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ABSTRACT

This study deals with a region in the Northemn Province, centred around Vaalputs, the
National Radioactive Waste Disposal site. The study area constitutes two distinct
geomorphological terrains: the western section consists of rugged, mountainous, granitic
terrane, with steep cliffs that include weathered and silicified basement; the eastern
section consists of the generally reatureless, gently undulating Bushmanland Plateau. The
latter is characterized by low-amplitude palaso-dunes which have a north-northeasterly
trend. Precambrian crystalline rocks belonging to the Namaqualand Metamorphic Complex
and late Palasozoic (Karoo) rocks form the basement to Cretaceous and Cenozoic
deposits in the region. Seismic studies in the Vaailputs area have indicated that there is
appreciable ssismic activity over a broad region of the northern Cape. In addition, satellite
images and aerial photographs have recorded the presence of a network of lineaments in
recent csver. The objectives of this study were to obtain a better understanding of the
Late-Mesozoic and Cenozoic tectonic history of the region. Geomorphological,
- sedimentological and geological episodes were identified, described and correlated to the

major tectonic events in the area.

During the Late-Cretaceous the Dasdap Formation was deposited as a result of uplift
along the marginai escarpment (west coast), in an alluvial fan setting. Crater sediments
overlying olivine melilitites and kKimberlites were also deposited contemporaneously with
the Dasdap Formation. The late Cretaceous saw tropical conditions which caused
extensive deep weathering and silicification of the Namaqualand Metamorphic Complex
and the Dasdap Formation. This wet period was terminated approximately at the end of
the Cretaceous with the onset of aridification, Tectonism largely in the form of reactivated
older structures caused differences in the elevation of the palaso-weathered and silicified
surfaces and the initial deepening of a north-northwest oriented graben. Continued
deepening of the graben during the Tertiary allowed for the deposition of the fiuvial
{floodouts} and aeolian Vaalputs sediments. Calcrete horizons preserved in the Vaalputs



sequencs of sediments indicate drier interludes and define previous land surfaces during
tectonically less active periods or during pericds of lower sediment supply. Post-
depositional alteration and bioturbation resulted in the generally structureless and massive
sediments of the Vaalputs Formation. Overall desiccation throughout the Cenozoic finally
gave rise to the aeolian dominated Gordonia Formation and present day micro-
environments, consisting predominantly of aeolian deposits, deflation pans, and lag
deposits. The source of the Gordonia sediments is primarily the underlying Vaalputs
Formation which is in a state of degradation. Surface processes (primarily agolian) have
reworked and modified the surface into longitudinal dunes with a transverse component.

Since the Cretaceous two primary stress fields have given riss to the numerous tectonic
products observed in the study area, The study area is affected by two important uplift
axes: the Griqualand-Transvaal and the Kamiesberge axes, which were active between
the Miocens and the Plio-Pleistocene. On a regional scale the larger and older Pan African

~age (700 Ma.) faults are predominantly north-northwesterly trending and have been
reactivated, At about 60 Ma ago, the minimum principal stress was most probably oriented
to the NW causing extensive dip-slip faulting with a northeasterly strike. The stress field,
active during most of the Cenozoic, had an ENE oriented minimum principal horizontal
stress, and accompanied the development of a fauli-bound sedimentary basin, which was
filled by the sediments of the Vaalputs Formation. This stress field is probably still active
as evidenced by numerous recent structural features.
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CHAPTER 1: INTRODUCTION
1.1 Location and Geographical Setting of the Study A

The study area cnvers a region in the Northem Province, centred around Vaalputs, the
national radicactive waste disposal site (Figure 1.1). Vaalputs is situated approximately
90 kilometres to the southeast of Springbok, and the study area lies between 29°50"
and 30°30" south, and 18°10' and 18°50' cast. The study area coniprises the eastern
part of Namaqualand and the western part of Bushmaniand, situated at an elevation of
about 1000 metres above sea level. This area affords a window into the geomorphic,
sedimentologic and tectonic development of the Bushmanland Plateau extending back
to the mid- to upper-Cretaceous, Although the entire region around Vaalputs was
investigated (Figure 1.2 shows the area of broader investigation), most of the detailed
work was carried out on the property of Vaalputs and its environs (Figure 1.3).
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Figure 1.1 Location of the Vaalputs National Radioactive Waste Disposal Facility
and study area. Inset is area of broader investigation and is shown in
Figure 1.2.
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Figure1.2 Area of broader investigation showing the main features of the region.
Insel shows the area of detailed investigation (see Figure 1.3).

The study area may be separated into two distinct geomorphological terrains, which are
separated by a major N-8 watershed (Figure 1.3). This watershed is defined
approximately by the main Springbok-Platbakkies road. The western section consists
of rugged mountainous granitic terrain, with steep cliifs of altered and silicified
basement. The basement gneiss outcrops typically form tors and bornhardts. In this



area, sandy pedimants, with more gentle slopes form the valley floors. The eastern
section consists of the generally featureless, and gently undulating Bushmanland
Plateau. The slightly undulating eastern portion is characterized by low-amplitude
palaeo-dunes which have a north-northeasterly trend.

The higher lying rugged terrane in the west includes the Little Namaqua Highland
(Figure 1.2) at an elevation of approximately 41200 metres in the study area {and which
may reach elevations of 1700 metras further to the west), which is heavily dissected by
drainage. The drainage on the more rugged western side is fargely controlled by
geological structure and foliows deeply incised fracture defined lineaments. The lower
inland surface, at an elevation of 1000 - 1100 metres, has been variously named the
Bushmanland Plateau (Mabbutt, 1955} and the African surface (King and King, 1958,
Partridge and Maud, 1987). The drainage on the eastern lower lying area follows the
interdunal areas or froughs of palaeo-dunes, and frequently ends in a depression or
deflation pan, The largest pan in the study area is Santab-se-Vloer (Figure 1.3). The
eastern end of the "dune field" is terminated by & low scarp of calcretized Dwyka tillite
at Santab-se-Vicer. Slightly further io the east, basement rock outcrops become fairly
pronﬁinent, but in the central part of the "dune field" no outcrop is present.

The main watershed in the area which divides the Bushmanland Plateau and
Namagqualand, separates the drainage basins of the Olifants, Buffels and the (inactive)
Koa Rivers (Figure 1.2). The drainage basins of the Buffels River occupy the west, the
Olifants River the south and southwest, and the Koa River the northeast (Levinh, 1988).
The drainage divide of the Koa and Buffels Rivers is defined by the marginal scarp,
which trends approximately north-south. The southem Olifants drainage is, however,
more complex, with a tributary system of this river developed wast of the marginal
escarpment and which closely resembies the Buffels River (McCarthy et al., 1985). The
Olifants River caichment also encompasses the scutheastern portion of the study area,
which ies on the Bushmaniand Plateau (Figure 1.3). The watershed separating the Koa
and Olifants Rivers is poorly defined due to the gentle land surface on which it has
formead.
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The climate of this area is characierised by anticyclonic conditions throughout the year
{Brynard, 1988). Day-night temperatures varying between 7°C and 36°C for summer,
and between -1°C and 22°C for winter, may be expéarienced, The western part of the
Bushmanland Plateau falls in the rain shadow of the mountain land to the west during
the winter rainfall period, and in summer the interior winds lack maisture, generally
resulting in low summer rainfall, The area, therefore, lies in the transitional zone
between summer and winter rainfall regions, and has an average precipitation of 74
millimetres per annum (Redding and Hudson, 1983). However, sporadic flashfloods
with more than 100 millimetres recorded per individual storm, occur occasionally.
Flashfloods of this nature have been noted to fotally submerge the surface (particularly
in flatter areas) and cause severe erosion. Vegetation is sparse on both the sanc
covered plateau in the eastern, and on ths rocky outcrops in the western parts of the
area.

According to the Weather Bureau, strong winds (the strongest are northerly), have
been known to gust up to 36.6 m.s™ (for the period 1952-1973) and a gust of 54.4 m.s™
can be expected every 100 years in the Upington area. In the Vaalputs area in
particular, the predominant wind direction is south-southwest (17%) with average wind
speeds of 3 to 8 m.s™ (Hambleton-Jones, 1986). Winds of up to 11 m.s? are also
experienced in this sector, but only 1% of the time. Northeast {14%) and northwest
(* %) winds are experienced for a total of 28% of the year and wind speeds rarely
exceed 8 m.s™, Also, according to Hambleton-Jones (1988), the frequency of calms (<1
m.s") is 2%, suggesting that the wind biows virtually all year round in this region. Sand
and dust storms are common phenomena in the region, in particular those resulting
from the dry easterly berg winds during the winter months. Wind direcfion, duration,
and average velocity data indicate a resultant direction from west to east. This resultant
direction has implications for sediment transport in the area (Vaalputs and Gordonia
Formations).

1.2 Stratigraphy.

The detailed geology and stratigraphic' relationships of the Vaalputs region were
determined by Andreoli et al. (1987) and Ashwal et al. {1997}, The presently accepted



stratigraphy for the region, is summarized in Table 1.1, but will be dealt with in more
detail later. The results of this study suggest that some minor changes to this
stratigraphic sequence should be made.

Table 1.1  Lithostratigraphy of the Vaalputs region, medified after Andreoli st al.
(1987). Double lines represent unconformities.

Safuance Formation/ Lithology Age  Origin

Groupisub-group Granite type {Ma)
Suite
Gordonla Red sand 220 Asolian
Vazlpuls (Red Cakrete and silcrete nodules 035  Chemical preciptate
Clay) Brown, grey and white andy to gritty 2035  Alluvial fan and fluvial
clay with intercalated pebbla bands shaetwash
Whita Glay Grey-white zandy to gritty clay and 2035  in-gitw weathering of
weathered basemert basemsnt rocks
Siicecus sandstons
Dasdap Conglamerate 2038 Afuvial fan
Imimature cross-hedded arkosic grits
Olivine-mallifite 3567 intrusions
Kimberitta
Karoo Supergroup Dolerite 180 Intrusians
Tillite: ~295  Glacld
Pagmalites 8yn- to late-tectonic
Intruslons
Vealputs Suite Diarite, norite -2 Late-tectonie basic
Hypersthenite, andarbita Intrusions Into the Garies
Quarizolite, nalsonite Group
Kiiprand Charmackite Sulte Chamackite
Syntectanic Granite Sulte Leucogranite Varlous granttokis ~1050 Syn- to late-tectonlc
Vaalputs granitic Intrusions into the
Stofkdoaf Garles Graup
Hoagoor Suita Undifferentiated quartzo-Teldspathic
(pink) gnelsses
Liitle Mamaqualand Sulte Nababeep Augen gneiss Granitic intrusians
Oldep Group (Garies Quartze-feldapathlc gnelss 1040-  Metamorphlsm of ancient
Subgroup} Granullte {undifferentiated} 1180  erkasic-peiltic gneisses,

basin Intruslsns

Precambrian crystalline metamorphic and intrusive rocks belonging to the
Namagualand Metamorphic Complex form the basement to the late Palasozoic (Karoo)
rocks. These are both overlain by Tertiary (Dasdap/Va~'auts) deposits (e.g., Brynard,

as



1988). Younger surficial deposits cover most of the Bushmaniand Plateau, and overly
the clayey deposits of the Vaalputs Formation, and the gravels and sands of the
Dasdap Formation (Andreoll et al., 1987). The younger deposits have tentatively been
correlated with the Gordonia Formation (SACS, 1980), and are referred to as such in
this study. Isolated outcrops of calcreie, consisting of nodular calcrete, with occasional
silcrete, oceur at Vaalputs, Depressions and valieys in the area to the west of the main
waisr-shed and in the escarpment are commonly infiled by deposits of alluvium, which
are slightly ferruginized in places. These deposits are also believéd to be of recent age.

