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(1)
1  SUMMARY

The concentrations of fifteen trace
elements Be, Ga, Cu, Zn, Co, Ni, V, Cr, Sc, Y, ¥Yb, Zr, Nb,
Th and Pb, have been determined in. 315 Southern African
argillaceous rocks which range in age from the early
Precambrian Fig Tree Series to the Triassic Beaufort Series
of the Karroo System, Less than two micron clay
fractions have been separated froﬁ thirty-three of these
sediments, and they have been analysed for the same trace
elements. The determinations have been carried out by
X-ray fluorescence and emission spectrographic analysis.
In addition, forty-~four selected samples have been
analysed for U and Th by gamma-ray spectroscopy. The
results obtained for several international rock standards,
which were analysed simultaneously,. emphasize the high

' quality of the data of this work.

A literature survey pertaining to
the formation of clay minerals has been carried out and
from this it is concluded thﬁt the general consensus of
opinion is that clay minerals are principally formed in
fhe weathering environment and not in the enviromment of
deposition, Consequehtly, the bulk of the trace element
content of clay minerals is incorporated in the weathering
environment and trace element data is most useful in pro-
- viding information c¢oncerning the composition of the source
rocks and possibly the prevailing climatio conditions
during weathering. This is shown particularly for the
Fig Tree Series sediments which are considered to have been
derived from a source area containing ultrabasic rboks,
basic rocks and granites in the proportion 2:3:2 respectively.
Chemical weathering is thought to have occurred in a

reducing, oxygen-less, primordial atmosphere.



(ii)

The trace element data and inter-
element ratios are used to delineate the amount of varia-
tion in the trace element content of the sedimentary
sequences studied. Correlation coefficients are used to
determine groups of associated elements and an attempt 1s
made, where possible, to correlate the trace element
content with mineralogy. Carbonaceous shales from the
Northern Ecca Facies of the Karroo System have been studied
in most detail. It is shown that, in general, their
‘trace element content is very variable but several elements
show an association with the organic content. The deve-
lopment of authigenic iron minerals has not usually
played a controlling role in the distribution of trace
elements in these carbonaceous shales. Trace element con-
centrations were not found to vafy systematically with |
height in the succession, but decreases in concentrations
were noted along a NW-SE trend line from near the edge of
the Northern Ecca basin of sedimentation to the centre of
the Natal Trough. Possible reésons for thi; trend are
gliven. The trace element abundances of the shales dredged
from the Agulhas Bank are similar to those of the Bokkeveld
Series and Malmesbury Formation shales and they cannot be
used to positively adentify to which stratigraphic seguence

these shales belons.

The abundances and distribution of the
trace elements in the sediments of this work have been dis-
cussed individually. A strong coherence has been observed
between Ga and Al and a mineralogioal control of ‘the Ga/Al
ratio has been noted. Chlorite-rich shales tend to have
the lowest and kaolinite-rich shales the highest Ga/Al ratios.

V and Cr are often correlated with Ti and Al in the non-car-
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bonaceous shales, and with Ti and the organic content in
the carbonaceous shales. The development of a V and Cr
bearing authigenic T1 mineral, possibly anatase,}is
postulaﬁed. This phase 1is associéted with the clay
fraction in non-carbonaceous shales and is adsorbed on
the coaly plant material of carbonaceous shales. The con-
centrations of U and Th in most shales are found to be
significantly higher than those for similar shales from
other parts of the world and the possibility of Southern

Africa being a high Th and U province is suggested.

Trace element variations with
geological age have been studied in some detail. It was
found that Ni and Cr decreased and Zr increased slightly
with decrease in the age of the sediment, Yb and Be
increased until Malmesbury times and then remained
relatively constant. Any systematic variation in the
concentrations of the remaining elements was masked by;

the normal spread of concentrations.

The possibility of using trace elements
as indicators of enviromment of deposition is discussed
comprehensively, - The trace element concentrations were
examined in shales of undoubted marine origin, the Bokke~
veld Series, and the undoubted fresh-water origin, the
Witteberg Series and parts of the Ecca Series. These
shales were also selected because they all contain
dominant illite. It was found that V and Cr were enriched
in marine and Cu in fresh-water shales.' Two axis and

triangular plots were constructed of these element/Al

against each other and it is shown that a good separation



(iv)

into marine and fresh-water "fields" 1is obtained.f’ It

is suggested that these elements are potentially useful
in paleo-environmental studies but that further research
should be directed towards gaining‘moré information on
the actual sorption behaviour of these elements in the

sedimentary environment.

A fewvsuggestions for further research

on South African shales are given,
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2.  INTRODUCTION

A glance at a geological m&p éf southern
Africa will immediately reveal that much of it is cover-
ed by sedimentary rocks. These vary from the schistose
and dolomitic sequences of the Damara System in the north~
west of the area and the sandstone thicknesses of the
Cape System in the south and south-east of the area to the
tremendously thick and extensive shale horizons of the
Karroo System in the central part of the area and the con-
glomerates and dolomites of the Transvaal System in the
north of the area. Now in general, the extent of
geological knoWledge of any area is usually dependent upon
its economic significance, and the detailed knowledge
of any formation is normally related to its economic
mineralisation. Consequently the various members of
the South African stratigraphic column have not been
equally>studied geologically. Although structural and
mineralogical studies of coarse-grained sedimentary
rocks and structural studies of fine-grained sedimentary
rocks have been undertaken, virtually no mineralogical
and geochemical data have been accumulated for fine- |

grained sedimentary rocks in this country.

Consequently this work was undertaken with
the object of collecting information on the mineralogy
and mejor and trace element geochemistry of shales
occurring in southern Africa,  Particular attention is
devoted to the Karroo System, as it blankets most of the
Republic of South Africa, and within it the Ecca Series,
as this series contains the bulk of the shales found in
southern Africa: , However, most of the more important
shale-containing representatives of the South African
stratigraphic column are included in this study.

The sequences analysed range in age from



the 3000 m.y. Precambrian Fig Tree Series to the relatively
young lower Triassic sediments_of the Beaufort Series of

the Karroo System.

The work was -started in 1965 under the
auspices of the Anglo American Corporation of South Africa
- when a Research Unit was established in the Geochemistry
Department; University of Cepe Town. The author joined
the Unit in 1966. Since that time aspects of the work
have been completed by research workers in the Unit and
haire been written up in the form of theses., Nel (1968)
studied the distribution of boron in the shaleé; Marchant
(1970) examined trace metals in organic separates of the
shales and Danchin (1970) related the major element compo-
sition of the shales to the nature of the depcsitional
environment of the sédiments and‘also to the chemical
nature of their provenance areas. Aé this whole project
was a geochemical and not a geological one; no detailed
petrographic studies have bteen carried out on the samples.
Sample classification has been based'on X-ray diffraction
studies and meny samples containing only minor amounts of
clay minerals were rejected for analysis purposes. In
general only samples consisting predominantly of clay
minerals and broadly classified as shales; have been

included in this study.

This work is essentially a study of the
trace element content o0f the shales and of the separated
clay fraction (< sz) of a selected suite of shales.  An
attempt is made to relate the trace element content to
the mineralogy of the shales; and to investigate the
possibility of using certain trace element ratios as an

indication of the nature of depositional environments of-
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indication of the nature of depositional environments of-



the sediments. Variations of trace element content

within and between sedimentary sequences are described,

and for the Ecca Series regional variations of trace

element levels are mapped where possible. Correlation
poeffioients are used whenever possible as an aid to
elucidating the behaviour of the trace elements. Results
of this work are compared with those found by other workers.
in this field in different parts of the world; and for
reliable comparisons to be made; every effort has been

made to ensure that the trace element data presented here
are of the highest possible guality. In the two main
analytical techniques ucsed, émission spectrography and
X-ray fluorescence SpeOtTOSOOpy; international rock standards

have been used to control the guality of the results.

The thesis is presented in two volumes.
Volume I contains the text and Volume II the sample
1ooa1ities; hand-specimen desoriptions; sample mineralogy
and sample classification. Vol. II also contains analytical
results, figures; diagrams and a sample locality
map. All figures and tables referred to iﬁ Vol, I
which have the letter "AM™ affixed to the number; are to

be found in Vol. II.



3. ANALYTICAL FROCELURES

3.1 SAMPLE . PREPARATION:

Samples were received in the form of about
500 gram rocks or sections of borehole cores. They
were reduced to half inch ohips in a sample éplitter
after ffagments containing weathered surfaces hed been
removed by hand-picking. At this stage the chips were
carefully examined for the presence of fossils and
segregated mineral crystals like pyrite. Crushing in
a hardened steel jaw crusher followed to reduce the
chips to one cm size or less fragments. The samples
were then pulverised in a carbon steel bali mill for
ten minutes to produce less than 80 mesh powder. Four
grams of this powder was subseguently reduced to about
400 mesh in an automatic agate pestle and mortar and then
briguetted by the method of Baird (1961) for X-ray

diffraction and fluorescence analysis.

The ball mill treatment was designed
to disaggregate the sample rather than crushing 311 the
mineral grains finer so that 50 gm portions of this
material could later be used for clay mineral separations.
6 gm of this powder were also removed»and ashed at 95000
in a muffle furnaoe; the loss of weight on ignition
being recorded. This material was reduced to about 400
mesh in the}automatio agate pestle and mortar prior to

emission spectrographic analysis.

A flow diagram of the sample preparation

methods is given in Figure 1.



SAMPLE FREPARATION FLOW DIAGRAM

Rock sample reduced
by sample splitter.

l

Chips reduced in
Jjaw crusher.

|

Chips crushecd in
carhon steel ball mill.

4 gms ground to 50 gms used 6 ams ashed

400 mesh in agate for clay min- at 95000.

pestle and mortar, eral separation.

Powder briguetted Powder ground
prior to X-ray in agate pestle
analysis. and mortar prior.

to emission spec-
trographic
analysis.,



3.2 CLAY NMINERAL SEPARATION

Tourtelot (1964) pointed out that most
investigations on argillaceous rocks give tacit recognition
to the concept that most trace elements occur primarily
in the clay fraction. However, this hypothesis carmot
rezlly be accepted until separated fractions of argillaceous
rocks have been analysed and these results compared with
the whole rock results. For example; Sr; Rb; Zr and B
can have more than one mode of occurrence in sedimentary
rocks. Sr and Rb occur in calcite and potash feldspar
respectively which are common accessory minerals in argil-
laceous rocks. Zr and B occur in the detrital heavy
minerals zircon and tourmaline respectively and this may be
their major mode of occurrence in sediments derived from
granitic or pegmatitic terrains. Accordingly it was
decided to separate the clay mineral fraction from thirty

three samples selected from various formations.

As about 6 gm of material was required for
analysis a separation procedure had to be adopted which
would provide this yield per sample. Size separation
by settling in a column of water in a 1 meter glass tube
of 6 cm diameter was first attempted but had to be
abandoned as sufficient amounts of separated clay could
not be recovered. Only Small.quantities of material
could be introduced at the top of the column to avoid
turbidity currents which caused mixing throughout the

column.

The technique finally adopted was one of
gravity settling in 2 liter beakers of water, About 15 -
20 gm of rock powder were placed in a 250 ml beaker of

distilled water, As suggested by Brindley (1961) dis-




; aggregation of the sample particles was achieved by adding
a few drops of ammonia and subjecting the beaker to ultra-
sound., A Dawe automatic ultrasonic cleaning tank was

used and the samples were treated for five hours. TFig. 1A
shows that little further dispersion took place after this
len~th of time and Fig. 24 illustrates that virtually all
quartz and feldspar have been removed from the less than
two micron fraction although much clay material has been
lef't in the two larger size fractions. Bk 11, a sample
containing appreciable guartz and feldspar; was used for
these determinations. Approximate mineral proportions
were calculated from X-ray diffractograms; using a
procedure desoribed by Weaver (1967). An encouraging
feature of this work was that there was no apparent
separation between the clay minerals which indicates that;
for the Bokkeveld samples at least; chlorite and illite
have the same particle size distributions and settling
oharaoteristios; and)therefore; the separated clay fraction

is representative of the clay minerals .. ihe whole rock.

Af'ter ultrasonic disaggregation the
slurry was transferred to a 2 iiter beaker; distilled
water was added and, after stirring; the beaker was
allowed to stand for 25 hours (Jackson et al.; 1950),
After this time the suspension; which contained the less
than two micron fraction, was removed Dby decantation and
evaporated to dryness on a hot-plate in a fume-cupboard.
Distilled water was added to the residue in the beaker
ahd the process was repeated. The residue containing
mainly the greater than two micron fraction was transferred
to a volumetric cylinder which was then filled with dis-

tilled water, shaken and allowed to stand for 26 minutes.



The suspension which contained the 2 - 10 micron fraction
(Jackson et al., 1950) was transferred to a beaker and

the process was then repeated. In this manner three
size fractions were obtained; 1less than 2 miorons;

2 10 microns and greater than 10 microns. Fig., 2 is a

flow diagram of the clay separation process.

The whole procedure was repeated until
at least 6 gm of clay material from each samplé was
obtained. The dried clays were then ashed at 95000 in
a muffle furnace prior to X-ray and emission spectrographic

analysis.



Fig, 2

Clay separation flow sheet -

15 gms., sample in small beaker, 5 hrs.
ultrasonics, stirring every half-hour,

%
Transfer to 2 1 beaker, fill with dis-
tilled water to 15 cm mark, stir thor-
oughly, allow to settle for 25 hours,

Decant suspensf%n into 2 1 beaker,

!

Residue contains mainly
>2Ffraotion.

Tiquid con%éins
< 2}1fraotion.

i

Evaporaeé on hot- Volume made up to 15 cm level

plate at <1000°C, with distilled water, stir thor-
oughly, allow to settle for
25 hours.

{ |

Separated<=2}1frac- Decant suspension into 2 1
tion. . beaker,

v

Residue contains mainly >2 p fraction.

Volume made up to 15 cm-level in volu-
metric cylinder, shaken, allowed to settle
for 26 minutes.l

Decant suspension into 2 1 beaker.

. <
Ligquid contains
2-10p fraction.

|

Clear liquid de-
canted, residue
dried on hot-plate

Residue contains maihly'>lo}1
fraction,

|

Volume made up -to 15. cm” level
stirrec, allowed to settle for
26 minutes,

at <100°¢C. \L
Separated 2-10 p Decant suspension into 2 1
fraction. ’ beaker.

b

Residue contains >1O}Jfraotion.

Vo

Clear liquid poured off, residue dried
on hot-plate at < 100°C.

b
Separated.>10}1fraotion.
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~3.3 X - RAY DIFFRACTICN

An analytical procedure developed by
Fesq (1967) was used for the X-ray diffraotion studies
of the sedimentary rocks. A Philips BW 1050-30/1054
diffrectcemeter and generator was used, end the instru=

mental settings are shown in Table 1,

The 4 gm whole rock powcer briguettes
prepared for X-ray fluorescence (IRF) analysis were
used for diffraction using a specilal sample holder made
in the Department of Geochemistry, U.C.T. For further
detailed examination of the clay minerals involving

routine procedures

Table 1

Instrumental conditions for X-ray diffraction

analysis
Tube Cu K,
Filter Ni
olits Divergent lo
Collimating 0.2°
Scatter 1°
Generator | L8 xV, 20 mA
counter Proportional with
discrimination
Goniometer speed 2° 2 ® /min
Chart speed 800 mrm/hour
Rate meter | 16
Time constant 1

Range (2 © ) 29 _ 54
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such as heat treatment, glycolation and acid 1eaching; a
modified Philips samﬁle holder was used (Fesq; 1967).

The routine identification of the clay minerals was carried
out following the scheme used by Weaver (1967). The
carbonates, feldspars, quartz, sulphidés and iron oxides
were identified using the American Society for Testing

Materials (ASTM) card index system.

The mineralogy of all the samples used
in this study 1s presented in Table 1A. It will be
"noticed that no attempt has been made to give a guantitative
estimate of the concentrations of clay minerals present in
each sample based on the peak height of the 001 reflections
on the X-ray diffractogram. The clay minerals are only
given as being present in dominant; subordinate cr trace
amounts. It is felt that the quantitative anaiysis of
fine~grained sedimentary rocks is fraught with too many
difficulties to be accurately carried out. Factors of
unknown importance are:- reproducibility of sample preparation;
presence of allophane, mass absorption differenoes; degree
of crystallinity and particle size and préferred orientation
effects. Also Gibbs (1965, 1968) has pointed out that in
samples containing a mixture of clay minerals. with
different size distributions, size segregated mounts are
produced by many of the mounting techniques currently used.
Although he considers the dry powder press technique
acceptable; the method used here, it 1is considered very
‘possible that this methcd might produce enhanced peakq‘for
the clay minerals containing the largest size distribution.
However; the most serious problem lies in the method of
calculation of the concentratiohs of clay minerals from the
- peak heights of their OO0l reflections on the X-ray diffracto-
grams. Amongst others, Weaver (1967; pg. 50) has pre-



sented a method for doing this which corrects for differences
in diffractive ability between the clay minerals. Pierce
and Siegel (1969) have pointed out that they used five
different methods described in the literature using the
same diffractograms for each method.  They showed that not
only did they get different concentrations for the clay
minerals; but adjacent samples showed different trends for
different methods. This means that although each
method might be internally oonsistent; results from
different laboratories cannot be compared with any degree
of’oonfidenoe; and for this reason no gquantitative work

in this respect has been attempted.

3.4 EMISSION SPECTROGRAPHY

3.4.1 INTRODUCTION

Today a wide variety of instrumental
methods -are used in the geochemical analysis of geological
materials. These include oolorimetrio; polarographio;

X-ray fluorescence (XRF), atomic absorption; neutron
aotivatioh; lsotope dilution, mass spectrometric and

emission spectrographic procedures. The so-called
~classical chemical methods are no longer widely used in
geochemical research. Each general procedure has its own
analytical advantages and ideally the choice of analytical
method for the determination of a particular element will
depend on several factors. Included are factors such as
availability of analytical teohnique; type of samples being -
analysed; element concentration levels present in the Samples;
precision and accuracy required and speed and cost of
analysis.  Although Ahrens (1961) has pointed out that it

is possivle to excite some 70 elements in the d-c arc of

emission spectrography, it is by no means possible to

A
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The analytical method adoplted foir This
study is fundameritally that suggested by Ahrens (1951, 1954)

for the determination of the involatile grous 0F elements

eg. <Spencer (1955), El Wakeel and Tile

In this procedure selective distillation 1s recuced by

adding carbon powder to the samples which are erced Lo
compleuion. A singie Iinternal standard, nairadiin, s
used. Variations of this technigue heve been used oy

Lonka (1967), who mixed NaCl and CaCO, with the carton
. -

powder, and Cronan (1969/1870), who uscd &

ouffer. However, Carr and

mix their samp*es with 03003 only in a cane ©0 one reolo
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3.4.2 METHOD OF ANALYSIS

The material used for emission spectro-
graphic analysis was the powder which had been ashed at
95OOC in an automatic muffle furnace after reduction to
about 120 mesh in & carbon-steel ball-mill. 0.100 gm
sample or standard was mixed with 0.200 gm of a caroon-tetram-
minepalladous nitrate, [(NH3)4Pd] (N03)2, mix containing
1000 ppm Pd4. Thorough mixing was achieved by &rinding
for 15 minutes in a mechanical agate mortar and pestle.
This gave an arcing mixture of 667 ppm Pd which produced &

convenient intensity of the Pd line used.

The use of a matrix of spectrographically
pure graphite and a high amperage ensured a high temperature
arc burn and the consequent complete volatilisation of the
less volatile elements. It also prevented bubble formation
in the electrode with its attendent undesirable selective
distillation. CaCO3 was not used in the matrix as its
presence was found to cause excessive sputtering of the
sample into the arc. An inert atmosphere of argon and
oxygen was applied through a modified Stallwood jet (Baum-
gartner, 1967) to reduce cyanogen, which interferes with
_ the Sc and Co analysis lines, and to remove the flamy fringe
| around the arc column which might cause self-absorption of

the Yb and Be lines which are ground state lines.

The wavelengths of the analytical lines
used are given in Table 2 and the analytical details
and instrumental settings of the spectrograph are

presénted in Table 3.

Plate calibration was achieved using the
two step method described by ASTM (1964) and first pro-

posed by Churchill (1944). An iron spectrum, recorded
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Table 2

Wavelengths of analytical lines used in

emission spectrographic analysis (in 4).

Sc 4246,829
Co 3453.505
Y : 3242 ,280
Yo 3289,370
v 3183.982
Be 3130.416
Pa | 3258.780

through a 1 o 2 ratio step seotor; was included on each
plate and a selection of Fe lines was used for plate cali-
bration purposes. Using combinations of two steps of Fe;
first a preliminary curve was drawn on a Respectra calculating
board and ffom this a calibration curve was constructed.

It was not possible to use one calibration curve for the
whole wavelength region as a distinct change in emulsion
response (gamma) in the Ilford Ordinary N.30 plates used

was four:d between Co 3453 and Y 3327. However, a negligible
change of gamma was found between plates of the whole

batch for any one wavelength region; so that only two

- calibration curves were needed for the wbole analytical

run; one for each wavelength region. Thus one calibration
curve was used for Sc and Co, and the other for Y; Yb;

V and Be. Inter-element analytical line intensity ratios
with’Pd were calculated from the bvoard following the
Respectra instruction manual. Background corrections were
made for all lines read on the first step. A Hilger and
Watts non-récording microphotometer was used to read the

plates.

Working curves were constructed for each
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i

Spectrograph:

Table 3
Analytical details of the emission spectrographic
technigues

sample National- Carbon Co.
graphite, L3806 AGKSP,
Cavity depth 2.5 mm.,
internal diameter
2.8 mm., sidewalls
slightly reduced.

top Morganite carbon sharp-
ened to point.

loading Elpac automatic packer.

model Jarrell-Ash Co. (Jaco)
3.4 meter Ebert, plane
grating 15,000 lines/
inch,resolution
5.1 /mm.

Slitwidth 15

51it focus 18.7 divs,

Step- :

sector 3 steps, 4 to 1 raiio

Wedge 5 divs,

Rack 6 divs. /owrn

Amperage 11 amps d.c., Fe 3 amps

Atmosphere Ar 6 1./min. 0, 1.5
1. /min, (4:1).

Wavelength

range 2965 - 4315 2,

Wavelength

order First.

Wavelength

setting 6.25 divs,

Arcing time Until completion of burn.

Pre-burn

time 5 secs.

Plate

position centre of camara.

Excitation
Arcings

Photographic plates

- Exposures per plate

Developer
Fixer

d.c. arc, anode.

Samples arced in duplicate,
standards arced ten times.

Ilford Ordinary N. 30,
backed.

13 samples, one Fe.
Kodak DX - 80, 7 mins.

AmTix
5 mins,

ultrarapid fixer,



element for each of the three steps on three-cycle
logarithmic paper. The three working curves for each
element thus covered a wide range of conoentrations; but

for most samples only one working curve for each element

was found necessary. Figs. 34, 44, BA; 6A; 7A anc 8A, are
the working curves for Sc, Co; Y; Yb; V and Be respectively.

Error bars shown are intensity ratio standard deviations.

3.4.3 QUALITY OF DATA

The accuracy of emission speotrographic
analysis 1s very dependent upon the absence of different
matrix effects between samples and standards, and betweenn
individual samples., Matrix effects were reduced to a
minimum by the use of a high amperage and by making the
arcing charge tWo—thirds carbon so that arcing characteris-
tics were predominantly those of carbon and were very
little influenced by sample or standard rock type. In this
way any bubble formation and selective distillation was

also eliminated as pointed out earlier.

The use of standards of precisely known
trace element concentrations is also vital in obtaining
accurate analyses. To avoid systematic error it is pre-
ferable that these standards be silicate rocks and not
chemical compounds to avoid differences in volatilisation
and excitation of a particular element due to differences
+in chemical bond types. Consequently three international -
rock standards were used - Gml; W-1 and S-1. These were
supplemented by combinations of the same rock powders
mixed in different proportions. Values used are shown in
Table 4; and are the reoommended.values taken from Fleischer
- {1969) for G-1 and W-1, and the median values of Sine
et al.; (1969) for sS-1.
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Table 4

Standard values used for emission spectrogravhic run

SC Co Y Yﬁ v Be
G -1 3 2.4 13 0.8 16 3
W-1 34 50 25 2,2 240 0.8
s -1 15 18 450 70 88 24
G-1/Ww-1 1/1 | 18.5 26 19 1.5 128 1.9
G-1/W-1 3/1 ] 10.8 14.3 16 1.2 72 2.5
G-1/5-1 9/1 4.2 4,0 57 7.7 23 5.1
G-1/8-1 19/1 | 33 48 46 3.5 232 2.0
»

Average of neutron activation analysis and isotope
dilution data listed by Fleischer (1962, 1965, 1969).

Points for the standards containing S-1 did
not lie on the working curves for the elements Co and Yb.
The cause of the high S-1 Co intensities could not be
determined; but the low S~1 Yb intensities indicates a true
concentration of less than 70 ppm Yb in S-1. W-1 could not
be used for Be owing to interference from Ti 3130.8 which
is a high intensity line as W-1 contains 1.07% Ti0,. In
general shales contain slightly less T102 and considerably
more Be than W-1 so this interference problem does not

normally arise.,

The natural rock standards were supplemented
for the elements Be and Co by a series of artificial
standards prepared by Dr A.J. Erlank of the Geochemistry
Department; University of Cape Town; containing 1000 ppm;

316 ppm, 100 ppm, 31.6 ppm, 10 ppm, 3.16 ppm and 1 ppm
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trace elements., The artificial base, a granite shale mix
containing 70% $10,, 15% 41,04, 5% K,80,, 3% Fey0y, 3%
Na,C04, 2% MgO and 2% CaCoB, was sintered for six hours at
9OOOC and used to dilute a Jarrell-Ash S.0Q. mix containing
1.30% of 45 elements. A series of standards were made

using a dilution factor cf / 0.1, a procedure suggested by
Ahrens and Taylor (1961).

A measure of the precision is given by the
coefficient of variation, C, whioh is the standard de-
© viation expreSsed as a percentage of the mean. When
dealing with duplicate analyses C is determined as follows

(Youden, 1951):

o o] (£4°)

2K
of samples and 4 is the difference bvetween each duplicate

where N is the total number

result expressed as a percentage of the duplicate result.
Por a single sample analysed N times C is given by (Youden,
1951):

l99 where X is
X

the average and 4 1s the difference between each result
and the average. C was determined by both methcds, in the
second case being derived from twenty replicate analyses

of sample AEcl,

Thus 68% of all 2N individual measurements
will lie within C% of the true value for that sample as
given by the method. Youden' (1951) also shows that ¢/ /N
gives a measure of the precision of the averaged result;
where N 1s the number of times eaéh sample has been analysed.
Table 5 shows the ooeffioieﬂts of variation obtained for
- the six elements analyséd by this emission spectrographic
technique, Cl and 02 are the coefficients of variation for

for each individuwal measurement calculated from a series of



Table 5

Precision of emission svectrogravhic technigue (%)

Sc Y Yo  Co v Be

Cq 6.7 7.4 9.7 7.9 11,27 8.7
C, 7.8 8.0 8.6 6.7 10.1 9.5
c, 4.8 5.2 6.9 5.6 7.9 6.1
¢, 5.5 5.7 6.1 4.7 7.1 6.7

duplicate analyses and from twenty replicate anelyses

respectively. C3 and 04 are coefficients of variation

for each reported average of the duplicate analyses

~calculated from a series of duplicate analyses anc from

twenty replicate analyses respectively, l.e.

03 is cl/ / 2  and c4 is 02// 2

The coefficients of variation of the
reported averages are seen to range between 4.8% and
7.9% which is very satisfactory for an emission spectro-
graphic technique of this type in which several elements
are determined simultaneously. Chief contributions
to the precision are probably made by

(i) difficulties in mixing such small
quantities

(11i) errors associated with microphotometer
readings, and
(iii) occasional sputtering in the arc causing

chenges in excitation of the elements being
determined.

As a check on the accuracy of the method
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ten international rcck standards, BR, GR, GA, GE, G-2,
GSP-1, AGV-1, PCC-1, DIS-1.and BCR-1, (Flanagan, 1970).
'were analyéed simultanecusly as independent unknowns.,

Ten replicate analyses of each standard were carriecd out.
These results, together with those fér several more
recently issuel standard rocks, héve been submitted for
publication and are currently in press (Hofmeyr, 1971).
The results for BR, GR, GA and GH are shown in Table 6
together with the reoommended.values taken from Roubault
et al. (1969). The results for G-2, GSP-1, AGV-1, PCC-1,
DTS~1 and BCR-1 are shown in Tgble 7 together with average
and mecdian values taken from Fleischer (1969). Included

are a few more recently reported analyses for Co and Be.

An examinetion of the comparison of re-
sults in Tables 6 and 7 shows a close agreement for the
elements Sc, Co, Y, V and Be. The Yb results of this
work, however, are lower than those published'by other
analysts for the same standard rocks, and this is undoubtedly
due to the new recommended value of 2.2 ppm Yb in W-1
(Fleischer, 1969) upon which the results of this work are
largely based, compared to the o0ld recommended value of
3 ppm (Fleischer, 1965). The new value is based on re-
sults obtained by modern isotope dilution and instrumental

" neutron activation anelysis technigues.

It is clear that the emission spectro-
graphic results presented in this thesis do not suffer
from any systematic bias and are sufficiently precise for
meaningful conclusions to be drawn. Except for Yb the
absolute values of the saﬁples can be compared with the
results obtained by ofher analysts studying sedimentary

_ rocks,



Table 6

Comperison of trace element data in ppm for standard
rocks, BR, GA. GH and GR.

Sc Co Y Yb v Be

BR This work 26 58 45 2.4 250  N.D.#**

Rec. mean* - 50 - 4 240 1
GA This work 6.5 6 23 1.5 41 1
Rec. mean* 7 5 - 2.5 36 4
GH This work 2 & 78 4.2 8 7.1
Rec, mean¥* - 1.5 - 8 5 6
GR This work 7.1 12 18 1.4 67 :
Rec. mean* 7 10 19 2 &5 5.5

*
Roubault et al. (1969)

* ¥
N.D. = not determined



ﬂTable 7

Comparison of trezce element data in ppm for standard rocks, G-2, GSP-1, AGV-1l, PCC-1, DIS-1 and ECER-1

S Co Y Yb v Be
G-2 This work 3.4 6 12 0.5 37 2.6
Ave, (1) 4,6 5.7 ' 12,1 1 37 2.3
Meda, (1) 4 5.0 12 1 35 2.5
4,2 (2) 3.20  (3)
GSP-1 This work 6.4 6.0 29 1.4 54 1.5
Ave, 51) 9.1 8,2 34 2.1 55 1.0
Med., (1) 8.4 7.0 31 2 53 1.0
1.76  (3)
AGV-1 This work 11.3 13 25 1.6 118 2.3
Ave, (1) 12.5 16.6 23 1.9 127 1.8
Med, (1) 11.7 16 24.5 2 1224 1.8
12.0 (2) 1.23  (3)
PCC~1 This work 9.8 125 4 0.9 33 0.5
Ave., (1) 8.2 116 - - 29 -
Med, (1) 8.5 110 - - 30 -
111 (2) A 0.03  (3)
DIS-1° This work 4,2 150 4 0.7 : 9,2 0.5
Ave, (1) 3.8 135 - - , 16.9 -
Med, (1) 4 141 - - 12.5 -
162 (2) 0.07 (3)
BCR-1 This work 31 35 48 3,2 315 N.D. (4)
Ave, (1) 36 37 42 4,3 414 2.0
Med, (1) 33 C36.7 47.4 4.4 423 2.0
41.3  (2) 1.59  (3)

(1) Flanagan (1969) (2) Iaul et al.(1970) - (3) Meehan (1969) (4) N.D. = not determined

‘ee
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3.5 X - RLY TILUORESCENCE SPECTROMETRY
3.5.1 INTROTUCTION |

As has been mentioned earlier; the bulk of
geochemical data for sedimentary rocks, and incidentally
for igneous and metamorphic rocks as Wéll, has been
provided Dby emission spectrographic methods, as these
have been best cuited to obtaining data of acceptable
accuracy and precision for many trace elements for large
numbers of samples. Although more sophisticated methods
of analysis; such as isotope dilution and instrumental
activation analysis; have been developed; these are not'
suitable for repid analysis of large numbers of samples.,
In recent years; however; X-ray fluorescence spectrometry
has been increasingly utilised in the analysis of sedi-
mentary materials, The general principles of the technique
are described by Jenkins and de Vries (1967). Ahrens
et al. (1967) and Willis (1970)"determined several trace
elements by XRF in manganese nodules; and Cowgilll(1966)
describes an XRF technique for determining 41 elements in
lake sediments. XRF is capable of producing major
element data of excellent quality (von Michaelis et al.,
1969); and data produced by Willis et al, (1971) on lunar

.‘rocks and soil and published by Carmichael et al., (1967)
on standard rocks illuétrate the success of the methoq for

obtaining good quality data on trace elements as well,

However, the difficulties of determining Co
and V in pafticular by XRF are underlined by the uﬁsatis-
factory data of Carmichael et al. (1968). Table 8
compares their data for the U.S.G.S. standard rocks with
the average and median values given by Flanagan (1969),

The Co K spectral line cannot easily be used as it 1is
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interfered with by Fe KF and 1t also lies on the long
wavelength side of the Fe K gbsorption edge which makes
matrix corrections difficult. CovKiﬁ can be used as the
analysis line but 1t suffers from possible interference

by N1 K4 and is also a very week line at the concentrations
commonly found in sedimentary materialé. V K, 1s strongly
interfered with by Ti KF and V K B is strongly interfered
with by Cr KD<. By using a series of correction factors

Co K, and VK_ can be used in the determination of

these elements, but as only a small proportion of the
measured intensity of the peaks is due to the analysis line
K radiation the accuracy of the method must be impaired;
and the consequent results somewhat uncertain. Thus in

this work Co and V have been determined by emission spec-
trography. Sc was determined by the same method, as in

XRF Sc K 1s heavily interfered with by CaIKP when

the PET (Pentaerythritol) analysing crystal is used. Ir
cyrstals with higher resolving power are used; this wave-
length region lies outside the angular range of the gonio-

meter, Be is too light and Yb concentrations are too low

Table 8

Ch and V data for U.S.G.S. standard rocks in »pm

G-2 GSP-1 AGV-1 PCC-1 DTS-1 BCR-1

Co Ave. (1) 5.7 8.2 16,6 116 135. - 37
Med. (1) 5.0 7.0 16 110 141 36.7
XRF ((2) 10 20 30 90 100 60

V. Ave. (1) 137 55 127 29 16.9 414
Med.( (1) 35 53 124 30 12.5 423
XRF (2) 20 50 115 40 10 400

(1) Flanagan (1969).
(2) Carmichael et al. (1968)
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in sediments for these elements to be determined by XEF
and emission spectrography was consequently used. Y was
determined by both methods. Elements which were analysed

by XRF were Zn, Cu, Ni, Zr, Nb, Y, Pb, Th, Cr and Ga.

