calculations in which he at-
tempted-to prove that the oceans had formed by continuous
and additive weathering processes. He found that geo-
chemical balance was particularly poor for most volatile
elements, as well as some involatile elements. Barth
(1961) suggested that the situation is in fact more complex,
and that consideration must“be‘given to the fact that most
sediments have experienced a number of cycles of weathering,
deposition and metamorphism. He visualised the oceans as
being extensive reservoir systems where addition by inflow

is balanced by subtraction effected during sedimentation.
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"Current opinion favours the idea that the compo-
sition of the oceans at the present time may be explained in
terms of well defined equilibria in which the clay minerals
play a dominant role (Sillén 1961, 1963, 19672, b; Kramer
1965, Holland 1965). The models propose that the oceans
are effectively bufferred and that constancy of composition

is maintained by equilibria reactions such as:

3 t e . +
1.5 A12 312 05 (OH)4 (s) + K -—7KA13 813 OlO

+ BH,0  =mmmmmee e (1)

(OH)2 + H

. This reaction would apply to a simplified system containing
only water, HC1l, KOH, Al (OH)3 and 8i0,, and the equilibrium

constant for this reaction, X, may be written as:

K = [H+]/[K+] “““ (2)

Sillén (1967b) developed this model to accommodate the phases
quartz, kaolinite, illite (hydromica), Mg-rich chlorite, Na—‘
montmorillonite, calcite and phillipsite,in addition to the
aqueous and gas phases. Sillén noted the difficulties in
comparing this system with those occurring in nature, but
nevertheless pointed out that the value of the equilibrium
constant in egquation (2) above for sea-water,is very close to
a value extrapolated to the temperatufe of sea-water from

those determined in the laboratory by Hemley (1959).

These modeis have been criticized on a. number of scores, the
principal objection being that the majority of silicates pre-
sent in the ocean are detrital, and coarse grained, and would
not have time to reach egquilibrium with the sea-water before
burial and lithification. Sillen, however, feels that suf-
ficient< 2/1 material is available.to react with the ocean

water prior to its removal from
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the system. In this respect it is interesting to note_'
the work of Garrels and Mackenzie (1966), who calculated
that only 7% of the detritus entering the oéean would be
required to react fully with the sea-water in order that
‘equilibrium be maintained. Helgeson et al. (1969) have
noted that these models make no allowance for irreversible
reactions in the ocean, andrvariations of equilibrium as-
semblages in different parts of the oceah. The chemical
compoéitidn of the ancient oceans is clearly also a

" critical factor.

In this respect, results from the present work
are plotted in Fig. 12, which shows the variation with
decreasing geological age of A1203, K20, MgO, NaZO'and
a0 in the South African shales. The range covered is
from the three billion year Precambrian Fig Tree Shales
to the Triagssic Beaufort shales. The age sequence as
given in Fig. 12 was arranged by J. de Villiers (personal
-communication). The values are giVen on a volatile free
basis so that the Permian organic rich shales of the Ecca
Series may be viewed more realistically. Since for ail ‘
other shales the ignition loss is of the order of 5% or
less, the results are not significantly changed. In ad-
dition, samples containing more than 70% SiO2 (siltstones)
or 20% total Fe, O, (ironstones) have been excluded. It

273
will be remembered that for all shales older than the

Permian, illite and chlorite were the dominant clay minerals,
whereas beginning in the Permian, kaolinite, and later
montmorillonite are more extensively developed. No sigﬁi—

ficant variation trends could be detected for Al2 3 Ca0
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or Na,O.

In the case of potassium, however,‘the.abundance
increases from the early Precambrian shales to vélués in
oxoess of 5% K2O for shales of the later Precambrian and .
‘Cambrian whereafter it drops to about 3% in the Silurian
and Devonian shales. In spite of rather wide fluctua¥
tions in a few of the sample groups, it is believed that

this trend is real for the following reasons.

- The average K20 content of the Fig Tree shales
is 2.85%, and this méy be considered as being close to an
upper limit for these sediments since the low potassium
graywackes have been excluded. Nevertheless the potassium
contents are somewhat higher than might have been expecfed
if they were derived from predominantly basic and ultra-
basic rocks as suggested by their Cr and Ni contents.
The graywackes contain abundant plagioclase of intermediate
composition and only small amounts of K-feldspar and it
appears possible that the K2O>contents are not a true re-

flection of the source area, and have been somewhat up-

o graded to various degrees during and after deopsition.

‘The average K2O content of the ten Witwatersrand shales is
of the order of 2%, the maximum value recorded being 4.02%
for Jp 3, but these samples are not of gréat significanoo
in the present discussion since it has been shown that they
were probably deposited 1in a fresh-water continental sea

of low salinity.

The remaining Precambrian shales have K2O contents
significantly in excess of these wvalues. The average value

for the five Kunyas shales examined is 4.61%, the range being



- 109 -

from 3.7% to 5.4%. The single Damara shale, Dm 1, believed
by H. Martin to be of marine origin has 5,06% KéO. The
three argillaceous Malmesbury shales all have KZO contents
in excess of 4%. A, Erlank (personal communication) has
determined the potash contents of over thirty Malmesbury
argillites, and he found that in each case the K20 content

exceeded 4%.

A1l four Cango shales studied have KZO contents
in excess of 4.5%. Kroner (1968) recorded a mean K,0 con—
tent of 5.68% for five Kuibis shales analysed by him, and
the two studied in this work have KZO contents of 6.02% and
8.91%. < 2/u fractions separated from these shéles contain
8.93% and 9.63% K,0 respectively. On a water free basis
these values are 9.58% and 10.25% the highest recorded for
any of the separated clays analysed. The datg for the four
Schwarzrand shales are inconclusive, and the values range
from 1.9% to 6.2% and more samples from this series will
have to be analysed to clarify the position. The Fish
River sediments studied are not true shales in that they

contain abundant quartz (Ave. 69% SiOZ) and detrital feld-

spar.

There would therefore appear to be a.definite
increase of KZO from the Ancient Fig Tree shales through
the late Precambrian- early Cambrian Kunyas, Malmesbury,
Cango and Kuibis shales. Shales from the lower Devonian
Bokkeveld Series on the other hand have an average K2O con-
tent of 3.47%. These are true marine shales, and it has

been shown that the dominant clay minerals in these samplés
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-~
are also illite and chlorite. Of the 38 samples analysed
from this group, only four have KZO contents in excess of
4.5%. The average K,0 content of the Witteberg shales is
also lower, being 3.50%. Similarly, the mean K20 contents
of the illite bearing shales from the Southern, Central and
Western Facies of the Ecca Series rarely exceed 4%, although
the possibility of deposition of many of these samples in
fresh or brack water must be borne in mind. In their study,
Vinogradov and Ronov (1956a) noted a steady decrease in the
K20 contents‘of their composite samples from Precambrian
through to Tertiaryo Unfortunately, these authors only
record single averages for the Precambrian and Cambrian com-
posites., Nevertheless there is an increase of K20 from
3.96% in the 580 million year Precambrian shales to 4.82% in
the Cambrian composite. These authors make no comment as to
the possible reasons for this increase. They attribute the
general enrichment of potassium in the ancient shales to the
terrestrial weathering of biotite and K-feldspar to hydromicas,
a process they believe to have been more operative during Pre-
cambrian times. Further, they regarded the Na20 content

throughout the section as "virtually unchanged".

In a re-interpretation of this‘work, Weaver (1967)
suggested that there was an abrupt decrease in the K20 content,
and a corresponding increasé in the Na20 confent between the
Carboniferdus and the Permian. Weaver noted that this cor-
responded to a decreése in the abundance of illite, and an
iﬁcrease in the kaolinite and mixed-layer clay contents of
North American shales over the same time interval. Weaver
(1959) first attributed this change in mineralogy to differ-
ences. in the respective source rocks of the Pre and Post-

Upper Mississippian sediments.
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In thelater paper (Weaver, 1967), however,'he.felf that
chemical conditions prevailing during weathering were of
‘more fundamental importance. He believed that the pfo—
lific growth-of land plants in Devoniah_ahd Carboniferous
times caused an upsurge in the amount of humus, CO, and S,
and by implication generally more acid conditions. He
suggested that these conditions would favour the formation

of kaolinite and montmorillonite.

In the South African sediments the decrease of
KZO after the Precambrian does not appear to be principally
dependent on clay mineralogy, since the Lower Devonian
Bokkeveld shales, like those from older sequences contain .
illite and chlorite as the dominant clays. Abundant kao-
linite first makes its appearance in the Permian coal-

bearing shales of the Northern Ecca Facies of the Karroo

System.

Conway (1945) in a series of material balance
calculations based mainly on the data of Clarke (1904,
1924) érgued that K has not been removed from the ocean at
a constant rate throughout, but at a steadily inéreasing
rate reaching a peak in the late Precambrién or Cambrian.
The KZO'abundances in the South African shales appear t§
be in accord with this prediction. Conway (1945) visua-
lised large.scalé development of primitive living organisms
during this time, which he believed aided the fixing of K

’in glauconite and illite. He also pointed out that
second and third cycle clays will not readily yield the

bulk of their potassium during weathering and transportation.
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The theory has much to commend it. Barghoorn and Schopf
(1966) found bacterium-like fossils in the Fig Tree Shale,
and similar evidence of multi-cellular and algal piant life
has been recorded in Precambrian sediments from nUmMeTrous
localities (Oro et al. 1965, Cloud et al. 1965 for example).
Weaver (1967) has reviewed the literature dealing with the
vassooiation of primitive life forms and plants with potas-
sium. He notes that the ash of most marine algae contains
between 20% and 40% K,0, and considerably lesser amounts of
Na, 0. Similarly yeast ash contains between 28% and 48%

2

K2O. (Eddy, 1958). Weaver also notes that some algae and
bacteria concentrate potassium by a factor of over 1000

relative to their nutrient solutions.

The presence of simple lifé forms in the Fig Tree
shale, and the proliferaticn of these forms are therefore

likely to have influenced the K,0O contents of the sediments

2
accummulating over this period. It seems 1likely that an
ever increasing quantity of these dead organisms were
buried with the sediments, and that their preservation
during burial was made‘possible by the lack of oxygen in
the primitive oceans. This explanation would account for
the apparent slight over-abundance of potash in the Fig

Tree shales, and the steadily increasing K2O contents of

shales accummulating in Precambrian and early Cambrian times.

Conway (1945) believed that in the younger oceans
gt continued to be extracted at a faster rate than it was
supplied, and Weaver (1967) has noted that as land plants

proliferated, so also would the degree of weathering due to

* See page 115
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the increased acidity of the soils. He feels that under
these conditions a considerable portion of the available
potassium instead of flowing to the sea Would be retained
by these plants and be continually recycled on land. It
is difficult to assess the relative importance of marine
and terrestrial organisms, but it seems likely that various
life forms have played an important role in controlling the

distribution of potassium over geological time.

The data presented here for the South African
shales confirm the findings of Conway (1945), Nanz (1953), and
Vinogradov etzﬂi(ﬂﬁ6gb)and suggest that on a World—wide
bagis Precambrian shales contain more potassium than those
from younger formations. The chemical composition of the
source rocks of these shales does not appear to have been
the major controlling factor in this respect, but rather
the alkaline weathering conditions which would favour the
formation of illite in the source areas, and particularly
the effects of various life forms as outlined above. It
is therefore highly unlikely that the overall potassium
concentration in the ocean has remained constant over geo-
logical time, and appears to have attained a maximum value

during late Precambrian or early Cambrian times.

Mg0O behaves differently. Reference to Fig. 12
~shows that there is a somewhat erratic decrease in abundance
from the Precambrian to the Permian shales, the largest
fluctuations being observed in the oldest shales. The ‘
average Mg0 content of the Fig Tree shales is 6.0%; It :}
was explained in an earlier section that trace element

studies led the author to believe that these shales were
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derived from source areas of pfedominantly basic or ultra-
basic rocks. The MgO contents of the shales are in agree-
ment with this postulate. It has also been mentioned that
the Fig Tree graywackes contain higher than average Mg0O con-
tents. A further factor is that weathering conditions
during the early Precambrian were almost certainly highly
alkaline (Perelmen, 1962) and these conditions would favour
- the formation of Fe-lMg chlorites, such as are found in the

Fig Tree Shales.

Samples from the Jeppestown and Government Reef
Séries of the Witwatersrand System were also shown to have
high Cr, Ni and Mg contents, and again, these features were
related to the basic nature of the source rocks from which

these shales were derived.