1.3 Objectives

Seismic data of the Council for Geosciences, and recent seismic studies carried out by
the Department of Earth and Environmental Technology (E.E.T) staff of the Afomic
Energy Corporation {(A.E.C) in the Vaalputs area and environs have indicated that there
is appreciable seismic activity over a broad region of the northern Cape. In addition,
satellite images and aerial photographs have recorded the presence of a network of
lineaments in recent cover, It was, therefore, proposed that a detailed study be made
of the Mesozoic and Cenozvic tectonic history of this area. The siudy aimed at better
understanding passive rift continental margin evolution and the intraplate seismicity
associated with such a margin. Also, the geomorphology of the area has previously
anly been examined on a reconnaissance basis, and a variety of discrete events have
been recognized. However, the geomarphoiogical, sedimentological and geclogic
episodes needed to be placed in a more thoroughly constrained time frame. The main
sedimentological/geomorphological events concerned are:

i) the Dasdap Formation;

i) palaeo-weathering/palaecsol formation;

iii) the Vaalputs Formation;

iv) the Gordonia Formation/recent sedimentstion, and

v} the present-day surface processes. ,
The environmental significance (sedimentology) and palaeo-climate of each of these
episodes was investigated, as this may provide insight into long-term climatic change



and hence repository performance. In addition, certain of these geomorphic episodes
may be directly correlatable to major tectonic events in the area, which could provide
valuable tectonic information. The response of the landscape development to tectonic
processes plays an important role In controlling the infilling of sedimentary basins (e.g.
Summerfield, 1991b). The primary objectives of this investigation were, therefore,
aimed at understanding the Cenozoic neotectonic structural history of the rocks; the
geomorphological and sedimentological conditions under which the surficial sediments
were deposited; and to place the major geomorphological and geological episodes into
a well constrained, relative time frame.



CHAPTER 2: METHODS USED IN THIS STUDY

2.1 Satellite r o Interpretation

Satellite images and aerial photographs, together with existing data were used to
produce a comprehensive lineament map of the area, and to identify and to produce
distribution maps of the geomorphological features and sedimentary deposits, TM-5
LANDSAT and SPOT data were acquired from the Satellite Applications Centre,
Hartbeeshoek. The data were processed by the writer using computer facilities at Anglo
American Corporation's Head Office, Johannesburg, and at the University of the
Witwatarsrand. The Map and Image Procassing System (MIPS) software was employed
for image procassing.

The processing of the TM-6 LANDSAT data used a number of combinations of the
seven availeble bands. The area covered by the quarter scene (TM path 178, row 81,
quadrant B) used for this study is bounded by latitudes 29°35' and 30°25' S, and
longitudes 18°10' and 19°15' E. Combinations including a high pass filter on band five
(infra-red) and principal components of bands one through four were analyzed and
interpreted for lineament identification. The various combinations used were found
mostly by trial and error methods (also pers. com. to P. Linton of the Anglo American
Corporation). In addition to the structure observed using these combinations, data
obtained from other combinations using primarily bands three, five and seven, and the
principal components of bands onhe through four, were inciuded in the final compilation
of a lineament map for Vaalputs and the Vaalputs environs.

A hard copy of the false colour composite combination using band five {filtered), band
three, and band two, assigned the celours red, green and blue respectively, was
produced. Figure 2.1 shows this image and some of the localities frequently referred
to in this work. Various geomorphological features and sedimentary deposits were also
identified using primarily this combination. The 5(filtered)-3-2 combination of bands
{Figure 2.1) was particularly useful for the mapping of various lithological units, such
as the altered basement occurrences and Dwyka vutcrops.



Figure 2.1  TM-5 LANDSAT image of the study area using bands five (filtered), three,
and two (red, green, biue respectively}. N is to the top. and the image
covers an area of approximately 200 km x 160 km

In addition to LANDSAT data, SPOT panchromatic remote sensing data of the study
area were processed using the Map and Image Processing System {MIPS) software.
The data were filtered and sun-shaded to facilitate lingament identification. These
srtellite images provided a synoptic view of the structural features, geomorphology and
geology of the ragion, and thus created a context for more detailed, ground-based
studies.
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2.2 Field Mapping and Sampling

This phase of the project involved fault mapping and the collection of detailed structural
data, inciuding slickenside measurements. Field mapping and ground studies of large
and small scale structures were aided by airphoto interpretations. These studies were
carried ouf on basement exposures, and in particular on palaso-weathering profiles on
the western side of Vaalputs. A detailed comparative joint analysis of the unaltered
basemant with that of the overlying palaeo-weathered basement was carried out to
determine the effects of jointing on these ocourrences, and the degree to which joint
orientations may correlate with the orientations of larger structures.

A suite of basement rocks and their overlying palaeosols were sampled from the
outcrops an the western side of Vaalputs to compare the palaeo-weathering profile with
more recent weathering profiles. This study made use of mineralogical, geochemical,
and petrological techniques. Other weathered basement materials (Namaquatand
Metamorphic Complex gneisses and Dwyka Group) were coliected from various
localities in the Vaalputs region to enable geochemical comparison with the Vaalputs
and Gordonia sediments. This was undertaken to determine the provenance of the
surficial sediments . .eserved in the area. Sampies of the lithified Dasdap Formatiom,
which forms part of the basement to the surficlal sediments was sampled for a
gecchemical and petrofogical analysis.

A detailed sedimentological study of the surficial deposits of the region was undertaken
to determine the depositional history and origin of the various deposits. These included
the Vaalputs, and Gordonia Formations. In addition a study was made of present day
processes taking place in localized environments or micro-environments, on the
Gordonia Formation deposits, as an aid to interpreting the cider Vaaiputs deposits.
Samples of the Vaalputs and Gordonia Formations, as well as recent deposits were
collected from the waste disposal trenches, percussion boreholes and from the surface.
Samples were chosen to best represent the various facies, and the micro-environments
encountered at surface. Grain size and geochemical and petrological analyses were
undertaken on these samples.

11



Several calcrete samples were collected from various horizons exposed in the waste
disposal trenches, as well as from surface outcrop at Vaalputs. The primary aim of the
calcrete sampling was for C dating, in an attempt fo obtain approximate or at least
minimum ages for the various horizons, which could allow for a better chrenslogical
understandine ~f the geomorphological and tectonic events responsible for the surficial
deposits of the area.

2.3 Sedimentological Sti:dies of Surficial Depgsits

Trench exposures, made for the disposal of radioactive waste, were mapped and
sampled, Several drill-cores wer2 studied and sampled, particularly for the lower
Vaalputs sediments which were not exposed in the waste disposal trenches. Surface
deposits and micro-environments were identified, investigated and sampled. Each
micro-environment was carefully aralyzed in terms of spatial occurrence, physical
characteristics (including section profiles for the aeolian dunes and deflatior: pans), and
appearance. Topographic profiles were obtained using a Kern level and staff, at an
interval spacing of 10 melres and 5 metres for the dunes and deflation pans
respectively. Shallow trenching was carried out in the various surficial deposits to obtain
A-dimensional information in these areas. In addition, a sand size analysis was carried
out to determine the size distribution of material in relation to processes and
provenance, This investigation included the following:

i) A detailed particle size distribution of representative material in each of the
recognised micro-environments. Several samples were collected from each micro-
environment to determine grain-size distributions within each environment. In addition
to determining the processes responsible for each micro-environment, the sedimentary
parameters could be compared o possible sediment sources.

i) Collection of surface samples along four long east-west traverses across the
Vaalputs area to determine regional grain size variations. Also included was a fraverse,
on a northerly extension of, and perpendicular fo, the Santab lineament, which forms
the eastern limit of the Vaalputs basin. Samples were collected at depths of

12



approximately 5 centimetres, along three, approximately 20 kilometre long, east-west
traverses at 1 kilometre spacings, and along a six kilometre long, east-west, traverse
across the northerly extension of the Santab lineament.

A heavy mineral study over known uliramafic (kimberlitic) intrusions which underlie the
surficial sediments, was carried out. This was done to determine the possible surface
exprassion of these intrusions, in the form of heavy mineral concentrates. Iimenite is
a diagnostic mineral of kimberlite-related and other mafic intrusions and, therefore,
concentrations of this mineral in the sediments overlying such intrusions could be used

as an indicator of bioturbation.

Samples collected were sieved in the field to obtain the 1¢-0¢ (0.5mm-1mm) size
fraction, as this fraction is larger than that expected to be of aeolian origin, Primary
concentrates were obtained from 100 grams of this size fraction which was "jigged" for
three minutes in a portable mechanical jig. Parameters such as water level in the jig
and time of operation were standardized to ensure reproducibility. A motor driven
vibrating mechanism concentrated the heavy minerals in the central part of the sieve
which was placed in the water. The heavy mineral concentrates obtained in the field
were further concentrated in the laboratory using bromoform.

The heavy mineral concentrate contained primarily ilmenites, various iron oxides and
garnets. As some of the iron oxide grains have a similar appearance fo iimenite,
unambiguous identification of iimenite is difficult. in an attempt fo resolve this problem
polished sections were prepared of selected samples and analyzed using the Scanning
Electron Microscope (S.E.M.), EDAX system at the Electron Microscape Unit, University
of the Witwatersrand, Two grains of ilmenite (one of definite kimberitic origin - supplied
by Prof. R.G. Cawthorn, and one from a mafic pipe outcrop from the farm Kalkdraai,
approximately 20 kilometres to the south of Vaalputs) were used for comparative
purposes. This allowed for iimenite to be distinguished from other iron oxide grains by

their composition.
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2.4 Analytical Technigques

Grain size analysis

Standard sand size anatyses using the mechanical sieving methods were performed
on the unconsolidaied sediment samples. Samplas were reduced in size to
approximately 100 grams using a mechanical sample splitter. For coarse pebbly
deposits, samples ranging in size from 850 to 1350 grams were used to accommodate
the larger pebble fractions, as a normal 100 gram sample would not allow for
representative grain size data. Grain sizes were determined for the coarse pebble
fractions by individually measuring the diameters of severaf hundred pebbles.