The X-rey spectrometers aﬁailable for this
project were a Philips PW 1220 semi-automatic Spectro-
meter with a 2kW generator and an older Philips PW 1540
instrument with a 1 kW generator. Both instruments
were of the flat crystal type and had facilities for
pulse height selection. Corrections were always macde

for sample position and for dead time effects.,

3.5.2 ZINC, COPPER AND NICKEL

Zn, Cu and Ni were determined on the TW
1220 spectrometer using an Au target tube and pulse height
:seleotion. The analysis 1s complicated by the presence
.of trace quantities of Zn; Cu and Ni in the X-ray tube;
which caused interference on the analysis lines by Rayleigh
scattering. Correction for this interference was accom-
plished by ascertaining the ratio of the nett intensity
of the Au Ly 1line to the nett intensity of the anélyéis
lines using Ni-free blanks. This ratio was constant for
samples of differing mass absorption. The Au L, 1line
of the shale samplesAwas measured and this ratio used to
calculate the X-ray tube contribution to the analysis
line; which could then be subtracted to leave the nett

intensity due:to the element in the sample only.

Background intensities at the peak positions
were measured by first counting several samples chosen at
random at four carefully chosen background positions and

then plotting the results graphically fitting a spline
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curve to the points. Theoretical background intensities
could then be obtained by interpolation atl peak positicns.
Factors for obtaining the background dt each peak position

were calculated from backgrounds as follows:

Factor oorent = (B81(ora) * P82 * B83)/ B8 g1gment 20

peak position where the element is Zn, Cu or Ni,

Average factors for each element~were‘then calculated and
used to calculate the theoretical background intensities

at the pesak positions of the shales as follows:

Bg at peak position = (Bg1<or4) + Bg, + BgB)

element

FPactor element

Nett peak intensities were then obtained by subtraction

of the background from the total measured intensity &t

the peak positions. In the determination of Zn and Cu
backgrounds 1; 2 and 3 were used; while for Ni backgrounds

2, 3 and 4 were used.

As Fe is the heaviest major element found
in normal shales, for wavelengths shorter than the Fe K
absorption edge only very small changes in mass absorption
coefficients should occur. Thus a single measurement
of mass absorption coefficient will suffice for the K
lines of all elements of greater atomic number than Co.
Reynolds (1963, 1967) has shown that the intensity of the
Compton scattered Mo X, radiation (0,711 %) from the
“ﬁolybdenum target tube 1s inversely proportional to the
mass absorption coeflicient and can b= used as 2 measure
- mass of absorption for elements heavier than Cc, This
method of matrix sorrection was the one adopted here Ior

the elements Zn, Cu and Ni.

To determine the mass absorption coefficients
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the time taken to accumulate 128,000 counts of the
Compton scattered portion of the Mc K, primary beam was

measured for the standards G-1, W-1, K,S0,, CaF, and

47
U.5.B.5. sample No §9, all of knovwn mass absorpticn co-
efficient, sand for all the samples. For the standards a
plot of mass absorption coefficient versus time was con-
structed by linear regression analysis and from this graph
the mass absorption coefficient of the samples at 0.9 4
was obtained. Fach sample was run twice and the result
averaged. The instrumental conditions for the determina-
tion of the mass absorpticn coefficients are set out in
“fable 8(i).This method works well for shales as there is
not a great deal of variation in mass absorption co=
efficient. The low mass absorption coefficient region is
limited by the requirements of large sample thicknesses,
and high mass absorption coefficient region is limifed

by the difficulty of accurately measuring a weak peak
(Compton Mo K 4 ) that is imperfectly resolved from a
strong one (kayleigh Mo K ). The mass absorption co-

efficients of the samples studied varied in general from

Table 8(1)

Instrumental conditions for the determination of mass
absorption coefficients

Instrument PW 1540
Target tube Mo

kV 48

mA 20

Counter Scintillation
Collimator ( Fnﬂ 160

Analysing crystal Topaz

Pulse height selection Not used

Line , Compton K
Position (°26) 31.64

Counts

128,000
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10 to 12, with those of the Fe-rich chlorite shales
extending up to 15 and those of the carbonaceous kso-
linite shales extending down to 6. Reynolds (1G€7)
points out that this technigue is unsatisfactory for
mass absorption coefficients greater than 20, but
this eventuality did not arise here. That the ori-
quettes of the sample of very low mass absorption
coefficients were of adequate thickness was verifiecd
by counting brigquettes of different thicknesses in

this low range of mass absorption coefficient.

The concentrations of Cu, Ni and Zn in
the samples were calculated according to the method
of Reynolds (1963) as follows:
ppm Z, = ps Z Ko 1y . H 0-934X . PPm Zoi4

°ps Z Koo 1t P o0.9%,sta -

where 7 1s an element,
X 1s an unknown,

cps Z K°<,X and cps % K‘>< 1std refer

respectively to the intensities in counts per second
of the background-corrected Z ch peaks in the unknown

and standard,
[ O T
Po.gi,x & P gR,sta Tefer

respectively to the mass absorption coefficients of

o)
unknown and standard measured at wavelength 0.94,

ppm Zstd refers to the con-

centration of the elementlz in the standard.

Instrumental conditions for the

determination of Zn, Cu and Ni are set out in Table 9.



Instrumental conditions for the determinrnation of Zn, Cu and Ni

Table 9
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Instrument PW 1220
Target tube Au
kV 60
mA 32
Counter Flow and. scintillation
Collimator Fine (150 pm)
Analysing crystal LiF (220)
Vacuum Used
Sample spinner | Used
Pulse height selection TUsed
Au Zn Cu Ni Backgrounds
Line L K& K K -
Position| 52.97 60.27 65.25 70.97 59.15, 64.05
(o) 68,00, 72,50
Times 10 120 120 120 60
(secs)

W-1 was used as the standard zandéd the

values of Zn, Cu and Ni used were those recommended by

Fleischer (1969) and shown in Table 10,

U.5.G.5.

standard rock BCR-1l was run as an unknown and these

results are~indluded in Table 10 together with the average

and median values taken from Flanagan (1969), the XRF

data of Carmichael et al. (1968).

Table 10

Zn, Cu and Ni data in ppm for W-1 and BCR-1

Zn Cu Ni

W-1 (Fleischer, 1969) 82 110 78

BCR-1 This work 121 16 11

Ave, (Flanagan, 1969) 138 22 14

Med. (Flanagan, 1969) 120 21,2 12

XRF (Carmichael et al., | 125 15 15
1968)




The Zn data oompéres well, but the Cu?
results may be a little low, although the result of this
work for BOR-1 agrees with the XRF value found by Carmichael
et al., (1968). The Ni result for BCR-1 is satisfactory
although Carmichael et al.(1968) obtained a slightly |
higher answer. | However, it is pertinent to_point out
that the Cu and Ni levels in shales are much highér than;
the oonéentrations in BCR-1 and are liable to be more

accurate,

A Fortran 1V program, written by the
author and run on the IBM computer, was used for the
“calculation of results. The program is listed in

Appendix 5.

Counting errors and detection limits,
based on three timeé the standard deviation of the ba¢k—
ground count rate (Jenkins and de Vries, 1967), for Cu,
Ni and Zn are less than 1 ppm and less than 2 ppm

respectively.

—

3.5,3 ZIRCONIUM, NIOBIUM, YTTRIUM, THORIUM AND ILEAD

The concentrations of Zr, Nb, Y, Th and
Pb were determined in two runs using both X-ray spectro-
meters and the instrumental conditions used are tabulated
in Table 11. The seven background positions used were
carefully chosen to avoid tailing from spectral lines.
Background intensities at the peak positions were intér-
polated from a count rate versus 2 @ plot which was con-
structed by hand using a spline.curve to obtain a best
fit of the background points. Nett pesk intensities were
calculated after corrections had been made for line fnter-

ferences oI‘RbK’3 on Y K ., SrKP on Zr K, andYKP

on Nb X . .. These corrections are made as follows



using the interference of Rb K B on Y K0< as an example:

*
cps YK, = o¢ps YK, - (cpstKD< x F)
where F is an intensity correctior. factor of

cps Rb K B /cps Rb K this factor being determined on

[~ 4 b
an Rb-rich blank and Rb K B being measured at the Y ch

position.

*
cps YT K is the total intensity measured at

the Y K  peak position.
.x.
cps Y K , is the corrected Y K intensity.

Calculation of the concentration of the
elements was then carried out for Zn, Cu and Ni using the
method of Reynolds (1963). Masé absorption coefficients
determined‘using the Ccompton Mo K, could be used as all
the analysis spectral lines have a wavelength shorter than

the Fe K absorption edge.

Although Rb and Sr were determined for
interference correction purposes they do not form part

of this work and are not reported here,

Table 11 .

Instrumental conditions for the determination of Zr, Nb
Y, Th and Pb (Eb and Sr)

Instrument PW 1220 ‘ PW 1540
Target tube W - W
KV 65 54
mA 30 18
Couniter Scintillation .Scintillation
Collimator Fine (150 pm) Fine (160 me)
Anelysing crystal LiF (220) . LiF (220)
Pulse height Used | Used

selection



Table 11 (cont)

Nb r Sr Rb Th Pb Backgrouncs
Line K x K « L X K x K& L L o
PW1220
Positions 30.36 32,03 33.81 35.76 37.91 39.16 40,32 27.35, 29.65
(©20) : 33.05, 34.55
: 36.85, 38.70
40.95
Times 40 40 40 40 40 40 40 20
(secs)
PW 1540 _
Position 30.26 31.91 33.71 35.67 37.80 39.08 40.28 27.23, 29.53
(©28) 32.93
34.43, 36.73
_ 38.56, 40.83
Times 60 60 60 60 60 60 60 30
(secs) ' '

43
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Cne standard, G-1, was used and W-1 was run
several times as an independent unknown, Standard
values used are taken from Fleischer (1969) and are shown

in Table 12 together with data for W-1,

Table 12

Nb, Zr, Y, Th and Pb data for G-1 and W-1.

NDb zr Y ™ Pb

G~1 Fleischer 20 210 13 52 49
(1969)

W-1 This work 6 87 25 4 8

Fleischer 10 100 25 2.4 8
(1969)

Based on the results for W—l; it appears
that the Zr data is a little low and the Nb data is un-—
certain, but the Pb and Y data are very satisfactory.

The good agreement Dbetween the XRF and emission spectro-
graphic technigues for Y is shown in Table 13 which
contains Y data determined by both methods for a series

0of six Bokkeveld shale samples.

Table 13

Comparison of Y data determined by XRF and emission_
spectrography (ES)

ppm Y by ES ppm Y by XRF
Bk 302 57 51
Bk 318 36 41
Bk 321 44 42
Bk 361 32 ; ' 32
Bk 373 . 38 40

Bk 389 20 22
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Counting errors and detection limits for
Nb, Zr and Y are less than 1 ppm and less than 2 ppm
respectively. Those for Th and Pb are less than 2 ppm

and less than 4 ppm respectively.
3.5.4 CHROMI1UM

The determinatior of Cr by XRF is slightly
complicated by the interference of V Kﬁ3 on Cr K°< and by
the presence of Cr in the W target tube giving rise to a
low intensity of the Cr K., Rayleigh scattered line. AT
the levels of Cr and V commonly found in shales, however,
V interference was found to be negligible and wes
ignored during calculation of Cr results. Tube inter-
ference by Cr, however, was significant, and Waé corrected
for in a. similar manner described for Zn, Cu and Ni

using a blank SiO2 briguette.

A matrix correction using the Compton
Mo K mass absorption coefficient cannot be used for Cr
as the wavelength of Cr K¢>< lies on the long wavelength
'side of the Fe K absorption edge. A mass absorption
coefficient could be calculated using the major element
composition of the shales, but in this case immediate
difficulties would be found when dealing with the car-
bonaceous Ecca shales. The correct distribution of the
1oss On ignition factor between water, carbon and hydro-
carbon is impossible, Consequently the background
intensity was used as a measure of mass absorption and
Cr concentrations were calculated using peak to background
ratios. Instrumental conditions are presented in Table
14. Background intensities were calculated using the
ratio method described earlier from factors derived from

a spline-curve-~fittecd plot of background intensities.
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35.

4 single standard, W-1, was used using the

value of 120 ppm recommended by Fleischer (1969).

The counting error and detection limit of Cr by this method

is less than 2 ppm and less than 4 ppm respectively.

3.5.5 GALLIUN

Ga was determined using a method developed

and described by Willis (1971) which used the Ga K_ 1line

and corrects for Cu Ko and Zn KF interference on back-
! *

ground positions.

As a Mo target tube is used a matrix

correction can be made simultaneously by the measurement

of the Compton Mo Kid peak and results were calculated

using the method of Reynclds (1963).

conditions are given in Table 14,

Instrurental

G-1 and W-1 were used as standards using

the recommended values of Fleischer (1969) of 18 ppm and

16 ppm Ga respectively,

limits are both less than 2 ppm,

Table 14

Counting errors and detecticn

Instrumental conditions for the determinaticn of Cr and Ga

Cr Ga
Instrument oW 1220 PW 1220
Target tube W Mo
kV ' 60 80
mA 28 25
Counter Flow Flow and Scint.
Collimator Fine (150 pm) Fine (150 pm)
Analysing crystal LiF (220) LiF’ (220)
Pulse height select., Used Used
Spectral line Cr K Ga K
Pezk position (°2€) -107.1 38,91

Background Pos,.

Times (secs) Peak
Backegrounds

95.0, 11.0,
115.0

120
60

38.05, 39.60

120
60
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3.6 GAMVA-SPECTROSCOPY — URANTUM AND THORIUM

U and Th were determined on a selected
suite of 31 samples by gamma-spectroscopy by Mr J.B.M.
Hobbs of the Physics Department, University of Cape
Town. This method used is desoribéd in cetail by

Cherry et al. (1970).

Samples were ground to less than 120
mesh, packed to a height of 7 cms. into plastic screw-
topped bottles of standard size, left sealed for at least
three weeks and then counted for between eight and twenty-
four hours. All samples were counted twice, and if any
individual result was more than two standard deviations

from the mean, than that sample was counted a third time,

Below 20 ppm Th the gamma-~spectroscopic
results did not agree well with the XRTF results which
tended to ve 10 to 15 percent higher. At the higher Th
levels the agreement was satisfactory,. A comparison of
results is shown in Table 15. Th and U results for

the selected suite of samples are presented in Table 22A.

Table 15

Comparison of Th results determined by XRF and zamma-

spectroscopy (in opm).

Th-gamma Th-XRF
Bk 13 15 ‘ 17
Bk 14 18 22
Bk 17 17 21
Bk 22 17 20
Bk 25 17 19
Ec 5 27 ' 27
Ec 15 ‘ 45 45

Ec 16 56 64



4. NOTES ON THE ORIGIN AND DISTRIBUTION OF TRACE
ELENERTS IN  SHATES

As about 60 percent of the minerals in
normal shales are probably clay minerals, with the bulk
of the remainder being quartz, it is clear that the bulk
of elements present in trace -guantitiec are located in
- the clay fraction, Possible exceptions to this generali-
zation would be the presence c¢f detrital minerals such
as zircon which might well contain the bulk of zirconium
occuring in a 1littoral sediment, However, it 1is of
interest to speculate at which stage during the sedimentary
cycle these trace eléments become incorporated in clay
mineral structures. This requires a knowledge of origin
of clay minerals which immediately plunges one into a
basic controversy which confronts all clay pétrologists.
Are clay minerals deposited in a basin of sedimentation

of* detrital or authigenic origin?

The problem of whether clay minerals
in a sedimentary envirOnment are derived from their
source rocks or whether they are predominantly derived by
precipitation from solution is one which cannot easily be
solved, It is clear that both mechanisms do operate
and 1t is also now generally accepted that oiay minerals
undergo various structural and chemical changes during
transportation, sedimentation and burial. It is not
clear, however, which processes predominate and ﬁnder

which conditions.

Clay mineral studies of Modern and Recent
sediments are revealing in this respect as it is unlikely
that diagnetic processes would have been sufficiently

active to cause marked mineral alteratiomns. In their
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studies of Recent Pacific Ocean sediments, Grim et al.
(1949) concluded that the accumulating sedimerits were
terrestrially derived, but that kaolinite was suffering
progressive aiteration to illite. In his work on
sediments collected from various oceans of the world,
Dietz (1941) concluded that the clay mineral distribution
on the sea-floor is regionally similar to that on land,
with kaolinite predominating in tropical oceans and illite
and montmorillonite in temperate and polar regions.
However, he also presented strong evidence that illite

is developed at the expense of montmorillonite from source

material being carried to the sea.

Millot et al. (1963) were satisfied
that no change in supply occurred during the Triassic
formation of the French Jura as there were only very slight
clay mineral changes near the coast during the entire
Triassic period, Changes in the clay mineralogy towards
the centre of the basin of deposition led them to conclude
that the inherited illites were subjected to basin
influences and were imperceptibly changed, first into
random mixed layers, then into regular mixed layers of
the corrensite type, and finally into well-crystallised
chlorite, The chlorite phase is only reached in the
middle of the basin where subsidence is strongest.
Similar work by Millot (1942) and Keller (1956) on ancient
marine sediments 1ndicated the development of i1llite and
chlorite at the expense of kaolinite and montmorillonite
in the marine environment,  Thus an older school of

thought favoured the concept of clay minerals being so

completely structurally and chemically altered in their

depositional environment that they could be considered
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authigenic in origin.

A more modern school of thought is re-
presented by Weaver (1958a, 1958b, 1967) who firmly
believes that clay minerals are predominantly detrital
in origin, reflect primarily the character of their source
area and are not strongly modified by the depositional
environment. He also concludes that the process of
diasenesis in altering clay minerals is not as effective
as was commonly thought. Millot (1970) has decided
that he overemphasized the importance oi authigenic
formation of clay minerals, and on the basis of modern
clay mineral research now concludes that although the
phenomenon doegs exist 1t 1s not nearly as general as he

previously supposed.

There is some ambiguity in the literature
regarding the term diagenesis. Pettijohn (1957) defines
it as a gfoup'term describing the chemical rearrangements
and replacements taking place on the sea-floor or after
the sediment has been removed from contact with sea-water,
the former being hélmyrolysis and the latter epigenesis.
Weaver (1959) is more specific and prefers to restrict
the term diageriesis to alterations which modify the basic
lattice and to use absorption for changes which only
affect interlayer material, and this approach is adopted
here, Syngenetic describes processes occurring while
* the minerals are still in contact with overlying water
and epigehetic 1s used to describe alterations occurring
after burial and removal from contact with overlying water.
Amstutz and Bubenicek (1967) use the same definitions for

diagenesis, epigenesis and syngenesis.

Weaver stated that generalities based
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on an inadequate number of data, had been developed,
upon which a strong case for diagenesis was advanced.
He studied the X-ray analyses of clay minerals from
thousands of sediments and came up with the following
conclusions on the distribution of the clay minerals.

(1) Organic-rich merine black shales contain illite
and mixed layer illite-montmorillonite and
seldom kaolinite,

éé) Montmorillonite is quite common in ancient sedi-
ments. Il1lite is the dominant clay mineral in
01d sediments as weathering and diagenetic con-
ditions prevalent at that time favoured its
formation and preservation, .

(3) Kmolinite is most common in continental and near-
shore Sediments, and is rarer in older sediments
because continental and near-shore sediments tend
to be preferentially destroyed by erosion through
geological time.

(4) Sediments containing both illite and montmoril-
lonite are common, proving that the alteration
from one to the other is not a common process,

Weaver (1961) has showed, however, that
post-depositional alteration of montmorillonite in the
Washakie Basin of Wyoming does take place. Depth of
burial causes the collapse of the expanded montmorillonite
layers. This epigenetic alteration starts at 1700 m
and at 4000 - 5000 m 70 percent of the montmorillonite
layers have collapsed to form illite structures. That
diagenetic changes in clay minerals definitely do occur
was also demonstrated by Kulbicki and Millot (1963) but
this was in sandstone which are porous and thus allow
percolating solutions more access to interstitial clay
material than would probably be the case in impervious

shale sequences. They found the alteration of illite
to kaolinite and, under the influence of saline solutions,

the conversion of kaolinite to illite took place.
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Lateral variation of clay mineral content
~within a basin of sedimentation can be explained
by forms of marine diagenesis, but other explanations
proposed are distribution of clay minerals by current
action, difference in supply f?om various source sediments
and, possibly of most importance,‘different flocculating
characteristics of the various clay minerals. ‘Whitehouse
et al, (1960) determined the settling velocities of
1llite, kaolinite and montmorillonite in waters of varying
salinity, and found that the settling velocity of mont-
morillonite was only slightly changed by increased salinity.
The settling velocities of illite and kaolinite, how-
ever, were sharply increased by increases in salinity
and this effect is the likely cause of the concentration
of kaolinite in near shore sediments.

Age dating of sediments has been carried
~out in an attempt to unravel the complex depositicnal
histories of the constituents of sediments. Hurley et
al. (1960) showed that glauconite was an unsuitable
mineral for dating the age of deposition using the X-Ar
method due to probable post-sedimentation argon leakage
and potassium gain by absorption. Hurley et al. (1963)
obtained K-Ar ages of 200 -~ 400 m.y. for the clay
fraction of North Atlantic pelagic sediments proving that
the bulk of the clay'fraction must be of a detrital origin
and must have suffered very little alteration in the
marine environment. If these ages are anomalously high
they could only be explained by the unlikely loss of K
by desorption. Strong evidence for Weaver's (1958a)
coniclusions that shales in general do not originate in
toto in their depositional environment and are not strongly
modified by the depositional environment was provided
by Hower et al. (1963). They found that the K-Ar

age for the whole rock and six size fractions
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ranging from < 0.08—>62 rl, of an Upper Ordovician
Sylvan shale varied from 350 m.y. for the finest to

540 m.y. for the coarssst, They were of the Opinién
that the whole rock age of 450 m.y., which agreed with
the estimated true age of sedimentation, was fortuitous.
The coarse 103 layer silicate was a 2 M muscovite poly-
type, a musoovite'of detrital origin carrying inherited
Ar which accounted for its high age. The young 103
material had a 1 Md muscovite structure and probably had;
an epigenetic origin, accounting for its formation later
than the time of sedimentation, although the possibility
exists that the low age is caused by argon leaksge, which
overcompensates for inherited radiogenic argon, or by

absorption of K during deposition in the marine environment.

This work proves that for these shales
at least very little alteration of clay minerals took
place during transport and deposition of the clay material,
and that no diagenetic change of this clay material
occurred during its 450 m.y. post-depositional histOry.
It also indicates that the detrital clay material was
added to by much ycunger diagénetio clay, although this is
" less certain. Dasch (1969) expected to find homogeni-
sation of Sr isotopes in marine sediments if diagenetic
processes were. active, but the fact that the isotopic
composition of clay material in sediments was similar to
that of the source area and not of sea-water led him to
postulate that useful provenance information could be
gained from Sr isotopes. Savin and Epstein (1970a,
1970b) found that the oxysgen and hydrogen isotope com-
position of olay‘minerals in ocean sediments and shales

reflected the provenance of these samples, and they could
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and Mg, and Be for Si.

Cation exchange and sorption pfooesses
occur in the weathering environment and during stream
and river transport and undoubtedly part of the.trace
element content thus acquired is fixed permanently and
probably only released during epigenetic changes. However,
changes in equilibrium will occur between the relatively
pure agueous conditions of weathering and transport and
the more concentrdted saline solution of sea-water at the
site of deposition, Syngenetic adsorption and cation
exchange processes allow equilibrium to be approached,
but the extent tc which these reactions proceed is closely
linked with the rate of sedimentation. Nicholls znd
Loring (1960) discussed the reactions at the depositional

site of the alkali elements.

Non-detrital material can also be in-
corporated in sediments through the agency of living
organisms. Apart from shell fragments and skeletal
remains, originally formed from elements extractecd from
sea-water, accumulating in sediments, the soft parts may
also be responsible for the indirect incorporation of
non-detrital elements in sediments. Trace elements are
taken up by organisms Which later die, sink to the bottom
and are incorporated in the sediments. On decomposition
these organisms release their trace elements which are
then available for inceorporation in the sediment by pre-
cipitation or by sorption processes, As such a large
number of elements have been found to be concentrated in
some planktonic species, Nicholls et al (1959) suggested
that eventually all metallic elements of the periodic

table would be found to be spectacularly concentrated in
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some planktonic species or another. The organic compounds
themselves can scavenge trace elements from the overlying
water by chelation processes and then become fixed in the
sediment by adsorption onto clay minerals, The con-
oentratioﬂ and preservation of these bituminous organic
compounds can lead to the formation of o0il shales, but a
discussion relating to the origin of petroleum deposits

is not relevant here.

Black shales often have an exceptionally
high trace metal content and Brongersma-Sauncers (1989)
generalised that in areas of ocean upwelling plankton were
extremely abundant and thus accumulated trace metals in
a limited area where they'oould later Dbe incorporated
in the sediment. He postulated this theory to account
for the high metal content of the famous Kupferschiefer
of Germany. The decomposition of the plankton under
anaerobic conditions would release trace metals which
would be converted to sulphide by the hydrogen sulphide
produced by the reduction of sulphates and from the de-
composing bacteria themselves. Variations of this pos-
tulated mechanism are the direct incorporation in the
sediments of the trace metal rich remains of plankton in
the form of bituminous material, and the precipitation
from solution of chalcophile elements by hydrogen
sulphide. Calvert and Price (1970) found spectacular
concentrations of Cu, Ni, Pb, Zn in organic rich sediments
presently accumulating under anaerobic conditions off
Walvis Bay, South West Africa, an area of intense up-
welling. They believed that the metals were intimately
connected with the organic fraction of the sediment al-

though they did not postulate a specific mechanism.
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.Apart from the bituminous fraction the
kerogen fraction is alsc capable of concentrating trace
elements in shale, Kerogen is here simply defined as the
non-calcareous organic fraction' insbluble in organic
solvents as described by Saxby (1970). It consists
primarily of coaly plant residues aﬁd humric materials.
Szalay (1967) reported the concentration of U, Th, lan-
thanides, Cr, Zn, Cu, Ni, Zr and Te amongSt others by
humic acids which are derived from lignin. Gad et al.
(1969) found Cu, Ni, V, Az and Mo were strongly associated
with the kerogen fraction of Whitbian Triassic sediments
and Nicholls and Loring (1962) discovered that Co, Ni and
Mo were clearly associated with organic carbon in Car-
boniferous sediments. In a detailed study Degens et al.
(1957) found Ni and V concentrated:in the organic fraction
of marine shales, and Pb, Zn, Cu and Sn in the organic

fraction of fresh-water shales.

It is clear that organic matter of this
type is a powerful complexing agent and can be expected to
extract significant amounts of trace metals from over-
lying waters during deposition, but‘an obvious difficulty
in elucidating the mechanisms of such reactions is the
factor of the inherited trace metal content of such
material, although Tourtelot (19€4) believes that the in-
corporation of trace elements by plants during growth ..
contributes very little to the trace element content of

the resulting carbonaceous shale.

Precipitation of ferric and manganese
hydroxides occurs under suitable physico-chemical con-
ditions and their extensive adsorptive powers can account

for the scavenging of several trace metals from sea
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‘waters. Mason (1966) mentions V, Co, Ni, Cu, Zn and Pb
amongst others as elements which can be incorporated in
the oxidate fraction of sediments. Wedepohl (1964, 1967)
concluded that the ore metals in the waters under which the
Kupferschiefer was deposited originated from the reduction
of older iron oxides of red sandstones, in which oxides
Cu, Ag, Pb, Zn, V, Cr andé Mo had previously been fixed.
After release from the iron oxides these metals were
precipitated as sulphides by the hydrogen sulbhide
produced by bacterial decomposition, but he is of the
opinion that the metals themselves did not originate from

the living organisms.

From detailed calculations Goldschmidt
(1932) showed that the amount of all metals, except
possibly sodium, which had been added to the sea during
geological time was far in excess of the quantities at
present resident in the sea. These conclusions, which
have since been verified by several other workers, proved
that the observed concentrations of metals in the sea do
not represent the simple gooumulation to date of‘metals
supplied to the sea by rivers, but that these metals have
been effectively removed from solution by operative mech-
anisms and have been incorporated in the sediments and
eventually locked away in sedimentary rocks. Krauskopf
(1956) examined the concentrations of thirteen metals in
sea-water with respect to their solubilities as various
compounds and came up with the remarkable results that
sea-water 1s greatly understaurated with all thirteen
elements. This means that sea-water cannot be a simple.
thermodynamic system controlled by the laws of mass action
with all the oomponents in solution in equilibrium with

each other. The removal of elements is not governed
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solely by reactions like the precipitation of carbonates in
the presence of excess 0032” or of sulphides under re-
ducing conditions. Adsorption and chelation by organic
molecules and adsorption by clay minerals must be tremen-
dously effective processes in scavenging metals from sea-
water and fixing them in the sediments. The availability
of such metals to be adsorbed must be a controlling factor
in the metal uptake cf the sediment and this leads to the
possibility of using the trace metal content of sediments
as a paleosalinity indicator as data such as that of Kharkar
et al. (1968) shows that the metal content of river water
is considerably lower than that of sea-water, This
possibility using data for some South African shales 1is

explored in Section 8.

Thus the general conclusion is that the
bulk of the trace elements contained in a sediment reached
the depositional environment already’firmly incorporated
in clay minerals, but that a small proportion is derived
from the overlying sea-water and is incorporated in the

sediment by several mechanisms.

The composition of meteoritic dust and
windblown dust of continental origin has always been
regarded as a factor of negligible importance in the com-
position of marine sediments. This has also been assumed
in this work because of the lack of any data concerning the
rate of supply of these materials to the oceans. However,
the author thinks it likely that when research in this
direction is commenced it will be revealed that surprisingly
large quantities of material enter the oceans without

ever being involved in transportation by rivers of streams.

The incorporation of trace elements
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in and the development of other types of sediments are

not relevant to this discussion on shales. These sediments
inolude phosphorites, manganese nodules, limestones,
dolomites, sandstones, tillites and evaporite deposits.

The first four mentioned are principally of authisgenic
origin and during their formation are undoubtedly re-
sponsible for much of the removal of trace elements

from sea-water.



5. THE TRACE ELEMENT GEOCEEMISTRY OF SOUTH
AFRICAN SHALES

5.1 INTRODUCTION

In this section thé abundances and
distribution of trace elements in Soﬁth African fine-
grained sedimentary rocks are presented and discussed.
The samples have been grouped into their stratigraphic
horizons and are examined, where possible, in order of
decreasing geological age. 50 far the Precambrian
formations of eastern and western southern Africa have
not been satisfactorily correlated as the two regions
are separated by the Doringberg fault zone (Martin, 1965)
and there is thus some doubt attached to the order of

ages of these formétions in this work.

The geology :0of all the sequernices which
have been sampled is presented briefly, although it does
not form part of this work, as it is felt that the
trace element geochemistry of shales can only be fruit-
fully discussed when treated in relation to the
general geology. All knowledge concerning age, thicknesses,
lateral extent, changes of lithology ete., can be of use
in unravelling the history of the trace element content
shales. The mineralogical compositions as determined
by X-ray diffraction of all the samples‘included‘in this
work are tabulated in Table 1A but are summarised as

each system or formation is discussed.

It should be pointed out that the aim
of this work was to acquire knowledge of the trace
element geochemistry of as many shale components of the
South African stratigraphic column as possible. No
~attempt was made at the onset to solve specific problems,

as so little of the geochemistry of these rocks was
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known, but it was hoped that the results of this work
would bring possible problems to light and delineate

likely areas of future research.

For the maximum amount of knowledge
to be gained about any single formation, a sampling and
analytical program would had to have been undertaken
which would have been far beyond the extent of this work
in which sixteen sequences of sedimentary rocks have
been studied. Consequently sampling has been somewhat
random and some sequences have received more attention
than others. However, to some extent a compromise has
been reached and some sequences have been sufficiently
well sampled for meaningful conclusions to be drawn from
the analytical data. These seqguences are the Fig Tree
Series, the Bokkeveld Series and, in particular, the
Ecca Series. Core samples from ten boreholes in the
Ecca Series provide an extensive lateral and vertical
sampling pattern. Thus an attempt can be méde to map
the regional trace element distribution pattern for the

entire depositional period of the Ecca Series.

The treatment of a vast number of
raw data presents some difficulty as it is obviously
impossible to discuss each element separately for each
group of rocks and retain a sense of logical coherence.
To overcome this difficulty the total data are first
presénted in Tables 2A to 22A and the element concentra-
tion averages and standard deviations for each group of
rocks are contained in Tables 23A and 24A, Table 244
contains the averages for.the carbonaceous and nbn—oar—
bonaceous shales and a grand average for all trace
elements determined in this work for all samples. For

comparison purposes the average trace element abundances



in pelitic rocks compilec by Wedepohl (1971) is given

in Table 27A. Also shown in this table are the averages
for the continental crust as given by Taylor (1964) and
included for convenience are the carbonaceous, non-car-
bonaceous, average separated clay and grand average trace
element data for the rocks analysed in this work,

Tables 2A to 22A also contain Ga/Al, Ni/Co and V/Cr
ratios. Table 25A contains the averages of these ratios
for the various groups of South African argillaceous
rocks and Table 26A lists the averages of these ratios
for the various components of the Ecca Series of the
Karroo System. The discussion of trace element
abundances in this section is concerned chiefly with de-
viations from these averages. The correlation between .
trace element content and mineralogy is oritioally

examined,

Kendall rank and multiple regression
analysis correlation coefficients have been computed for
all groups of rocks for trace elements, percentage loss
on ignition and for the two major elements Al and e

(used by kind permission of Danchin; 1970). An account
of the derivation of the two correlation coefficients is
out of place here, but as the results calculated inde-
}pendently by the two methods, were not found to differ
much in general, only the multiple regression analysis
correlation coefficients are included in this work and
are listed in Tables 28A to 42A. To gain an idea of

the variation in abundance of all trace elements analysed,
a series of histograms are presented in Figures 9A to

25A depicting freguency distributions of each element

in the complete sample population,

A study of the correlation coefficients
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provides much information on the distribution of the
trace elements Within the rocks and also on their com-
parative behaviour in the sedimentary environment,
Diagrams of interesting inter-eiement and element ratio

correlations are presented,

The interpretation of correlation co-
efficients has been carried out with a great deal of
care as they are subject to some limitations. For
small numbers of observations, i.e. number of samples,
as in the Witteberg Series, the correlation coefficiénts
‘ generated tend to be extreme and in these cases the
correlation coefficients are treated with some reservation.
Negative correlations have not been discussed as they
are frequently extremely difficult to interpret and also
Chayes (1960) has shown that where the sum of variables
cannot exceed a certain constant, as is the case when
percentage or ppm data is Dbeing handled, then positive
correlations tend to be suppressed and negative cor-

relations increased.