The MgO contents of the remaining Precambrian and
Cambrian shales show rather wide fluctuations. The Kunyas
shales are low in MgO (Ave. 0.7%) as also is the single
shale from the Kheis System (0.49%). It is probable that
these values reflect derivation from low Mg granitic source
areaé, The argillaceous Malmesbury shales have a mean MgO
content of 3.7%, and shales from the Cango Formation vary
between 1.5 and 4.3% (Ave. 2.8%). Kroner (1968) records
an average MgO content.of.4e6% for five Kuibis shales, the
samples studied in this work being somewhat lower. There-
after therq;is a steady decrease in the mean MgO contents

to the shales of the Lower Ecca Series, whereafter values

are once again more variable,
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It is suggested that the MgO contents of the argilla-
ceous rocks under discussion have been dominated by their
source rocks, and to a lesser extent by the nature of the
weathering processes experienced by these rocks. It would
appear that during Precambrian times the exposed crustal
rocks were sufficiently inhomogeneous that in some areas
the terrains consisted of predominantly basic rocks,rwhere-
as, less commonly, in others,gfanitic rocks were more abundé
ant. With progressive weathering, recycling and.meta—
morphism the source areas became generally more homogeneous
and intermediate in chemical éomposition. In addition
climatic conditions probably became less alkaline, and con-
sequently less favourable for the formation of chlorites
high in Mg. Furthermore, these effects have béen suf-
ficiently dominant as to mask any possible ibn—exchange
relationship between Mg and K as suggested by Conway (1945),
and there is no apparent intérdependence between these.two ”

elements.

- * Note added in press : Borovic - Romanova (1969) has
determined alkali metal abundances in a variety of marine
algae, and found that the K/Rb ratios in these algae are

the éame as in normal sea water, i.e. 2000, The enrich-
‘ment factors of the alkali elements in the algae over sea
water were found to be Na - 0.78, Ii - 0,95, K - 19, Rb - 18

and Cs - 45,
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F. THE AVERAGE SOUTH AFRICAN SHALE

The averagé chemical composition of all South
African shales analysed in this study is presented in
column (1) of Table 8. Since the sample population is
biased by the large number of shales rich in organic matter
from thé Coal Measures of the Karroo‘Systém, thevdata‘arev |
also presented in column (2) on a volatile free basis for
more realistic comparison. The average values are general-
1y in good agreement with those available in the 1iteraturé,
particularly the mean concentrations in 51 Palaeozoic shales
(Clarke, 1924) and the average shale of Degens (1965). The
latter author recalculated the average shale analysis on'a
carbonate free basis assuming a Ca0/Mg0 ratio of.six in the

carbonate fraction.
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Table 8.
(1) (2) (3) (4) ~ (5) (&) - (7
Average Average Average Average 51
This This shale Pelite shale shale Palaeozoic
work work Clarke Shaw Wedepohl Degens++ shales

(a) (B)+ (1924)  (1956) (1969) (1965) clarke(19é4-

65.0  60.2

$i0, |60.7 66.2 62.2 60.8 58.9

Al, 5 [16.5 18.8 16.5 19.7 16.7 17.2  16.4

Fe,05 | 3.1 6.18% 4.3 1.9 2.8 4.5 4.04
FeO 3.3 - 2.6 3.2 3.7 2.7 2.90
MnO 0.1 0.1 Tr 0.1 0.1 Tr Tr

Mg0 1.8 1.9 2.6 3.7 2.6 2.24 2.3

ca0 0.8 0.8 3.3 1.9 2.2 0.52 1.4

Na,0 | 1.0 1.1 1.4 3.5 1.6 1.4 1.0

K,0 3.0 3.3 3.5 4.3 3.6 3.6 3.6

T30, | 0.8 0.9 0.7 0.6 0.8 0.7 0.8

3205 0.2 0.2 0.2 0.1 0.2 0.2 0.2

* Total Fe expressed as FeZO3
+ Volatile free

++ Recalculated on a carbonate-free basis.

Frequency distribution diagrams for SiOZ, Cao,
A1203, TiOZ, total Fe203, KZO’ NaZO and MgO in the entire
samble population are given in Figs. 13 to 20 respectively,
The frequency plot of SiO2 is positively skewed, and this

is due to the presence in the samples of variable amounts
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of detrital quartz. Most clay minerals have SiO2 contents
in the range 45-50% (Table 26A, and Grim 1968), and ad-

ditional SiO, in shales is contributed mainly by admixtures

2
of detrital quartz. Shaw and Weaver (1965) found that
the distribution of quartz itself in 300 North American
shales was similarly positively skewed, but'when'only samples

containing less than 50% quartz were considefed they found'

that the quartz of the "true shales" was normally distributed.

These authors also showed that the distribution
plot of carbonate minerals in the shales was positively

skewed, and apparently lognormal, as compared to the plot

.. of total clay distribution which was found to be normal.

The frequency distribution diagram of Ca0 in the South
"African shales is strongly positively skewed, while that

of A1203 closely approaches normality. TiO2 dn the other
hand has a slight positive skew, probably as a result of Ti
contributions from detrital ilmenite grains in the more |
silty sediments, in excess of the Ti more intimately as?

" sociated with the clay fraction. K2O and FeZO have,-
négatively skewed distributions whereas that'for.Na2O'is
bimodal in the sense that a disproportionate number of car-
bonaceous shales whose mineralogy consists almost exclusive-
ly of kaolinite and quartz are represented. A further,
smaller number have apparently been affected by surface

‘weathering and some of the sodium originally present has

probably been lost through leaching.

-
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G. THE ALKALI METALS - A DISCUSSION

The trace alkali metals (Li, Rb and Cs) héve been
determined in the South African shales and separated clay
fractions, and the results for the individual samples are'
given in Tables 31A to 54A in which the sample groups are.
arranged in ordér of décreasing geological age. Rb was
determined by X-ray fluorescence spectrometry,’and an opti-
cal emission technique was employed for Li and Cs. Full
details of the analytical methods are recorded in Chaptérvl,
In Table 9 of this text average abundances for each of the
sample groups studied are presented for comparison, ahd
Table 10 gives overall averages for the entire sample popu-—
lation together with values for shales determined by other
workérs. = In addition abundance data are given for natural

waters as well as estimates of crustal abundances.

Consideration of the data in Table 10 shows that
the -average Rb content of the South African shaleé is in
excellent agreement with values recorded for shales from
other localities. The average Cs abundance (7.2 ppm) is
slightly higher than the value recommended by Wedepohl
(1970), (5.5 ppm), and slightly lower than the value given
by Canney (1952) for 94 North American shales (8.4 ppm).
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Sample Group (g%m) (ggm) K/Rb e K/Cs (ggm) X/Ba (g;m)
Fig Tree shales 44 121 198 6.0 4025 481 47 28
|Fig Tree graywackes 31 57 224 3.1 4393 285 46 47
égggeEZ;ggsand Fovernment 46 83 194 4.6 3693 542 30 168
Kunyas Series 10 - 228 162 4.9 8468 584 66 85
Malmesbury Formation 45 175 173 12.5 2848 436 72 110
‘| Cango Formation 44 216 198 7.0 7282 675 64 48
Fish River Series 33 138 176 5.8 4848 483 52 122
| Bokkeveld Series 67 155 177 7.0 3816 700 39 113
Witteberg Series 49 153 175 8.0 3653 711 38 70
Dwyka Series 13 147 162 8.0 2957 689 34 245
{orhaville Boreholes 50 ac 175 6.9 ___405% 520 39 164
Borehole GB 45/64 42 153 185 5.5 6032 998 28 185
Borehole GB 47/64 54 161 178 6.8 4696 1004 28 168
Borehole GB 48/65 69 160 179 6.7 5033 890 32 182
Borehole A78 66 84 166 5.7 2348 546 23 119
Borehole A76 70’ 65 156 4.9 2136 532’ 20 278
Borehole A62 68 64 161 5.3 2052 454 22 190
Somkele Borehole 34 159 164 9.1 2992 832 32 ° 168
Dannhauser Borehole 72 143 164 7.0 4470 858 31 158
Springbok Colliery 109 106 148 6.7 2444 727 22 208
Vierfontein Colliery 94 65 143 - - 394 21 101
Lower Ecca, Northern Facies 40 125 166 6.4 3245 804 26 130
Southern Ecca Facies 34 171 185 9.5 4109 697 45 134
Central Ecca Facies 52 161 174 8.4 3380 729 40 216
Western Ecca Facies 49 133 188 ‘8-5 3384 427 | 52 212
Eéaufért Sefies 40 180 168 9.2 3788 600 5% 144
Ave. S.A. shale 55 141 172 7.2 3666 681 37 150
Ave. Separated clay 63 240 175 16 3170 932 50 162

e
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Table 10

Na X Na/K Rb K/Rb Cs K/Cs Li
Average S.A. Shale 0.90% 2.40% 0.4 141 ppm 172 7.2 ppm 4066 55 ppm
Average Shale (1) 1.19% 3.00% 0.4 140 ppm - 5.5 ppm - 66 ppm
Average Shale (2) - 3.80% - 140 ppm 280 6.3 ppm 5555 66 ppm
Average Shale (3) - 2.11% - 1350 ppm 170 8.4 ppm 2611 -
Black Shales (4) - 3. 40% - P62 ppm 130 11 ppm 3200 44 ppm
Sea Water ¢1.056% *380 mg/1 28 125 /1g/l*- 3050 0.30 /ug/l* 1,250,000 0.2 ppmo
River Water ¢6.0 ppm 12.90mg/l 2.1 1.1 /ug/19 2650 0.02 /1g/1° 145,000 0.0016 ppm°
Crustal abundances (5) 2.36% 2.09% 1.1 él ppm 230 3.0 ppm 7,000 25 ppm
Field Function (6) 1.83 2.27 - 2.31 - 2.33 - 1.47
Enrichment Factor 0.42 1.15 - 1.55 - 2.40 - 2.20
Residence Time (my) 210 - 5.7 - 3.0 - 0.89 - 0.069

(1) Wedepohl (1970)

(2) Horstman (1957)

(3)  Canney

(4)  Spencer (1957)
(5) Taylor  (1964)
(6)  Welby (1958)

[] Sreekumaran et al. (1968)

¢ Wedepohl (1970)

* Bolter

O Kharkar et al.

et al.

Goldberg (1963)

(1964)
(1968)

(1952) (Corrected byHeier and Adams (1964).
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The Li average (55 ppm) is slightly lower than
the average value for shales recommended by Horstman (1957)
(66 ppm), and somewhat higher than the value of 44 ppm

recorded by Spencer (1957) for a series of black shales.

Although it is generally accepted that a large
proportion of the trace alkali metal content of shaleé is
intimately associated with their constituent clay minerals,
the factors governing the incorporation of these elements -
into argillaceous sediments are not fully understood.
Recent suggestions that the chemical composition of ocean
water is maintained in a steady state of equilibrium
(Rubey, 1951; Sillén, 1961; 1963%; 1967 a,b; Kramer, 1965;
Holland, 1965) have emphasized the importance of a more
complete knowledge of these factors, particularly for ele-
ments such as the alkali metals whose residence times are
long relative to the age of the oceans (Table 10). of
vital signifigance in this respect is the problem concern-
ing the origin of the clay minerals themselves, which has

already been discussed at some length.

It was pointed out that following the work of
Hurley et al. (1959, 1961, 1963), Biscaye (1965): aﬁd
others, there is a strong body of opinion which favours_g
detrital origin for the vast majority of the clays found
in sediments, and that these clays are not markedly affected
upon éntering the marine environment. In the discussion
to follow, this concept will be inVestigafed in the light
of previously published data, and the data presented here

for the South African argillites.



- 124 -

Canney (1952) has pointed out that the alkali
elements can be transported from the site of weathering

to the site of deposition in a number of ways:

1) In true ionic solution.
2) In structural sites of unweathered minerals.

3) In structural sitesvof minerals formed during
weathering.

4) In organic matter.
5) As adsorbed‘ions on the clay minerals and other
colloidal material.

Furthermore, in an earlier section dealing with '
major element abundances it was pointed out that the alkali
metal contents of sediments accummulating in the basin of
debositidn could conceivably be modified by one or more of

the following processes:

1) By ion exchange and adsorption'reactions with sea water.
2) By the formation of authigenic minerals in the ocean.

3) By the incorporation in the accummulating sediment of
organic debris (algae, fungi, etc.) rich in alkali

metals.,

An attempt will now be made to assess the relative

importance of these processes.

In the source area, prevailing climatic conditions -
and the chemical composition of the source rocks themselveé
are clearly of fundamental importance, since thé type of
clay mineral formed in the first instanqe is largely de-
pendent on these factors. 1In alkaline environments where

the formation of micaceous clay minerals is favoured
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(Weaver, 1967), the alkali elements are incorporated in
the interlayer positions of these minerals. In more acid
soils, on the other hand, where kaolinite teﬁds to be the
dominant clay mineral, no suitable struoture site exists
for the accommodation of the alkali elements. Further-

" more, cation exchange capacities of the different clay
minerals vary considerably. According to Carroll (1959),
exchange capacity is lowest in kaolinite, and increases in
the order kaolinite <chlorite< illite<<montmorillonite<

vermiculite.