The samples were sieved for approximately 10 minutes using a sieve size interval of
0.5 phi. The sieving method employed was that of Friedman and Johnson (1982). The
fractions retained on each sieve were recorded and size distribution data for each
sample were graphically presented in the form of frequency histograms and cumulative
frequency curves. Statistical measures (mean, standard deviation/sorting, and
skewness) of the frequency distributions were determined graphically using the
cumulative-frequency curves (see Foli, 1974).

Petrographic procedures

Modal and textural analyses were undertaken on selected grain-mounts and thin
sections of surface materials for the various micro-environments, as wsll as from the
sediments of the Vaalputs and Dasdap Formations. The Vaalputs Formation samples
were all collected from drillcores or from the exposures offered by the waste disposal
trenches. Point counts were made using a Swift Point Counter (Model E) to determine
relative proportions of quartz, feldspar and rock fragments. For the modal analyses 200
to 300 points per thin section were counted. Graphs represented by Galehouse (1971)
showing probable error at £ 1% confidence level plotted against points counted for
varjous mineral percentages, indicate that this number represents an optimum
investment of time. No distinction was drawn between plagioclase and K-feldspar. Lithic
fragments included polycrystalline quartz (sedimeniary and metasedimentary),
cemented, and undifferentiated rock fragments, The modal percentages of the lithic
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fragments may be slightly underestimated due to the difficulty in recognising
decomposed granitic gneiss grains in certain more clay-rich sediments.

Chemical and mineralogical analyses

Chemical and mineralogical analyses were carried out using the X+ay fluorescence
and X-ray diffraction techniques in the Geology Department, University of the
Witwatersrand. Samples were crushed and milled to a fine powder. Approximately 2
grams of powder were weighed into a silica crucible and heated to 1000°C for six hours.
The sample was rewsighed to calculate the loss on ignition (LOI). Approximately 0.28
grams of baked powder was mixed with NaNO, and Spectroflux 105 (lithium
tetrabarate, lithium carbonate and [anthanum oxids). This mixture was melted to make
fusion discs after the method of Norrish and Hutton (1969).

Samples were analyzed for major and minor element oxides on a Phillips PW 1400 X-
ray fiuorescence spectrometer. The results are tabulated in Appendix £. Total iron
contents are expressed as Fe,0,. Analytical precision (20) for the major elements are:
Fe,Oy 0.01%; TiO,: 0.01%; MnO: 0.01%,; K,O: 0.01%; P,0Os 0.01%; Si0,: 0.1%; MgO:
0.1%; Na,0: C.1%; ALOy 0.1%; Ca0: 0.01%. These statistics represent the tota
analytical uncertainty in the procedure, including sample preparation.

X-ray diffraction was used to determine the mineralogy of the clay fractions of selected
samples throughout the study area. The clay fraction was mounted on a plastic tile and
analyzed using a Phillips PW 1830 diffractometer with a Geiger detector and graphite
monochromator, employing Cu radiation. The instrument settings were: kV = 40 and mA
= 20. Minerals were datermined using standard identification tables.

SEM work was carried out on heavy mineral concentrates of surficial deposits from
selected sites at Vaalputs as described previously {(Section 2.4). Finally "C dating
technigues were carried out on selected calcrete samples by the Schonliand Research
Centre, University of the Witwatersrand.
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CHAPTER 3: PREVIOUS WORK

3.1 Geomorphic Evolution of the Northern Provirce: Models of Landscape
Development

The morphology of the southern African landscape ® . s been studied since the
beginning of the century (e.g. Suess, 1904; Penck, 1908). As ine present study involved
the understanding of various aspects of landscape development, from the time of the
break up of Gondwanaland, and the effects this would have on passive continental
margins (escarpment development), and the repercussions on their marginal hinterland
areas such as that in which Vaalputs is situated, a brief review of previous work on
passive rifting models is given.

3.1.1 Models of Passi.» - *'ng

The development of the "Great Escarpment" (western part of the study area), which
forms an integral part in the evolution of the Tertiary drainage systems (de Wit, 1993},
has been debated for some time. The Great Escarpment, which trends roughly parallel
to the coast at distances of between 50 and 300 kilometres in southern Africa,
separates the slevated interior from the coastal margin. Suess (1904) identified the
Great Escarpment as a denudational feature, unrelated to faulting. Along the southern
and southeastern sub-continent, the escarpment has been suggested (Partridge and
Maud, 1987) to be the result of major updoming, which preceded the rifting and
continental separation (142 Ma ago). The northern Mozambique Basin was formed
between 142 and 133 Ma, while the earliest separation along the west coast has been
dated to 127 Ma (Dingle et al., 1983). According to Dingle et al. (1983) the development
of the African continental margin was paralleled by a shift in sedimentary depocentres
from mid-continental cratonic areas to the actively developing marginal zones. Uplift
along the continental margin has long been recognised by others, e.g. Dixey (1955a);
Maud (1961); De Swart and Beninet (1974); and Dingle et al. (1883).

Martin (1953) and Dixey (1955b), however, belleve that the Great Escarpment may be
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a much older feature, and have argued for the existence of a pre-Karoo escarpment
which was not very far from the present escarpment. Visser (1981; 1985) supports this
by placing the western edge of his Carboniferous Cargonian Highland close to the
present escarpment. De Wit, (1988) believes that the western escarpment is closaiy
associated with an exhumed pre-escarpment.

The past few decades h .e seen the introduction of various medels of passive rifting.
These include models of pure shear (e.g. McKenzie, 1978), simple shear (e.g.
Wernicke, 1981; 1985), hybrid - pure and simple shear (e.g. Coward, 1986), and
compound - passive extension and secondary convection (e.g. Keen, 1985).
Summerfield (1988} suggests that the major incentive for the introduction of these
models has been the inability of existing lithospheric extension models to account for
the obvious morphological features of passive margins, especially their often significant
marginal upwarps. Rowley and Sahagian (1986) suggest a non-uniform, continuous
siretching within a polygonal region bounded by symmetrical, outward-sioping
boundaries within the mantle as a modification to these models. They believe that
crustal uplift results from asthenospheric upwelling beneath the regions in which the
geometry produces a thinning of the lithosphere below the crust.

Dunbar and Sawyer (1988) highlighted the tendency for rifts to follow orogenic belts and
to avoid cratonic regions. They also point out that different kinds of local weakness in
the lithosphere may influence the mode of rift deveiopment. They argue that, where
failure is associated with weakness located in the crust, rifting will result in a graben
formation with shoulder uplift (with little or no voleanism). By confrast they predict that
a mantle weakness failure will generaie an initial lithospheric doming and extensive
volcanism with graben formation occurring only at a latet stage, Both these models
correspond in their offects to the conventional contrast between passive and active
rifting but, according to Dunbar and Sawyer (1988), both rifting styles may occur in
response fo regional tensional stresses within the lithosphere.

Nyblade and Robinson (1994) refer {o the elevated eastern and southem parts of Africa
as the African Superswell, which is characterized by anomalously elevated topography,
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exceeding global mean values by more than 1000 metres in places. Partridge et al.
(1995b) suggest that afthough the early movements or episodes of uplift contributed to
the amplitude of the African Superswell, they were superimposed upon a landscape
that was already at a high elevation. Nyblade and Robinson (1994) argue that the
generation of the Great Escampment implies the existence of the Superswel! prior to, or
contemporaneously to continental rifting; large scale uplift being inhibited by the
existence of extensive sedimentary sequences on the continental shelf and siope. In
contrast Partridge and Maud (1987) prefer the Great Escarpment as primarily a product
of the high pre-rifting elevation of Africa, which occupied a central position within the
Gondwanalaind mosaic.

3.1.2 Escarpment Evolution

Oliier (1985b) interpreted the escarmpments of southwest Africa to be genetically related
to continental rifting and that they have retreated inland from the rift hinge zone since
continental breakup when baselevels dropped considerably and/or the margins of the
continents were uplifted. Kooi and Beaumont (1994) investigated the factors that control
escarpment evolution and retreat using a quantitative surface process model, which
supports the interpretation of Cllier (1985b). Gilchrist et al. (1994) also proposed a
conceptual model of landscane evolution and employed a numerical surface process
model to explore the controls on iandscape development in the context of escarpment
development. Their model calculates isostatic response by averaging denudational
unloading and sedimentary loading for various time steps since the time of rifting. In a
similar study Tucker and Slingerland (1994} presented model results suggesting that
bedrock channel steepening and lateral retreat are viable mechanisms for large-scale,
long-term escarpraent retreat. Their results couple escarpment retreat and isostatic
uplift, which in turn provides a mechanism for impeding divide migration.

Lambeck and Stephenson (1985) have argued, along with Summerfield (1985) and
Thomas and Summerfield {1987}, that although scarp retreat lowers the landscape
overall, flexural isostasy in response fo denudational unloading can oremote net uplift
on relatively uneroded plateau areas in the vicinity of retreating escary.: “2nts, Gilchrist
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and Summerfield (1990) also prv. vsed a model of isostatic response to contrasting
denudation rates on either side of the rift shoulder during passive continentai rifting.
Their model predicis a flexural bulge up to 600 metres in amplitude which migrated
inland from the coast over a period of 100 million years since rifting. They predict that
the amplitude and wavelength of the marginal uplift will vary as a funstion of both the
height of the escarpment and the flexural properties of the underlying lithosphere. In
support of their mode! they recalculated sedimentation rates off the west coast of
southern Africa, based on the work of Rust and Summerfield (1990), which suggests
that sedimentation rates increased through the Cretaceous and peaked in the
Palacocene and Eocene. Dingle et al. {(1983) and Pariridge 2nd Maud (1987} report
records of a decline in sedimentation rates through the Cretaceous, wiich became
more pronounced following climatic deterioration at the end of the Cretaceous, Based
on these findings Partridge et al. (1995b) suggest that # wits of Rust and
Sumimerfield are In etror due to sparse borehole data and imperfect calibration of
seismic reflectors, Ten Brink and Stern (19982) considerad uplift fo have occurred early
after rifting in response to both thermal and isostatic influences. Partridge et al. (1995b),
however, showed that thelr conclusions were not supported by geomorphic and other
evidence, and that nowhere within the offshore marine sequences could pulses of
Cenozoic sedimentation, and consequent loading of the continental shelf, have
uucurred on a scale to cause so large an isostatic response.