The perfect model in which correlation
coefficients would reveal the behaviour and distribution
of elements is one in which the highest correlation
coefficients Observed woulcd be between those elements
which occur only in the same mineral. This situation,
of course, is rare in the sedimentary enviromment, the
closest approach probably being the concentration of
several metals in manganese nodules. Some elements
occur in a number of mineral phases reducing the possibility
of the correlation coefficients being very informative.
Some pairs or groups of elements follow each other

closely through several mineral phases, thus generating



high correlation coefficients. Conversely elements
occurring only in the same phase need not generate high
correlation coefficients if their relative concentrations
differ in that phase between samples. This situation might
arise in the case of closely associated elements located

in the same detrital heavy mineral occurring in a single
basin of deposition but derived from different source

areas in which the heavy mineral concerned had different
compositions. However, an attempt has been made to inter-
pret all the definite and interesting correlations, especially
if they are common to more than one group of rocks, but

it is clearly impossible to interpret every good correlatior.
It must also be borne in mind that the high correlation
coefficients are only used as a guide to the probable distri-
bution and behaviour of the trace elements in shales.

Of necessity there is some rep tition be-
tween this section and the next in which the distribution
and behaviour of each individual element in the South
African shales as a whole are discussed. Every effort
has been made to reduce this repetition to a minimum.

Section 6 could have been treated before Section 5, but it
was felt that a discussion of trace element distribution in
the Various shale sequences before the general discussion (
of each individual element was more logical.

The Ecca Series has been treated in
the most detail as mentioned earlier. Variation of some
trace element abundances with height in the succession have
been plotted and some of the Middle Ecca boreholes and some

very interesting regularities and trends have emerged.
An attempt has also been made to plot the distribution

of trace elements in the Ecca on a horizontal'soale, but

no conclusive trends have emerged from this study.



5.2 SWAZILAND SYSTEM

FIG THEE SERIES

The Swaziland System is considered to
be one of the o0ldest systems of sedimentary rocks on this
planet, if not the oldest, and is remarkable for such an
ancient system in that considerable sections of it have
remained relatively unmetamorphosed and it is thus a well-
preserved relic of ancient geological times, Allsopp
et al, (1968) established a minimum age of 3000 m.y. for
the system by the Rb-Sr isochron method, indicating a
significantly earlier age of deposition. U/Pb ages of
3400 m.y. (van Niekerk, 1967) for the underlying Onver-
wacht volcanics suggest an age of perhaps 3300 m,y. for
the Fig Tree Series. It is possible that these were
the earliest sediments on Earth deposited beneath a

primordial sea,

The Swaziland System, well described
by Visser et al. (1956), occurs as a folded synclinal
belt forming the Barberton Mountian Land in the eastern
Transvaal. About 110 km long and 30.km wide the system
strikes NE-SW and straddles the Transvaal-Swaziland border.
It comprises the following series, listed in order of
decreasing goelogical age:

Onverwacht Series, Fig Tree Series, Moodies Series.

The Fig Tree Series: is underlain by the
former basic volcanics, dolomites, slates and jasper of the
Onverwacht Series, and is overlain by the basal consglomerate
and thick quartzite formations, separated by thin shale
units of the Moodies Series, The Fig Tree Series itself
consists of fine-grainéd and coarse-grained slateé and

greywackes with interleaved horizons of banded chert, banded
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ironstone and banded jasper. The series reaches a maxi-
mum development of 2500 meters (Haughton, 1969). Carbon is
widespread in the Onverwacht and Fig Tree Series and

fossil algal remains have been identified in both series,
Engel et al. (1968) consider the Onverwacht alga-like

forms to be the oldest recognisable lifelike forms yet

found on Earth.

Twenty-three samples of the Fig Tree
Series have been analysed and for three of them less than S}
two micron fractions have been separated and analysed. | |

The samples fall into three lithological groups.

(1) The shales themselves are usually
dark grey, well laminated and well-preserved., They con- : i
sist predominantly of iron-rich chlorite and illite with
subordinate quartz and occasional traces of plagioolase‘
feldspar. Chlorite is nqrmally more abundant than
illite, Danchin (1970) found the SiO2 content to vary
between 51 and 59 perbent, and and A1203 content between'

11 and 18 percent and the Fezo3 content between 8 and

17 percent.

(2) The greywackes contain considerably

less clay minerals and more gquartz and albitic plagioclase

feldspar. Potash feldspard;s also occasionally present,

T —

There is a complete gradation between the shales and grey-
. wackes, the greywackes in this study usually containing
more than 58 percent SiO2 and less than 12 percent Alzos.
(3) The ferruginous shales contain | i
;- more than 15 percent Fe203 and range up to 40 percéht.
They consist predominantly of iron-rich chlorite and the

- iron minerals hematite, magnetite and goethite.

The chief interest in the rocks of the

Fig Tree Series lies in their great age and the possibility
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that they are the earliest formed shales and were accumru-
iated beneath a primordial ocean perhaps only just formed
by massive condensation from the atmosphere‘or degassing

of the Earth's mantle or, more 1ike1y; a combination of
both mechanisms. . If sediments of greater age were formed
on other parts of the world; which is likely, they havé
since been removed either vy progressive erosion or by
severe metamorphism following deep burial; culminating in
granitisation processes which have tended to eliminate
sedimentary characteristics. However; the exciting
possibility does exist that shales of Fig Tree age might re-
present the period in the Earth's history of most rapid
crustal evolution during which a thick relatively stable
crust was being developed from a thin relatively unstable
one, That the Earth's crust must have been unstable at
least in this area is shown by the composition of the Onver-
wacht Series which underlies the Fig Tree Series. The
Onverwacht comprises vast outpourings of lava varying from
dark andesitic or basic types to subordinate acid types
(Haughton; 1969). Included are definite basic rocks of
pyroclastic origin. The sequence 1s at least 15 km thick
and nowhere has the base been proved to have exposed (Condie
et al.; 1970); The Fig Tree Series has been invaded by
younger intrusive ultrabasic rocks of the Jamestown Igneous
Complex and by various younger intrusive granites, such as
the Kaap Valley granite, the Mpageni granite and the |
Salisbury Kop granite, which are normally associated with
orogenic phases of deformation of the Swaziland System.
Although much of the sediment comprising the Fig Tree Series
undoubtedly originates from weathered Onverwacht lavas; pre-
Swéziland granites must have existed at that time as well

to provide much of the detritus. All the shales and grey-

wackes of this study contain abundant quartz and some contain
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potash feldspar showing that they were at least partially

derived from granites.

From their petrological and petrographic
study; Condie et al. (1970) concluded that the Fig Tree
sediments were derived from a source area of diverse compo-
sition; including basic rooks; granitic-metamorphic rocks
and volcanic rocks. Some detrital material was also de-
rived from contemporary volcanic activity. They were of
the opinion that the granitic-metamorphic source rocks of
the Fig Tree sediments may be preserved in the Ancient
Gneiss Complex described by Hunter (1968) in central
Swaziland and for which Davies (l969)vreports an age of
3340 m.y. However, the status and age of the Ancient
Gneiss Complex must be regarded as a little uncertain as
much of the grandiorite gneiss of which they now largely
consist has been formed by granitisation of older rocks
(Haughton; 1969). The fact remains that pre-Fig Tree
granitic rocks must have existed indicating that igneous
differentiation or partial melting of the Earth's mantle must
have occurred as early as these times and that at least in
places the Earth's crust was a minimum of 16 km thick (the
maximum exposed thickness of the Onverwacht Series). The
immature greywacke textures described by Condie et al.; (1970)
show that the original detritus was not transported great
distances prior to deposition and burial; and also prove
beyond reasonable doubt that the sediments of the Fig Tree
Series were not derived from pre-existing sedimentary rocks
thus supporting the possibility that these might be the
oldest shales still existing on Farth..

Danchin (1967) interpreted the high Ni
and Cr content of the Fig Tree shales in terms of an
ultramafic source area for these rocks whereas Condie et

al. (1970), while agreeing that an ultramafic source rock
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component must be responsible for the high Mg, Fe, Ni and
Cr contents of the shales, declded on the basis of the
mineralogical composition of the greywackes and shales,
as well as the major and trace element compositions, that
ultramafic rocks comprised at the most only 10 percent

of the source material,

The twenty-three greywackes and shales
of this work have been analysed for fifteen trace elements
and 1t is of interest to attempt a reconstruction of the
source area in terms of the relative proportions of
probable igneous rocks. The average igneous rocks con-
sidered are ultrabasic, basaltic and granitic and the
trace element data used are those from Vinogradov (1962)

. for ultrabasics and Taylor (1964) for basaltic rocks and
granites, For Y and Yb in uwltrabasic rocks the averages
of the data listed by Hermann (1970) have been used.

‘The complete data of Turekian and Wedepohl (1961) could
have been used without changing any conclusions although
in ultrabvasic rocks their value of Nb seems far too high
~and their value for Cr might be a little low. It should
be remembered that the data of Taylor (1964) is largely
based on the work of Turekian and Wedepohl (1961) except
that later analyses have been taken into account. Table
16 contains the average trace element content of the

Fig Tree rocks, the average shale of Wedepohl (1971) and
some selected average igneous rock types of Vinogradov
(1962), Turekian and Wedepohl (1961), Taylor (1964)

and Herrmann (1970)., It is immediately apparent that
the trace element content of the average Fig Tree sediment
is markedly different from the average shale of Wedepohl
(1971). Only V, Cu and Zn and,to a lesser extent, Sc,

Ga and ¥ show concentrations which are similar to the

the average shale.,
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‘Table 16

Be
Sc

Cr
co
Ni
Cu
Zn
Ga

Zr

535 &

(1)
(2)
(3)

Fig Tree
(1)
1.4

20.0
115
883

38,4
502

51.0
114

13,7

28,

87.

10,

N
5N A~ w U, N

This work

Turekisn and Wedepohl (1961)
Vinogradov (1962)

1.7
18
124
660
78
635
51
63
1
23
125
15.

composite and shales

Ultrabasic/basaltic/ Ultrabasio
granitic., 2/3/2

(1)

0.X
15
40

1600

150

2000

0.004

Jltrabasisz Aasaltic

(1) (2)
0.2 1
5 30
40 250
2000 170
200 48
2000 130
20 87
30 105
2. 17
2.9 (6) 21
30 140
1.0 19
0.8 (6) 2.1
0.1
0.005 4

(4)

Taylor (1964)

(5) Wedeponhl (1971)

(6)

Herrmann (1970)

Basaltic Basaltic Shale

(4) (4) (5
0.5 5 3
33 5 213
250 20 130
200 4 90
48 1 19
150 0.5. 68
100 10 45
100 40 - 95
12 18 19
25 40 41
150 180 160
20 20 18
2. (3) 4 (3) 3.

5 20 20
2, 17 12

‘09



An attempted reconstruction of the com-
position of the gcource arca containg sevéral inherent un-
certainties. The most important.of these is the Tact
that very few reliable trace element analyses of early
Proterozoic igneous rocks exist. Thus the assumnption 1is
being made that igneous rocks- of great age did not differ
much from their modern analogs. Furthermore, although
the ultrabasic rock data of Vinogradov (1962), and Turekian
and Wedepohl (1961) are very similar; trace element
concentrations can actually vary considerably depending
on the actual rock type. Tne composition of the average
ultrabasio rock is very dependent on the relative pro-
portions. assigned to kimberlite; dunite; peridotite or
pyroxenite., For example; the Sc data listed by Frondel
(1970) show Sc to vary from 1 ppm in dunites to 200 ppm
in pyroxenites. Consequently the ultrabasic rock data
must be considered with some reserve, A Turther tacit
assumption 1is that the trace element content of a shale
is largely a function of the source rock composition and
that such factors as intensity of weathering and environ-
ment of deposition have exercised a minimal iafluence on
the final trace element composition of the shale. That

this is a reasonable assumption is discussed in Section 4.

The diffefences in trace element content
between the average Fig Tree sediment and the average
shale for the purposes of this argument are assumed %0 be
chiefly due to differencés in source rock composition and
the effect of any combination of mechanisms which might
have resulted in the enrichment of some elements and the
depletion of others in the depositional environment is
minimal. From the'textures of the Tig Tree greywackes

Condie et al., (1970) deduced that the weathering of the
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source rocks was mild which supports the contention that
little enrichment or depletion of trace elements

occurred during weathering of the source rocks.

An examination of the data presented
in Table 16 reveals some striking fécts. It the trace
element content of the average Fig Tree rock is compared
to the average ultrabasic rock of Vinogradov (1962)
and the average pasalt and granite of Taylor (1964) it
is immediately apparent that the source area must have
comprised all three rock types. Rare intermediate rock
types are not considered in this discussion as it is
not likely that they played a major role in the prove-

nance of the PFig Tree shales,

The Cr, Ni; Nb; Zr and Yb data show
that the final sediments must have been partially de-
rived from ultrabasic rocks. The Zn; Cu; 5S¢ and V data
indicate that rocks of basic composition must have been
present in the source area and the Th; Pb; Y; Ga and
Be contents of the Fig Tree shales can only be explained
by invoking the presence of granites in the source area.
If the average Fig Tree sediment is assumed to approximate
the average composition of the source rocks; it is a
simple matter to calculate the proportion of principal
igneous rock types reguired in the source area to pro-
duce an average Fig Tree sediment of the observed
composition, Although Ahrens (1954a; 1954b, 1963a) has
pointed out that the distribution of most trace metals
in granites is-lognormal i.e. positively skewed, average
and not most frequent concentrations of trace elements
in granites are used in these calculations as it is
felt that the process of weathering and erosion involve

the total exposed granite and not random samples of it.
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Therefore average abundances are more meaningful than
most frequent abundances as the "most typical”

abundance 1s not the one required.

The model does not fit all elements
equally and in its construction majbr emphasis has been
placed on those elements whose concentrations in the
average Fig Tree sediment are most different from the
average shale of Wedepohl (1971) and whose concentrations
- in ultrabasic rocks are known with some degree of con- .
fidence. These elements are Cr; Ni; Pb; Th; Tb and Zr.
The Cr and Ni data alone suggest that between 25
percent and 45 percent of the source area must consist

of basic rocks.

A simple ratio of 2/3/2 of ultrabasio;
basic and granitic rocks gives a surprisingly good fit
for most of the elements analysed. An increase in the
ultrabasic proportion renders the Ni content too high
and the Pb and Th contents too low. An increase in
the basaltic proportion renders Pb and Th too low, in
increase in the granitic proportion renders Be; Zr; Nb
and Yb too high. Elements whose predicted values differ
markedly from those observed are Co; Nb and Zn and; to
a lesser extent, Zr and Yb. The predicted values of
Co; Nb; Zr and Yb are higher and that of Zn lower than
the observed values. These differences could be con-
veniently explained by the ancient igneous source rocks
being slightly différent in composition from their modern
equivalents. If ancient granites contained less Zr;

Nb and Yb and ancient ultrabasic rocks contained much
less Co than their modern equiValents then the’dbserved
differences could be explained. Alternatively the

differences would also be much reduced if the ancient
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source area contained a greater ultrabasic proportion
than predioted; but the ultrabasic rocks contained

much less Cr; Ni and Co than their modern analogs.
Perhaps the true average Co content of ancient ultra-
basic rocks is much lower than the 200 ppm of Vinogradov
(1962) or the 150 ppm of Turekian and Wedepohl (1961)
for modern ultrabasics. However; Co is strongly enriched
in olivine and it is difficult to visualise low olivine
ultrabasics or low Co olivines. It should also be
pointed out that the Fig Tree sediments are guite
variable in composition ahd that the predicted values
for Co; Nb; Zn; Zr and Yb actually all fall within the
observed concentration range for these elements in the
Fig Tree Series sediments. Condie et al, (1970) re-~
corded an average concentration of 134 ppm Zr in the
greywackes of the Sheba Formation; a constituent of the
Fig Tree Series. This 1s very close to the predicted

value in this work of 125 ppm Zr.

The high abundance of Zn and low abundance
of Co compared to predicted abundances might possibly
be a function of weathering in the source area and the
composition of the water in the depositional environment;
both conditions arising from a primordial atmosphere of
a composition different to that observed today. The
primordial atmosphere was deficient in oxygen owing to
the paucity or absence of plant 1ife at that time,
Deposition of the Fig Tree sediments would have taken
place during the second stage of the development of the
primordial atmosphere according to Holland (1962). He
deduced that at this time the atmosphere was weakly
reducing and consisted principally of nitrogen with minor
amounts of water Vapour; carbon dioxide and arsgon.

Oxygen produced by the photochemical dissociation of water
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vapour in the upper atmosphere would be consumed in

0xidising the more reduced oonstituenps of the volcanic
gaseous exhalations. A significant partial pressure

of oxygen only began to be built up in the atmosphere
with the much later extensive development of plant life
on Earth. From paleontological evidence Cloud (1965)
concluded that green plant photosynthesis existed between
1700 and 2000 m.y. ago but that atmospheric oxygen only
became available iﬂ relatively large quantities from
about 1200 m,y. ago as most oxygen produced was consumed
in the-oxidation of the vast guantities of ferrous iron
on Earth, Thus at the time of the weathering of the
sowrce rocks of the Tisg Tree sediments virtually no
oxidation of the abundant ferrous to ferric iron occurred
with the consequent precipitation of ferric hydroxides
which are efficient Co scavengers. Further evidence of
the lack of oxidising conditions in the weathering envi-
ronment is provided by Ga which shows no correlation with
Fe which is now largely in the ferric state in the Fig
Tree sediments. Ginzberg (1964) pointed out that Ga3t

readily proxies for Fe3+

in minerals, and the lack of
correlation between these two elements in the Fig Tree
sediments indicates that Fe was initially incorporated
in the sediments in the ferrous state and underwent partial
oxidation to the ferric state much later in its history.
It is likely; therefore, that far more Co remained in
solution in the ancient oceans compared to yoﬁnger
sediments in which Co was efficiently scavenged by ferric
hydroxides. Conseqguently the Co contents of the

ancient Fig Tree sediments are much lower than ultra-
basic igneous rocks. If this explanation of the low Co

abundance in the Fig Tree sediments is correct then the

concentration of Co in the primordial sea must have been
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much higher than in later oceans and the very high
Ni/Co ratios in the Fig Tree Series (average 17.9 as

shown in Table 254) indicates that Co is not as readily

incorporated as Ni into Fe-rich chlorites.

Condie et al. (1970) recorded up to 14 .
percent délomite in the Fig Tree greywackes which indi-
cates carbonate or‘bioarbonate enriched overlying Waters;
possibly due to a carbon dioxide‘enriohed atmosphere re-
sulting from abundant volcanic exhalations on land and
beneath the sea and the lack of plant life to extract '
the carbon dioxide from the atmosphere‘by photosynthesis.
Holland (1962) was of the opinion that the carbon dioxide
content of his Stage IT atmosphére was much higher than
the modern content. Carbon dioxide is weakly soiuble’
in water to form the bicarbonate ion which can be re-
duced to form carbonate ion. Dolomite is precipitated
owing to the high concentration of Mg in the overlying’
water; the Mg being derived from the Mg-rich ultrabasic
source rocks. Zn is readily co-precipitated with Mg as
their jonic radii are very similar; besides which the
solubility of ZnCOs, smithsonite; is’yery low. Co does

not readily form carbonates.

Thus the differences between the observed
and predicted concentrations of Zn and Ni in the Fig
Tree sediments can be readily explained in terms of the
probable composition of the atmosphere exisiing in early
Proterozoic times. More detailed aspects of the geo-
chemistry of Co and Zn are dealt with in Section 6 in

which the elements are discussed individually.

To summarise, the composition of the
Fig Tree shales is very different from the average

shale and this is attributed to the presence of ultrabasic



rocks in the source area, The average Figeg;ee sedi~
ment composition could be derived from a source area
containing ultrabasios; basaltic rocks and granites in
the ratio 2/3/2. This is approximately 30 percent
ultrabasios; 40 percent basaltic and 30 percent granites.
The proportion of 30 percent calculated for granites oOn
the strength of the trace element composition of the

Fig Tree Series is far lower than the proportion
estimated by Condie et al. (1970) but they were dealing
with only greywackes whereas the samples analysed in

this work were principally shales.

Predicted abundances which are not
observed in the Fig Tree sediments are those for Co and
Zn, but these can be explained in terms of the probable

composition of an early atmosphere.

The presence of all three principal
igneous rock types in the source area is essential for
the production of the observed composition of the Fig

Tree sediments.

5.3 KHEIS SYSTEM

The Kheis System is represented in -
this study by a single shale, illite-rich with subordin-
ate carbonates and hematite., The Kheis System consists
of three series and is considered by Martin (1965) to be
older than 2600 m.y. although this age 1s by no means
definite. It is not known from which series this sample
originates.

The trace element composition and a
few inter-element ratios of the single sample analysed
are listed in Table 3A., Compared to the average South
Afrioan argillaceous rock it is strongly enriched in Be
and Zr but very depleted in the other elements analysed

in this work. These results indicate that the Xheis
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sediments are derived from a granitic source area, but
further observations cannot be made from the analysis

of only one sample.

Although the Kheis System sediments
are extremely 0ld it is interesting to note that this
trace element composition from the western section of
Southern Africa is completely different to the composi-
tion of the Proterozoic Swaziland and Witwatersrand
sediments of simiiar era from the eastern section of
Southern Africa.

5.4 THE WITWATERSRAND SYSTEM

The Witwatersrand System is a tremend—
ously thick pile of sediments with intercalated lafa
flows and other volcanic material., It outcrops in the
Transvaal but extends beneath the Karroo System in the
Orange Free State where it is mined for gold. Because
of its vast mineral wealth it is unlikely that any other
rock system has been geologioally documented in such
great detail. It is divided into the following'series:~

Kimberley-Elsburg Series

Main-Bird Series

'Jeppestown Series

Government Reef Series

Hospital Hill Series
‘The Jeppestown Series and Government Reef Series, which are
represented in this collection, reach thicknesses of 1230 m
and 2100 m respectively in the Central Rand (Pretorius,
1964), Brock and Pretorius (1964) calculated the maximum’

thicknesses developed to be 2700 m for the Government Reef'
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and 1300 m for the Jeppestown Series respectively. They
thin out considerably in a south-easterly direction.
The two series comprise soiely alternating shale and
quartzite horizons  Brock and Pretorius (1964) con-
sidered that the sediments were slowly deposited 1n a
gradually sinking ovoid basin 450 km long striking SW-NE

with the SW end being the most rounded.

The ten samples analysed contain
dominant‘ohlorite with lesser amounts of guartz, 1llite,
and plagioclase feldspar, Magnetite was detected in two
samples. The samples came from borehole JY 8 in the
Klerksdofp district. Five, JP 6-10, are. from the
Government Reef Series, and five, JP 1-5, from the Jeppe-

stown Series.

Trace element concentrations and some
inter-element ratios are presented in Table 4A, Average
concentrations are included in Table 234 and average ratios
in Table 25A. Correlation coefficients are listed in

Table 29A.

In general, the trace element content of
the averagé Witwatersrand shale shows it to be far closer
in composition to the average Fig Tree shale than to the
average South African argillaceous rock. Similar to the
Pig Tree shales, the elements Ni, Cr are strongly enriched
and Cu and Co less so. The elements Y, Yb, Be, Zr, Nb, Th
and Pb are markedly depleted. As can be seen in Table 254,
the Ni/Co and V/Cr ratios are far closer to those of the |
Pig Tree Series than the average South African argillaceous

rock. These results indicate that the source rocks for tle
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Witwatersrand System must have been similar in
petrology to the source rocks of the Fig Tree sedi-
ments although they probably contained a smaller
ultrabasic component as the Ni concentrations and,

therefore, the Ni/Co ratios are significantly lower.

Again the usefulness of the correla-
tion coefficients is somewhat reduced by the paucity of
samples, but an obvious feature is the lack of signifi-
cant correlation coefficients with Fe indicating that
this major element did not play a major role in the
incorporation of trace elements in these sediments and
in this respect is once more similar to the Fig Tree
sediments. Well correlated groups of elements include
Y - Yb, Co - S¢c - Cr -V - Niand Al - Ga - Zn.

5.5 SINCLAIR GROUP

KUNJAS SERTES

The five Kunjas samples analysed in
this work were obtained from a phyllitic shale horizon.
They consist of dominant illite, probably sericite, and
quartz, with sub-ordinate plagioclase feldspar and traces
of carbonates. Martin (1965) considered that the Kunjas
sedimentary material was deposited in irregular, partly
disconnected, basins, as the Kunjas beds tend to peter
out and then re-appear beneath the overlying Sinclair

Formation.
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The Kunjas Series outcrops in the
Helmeringhausen area, South West Africa, and attalns
a maximum thickness of about 1600 m in the west (Haughton,
1969)., It consists of a seguence of basal conglomerates
and phyllites and forms the base of the Sinclair Group.
Using Rb-Sr age determinations carried out by Dodson,
von Brunn (1969) considered the age of the sediments of
the Kunjas Series to be between 1290 - iOZO m.y., the ages

of granites which pre-date and post-date them, -

Trace element concentrations and some in-
ter-element ratios are presented in Table 4A, Average
concentrations are listed in Table 23A and average ratios
in Table 25A. These samples are not very rich in clay
minerals an@ this is reflected to some extent in the
marked depletion in concentration shown by most of the
elements analysed in this work. Notable exceptions are V
and Zr. The presence of abundant Zr can be explained in
terms of a granitic or pegmatitic source area but the
average concentration of 167 ppm V, ranging from 151 ppm
to 187 ppm, is not so easily explained as this is the
highest group of V concentrations encountered in this work.
As these samples are phyllites they have been subjected to
low-grade metamorphism and perhaps post-depositional
migration of some elements, inéluding V, has occurred,
although if this were the case elements normally asSocia-
ted with V might have been expected to lmve been enriched

as well.
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5.6 DAMARA SYSTEM

The Damara System, which covers a
considerable extent of central South West Africa and 1is
divided into several facies, is unfortunately only rep-
resented by one sample in this study. This is an illite-
chlorite shale and is derived from the south-eastern part

of the Immara Syncline.

Trace element concentrations and some
inter-element ratios for the singlé sample are presented
in Tables 5A and 23A. The analysis of only one sample
does not allow meaningful conclusions to be drawn con-
cerning the.Bamara sediments. The concentrations of Zn,
Co, Ni, V, Cr and Zr are slightly higher than those of
the average South African argillaceous rock and this could
be interpreted as reflecting the presence of a small amounbt
of sulphide or that the sample consists of a large propor-

tion of clay minerals.
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5.7 MAIMESBURY FORMATION

The sediments of the Malmesbury
Formation outcrop over a considerable portion of the
South-Western Cape. As they are frequently isoclinally
folded, dips are generally extremely high and strike
faulting is considerable in extent resulting in scanty
knowledge of the true thickness of the succession.
Haughton (1969) considers the thickness to be vast and
that the beds are of geosynclinal deposition. Sediments
in the Vanrynsdorp area of southern Namaqualand have
long been considered to be a part of the Malmesbury
and were mapped as such by Jansen (1960) but Krdner
(1968) showed that they were almost definitely part of
the Nama System and that the Malmesbury Formation was not
represented in the area. From Rb-Sr age determinations
Allsopp and Kolbe concluded that the age of deposition of
the Malmesbury sediments ooﬁld not greatly excéed 595 +
45 m.y. The sediments of the Malmesbury Formation consist
of a variety of shales, greywackes, quartzites and grits |
with occasional conglomerates, limestones, dolomites,
cherts and basic lavas and tuffs (Haughton, 1969). Fre-
quently, however, arenaceous clay-slates (or greywaokes)
alternate with more argillaceous shales and it is from
these horizons that samples used in this study have
originated. Of the five samples analysed three are argi11~
aceous and two arenaceous., One Of the arenites, VMm 2, was

collected in the Vanryhnsdorp area from the sequence now
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correlated by Krdner (1968) with the Nama System.
The samples are all i1llite and guartz-rich with
subordinate amounts of plagioclase feldspar. One
argillaceous sample, Mm 7, was used for a less than

two micron clay fraction separation.

Trace element oonoentfations and
some inter-element ratios are presented in Table 5A.
Average concentrations are listed in Table 23A and
average ratios in Table 25A, Correlation coefficients

are tabulated in Table 30A.

The arenaceous character of Mm 2
and Mm 4 is reflected in their traoe.element contents
which show a marked depletion in concentrations for all
trace elements analysed here except Zr. The depletions
result from large amounts of quartz and feldspar acting as a
diluent, and the enrichment of Zr is undoubtedly due to the
present of more &trital zircon in the arenaceous than
argillaceous samples. Too few samples were analysed for
the correlation coefficiénts to be of much use and the
diluting effects of quartz and plagioclase feldspar have
also tended to generate extreme correlation coefficients.
However, established correlations are observed in the
Malmesbury sediments as well. These correlations include
Ga-Al, Co-Ni and V-Cr. The Ga/Al, Ni/Co and V/Cr ratios
are perhaps lower in the arenaceous than in the argillaceous
sediments although this 1s based on the results of only one
argillaceous sample as Mm 2 is now considered to belong to
the Nama as mentioned earlier. The ratios in the arenaceous
sample for Ga/Al, Ni/Co and V/Cr are 1.88 x 107%, 2.18 and

0.97 respectively compared tp averages of 2.42 X 10*4, 2.72
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and 1.21 in the three argillaceous samples. These
ratios might be useful in distinguishing between the
arenaceous and argillaceous members of the Malmesbury
Formation, but too few samples have‘been analysed here
to confirm this.

5.8 CANGO FORMATION

The Cango Formation occurs in the
Southern Cape near Ladismith and outcrops along a strike
of 120 km reaching a maximum width of 16 km (Haughton, 1969).
They consist of a series of shales, conglomerates, lime-
stones, slates, feldspathic grits and quartzites. The
Cango Formation is usually correlated with the Malmesbury
Formation, but its exact position in the South African
stratigraphic column is uncertain. Four Cango shales were
analysed and they all contain dominant illite and quartz
with minor amounté of chlorite and traces of plagioclase

feldspar.

Trace element concentrations and some
inter-element ratios are listed in Table JA,. ‘Average
concentrations are included in Table 23A and average ratios
in 25A. In general, the trace element concentrations are
similar to those for the Malmesbury Formation, with which
this formation is often tentatively correlated, although
the concentrations of Ga, Cu and Zn tend to be a little
higher. Ga/Al, Ni/Co and V/Cr ratios are very similar
to those of the Malmesbury Formation and almost identical

to those of the average South African argillaceous rock.
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5.9 NAMA SYSTEM

The sediments of the Nama System cover
extensive regions of southern South West Africa south of
Rehoboth and also extend into Little Namaqualand to the
Vanrhynsdorp district. Martin (1965) considers their
age to be slightly older than 510 m.y. The system has
been divided into four sgries, three of which dontain
shale horizons and have consequently been sampled for
this work. In order of decreasing age the four series
are (1) Kuibis- (2) Schwarzkalk, (3) Schwarzrand and
(4) Fish River.

Trace element concentrations and some
~inter-element ratios for the three series of the Nama
System analysed are presented in Table 23A and average
ratios in Table 25A, Correlatioh coefficients were only
calculated for the samples of the Fish River Series and

these are tabulated in Table 31A,

5.9.1 - Kuibis Series

This series consists of massive gquart-
zites with subordinate beds of sandstone containing inter-
calated whitish shales (Haughton, 1969) and attains a -
maximum thickness of 220 m in the Fish River Canyon. Illite
is the dominant clay mineral but the samples also contain
abundant quartz with lesser amounts of montmorillonite and
potash feldspar, Four Kuibis rocks have been analysed
together with the less than two micron fraction of two of

them, KUI 2 and KUI 4.

Compared to the average South African
argillaceous rock the Kuibis samples are very depleted in

Cu, Zn, Co, Ni and Cr and enriched in Zr. Although ground-
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-water leaching might be responsible fdr the partial
removal of some of these trace metals, the most likely
reason for these low trace element levels is that the
Kuibis sediments were derived from.a pure granitic-
terrain source area, Compared to the whole rock
analyses the separated'less than two micron
fractions are strongly depleted in Zr indicating that
their abundances in thece shales are largely denendent
on the preseﬁce of detrital zircon. Virtually all the
remaining elements are strongly enriched indioating that
they are largely incorporated in the illite fraction.
The concentration of 11 ppm Be in KUI 4 is the hisghest
for all the samples analysed in this work. This con-.
centration might have been atteributed to the presence
of detrital beryl and it was to test this possibility
that the less than two micron fraction of this sample
was separated., Surprisingly enough, this fraction con-
tained 17 ppm Be, about four times as much as the average
geparated clay fraction. This enrichment of Be in the
clay fraction is extfemely difficult to account for, but
is probably due either to adsorption by newly formed clay
minerals in the weathering environment of a source area
containing beryl-rich granites or pegmatities, or hydrolysis
of Be in the depositional environment followed by incor-
poration in the hydrolysate fraction. It might possibly
be due to adsorption by the clay minerals of a very finely
divided beryl, although this is considered unlikely. The
concentration of 300 ppm Cu .in the clay fraction of KUI 4
is considered erroneous and due to contamination by Cu
at some stage during the clay separation process or

¢
briquetting stage. An enrichment from 14 ppm Cu in the
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whole rock to 300 ppm in the separated clay fraction is.

not considered. possible,

The average Ga/Al and V/Cr ratios are
similar to those of the’average South African argillaoeous’
rock but the average Ni/Co ratio of at least 3.78 is very
high and might be due to the partial removal of Co by

surface leaching as these are outcrop samples.