The importance of ion-exchange reactions in the
oceanic environment with respect to the alkali metals has
been questioned by several authors. Al though data on the
uptake of the alkalis is rather limited, it would appear
from the work of Potts (1959) and Carroll and Starkey (1960).
that more Mg and Na are adsorbed than K. The latter
authors found the replaceability of H+ ions from clay

2 +

minerals follows the order Ca2+> Mg s wats k7. Potts

(1959) treated clays from the Missouri River with sea water
for various lengths of time, and found that Nat and XK' were
only marginally affected compared to the much larger changes

2 2+, Weaver (1967) suggested that

recorded for Ca®’ and Mg
the X' ion may only be adsorbed in cases where the lattice
charge is sufficiently high as to overcome the effects of

Nat and Mg2+

, and although "stripped" illites may contain
numerous such sites, Weaver (1967) feels that these clays
satisfy much of their demand for Kt in the rivers during

transportation to the ocean.
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The behaviour of the alkali elémenté during weather-
ing and soil formation has been studied by several authors,
for example Goldschmidt, (1954); McLaughlin, (1955, 1958,
1959); Tebedev, (1957) and Horstman (1957). Mclaughlin
(1955) showed that Na is readily lost during leaching pro-
cesses and is almost invariably lower in abundance in clays
than in silts. This author emphasized the importance of
organic agents and mineralogy in controlling alkali element
variation during weathering. Horstman (1957) showed that
a number of features of alkali element distribution in- |
" shales manifest themselves during the early stages of
‘weathering. Particularly important in this respect is the
enrichment of Rb relative to potassium, resulting in the
lower K/Rb ratios of argillites compared to igneous rocks.

Goldich and Gast (1966) showed that during the weathering

- of biotite Rb is preferentially adsorbed over K prior to

transportation from the site of weathering.  Dasch (1969)
noted that the weathering of crustal rocks results in a
marked partitioning of Rb and Sr, and that the marked increase
of the Rb/Sr ratio in the weathered material is almost en-

tirely due to the loss of Sr during weathering.

Canney (1952) and Welby (1958) have attempted to
explain the distributional features of the alkali elements
in sediments in terms of their relative adsorptive capaci-
ties. These authors have noted that the adsorption of
ions is largely controlled by electrostatic forces, ahd for
ions of equivalent charge the one having the greatest posi-
tive electrostatic potential at the surface will be relative-

ly enriched. Ahrens (1953) suggested that a measure of the
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electrostatic potential is given by the field function, F,

where F = Jonization potential
Jonic radius

Welby (1958) calculated F values for each of the alkali
metals using hydrated radii (Gedroiz, 1918), and his values
for this function are reported in Table 10. Also given in

Table 10 are a series of enrichment factors, E.F.,

where E.F. = Average abundance in shale
Average crustal abundance

It is seen that the predicted ordér of enrichment is

Ce ~Rb >K xNa >Li, and that with the exception of Li
which has an E.F. intermediate between Cs and Rb, this se-
quence is obeyed. It therefore may be inferred that
whether the alkali elements become associated with the clay
minerals during the weathering process, as suggested above,
or alternatively during transportation and deposition,
electrostatic attraction between the clay particles and the
hydrated ions play an important role in controlling the dis-

tribution of these elements in sediments.

In this respect it is essential to consider the
partitioning of the alkali elements betweeﬂ clay particles
and natural waters in the world's rivers and oceans. Harriss
(1967) has studied the effect of ion exéhange reactions on
the Na/K ratio of the sea by constructing influx-removal
budgets for these elements using the data of Potts (1959)
and Carroll and Starkey (1960) and these may be examined in

Table 11.
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Table 11

Annual sodium and potassium budget in the Ocean

Na influx from continental waters 1.1 x 1O17 mg/yr.
'(corrected for cycling)

; 14
Na removed by ion exchange 5.9 x 10 ng/yr..
X influx from continental waters 6.6 X 1016 mg/yr.
(corrected for cycling)

. ' : 14
K removed by ion exchange 3.6 x 10 mg/yr.

It is evident from these data that the total
guantities of Na and K involved in ion exchange reactions
are negligible compared to the annual amounts flowing into
the oceans from continental drainage. Harriss (1967) ex-
plains the high Na/K ratio of ocean water (28 cémpared to
a value of 2.7 for river water) by variation in the input
from different water sources. He suggests that the Na/K
ratio of ocean water was adjusted to a value of forty to
fifty by the extensive diagenesis of natural waters. Ags
the oceanic volume reached its present value the input of
metamorphic and deep subsurface waters became small rela--
tive to the amount of ﬁater involved in terrestrial
weathering and continental drainage, and that the evolu~-
tion of alkali metal ratios in the sea has been controlled
by mixing with continental drainage water whose chemistry
is determined by reactions in the soil zone involving the
weathering of igneous rocks and the formation of clay

minerals. In other words, he suggests that oceanic sedi-
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ments are essentially non-reactive and that the compo-
sition of ocean water is primarily a function of parent

water types.

Consider now the distribution coefficient data

(Kb = concentration in clay )
( concentration in solution)

for Cs produced by Wahlberg.and Fishman (1962). It is
found that the ratio decreases at least five times for‘a
ten-fold increase of the Na concentration of the solution.
Unfortunately no distribution coefficient data for Rb have
been published. |

The ratio Na in the sea
Na in streams

has a value of 1760 (Wedepohl, 1970), and on this basis

one would predict a difference of at least 880 (i.e. 5 x 176)

in the distribution coefficient, KD’ between the two en-

vironments.

Sreekumaran et al. (1968) measured Cs concentra-
tions in river sediments and suspended matter, and recorded
an average abundance of 1.8 ppm. The Cs level in river
water (Table 10) is of the order of 0.02 /@VZ and therefore

Kb fresh water = Cgs in clay = 90,000
Cs in solution

There is very little data for Cs in deep sea sediments.
Sreekumaran et al. (1968) recorded an average value of
1.5 ppm for samples from the central Pacific, and Turekian
and Wedepohl (1961) recommend a value of 6 ppm for deep sea

clays. On the basis of these data, K.D for sea water is in



- 130 -

the range 5000 - 20,000,

Therefore Kb fresh water is of the
Kb sea water
order of 4.5 to 18, In other words there is a gross dis-

~agreement between the predicted and observed values of the
ratio. Although analytical error can be considered as
possibly being contributory to this discrepancy, the dif-
ferences involved are sufficiently large as to render this
unlikely, and it would seem that in order to alter this
ratio in the direction predicted above, Cs would have to
be desorbed from detrital clays on entering the oceanic en-~
vironment, In other words, it is highly unlikely that
detrital clays could act as a sink for oceanic Cs ( and
.possibly also Rb) and the possibility that detrital clays
do not equilibrate with the marine environment for these

elements must be seriously considered.

In the opinion of the author it would be most
productive to study the exchange equilibria for the rele-
vant clay-water systems for both Rb and Cs and investigate
these possibilities more fully. These results seem to
confirm the suggestion of Bolter et al. (1964) that the Cs
and Rb contents of marine c%ays are relict from their
terrestrial sources and weathering environments, and it is
therefore highly unlikely that'these elements could be used
as indicators of paleosalinity (Degens et al. 1957, 1958),
Nicholls (1963). '
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In an attempt to simulate river transportation
conditions, and also to confirm that the alkali and
alkaline earth elements were not léached from the shale
samples during the clay mineral separation procedure,
twelve assorted shale samples were vigorously and con-
tinuously agitated for four weeks in stoppered polythene
bottles with artificial river water (pH = 6) kindly sup-
plied by Dr M. Orren, Department of Geochemistry, U.C.T.
In addition the samples were placed for seven hours in an
ultrasonic cleaning tank. The shales were then washed
five times with distilled water, dried and re—anaiysed for
Li, Rb, Cs, Sr and Ba; the results are given in Table 12.
For Rb, Sr and Ba, which were determined by X—ray fluo-
rescence techniques the precisions of which are considef-
ably less than 5%, correspondence between the two Sets of
data is extremely good. The precision of the optical
spectrographic technique employed for the determination of
Ii and Cs is in the range 5 - 10%, and accordingly the
results are slightly more erratic, However with the ex-
ception of two samples, FR2 and BKl, which appear to have
lost appreciable quantities of Li, the correspondence is

within the precision of the analytical procedure.

Sreekumaran et al.(1968) conducted similar ex-
periments using sea watef and sediments from the Colorado
River, and found that after four hours less than 2% ofvthe
K and Rb were leached from the sediment, and less than 1%
of the Cs was lost after 72 hours. These preriments in-
dicate that Cs, Rb, K and probably also Li are quite firmly

bound by the clay minerals, probably at their sites of
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formation, and once installed are not easily removed. If the

postulated movement of alkali metals from the sediments to the

sea is to be quantitatively studied, precise and sensitive

analytical techniques will have to be employed.

(b)

Concentration after treatment.

(ppm) .

Table 12

Rb Rb | Cs Cs |Ii Li | Ba  Ba | Sr Sr
Sample (a) ()| (a) ()] (a) (b) | (a) (©)| (a) <(a)
Fg 14 170 174 | 9.9 9.2]| 40 32 604 606 19 20
Fg 17 190 19% {10.4 10.0| 29 29 | 654 655| 63 62
JP 7 g2 81| 3.8 3.5|62 60 608 611|120 119.
Kun 4B 223 221 | 5.1 4.7| 6.0 5.5 | 503 494| 61 60
log 2 242 239 | 4.7 4.4|18 135 | 735 728| 30 %0
FR 2 130 129 | 5.9 5.2| 35 24 | 365 362|107 108
BK 1 211 202 | 13 11.5| 88 58 | 884 886[115 103
Ec 14 26 20 {n.d. n.d.| n.d. n.d.}] 166 157| 48 48
Ec 30 192 187 7.1 6.9 23 20 |1053 1048{141 138
Sec 25 51 50 |n.d. n.d.}| n.d. n.d.| 281 2701121 111
GB45/64/3| 171 160 | 8.1 7.6| 51 51 949 947|123 113
Ec Dan 3 | 154 .153- 7.7 8.0} 107 95 743 732|177 155
(a) Concentration in untreated shale. (ppm).
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H. THE ALKALI AND ALKALINE EARTH TRACE METALS IN

SEDIMENTS FROM THE SOUTH AFRICAN STRATIGRAPHIC SEQUENCE

(a) Rubidium

| Rubidium abundances and K/Rb ratios for the_various
South African sediments and separated clay fractions are
given in Tables 31A to 54A which are arranged in order of
decreasing geological age. Consideration of the X/Rb ratios
shows that Rb follows K very closely in the external cycle;
in fact the coherence appears to be even closer than in the
igneous environment where the X/Rb ratio varies between less
than a hundred and greater %han a thousand (Erlank 1967).

In the entire sample population for which results are'pre—
sented here, less than 5% of the sediments have K/Rb ratios
falling outside the range 120-230. The overall average -

Rb content is 141 ppm, corresponding to an average X/Rb of
172. The average Rb content of the 33 separated clay
fractions is 240 ppm, and the K/Rb 175.

Fig. 21 is a frequency distribution diagram of \\ '
the XK/Rb ratios in the sediments studied, and itlis seen /
that the oldest rocks, those from the Fig Tree Series,
have the highest average K/Rb ratio. The average value
for the ratio in the shales is 198, while in the graywackes ¢
it is 224, The Precambrian Witwatersrand System shales
also have a high average K/Rb ratio of 194. Two alterna-

tive explanations are offered. ' s

First, it is highly likely that these ancient

shales, particularly those of the Fig Tree Series, are first
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cyclé sediments derived directly from basic igneous
parent rocks, and that their slightly higher than average
K/Rb ratios are possibly relict features, and indicative
of a non-attainment of equilibrium during the weathering
process in which rocks of high K/Rb were broken down to

form the clays chlorite and illite.

Alternatively it is possible that compared to
shales of younger age those of the Fig Tree Series have
incorporated relatively more K than Rb in the basiﬁ of
deposition during sediment accumulation and burial. One
possible mechanism for the K enrichment of ancient shales
is the inclusion of organic debris rich in K, and re-
latively impoverished in Rb, as suggested by Conway (1945)
énd Weaver (1967). This process has bgen discussed at

some length in an earlier section of the work.

With few exceptions the remaining younger shale
samples have K/Rb ratios very close to the overall average
of>l72, regardless of their geological age or mineraiogy.
The enrichment of Bb relative to K in shales as compared
to igneous rock tyﬁes,'and the‘extremely close coherence
between the two elements are well demonstrated by the
shales of the marine Bokkeveld Series of the Cape System
(Table 37A). The average K/Rb ratio of these 38 shales
is 177 and the standard deviation is 9.5. The co-
efficient of variation is 5.3%. Further, there is no
variation of the X/Rb ratio with either XK content or

mineralogy. It will be remembered, in addition, that

large distances, bbth vertical and horizontal, separate



the individual sample localities. The rocks of the over-
lying, fresh-water Witteberg Series have identical average

Rb contents and K/Rb ratios.

No support can therefore belfound from these data
to support the suggestions of Degens et al. (1957 , 1958),
that Rb may be utilised as an indicator of fresh water as
opposed tb marine deposition. It might be pointed out
in this respect, that in a later paper (Keith and Degens
1959), these authors noted that their previous Rb data
were to be considered as unreliable due to experimental
difficultiesel Wedepohl (1970) in a study of 30 European
Carboniferous shales arrived at a similar cbnclusion, in
that he foﬁnd the marine shales to contain higher boron
contents than their fresh-water.counterparts, but that the
two sets were indistinguishable in terms of their Rb

abundances.