According fo Summerfield (1991b) isostasy is critical in accounting for the topography
of mature passive margins and that neither thermal nor mechanical effects associated
with rifting can adequately explain the persistence of upwarps for > 100 Ma after rifting
and their location > 100 kilometres from the zone matking the boundary between rifted
and non-rifted lithosphere. Rust and Summerfield (1890) - =ed sediment accumulation
rates and Brown et al. (1990) used apatite fission track dating to determine the
denudational history of the westem margin of southern Africa. Also, rather than
generating a discontinuous response (Gunn, 1948) to progressive escarpment retreat
from a newly formed passive margin, the flexural isostatic model (e.g. Summerfieid,
1991b) predicts the gradual development of a marginal upwarp inland of the
escarpment.
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3.1.3 Landscape Development of Southern Africa

The morphology of the southern African landscape is, to a great extent, controlied by
the underlying geology, that is , both structure and lithology. Most of southern Africa is
characterised by a mature landscape, which contains several erosion surfaces,
separated by prominent scarps {de Wit, 1993). King (1951} interpreted these surfaces
as successive periods of erosion produced by pediplanation, in which back-wearing is
predominant. King (1949) argued that the co-existence of different . ged land surfanes
is possible only if landscape evolution proceeds under a process of pediplanation,
through backwearing. The various surfaces he ¢laimed were best dated in relation to
the time of termination of the relevant erosion cycle by the process of uplift. These
surfaces King (1951) classified as: the Gondwana surface (Jurassic); the African
surface (mid-Cretaceous); the post-African surface | (Miocene); and the post-African
surface Il (late Tertiary). Wellington (1955) questioned the widespread preservation of
a Gondwanaland surface (Jurassic) as recognizad by King (1951), and considered the
existence of such a relic landscape highly unlikely as these elevated areas were
considered to have been continuous up to the present. King (1949) aiso subdivided the
Quaternary into three phases, each of which, he suggests, was initlated by tectonic
movement.

in contrast to pediplanation, a model of peneplanation or down-wearing during
landscape development was first proposed by Davis (1899). Later Dixey (1942, 1955a)
supported this madel and aiso recognised a late Jurassic peneplain. Dixey (1955a)
identified a first major erosion cycle which lasted from the early Cretaceous to the mid-
Miocene, with most of the planation cccurring in the Cretaceous and early-Tertiary,
During thi= latter period large areas of the Karoo cover were stripped, resulting in the
exposure of the pre-Karoo surface (Dixey, 1942). Mabbutt (1955) interpreted the Little
Namaqua Highland as an exhumed pre-Karoo feature. De Wit (1938), as already
mentioneq, also argued that the Namaqualand sector of the Gieat Escarpment is an
exhumed pre-Karoo feature, rathsr than an erosional feature, as believed by most
workers. However, Partridge (1994) argues that this interpretation seems unlikely for
a number of reasons: (i) no outliers of Karoo rocks are preserved within the escarpment
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zone or between the foof of the escarpment and the Atlantic coast {older sedimentary
rocks of the Nama Supergroup are, however, commoiily preservad as outliers in these
areas); (i) silcrete caps overlying deep weathering mantles of the African erosion
surface (Cretaceous) are fairly extensively preserved above and below the escarpment,
which if Karoo rocks had ever covered, had clearly been removed by erosion prior to
the late Cretacecus; and (ii) the form of the scarp front is compatible with subaerial
erosion of the present drainage net and with the sfructure of the Namaqgualand
Metamorphic Belt, that is, there is no obvious evidence of superimposition or discordant
drainage with the existing structure, as would be expected if the drainage were
inhe. *ted from other cover rocks.

Dixey (1955a) also recognised three end-Tertiary erosion cycles (late Pliocens, Plio-
Pleistocene and Pleistocene). The distribution of Karoo and Cretaceous sediments, and
the disposition of major erosion surfaces are manifestations of repeated continental
uplifts (Dixey, 1955b), Beetz (1933), identified a sub-escarpment surface in Angola
which is warped beneath upper Cretaceous marine sediments, and exirapolated this
surface to Namibia and South Africa. This surface was noted to be associated with
ieaching and silicification.

King (1955) proposed a correlation of land-surfaces with tectonic avents, following
earlier work of Gunn (1948), and suggested that monoclinal uplift could be explained
in terms of a model of isostatic compensation, which linked onshore erosion and
offshore sedimentation to the mechanical properties of the lithosphera and mantle. This
model, after being abandoned for approximately three decades was reconsidered as
a possible explanat .1 for uplift along passive continental margins, and in particular
within the coastal hinterland of Africa (e.g. Ollier, 1985a; 1985b; Summerfield, 1985),

Partridge and Maud (1987) provided a comprehensive report of the post-
Gondwanaland development of the southern African landscape and a valuable
reassessment of L.C., King's scheme of landscape evaolution (and its derivatives). in this
re-interpretation of the geomorphic history of southern Africa, thay link both terrestrial
and marine evidence. Their results are summarized in Table 3.1.
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Table 3.1 Post-Gondwanaland development of the southem African landscape,
according to Partridge and Maud (1987).

Event Age

Break up of Gondwanaland and inltiation of Late Jurassic/Early Cretaceous {~ 142 Ma BF)
Great Escarpment

Aftlean cyele of erosion with minor tectonic Late Jurassic/Early Cretaceous to end of Early
inferlides Miocena (25 Ma BP)

Moderate uplift of 150-300 m (150 m in the study  End of Early Mlocene (=18 Ma BF) '
area)

Post-African | cycle of erosion Early mid-Miocene to Late Pliocene (=2.5 Ma
BP)
Major uplift of up to 800 mi on the east coast Late Pliocene {=2.5 Ma BF)

{100 m in the study area)

Paosl-African Il cycle of erosion Late Pliogene to Holocena

According to Partridge and Maud (1987) the initiation of an erosion cycle is dependent
on the creation of a new set of base levels, which may be achieved by tectonic
movement or may equally easily be caused by a fall in sea level, espacially in coastal
areas. They, therefore, suggest that the global eustatic fluctuations during the
Cenozoic, first documented by Vail et al. (1977), offer an alternative origin for onshore
erasion cycles, Siesser and Dingle (1981) and Hendey (1881) produced similar eustatic
curves for southern Africa, and Hendey (1983) suggested that eustatic fluctuations are
solely responsible for the sequence ¢/ land surfaces and benches characterizing the
coastal hinterland of southern Africa. Hendey (1983) entirely discounted the influence
of tectonic factors, Dingle and Hendey (1984) developed this concept further and linked
river capture and changes in the palaeo-drainage on the Bushmanland Plateau, above
the Great Escarpment, to changes in sea level.

According to Summerfield (1985) discrepancies exist between landscape chronology
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proposed by King (1962; 1972) and more racent stratigraphic evidence from continental
margins. The complex response of passive continental margins to base level changes
resulting from varying cecastal geometry and style of tectonic adjustment was
emphasised (Summerfield, 1985). Summerfield concluded that a relative fall in sea level
will not always initiate a landscape cyc. |, but, more likely, is to be of local significance,
and that no satisfactory mechanism had been proposed which would produce the uplift
necessary to initiate landscape cycles of widespread significance.

According to Summerfield {(1988) the results obtained by Pariridge and Maud (1987),
which indicates a major phase of rapid uplift some 100 Ma or 8o after rifting (see Table
3.1), significanily constrains the range of applicable tectonic models. Summerfield
believes that such episodic uplift combined with its preferential location inland of, but
parallel to, the present continental margin sugges=is an isostatic rather than a thermal
model for passive miargin development. Summerfield (1988), however, does not agree
with their view that the major Late Pliocene uplift is a delayed isostatic response to the
major erosion of the African cycle, given the abundant data from regions affected by
glacio-isostasy which demonstrates the rapidity of the isostatic response of the
lithosphere to changes in load.

Ollier and Marker (1985) examined the physiography of the Great Escarpment of
southern Africa and interpreted the escarpment as separating two surfaces only. The
higher "palaeoplain” averages about 1500 metres in elevation and represents a
modified dicyclic land stirface dating back to before the breakup of Gondwanaland and
the lower surface or coastal plain, They identified several perlods of uplift around the
continental margins, with the western interior lagging behind to form the Kalahari Basin.
Ollier and Marker (1985) aiso interpreted the upliff to be approximately symmetrical
around southern Africa.

3.1.4 Landscape Evolution of the Study Area

Partridge and Maud (1987) regard the deep weathering and kaclinization of the
basement granites and gneisses (also referred to as palaco-weathered basement, and
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ocourring in the "Little Namaqua Highlands" in the study area - shown in Figure 1.2} as
part of the composite planation cycle of the African surface, whick, by the late
Cretaceous, reduced the sub-continent to a vast undulating plain. They further
recognised this surface both below and above the Great Escarpment. It has been
suggested (McCarthy et al., 1985) that the Little Namagqua Highland surface is at least
Cretaceous in age as indicated by dinosaur remains (Kangnasaurus coefzeei) recorded
at Kangnas (Figure 1.2), north of Gamoep, in sediments lying in a wide, shaltow valley
of the Highland surface (Haughton, 1915; Mabbutt, 1955). According to McCarthy et al.
(1985), the area now comprising the western Bushmanland Plateau, on which Vaalputs
is situated, consisted of a western highland bordered on the east by an exiensive,
gently undulating plain. A humid climate over a long morphodynamically stab'e period
resulted in kaolinization of the surface. During this period they suggest that the upper
Orange-Vaa) system flowed to the south of this area, and the lower Orange flowed
along the present Orange valley. A possible increase in precipitation along with uplift
gave rise to the extensive alluvial fan system, now partly preserved as the Dasdap Fan
(McCarthy et al., 1985). They also associated igneous activity with the tectonic
instability responsible for the uplift. This uplift they suggest, may have initiated the
events which led to the capture of the Orange-Vaal system by the Koa River in the
Miocene.