5.9.2 Schwarzkalk Series -

The maximum development of this series
is 300 m.(Martin, 1965) and it consists entirely of dark,
bituminous limestones with a few intercalated shales., Two
samples were obtained from this seriés.but'were discarded
when X-ray diffraction analysis revealed them to be lime-

stones and not shales,

5.9.3 - Schwarzrand Series

This series reaches a maximum thickness
of 400 m in the type area .where it consists of soft ,grey-
green to bluish-grey shales with sandstone and black 1ime-
stone intercalations. Limestone becomes more predominant
towards the south. Nappe structures of this and the preceding
series are conspicuous in the Naukluft Mountains, Tour illite-
chlorite shales, containing variable amounts of plagioolase
and potash‘feldspar, have been analysed together with the

less than two micron fraction from one sample, SCHR 3.

The average trace element concentrations
of the shales from the Schwarzrand Series are very close to
those from the average South African argillaceous rock and
there is little of further interest concerning them. The
average V/Cr ratio is unusually high but the Ga/Al and Ni/Co

ratios are normal.
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5.9.4 Fish River Series

This series, the topmost member of the
Nama System, consists of conglomeratic quartzites, shales
and red and purple argillaceous sandstones. A maximum
thickness of 700 m has been preserved and Martin (19655
describes the series as a shallow-water deposit with
conspicuous burrent-bedding, ripple marks and clay,pellet
horizons. The fourteen samples analysed are very variable
in composition but are characterised by being illite-rich
with subordinate amounts of montmorillonite, chiorite and
occasionally kaolinite, DPlagioclase and potash feldsPar
are normally abundant constituents of these rocks. Calcite
is frequently present and the diffraction lines of hematite

and goethite were detected in a few samples,

The average trace element concentrations
only reveal that the Fish Rivef sediments are perhaps a
little depleted in Ga, V and Cr and enriched in Cu rela-
tive to the average South African argillaceous rbck} The
Ga/Al, Ni/Co and V/Cr ratios are very'close to the average
for all the sample as well. The correlation coefficients
are not very informative due to the small number of samples
and to variable amounts of detrital quartz and feldspar.

Total SiO, varies from 58.6 to 81.9 perdent (Ihnchin,'1970).

5.10 CAFPE SYSTEM

5.10.1 BOKKEVELD SERIES

The Bokkeveld Series, which follows con-
formably on the Upper Sandstones of the Table Mountain Serie
of the Cape System, occurs only in the southern Cape Province

and from Cape Town;extends'nOrth'to near Vanrhynsdorp and
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east of Grahamstown. In the type area near Ceres the |
succession consists of fivé shale bands separated from
each other by four layers of sandstone. Appqreﬁtly a
maximum thickness of 1700 m is reached in the Ceres area
(Haushton; 1969) although du Toit (1939) considers 800 m
to be the full thickness. NorthAand South of here the

succession decreases in thickness,

Illite and chlorite are the major cl
clay minerals in this series with illite usually being
dominant, In a few samples chlorite is only present in
trace amounts. Montmorillonite is normally present as
well, Plagioclase feldspar occurs in minor amounts but

potash feldspar is rare.

The Bokkeveld’Series 1s Lower Devonian
in age and marine invertebrate fossils of this périod are
abundant in its lower half, These consist chiefly of
,braohiopods; lamellibranchs and arthropods (particularly
trilobites) but also 1holude gasteropods; oeph310pods;
pteropods and fish spines, The upper shales have yielded
mainly plants; especially SPIROPHYTON; but a few
-marine forms have been recorded. From the fossil evidence
the lower half of the Bokkeveld sequence was clearly
deposited beneath the sea; the environment beingya shailow .
benthic one (du Toit, 1939). The upper half of the
sequence was déposited under more fluviatile conditions al-
though the alternation of arenaceous and argillaceous‘beds
indicates that frequent oscillations of the sea-floor took
place, The appearance of plants at the top of the sequence
indicates a very shallow depositional environment

towards the end of the Devonian.
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Thirty se&en Bokkeveld samples and the
separated clay fractions of four of these were analysed.
Eleven samples wefe taken from the first shalé band,
thirteen from the second, one from the third, three from
the fourth and two from the fifth, éhe,position in the 
succession of the remaining samples was not recorded by

the collectors.

’Trace elemenﬁ concentrations in Bokkeveld
samples are recorded in Table 7A and correlation‘coefficients
in Table 32A, The average Bokkeveld shale listed in Table
23A is surprisingly similar in composition to the average
shale of Wedepohl (1971) listed in Table 27A. Only Cu, Co,
Ni, Yb, Z2r, Th and Pb exhibit significant differences. These
differences could be due to the source rocks of the Bokke-
veld Series being dominantly granitic in composition as the
Zr, Th and Pb concentrations are high and the Cu, Co and Ni
~concentrations are low. Compared to the average South
African shale the average Bokkeveld shale is slightly en-
riched in V and depleted in Co and Cu.

As only six samples have beén collected
from the three uppermost shale bands it is not possible to
compare their geochemistry with the two lowermost shale bands.,
The twenty-four sampies from these two shale bands vary in
composition from chlorite shales to illite shales with a
complete gradation between these two extremes, HoWéver;
there is no trend of change in mineralogy with height in
the succession. This is shown clearly by samples Bk 18 to
Bk 34, which represent a cross-section of the Bokkeveld
Series at one locality from the top of the Table Mountain
Series to the base of the Witteberg Series. There is also
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Series to the base of the Witteberg Series, There is also
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no apparent systematic change of trace element content
with height in the succession. Danchin (1970) found the
major element content of the Bokkeveld Series samplés to
be remarkably constant. There is also no apparent‘system-
atic change of mineralogy or of trace element content on

a horizontal scale. Samples have been collected from a .
_strike length of 650 lm, Bk 18 — 34 originating from the
westernmost end of the basin of sedimentation and Bk 302
from the easternmost. Any gradual systematicbchange if
any of mineralogy or trace element content with horizontal
distance is obscured by the normal overall variation,
Similarly there are no significant regular changes'in
samples Bk 18 - 34, Bk 361, Bk 373 and Bk 389 which rep-
resent a distance of 100 km across the western end of the

basin in a north-south direction.

These results suggest that the compoSition
of the source area remained unnhanged throughout the period
of‘supply of detritus to the Bokkeveld basin of sedimenta-
tion. No different rock type was "unroofed" by progréssive
erosion, and the rivers delivering material to the sea did
not encroach on areas of different rock composition. Perhaps
slight changes in climatic conditions were responsible for
the changes of clay minerals formed during the weathering
of the source rocks. The sandstone bands which separate the
shale bands were probably formed by changes of the ancient
sea-level, Tne fact that potash feldspar is virtually absent
from the Bokkeveld Series suggests that either chemical |
weathering was sufficiently intense to completely break down
all potash feldspar present, or else it was a rare constit-
uent of the source rock which might have been dioritic or |

tonalitic in composition. Alternatively the sediments could
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have been partly derived from a pre—existing sedimentary

rock.

All the trace elements analysed, except Y,
Yb, Zr and Nb, are considerably enriched in the less than
two micron fraction indicating that they are associated
with either the fine clay mineral fraction or other finely
divided mineral phases, Zr and Nb are largely incorporated
in the detrital heavy mineral fraction, Zr in zircon and NbD
in ilmenite, magnetite, sphene and anatase, but both elements
are also present in the separated clay fraction. The deple-
tion of Y and Yb in the separated clay fraction is interest-
ing and difficult to interpret., Perhaps the answer lies in
the experimental work of Haskin et al. (1966) who found Y
and the lanthanides to be associated with the pure guartz
fraction of the St, Peter sandstone presumably as iron oxide
inclusions or coatings. If Y and Yb were scavenged by iron
oxide coatings or in iron oxide inclusions of the guartz
grains in'the Bokkeveld shales then they would have been
removed from the clay fraction during the clay separation
process. If the iron oxide coatings were "scrubbed off"
during the ultrasonic treatment they would still be removed
in the settled coarse fraction as ferric hydroxide (limonite)
has a greater density than the clay minerals. Cu, Zn, Ni
and V show greatest relative enrichment in the separated clay
fraction, suggesting that they are most abundant in the finest
clay mineral fraction and have probably been incorporated by
cation exchange or adsorption processes, possibly partly
during weathering processes, partly during river transport

and partly during deposition in the marine environment.

The Ga/Al ratio shows no significant change

in the separated clay fraction thus in this case providing no
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evidence of preferential adsorption and incorporation of

Ga over Al in the finest fraction. Ni/Co ratios appear to
be higher in the separated clay ffaotion but the data may
be misleading as the samples might have suffered leaching by
groundwaters before collection with the preferential loss
of Co over Ni. If the data are ﬁeaningfui they indicate
that either Ni is preferentially adsorbed over Co on the
finest clay particles or Co has been preferentially’inoor—
porated in a heavy mineral fraction, possibly an authisgenic
hydrated iron oxide, and has been pértially removed during
the clay separation process. Many of the Bokkeveld Series
Co analyses are extremely low and it seems likely that -
they have suffered Co removal by surface leaching. Co
appears to be more easily leached during weathering than
Ni. Butler (1953) found the Ni/Co ratio to decrease with-
depth in a soil profile illustrating this difference in
chemical behaviour between Ni and Co., However, the dis-
tributions of these elements are discussed in more detail

in Section 6.

) The V/Cr ratio of 1,17 (Table 254) in
the Bokkeveld Series is significantly lower than the

average of 1.51 in the four separated clay fractions from
these rocks. Surface leaching is not considered to have
affected the concentrations of these elements so that this
difference in the V/Cr ratio is a meaningful one. The cause
of this increase might be two-fold. V is probably prefer-
entially adsorbed onto the finest clay particles, and more

Cr than V'is removed in the detrital heavy mineral fraction,
If all the Cr was in the clay mineral fraction then the degree
of enrichment should be greater than is actually observed

because of the dilution effect of gquartz and plagioclase

being removed. Thus it seems likely that a small proportion

Of the Cr is located in the detrital heavy mineral fraction
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of the Bokkeveld Series samples.

Good oorrelations, discussed in detail

in Section 6, are observed between the following pairs of

elements: Ga - Al, Ga - I0I, Ga - Cr, Ni - Co, V - Cr,

Cr - A1, Cr - LOI, Y - Yb, Other correlations noted are

In - Ni, Zn - Co, In - Fe, V - 3¢, Co - Fe, Ni - Fe,

Sc - Al and V - Al, These correlations suggest that ZIn,

Co and Ni are largely associated with an iron-rich phase,
probably a hydrated iron oxide, and that V and Sovtend to

be more closely associated with the clay fraction than any
other fraction. In view of the earlier conclusion that Y
and Yb might be chiefly located in iron oxide coatings, it is
felt that the absence of any correlation between Y and Yb
merits an explanation, It is quite feasible that Y and Yb
follow eaoh’other closely in the hydrolysate fraction and

in the clay mineral fraction. Their présenoe in the clay
minerals is quite independent of Fe which is also present in
clay minerals in amounts of avfew percent, peakingfin the Fe-

rich chlorites.

As the Bokkeveld Series consists of true
shales of undoubted marine origin if provides a convenient
model for testing the usé of trace elements as. indicators of
environment of deposition. The feasibility of using trace

elements in this way is discussed in Section 8.

5.10.2 WITTEBERG SERIES

Resting conformably on the Bokkeveld
series, the Witteberg Series has the same distributiOn‘as
that series, the boundary between the two series being purely

arbitrarily chosen as the base of the first prominent white
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weathered quartzite. Theron (1962) divided the series into
three stages in the Willowmore district. The Lower Stage
(200m) consists mainly of shales and intercalating sandstones,
the Middle Stage (620m) essentially of sandstones, and the
Upper Stage (550m) of dark shales with a few intercalated

sandstones, the total thickness in this area being about

- 1270m. Plant and fish remains have been recovered from the

upper half of the succession and du Toit (1939) has concluded
that the series was deposited under moderately shallowfresh-~
water conditions deepening towards the south, and to range in

age from Middle Devonian to Lower Carboniferous.

Seven Witteberg shale samples were ana-
lysed and from one, Wb 6, the less than two micron fraction
ﬁas separated and analysed. The samples all contain domi-
nant illite and quartz, with minor amounts of chlorite and
montmorillonite and occasional plagioclase feldspar and side-
rite. Compared to the majority of shales examined in this
study and in»nparticular the Bokkeveld shales, these shales
are remarkably feldspar free which might well indicate the
source rocks to have been of a sedimentary nature and quite
possibly not the source material for the Bokkeveld Series as
well, As their major element compositions are so similar
Danchin (1970) concluded that they were deri#ed from the
same source rocks. The degree and type of chemical
weathering, perhaps brought about by climatic changes in the
source area, could also be responsible, although the clay
mineralogy of the shales of the Bokkeveld and Wittebersg

Serijies is identical.

Trace element concentrations and some

interelement ratios are set out 1in Table 8A. Average
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concentrations are listed in Table 23A and average ratios
are included in Table 25A, Correlation coefficients are

presented in Table 33A.

The average trace element composition
of the Witteberg shales is remarkably similar‘to the average
Bokkeveld shale (Table 23A) which supports the possibility
that they have been derived from the same source rocks.
However, Cu and Co contents are slightly higher and the V
content slightly lower than the average Bokkeveld shale.
These differences might be the result of changes in the
environment of deposition as the Bokkeveld is of marine
origin and the Witteberg of fresh-water origin. The Ni/Co
and V/Cr ratios are also different and thus might be used
as indicators of depositional environment. The‘possibility
is discussed in Section 8 which deals with the use of trace

elements as indicators of the environment of deposition.

The use of correlation coefficients is
handicapped by the small number of samples and the fact

that varying amounts of quartz, acting as a diluent, has

tended -to cause element concentrations to vary sympathetically

thus generating artifically high correlation coefficients.
However, it is clear that Ga, Cu, V, Cr and Sc correlate
well with Al and are thus associated with the clay mineral

fraction.
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5.11 KARROO SYSTEM

5.11.1 DWYKA SERIES

The Dwyka Series in the south follows
conformably on the Witteberg Series‘of the Cape System but
to the north and north east it lies unconformably on ancient
rocks indicating a massive extention of the basin of depo-
sition in these directions. The rocks of this series have
long been recognized as the final product of glacial weather-
ing and transport. In the north the rocks show the
characteristics of glacial moraines but towards the south,
where they attain their maximum development of 1330m (du
Toit, 1939), final deposition occurred sub-aqueously and some
bedding features are apparent. Haughton (1969) has divided
the series into the Tillite Stage and the Upper Stage. The
Tillite Stage reaches a miximum thickness of 830m in the
south and 1s considered to be the largest pile of sediments
of its type known. Varve-like shale bands are intercalated
between beds of tillite in the northern part of the main
basin, Hart (citéd by Haughton, 1969).deduced from fossil
evidence that marine conditions existed during Dwyka times.
The Tillite Stage is followed conformably by the Upper Stage
which consists of fine-grained shales reaching a miximum
thickness of 180 m. The upper part of these shales consists
of a zone of black shale which weathers white on atmospheric
exposure and is a conspicuous feature in .the Karroo, This
very interesting shale contains limestones and pyrite énd
du Toit (1939) considers it to have been deposited as black,
highly sulphuretted muds in fairly deep water. In spite of
Hart's evidence, the presence of fassil plants and tree
trunks indicates that the Upper Stage, and probably the whole

series, 1is of fresh-water origin.
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Six samples of the Upper Stage secdiments
were obtained, two‘LDW 3 and LDW 4, being from the "White
Band". Four samples were collected from its occurrence in
the south, near Sutherland and Laingsburg, the other two
being collected in the west near Vioolsdrift in South West
Africa. All are very quartz-rich with traces of plagio-
clase and potash feldspar and should be termed siltstones.
I1lite is the dominant clay mineral with much smaller amounts
of kaolinite, chlorite and montmorillonite. The clay
content is small but this is not unexpected owing to the cold
climatic conditions prevailing in the source area which
would severely retard the formation of clay minerals by
chemical weathering, In this respect the sediments are
similar to Recent Antarctic glacial marine sediments which
Angino (1966) has found to have been deposited relatively

unailtered,

Trace element COnoentrations‘and s0me
inter-element ratios are presented in Table 8A. Average
trace element concentrations are listed in Table 23A and

average ratios in Table 25A,

In general most of the trace elements in
the shales from the Dwyka Series are strongly depleted relative
to average South African argillaceous rock listed in Table
2TA, Elements which are particularly depleted include
Zn, Co, Ni, Cr, Zr and Nb. The principal reason for this
depletion is that the most abundant minerals present are quartz

and feldspar and -the clay mineral contentis oomparatively'low.

Angino (1966) has analysed modern
glacial Ahtarotio sediments which are considered to bpe the
modern analogue of the Dwyka sediments,- Although they are

’:low in carbonate and normally in:total organic content, they
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are very enriched in V and Cu and other trace metals analysed
and all occur in concentrations far in excess of those

found in the Dwyka sediments., Angino found average con-
centrations of 168 ppm V and 120 ppm Cu in the Antarctic
glacial sediments compared to 105 ppm V and 29 ppm Cu in

the Dwyka sediments reported here, However, the Antarctic
Amundsen Sea sediments average 240 ppm V and‘185 ppm Cu.
Although these high concentrations might be derived from the
source rocks it is more likely that they have been incor-
porated in the sediments via the organic remains of trace
metal enriched plankton.

In contrast no enrichment of any of
the trace elementsﬁanalysed has occurred in the black shales
of the Upper Stage of the Iwyka although the organic content,
as measured by LOI, is as high as 10.2 percent. As these
are fresh-water shales, perhaps a low trace element content
of the Dwyka sea has prohibited both metal uptake in the
planktonic organisms and the precipitation of metal sulphides
from the‘overlying water following.the reduction of sulphate
ions by bacterial decay, these being the two proposed mecha-
‘nisms for the enrichmeﬁt of trace metals in organic-rich

sediments as discussed elsewhere in this work.

As only two samples of these Dblack
shales have been analysed, more work is definitely justified

on the geochemistry of this interesting sequence.
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5.11,2 NORTHERN ECCA TFACIES

i . s s, S i Y o .

5.11.2.1 INTRODUCTION

The rocks of the Karroo System, which
is divided into the Dwyka, Ecca, Beaufort and Stormbersg
Series, cover about half of the Republic of South Africa and
are also found in large areas of Botswana, Rhodesia, Malawi,
Zambia, Swaziland, Mozambique and South West Africa, They
completely cover Lesotho. Only the predominantly volcanic

Stormberg Series is not included in this study.

More shales have beeﬁ analysed from
the Ecca than from any other series by far - in fact the
Ecca shales constitute almost half the samples inclucded in
this study. There are several reasons for this. of
paramount importance is the fact that the Karroo System, of
which the Ecca Series is the most abundant member, is an
exceptionally well preserved sedimentary sequence of' great
areal extent and thickness and so provides an ideal example.
for geochemical research of a complete sedimentary basin.
Only in the south has the system been involved in the tec-
tonics which produced the Cape Folded Belt of mountains
existing today. Furthermore, all supplies of coal produced
. in South Africa are mined from the CoalVMQasures of the Ecca
Series and petrol is obtained by treatment of coal from the
Sigma colliery at the Sasol plant in the northern Oransge
Free State, The economic potential of the Ecca Series,
especially with regard to the search for oil, has been
evaluated by drilling by several organizations. Several
borehole. bores have been made available to this project and
these provide invaluable unweathered material for analysis.

In general, it is extremely difficult to obtain suitable
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unweathered samples at outcrop, particularly of the

carbonaceous shales,

‘The Ecca Series has virtually the same
distribution as the Karroo System although it is covered for
most part by the rocks of the Beaufort Series and thus only
outcrops as a belt of about loo‘km average width. The
rocks are predomiﬁantly shales and sandstones with well-
developed Coal Measures in parts and minor phosphatic nodules,
ferruginous limestones and calcerous concretions T(Haughton,
1969). In a paper describing the laws governing lithologic
cycles Szadeczky-Kardoss (1971) describes the Ecca Series
as a fifty to sixty-fold repetition of fluviatile, deltaic
and lucustrine cycles, He classifiies the sediments as being

deposited by aggrading rivers.

In a detailed petrographic and structural
study of the Ecca, Ryan (1967) considered the Karroo
sediments to have been deposited upon a very unéven sufrace.
The Ecca Basin developed into the Karroo Trough in the
south, the Natal Trough in the east and a cratonic shelf area
in the north, Only the western limb of the former Natal
Trough is still .in existence today the rest of it being
truncated by the modern coast line. Ryan has divided the
Ecca Series into the Northern Ecca Facies, Central Ecca
Facies, Southern Ecca Facies and Western Ecca Facies each of
which is further sub-divided into Lower, Middle and

Upper Groups.

The Northern Ecca Facies consists of
the cratqnic shelf and the Natal Trousgh. The Lower Group
sediments were deposited in a discontinuous shallow water.

environment, Local pre-Karroo highlands existed, especially
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the Clocolan Dome and the area north of latitude 270, as

the Middle Group sediments lie directly on pre-Karroo
surfaces in these areas and the centres of these areas were,
in fact, only covered by Upper Group sediments. The vast
thicknesses of the Middle Group sediments were accumulated
rapidly and local disconformities and development of coal
measures attest to very shallow water lacustrine of swamp
conditions which would allow the prolific growth of coal-
forming plants, Casts of tree stumps still exist -

"fossil forests" at Vereeniging, Transvaal, Middle Ecca
rocks consist of thick bands of sandstone and grits with
shaly layers and intercalated coal seams. Much of the
Middle Ecca consists of reworked Dwyka morainic debris.
Although the sediments are generally considered to have been
laid down under fresh-water conditions, Hart (cited by |
Haughton, 1969) described boron-rich glauconite and marine
phyte-plankton from the top of the Middle Ecca which led him
to believe that marine conditions existed at this time.
However, this evidence has been disputed. The vast bulk of
the sediments came from the erosion of a rapidly l1lifting
land mass to the east and the fact that the Upper Ecca Group
1s composed almost entirely of shale led Ryan to believe
that the Eastern Source Area was far less pronounced than
in Middle Ecca times, In general the Middle Eccarsediments
are thickest reaching a maximum development of 600’m in
Swaziland and 350 m in Natal. The thickness of the Lower
Eooa 1s very variable and 1s generally dependent on pre-

Karroo topography.
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5.11.2.2 Borehole Bh 134 and A Series Boreholes,
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These four boreholes are grouped as
they are all from the eastern Transvaal. Sample localities
and descriptions are given in Tgble 1A. Thirty two samples

in all were analysed from the four boreholes,

(i) Borehole A 62:

Six samples from the Middle Group were collecte
over a range of 35 m. They contain abundant cpaly plant
remains (average 10ss on. ignition 26%) and kaolinite is the
dominant clay mineral with traces of illite montmorillonite..
Siderite is occasionally present and potash feldspar is
abundant emphasizing the granitic nature of the source area
and the rapidity of the cycle of erosion, transport and
sedimentation. Trace element concentrations are listed in
Table 13A. Compared to the average South African carbonacec
shale, listed in Table 23A and Table 27A, the samples are
slightly enriched in Co, Ni, V, Cr, Y, Zr and Nb, whereas no
elements are significantly depleted. Cu, Ni and V concen-
trations appear to increase with height in thé succession

whereas Cr, Zr and Nb concentrations appear to decrease.

(ii) Borehole A 76:

Six samples were taken from this borehole which
is stiuated on the same fafm as A 62 but about 3 km north.
Also taken from a 35 km section they are the equivalent of
the A 62vsamp1es.and are very similar in mineralogy and plant
content, However, pyrite is present in one sample. Trace
element concentrétions are listed in Table 12A, Compared 1t
the avefage South African carbonaceous shale, samples from
this borehole are enriched in Ni, Cr, Zr and Nb but no ‘

elements appear to be significantly depleted. No elements
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show a systematic change of concentration with position in

the succession,

{iii) Borehole A 78:

Situated a few kilometers south of the previous
two boreholes, this borehole was sampled over a section of
47 km to yield thirteen samples which are very similar in
mineralogy to those two boreholes. However, traces of
plagioclase are occasionally present, The coaly plant re-
mains are the most abundant for any group of rocks studied
and range up to 45% loss on ignition.  For samples with
abundant coaly remains the percentage 1oss on ignition can be
safely used as a semi-guantitative measure of the organic
content of the rock. Trace element concentrations are listed
in Table 12 A. Compared to the average South African car-
bonaceous shale the samples from this borehole are enriched
in Ni, V, Cr, Zr and Nb. In agreement with the previous two
boreholes no elements appear to be depleted. V and Cr are
strongly enriched at the top of the succession and Zn, Ni and
Zr exhibit the same tendency but to a lesser degree. Be

is enriched at the base.

(iv) Borehole Bh 134 (Springbok Colliery):

‘Seven samples were taken from 90 km of core
from this borehole which is situated about 30 km south-west
- 0of the A series boreholes, In mineralogy and organic con-
tent they are very similar to samples from those boreholes
and are considered to be their stratigraphic equivalents.
Trace element concentrations are listed in Table 15A. Only
Zn and Ni appear to be enriched relative to the average
South African carbonaceous shale, No regular changes of
concentration with height in the succession are apparent

for any of the elements analysed.
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As these four boreholes are located re-
latively close to each other they can be discussed as a single
entity. Danchin (1970) deduced from Al/Na, Al/K and Na/K
ratios that an increase in illite relative to potash
feldspar occurred in a north-south direction. From this he
inferred that the source area of these sediments lay to the
north of the site of deposition which agreed with available
geological evidence. From the X-ray diffraction studies it
is evident that the southernmost boreﬁole, A 78, does contain
the most abundant amounts of illite but it does not seem
likely that this is a function of distance from the ancient
shoreline as the boreholes are only a few kilometers apart

and the ancient shoreline must have been at least 200 km away.

The A Series boreholes are remarkably
similar to each other in‘average trace element composition -
but Borehole Bh 134 contains slightly léss Nb, 2r, Cr and V.
Correlation coefficients were calculated for the A Series
borehole samples as a single group and are presented in

Table 34A.

Most of the trace elements in these bore-
holes show a side variation of conéentration. For example,
in Borehole A 78 ﬁe ranges from 2.1 to 7.3 ppm, Ga from 13 to
34 ppm, Cu from 21 to 51 ppm, Zn from 36 to 127 ppm, Co from
7.5 to 55 ppm, Ni from 31 to 113 ppm, V from 32 to 308 ppm,

Cr from 103 to 418 ppm, Sc from 8.6 to 18 ppm, Zr from 181 to
430 ppm, Nb from 19 to 89 ppm, Th from 13 to 34 ppm, and Pb
from 23 to 44 ppm. Some of this variation is undoubtedly

due to variable amounts of organic carbon, quartz. and feldspar
acting as a diluent, a small proportion of the variation might
be due to analytical error but the bulk of the variation is

undoubtedly real and reflects marked changes from time to
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time in the trace element inoorporation by the rapidly

accumulating sediment.

No element shows a strong correlation
with the loss on ignition, here taken to represent the
organic carbon content, In view of the general high
organic carbon and the high ievel of trace element concen-
trations this is somewhat surprising and is interpretéd as
indicating that, although there is no systematic association
of any trace elements with the organic material, some trace
metals are incorporated by the organic fraction and some-
times in significantly large amounts, but this incorpora-
tion is not consistent and has not generated good corre-
lations. However, the absolute trace metal concentrations.
show that there is a marked association with the organic

content.

Although the bulk of the major element and
trace element content of a sediment is regarded as being
detrital in nature as it has been derived direqtiy from
the source area incorporated in particulate matter, a
minor, but highly significant, proportion of‘the trace
element content represents material brought to the site of
sedimentation in solution and later incorporated into the
sediment by such mechanisms as adsorption; chemical preci-
pitation and the formation of organic complexes by chelation.
Ahrens (1966) discusses the use of ionisation potentials
as a measure Of the stability of metal-hinding organic
oomplexes; such as the‘amino—aoids; in oceans and sediments.
As detrital material is accumulating to form a sediment
it is out of equilibrium with its environment and it will
have a tehdenoy to undergo chemical changes bringing
it closer to a state of equilibrium. These reactions
are considered to be predominantly cation exchange

reactions, although adsorption and possibly preci-
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pitation réactions; influenced by the pH and Eh conditions
which are controlled partially by the nature of the sediment,
- should also be regarded as reactions which are tending to
move the sediment-water into a state of eguilibrium. As
Nicholls and Loring (1962) have emphasized; the extent to
which a state of equilibrium is approached 1s dependent on

the rate of sedimentation.

Nicholls and Loring (1962) attempted to
use the development of authigenic carbonates and sulphides,
calculated as argillaceous norms from whole rock major
element data; to deduce the pH and Eh conditions of the de-
positional environment. These minerals can be precipitated
from the waters overlying the sediment but they gndoubtedly
also develop below the sediment-water interface.‘ Brooks et
al. (1968) and Bonatti et al. (1971) showed that a change
from oxidising to reducing conditions took place beneath the
sediment-water interface and the decomposition of organic
matter in this zone generaged hydrogen sulphidé. 'The down-
ward migration of dissolved sulphate ions followedkby its
bacterial reduction during the decomposition of the,organic
matter is the probable mechanism of the origin of the sulé
phide ions below the sediment-water interface. This 1is the
most likely principal origin of the sulphide ions in the
carbonaceous‘Northern Ecca Facies shales; although gquite
possibly some sulphide originates from the organic;matter

itself.

The development of authigenic sulphides
and carbonates provides a mechanism for the incorporation of
trace elements in sediments as theéé minerals can contain
minor amounts of any elements, Hirét (1962 ) determined

the non-detrital trace metal cortents of modern sediments
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from the Gulf of Paria; but the method used of leaching in

25 percent acetic acid will not account for trace metals in-
corporated in sedimentary pyrite which is resistant to attack
by acetic acid. In this work no attembt has been made to
determine the authigenic trace metal contents of these
carbonaceous shales. However; Danchin, (1970) using the
methods of Nicholls (1962) has determined the normative
amounts of pyrite and siderite in the carbonaceous shales

of the Northern Ecca Facies boreholes. These can be used

to ascertain whether a significant proportion of any trace

metal is included in either of these phases.

Borehole A 78 is particularly suitable
for this purpose as 13'samples were taken from approximately
4 m intervals throughout the carbonaceous succession. |
Furthermore; normative siderite is well-developed towards
the middle of the succession whereas normative pyrite is
developed in the lowermost portion of the succession. Thus
the relative influence of the development of both mineral
species on the trace metal content can be‘ascertained. Fig.
40A shows the variation of normative pyrite, normative siderite;'
Cu; Zn; Co; V and Cr with height in the succession. In this
diagram the vertical distances are not plotted exactly to‘
scale as it 1s known that major compositional differences

can take place over very small vertical distances.

From Fig. 40A it is clear that none of
the elements plotted have any tendency to be associated to an
appreciable extent in either pyrite or siderite. Although
they undoubtedly do contain trace amounts of some metals; as
shown for pyrite by Mitchell (1968); pyrite and siderite

appear to be of minor importance in theAdistribution of the
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trace elements dealt with in this work in South African car-
bonaceous shales. The results for the samples from the
boreholes A 62; A 76 and Bh 134 are not plotted as they show
analagous trends. The distribution of the trace elements
appears to be largely controlled by'their incorporation

in detrital minerals derived from the source area, and their
incorporation in sediments at the site of deposition

by mechanisms such as cation exchange and adsorption, but
not; apparently;;by the formation of authigenic pyrite or
siderite. The distribution of éach individual element

in carbonaceous shales is discussed in more detail in

Section 6,

The correlation coefficients for the
A Series Borehole samples listed in Table 34A show few
significant correlations apart from the strong Ga-Al asso-
ciation. This is interpreted -as indicating that most of
these trace elements have a complex distribution being
located in more than one mineral phase and perhaps being'
incorporated in inconsistent amounts in the minerals in which

they do occur.

The average ratios Ga/Al and V/Cr are
very similar to the average carbonaceous’shale (Table 26A);
but the Ni/Co ratio is distinetly higher. The V/Cr ratio
shows a greater dispersion than the Ni/Co ratio which shows
a greater dispersion than the Ga/Al ratio. None of these
ratios appear to be controlled by possible parametérs such
as LOI, normative pyrite; normative siderite; Al or TFe

content.,
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5.11.2.3 GB Series Boreholes, Northern Transvaal
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These three boreholes are situated in
the south-eastern Transvaalin the Wakkerstroom district close
to the Natal border. They are aligned roughly north-south,
the northern-most borehole being GB 48 which is 5 km north
of GB 47 which is 8 km.north’of GB 45, They all penetrate
the Middle Group Coal Measures which approach close to the
surface in this area as the Upper Group shales are not well

developed here, Thirty-seven samples in all were analysed.

(i) Borehole GB 45/65:

Thirteen samples were collected from a 290:m
section. The dominant clay minerals'are illite and kaolinite
with traces of montmorillonite, Plagioclase and potash
feldspar are abundant and traces of calcite; siderite and
pyrite are apparent in places} The organlc carbon content
ranges between 2% and 13%. One sample, GB 45/64/3, was

used for the separation of a less than two micron fraction.

(ii) Borehole GB 47/64:

Eleven samples were collected from a 260 m-
section of this borehole, Their mineralogy is very similar
to that of GB 45 except that no pyrite or siderite is pre-
sent. Organic carbon content ranges between 3% and 13%,
Two samples, GB 47/64/7 and GB 47/64/11; were used for the

separation of less than two micron fraction.

(iii) Borehole GB 48/65;

Thirteen samples from this borehole were
collected from a 200 m  section. They are also very similar
in mineralogy to GB 45 except for an even greater abundance
of plagioclase and potash feldspar. Organic content ranges

from 4% to 17% with one sample measuring 28% loss on ignition

being exceptionally rich in coaly material. One sample,
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GB 48/65/11, was used for the separation of a less than two

micron fraction.,

Trace element concentrations and some
inter-element ratios for Borehole GB 47/64 are listed in
Table 9A; for Borehole GB 45/64 in TAble 10A and for GB 48/65
in Table 11A. Average concentrations are listed in Tables
23A and 24A and average ratios are listed in Tables 25A and
26A. .