(b) Cesium

Cesium abundances together with the K/Cs ratios
of the various shales and separated clay fractions studied
are given in dé%ail in Tables 31A to 54A, and summarized
in Table 9 of this text. The average Cs content of the
South African shales is 7.2 ppm, while for the separated
clays the value is 16 ppm. The average-K/Cs ratios are
3666 and 3170 respectively. Figure 22 is a frequency
distribution diagram of the K/Cs ratios for the total

sample population.

Figure 2% is a plot of K versus Cs in the shales

of the Bokkeveld Series, and it is seen that although there
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is a well developed relationship between the two elements, -
the coherence is not as close as was found tQ be the. case
for K and RbDb. The average K/Cs ratio for these shales

is %816 and the standard deviation is 880. The co-
efficient of variation for the 38 samples is 23% compared

to 5% for the K/Rb ratio in the same shales. It is likely
that some of the observed spread is the direct consequence
‘of analytical error, since the Cs level in shales is con-
siderably lower than is the case for Rb, and, further, the
optical spectrographic technique used tb determine Cs has

a precision in the range 5 — 10% compared to values in the‘
range 1 - 2% attained in the X-ray fluorescence method used
to determine Rb. As was found to be the case for Rb, the
marine Bokkeveld shales are indistinguishable from the over-
lying fresh-water Witteberg shales both in terms of their

absolute Cs abundances,and their K/Cs ratios.

The distribution of Cs in sediments from thé

- Northern Ecca Facies of the Karroo System is more complex.
Consider first the samples from the Somkele Boreghole. It
will be remembered that these shales contain kaolinite and‘
illite as the dominant clay minerals, and thaf the presence
of K-feldspar was only rarely confirmed. - The K/Cs ratios
of these samples are reasonably constant (Table 454), and
since there is only one major potassium.phase presenf,
iliite, it is safe té assume that the bulk of the Cs in
these sediments is associated with the contained illite.
The average Cs content of the 26 samples is 9.1 ppm, and
the average K/Cs ratio is 3000.  Further, the average K/Cs

ratio of four separated clay fractions from samples
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Sec 2, 3, 22 and 23 is 2400,while the value for the four

whole rock samples in question is 2700.

Sediments from the GB series boreholes, the
Dannhauser borehole and the Bothaville borehole, on the
other hand, frequently contain significant quantities of
K-feldspar in addition to kaolinite and illite. For
these rocks there is a positive relationship between the
K/Cs and Si/Al ratios(Fig. 24). It has been shown that
the latter ratio may be effectively used as an indicator
of the sedimentation rate in these sediments,'and also
that during periods of rapid sedimentation there was an
increase in the amount of guartz and K-feldspar entering
the basin of déposition, During periods of less profuse
sediment influx the clay minerals were supplied in greater
abundance, and there was a corresponding decrease in the

amounts of both quartz and K-feldspar entering the basin.

K-feldspars from ignedus rocks other than peg-
matites normally contain considerably less than 5 ppm Cs,
and Heier and Adams (1964) quote an average value of 1.5
ppm. Consequently, the effect of adding significant
guantities of such a mineral plus quartz at the expense of
illite, which contains a minimum of 20 ppm Cs (Table 534),
would be to reduce the absolute Cs content of the total
rock without drastically affecting the K abundance, since
K-feldspar contains of the order of 8 - 12% potassium
(Heier and Adams, 1964). The overall efféct of such a
process would be a sharp increase in the K/Cs ratio while

leaving the K/Rb ratio relatively unchanged. Consider for
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example two sediments, A and B, containing 80% and 50%

illite respectively. If sample A contains 5% K-feldspar

and sample B contains 20%,the K contents will be 6.2% and
5.9% respectively, assuming that normal illite contains |
“about 7% K, and K-feldspar about 12%. If the K/Rb ratio

of the illite is 170 (Table 534), then the Rb content is

400 ppm, which is also the average Rb content for K—feldspars
' re;grted by Heier and Adams (1964). If the Cs contents

are 20 ppm and 2 ppm respectively, then sample A has a

K/Rb ratio of 183 and a KLs ratio of 3750. For sample B |

the values are 210 and 5700 respectively.

These data are consistent with the $rend depicted
in Fig. 24, and infer that the Cs contents and the K/Cé
ratios of the rocks under consideration are principaliy
affected by the nature of the detritus entering the basin

- of deposition.

The highly carbonaceous shales of the A series
boreholes as well as those from the Springbok and Vierfon-
tein Collieries (Ee4-16) unlike those considered above,
contain only minor amounts of illite and/or K—feldspaf, and
the dominant mineral in these samples is kaolinite. Refer-
ence to Table 47A shows that these shales are SIightly'en—
riched in Cs relative to K compared to those previously
discussed, and the average K/Cs ratio is of the order of
2200 in each case. The X/Cs ratio in these samples aiso
appears to be related to the sedimentation rate in a'geheral-
way, as evidenced by Fig. 25 where the carbon dioxide cor-
rected loss on ignition is plotted against the K/Cs ratié.

It is unlikely that the slight Cs enrichment in these samples
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is difectly related to the organic matter itself, as there
is no evidence of a relationship between the absolute Cs
contents either in the rocks themselves or in the ash and
the organic matter contents. It is more likely that due
to the extremely slow rates of deposition of:thesé samples,
sufficient time was‘availablevfor a minor amount of Cs ad-

sorption to take place prior to burial.

The average Cs contents of rocks from the Central,
Southern and Western Ecca Facies are 8.4 ppm, 9.5 ppm and
8.5 ppm respectively, and the average X/Cs ratios for these

sediments are 3,900, 4100 and %400 respectively.
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(c) LITHIUM

It is well known (Goldschmidt, 1937: Horstman,
1957; Heier and Adams9 1964) that in the igneous environ-
ment, unlike Rb and Cs, Li does not display a coherent

relationship with K, but rather substitutes for Mg2+ and

2+

Fe in the femic silicate minerals on the basis of

gimilar ionic radii. According to Horstman (1957), Mg2+
exerts a dominating inflgence during the early stages.of
differentiation, while Fe2+ plays an important role in

~ the later differentiates. Strock (1936) showed that with
progfessive differenfiation, the absolute Li content and

also the Li/Mg ratio increase systematically. Howie (1955)
demonstrated a regular increase in the Li édncentratioﬁ and
the Li/Mg ratio in the sequence orthopyroxene - clinopyroxene
- amphibole - mica, the mica lattice being the most favour«

+
able for the Li ion. Table 13 gives average Li abundances

for the common igneous rock types (Heier and Adams, 1964).

Table 1
" Rock | h o Ii m
Dunite < 0.3
Basalt | 7
Gabbro : 10
Diorite 20
Granodiorite 20
Granite 30
Rhyolite 50

Nepheline Syenite 20
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Horstman (1957) studied the behaviour of Li
during the weathefing of a variety of rock-types and con-
cluded that the greater part of the Li present in shales
enters the clay minerals at the weathering site, and is
retained by these minerals during transportation and dia-
genesis., Goldich (1938) showed that the weathering of Li
rich micas is coincident with the formation of clay
minerals which concentrate Li in their structures due to
the small size of the Litions. This conclusion was sup-

ported by Hirst (1962), and Nicholls and Loring (1962).

Horstman (1957) also showed that the constituent
mineralogy of shales is an important factor in controlling
‘the distribution of Ii in the sedimentary environment. He
found the Li abundance in kaolinite (Ave. 120 ppm) to be
the highest of all the clay minerals and suggested that in
kaolinite some Mg is present in the octahedral layer in
'place of Al, resulting in a charge deficiency. In addi-
tion, Horstman pointed out that only four of the six
octahedral positionsare occupied in the unit cell, and
these two factors render the kaolinite structure suitable
to accept significant quantities of Li. Ohrdorf (1968)
found 180 ppm Li in a sample of Westerwald kaolinite.
Another clay which frequently contains relatively large
amounts of Li is montmorillonite. Horstman (1957) noted
that montmorillonites contain appreciable amounts of Mg in
the octahedral layer, and found the average Li content of
three montmorillonites to be 56 ppm. Hirst (1962) showed
that montmorillonite concentrates Li more strongly than

does illite. Ohrdorf (1968) reported Li values of 66, 37
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and 24 ppm (Ave. 42 ppm) for three North American illites.
Nicholls éﬁd Loring (1962) on the other hand, found in
their study of British Carbcecniferous sediments that some

illite rich shales contained appreciable amounts of Li.

Li data for the South African sediments and sepa-
rated less than 2fl fractions are given in detail in
Table 31A to 54A, and summarized in Table 9 of this text.
The 1Ii abundances for the individual samples, and for the
various stratigraphic groups show considerably more varia-—
tion than was found to be the case for Rb or Cs. The
average Li content for the entire sample population is
55 ppm, and in accord with the findings of other workers,

Li was not observed to vary coherently with K.

Figure 26 demonstrates the close relationship
displayed by Li and MgO in the Bokkeveld shales of the Cape
System, Also shown is the Li-MgO plot for the ancient Fig
Tree shales and graywackes. It is intéresting that while
both sets of sediments show a close coherence between the
two elements, the Mg/Li ratios are greatly different. It
will be remembered that both the Bokkeveld and Fig Tree
shales have clay assemblages dominated by chlorite and illite.
"For the majority of the remaining sequences studied,
similar relationships are observed. That is to say, in
each case there is a coherent relationship between Mg and
Li, but there is no evidence for a single Mg/Li ratio ap-
plicable to the shales as a whole as is the case for example
with K and Rb. A similar, but less well defined, relation-
“ship is observed for the Bokkeveld. shales between Li and

total iron expressed as Fe20 . The FeO results could not

5
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be used for this purpose since the samples are all outcrop
specimens and in many cases sufficiently weathered, such

that some of the original ferrous iron has been oxidized.

If as suggested by Goldich (1938), Horstman (1957),
and Hirst (1962), the Li content of a shale is primarily
acquired at the site of weathering, then the high Mg/ILi
ratios of the Fig Tree shales may be explained in terms of
their presumed basic or ultrabasic provenance (Danchin
1967), since these rock types contain low Li contents com-

- pared to more acid varieties (Table 13).

Keith and Degens (1959), on the other hand, made
use of Ii to differentiate between marine and freshe-water
Pennsylvanian shales, and suggested that in the marine en-
vironment Li is adsorbed by the clay minerals and ultimate-
ly incorporated into the clay lattice positions. Similar-
ly Ohrdorf (1968) analysed.l6 marine and 9 fresh-water
European Carboniferous shales and found the average Li
abundahces to be 117 ppm and 72 ppm respectively. When -
these results were plotted against the boron contents of.
the shales it was possible to successfully distinguish

between the two sample populations.

Accordingly, the boron concentrations for the
marine Bokkeveld shales and the non-marine, overlying
Witteberg shales (Nel, 1967) were plotted against the Li
abundances (Fig. 27). It is seen that the average B and
Li values for the two sets of samples are marginally dif-
ferent, those for the Bokkeveld Series being higher in each
case. Unfortunately, insufficient Witteberg shales were

studied to allow any firm conclusions to be drawn. The
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average Li content of the four separated Bokkeveld "clay"
fractions is 79 ppm while one Witteberg separate, Wh6,

has 58 ppm Li.

Although the differences are not extreme, it is suggested
that the Bokkeweld-Witteberg sequence is suitable for
future research in this connection, since the major ele-
ment data presented earlier indicate that the two series
have shared the same provenance area, and it is one of

the few known South African fresh-water - marine sequences

containing adequate fossil documentation.

Sediments rich in kaolinite from the Northern

Facies of the Ecca Series contain cponsiderably more Li

than those from the Central, Western and Southern Facies.
Particularly significant in this respect are the shales
from the Springbok and Vierfontein Collieries (Ec 4-16)
whose combined average Li abundance is 101 ppm, the Dann-
hauser borehole sediments (Ec Dan 1-10, Ave. 72 ppm Li),
the A series boreholes (Av¢,68 ppm Li), and the GB series
boreholes which contain somewhat more illite than those
enumerated above (Ave. 58 ppm Li). The sediments of the
Somkele borehole contain illite as the dominant clay
mineral and have an average Li content of 34 ppm. The
average Li abundances of the shales from the Central,
Wesfern and Southern Ecca Facies are 52 ppm, 49 ppm and
%4 ppm respectively. Samples from the Bothaville
District (BEc series) contain significant quantities of
montmorillonite and the average Li content of these shales

is 90 ppm.
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. It is possible that some of the Li in these car-
bonaceous shales is associated with the contained organic
matter since Goldschmidt (1937) found approximately 500
ppm Li in coal ash, but nc definite correlation could be
established in any of these samples with the organic con-
tent as expressed by the 002 corrected losses on ignition.
Careful study of the Mg - Li and Fe - Li relationships in
these carbonaceous shales is inhibited by virtue of the
irregular presence of diagenetic sulphide and carbonate
minerals in them. For one of these sequences, the Somkele
borehole sediments, the Li abundances have been plotted
against total non-diagenetic iron (i.e. irén remaining
after suitable corrections have been made for normative
pyrite and siderite) and the results are shown in Fig. 28.