The plateau to the east of the "Little Namaqua Highlands", known as the
"Bushmanland" erosion surface (800-1200 metres in elevation) Is equated with the
African surface (Mabuft, 1955), and marks the onset of the aridity at the end of the
Cretaceous. A pre-Pliocene age for the incision into the kaolinized plateaul is suggested
(McCarthy et al,, 1985) by the reporied occurrence of an early Pliocene horse
(Notohipparion namaquense) found some 85 kilometres east of Springbok (Haughton,
1932). According to McCarthy et al. (1985), extensive dune fields were produced when
sands liberated in the western highlands were blown eastwards. This caused the
choking of tte: Koa River and the ultimate cessation of flow. Cessation of flow has also
been atiributed to the influence of tectonic warping (Du Toit, 1933), which has been
shown to influence drainage elsewhere on the sub-continent (Mayer, 1973; Stratten,
1879; McCarthy, 1983). It was possible that during this arid period calcrete formation
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took place (McCarthy et al., 1985). The final stage of landscape formation they have
interpreted as the degradation, which is still in progress, of the dune field associated
with a diminishing sand supply, and caused by the breakthrough of the Buffels and
Olifants River systems into the inland plateau.

3.1.5 Palaeodrainage Evolution

An account of previous geomorphological work would be incomplete without reference
to the changing views on its palasodrainage. The present and most widely accepied
views are that a major early Cretaceous river system (the "Karoo River" according to
de Wit) drained the central interior of southern Africa, and via the present, lower Olifants
River drained into the Atlantic Ocean (Dingle and Hendey, 1984; Partridge and Maud,
1987, de Wit, 1993). De Wit (1993) identified the "Kalahari River", of Cretaceous age,
having its head waters within the area of the Kalahari Basin and draining to the Atiantic
Ocean via the lower course of the Orange River. Capture of the Karoo by the Kalahari
River, through the Koa Valley, in the Miocene was suggested by Dingle and Hendey
(1984), McCarthy et al. (1985}, and Partridge and Maud (1887). De Wit (1983} prefers
an independent sourca from the headwaters of the Orange/Vaal system for the K7
drainage. This he bases on studies of heavy mineral assembiages of the Koa draim: ¢,
and claims that the diamonds of the Koa Valley were probabiy eroded when gravel
remnants of the ancient Karoo River were fapped by headwaters of the Koa drain-ge.,

De Wit (1993) believes that two periods of Tertiary fluvial activity (the Mioce.e Koa
Valley and the Pliocene Sak River and Carnarvon Leegte) suggest markedly humid
periods, which diverge from the pattern of increasing desiccation during the Tertiary.
Pariridge (1994) suggested, using fauna and flora fossil evidence, that conditions at
those particular times were considerably more humid than exist in the area today, but
finds the erosional surfaces difficult to explain solely in terms of ephemeral climatic
shifts. Partridge (op. cit.) would rather account for these observations by large-scale
tectonic movements, which elevated the south-eastern hinterland of the subcontinent,
and which increased the gradients of the westward flowing drainages. Local fectonic
movements, of the ENE - WSW trending Griqualand - Transvaal axis of upwarping (50
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metres), in the northern part of the study area was noted by Partridge (1994). This
upwarping has caused the long profile of the Koa channel to slope away in both
directions since the occupation of the Koa river in this valley in the mid-Miocene.
Partridge and Maud (19887) also noted abundant evidence of late (probably Pliocene)
movements along this axis further to the northeast. These movements, they suggest led
to the capture of the Vaal River and the Dry Harts River by the lower Harts River, and
the steepening of the right bank tributaries -f the lower Vaai River. They further suggest
that the Koa River ceased to flow due fo these movements, rather than desiccation
during the late Miocene.

3.2 Po imentation in the re
3.2.1 The Dasdap Formation

In 1811 Rogers noted an area of rock, which he refers to as "silcrete type" rocks, onthe
Bushmanland Plateau, occurring from the farm Banke in the south fo Vaalputs in the
north. Levin and Raubenheimer (1983) reported the presence of an extensive alluvial
fan, on the farms Banke, Burtons Puts, and Platbakkies, which they noted on a
LANDSAT image of the Bushmanland Plateau (see Figure 2.1). Several outcrops of
sedimentary rocks (referred to as the Dasdap Formation), on the farms Banke (No. 409)
and Burtons Puts (No. 408), were described in some detail for the first time by Levin et
al. (1986), during the regional investigation of a part of Bushmaniand. The distribution
of these deposits was firsi shown on Reuning's (1930) map and form part of the
deposits referred to by him as "deposits of prae-surface quartzite age". The
investigations by Levin et al. (1986) were part of a larger study by the AE.C. to
determine the suitability for locating a low and intermediate level radioactive waste
repository site in the area. They interpreted these sediments to have been deposited
under the high energy conditions prevailing in the proximal part of an alluvial fan. The
presence of Dwyka clasts in the Dasdap sediments and the absence of Dwyka outcrop
in this region, they propose, suggests a time of deposition during the finai stages of
Dwyka erosion. McCarthy et al. (1985), however, found in a geomorphic analysis of the
area, that the conglomeratic horizons were of an oligomictic nature, comprised
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predominantly of blue-grey vein quartz pebbles, and suggested a provenance area in
which Dwyka tillite was absent. in the initial studies of Levin et al. (1986), it was
observed that the Dasdap sediments were silicified. This they believed, originated from
the release of silica as a result of kaolinization of the basement gneissic rocks;
however, they placed the deposition period for the Dasdap sediments after the main
Cretaceous weathering event, which affected the basement cccurrences on the western
parts of Vaalputs. According to McCarthy et al. (1985) the rapid accumulation of
sediment {Dasdap Formation) during the Oligocene was friggered by uplift and a
possible increase in precipitation.

Brynard (1988) provided geochemical and petrological descriptions of the Dasdap
Formation. In his peirogenic interpretation he states that the highly silicic nature of
these rocks probably accounts for their preservation and suggests that the major
weathering process involving kaolinization and silicification probably took place prior to
the deposition of the sediments. This suggestion he based on the fact that silicified
clasts of sandstone occcur in what appeared to be an unsilicified matrix of the
sandstones and grits. Brynard (1988}, however, mentions an alternate explanation,
involving a process of selective silicification which affected only cettain horizons of the
sedimentary succession. Brynard (1988) also noticed that the Dasdap sediments were
subjected to severe leaching, and which probably occurred in a similar environment to
that of the palaeo-weathered basement rocks of the region.

Local disturbance of the Dasdap sediments associated with the presence of ultramafic
plugs was first referred to by Rogers (1911), and was subsequently investigated by
Reuning (1930; 1832). McCarthy et al. (1985) also noticed that the dips of the surficial
sandstone are disturbed for a considerable distance from pipes. These features can be
seen in the present Dasdap drainage to the east of the Gamoep-Vanrhynsdorp road,
onh the farm Burtons Puts (8<m southeast of Platbakkies - Figure 1.3). McCarthy et al.
(1985), using field relationships, suggested that the Dasdap sediments were deposited
pene-cohtemporaneously with pipe emplacement. Levin et al. (1986) also noted
evidence of ultramafic igneous activity, which they suggest was associated with the
accumulation of the Dasdap sediments.
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3.2.2 The Vaalputs Formation

1 evin et al. (1986) proposed a model for the deposition of tie sediments in the Vaalpuls
basin based on a study of boreholes and outcrops of sedimentary rocks to the south of
Vaalputs, They suggested that the similarity between clasts obtained from drilling at the
Vaalputs site and those found in the Dasdap conglomerates at Banke and Burtons
Puts, near Platbakkies (see Figure 1.3 and 2.1) indicate that the sequences appeared
to be genetically linked. They also noted on an edge enhanced infrared LANDSAT
image what appeared to be a fan-shaped extension to the north of the Dasdap
formation. This thay also used to support their contention that the two Formations are
genetically linked. The initiation of the Vaalputs sedimentation was suggested by Levin
et al. (1986) to have occurred during the Oligocene uplift, when a palagotributary of the
Koa River fiowing northeast from the Dasdap area across Vaalputs, cut into the
kaolinized surface, leaving a channel partly filied with afluvium consisting of basement,
Dasdap sediments and transported kaclin. Thus, they proposed that the Vaaiputs
sediments constitute the northern distal extension of an alluvial fan that originated to
the southwest of Vaalputs. Levin et al. (1986) atiribute the regrading of the Dasdap fan
and subsequent redeposition of the material on to the "Vaalputs fan, to climatic
conditions changing from pluvial to more arid conditions. This they support with fossil
evidence from the Koa Valley, some 50 kilometres northwest of Vaalputs, suggesting
that the regrading was well advanced by the late Tertiary and was followed by the
encroachment of dune sands.

White clay

Levin et al. (1986) interpreted the underlying and lowermost "white clay” sediments of
the Vaalputs Formation as equivalent to the Dasdap Formation, that is, largely reworked
Dasdap sediments. Brynard (1988) suggests an in sifu weathering of the basement
rocks under arid conditions for the formation of the "white clay", rather than a process
of smectitisation of an existing predominantly kaolinitic succession as proposed by
Levin et al. (1986). They require that the "white clay" in which kaolinite would have
predominated, had subsequently been partially converted into smectite clay. Relations
between clay minerals are not understood well enough to infer a reaction relationship
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between minerals, or whether muitiphase assemblages are stable (Velde, 1985).
According to Brynard (1988) there is litlle supporting evidence for the hypothesis of clay
com. =i.n and he concludes that the hypothesis of in sity weathering is the only
explanation of the petrogenesis of the "white clay" as the chemical and morphological
features of the Dasdap Formation and the "white clay” unit are too difierent. A hiatus
before the onset of the sedimentation of the overlying "red sands” in the Vaalputs basin
was proposed by Brynard (1988).

"Red clay™

Andersen et al. (1983) suggested that the material constituting the "red clay” (the bulk
of the sediments) of the Vaalputs Formation which overlies the white clay represents
the distal portion of an alluvial fan which originated southwest of Vaalputs. According
to Brynard (1988) the presence of iron-oxide nodules and blue quartz clasts supports
the idea that the red clay sediments represent partially reworked Dasdap Formation
rocks. The absence of iron-oxide nodules in the underlying "white clay”, however,
Brynard (1988) suggests, indicates a different origin for this unit.

Calcrete

Calcrete is a common suiface feature in the study area and several calcrete horizons
are preserved in the sediments of the Vaalputs Formation. Netterberg (1968) found that
the maximum depth of calcrete formation, for a rainfall of less than 254 millimetres is
1.27 metres and calcrete virtually never occurs in areas receiving rainfall in excess of
550 millimetres (Vaalpuis receives less than 100 millimetres on average - see Section
1.1). Netterberg also found that the permeability of soils plays an important role in the
depth of formation, with more permeable soils allowing for deeper calorete formation,
Calcrete may form on steep siopes and vegetation may influence caicrete formation by
precipitation of carbonate by transpiration or solution of carbonate through the action
of acids and the carbon dioxide released by roots (Netterberg, 1969).