The samples of the GB Series Boreholes
are similar to the A Series Boreholes in that the trace ele-
ments show a wide range of concentrations. Cu and Zh are
the two elements whose concentrations show the greatest |
dispersion. None of the elements analysed in this work :is
greatly enriched or depleted»compared to the average carbo-
naceous Northen Ecca Facies shale. Unlike Bh 134 or the
A Series Boreholes; in the GB Series Borehole samples there
is a marked correlation of some trace metals with the orsganic
content as given by LOI; Fig. 29A‘shows the variation
with height in the succession LOI and the concentration of
Cu; Zn; V and Cr in the carbonaceous shales of Borehole
GB 45/64. Fig., 30A is a similar diagram for Borehole
GB 47/64. It is clear t,hat“the concentrations of Cu, - Zn,
V and Cr vary sympathetically with LOI indicating that a
large proportion of these elements are associated with the
organic frastion. Tourtelot (1964) maintained that insig-
nificant amounts of trace metals are incorporated during the
growth of plants which eventually form coals. If this is
the case then Cu, Zn; V and Cr must be incorporated in the
organic fraction by adsorption or organic complex formation
at the site of sedimentation. In Section 6.6 reasons are

put forward for suggesting that V and Cr are actually located
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in a Ti mineral phase which is assoéiated with the organic
.fraction; probably by adéorption.v An interesting feature

of the GB Series is that V and Cr are not enriched in the

top part of the succession as they are in the A Series Bore-

hole., Although both groups of samples belong to the

Middle Ecca they are not necessarily coeval, However, the

differences in the V and Cr contents indicate differences

of some kind in sedimentation towards the end of Middle

Ecca times in the northern part of the Northern Ecca basin of

sedimentation. It is likely that at this time there was

an increase in the supply of a Ti mineral; probably ilmenite,

from the source area. The increase might have been due to

a change of drainage pattern or the "unroofing" of previously

unexposed rocks, in both cases.causing an increase of Ti-rich

basic rocks in the source area. If either of these

possibilities were the operative mechanism a concomitant

increase in Ni would have resulted which is not the effect

observed, Therefore, the probable cause of the V and Cr en-

richment in the northern part of the basin is the formation

of V and Cr bearing authigenic anatase; or some Other hy-
drated Ti minerai; followed by adsorption onto the organic
material. Goldberg and Arrhenius (1958) record the formatibn

of authigenic anatase in modern Pacific sediments.

The correlation coefficients for the
GB Borehole ‘Series are listed in Table 35A and show marked
differences from those for the A Series Boreholes, Cu;‘Zn;
V and Cr tend to be inter-correlated as would be expected
from their sympathetic variation with height in the succes-
sion as shown in Figs. 29A and 30A. Sc; Y and Yb are
strongly associated with each other and with total Fe,
Perhaps the bulk of these three trace elements was scavenged

by precipitating or settling ferric hydroxides which were
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reduced; when located below the sediment-water interface,
thus releasing Sc; Y; Yb and any other incorporated elements.
rendering them available for permanent incorporation into the
sediment by adsorption or by the formation of a stable
authigenic mineral; perhaps a sulphide. ‘ This aspect is
disoussed further in Section 6.10, The normal close co-
herence of Co and Ni is well demonstrated in these samples;
Average Ga/Al; Ni/Co and V/Cr ratios are listed in Table
l26A. All three average ratios are very similar to the
average carbonaceous shale and; similar to the ratios for the
- A Series Borehole sample; do not appear to be dependent on
any obvious parameter, There is also no obvious correlation
of change in ratio with rate of deposition; as the material
for the GB Series Borehole sediments is considered to have
accumulated far more rapidly than the materiai for the A

Series Borehole sediments.

5.11.2.4  Dannhauser Boreholes, Central Natal:

Ten samples were obtained from two
boreholes in the Dannhauser district of Natal., Eight were
from a 300 m section of Borehole G.35.0. 9 and two were from
G.5.0. 10, The dominant clay minerals are kaolinite and
illite; but one sample Ec DTan 7; is very unusual in that it
only contains traces of kaolinite. Plagioclase ahd potash
feldspar are abundant and pyrite and siderite are occasionally
present. Organic content is variable ranging between 2%
and 18%. One sample, Ec Dan 9; was used for the separation

of a less than two micron fraction.

The average trace element concentrations
of these carbonaceous shales from the Middle Group of the

Northern Ecca Facies are very similar to the average South
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African carbonaceous shale. Correlation coefficients were
not computed as only ten samples from the two boreholes

were available. The most surprising feature of these
samples is that Ec Dan 7 and Ec Ian‘B are markedly depleted
in the trace elements Cu, Co; Sc and Th. However, these
are the only two samples from Borehole G.S.0. 10 so variation
trends cannot be studied. Ec Dan 7 contains only a trace
amount of kaolinite and Ec Dan 8 contains abundant siderite
but it is difficult to ascertain the role these two factors
could have played to account for the depletion of these four
elements. Average Ga/Al; Ni/Co and V/Cr ratios are very

similar to the average carbonaceous Northern Ecca Facies shales.

5.11.2.5  Somkele Borehole, Northern Zululand:

Twenty six samples were obtained from a
1040 m section of core from this bqrehole which is situated
in northen Zululand near Mtubatuba. In this area the
sediments form part of the Natal Trough which accounts for
the exceptional thickness of the.Middle Ecca Group here.
However; it 1s also possible that the upper few samples are
representatives of the Lower Beaufort Shales as the location
of the Ecca-Beaufort boundary here is uncertain. It is
impossible to distinguish the Upper Ecca Group shales from
the Middle Ecca Group shales in this borehole. They were
bothAdeposited under relatively deep-water conditions in
this area; whereas t0 the north the Middle Ecca shales were
deposited under shallow—water; almost oontinental;‘oonditions;
but the Upper Ecca shales were deposited in deep water as
the basin of sedimentation moved northwards during upper

Ecca times,

The shales are all carbonaceous aﬂd
the dominant clay minerals are illite and kaolinite, illite

frequently occurring in excess of kaolinite. Montmorillonite
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is normally present in trace amounts and calcite and pyrite
are rare, Potash feldspar is rare but plagioclase is
normally abundant; the differences in abundances between these
two feldspars being’a surprising feature of the samples from
this borehole. Organic content varies between 4% and 15%.
Four samples were selected for the separation of a less than

two micron fraction:

Trace element concentrations and some
inter-element ratios are 1isted in Tables 14A. Average
concentrations are listed in Tables 23A/and 24A and average
ratios are listed in Tables 25A and 26A, There are no very
marked differences between the average trace element con-
centrations'of the Somkele Borehole samples and the average
carbonaceous shale of the Northern Ecca Facies, However,
the average concentrations of Ni; V; Cr; Zr and Nb are

significantly lower.,

At this stage interesting comparisons
can be made between the average trace element contents of
the shales from the A Series Boreholes; the GB Series Bore-
holes; the Demmhauser Boreholes and the Somkele Boreholes.
These four groups of samples lie approximately along a NW-SE
trend line although the Dannhauser Borehole lies a little to !
the west of this line, As mentioned earlier; the Somkele E
Borehole is situated within the Natal Trough whereas the ‘
other boreholes are located far closer to the ancient high-
lands in the north-east which must have provided most of the
detritus for the sediments in the northern part of the basin
of sedimentation, Ryan (1967) concluded that sediments of
the Natal Trough were deposited under deep-water continental
sea conditions; whereas the sediments towards the'north were

deposited under gquiet water, fluviatile conditions.
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Fig. 41A shows that there is a significant
change of trace element content of the oarbonaonus shales as
the Natal Trough is approached. Cu; Co; Ni; V; C¥ and NDb
~concentrations increase. It is possible that the lower
organic obntent of the shales towards the south is responsible
for part of the decrease in concentration of these trace
elements as most of them have been shown to be freguently
associated with the organic content. These associations are
discussed further in Section &, In this oase; however; the
relative depletions are considered to be due to the deep-
water environment of deposition; and perhaps the great
distance from the ancient shoreline and source area; although
if this is the case it is diffidult to envisage a meohanism
cuasing relative depletion of the trace elements, Far
greater thicknesses of sedimént are developed 1in thé trough
than in the near-shore fluviatile ehvironment. It seems
1ogioa1; therefore; that the bulk of the deep-water sediments
must have been derived from the fluviatile near-shore
sediments which were in turn derived from the north-eastern
highlands source area, ~ AS the main mass of sediment is in
the trough only partial "stripping" of the tréoe element
content of the sediment during its passage through the
fluviatile environment to the deep-water environment cbuld
'aooount for the lower trace element content of the deep-water
shales in the south, This does not seem likely; and a
more plausible explanation for the higher trace element
contents of the fluviatile near-shore carbonaceous shales
is that the quiet; stagnant; shallow pool conditions pre-

- vailing provided suitable conditions for the incorporation of
larger amounts of trace elements than occurred in the deep-

water environment.

A further possibility which should



107..

be mentioned 1is the presence of hitherto unsuspected southern :
highlands acting as a source area. Detritus of lower trace
element content than that from the north could act as a

diluent in the Natal Trough and thus be responsible for some

of the trace elements having slightly low concentrations in

the shales from the Somkele Borehole.

One sample; SEc 25; contains 440 ppm
Cu and 221 ppm Pb - the highest contents of these two elements
in any of the shales analysed. The 2n level of 138 ppm is
also unusually high, As the sample contains 26,2 percent
Fe (Danchin; 1970) and a high pyrite content was detected
by X-ray diffraction; it seems clear that the high abundarices
of Cu and Ib; and to a lesser extent Zn;,are due to their
incorporation in the sulphide phase., It is interesting to
note that no other trace metals; excgpt perhaps Ga; is
associated with this pyrite. The Ga concentration of 33 ppm
produces a Ga/Al ratio of 4,17 x 10'4; whereas the remaining
ratios show a very narrow dispersion ranging from 2.08 to
2.79 x 10”* ana average 2.39 x 10™%,  This is the only
sample in which Ga’appears to be partly associated with the
sulphide phase. Surprisingly cemough Danchin (1970) de-
termined no normative pyrite in this sample and his f6h
peréent normative siderite cannot account for the_26.2 percent
Fe which is virtually all in the ferrous state. His(sulphur

determination of Q.74 percent appears grossly in error.

As expected the correlation coefficients
for the Somkele Borehole samples revéal a strong association
between Cu, Pb and Fe; and to a lesser extent between Ga; in
and Fe. These correlations’have not aappeared 1in the

data from the other carbonaceous shales and are perhaps
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generated principally by SEc 25, Other associated pairs

of elements are Y - Yb; Sc - Y; S¢ - Yb, Ni - Co, V - Al,

Cr - Al and Nb - Al, Most of these correlations are

present in other carbonaceous and non-carbonaceous shales and
are discussed in some detail in Section 6. The surprisingly
low Ga - Al correlation supports the contention that Ga is
partly associated with the sulphide phase in one of the

samples, and perhaps in the others where pyrite is present.

5.11.2.6 Boreholes from the Vierfontein and Bothaville

Six carbonaceous shales were collected
from the Vierfontein Collieries in the western Transvaal.
Kaolinite is the dominant clay mineral with subordinate
amounts of illite and montmorillonite also present. Plagio-
clase and potash feldspar are occasionally present in
trace quantities; but no carbonates or sulphides were de-
tected. One sample; Ec 14; was selected for the separation

of a less than two micron fraction.

Six samples Were obtained from Upper
Group shales from Borehole ¥B 85/65, and four were -obtained
from the Middle Group shales from Borehole VB 79/65. Both
boreholes are located in the Bothaville district of the
northern Orange Free State and represent the most westeriy
extent of the Northern Ecca Facies as it still exists today.
The Upper Ecca shales contain kaolinite and montmorillonite
and the Middle Ecca kaolinite as the dominant clay minerals.
Illite is subordinate in both groups. Both feldspars are
abundant throughout and oaloite; siderite and pyrite are
occasionally present. The presence of abundant montmoril-
lonite in the Upper Ecca shales is extremely interesting

and indicates the likelihood of the deposition of massive
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amounts of weathered volcanics. The massive outpourings of
Stormberg lavas which terminated the Karroo period probably
had their origins in the north as early as Upper Ecca times,
the weathered detritus finding its way to the western portion

of the northern Karroo Basin.

The trace element odncentrations and
some inter-element ratios in samples from the Bothaville
Boreholes are listed in Table 9A and those for the samples
from the Vierfontein Colliery are listed in Table 15A.
Average concentrations are listed in Table 24A and average

ratios in Table 26A.

The part played by montmorillonite in
controlling the distribution of the trace elements is
difficult to evaluate as it is only present in the samples
from one borehole; which has a relatively high organic
oontent; and 1s absent from the samples from the other bore-
hole which has a relatiVely'low organic content. The
montmorillonite—rich; organic-rich samples have distinctly
higher concentrations of most trace elements than the mont-
morillonite—free; organic-poor samples. It is extremély
difficult to assess which parameter has played the

controlling part.

5.11.2.7 Lower Ecca Shales:

Ten outcrop samples were collected
from the Lower Ecca Shales in the Vryheid and Greytown
districts of Natal, TIllite is the dominant clay mineral
and kaolinite and montmorillonite are subordinate.

Plagioclase and potash feldspar are occasionally present in

trace amounts, One sample, Ec 18, was selected for the

separation of a less than two micron fraction.
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Trace element concentrations and some
inter-~element ratios are listed in Table 15A. In general,
the data for these samples is. similar to those for the
Somkele Borehole samples and no significantly different
features are observed. The observations made and general
conclusions reached regarding those samples apply equa;ly

well here,

5.11.3 CENTRAL ECCA TFACIES

The sediments of the Central Ecca Facies
occupy the central portions of the Karroo Basin, where a
minimum thickness of 330 m is reaohed; and the northern 1imb
of the Karroo Trough where a maximum thickness of 1330 m is
reached, Ryan (1967) describes the facies as consisting
. almost entirely of shales and flagstones, no coal measures
being present at all, The sediments originate from three
different source areas;‘but due to their homogeneous litho-

logy Ryan\has not been able to subdivide the facies into

sroups.

Twenty six samples of the Central
Ecca Facies; collected from widely spaced localities;fwere’
analysed. Seven are from a borehole in the Gibeon district
of South West Africa; five are from two boreholes in the
Victoria West district, and the remainder are outcrop:
samples. Illite 1s the dominant clay mineral with
kaolinite; chlorite;and montmorillonite occurring‘in subor-
dinate gquantities., Exceptions are CV 71 and pyritic WEc 5p
which are rich in ka¢linite. Plagioclase feldspar is

present in most samples.

Trace element concentrations and some
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inter-element ratios are listed in Table 16A. Average con-.
centrations are included in Table 23A and average ratios
in Table 25A and 26A., These samples are depleted in Co,

Ni, Cr, Zr and Nb compared to the Northern Ecca Facies.

Correlation coefficients for these
samples; tabulated in Table 38A; show groups of associated
elements. A correlation between Al - Ga - V - Nb indicates
an associlation with clay minerals; and a correlation be-
tween Fe - Zn - Co - Ni indicates an association with ferric
hydroxides. The lack of correlations appearing for the
remaining elements is taken to indicate that they are

incorporated in more than one mineral phase.

5.11.4 SOUTHERN ECCA TFACIES

This Facies is confined to the Karroo
Trough and reaches a maximum thickness of 3500 m. Ryan
considers its boundary with the Central Ecca to be the
estimated 1limit- of the Southern Ecca sandstones which wedge
out in a northerly direction. On lithologic grounds he
has separated the Facies into Upper; Mi&die and Lower
Groups; the last two being deposited under deep - fresh-
Wéter oonditions and the Upper Group being a shallow water
fluviatile deposit as indicated by the presence of plant
fragments and invertebrate tracks. The rocks in general
consist of green and blue shale‘suocessions and thick
groups of sandstones with thin intercalated shale bands,
Six samples have been analysed; one an outcrop sample aﬁd
the remaining five being obtained from boreholes in- the
Fraserburg and Laingsburg districts. They are illite-
chlorite shales with traces of kaolinite and abundant

plagioclase feldspar.,
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Trace element concentrations and some
inter-élement ratios for these samples are listed in Table
17A.  Average concentrations are included in Table 23A and
average ratios in Table 25A and 26A4. Correlation coef-

ficients are listed in Table 39A.

Trace element concentrations for
these shales are very similar to those for the Central
Ecca Pacies and the Western Facies. They are depleted in
the same elements relative to the Northern Ecca Facies as
the Central Ecca Facies. The Central; Southern and Western
Ecca Facies are very similar with regard to the trace
elements analysed in this work. Danchin (1970) found
these three faoies.indistinguishable with respect to their
major element contents and the result of this work

emphasize their close similarity.

AS so few Southern Ecca Facies samples
were analysed the correlation coefficients must be con-
sidered as tentative. However; they indicate that most of
the trace elements are associated with Fe, These include
Cu; Zn; Co; Ni, V;‘Cr, Sc, Yb and Pb. The established
associations between Co - Ni and Al - Ga are very apparent

in these samples as well.

5.11.5 WESTERN ECCA FACIES

This Facies occupies the éouth;western
portion of the Karroo Basin and extends eastwards to about
Iaingsburg and also thins out fairly rapidly in a
northerly direction. Ryan has also divided the Western
Ecca Facies on lithological grounds into Lower; Middle and
Upper Groups. The Lower Group comprises mainly a thick

layer of blue-black shales, the Middle Group massive sandstones
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and blue-grey shales and the Upper Group shales; siltstones
and sandstones. Ryan deduced that the sediments constituting
the lower one third of the succession were deposited under
relatively deep water conditions while the remaining two

thirds were deposited under fluvial-deltaic conditions.

Trace element concentrations and some
inter-element ratios are listed in Table 18A, Average
concentrations are included in Table 23A and average ratios
in Tables 25A and 26A. Correlation coefficients are
listed in Table 4OA; The similarity of the trace element
composition of the samples from this facies to those from
the Central and Southern Facies has been mentioned earlier.
The dispersion of the average Ga/Al and Ni/CoAratios in the
four Karroo facies is small and ranges from 2.25 x 1074 to
2.47 x 1074 for Ga/Al; and from 1.92 to 2,38 for Ni/Co,
There is a significant difference in the average V/Cr ratio
of the four facies., The ratio increases from 0.85 in the
Northern Facies to 1.39 and 1.56 in the Western Facies and.
Central Facies respectively to 2,05 in the Southern Facies.
Ryan (1967) concluded that the Southern Ecca Facies sediments
were largely derived from highlands located to the south so
perhaps the V/Cr ratio reflects a difference in source

area composition,

The significance of the correlation
coefficients of the Western Ecca Facies is reduced by the
paucity of samples. As with Southern and Central Ecca
Facies two groups of associated elements appear in the
Western Ecca Facies. Al - Ga - Co -Cu-Ni -V - Sc -
Nb - Th correlations imply'assooiations with the clay

mineral fraction and Fe - Zn - Y - Yb correlations indicate
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associations with the Fe hydroxide: phase, These correla-

tions are discussed in some detail in Section 6.

5.11.6 BEAUFORT SERIES

Within the main Xarroo Basin the
Beaufort sediments follow the Ecca Series conformably,
making a huge oval extending some 1300 km in length and 500
km in breadth, (Haughton; 1969), The Beaufort sediments
outcrop extensively in Southern Africa and are exposed |
over most of the Great Karroo; Orange Free State; Eastern
Province and Western Natal. They are covered only by
the Stormberg sediments and lavas in the western Orange
Free State; north-eastern Capé and Lesotho. Lithologically
the series has been divided into three stages - Lower;
Middle and Upper - which have a combined maximum thickness

of 4500 m in the southern part of the main basin,

The entire se@uenoe is made up of
altering feldspathic sandstones and blue;/purple;.green and
red mudstones and shales, In many areas it is impossible
to distinguish the Upper Ecca shales from those of the
lower-most Beaufort sediments (Ryan; 1967). Ryan (1967)
concluded that shallow-water continental conditions pre-
vailed during the deposition of most of the sediments of
the Beaufort Series; an inevitable conclusion because of the
abundance of vertebrate fossil remains throughout the series
as a whole. The lower beds contain reptiles and these
give way to mammal-like reptiles and amphibians higher up

in the sequence. .

The eleven samples analysed were collected
from widely separated localities. The sampling ranse

extended from Coffee Bay in the Transkei in the east, to
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- Bloemfontein in the north; and Carnarvon in the west.

The samples all consisted dominantly of illite and quartz
and contained subordinate gquantities of kaolinite, mont-
morillonite and plagioclase feldspar with dooasional'traces

of potash feldspar.

Trace element concentrations and some
inter-element ratios are presented in Table 18A. Average
concentrations are listed in Table 23A and average ratios
are included in Table 25A. Correlation coefficients are

tabulated in Table 41A,

Danchin (1970) found a very narrow
dispersion in the concentrations of the major elements;
aﬁd the trace element concentrations of‘this work;; except
for Co; display the same characteristics. As these were
surface samples ground-water leaching could account for the
Co depletion in some of thevsamples. In general; the
trace element concentrations are lower than the averageo
South African argillaceous rock and this is considered to be
due to the presence of abundant quartz and plagioclase

feldspar acting as a diluent.

The correlation coefficients do not
provide'any positive information. As Fe and Al have a
good correlation most trace metals correlate well with these
two major elements providing a difficult case to interpret.
Perhaps misleading correlations were generéted by the

variable amounts of quartz and feldspar.

5.12, SHALES DREDGED FROM THE AGULHAS BANK

Seven submarine shales dredged from

the Agulhas Bank were supplied by Mr R. Gentle of the
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Department of Marine Geology; University of Cape Town.

It was speculated that these off-shore shales might belong
to either the Bokkeveld Seriesvor the Malmesbury Formation
and it was hoped that the trace element contents might
indicate the identity of the shales. ~Quartz; illite and
chlorite were the dominant minerals; and subordinate amounts
of plagioclase feldspar and potash feldspar were also

present.

Trace element concentrations and some

inter-element ratios are presented in Table 19A. Average

Table 17

A comparison of the trace element composition of the Iredsged
© Agulhas Bank shales with Bokkeveld and Malmesbury shales

Dredged Standard Bokkeveld Malmesbury
shales Deviation shales shales
Be 2.9 0.4 2.9 3.2
Ga 18.7 4.5 19.8 18.6
Cu 16,7 3.5 18.7 . 16.6
Zn 73.9 17.4 75.8  90.4
Co 8.4 2.6 10.5 - 12,9
Ni 33.1 8.3 36.9 32,6
\ 105 33 127 91.6
Cr 112 . 11,8 106 78.8
Sc 12,6 3.7 15,5 13.3
Y 43.3 7.3 53.0 36.8
Yb 2.2 0.2 2.4 2,2
Zr 210 53 235 . 201
Nb 15,7 3.5 17.0 11,2
Th 14.9 6.0 16,8 - 18,0
° Pb 20,1 8.7, 30.2 - 22.0
Ga/a1 x 10| 2.13 222 2.27
Ni/Co 4,20 3.88 2.44
V/Cr 0.96 C 1,17 1.14
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concentrations are listed in Table 23A and average ratios
are included in Tgble 25A.. For convenience average

trace element concentrations for the dredged shales;
Bokkeveld shales and Malmesbury shéles are presented in
Table 17. Correlation coefficients for thé dredged shales’

are listed in Table 42A.

On the basis of major element compositions
and major element inter—elemént'ratios; Danchin (1970)
showeq a high degree of probability that the dredged '
Agulhas Bank ghales belonged to the Bokkeveld Series. No
such clear-cut conclusion is obvious when the trace
element data here is considered as can be seen from Table
17. This is principally due to the Bokkeveld Series and
the Malmesbury Formation being remarkably similar in trace
element composition. In agreement with the work of
Danchin (1970); however, the data is slightly in favour
of the dredged shales being of Bokkeveld identity. The
averages of two elements (Y and Pb) -lie outside one
standard deviation from the mean of the dredged Agulhas
Bank shalés; whereas for the Malmesbury shales three
elements (Co, Cr and Nb) lie outside this limit.
Furthermore; the Ni/Co ratio is almost half that of the
dredged shales; whereas:sthe Bokkeveld shales has an average
Ni/Co ratio almost identical to that of the dredged shales.
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6. SOME OBSERVATIONS ON THE DISTRIBUTION OF
TRACE FELEMENTS IN SOUTH ATFRICAN SHALES

6.1 INTRODUCTION

In this section the distribution and
behaviour of each indiwvidual element analysed in this
work is interpreted in terms of the observations made
in the previous section. As mentioned before some re-
petition is inevitable but it was felt essential to
discuss each element individually. Much use haé been
made of correlation coefficients and the remarks on their
use in the Introduction to the previous section apply

equally here.
6.2  BERYLLIUM

HSrmann (1969) states that in isneous
rocks Be ranges from less than 1 ppm to 30 ppm but that
the vast majority do not exceed 6 ppm. Ultrabasic
rocks do not exceed 0.2 ppm Be (Beus; 1956) and inter;
mediate and granitic igneous rocks contain about 2 ppm
Be and from 2 ppm to 6 ppm Be respectively., Beus (1956)
foumd Russian basalts and gabbros to contain 0.3 ppm Be.
The bulk of the Be is contained in plagioclase feldsPar;
although the much less abundant minerals muscovite; biotite
and hornblende might contain much larger concentrations.
Beus (1961) found an average of 4.5 ppm Be in bilotite
granites and 10 ppm in muscovite and two-mica granites.
Only in pegmatites do Be minerals such as beryl fofmAand
the Be content of pegmatites is thus very dependent on

the beryl content, Be levels then range up to 2000 ppm.

In non-pegmatitic source rocks Be is
rapidly released on weathering but because of its ionic

potential of 5.7 (Mason, 1966) it is rapidly hydrolysed
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and becomes incorporated in the hydrolysate fraotion and
1is also adsorbed onto clay mineral particles, As

shown by Merrill et al. (1960) it is transported to the
depositional environment mainly in suspension and not

in solution, Thus; somewhat like Th; its abundance

and distribution in sediments is controlled more by pre-

transport mechanisms in the weathering environment

than by the environment of deposition.

Be results for all samples are pre-
sented in Tables 2A to 21A and the averaged results are
shown in Tables 23A and 24A. HOrmann (1969) points out
that although igneous rocks and modern sediments have
been frequently analysed for Be; modern data for sedi-

" mentary rocks are rare. Merrill et al. (1960) found

an average of 2.5 ppm Be in pelagic sediments whereés
'Hirst (1962) found Be concentrations of up to 8.7 ppm

in near-shore clay sediments. However; Hirst (1962)
considered his Be data to be unreliable as his greoision
was poor and hisAacouraoy when analysing G-1 and W-1 very
poor indeed. Hirst (1962) obtained his Be data Dby
emission speotrography whereas Merrill et al. (1960)

used a colourimetric technique. In general the Be
results for shales listed by Hormann (1969) vary between

2 ppm and 4 ppm and this very narrow range of concen-
trations is strongly verified by this work. Spenger
(1966) found the Be content of the shales of a Silurian
graptolite band to vary between 1 ppm and 3 ppm and he corn-
cluded that all the Be in the shales was detrital in
origin. The average Be value for all samples is 3.2 ppm;
for non-carbonaceous samples 2.7 ppm and for carbonaceous
rocks 3.8 ppm. The non-carbonaceous value is influenced
by the average Be concentrations for the Fig Tree and Wit—
watersrand samples Whioh are 1.4 ppm and 1.2 ppm res-

pectively in values probably inherited from the ultra-
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basic nature of the source area.,  Apart from these two
groups of rocks there is very little variation between
average Be values for groups and even within groups there
1S surprisingly little variation. For example; the
standard deviation for Be in 38 samples from the Bokkeveld
‘Series (average 2.9 ppm) is only 0.6 ppm. A large part
of this variation probably comprises analytical error and
variations in water content and amounts of Be-free

detrital quartz and feldspar which act as diluents.

The carbonaceous samples of the Northern
Ecca Faciles appear to be very slightly enriched in Be
compared to the non-carbonaceous samples. This can be
attributed either to a slight enrichment in the organic
fraction or to slightly higher Be contents in the soufoe
rocks. The latter seems more likely although Be has
been reported by other workers (Zuboric et al., 1964) for
example) to oonoéntrate in coal. Be correlation co-
efficients of this work reveal no relationship with the
organic fractian and if a relationship‘does exist it is
masked by the Be present in other phases. That this is
possible for these rocks is shown by the plot in Fig. 264
of Be against L.0.I. for the thirteen carbonaceous
Borehole GB 47/64 samples. A definite but not strong

coherence is revealed here but not in the other boreholes.

An enrichment by a factor of about two
is shown by Be in the separated less than two micron
clay fractions. This indicates that very little Be is
not included in the clay mineral fraction. Although beryl
has a similar density to c¢lay minerals it would probably
be removed during separation of the less than two micron
fraction as due to its extreme hardness, it is unlikely

to be reduced to this size by comminution during trans-
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port, If beryl were to occur in this size fraction
higher Be concentrations would be expeoted; and if beryl
were presentiat all in any of the shales it is unlikely
that such a constant Be value would persist through all
the samples. The enrichment trend of Be in the fine
fraction also holds for the carbonaceous shales, but as
the samples used for clay separation purposes only
contained a few percent organic oarbon; this enrichment
trend does not prove that some Be is not associated with
the organic fraction which the Be - LOI relationship in
the GB 47/64 Borehole samples suggests. Detrital beryl
apparently plays no part in the distribution of Be in the
rocks. A single sample; KUI 4; contains 11 ppm Be in the -
whole rook and 18 ppm Be in the less than two micron clay
fraction. This is an exceptional amount of Be to be
incorporated in the clay fraction and provides further
evidence of the absehoe of detrital beryl or other Be-

containing detrital minerals.

The correlation coefficients of Be
against the other elements analysed reveals no relationship
which persists through all the groups of rocks analysed.
Even within the Northern Ecca Faoies; the Somkele Borehole;
GB Series boreholes and A Series boreholes show very
different patterns of correlation :.coefficients. This fact
and the fact that Be shows such a remarkable uniformity
of concentration is interpreted as indicating that the
incorporation of Be in clay minerals is oontrdlled by
its slow rate of supply and is independent of mechanisms
involving the rate of uptake of other elements. It
appears that Be does not compete with other elements to
occupy sites as such competition would inevitably result
in a greater variation than is actually observed of Be

concentrations in such a varied group of shales,
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Ginzberg (1964) postulated that Be can proxy

for Si in silicate minerals as they have very similar
ionic sizes although the charge difference of two and the
low crustal abundance of Be would only make slight subf
-stitution possible. HOwever; bonding characteristics
are very similar. Consequently the relationship between
Be and SiO2 was critically examined in the whole rocks and
in the separated clay fractions to determine 1if any Be
substitution for Si in tetrahedral sites had taken place
in a regular manner. Sandell (1952) found very low
‘concentrations of Be in the silicate minerals of igneous
rocks. A negative correlation between Be and 8102 was
observed for South African shales and this can only be
interpreted to mean that no detectable substitution of Be
for Si has taken place and that all Be is associated with
the clay mineral fraction; probably in sorbéd positions.
The negative correlation is generated by varying amounts
of quartz acting.as a diluent, A plot of Be against
Si02 in the Bokkeveld shales is shown in Fig. 27A to
illustrate the negative correlation observed beﬁween Be
and Si. 810, data used is from Danchin (1970) and
differs from Si ooncentrations by a constant factor so
that the same trends are observed whether Si or S5i0,

data are used.

The frequency distribution of Be con-
centrations in all the rocks analysed in this work are
shown in Fig. 94. It is notable that apart from the
peak due to the Fig Tree samples the frequency distribution
is symmetrical and approaches normality as appreximately
two-thirds of the samples lie within one standard
deviation of the mean., Ahrens (1954a) found that most
trace elements in igneous rocks followed a lognormal

distribution. Although Be was not included it is likely
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that it follows a similar pattern because of its enrich-
ment in late stage granites. The change of the frequency
distribution pattefn in shales implies a tendency to- i

wards thorough mixing and homogenisation in the sedimentary

environment.
6.3 GALLIUM

The geochemistry of gallium in the igneous
and sedimentary environment has long been récognized to
be closely controlled by its ability to replace aluminium
in all aluminium containing minerals. The anion affinity
index between the two elements is 1.08 (Ahrens; 1953).
The similarity of the Ga/Al ratios of granitic igneous
rocks (2.35 x 10'4) and pelagic sediments (2.4 x 10_4)
led E1 Wakeel and Riley (1961) and Burton et al. (1959)
to conclude that the association between these two elements
1is so close that there is virtually no differentiation
‘between them during weathering; transport and depositional
processes. © Al data in this work is used by kind per-

mission of Danchin (1970).

Ga concentrations and Ga/Al ratios for
all samples are presented in Tables 2A to 21A. Average
Ga oonoéntrations are shown in Tables 23A and 24A; and
average Ga/Al ratios are set out in Tgbles 25A and 26A,
Average Ga values range from 13,7 ppm in the Fig Tree
Series to 25,5 in the Cango Formation. The average
value of 20.4 ppm is very close to.the average shale
value of 19 ppm given by Wedepohl (1971). The Ga/Al
ratios show a far narrower spread of values than the Ga
concentrations and this emphasizes the extremely close
coherence which exists between these two elements.
Average Ga/Al ratios vary from 2.10 x 10™% in’ the Pig -

‘Tree Series to 2,69 x 10"4 in the Beaufort Series.
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In general; however; the ratios cluster around 2,31 x 1074
which.is the average for all South African argillaceous
rocks. This narrow range of values for over 300 analyses
indicates the high quality of these data which is essential
if signifioant; but very Smallldifferences are to be
detected in the ratio, -Shaw (1957) gives a range of 1.51
- 3.54 % 1074 for 18 pelitic rocks and Nicholls and Loring
(1962) quoted a range of 1.00 - 3,40 x 10~ in the Ga/Al
ratio for their Bersham carboniferous sediments, El
Wakeel and Riley (1961) found an average of 2.4 x 104

for the Ga/Al ratio for the pelagic sediments they ana-
lysed. Hirst (1962) found an average of 2,60 x 1074 in
greenish muds; bluish clays and delta clay from the Gulf
of Paria. Although these ratioé are verytsimilar;

they are ﬁot identiecal and the differences might either

be real and correlated with the geochemistry or they
might be due to a slight systematic blas introduced by

the method of analysis. As slight differences in the
ratio are assumed to be significant only variations in

data of this work will be interpreted.