It is seen that there is a reasonably well-developed positive
correlation between the two parameters for these sediments,

and it is evident from the preceding discussion that Mg-Li and Fe-Ii
relationships are not festricted to the igneous environ-

ment, but continue to play a part in controlling the dis-

tribution of Li in the external cycle.

Evidence from the remaining 1less than Z/u
separates is inconclusive, since insufficient samples from
any one sequence were treated, and in addition the exact
mineralogical composition of these clay separates in terms
of clay mineralogy, iron oxides and hydroxides and clay
- sized feldspar is unknown. It is clear however that much
.further work is needed to define more exactly the factors
controlling the distribution of Li in sedimentary rocks,
particularly if, as suggested by Keith and Degens (1959)

and Wedepohl (1970), the element is to be useful in dif-
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ferentiating between fresh-water and marine shales.

From the data presented here it would seem thaf
- source rock chemistry and clay mineralogy play important,
if not dominating roles, and these factors would have to
be taken into account if it were to be shown conclusively
that Li sorption and installation into clay iattice sites
takes place in the marine environment during deposition

and burial.

(a) BARIUM

In igneous rocks barium and potassium show av
close coherence since the ionic radii of the divalent Ba2+
bion (1.34 A) and thé univalent K+ ion (1.33 A) are very
gsimilar. It is also well known that Ba shows a preféf—
ence for the potassium feldspar structure (Von Engelhardt,
19%6; Goldschmidt, 1954), and its abundance in this
mineral is frequently in excess of several thousand parts
per million (Berlin and Henderson, 1969). Similarly, Ba
- can often reach extremely high abundances in micas
(Goldschmidt, 1954; Kolbe, 1965). The Ba contents of
plagioclases are éxtremely variable, and although in some

cases values of 1000 ppm are exceeded, the levels are

usually considerably lower (Berlin and Henderson, 1969).

During the weathering process Ba is sometimes
lost with K, but generally it is preferentially adsorbed
on the surfaces of the clay minerals (Short, 1961).
~ Cameron (1957) has suggested that Ba, like K is incorpo-

rated into the clay minerals at or near the site of
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weathering, Ba in all probability being preferentially ‘
badsorbed due to its greater charge. Carroll (1959) showed
that the aikaline earths are adsorbed on colloidal clay |
minerals from aqueous solutions in the same order as fhe
alkalis, that is in order of increasing atomic weight -

Ba > Sr ) Ca > Mg. Rankama and Sahama (1950) suggested
that in addition to Ba included in the lattice structures;
clay minerals also adsorb moderate quantities of Ba from
overlying waters during deposition and burial. Nicholls
and Loring (1962) in their study of British Carboniferous
shales suggested that Ba might in addition be adsorbed'by
the negatively charged ion monosulphide colloid. In ad-
dition, the association of Ba with the biogenous components
of oceanic sediments has been noted by several authors
(Revelle et al. 1955; Goldéerg and Arrhenius, 1958; and’

‘Turekian and Tausch, 1964, for example).

Turekian (1968) has studied the accumulation
rate of Ba in a core from the Mid-Atlantic Ridge and has
shown that the material balanée of Ba may be explained in
terms of continental suppiy and inhomogeneous removal in
the ocean. The areas of high Ba concentration in the deep-
sea sediments are related to the major ocean ridge areas as
well as areas of high biological»productivity. Turekian
(1968) pointed out that in the accumulation of pelagic muds
the detrital fraction makes up 95% of the total Ba being

deposited.

Ba data for fhe Seouth African sediments and

separated clay fractions are'given in detail in Tables 31A
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to 54A, and summarized in Table 9 of this text. The
average Ba contents of the individual stratigraphic units.
do not vary greatly on either side of the mean value of '
680 ppm for the entire sample population. The ovérailv
average compares well with the value of 600 ppm recom- -

" mended by Turekian and Wedepohl (1961) for shales. The
frequency distribution diagram of Ba in the samples

studied shows a distinct negative skew (Fig. 29).

Examination of the K/Ba ratios of the individual
sample groups (Tgbles 31A to 54A) reveals that the co-
herence displayed by fhese two elements in the igneous
environment is maintained in the external éycle. Fig.30
is a plot of K versus Ba for the shales and graywackes Qf
the Fig Tree Series, aé>well as the shales of the Bokke-
veld and Witteberg Series of the Cespe System. Of particular
interest is the fact that although the Fig Tree shales con-
tain more Ba than the graywackes (481 ppm and 285 ppm re-
spectively), the average K/Ba ratios for the two types are
. identical (Ave. = 46). In addition, the marine Bokkeveld
shales and the non-marine Witteberg shales have equivalent
absolute Ba abundances (700 ppm) and K/Ba ratios (38). It
S is suggestéd that Ba in these samples has been incorporated
in the clay minerals'during the weathering process, and as
such the Ba distributional features are indicative of their
respective source areas, and that post depositional changes
have been minimal,\ The average K/Ba ratio of the sepa-
rated clay fractions of the singie Witteberg and four

Bokkeveld shales is 50, and thus slightly higher than the
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éverage value for the whole rogks from which they were
separated (41). This suggests that the plagioclasé
present in these samples contains a small amount of Ba,
and that this plagioclase was not collected together with

the clay fraction during the separation procedure.

The Ba distribution in the sediments of the
Northern Ecca Facies df the Karroo System is more complex.
The average Ba contents of samples from the GB series
.borehcles, the Somkele borehole, and the Dannhauser bore-
hole are somewhat higher than those observed for shales
from elsewhere in the Karroo Basin, the respective averages
being 960 ppm, 830 ppm and 860 ppm respectively. The
K/Ba ratios are very similar in each case (29, 32, ‘and
31 respectively), and lower than values recofded for other
Ecca shales. These samples all contain significant
quantities of K-feldspar or illite or both, and reference to
Tables 40A, 41A, 42A, 45A,and 46A shows that the/K/Ba re-
lationship is maintained within reasonably close 1ljimits
regardless of whether illite alone (Somkele Borehole) or
illite and K-feldspar are the dominant potassium phases

present.

This would infer that the K/Ba ratios of the
illite and K-feldspar present in these sediments are not
greatly dissimilar, and that the Ba abundahces in these
sediments are controlled by the total amounts of the two
main Ba hosts - illite and potassium feldspar. The
average K/Ba ratio of the nine clay fractions separated

from these rocks (Table 54A) is 39. This suggests that
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the K/Ba ratio of the illite is slightly greater than that.
. L]
of the K-feldspar, which is in accord with bariums known

preference for the K-feldspar structure.

In the highly carbonaceous kaqlinite rich shales
of the A series boreholes} as well as those from the.
Springbok and Vierfontein Collieries (Ec 4-16), Ba is en-
riched relative to potassium and the K/Ba ratios of these
sediments, are somewhat lower than their less carbonaceous
counterparts discussed above. The average K/Ba'ratiosvare
22,_22, and 21 respectively, corresponding to average Ba
abundances of 530 ppm, 727 ppm and 394 ppm respectively.
Moreover, there is an inverse relationship between the
K/Ba ratios and the carbon didxide corrected losses oh ig-

nition, depicted in Fig. 31.

Goldschmidt (1954) noted that Ba is often con-
centrated in coal ashes, and amounts of up to 1% Bal were
recorded for such ashes by Von Engelhardt (1936). It
therefore seems 1likely, that either sufficient Ba entered
the basins of deposition associated with the organic
material to produce the‘observed lowering of the X/Ba
ratios, br that Ba was adsorbed during deposition. In each
case samples containing the most organic material woﬁld
be expected to show the lowest XK/Ba ratios,sincé it has
been demonstrated that for these samples the organic matter

content is closely related to the sedimentation rate.

Samples from the Bothaville District'(BEc Series)

show the highest K/Ba ratios of any of the Northern Ecca
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Facies sediments (Ave. = 39), and reference to-Table 39A
shows that this ratio is very closely maintained in all.
~but one of the ten samples studied. It'seems.likely

that the Ba abundances of these sediments are almostjekf
clusively contrclled by their XK-feldspar COnteﬁts,'since’
the four'samples containing abundant K-feldspar (BEc 4286,
87, 88 and 92) also contain the highest absolute amounts

- of Ba. It will be remembered that illite is only présent
in minor or trace amounts in these samples. This being 
the case, it is difficult to explain the higher K/Ba ratios,
since the K-feldspar present in sediments from other
regions is believed to have a characteristically low K/Ba
ratio. It is therefore possible that this extreme South-
western sector of the Facies was supplied with K-feldspar
from a diffefent source to those localities described

above.

The combined'average K/Ba ratio of sediments from
the Central, Western and Southern Ecca Facies is 44, which
is somewhat higher than for the rocks of the Northern
Facies discussed above. This is in accord withla‘view
put fofward in an earlier section that the source area,
from which the bulk of the Northern Facies was derivéd
showed disfinct chemical differences from those supplying

the remaining three facies.
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(e)  STRONTIUM

Opinion on the distribution of Sr in igneous

- rocks is divided, and its precise location would appear

: 4 .
to vary from one rock type to another. The ionic radius

of Sr2+ is intermediate between those of Ca2+,and K+, and'.
its ability to replace both these elements in the feld-
spar lattice has been discussed by Heier and Taylor (1959).
Turekian and Kulp (1956) found a sympathetic variation
between Sr and Ca in granites but an inversevrelationship
in basaltic rocks. Gerasimovsky and Lebedev (1958) re--
marked on the absence of.any direct interdependencé
‘between Sr and Ca in the alkali intrusives of the Lovoé
zero Massif, which they attributed to the iSomorphous re-

placement of both Ca and K by Sr.

Short (1961) found that during the weathering
of igneous rocks, Sr displays no strong preference for
 substitution in either the Ca or K sites, and remarked
that it is more tightly held on the'clays than is Ca.
Goldschmidt (1954) suggested that in hydrolysate sédi—
ments Sr may be fixed on a very moderate scale by base
exchange, while Turekian and Kulp (1956) indicated that
the situation is complicated in most instances by the

'presence of Sr bearing calcites.

Dasch et al. (1966) studied the behaviour of
Sr during weathering and noted that to a first approxi-
mation, whereas Rb behaves like K, so Sr follows Ca

which is lost significantly in incipiently weathered
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vrocks, and continues to be lost during the latervétages:_
' of'wéathering. This results in a partitioning of Rb and -
Sr between the weathered residue and the ground watef and
causes a marked increase in the Rb/Sr ratio. Daséh:

(1969) concluded that Sr in even the finest fraction éf
aluminosilicate detritus deposited in the ocean does not
equilibrate isotopically with marine Sr. This is a
particularly important conclusion since it lends con-
siderable substance to the view which has been stressed
here that geological provenance is the major factor con-
trolling the composition of argillaceouS'sediments; and
that there is a very strong possibility that ion exchange .
reactions between the clays and the waters of the depoSita"
ional environment are not as important as was previously
believed. It also follows from the work of Dasch (1969)
that the factors affecting the Sr87/86 ratios of carbonate
free deep-sea sediments are the ages and Rb/Sr ratioé'of o

the source rocks.

Strontium data for the South African sediments
and Separated clay fractions are giveﬁ'in Tébles 31A to _
54A, and summarized in Table 9 of this text. Fig. 32 is
a frequency distribution diagram of Sr in thejsamples
- studied. The average Sr ab;ndance for the shales is 150
ppm which is significantly lower than the value of 300'ppm
fecommended by Turekian and Wedepohl (1961). Keith and |
Degens (1959) found that the average Sr contents of a.series
of marine and fresh-water shales of Pennsylvanian agé were

250 ppm and 205 ppm respectively. Dasch (1969) recorded

an average value of 154 ppm for 130 deep-sea sediments on
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a carbonate free basis which is in accord With the find-
ings of Wedepohl (1960) who gave an average of 120 ppm
for sediments of the Atlantic Ocean. The average Sr/Ca
ratio for the South African sediments is 0.03, which is
somewhat lower than the value of 0.06 derived by Turekian

and Kulp (1956) for "pure" shale.

The average Sr contents of the individual
stratigraphic units vary erratically, the lowest value
recorded being 28 ppm for the ancient Fig Tree shales.
Moreover, Ca and Sr in the shales do not display a well
~ developed coherence, and no evidence for a positive K-Sr
relationship could be found. Finélly, the data preseﬁted_
.here'éndorse the findings of Keith & Degens (1959) and |
Wedepohl (1970) that the Sr contents of shales or.their
separated clay fractions cannot be used as indicators of

paleosalinity.,
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I. ANALYTICAL PROCEDURE

a. (i) The Major Elements - SiO,, Ti02, Al203, MnO,

CalO, MgO, K2O, P205 and total iron as FeZOB'

In an attempt to find the best method of sample
preparation for the major element analysis of rocks by X-
ray fluorescence spectrometry, seven published methods
were examined in collaboration with colleagues at the Geo-
chemistry Department, U.C.T. The results of this study
were combined in a joint paper (Willis, Danchin, Fesq and
Berg, 1968) which was read by the author at the.fifth
meeting of the South African C.S.I.R. Spectroscopic Discus-
sion Group held in Pretoria in February, 1968. Since
these results have not yet been published elsewhere, the

main conclusions reached will be summarized here.