Brynard (1988) suggests that the calcretes in the Vaaiputs Formation (or "red clay'"} are
of a non-pedogenic origin, that is, ascending ground water, which necessitates that the

ground water table at the fime of formation must have been at a much higher level than
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at present. He suggests that the noduies observed at v arious levels in the surficial
formations indicate ti.at the ground water table may have descended gradually in time,
but periodically remained constant to allow the formation of a thin calcrete layer. This
interpretation is also derived from the assumption that the Vaalputs Formation
represenis the distal portion of an aliuvial fan, and calcium being a highly mobile
elament would have been largely lost from the parent material during transportation to
the site of deposition. Brynard (1988) did, however, note that this process does itot fully
account for, or explain the multiple layers of calcrete,

3.2.3 The Gordonia Formation

The sand cover of the Bushmanland Plateau overlies remnants of the Vaalputs and
Dasdap Formations. The gentle topography of these deposits, was described by Levin
et al. (1986), as hummocky longitudinal dunes orierted in a northeasterly direction.
Desiccation in the ate Miccene {circa 10 Ma) (Siesser, 1980), according to McCarthy
et al, (1985), produced extensive dune fields, as sand, liberated in the western highland
from the gneissic country rocks, was biown eastwards. The small pans and other
deflation surfaces on the dunes, they suggest, all point 10 an aeoclian setting in an
advanced state of degradation.

According fo Brynard (1988) the red sand is of an aeolian origin, and the source of the
material could be any basement rocks in the region or further afield. Later, dune
degradation gave rise to the present-day topography {Brynard, 19¢8). The occurrence
of dorbank (an iron cemented subsurface horizon) in these deposits, and which is
believed to be a consequence of a reasonably stable land surface. has been reported
by several workers, including Van der Merwe (1940), Klintworth (1948), and Ellis and
Schloms (1978 and 1982).
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3.3 $tructure

Conventiona! interpretation of seismicity near the southern African continental margin,
according to Hartnady (1990}, invoke an isostatically generated differential stress due
to erosional unloading and depositional loading across the continent-ncean boundary.
In contrast Cloetingh and Kooi (1992) suggested that plate dynamics cause continually
changing states of stress in the lithosphere and they ascribe vertical motions and
accelerations in tectonic subsidence in the late Cenozoic record to increased levels of
compressional stress in the plates. They also believe that sediments in rifted basins
around the Aflantic indicate an intensive giobal compressional tectonic phase
associated with the reorganization of plates in the laie Cenozoic Zobak et al. (1989)
reported that in several crustal plates the maximum horizontal stress orientation is sub-
parailel to the direction of absolute plate motion, thus suggesting that the dominant
stress distribution in the plate interior is indicated by the forces driving the plates.
Versfelt and Rose ndahl {1989) suggest that relationships between regional tensional
stresses and prerift structures and rift Jocation become less clear as the scale of
investigation decreases because much more detailed data on it architecture and
stress fields are required for them to be identified at the small scale.

Prior to the 1980s, no detailed mapping had been carried out in the region of Vaalputs
{Andersen, 1992). 3tudies of a more regional nature were conducted by Joubert (1971),
whose map shows numerous north-northwest trending faults in the vaalputs region.
More recently Joubert (1986a; 1986b) suggested that Namaqualand can be regarded
as a model for Proterozoic accretion. Andersen et al, (1983) recognised an east-wast
trending shear zone to the north of Vaalputs, known as the Kamiesbees She ir Zone,
as well as the flat-lying nature of *he fabric in syntectonic granitoids. They also
produced a regional map of the Vaalputs region, which was used for the compilation of
a more detalled geological map of Vaalputs (Andreoli et al., 1987). Andersen (1982),
using aeromagnetic data, confirmed that the prominent direction of faulting in the
Vaalputs region is north-northwest, and that this faulting first occurred during the Pan
African event at £ 700 Ma, and has been rejuvenated several tivies since then.
Andersen (1992) alsu noticed that these fauits displace the Dwyka tlliite at Santab-se-
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Vloer as well as the Cenozoic Vaalputs sediments. He noted that one of these faults
displaces the Platbakkies Shear Zone in a direction which is downthrown to the west.
The Garing fault, which shows a prominent asromagnetic lineament was shown by
magnetic modelling and confirmed by drilling to be vertical and at least 100 metres wide
(Andersen, 1992). Andreocli et al. (1987; 1996) recognised slicken Jed jasper in the
products of the Cretaceous weathering event, on the western part of Vaalputs. These
slickensides Andreoli et al. (1987) attributed to Post-Cretaceous fault reactivation for
the Garing fault. Andreoli et al. {(1996) and Andersen (1982) aiso inferred Cenozoic,
post-Tertiary reactivation for this fault as it was seen on aerial photographs to cross-cut
the sediments of the Vaalputs basin.

According to Levin et al. (1986), the onset of the deposition of the Dasdap alluvial fan
began in Late Cretaceous to Early Tertiary times, with the uplift of the Kamiesberg
highlands to the southwest of the Bushmanland Plateau, This rejuvenation was
suggested by Andersen (1992) fo have taken place along the prominent north-south
and north-northwest trending Pan-African faults that cut the area, resulting in "the
extensive alluvial fan system extending from the western edge of the plateau,
northwards through Vaalpuis®.

Carrington and Kensley (1969) and Tankard (19768) showed that Pleistocene raised
beaches on the Namaqualand coast to the west of Garies occur at higher levels than
elsewhere along the west coast. An extension of the Grigualand-Transvaal axis was
found to coincide with the raised beaches, and it was suggested that thelr elevation may
be related to recent uplift along that axis. These observations are in agreement with
those of Du Toit (1933), who suggested a Pleistocene upwarping, which may still be
active at present, Moore (1979) suggested that periods of continental uplift may bear
a temporal relationship to variations in spreading rates at the northern mid-Atlantic
ridge, and that epeiragenesis and volcanic activity on the sub-continent (including the
intrusions in the basement of the study area around Garies and Gamoep) are
genetically related to such processes.
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3.4 Climatic History
3.4.1 Global Mesozoic and Cenozoic Climate Changes

Evidence indicates that past global climatic conditions have been characterized by
short severe cold periods {glaciations), interspersed with long warm intervals with
temperatures exceeding those of today (Frakes, 1979). The evolution of Cenozoic land
forms and sedimentary formations are dynamically related {o climatic events and
climatic changes. Oxygen isotope determinations on planktonic and benthic
foraminferas from deep sea cores allowed considerable advances in the reconstruction
of the climatic history of the late Mesozoic and Cenozoic (Frakes, 1986). These studies
showed that the long warming trend of the Mesozoic ended in the Cretaceous. Vail and
Hardebol (1979) showed that sea |evel changes broadly parallsled the evolution of
Mesozoic and Cenozoic climates, and decreased from a maximum highstand in the late
Cretaceous. Haltam (1988) equated the late Cretaceous climate with that of today.
Barron et al. (1981) suggested that the high northern and southern Cretaceous
latitudes may have had cooler temperatures, possibly favouring limited glacial
conditions during the late Cretaceous. Frakes (1979), using terrestrial floras and
marine macro- and micro-fossil evidence, interpreted the Cretaceous mean annual
temperatures as 10 to 16°C higher than at present, with tropical to subtropical
conditions prevailing to latitudes at least 45° either side of the equator.

According to Savin (1877) and Crowley (1983) worldwide decreases in bottom and
surface ocean water temperatures are evident between the early Cretaceous and the
Eocene, and that this cooling trend continued throughout the Cenozoic. In Neogene
times the general trend was towards the spread of aridity, accompanied by the
restriction of forests, the extinction of numerous floral types, and the expansion of
woodlands, savannas and grasslands (Axerad ari: Raven, 1978), Glaciation at high
latitudes commenced in the Eocene/Oligacerie culminating in mid-latitude glaciation
phases, interspersed with warmer phases during the Pleistocens (Frakes, 1986).

According to Lindesay (1990), factors which caused global and regiona! climatic shifts,
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include Antarctic glaciation, changes in horizontal and vertical ocean circufation
patterns, and alterations in the chemical composition of the atmosphere. The former
two are linked and both are associated with plate tectonic events that caused changes
in the palaso-geography (Lindesay, 1990). Parlridge et al. (1995a,b) believe that
evidence from the Southern Hemisphere, points to a number of tectonic and
volcanogenic interiudes during the Neogene that are likely to have exerted a significant
influence on regional and perhaps global climate patterns. Ruddiman and Kutzbach
{1989) have shown that Cenozoic uplift is a potential cause and regionai modifier of
global climatic change. Collisions, rifting, and changes in pattern of plate boundaries
may provide several tectonic mechanisms to influence regional and global climates
{Partridge et al., 1995a,b). Partridge et al. (1995a,b) linked sea level falls with
decreases in spreading rates, as a drop in spreading rates leads to a decrease in the
volume of spreading ridges, causing an increase in the volume of the ocean hasins,
and he) ceé a drop in sea level. Engebretson et al. (1992) estimated a drap in spreading
rates from 3.5 km¥yr to less than 2.5 km®fyr, between 50 Ma and the present. These
figures gave an estimated 200 metre sea level fall. The above factors, Partridge et al.
{19953a,b) suggest, could have indirectly affected Cenozoic climates through changes
in the albedo which would be affected by the ratio of land to ocean.

Berner (1994) found that reduced CO, emission along the oceanic ridgas could have
contributed to the Cenozoic cooling from 50 Ma to the present. An increase in the
distribution of elevation with respect to surface area, that is, a net increase in
hypsometry, may be one of the most striking changes that took place within some
continents during the Cenozoic (Partridge et al., 1998a,b). This uplift relative to the
geoid is as distinct as that caused by a fall in sea level.

3.4.2 Climatic Record in the Northwestern Cape
According to Partridge (1985) the earliest deposits with dateable fossils in the Gamoep
district of Namaqualand occupy the uppermost deposits of melilitite diatremes which

have been radiometrically dated between 71 and 64 Ma. Fossils and pollen in
sediments at Arnot (or Banke), considered to be of end Cretaceous to Palasocene age,
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are indicative of a drier subtropical forest community than is characteristic of the latter
part of the Cretaceous. This indicates the beginning of a trend towards cooler and drier
climates during the early Tertiary.

According to Tankard and Rogers (1978) desiccation has progressively increased in
southern Africa since the late Eocene, fr Yowing the eradication of temperate rain
forests in Namaqualand. Several humid pulses, associated with sea level rises have
been noted for the Middle Miocene and Flio-Pleistocene (e.g. Hendey, 1978). These
obsetvations are largely based on studies of terrestrial deposits, including those of the
Langebaanweg area, and continental shelf deposits. Aridification, particularly to the
north of the Orange River was the response to a stable anticyclonic circulation caused
by a new oceanic temperature regime (Partricige, 1985).