The spread in Ga values of this work is
due primarily to the variable amounts of quartz whioh
acts as a diluent. A further possible contribution to
the variation might be provided by the different species
of clay minerals incorporating Ga in different amounts
relative to Al. On this point there is some diversity
of opinion. Mclaughlin (1959) determined only a little
Ga to be proxying for Al in Kaolinite and the work of
Nicholls and Loring (1962) corroborated this and indicated
that the bulk of the Ga was associated with illite.
Tourtelot (1964) found that relatively large amounts of
kaolinite in carbonaceous non-marine shales had no effect
on the Ga content of the samples; but he did not examine

the Ga/Al ratio. Hirst (1962), however, was satisfied
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that a considerable proportion of Ga replaces Al in

kaolinite.,

Fig 28A is a plot of Ga versus Al for
chlorite; illite and kaolinite rich South African shales
and it clearly demonstrates the strbng coherence between
these two elements and also the fact that slight differences
in the proxying capacity of Ga in- the clay minerals do
exist in the argillaceous sedimentary rocks of South
Africa. The ratios for the chlorite-rich Fig Tree rocks
tend to straddle the 2,1 line and the 1llite rich rocks
from différent groups tend to straddle the 2.3 line but
they vary between 2.1 and 2.5. The kaolinite-rich shales
show the largest variation and aiso tend to cluster along
the 2.5 line. The average Northern Ecca Facies shale
contains9.8% Al (Danchin; 1970) and 22,8 ppm Ga. If all
the Ga is assumed to be proxying for Al then the proportion
of replacement is 2.3 ppm Ga per percent Al. Now a
change of 0.2 x 10~% in the Ga/Al ratio changes the pro-
portion of replacement by 0.2 ppm Ga per percent Al or by
2 ppm Ga in a shale containing 10 percent Al. These
results show that, in agreement with Hirst (1962) but
contrary to the findings of McLaughlin (1959) and Nicholls
and Loring (1962), Ga is virtually equally at home in any
of the three clay types dealt with but does show a slight
but distinct preference for kaolinite and illite over
chlorite but no distinct difference: between kaolinite

and illite.,

A few of the kaolinite-rich carbonaceous
Northern Ecca Faciés shales show abnormally high Ga contents
and Ga/Al ratios. This excess Ga is interpreted as
being associated with the organic fraction, although

calculation of excess Ga using a ratio of 2.32 (i.e. Ga
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presumably not bound in the clay mineral structure) re-
vealed no systematic relationship with the amount of
organic matter. 'Howevef, Nicholls and Ioring (1962)
found a correlation between acid soluble Ga and organic

carbon.

A very interesting feature is revealed
by the Ga/Al ratios aof the separated less than two micron
fractions and this is best illusirated by comparing the
average change in ratios for specific groups of rocks.

For the Bokkeveld samples the whole rock/clay fraction
ratio is 1.02 for the Ga/Al ratios whereas for the
Northern Ecca Facies a figure of 1.23 is obtained. The
former is not significant showing that Ga is not pre-
ferentially associated with any size fraction within these
‘illite-chlorite rocks, bﬁt the latter figure is very sig-
nificant and difficult to interpret. If Ga was easily
incorporated into the kaolinite or organic fraction by
some adsorption, ion exchange or complex formation mechan-
ism, then the Ga/Al ratio for these kaolinite-rich samples
would be expected to be very different from the illite-
chlorite shale ratios which is not the case. This implies
that although another mechanifysm is operative to cause a
slight change in ratio this mechanism 1s not a dominant
process. Furthermore the preferential incorporation of

Ga in the fine fraction would produce a decrease in the
whole rock/olay fraction ratio not an increase which is
the observed result, The most likely explanation is

for Al to have been preferentially taken uﬁ by the very
fine kablinite fraction by adsorption or ion exchange,
possibly after first having been fixed by the organic
matter which would explain why illite and chlorite have
not participated in such a mechanism, As this fraction

forms a small proportion of the total rock it has not
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materially affected the Ga/Al ratio of the who;e rock.

It is difficult to visualise how Ga QOuld be preferen-
tially 1ost in the clay fraction to explain the decrease
in the Ga/Al ratio, Hirst (1962) considered only up to
4.5 percent of the total Ga cdntent of the Gulf of Paria

sediments to be occupying exchange positions.

The foregoihg discussion shows that
it is likely that Ga does take part in adsorption and
exchange processes in the depositional environment although
Spencer (1966) considered all Ga to be detrital in
origin, The Ga&l concentrationy drops from 0.30 ppm
in fresh water to 0.001 ppm in sea-water (Wedepohl; 1971)
a removal factor of 99.7 percent. Residence times in
the ocean are 1400 years for Ga and 100 for Al (Goldberg,
1965).  This.data implies a separation of Ga and Al in
the ocean analagous to U and Th which is probably partly
real as the solubility product of hydrolysed Al hydroxide
is exceeded whereas that:-for Ga is not thus accounting
'for the increase in Ga/Al ratio of sea-water compared to
source rocks. However; some Ga must be scavenged by
Al by co-precipitation during the formation of hydrolysis
products, The higher Ga content of sea-water is also
partly attributable to preferential solution during
weathering; causing a drop in the Ga/Al ratio of residual
deposits such as bauxites (Butler; 1953), Tt must be
emphasized that although gallium‘might be extracted from
oVerlying water by clay particles or by organic material
and is definitely scavenged by precipitating Al hydroXide;
it 1s considered that the buik of Ga is removed from a
source area still bound up in a clay structure and is
transported and deposited in a depositional environmentv
without participating’in any chemical reactions or

physical mechanisms,
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| | The correlation coefficients of Ga with
other elements demonstrate the close coherence_of Ga and
Al ‘out no other persistent correlations emerge, ' However,‘
a high degree of correlation is often shown with Cu,’Ni,,
Zn; V; Cr; Sc and Nb; elements which are also.normally

associated with the clay mineral fraction.

The frequency distribution of Ga in
all South African shales is shown in Fig. 10A, The
distribution is asymmetrical and; unlike those for most
major and trace elements; is negatively skewed,  Of the
major elements only Si and K commonly show negatively
skewed distributions (Ahrens; 1963b), Al is slightly
positively skewed in Japanese granites (Ahrens; i963) and
the distribution of Ga might have been expected to
imitate that of Al because of the close coherence between
these two elements. Perhaps the negative skewness of the
Ga frequency distribution demonstrates the tight control’
Al exerts over Ga in that the frequency of very high Ga

concentrations is very limited.

6.4 COPPER, ZINC AND LEAD

In the igneous environment theée three
elements are normally associated with sulphides as they
have strong chalcophilic tendencies; although they have
been shown to proxy to a very limited extent for some |
major elements in normal silicate minerals. For instance;
some Pb is known to proxy for K in feldspars (Ginzberg;
1964)., Under conditions of normal igneous differentiation
none of ﬁhese three elements form their own silicate
minerals, Sulphides are readily oxidised and the metal
contents leached when brought into contact with the oxy-

genated surface waters of the earth's crust.. Cu, Zn and

1
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Pb are readily soluble and femoved in solution; to even-4
tually be added to the contents of the sea; except when
brought into contact with carbonate ions when they are
readily precipitated as carbonates. Goldberg (1965)
gives the solubility products of Cu; Zn and Pb as

2.5 x 1O—1O 10 13

, 2.0 x 107" and 1.5 x 10 - respectively and
the theoretical solubility “of these carbonates as 5.7 ppm;
4.6 ppm and 0,01 ppm respectively, The sulphides of Cu;
Zn and Pb are also very insoluble and consequently they

are precipitated from very reducing solutions in the pre-

sence of generated hydrogen sulphide.

Cu, Zn and Pb are incorporated in
sediments in many ways but; unlike some of the elements
previously discussed, they are not considered to occur in
detrital heavy minerals to any great extent nor can their
abundances in sediments be attributed to their occupation
of structural positions in the clay minerals. As pointed
out by Krauskopf (1956) and emphasized by Goldberg (1965)
a comparison of the calculated concentrations of these
metals at saturation point with the oﬁserved-conéen-
_trations in sea-water shows that these elementg are
severely depleted in sea-water beyond any possibility of
error in the solubility produot; indicating that a méchanism
or; more likely, mechanisms are operative which are very
effectively removing»these elements from sea—water‘andv

incorporating them in the underlying sediment.

Cu, Zn and Pb are effectively scavenged
from sea-water by manganese hydroxides which grow as
nodules 6n the sea-floor, They need not remain 1like that;
however; for with burial during élow accumulation of
sediment a zone of reduction moves upwards as demonstfated

by Bonatti et al. (1971) in the east Pacific. Upon re-
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duction the metals are solgbilised and Mn and a few othe;
metals tend to migrate upwards in interstitial’sblutions.
Cu, Pb and Zn, however, are relatively immobile and are
precipitated with Fe in sulphides or are available’for
adsorption on clay minerals and organic matter or can be
precipitated as organo-metallic complexes; the organic
compounds being derived from decomposing organic remains. -
Mitchell (1968) noted the incorporation of Cu, Pb and Zn
in sedimentary pyrite. Goldberg and Arrhenius (1958)
found the stability of an organo-metallic complex to be
related to the basicity of the metal and found the order
of stability to be Pd >Cu > Ni > Pb >Co > Zn > Cd.
Numerousa metal-~binding organic constituents have been
identified in soils, sediments and natural waters and
other orders of stability have been postulated for various
chemical species. Ahrens (1966) has shown that for many
metals and organic compounds a measure of the relative
stability of the metal-organic complex is given by the
ionisation potential of the metal, The ionisation potential
is a function of cationic size, cationic charge and bond
type. The stabilities of complexes with the transition
metals may also be influenced by ligand field effects.
Many planktonic species concentrate metals including Cu;
Pb and Zn; to a remarkable degree (NiohoiiS'et al.,1959)
and when abundant, as in areas of ocean upwelling;‘their
dead remains provide a further mechanism for the rémoval
of these metals from the sea-water and their concentration

in the sediment where they are available for redistribution.

A modern analogue is the enrichment
of Cu; Pb; Zn and Ni in the organic-rich sediments off
Walvis Béy; South West Africa (Calvert and ITice; 1970).
Under oxidising conditions the adsorption of Cu; Pb and

Zn in appreciable amounts follows the formation of ferric
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hydrox@de which frequently occurs as qoatings on m;neral
grains. The reduction of these oxide coatings,‘fof
example by carbonaceous material in a basin of deposition,
can solubilise considerable Quantities of Pb; Cu and Zn
which are then available for incorpqration in the sedi-
ment in some other manner, Wedepohl (1967) concluded
that the sources of Cu, Pb and Zn in the Kupferschiefer
were older red sandstones and greywackes whose metal
contents were mobilised by reduction and later incorporated

by organic sediments.

Pb, Cu and Zn contents of the samples
analysed in this work are presented in Tables 2A to 214

and averages for various groups of rocks are laid out in

Table 18

Copper, zinc and lead contents of various groups of rocks

Gu in Pb
Basalt average (1) 100 100 v 5
Granite average (1) 10 40 20
Crustal average - contin-
: ental (1) 55 70 12.5
Average shale (2) 45 95 20 -~
Whitbian shales : (3) 41 94 21
British carboniferous
shales (4) 32.8 - 6.1
Bokkeveld shales - V (5) 18.7 75.8 30.2
Northern Ecca Facies (5) 28,2 88.8 33.5
Average South African | _ :
- argillite (5) 27.7 83.9 28.5"

(1) Taylor (1964)

(2) Wedepohl (1971)

(3) Gad et al., (1969)

(4) Nicholls and Loring (1962)
(5) This work '
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Tables 23A and 24A. Correlation coefficients of these
elements égainst each other, against other elements
analysed and against the loss on ignition (LOI) are 1isted
in Tables 28A to 42A. Average Cu contents range from

7.5 ppm in the Kuibis Series to 51 ppm in the Fig Tree
Series, Zn shows a much wider spread varying from 5.6
ppm in the Kunjas Series to 114 ppm in the Fig Tree
Series. Pb displays a narrower distribution varying from
10.2 ppm in the Fig Tree Series to 33.8 ppm in.the

Western Ecca Facies, The average South African argillite
contains 27.7 ppm Cu; 83.9 ppm Zn and 28.5 ppm Pb res-
pectively. Table 18 shows that in general ‘the Cu contents
are distinctly lower and the Pb contents are distinctly
higher in South African shales than in the average conti-
nental crust and in shales fTOm other parts of the world.

The Zn contents, however, are similar.

The correlation coefficients reveal
that these three elements display slightly different dis-
tribution characteristics within any particular group of
rocks and that these characteristics might change from one
group. of rocks to another, In the non-carbonaceous samples;
like the Bokkeveld and Western Ecca Facies shales; Cu
displays a very low degree of coherence with the other
elements analysed which is interpreted as due to its
presence in more than one mineral or phase; or if the
bulk of Cu present does occur in one phase; then its con-
centration is irregular and bears no constant relationship
to any other element studied. In general Cu shows a weak
correlation with Al; Ga; Co and Ni; suggesting it to be
more closely associated to the clay minerals than to any
other phase. In the shales of the Witteberg Series and
Western Ecca Facies its close correlatidn with Al indicates

its presence to be chiefly within the structure of the
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clay minerals, mainly illite, but in the shales of most '
other soqgenoeslitmprobably occurs as a non—detrital ele—
ment havipg taken part in adsorpﬁion or cation exchange
reactions. The general coherence of Cu with other
elements would also be reduced if part of the Cu content
were introduced by some organic mechanism and then made

available for adsorption or sulphide formation.

The shales of the Somkele borehole of
the Northern Ecca Facies are the only group of rocks in
this study in which Cu is contained chiefly in a sulphide
phase; probably pyrite. Although the sulphide content -
never exceeds one percent (Danohin; 1970); Cu shows a
powerful association with Fe and Pb and a weaker one with
Zn indicating the virtual total removal of Cu; Pb and,less
oomplete; Zn from sorption positions on the clay minerals
and organic matter and their co-precipitation with Fe dufing
hydrogen sulphide generation by the decomposition of
organic matter,. That such a strong correlation can exist
indicates that the dominant clay mineral in these rooks;
kaolinite; contains negligible Cu and Pb; which findings
are in agreement with the conclusions reached by Nicholls

and Ioring (1962),

Cu, Pb and Zn 40 not show sulphide con-
trol in any of the other carbonaceous groups; but Cu ahd'
Zn do show a correlation with the organic fraction in the
GB Series boreholes, GB 45/64 and GB 47/64 as demonstrated
in Figs., 29A and 30A, which are plots of 1loss on ignition
and element concentration against position in the se;
quence. It is likely that in these samples the distri;
bution of Cu and Zn was controlled by adsorption by
organic matter whereas in the A Series oorehole samples
and io the rest of the carbonaceous shales the distribution

of Cu, Pb and Zn was controlled by more than one phase
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which tends to nullify the use of correlation co-
efficients as an interpretative tool,

In the Fig Tree Series shales the
good inter-correlations of the group Cu, Zn, Cr, V, Ni
and Co indicate the coherence of these elements in‘at
least two phases, The chlorite-rich clay mineral fraction
must contain these elements in structural sites in similar
proportions from sample to sample and it appears likely
that they have been adsorbed to similar degrees by the
iron oxides; mainly goethite; present} Neither the
chlorite nor the goethite could have played a controlling
role as no correlation exists between these elements and
Al or Fe, The Witwatersrand shales show analagous re-
sults demonstrating the similarity between these two
ancient groups of rocks. The high Cu; normal Zn and low
Pb contents of these ancient rocks compared to the average
South African argillite is interpreted as representing
the provenance composition and; as pointed out before;
further demonstrates the basic nature of the source rocks.
Table 18 shows the average depletion of Cﬁ but enrichment

of Zn in granites compared to basalts.

Zinc is an element which appears to
have aroused little interest in geochemists and very
few data have been published. Tourtelot (1964) found
Zn to be more abundant in marine than in fresh-water'shales
and more abundant in off-shore than near-shore samples,
Brooks et al. (1968) found Zn to decrease with depth in
‘the interstitial water of marine'sediments and attributed
the enrichment at the surface of the sediment to biological
concentration and release. Tourtelot (1964) also found
a correlation between Zn content and the amounts of' organic

material present. In the GB Series borehole samples Zn
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oopoeqtrgtions’do appear tQ~be re;ated to thg organiq
oonteht as is shown in Figs,“29Awand 304, bgt in general
this is definitely not the case and the distribution of
Zn does not appear to be normally controlled by adsorption

'to‘deoayed plant material or by the_formation of organic
complexes involving such material. The frequent corre-
lation of Zn with Fe in South African argillaceous rocks
suggests‘a close coherence with this element; perhaps .
scavenged anto oxides; included in sulphides and proxying
for Fé in clay mineral lattices, The strong enrichment
of Zn in the separated clay fractions indicates that the
bulk of Zn is detfital and is locked away in ciay mineral

structures.

Nicholls and Loring (1962) considered
Pv to be}striotly detrital although sorption oocasionally’
occurred. El Wakeel and Riley; however; considered Pb
to be located chiefly in ferromanganese minerals with the
remainder inocorporated in the ocolloidal fraotion by ion
exchange or adsorption mechaniSms; i.e. to be of authi-
genic origin. There is thus considerable diversity of

opinion on the distribution of Pb in sediments.

The results of this work show Pb
concentrations to cover a relatively narrow range with
no significant difference between marine and non-
marine rocks. None éf the groups of'rocks analyséd
contain more than 0.10 percent MnO (Danohin; 1970) re-
- moving the possibility of Pb being largely associated
with a Mn phase. Apart from its association with
sulphide in the Somkele borehole samples Pb reveals no
constant relationship with other elements indicating the
| likelihood of it being contained in more than one‘phase.
The separated clay fraction data is perhaps a little more

informative. A decrease in Pb in the separated clays
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from the carbonaceous shalesﬁin@iqates'phat althOugh
some Pb is assoc;ated with tpe clay minerglvfractiqn most
of it has been removed in the detrital heavy mineral‘”:
fraction. This situation does not exist in the Bokkeveld
shales; however.  Here some show strong Fb enrichment
in the less than two micron clay fraction whereas others
show that the bulk of the Pb present is in the heavy
mineral fraction. Clearly the distribution of Pb is
a complex one which makes it all the more supprising that
its average abundances are so uniform. Perhaps the
uniformity is due to its being initially introduced into
a sediment chiefly by a single mechanism; adsorption onto
ferromanganese minerals; and with the solution of these
minerals at depth in the sediment (and upward migrétion
of Fe and Mn) Pb is made available for re-incorporation
into the sediment: by a variéty of mechanisms; the dominant
ones being controlled by the overall composition of the
sediment at that stage. Chow and Patterson (1962) de-
termined two thirds of the Pb of Pleistocene pelagic
sediments to be of authigenic origin; the remainder being
transported to the depositional area in detrital C1ays
and heavy minerals. It is also possible that its
partial incorporation in diagenetic pyrite could explain
1ts removal during the less than two micron clay fraction

separation process,

The frequency distributions of Cu; Zn
and Pb in all the samples analysed in this work are plotted
as histograms in Figs. 11A; 12A and 25A respectively.

All three elements display asymmetrical frequency distri-
butions. Like Ga, Zn and Pb distributions appear to be
slightly negatively skewed and this emphasizes that
statistical "laws" explaining the distribution of élements

of silicate materials must differ for igneous and sedi-
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mentary rocks. The distribution of Cu is a complex
asymmetrical one and camnot be described as being,
positively or negatively skewed. High concentrations are
less frequent than low concentrations implying negative

skewness but there is a far greater range of higpkthan

of low concentrations implying positive skewness.

6.5 COBALT AND NICKEL

As these two elements display many
similar characteristics and tend to exhibit a close degree
of coherence they are discussed together for convenience,
Although both elements can form their own minera}s, their
geochemistry in igneous rocks is governed by their
similarity to the major elements iron and magnesium.

Their proxying for these elements is so effective that
virtually all cobalt and nickel is removed during the

early stages of magmatic differentiation while the sulphides
and dark minerals are being formed and consequently their

concentrations in granites are extremely low.

The ferromagnesian minerals are rapidly
broken down by surface chemical Weathering and Ni and Co‘
tend to be released and in solution behave as solﬁble
cations, Under normal weathering conditions Ni is not
oxidised to0 the trivalent form but under powerful oxidising
conditions and in alkaline solutibn Co is oxidised to the
trivalent form and because of its ionio'potential is rapidly
hydrolysed and precipitated into the hydrolysate fraction.
Thus stainierite and oobaltiah wad can remain in residual
deposits of Intensive weathering but 1ow‘erosion; and in
this way Ni and Co can separaﬁe in the weathering énviron-

ment, However, divalent Ni is precipitated from solution

as garnierite, hydrated Ni silicate of low solubility.
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It forms initially as a gel. Co appears to be leached
preferentially over Ni during the weathering cycle and
Butler (1953) found the Co/Ni ratio to decrease in a
weathering profile from rock to residuval clay. Ni aﬁd

Co are incorporated in clay minerals produced by weathering;
as 1s shown by the separated clays of the Fig Tree Séries,
and they are also efficiently soavenged during the hydro-

lysis of ferric iron.

E1 Wakeel and Riley (1961) and Goldberg
and Arrhenius (1958) point out that Ni and Co are strongly
concentrated in marine sediments relative to igneous rocks
- and in pelagic sediments relative_tb near-shore sediments.
 Wedepohl (197l1a) suggests that these high concentrations
are derived from submarine volcanic degassing produéts and
points out that they are known to concentrate in sedi-
ments slowly accumulating in regions of active volcanism.
On the other hand Turekian (1968) found the continental
supply of Co in rivers and streams to adequately account
for the quantity of Co incorporated in marine sediments,
However; it is clear that Co and Ni enter a depositional
environment in solution and structurally bound in clay
minerals; and that considerable amounts of these elements
are later incorporated in the sediment by sorption processes.
Hirst (1962) found an average of 31.5 percent of the
total Co content to be non-detrital but only an average
of 15.6 percent of the total Ni content to be non-detrital
and this emphasizes the fractionation of these elements
during weathering, tranéport and deposition. Undoubtedly
some of the Ni content of sediments must be derived from
the infall of Ni/Fe meteorites. The proportion of Ni
incorporated in sediments must be strongly dependent on
the rate of sedimentation. The slower the rate the

greater will be the importance of meteoritic infall but



: 139,
as yet there 1is no quantitative data relating to this

subject.

Co and Ni concentrations and Ni/Co
ratios for the samples analysed are given in Tables 2A to
21A; averages for groups of rocks are in Tables 23A and
24A, and averages for Ni/Co ratios are in Tables 25A énd
26A. Correlation coefficients of Co and Ni for each other
and against other elements are listed in Tables 28A to 424,
Average Co concentrations range from 2.4 ppm in the |
Kuibis Series to 18.3 ppm in the Schwarzrand Series but
averaging 15.9 ppm in all the South African argillaceous.
rocks analysed. The Fig Tree and Witwatersrand samples
average 38.4 ppm and 30.5 ppm Co respectively, these high
concentrations arising from the availability of Ca in the
weathered, Co-rich basic source rocks and its ability‘to
proxy for Mg and Fe in chlorite, the chief'weathering pro-
duct of the ferromagnesian minerals, The same argument
applies to Ni which 1s tremendously enriched in the TFig
Tree: (502 ppm Ni) and Witwatersrand (257 ppm Ni) shales.
Normal Ni averages range from 6.0 ppm in the Kunjas Series
to 39.7 ppm in the Northern Ecca Facies with an average
of 34.4 ppm Ni in all the rocks analysed excluding the
Fig Tree and Witwatersrand sediments. Table 19 contéins
Ni and Co concentrations and Ni/Co ratios for sevefal
groups of rocks and includes a crustal average and an
average shale. The data of Tourtelot (1964) is shown
but not Weber and Middleton (1961), Hirst (1962), Goldberg
and Arrhenius (1958) and E1 Wakeel and Riley (1961),

The point illustrated by this table is that apart from
Tourtelot's non-marine shales, the South African argil-
laceous rocks are distinctly lower in Ni and slightly
lower in Co than average crustal material and the averagé

‘shale of Wedepohl (1971).
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Table 19

Ni and Co concentrations in ppm and Ni/Co ratios of

different argillaceous rock groups

Ni Co - Ni/Co
Crustal average (1) 75 25 3,00
Basalt average (1) 150 | 48 3.10
Granite average (1) 1 0.5 2.00
Non-marine, non-carbona- :
ceous shales (2) 32 12 2,67
Non-marine carbonaceous : , |
shales - (2) 19 .10 1,90
Marine near-shore shales (2) 32 11 2,91
Marine off-shore shales (2) 53 ~ 15 - 3,53
Devonian pelites (3) 64 18 ©3.56
Carboniferous shales - (4) 64 33 1.96
Marine Bokkeveld shales (5) 36.9  10.5  3.88
Non-marine Northern Ecca o o
Facies shales (5)  39.7 16,1  2.27
Average South African -
argillite - (5) 34.4 15.9 2.55
Average shale (6) 68 19 3.58

Average shale ' (7) - 19 -

(1) Taylor (1964)

(2) Tourtelot (1964)

(3) Shaw (1954)

(4) Nicholls and Loring (1962)
(5) This work : |
(6) Wedepohl (1971)

(7) Carr and Turekian (1961)

In the South African shales the average
Ni/Co ratio varies from 1.92 in the Western Ecca Facies
shales to 3.88 in the Bokkeveld Series shales, The
average ratio for ald the South African argillaceous
rocks analysed is 2.55, A glance at Table 19 shows that
although the Ni and Co contents are different there is a

distinct grouping of the Ni/Co ratios of about '3.50 for

L
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the various marine rocks and about 2.20 for non-marine
rocks. The possible use of the Ni/Co ratio as.an in-

dicator of depositional environment is discussed later.

In general the correlation between Co
and Ni is extremely high as is readily seen in Tables 28A
to 424, In carbonaceous samples the coefficient ranges
from 0.57 in the Witteberg Series to 0.98 in the Fish
River Series. It is considered likely that some Co has
been lost from some Bokkeveld; Western Eoca; Beaufort and
Witteberg surface samples and but for this the Co - Ni cor-
relations in these éequences would have been even higher,
Chave and Mackenzie (1961) found Co and Ni to be correlated
to some extent in Pacific pelagic clays but Cronan (1969/
1970) only recorded a coefficient of 0.318 in Indian
and Pacific Ocean pelagic clays. Part of the reason
for the reduced correlation of these two elements in
pelagic clays compared to lithified shales might be
explained by the work of Bonatti et al. (1971) who point
out that much post-depositional redistribution of these
elements takes place in these pelagic sediments owing to
the presence of a reducing layer below the surfacefmxidising
layer, Brooks et al. (1968) also found a decrease
in redox potential with depth in their cores and their
trace element analyses of interstitial water for core
T II show a marked increase with depth of the Ni/Co
ratio from 3.75 to 23.0, The dependence of the Ni/Co
ratio on Eh in interstitial water is well illustrated in
Fig. 31A, the data being adapted from Core T IT of Brooks
et al. (1968). The pH was relatively constant and ranged
between 7.4 and 8.0. The dependence of the Ni/Co ratio
on Eh is extremely difficult to interpret. The Eh at the.
surface of the sediment is too low for oxidatioh of

divalent Co to have taken place even at the alkaline pH
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of sea-water. Thus Co is not being released into inter-
stitial solution by reduction at depth; and in any case
this would have decreased the Ni/Co ratio at depth not
increased it which is the observed resﬁlt. The’probable
explanation is that Co and Ni are released by reduction

of ferric hydroxides and although both elements gradually
migrate towards the surface of the sediment Ni is pre-
ferentially adsorﬁed onto clay mineral and unreduced
ferric hydroxide surfaces causing the Ni/Co ratio to
decrease as the sediment surface is approached. Thus
there is an active mechanism tending to partition Co and
Ni in pelagic éediments and this explains their poor cor-
relation in these sediments.  The upward migration,of Co‘
and Ni into the surface sediment also explains the marked
enrichment of Co and Ni in pelagic sediments as pointed
out by Bonatti et al. (1971). The high correlation obé
tained in shales results from the process of redistributioh
of these elements being complete by the time advanced
dehydration and lithification of the sediments have

taken place,.

In the carbonaceous samples of_the
Northern Ecca Series both Ni and Co show no correlation
with loss on ignition indicating that introduction into
the sediment via coaly plant material has not been a con-
trolling factbr in the distribution of these two elements
in these rocks.. However; the concentrations of'Ni_and
Co in carbonaceous rocks is not particularly low so thé
presence of a small amount of these elements in the organic
fraction cannot be discounted. This is an agreement with
the work of Le Riche (1959) but Nicholls and Loring
(1962) found an overall sympathetic'relationship between

the Co and Ni contents and the organic fraction
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suggesting an incorporation process related to the presence

of organic matter.

There is no evidence to suggest that
an appreciable amount of the Ni and Co content of the

carbonaceous samples is associated with sulphides.

Ni and Co concentrations and Ni/Co
ratios are higher in the Bokkeveld separated clay fractions
than in the whole rock samples indicating that both
elements are preferentially incorporated in the finest
clay fraction of these marine samples and that Ni is
slightly preferred to Co; No such trends are obvious’
in the separated clay fractions of the carbonaceous Northern |
Ecca Facies samples, factors consistent with some Ni and

Co being in the organic fraction.

Frequency distribution diagrams are dis-
played fof Co in Fig. 13A and for Ni in Figs. 14A and 15A.
Co shows a stfong positively skewed distribution whereas
Ni, excluding the Fig Tree and Witwatersrand sediments,
shows a symmetrical distribution which approaches normality.
The difference in distribution between these ﬁwo elements
is interesting as they are normally closely associated in
the sedimentary environment and similar frequency dis-
tributions might have been expected. Fig, 15A demon-
strates the difference in Ni content between the Fig Tree
sediments and the rest of the South African argillaceous

sediments.
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6.6 VANADIUM AND CHROMIUM

In the igneous environment V and Cr both
tend to proxy for ferric iron due to similar ionic size
and bonding properties. Cr is also precipitated as
chromite Dbut V does not normally form its own silicate
or oxide minerals. As these twoe elements also show a
close degree of coherence in the sedimentary environment
they are discussed together here for convenience.
Ultrabasic and basic rocks, therefore, contain much Cr and
V in the dark minerals whereas granites contain much less

V and virtually no Cr.

In the weathering environment Cr 1is
concentrated in chromite and ferromagnesian minerals in
the heavy mineral detrital fraction and Frolich (1960)
and Shiraki (1966) point out that it is also concentrated
in the cléy mineral fraction, particularly in illite.
Nicholls and Loring (1962) found virtually no acid soluble
Cr, but Tourtelot (1964) considered a third to more than
half the total Cr content to be acquired by the clay
minerals during transport and depositioﬁ in off-shore
environments, Hirst (1962) and Goldberg and Arrhenius
(1958) found the antribution of non-detrital Cr and V to
be very low., Curtis (1969) could find no alternative
to explain the occurrence of Cr and V but that they
arrived at the site of deposition firmly bound in detrital
clay lattices and that the initial concentrations were in-
significantly augmented by sorption from solution. He
suggested that as crot ana v3*t they proxied for A13Y and
’Sr2+ present in interlayer K' sites. Most workers have
found V to be fairly evenlj-distributed in the various

size fractions of sediments indicating that it occurs in
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detrital heavy minerals and in the #arious clay minerals
where most of it is sited in lattice positions having
been incorporated during weathering of the original

source rocks.,

V and Cr concentrations and V/Cr ratios
of the shales analysed in this work are presented in
Tables 2A to 21A and average contents of these two elements
in various groups of rocks are given in Tables 23A énd .
24A, Average V/Cr ratios are included in Tables 25A and
26A and the correlation coefficients of these two elements
against each other and the other elements analysed are

listed in Tables 28A to 42A.

"Table 20
V_and ' Cr contents and V/Cr ratios of various groups of
 rocks. '
v Cr v/cr
Granite average (1) 20 4 5.00
Basalt average (1) 250 200 1.25
Crustal average (conti- ' -
nental) (1) 135 100 1.35
Shale average (2) 130 go 1.45
Japanese shales (3) 46
Fig Tree Shales (4) 115 "~ 883 0.13
Bokkeveld shales (4) 127 106 1.17
Northern Ecca Facies V‘ ‘
shales (4) 98,7 118 0.85
Carbonaceous S.A. argil- ‘ .
lite (4) 98.7 118 0.85
Non-carbonaceous S.A. , x | »
argillite - (4) 106 82,7 1.28
Average South African ' * »
argillite (4) 103 99,2 1,01

*
.Excluding Fig Tree and Witwatersrand Cr results

(1) Taylor (1964)
(2) Wedepohl (1971)
(3) Shiraki (1966)
(4) Tnis work
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Average V contents in the samples analysed
range from 71.2 ppm in the Fish River Series to 127 ppm in
the Bokkeveld Series while the average South African
shale contains 103 ppm V. Average Cr contents in the
samples analysed vary from 53.3 ppm in the Southern Ecca
Facies to 118 ppm in the Northern Eéca Facies while the
average for the shales analysed; excluding the Fig Tree
and Witwatersrand shales, is 99.2 ppm. Averages for the ,
last two shales mentionediare 883 ppm and 847 ppm respedtively
and these remarkably high results support the supposition
of Shiraki (1966) that the Cr contents of shales are con-

trolled by the composition of the source.rocks.

A glance at Table 20 shows that the
average V content of South African shales are significantly,
lower whereas the Cr contents are approximately the same
as the average continental crust and the average shale
of Wedepohl (1971).

The relatively high concentrations of V
in the marine Bokkeveld shales suggests a significant in-
corporation of V by the sediment from the overlying sea—water;
a conclusion in accord with the results of Nicholls and
Loring (1962) who found up to 10 percent of the V content
of their carboniferous sediments to be acid—soluble;

In the separated less than two micron fractions of four
Bokkeveld shales; V 1is enriched over the whole rock by a
factor of 1.87 whereas Cr is only enriched by an average
factor of 1.48. A considerable amount of this enrichment is
undoubtedly due to the removal of detrital quartz and feldspar
and if this is allowed for it is clear that V has been con-
centrated relative to Cr in the finest clay fraction indi-
cating that V has participated in sorption or exchange pro-
cesses but Cr has not. It is possible that a =ignificant

proportion of the Cr is included in detrital heavy minerals.
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Excluding the Witwatersrand and Fig Tree
shales; the average V/Cr ratios range from 0.85 in the
Northern Ecca Facies to 2.05 in the Southern Ecca Facies.
The average ratio for all the shales analysed is 1.01.
The Bokkeveld average V/Cr ratio of-1.17 indicates a
relative increase of V or decrease of Cr in these rocks
compared. to the carbonaceous Northern Ecca Facies shales,

as mentioned earlier.