Important factors considered in this work were
that the method should be ﬁsable on a routine basis, sample
preparation should be both simple and rapid, and the re-
sults should be both precise and accurate to Withih 1%
relative, where counting statistics permit. The seven

sample preparation techhiques investigated were as follows:-

1. Welday et al. (1964)

(Silicate sample preparation for light element

analyses by X-ray spectrography).

A sample of =120 # rock powder was heated at 850°¢

for ten minutes and cooled in a dessicator to deter-
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mine the loss on ignition. The pre-heated sample
was mixed with Li2B4O7 (35 : 65), total weight 2.4 gm, .
~and fused in a furnéce for 20 minutes‘at lOSOOC in
graphite crucibles. Ten crucibles were placéd in

the furnace at one time. The fused bead, allowed -

to cool in the crucible, was fine ground and briquettéd;

Pb304 - G. Hornung (1965)

(Sample preparation for X-ray fluorescence analysis)

One gram of -300 # rock powder was mixed with 1 gm.
Pb304 containing 5% cellulose powder as a binder in
a Spex Mixer Mill for 10 minutes. The mixture was
then briquetted under a load of 15 tons with a back—

ing of bakelite-boric acid (1 : 1).

Whole Rock - A, Volborth (1963)

(Total instrumental analysis of rocks).

1 - 4 gm of =300 ## rock powder were briquetted under
a load of 15 tons with a bakelite-boric acid (1 : 1)
backing. In specimens of high SiOz'content 1 drop
per gram sample of de-ionised water or of a 2.5% sam-

ple solution of Mowiol (a water-soluble plastic) was

added to prevent shearing of the briquette.

"Rose — H.J. Rose et al. (1963)

(X-ray fluorescence analysis of the light elements in

rocks and minerals).

0.125 gm. sample -120 # powder, 0.125 gm,La2O3 and
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1.000 gm'LizB4O7 were mixed by shaking in a vial,
heated to 750°C in a graphite crucible to remove
CO2'and H,0, fused in a furnace at 1100°C for about
10 minutes and allowed to cool in the crucible.

The bead was weighed and boric acid added to bring
the weight to 1.300 gm, thus compensating for dif-
ferent ignition losses from sample to sample. The
bead and powder were ground to -3007= and briquetted

under 15 tons load with a bakelite-boric acid

(1 + 1) backing.

Lithium tetraborate method (Willis et al. 1968)

The sample -120 #= powder, preheated at 950°C to con-
stant weight (approx. 1 hour), was mixed with'Li2B4O7
(11.5 : 88.5) total weight 14 gm, and fused in Pt
crucibles at lOSOOC for 20 - 25 minutes, swirling

the melt every 5 minutes. A disc was cast on a hot-
plate inside a brass ring and the bottom surface‘ground
flat and washed with water and acetone. The tempéra—
ture of the hot-plate was empirically determined to
prevent the surface offgisc either sticking or rip-
pling. Subsequently 5 gm. total weight samples were
fused in Pt - AuB% crucibleg;and poured-into a red-
hot shallow Pt - AuS% dish heated over a bunsen. The
dish was removed from the flame and allowed to cool

on an asbestos pad, placed on a hot-plate at~ 200°C.
The resultant disc fell free from the dish after a

_few'minutés and was. annealled on the asbestos pad

for~ 30 minutes.
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The Pt - AuS% alloy is not wetted by the fusion mix-
ture, and any melt left behind in the crucible falls

free soon after cooling.

Na2B4O7 - L12B4O7 - A, Strasheim and M.P. Brandt (1967)

(A quantitative X-ray fluorescence method of analysis
for geological samples using a correction technique for

the matrix effects).

?
Two fused, cast discs were prepared for each sample from

-120 #£ powder preheated at 95000, one being made with

Na,.B,0., and the other with Li2 A sample to flux

2°4%7 P40
ratio of 11.5 : 88.5 was used, total weight being 14 gm.
The fusion was carried out in Pt crucibles, although
?t - AuS% would be more suitable,.and the melt_casf in-
side a brass ring on a hot-plate as in the Li2B4O7

method. The bottom surface was ground flat and washed

with water and acetone.

Norrish and Hutton (1969)

(An accurate X-ray spectrographic method for the

analysis of a wide range of geological samples).

0.28 gm of -120 = rock powder, preheated to constant
weight at 950°C, was mixed with 1.50 gm.borate flux
and 0.02 gm, sodium nitrate, and fused for~ 10 mins.
vin a Pt - AuS% crucible over a Meaker burner at 98OOC
(the melting point of NaF). The flux consisted of

47% Li,B,0.,, 36.6% Li,C0, and 16.3%1a

284075 , which had

3 203
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been prefused and crushed to~ 80 s£. The melt
was poured onto a shallow (~ 1 mnn deep) graphite
dish placed inside a brass ring on a hot-plate at
230°C and stamped flat with an aluminium plunger.
The resulting disc was annealled on another hot-

plate for about 15 minutes at 200°¢C.

It is well known (Jenkins and de Vries, 1967, for>
example) that the controlling factors in accurate'major |
element analysis of samples differing wideiy-in chemical
composition are absorption, enhancement and particle size
effects, and each of the preparation techniques enumerated
above aims to a greater or lesser extent to eliminate or
~ correct for absorption and particle size effects. None
of the methods make any allowance for errors caused by en-
hancement effects which are thought to be slight. Fourteen
International rock standards were employed in this study
and the adopted values for these standards are given in .
Table 14. Since this work was commenced some of these
recommended values have altered very slightly (Fleischer,
1969; Flanagan, 1969; Sine et al, 1969; Roubalt et al,
1968), and all the analytical data for the shales and clays
presented in this work have been calculated on the basis

of these new, updated values.

For each of the methods some or all of these
fourteen standards, depending on how many were available
at the time, were analysed. The determinations were

carried out on single samples, each counted once only. In
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order to allow for machine drift,a reference sample was
always counted before and after each set of three samples
and the intensities for each element were normalised to a

fixed reference count rate.

Table 14

Adopted Values for Rock Standards

Element G-1 w-1 T-1 S-1 GA GH GR BR G-2 GSP-1  AGV-1 BCR-1  PCC-1 DTS-1
Fe2O3 1.96 11.13 6.03 8.24 2.81 1.31 4.05 12.87 2.66 4.24 6.72 1%.29 8.25 8.55
MnO 0.03 0.175 0.11 0.40 0.09 0.05 0.06 0.20 0.04 0.05 0.10 0.19 0.12 0.12
TiO2 0.26 1.07 0.59 0.48 0.37 0.08 0.65 2.61 0.47 0.65 1.05 2.25 0.01 0.00
Cal 1.39 10.98 5.19 10.10 2.48 0.68 2.50 13.89 2,00 2.10 4.90 6.90 0.50 0.10
K2O 5.52 0.64 1.23 2.70 4.03 4.78 4.50 1.38 4 .50 5.50 2.90 1.70 0.00 0.00
P2O5 0.09 0.14 0.14 0.21 0.12 0.01 § 0.28 1.02 0.15 0.30 0.50 0.40 0.01 0.00
SiO2 72.45 52.54 62.65 59.50 69.71 75.58 '65.90 38.49 69.20 67.30 59.00 54.20 41.90 40.60
Al2O3 14.29  15.05 16.52 9.30 14.61 12.63 14.75 10.31  15.40 15.30 17.10 13.60 0.70 0.20
MgO 0.41 6.64 1.89 4.06 0.97 0.07 - 2.40 13.21 0.75 1.00 1.50 3.50 4%3.20  49.70
Na20 3.32 2.07 4.39 3.36 3.57 3.83 3.80 3.07 4.10 2.80 4.20 3.30 0.00 0.00

Total 99.72 100.44 98.74 98.35 98.76 99.02 98.89 97.05 99.27 99.24 97.97 99.33 94.69 99.27
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The mean absolute errors and their range, together
with the mean relative errors {(without regard to sign)
are shown for each of these methods in Table 15. With
the exception of the Norrish and Hutton (1969) method,

these data were calculated as follows:

Where blank samples were measured, the intensi-
ties were blank corrected, following which regression lines
were calculated for‘pércent versus intensity, or intensity
times mass absorption coefficient (M.A.C.). Values for
each element in each standard were then read off this re-
gression line and compared with the adopted values, the
difference between the two values being the absolute error.
The relative error was then calculated as“being

Absolute Error X 100%
Adopted Value

Relative errors were not calculated for those concentra-
tions below 0.5%, since for these low concentrations the
absolute errors are much more informative. At these
levels where the adopted values theméelves could be in
error by as much as the absolute errors, and ver high and

rather meaningless relative errors result.

For the Norrish and Hutton (1969) method, the-
procedure adopted was to subtract the blank from the
measured intensities and calculate the regressibn line
~through the origin. The apparent concentrations for all
samples and the blank were calculafed from the equation
of this line, and therefore high by the amount present in

the blank. These apparent concentrations were then
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corrected for interelement éffects, after which, the blank,
itself corrected, was subtracted to give the corrected con-

centrations according to the equation:

Actual % = Apparent % x A. - Apparent blank x A,

1

where A is a function of the absorption coefficient of the
disc. A is calculated in the normal way on the basis of
weight fractions multiplied by M.A.C.s. For each element,

therefore,

A= X+ FeYl + Mn Y2 4+ memm————— + Na¥Y

where Fe, Mn, Ti etc. are the weight fractions of the cor-
responding oxides, X is the mass absorption coefficient of
the flux, and Yr Y2, Y3 etc. are the correction coefficients
of the oxides at the wavelength for which the matrix factor

A is calculated.

Norrish and Hutton (1969) have provided tables of correction
coefficients applicable to fused discs where the sample -
flux formula described above is employed. Willis (1969)
has devised a sophisticated one-step computer program for
the calculation of major element analyses by this method.
In this procedure computer input consists of the relevant
loss on ignition and counting data for samples, standards
and blanks, the adopted values of the standards, and suit-
able dead-time and instrument corrections. Output consists
of apparent and actual percentages for each element as well
as the pertinent matrix correction coefficients used for