Dingle and Hendey (1984) concluded that rainfall and runoff in the southern African
interior, during the late Palacogene, was much lower than today. These results were
based on the interpretation of various coastal exit points of the Orange River and its
sediment discharge. Semi-arid conditions continued in the south Namib coastal zone
and increased during the rest of the Pliocene. Vertebrate fossils recovered from
Elizabeth Bay and Arris Drift along the Namibian coast, suggest a warm, mesic,
woodland environment for the early to mid-Tertiary (e.g. Hendey, 1978). Early mid-
Miocene fossils discovered in extensive alluvial deposits at Bosluispan, to the northeast
of Vaalputs support this interpretation (Partridge, 1985).

The climate before and during deposition of the Vaalputs Formation was considered by
McCarthy et al. {1984) and Brynard (1988) to have been humid, allowing for the deep
kaolinization of the bedrock. According to Siesser (1880), desiccation was probabiy
initiated by the onset of cold water upwelling afong the coast in the late Miccene {ca 10
Ma). Late Tertiary deposits preserved as middle-Miocene fluvial sediments along the
Orange/Vaal, Koa, and Namib Rivers, and at Langebhaan have been interpreted (de Wit,
1993) as a wet phase. De Wit (1893) uses the presence of isolated phosphogenic
deposits along the Namaqualand coast to support this interpretation. During the
Pliocene, equatorward movement of the westerfies and growth of the polar ice-caps
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focused atmospheric subsidence in the present subtropical high pressure belt resuliing
in aridity (Multer et al., 1990). Conditions along the west coast became cooler and drier.
According to Muller et al. (1980) the east-west climate gradient, much as in modern
times, was established in the Pliocene (4 Ma) and in the late Pliocene (3 - 1.8 Ma)
aridification increased and average temperatures dropped. A wet phase occurring
during the Pliocene was recognised by de Wit (1993}, by the occurrence of terraces
along the major river systems and at Langebaanweg, which he correlates with
transgressions along the coast (90 and 50 mefre complex). According to Lamb (1972)
the Quaternary is characterized by the cccurrence of lce ages resulting in generally
colder and drier conditions over most of Africa. The interglacial conditions resembled
the present-day climate (van Zinderen Bakker, 1982). According to Muller et al. (1990)
southern Africa experienced no glacial conditions during the Quaternary.,

Stratigraphic and sedimentological investigations (Partridge and Dalbey, 1986} of
deposits in the central Karoo provide evidence of palasoclimatic changes since the
mid-Pleistocene. Preserved pan deposits include alluvial gravels and sands which
Partridge and Dalbey {1986} interpret as a response to changes in discharge and
meander geome'ry, indicating increased run-off and wetter climates. According to
Deacon and _uncaster (1988) evidence of high lake levels and pans in the
Bushmanland indicates a period (30 000 - 14 000 BP) of wetter climates.

Beaumont (1986), using changes in archaeological visibility in Bushmanland and
Griqualand West, suggest that favourable habitats existed for the late Stone Age
hunter-gatherers during the late-Pleistocens and Holocene. This pattern is, however,
in contrast to that indicated for Southemn Africa as a whole (eg. Deacon and Thackeray,
1984).
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CHAPTER 4: REGIONAL GEOLOGY

The study area is entirely underlain by granitic gneisses of the Namagqualand Metamorphic
Complex which are well exposed in the western and southwestern parts, in the area of the
Kamiesberge. In the central part of the stu. - area the Namaqualand Metamorphic
Complex lies under a cover of unconsolidated pebbly clays, sandy clays, calcrete and
aeolian sands, which reach thicknesses - *.- to 30 metres. Alluvial sediments are found
as outcrop to the south of Vaalputs in whui is known as the Dasdap Formation. The
prasence of lithified alluvial deposits in this area and the apparent fan shape of these
sediments has led previous workers to interpret this entire sequence of sediments as an
alluvial fan deposit. The eastem part of the study area is mainly underlain by tillites of the
Dwyka Group, which forms the western margin of the Karoo Supergroup. A more detailed
description, and distribution of the above » "3ned lithologies is given in this chapter.

41 Proterozoic Basemep*t
4.1.1 Stratigfaphy of the Supracrustals

The Proterozoic rocks which form the "basemeni” in the study area consist of polyphase
deformed and rretamorphosed sediments and volcanics, forming vast expanses of
aneisses and granites (Tankard et al., 1982), and are referred to as the Namaqgualand
Metamorphic Complex. Figure 4.1 shows the typical landscape formed by these gneisses
in the study area. This complex has been correlated with the Natal Metamorphic Province
(Joubert, 1986a). The Namaqualand Metamorphic Complex extends northwards into
Namibia, to the east of Luderitz, and is faulted against the Kaapvaal Craton in the east (De
Wit, 1993). Although the details of the various rock units of the Namaqualand Metamorphic
Complex are beyond the scope of this study, these rocks control the composition and
tectonic styles of the overiying sediments, and are, thersfore, briefly discussed. They also
control the orientation of recent drainage pattems, and hence influence the geomorphology
of the region.
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Figure 4.1 Typical appearance of the landscape in the wastern parts of the study area
developed on the Namaqualand Metamorphic Complex.

The thick, older meta-sediments and meta-volcanics are grouped together as a pre-
tectonic rock unit (Haughton, 1968). This unit has been subjected to intense deformation,
metamorphism anc ntrusions, and was deposited between 1350 and 2000 Ma (SACS,
1980). Intrusions of various compositions (predominantly granites and gneisses) comprise
the svntectonic rock units of 1100 to 1200 Ma age (Joubert, 1986a). According to Joubert
(1971) the Namagqualand Metamomphic Complex attzined high grade metamorphism during
the Namagua metamorphic event. The lithologies in the West Coast Belt were overprinted
by early Pan-African thrusting and fabric development at about 700 Ma {Alisop et al.,
1979), resulting in retrograde metamorphism and the development of lower amphibolite
facies at the coast (Moore and Reid, 1988). The main divisions in the Namaqualand
Metamorphic Complex, according to Krdner and Blignault (1976) are the Kheis, Gordonia
and Bushmaniand Subprovinces, and the West Coast Belt (Figure 4.2). The Namaqualand
Metamorphic Complex can be subdivided into a series of domains and subprovinces,
which are separated from one another by crustal-scale shear zr ~es (Joubert, 1986a). The
study area falls within the Bushmanland Subprovince and is, therefore, dealt with in greate:
detail than the other subprovinces.
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Figure 4.2 Namaqualand-Bushmanland tectohic subdivisions and structures
{(after Joubert, 1986z).

Kheis Subprovince

This subprovince undetlies the Namagua Province in the east (Figure 4.2), with the eastern
boundary defined by the cratonic margin or Brakbos fault (Pretorius. 1974). The Brakbos
fauit zorie is comprised of approximate north-south trending en echelon faults, and has
also been referred to as the Doaringberg lineament (which includes the Doringberg fault)
(Pretorius, 1974; Botha et al,, 1877, Tankard et al., 1982). The westem margin of this
subprovince has been placed at the first manifestation of the Namagqualand overprint
(Joubert, 1986a).
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Gordonia Subprovince

The western boundary of the Gordonia Subprovince is defined by the Pofadder Shear
Zone (Figure 4,2) which is one of the major north-west trending shear zones imprinting this
subprovince (Stowe, 1983). Joubert (1986a) proposed right lateral displacement, of at
least 85 kilometres, as well as extensive vertical displacement. The main movement along
this shear is believed to have taken place af about 1000-1300 Ma (Moore, 1881), and it
has been suggested (e.g. Pe Wit, 1993) that this structural weakness may have
undergone some readjustment in Karoo and post-Karoo times.

Bushmanland Subprovince

The Bushmanland Subprovince (Figure 4.2), located to the east of the West Coast Beli,
to the west of the Pofadder Shear Zone, and to the south of the Orange River, is divided
into the Okiep and Bushmanland Groups, which according to Joubert (1986a) have
common lithologies. According to De Wit (1993) the gross structural trend in the
Bushmanland Subprovince is east-west, and on entering the Gordonia Subprovince swings
norih-east, due to the dextral movement along the Pofadder Shear Zone. Joubert (1586a)
noted approximate north-south trending shear zones at the base of the escarpment, in the
western part of the Bushmanland Subprovince. These shears are dus o Pan-African
deformation, which also dominates the West Coast Belt. The Bushmanland Subprovince
can be further subdivided into terrains separated by large scale strike-slip shear zones
(Joubert, 1974; 1986a). The Putsberg Shear Zone (Buffels River) subdivides the
Bushmaniand Subpravince into the Okiep Terrane, in the north, and the Garies Terrane,
in the south. The Garies Shear Zone forms the southern boundary of the Garies Terrane.
in tha study area, these rocks form the basement on which Karoo and Cenozoic sediments
were deposited. The Garies Terrane consists of gneisses of both sedimentary and
intrusive origin which have undergone several phases of tectonism, and have been
metamorphosed to granulite facies {Albat, 1984).

The basement to the supracrustal rocks of the Bushmanland Subprovince is known as the
Achab Gneiss (Watkeys, 1986), and consists of a variety of rock types. Praekelt and
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Colliston (1988) recognised a discontinuity, consisting of an intermittently developed
conglomerate, between the Bushmanland Subprovince and the underlying 4neisses, in the
Aggeneys area. The supracrustal rocks of the Bushmanland Subpravince were divided by
Joubert (1986b) into four groups: the Aggeneys Sequence (distinctive orthoquartzite or
aluvinous schist, or gneiss association), the Southern Group (feldspathic quartzites and
metapelites), grey biotite gneiss, and metapelites. The Aggeneys Sequence is equivalent
to the Bushmanland Group of Colliston et al. (1989).

The area focused on in this study consists mainly of biotite gneisses and quartzo-
feldspathic greisses of the Garies Subgroup (Andersen, 1992) of the Okiep Group. In
general rocks of granitic bulk composition containing relic granitic textures are the most
common rock types in the study area (Brynard, 1888). On his map, Andersen (1992) also
differentiated magnetite quarizites, iron formations and calc-silicate rocks. Andersen
(1992) and Andreoli et al. (1986) give detailed «ccounts and descriptions of the various
rock types encauntered at Vaalputs and in the surrounding region. Charnockitic rocks,
definad as metamorphic or magmatic rocks of granitic bulk composition containing
orthopyroxene and perthite, and typically of a dark grey-green to black solour are well
developed in the study area.

Richtersveld Subprovince

The Richtersveld Subprovince (Figure 4.2), separated from the Gordonia Subprovince in
the north by the Pofadder Lineament and the Tantalite Valley Line, and from the
Bushmanland Subprovince in the south by the Wuitel Line, was recognised by Joubert
(1986a) to be between 2000 and 1730 Ma.