V and Cr show different distfibution
patterns in the GB and A Series boreholes. In the GB
series borehole samples the correlation coefficients show
them to be associated with Al and loss on ignition; im-
plying that they are incorporated in both the clay fraction
and the organic fraction in rather fixed amounts. | This
1s illustrated in Figs. 29A and 30A which show the variation
with depth in two GB boreholes of V and Cr 00ncentrations;
These correlations do not hold for the A series boreholes;‘
but it must be noted that the upper half of the boreholes
contain considerably more V and Cr than the lower half;
This could be interpreted as being inherited from the
source rocks; the last sediments to be deposited being
derived partly from basic source rocks only exposed
as the_long cycle of weathering and erosion; which
supplied the vast amounts of Karroo sediments; had removed
greaﬁ thicknesses of overlying rocks. However; it;is
more probable that in these samples V and Cr are
assoeiated with the organic fraction in some way. 'In
. Borehole A 78; for example; in which the loss on 1gnition
can be as high as 39.9 percent; V concentrations range
as high as 308 ppm‘and Cr 418 ppm. AOWing to the erratic
nature of the association however; it is not apparent

- from the correlation coefficients, V and Cr are unlikely»
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to be concentrated in sulphides as the levels of Cu, Zn and
Pb are not unusually high. They are not associated

with iron hydfoxides as they show negative correlations
with iron besides which Danchin (1970) found the sulphide
content of these sémples to be very low. There 1is the
real possibility that they are concentrated in detrital
ilmenite; and a plot of V and Cr against the TiOé data of
Danchin (1970) does show a -distinct correlation as can be
seen in Fig. 32A. This is also the case for the Bokkeveld
shales as is shown for Cr in Fig. 33A. H0wever; the
separated clay fractions of the Bokkeveld shales show an
increase in TiO2 over the whole samples which could be
jinterpreted as showing that detrital ilmenite is not
‘present but that V, Cr and Ti are closely associated
probably in the chlorite structures. The separated clay
fractions of the GB borehole samples also show that ilmenite
is unlikely to have been present in the whole rook;

leading to the conclusion that not only Cr and V but also

Ti is associated with the organic fraction.

The correlation of V and Cr with the
organic fraction of the GB series boreholes is shown in
Fig. 34A. Cronan (1969/1970) has reported the strong
correlation between V, Cr and Ti in Pacific and Indian
Océan‘pelagic sediments but merely concludes that the corre-
lation is due to the presence of all three elements in the
detrital phases of the sediment. Nicholls and Loring
(1962) found about 6 ppm V per one percent organic carbon
to be adsorbed on the organic fraotion; but they cbuld
find no evidence of Cr adsorption. The unexpectedly high
concentrations of Ti in separated clay fractions puzzléd
Porrenga (1967) who stated that "Although the way in which
titanium occurs in the clay fraction is unknown; it

follows from our own and from literature data that Ti
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must be considered as a detrital element, closely asso-
ciated with the clay fraction". = Goldbérg (19545
suggested that Ti is present és anatase (TiOz)'or 710,
hydrate deposited with the clay mineral flakes. If a
hydrated form of ilmenite was closely associated with the
clay fraction in this way it could well contain the bulk
of Cr and V camouflaged in its structure, which, being
acid insoluble, could lead to the mistaken conclusion that
these elements were largely structurally bound in the clay

minerals.,

The carbonaceous samples analysed in
this work are kaolinite-rich and virtually monomineralic
with respect to their clay mineralogy. It seems unlikely
that much Ti, Cr or V could be structurally bound in
kaolinite. In the light of the previous disoussion it
seems much more likely that flakes of Cr and V-bearing
ilmenite, of either detrital or authigenic origin, have
been preferentially adsorbed by the organic material thus
explaining the correlation between Cr, V and Ti, the
relatively high Cr and V contents in the oarbonaoéous shales
and the correlation between Cr and V and the drganio

fraction as represented by loss on ignition.

The work of Marchand (1970) could be
taken to corroborate these ooholusions. Workiné on the
same samples he found Cr to be only slightly enriched in
his separated organic fraction in apparent contrast with
the results found in this work. The reason, however, is
clear, The adsorbed Ti, V and Cr béaring phase was o
largely removed by his organic fraction separation process
which included violent ultrasonic "scrubbing" for prolonged
perlods. To the best of the author s knowledge this

interpretation of the distribution of part of the COr and
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V contents of carbonaceous shales has not been expounded

before,

Frequency distribution diagrams for V in A
all the South African'sediments analysed in this work are
shown in Fig.. 16A and for Cr in Figs. 17A and 18A.

The marked difference in Cr content between the Fig Tree
sediments and the rest of the South African argillaceous
rocks is clearly displayed in Fig. 18A, The frequency
distributions of V and Cr, as shown in Figs. 16A and 174
respectively are asymmetrical and show a marked tendency
to be positively skewed. The two elements show a very
similar dispersion pattern and this is in keeping with
their coherence displayed in the sedimentary environment
where they are both principally located in ilmenite.
Perhaps the positively skewed distributions are inherited
from the source rocks, as Ahrens (1963a) notes the log-
normal distribution of V in basaltic and granitic focks
and Ahrens (1954a) notes the extreme dispersion and 10g-

normal distribution of Cr in basaltic and granitic rocks. .

6.7 THORIUM _AND URANTUM

It has long been known that, in general,
sedimentary rocks have a much greater range in Th and U
concentrations and in Th/U ratios than primary igneous
rocks. This is due to the fact that under plutonic
conditions, which tend to be more reducing, Th and U are
both in the tetravalent state and behave almost identically
because of the great chemical similarities within the |
Actinide Series of which they are members. However,
under the oxidising conditions prevailing when in contact
with the oxygen of the earth’s atmosphere (Gr in rare late

stage magmatic dlfferentlatlon) Th and U tend tO separate.
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6+ which forms the soluble

U4t is readily oxidised to U
uranyl ion and is readily leached and removed in solution
during weathering processes whereas Th has no comparable
state and can be concentrated in placer and residuai de-
posits such as bauxite. Thus althéugh the average‘coﬂ—
tinental Th/U ratio is 3.6 (Taylor; 1964) the ratio for
sea-water is 0.0002 (Koczy; 1956) a factor difference of
70,000; reflecting the efficient separation of these two
elements upon exposure to oxidising conditions at the

earth's surface.

Adams and Weaver (1958) concluded that
Th and U are incorporated in sedimentary rocks in the
following way:

(i) in detrital heavy minerals (zircon, monazite,
apatite and xenotime)

(ii) in common detrital minerals
(iii) in minerals precipitated from sea-water
(iv) adsorbed in iron and aluminium hydroxides
(v) adsorbed on clay minerals and organic matter
(vi) adsorbed on carbonate surfaces
They pointed out the dependance of the Th/U ratio on the
mineralogy of the source rocks, thoroughness of oxidation
and weathering and position from the shore, and showed
how the ratio could be used to distinguish between marine
and continental red and yellow shales. Marine clays ‘

have a high U content and consequent low Th/U ratio,

whereas continental clays exhibit the reverse features,'

All the samples included in this work
were analysed for Th by X-ray fluorescence and a’selection
of forty-four of different ages and derived from different
depositional environments were analysed by gamma-ray
spectroscopy for U and Th.. The results shed much light

on the history of these shales and also provide information
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on the distribution of Th and U in shales. The ana-
lytical results and the Th/U ratios are given in

Table 21,

Table 21

Some Th and U data (in ppm) and Th/U ratios for various o
- groups of rocks : : '

Th \ U Th/U

Sea-water (1)  4x10® 2x107% 0.0002
Crustal average (2) 9.6 2.7 3.6
Basalt average (2) 2.2 0.6 3.7
Granite average (2) 17 4.8 3.5
Precambrian grey- :
: wackes (3) 9.1 1.6 5.7
Mancos shales (4)  10.2 3.7 3.1
Green and grey shales (5) 13.0 2.7 4.4
Bentonites (5) 24.0 5.0 5.8
Average shale (5) 12.0 3.7 3.8
Russian Precam-
brian granites (6) 33 5.7 5.8
Colorado Precam-
brian granites (7) 25.5 5.0 5.1
Canadian Shield (8) 10.3 2,5 4,1
Australian Shield (9) 20 - 3,0 6.7
Namaqualand granite- , , ‘
gneiss (10) 74,8 19.3 4.5

Average South
African argillite (11) 17.8 e -

(1) Xoczy (1956)

(2) Taylor (1964)

(3) Rogers, Condie and Mahon (1969/1970)
(4) Pliler and Adams (1962)

(5) Adams and Weaver (1958)

(6) TFilippov and Komlev (1959)
(7) Phair and Gottfried (1964)
(8) Shaw

(39) ILambert and Heier (1968)
(10) Hobbs (1971)
(11) This work
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penetrating tﬁe Namagualand granite-gneiss. The weathered
samples from the top 10 m of the core have not been consider=
ed. For these samples Hobbs found the average Th and U
concentrations to be 74.8 ppm and 19.3 ppm respéctively,
and the average Th/U ratio to be 4.5 (Table 21). Th
concentrations ranged from 20.4 ppm fo 121.4 ppm and U con-~
centrations ranged from 1.9 ppm to 12.0 ppm. This
establishes the area to be a high Th and U province and
also the’possibility of granites of this age being amonsgst
the source focks of the Cape and Karroo System sediments.

In view of the difference in ages\between the granites and
the sedimentary rocks‘analySed here it 1is possible that the
Karroo sediments may have been derived from pre-Karroo
sediments, now removed Dby erosion, themselves derived from
the granites, but this seems unlikely as Ryan (1967) and
Danchin (1970) both conclude from their independent studies
that the Karroo sediments are in fact derived from granites.
Considering the vast amount of sediment involved it seems
likely that granites of the age of the NamaQqualand granite-

gnelss acted as source rocks.,

Th, U and Th/U data for selected groups

of South African shales are shown in Table 22.

Table 22

Th, U and Th/U data for selected groups of shales

Th U Th/U
Fig Tree | 6.0 0.7 8.8
Fish River 15 2.9 5.0
‘Bokkeveld 19 2,7 7.0
Northern Ecca Facies* 24 6.0 4.4
Central Ecca Facies ™ 17 3.2 5.6
Western Ecca Facies 15 3.4 4.5

fExoluding BEc 4270, Ec 14 and Ec 16
+Exoluding AEc 1
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The Bokkeveld samples analysed all
originate from the iowef half of the succession which du
Toit (1954) concluded was deposited under shallow-water
marine conditions. The paucity of feldspar indicates
thorough chemical weathering of the source rocks and a
probable slow rate of accumulation in the basin of deposition.,
From the prolonged contact of the sediments with the over-
lying sea-water a maximum extraction by adsorption of U
from the sea-water by claﬁ minerals in the sediment could
be expected to have taken place. However, a low U content
and high Th/U ratio of these shales indicates that this was
not the case, The likely explanation is that although
chemical weathering of the source rocks was thorough andl
erosion and transport of the weathered material to the
‘basin of deposition was slow, the soﬁroe area was much
larger than the depositional area resulting in a fast
accumulation rate although the rate of supply was slow.

This possibility demonstrates‘the possible theoretical use
of the Th/U ratio as an indicator of changes in the rate of
sediment:accumulation and linked with this is its use as an ‘
indicator of changes in distance from the depositional area
to the ancient shoreline as suggested by Weaver and Adams
(1958). With increasing distance the proportion of detrital
to authigenic clay minerals decreased producing a decrease
in Th, an increase in U due to the slower accumulation rate,
and'a resultant marked decrease in the Th/U ratios. As the
Bokkeveld samples were collected from surface outcrops the
possibility exists that some U was removed by ground-water
leaching but the constant level of about 2.7 ppm U in these

rocks renders this unlikely.

The average enrichment factor of Th in the

clay fraction of the Bokkeveld samples is 1.8. This
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demonstrates that the bulk of the Th is incorporated in the
clay fraction and is not associated with any fesistate
heavy minerals such as zircon. It also shows that Th is
enriched in the fine-grained clay fraction indicating that
it is not structurally bound but has probably been incor-
porated in the clay by a process of adsorption or cation
exchange during weathering of the source rock and is now
extremely firmly lodged in the clay mineral structure.
The smallest clay particles have the most broken bonds and
thus provide more adsorption sites per unit mass than the
large particles.  Scott (1968) also found Th to be enriched
in the smallest size fractions of river sediments. Spears
(1966) came to the somewhat surprising conclusion.that in
a South Staffordshire tonstein all the U 1s contained in
zircon and all the Th is contained in kaolinite. Although
zircon does contain much of the U and some of the Th it
seems likely that at least some of the U was incorporated
in the sediment during the period of sulphide formation

when reducing conditions must have prevailed.

The single Dwyka sample analysed has
a Th/U ratio of 6.0 which is not tooldissimilar from the
~average of 4.6 by Sugimura and Angino (1966) in Antarctic
glacial marine sediments. The much higher levels of Th
and U in the Dwyka sample once again reflect the high Th

and U nature of the source rocks.

The content of the Northern Ecca
Facies is also unusually high, averaging 24 ppm, and indicating
a granitic source area as mentioned earlier. Three samples
from the Vierfontein Colliery average 48 ppm Th and as they‘
are organic rich (average loss on ignition is 28%) it
appears likely thét the Th enrichment is due to some bio-

genic agent, perhaps forming '"thucolite" as is found in the
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Carbon Leader of the Witwatersrand System. In general,
however, there is no correlation between Th and the
organic fraction and in this respect this work supports

the findings of Adams and Weaver (1958).

The average U dontent of 6.0 ppm is
higher than any groups in Table 21 or 22 and merits an
explanation. There is no direct relationship between
total U and organic content indicating that U is not
directly extracted from the dverlying water by the plant
material in the sediment or possibly the U preseht in other
phases 1s sufficiently large to mask a possible U-organic .
content relationship. The enrichment of U in these car-
bonaceous shales is probably due to reducing conditions'being
generated at the water-sediment interface by the decomposition
of plant material. This caused the slow reduction of the
soluble uranyl ion to the relatively insoluble tetravalent
uranium ion which was then rapidly hydrolysed out of
solution and incorporated in the sediment by adsorption
either on the clay minerals or the organic material. The
extent of this mechanism would depend on the rate of sedi-
ment accumulation and the Eh and pH of the environment
i.e. the strength of the reducing conditions. Sediment
accumulation was shown by Tanchin (1970) to be rapid
and the scarcity of sulphides suggests that conditions in
general were only reducing enough to cause the uptake of

a few ppm U in the sediment.

The Th/U ratio of 4.4 has no :special
significance as both the Th and U levels are so_unusual but
it is interesting that it. is similar to the ratios for the
Central and Western Ecca Facies; and all three average Th/U
ratios are distinctly lower than that of the Bokkeveld

sample. Thus the fresh-water shales have lower ratios
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than the marine shales which is the.reverse trend toithat
postulatedkby Adams and Weaver'(l§58). | This‘indicates
that thevusevof the Th/U rationspould be restricted to
variations in a single depositional area as there’are too
many factors; apart from environment of deposition:and
distance from the‘shore-line; which affect the Th/U ratio
for it to be reliably used to compare widely separated

sedimentary rocks.

AEc 1 contains 25 ppm U and has a Th/U
ratio of O.8Q This high U level is probably due to incor-
poration in the organic fraction (LOI of 23%) by an adsorp-
tion or cation exchange process following reduction. Less
than one percent of ifon in the ferric state (Danchin, 1970)
j'indicatés, that at some state in its history the depositional
environment was a very effective reducing one indeed. The
'samples from this borehole merit further study for radio-

active elements,

The Fig Tree samples contain 6.0 ppm Th,
0.7 ppm’U and have a Th/U ratio of 8.8, This exceptionally
high ratio could be attributed to the rapid accumulaﬁion of
sediments under highly oxidising conditions. However;
as has been mentioned when discussing the Fig Tree sediments;
it is fairly certain that not only were atmospheric condi-
tions unlikely to be strongly oxidising during Fig Tree
times but it is:highly likely that they were actually
reducing. The high Th/U ratios are partly explained by
the fact that the average.ratio must have increased from an
original value of about 6.5, as U decays radio-actively |
more rapidly than Th., This Qriginal ratio is in keeping
with the rénge of high ratios found in sedimentary rocks
of South Africa, and the low Th and U concentrations; are

inherited from the probable basic nature of the source
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rocks. This aspect is dealt With more fully in the

section on the Fig Tree Series. Although the avefage
basalt contains 2.2 ppm Th (Table 21); which is considerably
less than the average for the Fig Tree shales; the

original basic source rocks probably contained considerably
more Th and U than the average basalt compatible with

the high Th and U content of this continental craton.
Present day weathering might be partly responsible for the

low U values, but this is considered unlikely.

Chlorite, kaolinite and illite rich
rocks have been included in this study of U and Th but no
clear picture has emerged of either of the two elements
being preferentially associated with any partidular clay
mineral. A detailed study within a singlé basin would

be more likely to reveal any such relationship.

The correlation coefficients of Th
with other elements listed in Table 28A to 42A; show pre-
dictably that Th does not follow very coherently any of
the elements dealt with here. In some groups of rocks;
especially the Southern and Western Ecca Facies; it does
show some correlation with Al and consequently Ga. This
can be attributed to its distribution being controlled
' largely by the mechanisms of formation of clay minerals in
a source area in which Al is always a major constituent.
Very little Th appears to be incorporated in a sediment
from the overlying water, and Bonatti et al, (1971) also showed

that Th exhibits no syngenetic mobility whatsoéver.

_ The frequency distribution of Th in all
South African sediments analysed in this work is'given in
Fig. 24A. The frequency distribution of U was not‘plotted ‘

as it was felt that toc few U analyses were available.
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Fig, 24A shows that the frequency distribution of Th is

fairly symmetrical but shows a slight tendency to be
positively skewed. This effect is produced by the few
high Th content carbonaceous shales of the Northern Ecca

Facies.

6.8 ZIRCONIUM

Zirconium is a commonly analysed element
owing to its high abundance in mo5t geological materials
and its relative ease of analysis. It does not commonly
occur in major isgneous rock forming silicates but  forms its
own mineral zircon (mainly 'in granites) and is included in
small amounts in such accessory minerals &as rutile; sphene;
magnetite and ilménite, replacing Ti in Ti minerals as its
ionic size is not much larger, As shown in Table 23 it
tends to enrich slightly in granites but in general 1is

evenly distributed throughout most igneous rocks.

The bulk of Zr entering a depositional
environment is normally considered to be located in the
detrital heavy minerals listed above; but a significant pro-
portion is released during chemical weathering and transported
to the sea as ions in solution whereupon it is rapidly
hydrolysed; like Th; at the pH of sea-water and precipitated
as a colloidal hydrous oxide which can be scavenged by
manganese oxides or sorbed by clay minerals. Nicholls
and Loring (1962) considered some Zr to proxy for Al in
clay minerals formed during source rock weathering. . Evidence
for kaolinite and montmorillonite incorporating Zr at the

expense of Al was presented by Degenhardt (1957).

Concentrations of Zr for the samples
analysed are presented in Tables 2A to 214, and averages

for various groups of South African shales are shown in



Tablesh23AAand 24A. Correlation coefficients of Zr

against the other elements considered in this work are set

out in Tables 28A to 424,

average rocks are presented in Table 23.

A few published Zr data for

From Tables 23, 23A and 24A, it is

clear that most South African shales are enriched in Zr

compared to shales from other parts of the world and the

~ continental crustal average.

In a manner analagous to U

and Th, this arouses the interesting possibility of Southern

African being a high Zr province and immediately leads one

to suspect that the mineral zircon, a favourite host for

U and Th, is responsible for the observed phenomena; Ir

the bulk of U and Th in the basement granites were contained

in abundant zircon, then the high abundances of all three

elements 1n the sedimentary rocks derived from these

Table 23

Zr abuﬁdances in ppm in some groups 0f rocks

Basalt average

Granite average

Crustal averasge (continental)
Russian Archean granite average
Shale average

Shales average'

Ultramafic rocks and dunites
American fresh-water shale
American marine shale
Bokkeveld shale average

Fig Tree shale average

Northern Ecca Facies shale
. -average

Average South African argilla-=
’ ceous rock

(1) Taylor (1964)

(2) Wedepohl (1971) (5)

(3) Vinogradov (1962)

ir

150
180
165

160
200

30

1200

183
235.
87.5

255

215

(4) Tourtelot (1964)
This work
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granites could be easily explained in terms of detrital
zircon. However; the correlation coefficients of Zr and
Th show that these two elements do not exhibit a Close co~-
hérenoe and other mineral phases must play a part in their
distribution both in the source rocks and in the accumulated

younger shales,

The Zr data for the less than two micfon‘
fractions show that the bulk of Zr present in the whole
‘ rock is normally located in the detrital heavy mineral
fraction in South African argillaceous rocks. Depletion
ratios for various.groups of rocks are shown in Fig‘35A but
the proportion of Zr located in the clay minerals cannot
be accurately calculated as total clay mineral contents
are not accurately known. However; it is thought that as
much as 80 percent of Zr can be contained in the heavy
mineral fraction as depletion factors as low as one fifth
occur. If four fifths Zr are contained in the few percent
detrital heavy.minefals then this fraction must normally =
contain more than 1000 ppm Zr and could range up to a few
percent Zr. The Dbulk of Zr in this fraction is thoughth
to be located in zircon. No relationship exists between
Zr and Ti so a significant proportion of Zr cannot be

located in ilmenite.

The Fig Tree and Witwatersrand shales
have considefably lower Zr conoentratidns than the average
South African shales and their separated clays do not |
exhibit a marked Zr depletion as the younger shales do as
is seen in Fig. 36A. This suggests a lack of ziroon in
the source rocks; further evidence of the basic nature of
the provenance of the Fig Tree Series. As shown in Table
23; ultrabasic rocks and dunites contain an average of only

30 ppm Zr (Vinogradov, 1962). Sufficient Zr could be con-
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tained in the other detrital heavy minerals to account for
the observed Zr contents of these shales. It will be
noted from Table 23 that Zr is not very depleted in basic

rocks although iircon is not oustomarily present.

Zircon has a density nearly twice'that
of the clay minerals so only vanishingly small particles
of zircon would be associated with the less than two micron
fraction after separation of the clay fraction by gravity
settling in water, Zircon particles could possibly be
adsorbéd by the clay minerals but it is thought that the
vigorous "scrubbing" by ultrasonics would destroy any such
attachments. As up to 200 ppm Zr is recorded in the
separated clays one can only conclude that this Zr is either
structurally loca£ed in the clay minerals; perhaps proxying
for Al as suggested by Degenhardt (1957); or that Zr has
taken part in adsorption or cation exchange reactions‘or;
more 1ikely; is incorporated in part by all three

possible mechanisms.

As 1s expected from its.tendency to
be restricted to the single mineral; ziroon; Zr exhibits no
coherence with any other elements which do not occur in
zircon. Cnly Th has a slight tendency to oorrelaté with

Zr in some of the Northern Ecca Facies boreholes samples.

The frequency distribution of Zr in the
South African argillaceous sediments analysed in this work
is displayed in Fig. 22A. Similar in its asymmetrical
pattern to those of V and Cr it shows a marked positive
skewness. Perhaps, as for V and Cr; this is an inherited
characteristic from the source rocks as Ahrens (1963a) notes
the strong positive skewness andylognormal distribution of

Zr in basaltic and granitic rocks.
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6.9 ~NIOBIUM

In the igneous énvironment Nb tends to
proxy for Ti as both Nb5+ and Ti4+ have ionic radii of
0.682. Consequently'Nb is very evenly distributed through-
out igneous rocks'being located in Ti phases such as rutile;
sphene; and ilmenite and i$s only emnriched in late stage
granite pegmatites where it forms its own minerals, normaily -
Fe and Mn tantaloniobates., Znamenskii et al. {1962) note
that when sphene is present more than 80 percent of the Nb
content is concentrated in this mineral alone and that tan-
taloniobates develop only in the absence of sphene. The
ionic radius of Nb5+ 1s not too different from that of
zrtt (0.798) for some Nb to be included in zircon when this
mineral is formed from silicate melts.  The charge
difference:of only one also makes this substitution poséible.

Thus the distribution of Nb in the igneous environment

. tends to be restricted to the heavy minerals, In the

westhering environment Nb becomes concentrated in the
detrital heavy minerals but undoubtedly a portion is released
into solution. There appears to be little published data
on the behaviour of Nb in the aqueousAenvironment,but its
ionic potential of 7.5 (Mason; 1966) would suggest low
solubility and in the mérine enviromment rapid hydrolysis
and precipitation or scavenging by ferromanganese hydroxides
or adsorption onto clay minerals, v The low concentration

of 1 x 1077 ppm Nb in sea-water and its short residence

time of 300 years (Goldberg; )963) confirms its efficient
removal from sea-water, Perhaps the removal of disSolved
Nb from sea-water is closely linked with that of Ti which

has an even shorter residence time.

Nb concentrations for the samples

analysed are presented in Tables 2A to 21A, and the averages
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for various groups of rocks are laid out in Tables 23A and
24A., ‘Table 24 shows the Nb contents of the average South
African shale compared to the crustal average and average
basalts and granites. Tables 28A to 42A contain the
correlation coefficients of Nb against other elements
analysed. It is clear from Table 24 that there is little
difference in Nb content between common igneous rocks and
average shales, The Nb content of 15.7 ppm of the average
South African shale is very close to the 18 ppm of the
average shale of Wedepohl (1971).

The average Nb contents of groups of
South African rocks varies from 10.4 ppm in the Kunjas
Series to 19.9 ppm in the Northern Ecca Facies. The Fig

Tree shales and Witwatersrand shales contain 5.3 ppm and

Table 2¢

Average Nb abundances';nvpgm_;p some groups of rocks

Nb

Basalt average (1) 20
Granite average (1) 20
Crustal average continental (1) 20
Russian Archean grarnite average (2) 2.4
Shale average (3) 18
Shale average (4) 20
Ultramafic rocks and dunites , (4) | 1
Fig Tree shale , (5) 5.3
Bokkeveld shale (5) 17.0
Northern Ecca Faceis shale (5) 19.9
Average South African argillaceous

shale (5) - 15,7
(1) Taylor (19564)

)
(2) Znamenskii (1964)
(3) Wedeponl (1971)
(4) Vinogradov (1962)
(5) This work
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5.5 ppm Nb respectively, and this relative depletion can

be attributed to the absence of zircon from the provenance

of these rocks as mentioned earlier in the section on Zr.

As can be noted from Table 24 the
average Fig Tree concentration of 5.3 ppm No is considerably
lower than granite; basalt; shale‘or crustal Nb averages.
This indicates that a considerable proportion of the
source rocks might have been ultrabasic in composition as
Vinogradov (1962) records an average value of only 1 ppm
'Nb for ultramafic rocks and dunites. However; Znamenskii
(1964) recorded an average value of 2.4 ppm Nb for Russian
Archean granites and pointed out that Nb was much enriched
in much younger granites. Thus the low Fig Tree Nb values
are consistent with the great age of these sediments but
cannot be considered to be indicative of the composition

of the source rocks.

The Nb~- Zr correlation coefficients
frequently show a marked degree of cdrrelation between these
elements showing that Nb is included in zircon in not in-
significant proportions. waever; Fig. 37A shows that
there is also a strong correlation between Nb and TiO,

(Ti0, data from Danchin, 1970). Data for the Bokkeveld
Series is plotted in TFig. 37A; bﬁt Fig. 38A; which shows
average Nb and average T102 plotted for various groups of
rocks, shows that this relationship holds for all the South
African sedimentary sequences analysed here. The close
associatian between TiO,, Zr and Nb emphasizes the fact
that 11 three elements are located dominantly in the heavy
mineral fraotionAand their absolute concentrations

are probvably .controlled by the proportion of heavy minerals
present.This is illustrated in the Northern Ecca Facies by

the A Series borehole samples which not only have the
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highest average Nb contents of 30.6 ppm but also the highest

average Ti0, content of 1.04 percent.

In a manner analagdus to Zr; the Nb con-
centrations in the less than two micfon separated clay
fractions demonstrate overwhelmingly'that the bulk of the
Nb content of the whole rock is located in the heavy
mineral fraction. The amount of depletion; however; is not
as great as that for Zr. The average separated clay
fraction contains 13.6 ppm Nb compared to 15.7 ppm in the
average South African argillité - a depletion fadtor of 0,87,
Comparable fisgures for Zr are 121 ppm and 215 ppm - a |
depletion factor of 0.56.

Thus the separated clay fraction data
for Nb indicate:that a higher proportion of Nb than of Zr
in a shale is of authigenic‘origin and probably associated
with the clay minerals, but that the bulk of both elements
is 1located in the detrital heavy mineral fraction. The
authigeni¢ Nb 1is probably incorporated by adsorption or
cation exchange'reactions, but this is mere speculation and
it might well be partially incorporated in authigenic
anatase which Goldberg (1954) has shown to form in modern
Pacific sediments. There is no evidence to suggest that
Nb is incorporated in the.sediments due to any biological
activity. As the minerals in the detrital heavy mineral
fraction have not been identified it is not precisely known
in which heavy mineral or minerals Nb has actually been

concentrated.

The frequency distribution of Nb in the
south African shales analysed in this work is shown in Fig.
23A and it is seen to be slightly‘asymmetrical about the mode
but; like Cu; is not definitely positively or negatively

skewed. This result is somewhat surprising as, being mainly
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located in detrital Ti minerals, it might have been
expected to display a similar distribution pattern to Zr,
V and Cr, other elements which are largely associated with

the detrital heavy mineral fractionm.

6.10 SCANDIUM, YTTRIUM AND YTTERBIUM

Goldberg and Arrhenius (1958) pointed
out that Sc; Y and Yb show similar behaviour in the major
sedimen%ary cycle and for thét reason they. are grbuped to-
gether here for convenience. They considered these three
elements to be concentrated in mainly two groups of minerals
in the sedimentary environment; Sc in the ferromanganese
hydroxides and Y and Yb in biogenic apatite. In the igneous
environment Sc tends to replace Fe and Mg in ferromagnesian
minerals thus tending to be more abundant in basic than
acid rocks as can be noted from Table 25, However;isc
cannot be considered to be closely correlated with Fe and
Mg in ferromagnesian minerals (Hermann; 1970;9Norman~and
Haskin; 1968). In pegmatites Sc occasionally forms its
own mineral thortveitite. Y and Yb replace Ca to a limited
extent in silicate minerals but become concentrated in
granites and pegmatites where they are major constituents
of lanthanide-rich minerals such as monazite, However;

they readily proxy for Ca in apatite.

As determined by Haskin et al. (1966)
none of these three elements tends to be located in detrital
heavy minerals; and they are consequently released at the
site of weathering where a part is solubilised but probably
the bulk of the elements is hydrolysed and adsorbed by
clay particles and the ferric hydroxide coatings of quartz
grains. Rankama and Sahama (1950) considered Sc(OH)3 to
be much more soluble than Al(OH)3 as Sc is not enriched in

residual bauxites but in oxidate sediments like sedimentary
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iron ores. More recent work (Vlasov;‘1968) suggests
that Sc does concentrate in bauxite but is a function of
the composition of the original rock and not the newly

- formed aluminium minerals. Similarly the.hydroxides of
Y and Yb are far more soluble than Al and are readily
leached in the weathering environment. They are also
scavenged by iron hydroxides and;‘beoause of cationic size
oonsiderations; Y is readily accepted into calcite and Yb

less so. Sc 1s very depleted in carbonate minerals.

In the marine environment Haskin et
al. (1966) found 60 to 100 percent of the total lanthanide
content to be located in the iron oxide fraction associated
with the guartz grains and less than 5 percent to be}
located in the detrital heavy mineral fraction. They
also found up to 75 percent of the lanthanide content of
limestones to be located in the calcite and further experi-
ments revealed thét freshly precipitated calcite effectively
removed some lanthanides from solution presumably by ad-
sorption. Norman and Haskin (1968) stressed the fact thét
a good linear abundance relationship normally existed be-

tween So3+ and Fe3+ in sedimentary rocks. Sc 1s also
known to be slightly concentrated in phosphorites and phos-

phate rocks (Frondel, 1970).

The chief interest in the lanthanides
in sediments is the’determination of lanthanide (or rare
earth) patterns and the interpretation of the changes of
patterns in sediments of different ages and the comparison

of these patterns with meteoritic and crustal patterns.
It was originally intended in this work to determine La by
XRF and to study the Ia/Yb ratio in South African shales,
Ia being light and Yb a heavy lanthanide element. However,

the method was not nearly reliable enough to produce La
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data of sufficient quality to match the excellent data of

Haskin et al. (1968) and consequently Ia was not determined,

Sc, Y and Yb GOnoenﬁrations for the
samples analysed are shown in Tables 2A to 21A and averages
for shale sequences are shown in Tables 23A and 24A.

Averages for particular groups of rocks are set out in
Table 25 and correlation coefficients of Sc; Y and Yb against
each other and against other elements analysed are

listed in Tables 28A to 42A.

(7
(8

Wedepohl (1960)
This work

Table 25
‘The abundance of Sc, Y and Yb in ppm in various groups of
rocks |

' Sc Y b
Average basalt » , 38(1) 25(1) 2(3)
Average granite 5(1)  40(1)  4(3)
Crustal average (continental) (1) 22 a3 3.0
Shale average | (2) 13 41 3T
Shale average ‘ . (3) 10 30 3
North American shales (4) 27 c3.1
European shale composite - 15(7) 31.8(5) 3.29(5)
Russian Platform shales - (6) 30 2.6
Bokkeveld shale average (8) 15.5 53.0 2.4
Northern Ecca Facies average (8) 13.4 47.4 2,2
Fig Tree average . . (8) 20.0 28.7 1.4
Average South African shale (8) 14.3 43.6 2,2
(1) Taylor (1964)
(2) Wedepohl (1971)
(3) Vinogradov (1962)
(4) Haskin et al., (1967) |
(5) Haskin and Haskin (1966)
(6) Ronov et al. (1967)

)
)
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The average concentrations of Sc¢c in South

African shales varies from 12.2 ppm in the Western cha
Facies to 20.0 ppm in the Fig Tree shales. Y varies frém
28.7 ppm in the Fig Tree Series to 54.8 ppm in:.the Cango
Formation sediments. Yb displays an.extremely narrow range
from 1.9 ppm in the Beaufort Series to 2.6 ppm in the Cango
Formation although the Fig Tree shales only contain an
average of 1.4 ppm Yb. The average South African shale

contains 14.3 ppm Sc, 43.6 ppm Y and 2.2 ppm YD.

From Table 25 it can be seen that the
Fig Tree shales are enriched in Sc but depleted in Y énd Yb
compared to the average South African shale and also to shales
from other parts of the world, This trend is similar to that
shown by the distribution of these elements in average
granites and basalts and once more emphasizes thd probably

basic nature 0of the source rocks for these shales.