each sample.
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Tabie 15 i
; ‘
Comparative accuracies of some sample preparation techniques _ N ;_UWW0f
lement  Range Welday PBBO Range Whole Rock | Rose LipB,0. Norrish (uncorrected) Norrish (corrected)
N 4 £ ! - i T ]
— — o R u i ) , : : lative
(%) mean absolute mean relative mean absolute mean relative (%) mean absolute mean relative |mean aﬁsolute mean relative mean absolute mean relative Mean .absolute mean relgtlve giigragiglute 2§igrr:nd
error and error and error and error and ' error and error and error and error and error and | error and error and i error an ranee range
range range range irgnge range range range range range | range range | range g
| R ] | - 06 1.34
: 1 ‘ .08 1.64 0,13 | 2.02 0.
[Fe, 0 0 - 13 0.22 5.59 0.18  3.48 0 - 13 0.16 3.00 - 0.13 2,30 O | : | : 07 - 4.
273 : 0.09 = 0.35 0.81 —514.70 0.02 - 0.41 0.71.- 12.76 0.01 - 0.46 0.24 - 12.24 |0.02 - 0.38 0.23 - 4.44 0.00 - O=26§ 0.00 - 6.12 | 0.01 - 0.45 0.08 - 6.09 0.0 0.23 0.07 4.57
|
' 0.¢ - 0.005 | - 0.004 - 0.005 | -
{MnO 0.0 - 0.4 0.0 - 0.00 - 0.0 - 0.4 0.00 - 0.00 o | _ 0,00 - 0.02 -
“ 0.00 - 0.01 - 0.00 - 0.01 - . 0,00 - 0.01 - 0.00 -0.02 - 0.00 - 0.0l! - 0.00 - OgOl i .
1 {1;;1 ‘
7 | - ] | - 0.02 -
Ti0 0 - 2.6 0.01 - 0.02 ' - 0 - 2.6 0.01 - 0.03% - 0.01 ! 0.0z 3 : , _
2 0.00 - 0.02 - 0.00 - 0.04 .= 0.00 - 0.04 - 0.00 —0.09 - 0.00 - 0.03 - 0.01 - @403 | - 0.00 - 0.11
: ‘ . ' - i i
: ‘ y ; . | 2.42 0.11: 6.21 0.08 3.30
Cal 0-1 0.11 2.01 0.11 + 3.59 0 - 14 0.15 3.43% 0.11 2.97 0.07 ; : : - 8.
S * 0.03 - 0.21 1.18 - 2.67 0.01 - 0.20 0.10 - 11.51 0.01 -.0.45 .05 - 8.28 0.00 -:0.31 0.00 - 7.35 0.00 - 0.23 0.00 .- 8.63 0.01 - 0.27 0.01 - 37.73 |0.02 - 0.12 0.43 - 8.57
‘ N - e | 1.26 0.04 1.39
K;0 . 0 - 0. 2. 0.10 ‘ 17 - 0 -5.5 ©.0% 1.19 0:02 0.93 0.0 | 0.93 : 0.0% | _ e
5 > 0503u-68.09 1.10 —52.69 0.00 - 0.29 70-003r“7081 ’ 0.00 - 0.07 0.00 - 3.62 0.00 -0.08 0.00 - 2.17 0.00 - 0.09 0.00 - 3.25 | 0.00 - 0.07 E 0.0 - 3%.13 0.00 - 0.13 0.22 - 3.68
4 - - 0.02 -
12, - - - - - 0 - 1.0 0.0 - - - 0.02 - 0.02 L .
205 _ - - o - 0.01 - 8,08 - - - 0.00 - 0.04 - 0.0 - 0.04 | - 0.00 - 0.05 -
| | ﬁ 0.80 1.45 0.44 | 0.75 0.59 0.5
[si0 38 - 76 0.44 0.71 .91 .1 3.1 38 - 76 1.26 2.28 L 0.51 0.57 -8 - e | . ‘ Z 0.01 - 1.50
2 0.21 - 0.90 0.26 - 1.50 0.53 - 3.33 10.85 - 4.70 0.15 - 3.12 0.22 - 5.76 0.04 -0.71 0.07 = 1.9 0.02 - 2.91 0.03 =4.21 | 0.03 - 0.89 2 0.07 1.36 0.01 - 0.95
: | : 6 0.29 2.89 0.19 ‘ 1.73 0.16 1.70
Al1,0 -1 0.36 2.52 0. 1 4.2 0 - 17 0.80 6.98 - 0.23 1.9 _ , o el
e ’ 7" 0.03 —30,84 0.18 —55.57 0.04 —53128 210,27 - 50.13 * 0.08 - 1.98 0.47 - 19.20 0.01 —0.,50 0.33 - 4.85 0.04 - 0,83 0.46 - 7.14 0.02 - 0,51 - [0.18 = 3.55 0.01 0.32 0.30 5.41
N | l | | 0.16 2.86
- - - . | . 0 - 50 0.36 . B - 0.1% - 5.54 0.08- 2.40 . N
MgO 0-15 - T 0.01 - 0.41 10.53°- 99.0 0 0035 .74 732,00 _ _ 0.00 = 0.54  0.00 - 19.00 0.00 - 0.15 0.0 - 7.14 |0.02 - 0.85 0.51 - 7.18
» [‘ , ' “' ;
Na.,0 - ? - - - | - 0 - 45 0.23 8.43 ; - - 0.12 3.97 - ; - . -
-2 - - - i - 0.00 - 0.73 0.23 - 23.78 | - - 0.05 - 0.21 1l.21 - 8.17 - -
|
Standards used: G-1, W-1, T-1, S-1, GR G-1, w-1,  iT-1, S-1, GA A1l standards ! .z .. . | A1l standards except GR.
GH, GR, BR. | |
| |
|
. |
: \
é i
! | | 5
| ; |
! ) |
|
4
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Results obtained by the Different Methods

15

Welday et al, (1964)

Sample preparaticn by this method is time consuming,
and contamination of the sample may occur during
grinding. Dissolution problems can cccur at these
very high sample/flux ratios, especially for minerals
such as chromite and rutile. The results, espécially
for iron (Table 15) are poor because no mass absorp-
tion corrections were made. The five standards used
(Table 15) are the best known, and it is safe to as-
sume that if all 14 standards have been employed the

results would have been considerably worse.

Hornung (1965)

Unless great care is taken to obtain the same particle
size for samples and standards very poor results are
obtained by this method and totals of only 85% are not
UNCOMmon . I+ was concluded that any advantages gained
by adding lead oxide as alheavy absorber are more than

offset due to the particle size errors incurred.

Volborth (1963)

In this method the M.A.C.s. of the samples were calcu-
lated from the adopted values using the tables of -
Heinrich.(l966), It was found that for a wide range
of rock types the whole rock method does not give good
results, mainly due to particle size effects as it is
almost impossible to grind different types of rocks to

the same particle size. It was found that individual
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rock types (e.g. granites, basalts, shales ete.),
tended to fall on their own working curves, and since,
for strict comparison with the other methods, the
results were calculated from a single working curve,
serious errors resulted for some elements (Téble 15).‘
The whole rock method is, however, used fof the deter-
mination of Na, S and Cl in our laboratories since for
these elements the chromium X-ray tube gives too low

a count rate for determinations to be made on diluted
samples. Detailed descriptions of the techniques em-—
ployed for these elements are given immediately after

this section on major elements.

Rose et al. (1963)

This was found to be a good method, and results for
all elements except iron, where a M.A.C. correction

is necesgsary, were found to be satisfactory.

Lithium tetraborate fusion method

This method is iterative in that concentration values
were read off Intensity (I) versus concentration (C)
plots, and these concentration values were used to cal-
culate the relevant M.A.C.s. These values were then
used to derive new concentrations from /JI versus C
working curves, where /1 is the M.A.C. One iterative
cycle was generally found to be sufficient but the
results may be recycled as many times as required to
give constant values, with the exception of Al and Mg,

the results (Table 15) were found to be quite satis-
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factory. One sample, G-2, gave poor results being
consistently low by about 5%, and this was presumed
to be due to poor sample preparatibna The results
for this sample have however, been included for com-

pleteness in calculating errors.

Strasheim and Brandt (1967)

In this method the sample is dissolved separately in
two fluxes, yielding two intensity values for each
element. It is therefore possible to calculate the
M.A.C. of the sample independently for each element.
,The intensities for all elements heavier than Si ére
then corrected for M.A.C. calculated from the two
intensities. This method was only investigated for
,.a series of artificial standards, and therefore the
results are not included in Table 15. The disad-
vantages of this technique are that preparation time,
cost and counting time are all doubled. In addition
it was found that mass absorption corrections should
be made for Si, Al and Mg, as even in a 1 : 9 sample
to flux mix the M.A.C.s of the disés differ by as much
as 3% for Al, 4% for Mg, and 8% for Si in the standards
used here. The main advantage of the method is that
the M.A.C.s can be determined without resort to tables
(except for the flux coefficient), and one can there-
fore determine a single element in each sample without
having to know the total composition of the rock.

This is a big advantage over all other methods where
the M.A.C. must be calculated from the overall éompo-

sition of the sample.
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Norrish and Hutton (1969)

This method was found to be superior in almost all
respects to those discussed so far. In the first
instance the amount of sample required is small

(0.28 g. or less), and the discs are speedily and
easily made over a bunsen burner due to the high re-
activity of the flux. Non-wettable Au-Pt alloy
crucibles are used and time wasting cleaning of the
crucibles is avoided. In addition the discs once
cast are stable, and immediately suitable for analysis

without further grinding, polishing, etc.

If results for individual elements only are required
straight intensity versus concentration plots may be
used, but generally, all elements are determined, and
the results corrected for mass absorption as described
earlier. A1l the major element analyses presented

in this'study were carried out using this method, and
the results calculated using the previously described
computer handling scheme of Willis (1969). In order
to estimate the precision attained using this method,
eleven discs were made from one sample of a Malmesbury
Formation shale (Mm 7), and the standard deviations
and percent coefficients of variation for each of the
major elements determined, were calculated, and the
results presented in Table 16. Also given in Table 16
are the instrumental settings used for the determina-
tion of these elements. A further indication of the
precision and accuracy of this technique may be found

by referring to the work of Von Michaelis et al. (1969).



- 169 -

Table 16

X~Ray Fluorescence Instrumental conditions for the major elements:

i

s 3
Element Tube kv mA Analysing Collimator  Detector é Peak Peak Background Background Concentration Standard Precisi
_ Crystal pm Position o,g Counting time (secs) Position 0,g counting time (secs) in Mm 7 (%) Deviation 6?5?81%n
Fe Cr 50 32 IiF (200) 160 F ©57.45 60 - - 5,72 0.040 0.69
Mo | Au 50 32 LiF (220) 160 F . 95.13 120 - - 0.05 0.001 1.06
5 .
Ti , Cr 50 12 LiF (200) 480 F | 86.88 30 - - 0.48 0.002 0.41
g °
Ca Cr 50 32 ILiF (200) 160 F i 112.98 30 - - 0.46 0.005 0.97
K Cr 50 32 LiF (200) 480 F % 136,48 60 - - 4,00 0.025 0.63
P Cr 50 32 Germanium 480 F % 140.70 180 - - 0.05 0.001 0.77
S4 Cr 50 32  PET 480 i | 108.94 120 - - 2775 0.153 0,48
! .
|
Al Cr 50 32 PET 480 F ﬁ 144.77 180 - - 9.31 0.071 0.76
; ’ .
Mg Or 50 32 ADP 480 F | 136.49 300 - - 5.7 0.020 0. 88
§
Na Cr 50 32 Gypsum 480 F | 102.95 300 96.00 300 0.95" 0.019" 1.97"
I ° .
;
11 F ‘ . 1 . T ' * *. *
S Cr 50 32 Germanium 480 b 110.58 180 113.50 180 100 ppm 4.4 ppm 4.%6
Cl ‘ Cr 50 32 Germanium 480 F i 92.67 180 95.00 180 150 ppm* 3.5 ppm* 9 31*

F = Flow Proporticnal
S = Scintillation

¥ Willis (1969)
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(ii) Na,0, § and C1,

It has been explained that Na, S and Cl were
determined using a Philips semi-automatic PW 1220 X-ray
spectrometer, and instrumental conditions are set out in
Table 16. Sample preparation consisted of briquetting
4g, of -300 = rock powder under a load of 15 tons with a
bakelite-boric acid (1 : 1) backing, according to the

method of Volborth (1963).

In the case of sodium, 23 shale samples were also
analysed by flame photometry, using a procedure similar to
that described by Taylor (1960), who used the same instru-
ment. The precision of this technigue was found to be of
the order of 2-3%, and the agreement between the X-ray and
flame photometrically determined values was good, the data

pairs being within 6% of each other for all 23 samples.

The sulphur and chlorine calibration curves were
constructed with the additional aid of a series of care-
fully prepared addition standards. In order to further
confirm the reliability of the sulphur analyses by the
whole-rock method, the S conténts of 12 shale samples were
determined by Prof. Carleton B. Moore (Arizona State
University, U.S.A.). The method used was an automatic
iodometric titration of 802 produced by the combustion of
100 mg of sample in an oxygen atmosphere. For samples con-
taining more than 0.10% S the agreement between the data
pairs was good, and values were found to be within 15-25% of
each other at this level. Although the chlorine values were
not used in the interpretative work discussed here, they are
included in the major element data tables for the sake of

completeness.
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(iii) Ferrous Iron

The ferrous iron contents of the shales were
determined by the method of Nicholls (1960). This tech-
nique was specially devised to cater for carbonaceous
shales, and involves the reaction of ferrous iron with
iodine monochloride, and the subsequent titration of the
liberated iodine against standard potassium iodate sblu-
tion. * Prior to this treatment the samples were broken
down in a covered platinum dish with a mixture of sulphuric

and hydrofluoric acids.

Nicholls (1960) reports satisfactory accuracy and
precision for this method, and in this sfudy two shales,
Fg 14 and GB 47/64/1 were analysed ten times each and the
mean coefficient of variation was found to be 1.87%. The
accuracy was tested by determining FeO in International
Standards T-1 and BR, and in each case the observed FeO
content was within 2% of the recommended value. Nicholls
(1960) found the method to be less reliable in shales of
high carbon equivalent (greater than 4%), and for this
reason FeO values are not given for highly carbonaceous

shales (e.g. the A series boreholes) in this study.

Although FeO values are given for all other samples,
it is probable that in a few instances where the content of
organic matter is high, the Fe0O contents have been some-

what overestimated.



(iv) Carbon Dioxide:

The carbon dioxide contents of the samples were
determined using a technique similar to that described by
Shapiro and Brannock (1956). In this method, the volume
of 002 released by acid attack on a fixed weight of sample
is collected in a specially constructed apparatus and
measured at rcom temperature and pressure. The instrument
is calibrated against standard samples of known 002 content,
and for this study several apparatuses of the type described
by Shapiro and Brannock (1956) were constructed to cater for
samples having 002 contents in the range 0.1 - 10%. These
were calibrated using a series of dilutions of the U.S.B.S.
argillaceous limestone standard, as well as pure natural
calcite,‘ The method is well suited to studies where large
numbers of samples are involved, and according to Siedner,

. Porrenga, 1967 (personal comm.) is not markedly inferior to

the standard gravimetric absorption methods.

A1l samples from the Northern Ecca Facies of the
Karroo System were determined in duplicate. It was found
that if due caution was exercised with these determinations
the results obtained were easily reproducible, and eleﬁen
determinations on one sample (GB 48/65/10) yielded a co-

efficient of variation of 4.7%.



Table 17
X-Ray Fluorescence Instrumental Settings for Trace Element
Analyses
Analysing Collimator Peak Peak counting Background Background
Element Tube kV mA Crystal Jam Detector Position Org Time (secs) Positions Ong Counting time
Rb W 65 %0 LiF (220) 160 Scintillation 37.9% 120 35.00, 37.00, 60 secs each
41.00, 41.80
Sr W 65 30 LiF (220) 160 Scintillation 35.78 120 As for Rb 60 secs each
Ba Cr 50 20 LiF (220) 160 Flow 154.%1 90 TiKee, 149.76 Tike, 30 secs
Bg, 132.00 Bg, 90 secs
M 0.94A Mo 48 20  Topaz 160 Scintillation 31.64 32,000 counts - -

(v) Loss on Ignition

The loss on ignition for all the shale and clay
samples was determined by ashing the dry samples in vitreo-

sil crucibles in a muffle furnace at 950C to constant weight.

(vi) Carbon
The total carbon contents of 50 samples were
determined by Prof. Carleton B. Moore. (Centre for Meteorite
Studies, Arizona State University, U.S.A.) For samples low
in organic carbon a gas chromographic technique on 100 mg
samples was employed, while for those from the Ecca Series,

a modified Orstat technique was used. (Moore, Personal comm.,).
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(b) TRACE ELEMENTS

(1) Rubidium and Strontium

Rb and Sr were determined using a Philips PW 1220
semi-automatic X-ray spectrometer, and the instrumental
conditions are set out in Table 17, The background in-
tensities for each sample were plotted on an intensity
versus ° 26 graph, the points then being fitted by means
of a spline curve. The background intensities were inter-

polated at the peak positions.

The results were calculated by the method of

Reynolds (1963) as follows:

C sample = C gtandard x In sample X /1 sample
/ustandard X In standard

where C is the concentration in ppm, In is the nett in-
tensity at the respective Ka(peak positions, and /1 the
mass absorption coefficient measured at O.9A. For the
determination of the M.A.C.s the tiﬁé taken to record
32,000 counts at the molybdenum compton Peak was measured
for the unknowns, and for G-1, W-1, K2SO4, CaF2 and
U.S.B.S. sample No. 99 which were used as standards. A
calibration curve relating /1 to time in seconds was con-
structed, and the M.A.C.s of the unknown sampies read off.

Each sample was run twice.

For the calculation of the Rb and Sr results G-1

(220 ppm Rb and 250 ppm Sr) was used as the standard. A
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measure of the accuracy of this technique for Rb is given
in Table 18 where values determined in the Fig Tree shales
by isotope dilution mass spectrometry (Allsopp et al. 1968)
are compared with the X-ray fluorescence results of this
study. The agreement is found to be excellent. Further
details regarding the precision and accuracy of this tech-
nique, and values derived thereby for a series of Inter-
national Standards were described by Cherry et al. (1970).
These authors found counting errors for Rb and Sr to be of

‘the order of 1% or better. -

Table 18

A comparison of Rb abundances in shales of the Fig Tree
Series determined (a) by X-ray fluorescence spectrometry
(this work) and (b) by isotope dilution mass spectrometry.

Allsopp et al. (1968)

Sample ~ Rb (ppm) Rb (ppm)
X.R.F. I.D.
SF 2 31 _ 31
SF 3 64 54
SF 44 177 187
SF 4B 88 88
SF 5 | 147 151
SF 6 42 43
SH 7 49 52
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(ii)  Barium

Barium was determined in the shales and clays
using a Philips PW 1540 X-ray spectrometer under vacuum
by the method of Willis et al. (1969). 1In this tech-
hique the analytical line used is that of BaL°<l, and a
correction for tailing, from TiK,¢ is made, as well as a
correction for background contribution. The Ti tailing
correction was made by adding varying amounts of Ti02 to
Ba-free quartz, and these mixtures were then used to set
up a correction curve relating intensity at the TiK o

position to that at the Bal 1 position. Since the mass

o
absorption coefficient measured using the MoK . Compton

peak cannot be used in this instance (Reynolds, 1963), this
parameter was calculated from the major element composition

at BalL from the tables of Birks (1963%), with the aid

1’
of a computer.

A calibration curve was then drawn up using G-1
(1075 ppm Ba, M.A.C. = 20907)-W-1 (181 ppm Ba, M.A.C. =
225.0), and GA (845 ppm Ba, M.A.C. = 206.5) as standards.
Willis et al. (1969) found the precision of this technique

for a sample containing 147 ppm Ba to be 2.3%.

(iii) Tithium and Cesium

A dc arc spectrographic technique (Gurney and
Erlank, 1966) was used for the determination of Li and Cs
‘in the sediments and separated clay fractions. In this
method a Jarrell-Ash 3.4 meter plane grating spectrograph

is used, and a red filter removes second and third order
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interferences on the alkali element emission lines. Potas—
sium which had previously been determined by X-ray fluo-
rescence was used as an internal standard. Full analytical

details are set out in Table 19.
Table 19,

Analytical details for the optical spectrographic technigue

used for the determination of Li and Cs.

Spectrograph - Jaco 3.4 meter plane grating
sﬁectrographo Dispersion 5&/mm.

Filter - Spex Industries 9023R.

Excitation - Anode.

Wave length - 6400 to 8900%,

Current - 7.5 amperes d.c.

Slit - 25 microns

Plate - Kodak 1-N backed, cut in two pieces.

Electrodes - Anode, National Carbon Co. regular
graphite (L 4306). Cavity 3mm x 2.5mm,
Cathode, Morganite carbon.

Buffer - 20% CaF2 (B.D.H. extra pure).

Sample - Sample powders were ashed at 950°C and

mixed with the CaF

5 in an automatic
Fd

pestle and mortar
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Table 19 (continued)

Arcings - shales arced in duplicate
- separated clays arced in triplicate
- standards - one per plate, each

arced at least eleven times.

Sectoring - Hilger sevenstep sector (2 : 1).
mrems gl
Analysis lines - Li 8126 &.

- Cs 8521 k.
Developer - Kodak D 19b developer (4% minutes)
Fixer -  Amfix vltrarapid fixer (5 minutes)

Calibration - Self-calibration method_of Ahrens

and Taylor (1962).

The reasons for choosing optical spectroscopy for .
these determinations Wé;e twofold. First,it.allows the
simultaneous determination of both Li and Cs with reason-
able precision and accuracy, provided satiSfactory stand~
ards are available. Second, the number of samples to be
analysed motivated against the use of atomic absorption for
the lithiuﬁ determinations, even though the precision of
this latter technique is un@uestionably superior. Atomic
absorption analysis for Ii requires that the samples be
digested and analysed in platinum crucibles,and since the
amount of platinum ware available to the author is very

limited, this method would have proved éxcessively time con-

suming.
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Because of the lack of satisfactory natural
rock standards at the abundance levels of Li and Cs
commonly found in shales and clays, the working curves
were calibrated by isotope dilution mass spectrometry
in the case of Cg, and atomic absorption spectrophotometry
for ILi. Four samples from the Malmesbury Formation -
Cape Granite contact were used for this purpose. M38
and M39 are Malmesbury Argillites, and M60 and M63 are !
granitized xenoliths, The Cs abundances of these four
samples were determined by A.J. Erlank at the Department
of Terrestrial Magnetism, Washington D.C. using a mixed
K-Rb-Cs spike (Hart 1969). The adopted values for these
stahdards are given in Table 20, and it is emphasized that
the high Cs contents of M60 and M63 are due to the fact
that these samples‘have been metasomatized, and were
selected because they anchor the working curve (Fig. 33)
at its upper extremity. Each of these fourvsampies were
arced at least eleven times, and the_intensity error bars
in Fig. 33 represent the meaéured precisions of these
determinations. These precisions are also shown in
Table 20. The concentration error bars were estimated by
Erlank (1970, personal comm.) tc be 3% in the case of M39

and 5% for each of the.other three standards.
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Table 20

Adopted values for standards used in the optical

spectrographic determination of Li and Cs.

Sample ggm C%Ve Egm C%V.
M38 12.06 10.3 72 5.9
M39 - 5.92 7.9 | -~ 30 8.0
M60 17.04 7.2 155 6.2
M63 40.18 6.1 196 6.8
G-1 1.5 11.7 21.% 8.3
W-1 1.0 - 12.2 12 7.9
BCR - - 15 12.4

The lithium working curve (Fig. 34) was calibrated
by atomic absorption spectrophotometry. In this technique
the four samples together with a blank were treated with

10 ml. HF and 10ml. HC10, in platinum crucibles and the

4
mixtures were heated to dryness in a fume cupboard. Each
sample was then made up with double distilled water, in the
platinﬁm crucibles to a constant volume of 25 ml. Gurney -
(1969) found that serious contamination resulted if this

procedure was carried out in glass volumetric flasks, hence

the use of platinum crucibles for this purpose.

Artificial standards were prepared with the utmost
caution using spec-pure LiZCOB’ and two sets of determina-

tiong were made. In the first instance a working curve
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was prepared using the set of artificial standards, and the
results were read directly from this curve. A second set
of results was obtained by addition using the same set of

standards. Instrumental conditions are given in Table 21.

Table 21

Instrumental conditions for the determination of Li by

atomic absorption spectrophotometry.

Instrument -  Perkin-Elmer 303

Atomic absorption Spectrophotometer.

Air pressure - 30 1b/sq. inch.

Air flow - 8 afbitrary units.

¢ H, pressure - 8 1b/sq. inch.

C2H2 flow - 6 arbitrary units.

Li lamp . Analysis line Li6707.
Slit - 3

The intensity error bars oh the -Li working curve
(Fig. 34) represent the precisions calculated from at least
eleven arcings of each of the standards, and the concentra-
tion error bars are twice the difference between the two sets

of atomic absorption results described above.

(c) SAMPLE PREPARATION

Y
The rock Samples were reduced to half inch chips

by means of a core splitter. Weathered surfaces were re-

moved, and these chips were in turn reduced in a hardened
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steel jaw crusher to less than " in size. The samples
.were then further reduced by pulverising them in a carbon
steel ball mill, and finally a powder of fineness in the
range 300-400 mesh was produced by grinding in an auto-
matic pestle and mortar. Four grams of this powder was
then briquetted for X-ray analyéis by the method of
Volborth (1963).

(a) SEPARATION OF THE LESS THAN TWO MICRON FRACTION

Approximately 15 - 20 g of 120 mesh rock powder
was placed in a beaker of double distilled water to which
had been added a few drops of ammonia. Disaggregation
of the clay minerals was then effected by placing the
beakers in a Dawe automatic ultrasonic cleaning tank for
seven hours. The samples were stirred frequently during
this period. After testing a number of different separa-
tion techniques, Hofmeyr /1968) showed that the most re-
producible results were produced by decanting the dis-
aggregated slurry into two litre beakers of distilled water
which were made up to the mark and stirred vigorously,.
After standing for 25 hours the less than 2 micron fraction
was removed, by decantation, and evaporated to dryness over
a hot-plate in a fume cupboard. The procedure was repeated
as often as was necessary to obtain more than 6 grams of
clay from each sample. The dried clays were then ashed
at 950°C in a muffle furnace prior to X-ray and optical

spectrographic analysis.
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(e) X-RAY DIFFRACTION

For the X-ray diffraction studies of the sedi-

ments, a procedure adapted by Fesq (1967) was employed.

A Philips PW 1050-30/1054 diffractometer and generator

was used, and the instrumental settings are laid out in

Table 22.

Table 22

Ingtrumental conditions for the X-ray diffracfion analysis

of shales and clays.

Tube
Filter

Slits

Generator

Counter

Goniometer speed
Chart speed

Rate meter

Time constant
Multiplier
Range (26)

Copper

Nickel (over scatter slit)
Divergent - 1°
Collimating - 0.2°
Scatter - 1°

48 kV, 20 mA.

Proportional counter

(with discrimination).

2° /minute
800 mm/hour.
16

2

1

2° - 64°
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Initially the four gram whole rodk birquettes pre-
pared for trace élement studies were used, and for further
detailed examination of the c¢clay minerals involving routine
procedures such as heat treatment, glycolation and acid
leaching, a modified Philips sample holder was used‘(Fesq.
1967). Clay mineral identifications were carried out

using the scheme described by Weaver (1967).

Jde. STATEMENT

The Anglo American Research Unit in Sedimentary
Geochemistry commenced its activities at fhe University of
Cape'Town in 1965. The author was appointed as sole
member of the Reéearch Unit, under the direction of Prof.
L.H, Ahrens, at the time>of its inception, and the results
presented here repreéent part of his contribution to the
work of the Unit. In 1966 he was joined by Mr. P.K. Hofmeyr,
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from the carbonaceous shales of the collection, and the
determination of a nﬁmber.of metallic frace elements in

these fractions. His work is still in progress. In
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addition, several part-time personnel were employed at
various times to assist with routine sample preparation
and handling. Of these, Mr HOW° Fesq devised a technique
for routine gqualitative X-ray diffraction analysis of the
shales, The clay mineral data given in Volume II was ob-
tained by him, Mr Hofmeyr, and Mr K. Perry, using this
technique. Mr R. Jakob and Mr A; Versveld were employed
during University vacations and'éssisted with routine

sample preparation.

Unless otherwise specified, all other work

presented in this thesis is solely that of the author.

R. DANCHIN.

U.C.T.

6th October, 1970.
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