Interesting aspects of the distribution
of Sc in South African shales are revealed by the corre-
lation coefficients, In the Bokkeveld Series shales Sc shows .
good correlation with Al,'Ga; Ni; v; Cr and LOI which is
interpreted as showing the definite affinity which Sc has
for the clay minerals illite and chlorite. In these non-
carbonaceous samples LOI is interpreted as beinsg strubtural
water and hydroxyl ions and is also probably proportional to
the total clay mineral content. ' The other elements are
also regarded as being incorporated in the clay mineréls
by adsorption; V and Cr as mentioned earlier perhaps as tiny
flakes of hydrated ilmenite or maybe authigenic anatase. Sc
only shows poor correlation with Fe; Y and Yb. Thesé corre-
lations persist in several other non-carbonaceous shale
sequences; such as the Witteberg Series; Malmesbury Fbrma;

tion, Fish River Series and Beaufort Series. The
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correlation of Sc with V and Cr in particular is striking
and suggests a similar behaviour to these’"two elements.
However, Sc is not associated with the heavy mineral |
detrital fraction as mentioned earlier and one must conclude
that Sc, V and Cr share very similar adsorption charac-
teristics to illite and chlorite. Although Sc3+ has a
very similar size to Zr4+ these two elements show no
tendency at all to be associated in South African shales
emphasizing the relative depletion of Sc in the detrital
heavy mineral fraction as the bulk of Zr has been oondluded
to be located in this fraction. The data for the separated
clays show Sc to be enriched in this fraction, further
support for the conclusion that Sc is mainly closely
associated with the clay minerals. The low correlation’
with Y and Yb can probably be attributed to the partial
incorporation of Y and Yo in calcite which is oCcasionaliy
present in these samples as shown by X-ray diffraction,
Many more samples probably contain calcite in amounts too

low to be detected by XRD.

‘The carbonaceous shales of the

- Northern Ecca Facies, however, reveal further aspeots‘of
the distribution behaviour of Sc. In these shales Sc shows
“absolutely no correlation with the organic content showing
that the incorporation of Sc in the sediment has been in-
dépendent of the organic matter, 'So now shows a stfong
correlation with Fe and, except for the A Series borehole
samples, a strong correlation with Y and Yb, The - corre-
lation of Sc with Al, Ga, Ni, V and Cr is weak to non-
existent, The correlations of Y and Yb with each other
and with Fe are also extremely good in these carbonaceous
samples, except for the A B8eries borehole samples. Sc,

Y and Yb were probably scavenged by settling ferric hydroxides
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which on burial in the sedimenﬁ were reduced to the
ferrous state and later converted td sulphides. Perhaps
part or nearly all the Sc, Y and Yb content were incor-
porated in these authigenic sulphides, as Mitchell (1968)
detected Y, La and Ce in authigenic pyrites and in greater
abundances than in hydrothermal or metamorphic,pyrites.v
The presence of Ia and Ce implies the presence of Yb al-
though one cannot also infer the presence of Sc which
Mitchell unfortunately did not determine. However,
Mitchell presumed Y, La and Ceito be present in gangue
calcite which remained even after extensive purification,
and, if this is the case, then one must conclude that Sc,
Y and Yb are solubilised by the reduction of ferric iron
and made available for adsorption on the clay minerals and/
or organic matter. The much hisgher correlation of these
three elements with Al than with LOI indicates that they
have a far greater affinity for kaolinite than for'ooaly
plant material. The relationship between total Fe and

Sc in the GB boreholeksamples is shown in Fig 39A. There

3+

is no relationship vetween Sc and Fe which agrees with
the proposed model of much ferric Fe being reduced. The
good correlation between Sc and total Fe was probably
aided by the extremely rapid rate of accumulation of these
sediments (Ryan, 1967r Danchin, 1970) thus Tallowing little
time for adsorption of Sc from the overlying water so

that virtually the total amount of Fe and Sc¢ in the sedi-
ment was introduced via ferric hydroxide. %lthough the
elements have been redistributed within the sediment

there has been no net gain or loss of either FTe or Sc.

- Consequently the original correlation is still‘observed.
Fig 39A also shows that the rate of Sc concentration increase

decreases after 6 percent Fe.
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The correlation coefficients of the Fig
Tree shales reveal that these three elements are in no
way associated‘with Fe in these goethite and Fe-chlorite
rich shales. Following the discussion on the Fig Tree
‘" shales this is to be expected. Because of the reducing
atmospheric conditions prevailing at the time Fe was not
incorporated in the sediment via the hydrolysate fraction
and thus Sc, Y and Yb were not scavenged by ferric hydroxides
as ocourred in much later sediments. | Goethite was
formed by the oxidation of ferrous iron at a much later
stage in the history of the Fig Tree Series. The enrich-.
ment of these elemenﬁé in the separated clay fractions:of
the Fig Tree ié strong evidence for the incorporation of

these elements in'the clay mineral fraction. In.the

sepafated.clay fractions of the Bokkeveld shales, however,
Y and Yb have been depleted relative to their concenfrations
in the whole rock. This indicates that the bulk of the
Y and Ybopresent in these shales is included in the iron
oxide coatings of the quartz grains which have been‘

removed during the clay separation process.

Y and Yb both exhibit an éxtremely
narrow range of concentrations, and, apart from.the
Northern Ecca Facies carbonaceous shales, the correlation
coefficients do not yield much useful information. The
conclusion drawn from this is that in general their incor-
poration into a sediment is controlled by several,factors
the least important of which is the organic content, and
‘the most important of which is probably the composition of
the source rocks. Under conditions of rapid sediment
accumulation followed by the onset of reducing conditions
within the sediment as occurred during the accumulation

of the carbonaceous Northern Ecca Facies shales, Y and Yb
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exhibit the same distributional pattern as Sc ané the
Observations made concerning the goechemistry of Sc under

these conditions apply equally well to Y and Yb.

Table 24 and the Y and Yb data for
sedimentary rocks listed by Herrmann (1970) show that there
are large differences in the concentrations of these elements
in shales from different parts of the world. Sc¢ in shales
does not show such a varidtion from one continent toO
another, Y is enriched in South African shales compared
ﬁo Buropean, Russian and North American shales and the
average shale of Vinogradov (1962), but is very similar
to the average shale of Wedepohl (1971). The reverse
is shown by Yb, however, which is depleted in South Affican
shales relative to all other shales although it is similar
to the Russian platform shales. It seems unlikely that
.the relationship between Y and Yb.should be markedly
different in South African shales compared to shales from
other continents and the accuracy of these data thén
become suspect. It is noted (Herrmann, 1970) that the
neutron activation results for Y and Yb in the European
shale composite are far lower than the XRF and emission
spectrographic results which leads one to canclude that
XRF and emission spectrographic methods are not gi&ing
accurate results as yet. Yb is extremely difficult to
analyse accurately by emission spectrography because of the
difficulty of obtéining standards of accurately known
concentrations. The latest recommended Yb values for
G-1 and W-1 (Fleischer, 1969) are substantially lower than
previous recommended values and analyses based on these .
standards are entirely dependent on which recommended
values are utilised. As the latest values were used for

this work, the results obtained are presented with con-
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fidence. In addition extremely satisfactory data resulted
for the more recent international rock standards analysed

(Hofmeyr, 1971).

As South African ;hales do appear to
be high in Y and low in Yb further detailed work is merited
and all the lanthanides should be determined in order to
construct the lanthanide patterns and to compare .them
with patterns from shales of other parts of the world.
For instance, Haskin and Haskin (1966) note no difference
between the normalised patterns of European, Russian and
North American shales, and it would be interesting to
determine whether South African shales followed the trend

- or not.

Frequency distribution diagrams for Sc,
Y and Yb in all the South African argillaceous rocks
analysed in this work are presented in Figs. 194, 20A, and
21A respectively. Sc and Yb display fairly symmetrical
frequency distributions which are not definitely positively
or negatively skewed but Y shows a distinctly different
frequency distribution to either of these elements. The
distribution of Y is asymmetrical about the mode and is
strongly positively skewed. The difference between the
frequency distributions of Y and Yb is somewhat surprising
in Qiew of the fairly close coherence these two elements

display in the sedimentary environment.
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I SOME OBSERVATIONS ON THE VARIATION OF TRACE

ELEMENT CONTENT WITH GEOLOGICAL AGE

The variation with age of the major

element content of fine-grained sedimentary rocks has been

used by several workers to provide information on the age
and evolution of the oceans and continents of the Earth.
As far baok as 1932 Goldschmidt reasoned that as sedimentary
rocks were extremely depleted in Na compared to igneous
rocks from which they were presumably derived; this missing
Na must be resident in the ocean and therefore; the age

of the ocean wauld be given Dy:
Total amount of Na in the ocean/Na supplied per year

Barth (1961) did not agree that the sea acted as a vast
sink for all Na which could not leave the ocean except
through evapofite deposits., He preferred to believe that
for all elements 1in .the ocean aldynamio equilibrium existed
between supply and removal and that Goldschmidt's calculated
age of the ocean was actually the residence time of Na;
i.e. the average time spent.by an atom of Na in the sea.
Weaver (1967a) noted a decrease in the K content and a
corresponding increase in the Na content between shales of
the Carboniferous and Permian eras. He Dbelieved that the
more acid conditions prevailing in the weathering environ-
ment favoured the development of‘kaolinite; and sediménts
derived from these source areas would be kaolinite rich
and deficient in K. Thus Wéaver explained a variation
with time of the K content of shales in terms of changes

of climatic weathering conditions.  Perhaps marked

differences in the concentrations of trace elements in

ancient shales of different ages provide information on
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differences of source rock composition, paleoclimate and

perhaps provide indicators of the environment of deposition.

It is thus of interest to study the
variation with time of the concentrations of trace elements
in South African argillaceous rocks. | The major part in
time of the Earth's history is covered by these sediments
which range in age from the Precambrian Fig Tree Series
shales about 3000 m.y. in age to the Triassic Beaufort
Series shales about 200 m.y. in age. There is a marked
change in mineralogy from the older t0 the younger shales
of the South African stratigraphic column, This‘is shown -
in Table 26 which gives the approximate clay mineral

compositions of the shale sequences analysed in this work.

Table 26

Approximate clay mineral compositions of South African

shales

Chlorite I1lite Montmorillonite Kaolinite
Beaufort Dom Tr Tr
Northern Ecca Tr " Sub Dom
Southern Ecca { . Tr Dom . “Sub
Central Ecca | Tr . Dom Tr , Tr
Western Ecca Tr Dom
Witteberg Tr Dom Tr
Bokkeveld Sub Dom
Fish River Dom Tr
Schwarzrand | ' Dom Tr
Kuibis o Dom Tr
Cango Sub Dom :
Malmesbury - Dom Tr Tr
Kunjas | Dom
Witwatersrand Dom Sub
Fig Tree Dom Sub

Dom = Dominant' Sub = subordinate Tr = trace
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There 1is a progressive decrease in the
amounts .of' chlorite in the younger shales with a cohoOmi-k
tant increase in the kaolinite and montmorillonite contents.
I1lite is the dominant clay mineral viftually throughout
the stratigraphio column disoussed here except for the
Fig Tree; Witwatersrand and Northern Ecca Facies shales,
This change of observed clay mineralogy is identiéal to
that described by Weaver (1967) for North American shales

and reproduced in Fig. 3.

Figure 3

Relative distribution of the four major glay-miﬁéral groups
through the geologic periods (Weaver, 1967)
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The reasons for this change of clay
mineralogy with time are not‘definitely known and this is a
subject of much controversy. They are generally ascribed
t0o changes in the composition of the primitive atmospheres
which controlled the formation of clay minerals iﬁ the
source areas. The association of kaolinite with car-
bonaceous shales has been frequently noted and is con-
sidered to be due to the prevalence of acid weathering
conditions. Weaver (1967a) attributed the generation of
acid conditions to the accelerated production of humus, CO,
and S by the prolific growth of land plants at these times.
The species of clay mineral formed must be a function both
of climate and source area petrology. Fe and Mg rich
minerals in ultrabasic rocks probably tend to form chlorite
and K and Al rich feldspars of granites tend to form
kaolinite on weathering. If the broad assumption is made
that acid weathering conditions produce kaolinite and if
the source rock happens to be ultrabasic or basic, then Fe,
Mg, Cr and Ni must be accomodated in some mineral phase
other than kaolinite and 1s not included in thé same

sediment as kaolinite which seems unlikely.

The probable reason is that at the
time of deposition the species of clay mineral deposited
are largely dependent on the composition of the sdurce
rock. Chlorite is more abundant in ancient shales as
mafic rocks probably outcropped more extensively in Pre-
cambrian times than they do today. I1lite is the most
readily developed clay mineral but kaolinite is developed

under suitable conditions of chemical weathering.

The marked enrichment of Ni and Cr in
the Fig Tree and Witwatersrand shales is clear in Fig. 42A.

This has been discussed earlier and is attributed to the
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presence of an ultramafic component in the source area for

these rocks.

K Cu, Co and Ni are strongly depleted in
the Kunjas and Kuibis shales and this implies a source area
control as they are both South West African Precambrién
sequences. However, the younger Fish River Series shalés
do not show marked differences from shales from the |
eastern part of South Africa. Apart from these marked
depletions, the average Co levels show slight variations
but there is a definite tendency for Co concentrations to
decrease in the younger shales. Apart from in the Fig
Tree and Witwatersrand shales, the Ni pattern tends to
lduplicate that of Co, as would be expected, except that the
variation is even less. The distribution pattern of Cu |
1s remarkably similar to those of Co and Ni, but the scatter
is‘greater and there is no trend with time of changing Cu
concentrations although there is a regular decrease from-
the Witteberg through the Ecﬁa to the Beaufort shales{
However, the older Bokkeveld and Fish River shales have
much 1oweryaverage Cu concentrations than those of the
whole of the Karroo System, V and Cr are two elements
which display similar distributions after Malmesbury times.
V levels are very constant throughout the South Africah
geological column and this element shows no evidence of
any enrichment in the ancient chlorite-rich Fig Tree and
Witwatersrand shales. V and Cr do appear to sepérate‘to
some extent in the non-carbonaceous Ecca shales, V usually
being more abundant than Cr, The concentrations of Cr
decrease in the younger shales reaching a minimum in the

Southern Ecca Facies. The concentrations of Zr in shales

increased from Fig Tree to Kuibis times and then showed a
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small but definite tendency to decrease in younger shales.
Be and Yb are elements which are not normally discussed
together, but in the séquence of rocks studied here their
average abundance distributions parallel each other re-
markably closely although Be displays a Wider variation
than Yb. Both elements are'depleted in the Fig Tree and
Witwatersrand shales but subsequently the average concen-
trations vary very little and thereris no further tendency
for the averages to0 increase or decrease in the younger
shales,

2
Fig. 4}A shows marked enrichments for

some trace elements in the chlorite-rich Fig Tree and
Witwatersrand shales, but the Cango and Bokkeveld shales,
which contain subordinate amounts of chlorite, do not
exhibit these same features. The kaolinite-rich Northern
Ecca Facies element distributions pattern ShOWS slight
peaks for the elements ﬁe, Co, Ni, Cr and Zr. However, as
has been discussed earlier, most of these enrichments are
attributed to the organic and not the kaolinite content
 of these shales. No non-carbonaceous kaolinite-rich
samples were available for analysis. Thus Fig. 4§A does
not revealtgn affinity for any particular clay mineral by
any particular element except for the Cr and Ni association
with chlorite in the ancient chlorite-rich shales. No
elements show marked trends of concentration variations
with age, but Co and Ni show a slight decrease in con-
centration in the younger shales and Zr shows an increase

followed by a decrease.
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8. THE USE OF TRACE ELEMENTS AS INDICATORS OF
ENVIRONMENT OF DEPOSITION

The reconstruction of the depositional
conditions of ancient environments has long been of gfeat
interest to geologists, chiefly to distinguish marine |
sediments from fresh water sediments to aid them in their
search for petroleum deposits. Characteristic fossils
will always remain the most reliable indicator of de-
positional environment but unfortunately they are not
always present, and not all fossils are useful as the
habitats of most ancient fauna are not reliably known,
Indicator clay minerals have been used for this purpose but
"1t is now considered that their use is unreliable althousgh
there is a broad correlation between depositional environ-
ment and clay type. Fresh-water shales tend to have
kaolinite as the dominant clay and marine shales tend to
have illite and montmorillonite as the dominant clays.
However, as mentioned earlier, Weaver (1958) showed that no
particular clay mineral is restricted to any particular
depositional environment., Thus to use a ratio of clay
minerals like -illite-kaolinite, as Degens et al (1957) did
for the Pernmsylvanian shales, is indicative but not con-
clusive evidence of depositional environment. Where it
occurs, glauconite is also indicative of a marine origin
but, not only is it rather uncommon in shales, but
Porrenga (1968) has shown that its formation is not re-

stricted to marine conditions.

Consequently geochemical criteria
have been used by many workers in an attempt to distinguish

depositional environments. Eh - pH conditions are often
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a controlling factor in the formation of diagenetic
minerals and mueh work has been dohe in recent years in
determining the boundary conditions which control the
formation of diagenetic minerals (Garrels and Christ, 1965,
Helgeson et al., ' 1969). Thus a study of the diagenetic
sulphide, carbonate and iron minerals can provide sig-
nificant information to enable limiting pH - Eh conditions
to be placed on a depositional environment. However,
such information need not necessarily distinguish between
marine and fresh-water depositional environments. Curtis
(1967) concluded that the physiochemical conditions of the
diagenetic environment of the British Westphalian coal
measures, in which both siderite and pyrite were formed,
were within the range pH 7 to 8 and Eh - 0.2 to - 0.3V,
These values were maintained throughout the depositional
sequence studied which spanned marine, brackish and
fresh-water environments. Although he found a ttend of
pyritic basal sediments to sideritic non-marine strata,

he concluded that pyrite formed when sulphide species were
available and siderite formed under high COzipartial
pressures but only in the absence of sulphide species.
Thus derived pH - Eh data need not necessarily provide
peleosalinity information, Unknown factors in ancient
depositional environments which affect the equilibrium
position are rate of sedimentation, availability of

sulphides and partial pressure of CO5.

Degens et al, (1957) pointed out
that an effective geochemical paleosalinity environmental

indicator required the following characteristics:
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1) Markedly affected by salinity changes,

2) Sufficiently abundant to be precisely
measured, ' '

3) Relatively widespread,
4) Tormed or concentrated in the shale itself,

" 5) Relatively unaffected by epigenetic changes.

Of these factors by far the most important is the first,
but it 1s extremely difficult to find a critical indicator

‘which is reliably strongly affected by changes of salinity.

Nicholls and Loring (1960) con-
cluded that syngenetic adsorption is much more important
than syngenetic diagenesis and this effect can be used
in studying sedimentary processes, Thus chemical
compositions can 5e more useful than mineralogical

compositions. They noted that Na+, Mg2+

and XK' are
strongly adsorbed by clay minerals in seawwatef, the order
of adsorption being dependent on salinity. At the salinity
indicated they believed that X' was preferentially adsorbed
and they wanted to use Na/K ratios as an indicator of rate
of sedimentation as had been observed by Hirst (1958).

They found that at constant pH and constant salinity the
Na+/K+ ratio of the accumulating‘dlay minerals was a useful
indicator of relative rates of deposition. Nicholls and
Loring (1963) suggested that the alkalis could be used as
paleosalinity indicators, but Danchin (1970) concluded

that Rb and Cs were desorbed from detrital clays on entering
the oceanic envirohment and that consequently the Rb and Cs
contents of marine clays were relict from their provehance

weathering environments. Thus it was most unlikely that

they could be used as paleosalinity indicators.

The use of boron as a paieosalinity
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indicator for ancient sediments has aroused some contro-
versy in recent years. Experimental work such as that by
Harder (1961) and Fleet (1965) has provéd that considerable
amounts of boron are sorbed by illite ﬁnder marine con- |
ditions and eventually migrate into the lattice from where
the bOron~can only be removed by the most severe treatment,
However, recycled illite being deposited in a fresh-

water environment will contain considerable boron 1f it

has previously passed through a marine cycle. Spears
(1965) even came to the conclusion that the boron content
of the illite was fixed during the weathering of the

source rocks. Shaw and Bugry's (1966) conclusion from
their work on North American shales that boron can be

used with caution seems a reasonable one although it is
felt by the present author that the control is lafgely
mineralogical rather than salinity, as it has béen
reasonably well established that illite is dominant in the
mafine environment and kaolinite in the fresh-water al-
though neither is restridted to any one environment.

Harder (1961) found kaolinite to be a poor sorbant for
boron comparéd to illite. Shaw and Busry (1966) suggested
that boron concentrations of less than 50 ppm were strongly
 indicative of fresh-water sedimentation and greater than |
110 ppm likely to be of marine origin. In his work on
South African shales Nel (1968) found that the marine.
Bokkeveld series contained significantly more boron than
the fresh-water Ecca Series, although several anomalous

results were reported.

Following Harder's (1961) work,
however, this might be purely a mineralogical control and

not an environmental one. Hingston (1964) also found
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that at neutral pH the maximum amount of adsorbable btoron
calculated from the Iangmuir Isotherm was much greater

for illite, at 154 ppm, than for montmorillonite and
kaolinite, at 17 ppm and 11 ppm respectively. Because

of its high adsorption characteristics boron might‘have
been a good indicator element, but, as Cody (1971) has
strongly emphasized, its tendency to migrate to structural
positions means that recycled clays can have high boron

concentrations irrespective of the depositional environment.

Several workers have suggested
particular trace elements which could be used as environf
mental indicators.“ These trace eiements have been selected
empirically on the basis of their concentrations in
particular shale sequences studied by these workers.
Degens, Williams, and Keith (1957, 1958) and Keith and
Degens (1959) found B, Li and Rb to be enriched in marine
(shales and Ga in fresh-water;shéles. On the basis of
their work and using B, Ga and Li together with V‘ooncen— |
trations in Precambrian Finnish phyllites, Lonka (1967)
concluded that the Precambrian oceans had a lower sélinity
than modern oceans. Tourtelot (1964) found B, Cr, V and
Zn to be enriched in marine shales and Ga in non-marine
shales. Levedev (1967) determined all these eleménts
amongst others in Russian Jurassic and Lower Cretaceous
clays and found only B; Sr and Ti to be consistently enriched
in marine clays. Potter, Shimp and Witters (1963) con-
cluded that B, Cr, Cu, Ga, Ni and V were signifioantly
more abundant in marine than in fresh-water,argillaoedus
sediments, They found that a disdriminant function based
only on B‘and V data effectively separated samples from the

two types of depositional environmment into two fields, -
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A similar study can be made of
several sedimentary sequences of the South African geo-
logical column. For this purpose the results of. the
‘shales from the Bokkeveld, Witteberg, Central Ecca and
Somkele Borehole (Northern Ecca) have been chosen.  Of
great importance 1s the fact that all contain illite as a
dominant clay mineral so it is hoped that the possible
complicating dactor of variable clay mineralogy has been
largely removed, However, the Ecca samples contain
subordinate amounts of kaolinite and the Bokkeveld and
Witteberg samples contain subordinate amounts of chlorite
SO a slight difference»in mineralogy is bresent. Alsq
the Ecca samples contain variable amounts of carbonaceous
material. The Bokkeveld samples are of marine origin and
the other three groups of fresh-water origin. Their
compositional similarity is shown in Table 27 which gives
their average major element contents calculated on a volatiieé
free basis.f Also included are the average concentrations
of some trace elements and inter-element ratios, The
closeness of the two major components, SiO2 and Al203, is

particularly striking.

The most obvious feature of the trace
element data is the constancy of Ga concentrations and Ga/Al
ratios, As mentioned before several workers have found
Ga to be concentrated in fresh-water shales, and the
probable explanation is that kaolinite-rich shales have
been analysed and the high Ga content is due té the high Al
content of kaolinite. Thus the Ga enrichment has been

controlled by mineralogy and not by the depositional
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Average major element abundances in weight percent on a
volatile-free basis (Danchin, 1970) and trace element
abundances in ppm and some inter-element ratios of marine
' and fresh-water shales

MARINE

FRESH WATER
Central Northern .
Bokkeveld| Witteberg Ecca Facies Ecca Facies-
Somkele B.H.
510, 67.4 66.9 66.0 68,6
Ti0, 1.0 0.9 0.7 0.7
A1,04 17.7 18.8 18,0 17.8
Pe,04 6.6 7.8 6.6 5.4
MgO 1.8 1.5 1.9 1.5
Ca0 0.3 0.3 0.7 0.6
K,0 3.5 3.5 3.8 3.4
cu 18.7 28.6 30.7 24.8
Ga 19.8 21.4 21.2 20.5
" Zn 75.8 74.2 78.5 82.6
Co 10.5 13.0 11.5 13.1
Ni 36.9 36.6 27.2 26,2
v 127 94,7 106 78.5
Cr 106 93.6 72.3 59.0
" Th 16.8 17.0 18.0 18,6
Pb 30.2 28.0 29.8 30.7
Ni/Co 3.88 2.92 2.38" 1.98.
v/Cr 1.17 0.98 1.56 1.34
Ga/Al.10% 2,20 2.26 2,47 2,39
v/a1.104 14.1 1 9.91 13.1 9,12
cr/A1.10%  11.7 10.0 7.8 1 6.83
cu/Al.10%  2.06 2,88 3.93 2.86
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environment. In the discussion on Ga it was pointed out
that there does appear to be a slight dependence of Ga/Al
ratio on the clay mineral species. Fig. 28A shows that
the low Al chlorite-rich Fig Tree shales tend to have lower
ratios than the high Al kaolinite rich Northern Ecca Facies
shales, I1lite-rich shales ten& to have intermediate5
values. This is verified by the data of Table 25A which
show that the Fig Tree, Bokkeveld and Northern Ecca shales,
which contain dominant chlorite, illite and kaolinite
respectively, have average Ga/Al ratios (x10™4) of 2.10,
2.22 and 2,32 respectively. This is further substantiated
in Table 27 in which it is seen that the Bokkeveld and
Witteberg have essentially the same Ga/Al,ratio, whereas the
Central Ecca and Somkele Borehole shales, which have a |

kaolinite component, have significantly higher ratios.

In addition to Ga, it is clear from
Table 27 that Zn, Co, Ni, Th and Pb do not appear to be
enriched in marine shales. However, V and Cr are more
concentrdted in the marine Bokkeveld shales and Cu is
definitely more concentrated in all.the fresh-water shales,
The Ni/Co ratios are highest in the marine shales and
lowest in the fresh-water shales as was mentioned earlier
in the section dealing with the distribution of Ni and Co.
However, as neither Ni nor Co appear to be enriched in the
marine‘shales and as the average Ni/Co ratios show a larsge
dispersion the use of this ratio appears to be of doubtful

reliability.

Therefore, the results of this work
indicate that V and Cr are enriched in marine shales and
Cu in fresh-water shales. It has to be presumed that

these excesses are the result of mechanisms or,reactions
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which have been initiated by the depositional environment
and are not due to differences in source rock compositions.
If these differences are a function of source rock com-
position then the use.of these elements is merely differen-
tiating between the shale sequences and not the environment
of deposition, To establish the reliability of the use

of these elements as environmmental indicators much research
should be done on their sorption characteristics with various
clay minerals. As pointed out by Cody (1971) ideally they
should form only a moderately strong sorption bond so‘that
possible adsorption or desorption reactions can occur
according to the depositional environment. If too strong

a bond is formed, as with B, recycled clays can give mis-
leading information because of inherited oharaotefistios.

If too weak a bond is formed post-depositional prdoesses
might effect a redistribution of the elements and also give
misleading information. It is interesting to note that Cody
(1971) also concluded that V and Cr showed potential as good
indicator elements and Tourtelot (1964) found V and Cr to

be enriched in marine shales. Furthermore, Potter, Shimp
and Witters (1963) also founé V and Cr, amongst others, to
be enriched in marine shales., However, they found Cu to

be concentrated in marine éhales which is the oPstite

result to that of this work.

Cu/Al, V/Al and Cr/Al ratios were
calculated for these four groups of rocks to minimise.the
dispersion of values caused by the diluting effect of quartz
and heavy minerals. The amounts of feldspar are considered
to be too small compared to the clay mineral contents}to
significantly affect the Al content and therefore these

ratios. These ratios are presented in Table 43A énd»it
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is clear that they show a far smaller dispersion than the
absolute concentrations, The average ratios, listed in
Table.27, reveal that the V/Al énd Cr/Al ratios are clearly
higher in the marine shales and the Cu/Al ratio is clearly
higher in the fresh-water shales. Al1]1 the ratios and the
average ratios have been normalised and then plotted on

a triangular diagram which is presented as Fig. 43A.

T™wo well-separated groups are formed -
by the marine Bokkeveld shales on the one hand and by the

fresh-water Somkele Borehole and Central Ecca shales on

the other,  Four Witteberg samples lie well into the Fresh-

water region but the rémaining three lie well in the
Marine. This could be interpreted as indicating the pre-
sence of marine incursions during Witteberg times or else
the samples were collected from shales wrongly identified
as Wittebers. Bokkeveld shales do outcrop close”to where

these samples were collected.

As, of the elements determined in this
work, V and Cr appear to be the two elements most con-
sistently enriched in marine sediments, V/Al and Cr/Al
ratios have been plotted against each other in Fig. 44A.

- Although there is some overlap, the points separate into a

distinct marine and fresh-water field, Perhaps a plot of

these two ratios might be suitable for comparing shales from .

different parts of the world. A triangular plot of these

| two ratios and the B/Al ratio would not be effective in
separating shales from the two depositional environments
as an element which is depleted in the marine ehvironment
is necessary for a triangular plot to be used. For B/ALl
ratios to be utilised, bearing in mind the wncertainties
mentioned before with regard to inherited B content of

shales, two axis plots of B/Al against V/Al; B/A1l against
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Cr/Al and B/Al against V/Al + Cr/Al might be useful in
separating shales of different depositional environments. .
Unfortinately only some of the samples of this work have
been analysed for B (Nel, 1968) so these plots have not

been constructed. Nel (1968) found average B concentrations
for the Bokkeveld, Witteberg and Somkele Borehole shales

of 60 ppm, 42 ppm and 23 ppm respectively, showing that in
South African shales as well B tends to be concentrated in

shales of marine origin,

The results of this work indicate that
V, Cr and Cu, are potentially useful as indicators of
environment of deposition. There is still the possibility,
however, that they are distinguishing between the‘Bokkeveld,
Witteberg and Ecca Series and not between marine and fresh-
water shales, Separated less than two micron clay
fréctions should be used as the higher trace‘element con-
centrations improve the precision of the analysis and also
it is this fraction which is most intimately concerned in
adscrption reactions and thus most likely to be more
sensitive to changes in the depositional environment. Too
few separated clay fractions were analysed in this work

for them to be of much use in this respect.

The dangers of attaching too much
importance to differences in trace element concentrations
in whole rock samples is demonstrated by the déta‘of
Tourtelot (1964) which are plotted in Fig. 43A. ‘Although
he found V and Cr to be enriched in marine shales, he
found no trend in the Cu concentrations and consequently
his marine and fresh-water V, Cr and Cu data plot in the

fresh-water region of Fig, 43A.
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It is evident that much ekperimental
work must be done on the sorption characteristics of V,
Cr and Cu with different size fractions of various clay
minerals before they can be reliably used as environmental

indicators.

It is felt that there is no single
ideal environmental indicator element., The complex
composition of shales and the complexity of syngenetic and
diagenetic reactions are responsible for a wide variation
of trace element concentrations irrespective of the de-
positional enviromment. 3B, Cr, V, and perhaps Cu, data
used in conjunction with other types of evidence, especially
paleontological, probably provide the best means for
obtaining reliable information concerning depositional

environments,
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9 SUGGESTIONS FOR FUTURE RESEARCH ON SOUTH
AFRICAN SHALES

The Dwyka Series of the Karroo System
has been very poorly sampled and studied in this work but
merits much closer attention as a succession of shales at
the top of the sequence are considered to have been de-
posited as black organio; highly sulphuretted muds in |
fairly deep water, In view of modern knowledge that such
sediments are known to often concentrate some trace metals
to a spectacular degree; such as the Kupferschiefer in
Germany and the modern organic-rich muds off Walvis Bay,
South West Afrioa; it would be most interesting to ascertain.
whether similar enrichments can be detected, of'whether
in fact no trace metals are enriohed; which is what the
results of this work indicate. As the whole series is
considered to be of fresh-water origin; perhaps the lower
trace element content of the overlying water has controlled
the limited incorporation of trace elements into the

underlying sediment.

The distribution of Cr in the car-
bonaceous shales and its correlation with the organic
content of these shales has necessitated the suggestion of
authigenic anatase being associated with the carbonaceous
matter. Porrenga (1967) and Danchin (1970) have noted the
enrichment of Ti in separated clay fractions and have also
suggested the presence Of anatase as Goldberg and Arrhenius
(1958) have reported the authigenic presence of this
mineral in Pacific pelagic sediments. More detailed ana-
lytical and mineralogical studies should be carried out on
selected samples and all their separated fractions to
determine the sedimentary geochemistry of Ti more exactly

and this should throw further light on the distributional

i
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behaviour of the associated elements Cr and Nb., Perhaps
electron mioroprobe studies might detect the'presence of"

Ti and Cr-bearing phases.

As mentioned earlier; the possible use
of Cr; V and Cu as environmental indicators should be
examined further, Illite-rich unweathered Bokkeveld,
Witteberg and non-carbonaceous Ecca samples should be
collected and the less than two micron clay fractions
analysed for Cr; V and Cu. If the results plotted on a
triangular diagram verify marine and non-marine "fields“;
experimental work on the sorption characteristics of these
elements along the lines of Hingston (1964) would be
~Jjustified. This would include separating puré clay mineral
fractions of chlorite; illite; kaolinite and montmoril—k
lonite desorbing the trace metal content by mild chemical
treatment; and then placing the different clay mineral
species in contact with fresh and saline water of various
pH's and having trace metal compositions approximating

those of fresh-water and sea-water.

The acetic acid soluble fraction of fresh
Bokkeveld; Witteberg and Ecca iilitio shales should also be
analysed with a view to detecting possible differences in
soluble trace metal content of not only these elements but
of other trace elements as well, These could include the
less abundant trace elements such as Ag; As; Sb; Bi and Ti,
This approach; which has been used before by workers such
as Nicholls and Loring (1962); might also provide a means

for differentiating between fresh-water and marine shales.
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