West Coast Belt

The West Coast Belt (Figure 4.2) is dominated by the Pan-African deformation which gave
rise to an approximate north-south set of shear zones (Joubert, 1986a). These structures
control the geomorphology of the Great Escarpment and many coastal rivers. A set of
north-northwest trending fractures and shear zones, associated with monoclinal folding,
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are suggested to be the result of the final phase of defermation (Joubert, 1986a).
According to Joubert (1986a) this final phase of uplift exposed the high grade rocks of
Namagualand and Bushmanland.

Coarse grained alkali feldspar-quartz-muscovite pegmatites were noted in the Vaaiputs
area (Andersen, 1992); the best of which are developed on the fanm Riembreek where they
form a prominent outcrop 500 metres wide and more than & kilometres in length. Quartz
veins were also noted in the outcrop on the western parts of Vaaiputs

4.1.2 Infrusions

According to Andersen (1892) in the vicinity of Vaalputs the supracr 'stals have been
intruded by granites of the Spektake! Suite which have caused extensive migmatization
and anatexis, Intrusions into the Namagqualand Metamorphic Complex are listed in Table
4.1,

Table 4.1  Lithostratigraphic subdivisions of rock sultes intrusive into the Namagualand
Metamorphic Complex as applicable to the study area (after SACS, 1980;

Joubert, 1986a; and Ashwal, 1987},

Suite Age Rock Type

Koperherg 1070 diorite, norite, Ihypersthenlta
Spekiakel 1170 . granite

Keimoes gray gnelss, charhockltic granulite
Hoogoor . quarize-feidspathic pink gneiss
the £ -umaqualand 1200 augen gnalss

Gladkop 1800 biotite gnelss

Vioolsdrift peridotite, diorite, granite

W
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Andreoli et al. (1986) and Andersen (1992) recognised several intrusive granitic units
within the Namaqua province in the “aalputs area. These include the Litile Namaqualand
Suite, the Hoogoor Suite, and the syntectonic granite-gneiss Suite (Riembreek granite
gneiss, Stofkloof granite gneiss, and the Vaalputs granite gneiss), which range in age from
approximately 1800 Ma to 1070 Ma (SACS, 1980). The presence of several younger
intrusions in the Vaalputs area, as indicated by an early magnetic survey conducted by the
Geological Survey of South Africa, and followed up by drilling, by the Okiep Copper
Company on the farm Norabees, consist of horific rocks similar to those of the Koperberg
Suite mined in Springbok (Andreoli et al., 1986; 1994; Andreoli pers. comm.). In the
Vaalpuls area, the Koperberg Suite typically includes hypersthenits, norite, nelsonite
(hypabyssal rocks comprised chiefly of ilmenite, magnetite and apatite), quartzolite
{plutonic rock with more than 80% quartz), enderbite (plagioclase rich charnokite) and
anorthosite (Andreoli et al | 1988, 1894). Several intrusive bodies of the Koperberg Suite
were mapped by Andreoli et al. (1986) at Vaalputs.

41,3 Structure

The general regional structuraf trend of the Bushmanland Subprovince gneisses (Figure
4.2) is east-west, In the Pofadder area it is northeast as a result of dextral movement along
the Pofadder Lineament, and in the west the general trend is south-southeast, believed
to be a result of large scaie crustal movement aiong the north-northeast trending Pan-
African shears (Joubert, 1986a). Andersen (1992) recognised four structural events of
Precambrian age in Namaqualand. His results (also modified after Clifford et al,, 1975.
Alisopp et al.,, 1879; and Joubert, 1986a) are summarized in Table 4.2,
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Tabled.2  Siructural events of Precambrian age for Namagualand (modified after
Clifford et al., 1975; Alisopp et al., 1979; Joubert, 1886a; and Andersen,
1992),

Phase of Age (Ma) Structural Event Associated Intrusions

Defor-aation
ca. 700 Deytral shearing In western
Pan African  Namagqualand (N-S, NNW, NNE).
D4 Monoclinal folding
Late D3 ca. 1000 Dextral wrenching Pegrnatites
Flexural slip folding
Shearing
D3 1070420 Steep structures Koperberg Suite
Early D3 ca. 1170 E-W open folding Spektake! Suite
Thrusting
D2 1213122 Recumbent folding and regional Little Namagqualand
metamorphism Sulte
D1 ca. 1850 [sociinal folding in supracrustal rocks

The dominant fracture trend in the study area is north-northwest, and according to
Andersen (1992) most outcrops show some signs of sympathetic fracturing. Joubert
{1986a) has assigned a Pan African age (700 Ma) to this faulting. In the western portion
of the siudy area the faulis are clearly visible, particularly on aerial photographs and
satellite images. On the eastern, sand covered portion of the study area, lineaments are
less obvious and require more advanced remote sensing techniques and geophysical
meathods fo define.

4.2 Pgrmo-Carhoniferous Karao Cover

Only the Permo-Carboniferous Dwyka Group and the Permian Ecca Group occur in the
Western Cape, which are intruded by Early to Late Jurassic dolerite sills and dykes (De
Wit, 1983). In the study area the Karoo Supergroup rests unconformably on the
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Namaqualand Metamorphic Complex, ana may be overlain in places by younger sediments
of the Vaalputs and Gordonia Formations. The lower Perma-Carboniferous Dwyka Group
tilites are the dominant Karoo Supergroup lithology in the area, the distribution patterns
of which are shown in Figure 4.3. These occurrences were determined using TM-5
LANDSAT imagery, and the inferred extent of this sequence (Figure 4.3} underlying the
more recent sediments, was dstermined from drillcore data (after Andersen, 1992)
Drilicores at Vaalputs have shown the existence of Dwyka in the form of several small
pockets underlying the Vaalputs Formation. Thicknesses of the Dwyka ocourrences vary
from zero at the western limits to several metres on the eastern margin of the study area.
Several Karoo dolerite outcrops have been map .2d (Andersen, 1992) in the Vaalputs area
(Figure 4.3) and to the northwest of Santab-se-Vloer.

The pre-Karco topography, is presently being exhumed along the north-western margin
of the Karoo Basin and isolated basement highs, surrounded by almaost horizontaily
bedded Karoco sediments are evident (De Wit, 1993). Dwyka Group lillite facies is found
in the lower parts of the iregular terrain and younger Karoo shales lap onto the basement
highs {De Wit, 1993). According to Du Toit (1909) the pre-Karoo valleys on the
Namaqualand Metamaorphic Complex formed part of the drainage systems which supplied
sediments from the basement to the basins of the Nama Group and Cape Supergroup.
Visser {1985) described major north-south trending (parallel to major struciural trends) pre-
Karoo vaileys in the north-western Cape which were exploited by glaciers of the Permo-
Carboniferous ice-sheet, Halbich (1962) suggested that little adjustment, if any, took place
after glaciation, anr] according to De Wit (1993) the local geomarphology and drainage
patte.1 is represented by the exhumed pre-Karoo topography. Partridge (1994), in
contrast, prefers an erosional origin for the observed landscape, for a number of reasons,
the details of which have besan discussed in Ssction 3.1

45



Platbo.kez 5

KAHDO SURERGROUP
[ 7] DAICTITE {oWYKK)

===

Kalkdrasi

N

Figure 4.3 Karoo sediments and dolerite intrusions in the study area (after Andersen,
1892).

The Dwyka Group, at the base of the Karoo Supergroup, as described by Visser (1985)
_is comprised of massive clast rich arenaceous and clast poor, argillaceous diamictite,
bedded diamictite, massive carbonate rich diamictite, basement-derived breccia, dropstone
argillite and fine to coarse grained sandstone. The area north of Kiiprand belongs to the
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Namagqua Basin where the Dwyka Group has a total thickness of 130 metres (Andreoli et
al, 1987), and the entire eastem portion of the study area is overlain by the Dwyka Group.
Generally the Dwyka Group is poorly exposed, with some of the better exposures occurring
at Santab-se-Vioer and further to the south-southeast (20-30 kilometres) at Boonstevlei.
Characteristically weathered Dwyka tillite surfaces are littered with erratic pebbles and
boulders (one millimetre fo several decimetres in diameter) (Figure 4.4). The clasts are
usually well-rounded, smooih and comprise a wide range of lithologies, including
stromatolitic dolomite \onqualand West Supergroup), amygdoloidal lava (Ventersdorp
Supergroup), banded ironstone, quarizite, and jasper (Strydom, 1979; Visser, 1985). The
ice flow in west Namaqualand was generally from the north (Stratten, 1968), and was
derived essentially from the Kalahari and the Warmbad basins (Visser, 1988).

Figure 4.4 The Dwyka Group at Boonstevlei showing a typical erratic littered surface.
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According to Andsrsen (1992) the prominent Dwyka lithology in the area of Santab-se-
Vicer {approximate western margin of the Karoo rocks in the study area) is a brownish
sandstone (he alse noted some indurated shale in the southern parts), where a desert
pavement is formad of basement derived debris and carbonate nodules. The distribuiion
of the Dwyka Group and the shape of Santab-se-Vioer (also noted by Andersen, 1992) is
controfled by a set of north-northwest trending fractures. Andersen (1992) considers these
fractures as faults of Pan African age, which were reactivated during Karoo times and
probably also during the Tertiary.

Dwyka float in two areas on Bok-Puts (the farm ta the south of Vaalputs) indicates that the
Dwyka Group extended further west than its present western boundary, » 1 also that
several autliers of the Dwyka most probably occur beneath the more recent sediments (the
Vaalpuis and Gordonia Formations) in the western paris of the study area. Near the farm
Platbakkiss, approximately 20 kilometres fo the south of Vaalputs, some Dwyka remnants
ara preserved at the base of north-south trending valleys {Reuning, 1930; Visser, 1981).

As the Koa valley in the eastern portion of the: study area is floored by basement gneisses,
it appears that the Bushmanland surface to the west of the Koa valiey lies close to the pre-
Dwyka erosion surface. Evidence of a more rugged or undulating pre-Dwyka surface may
be seen on the farm Norabees, to the east of Vaalputs, where large areas of bevelled
basement are exposed in a depression near the farm house. The Dwyka in this area
occurs as isolated outliers.

4.3 Late Cretaceous -~ Early Tertiary Intrusions

Late Cretaceous sediments are preserved in the Namaqua Mnobile Belt (northwestern
Cape) in several kimberlite-type craters (De Wit, 1993}, Accarding to De Wit {1993)
these intrusions are generally younger than the Early to Middle Cretaceous Kaapvaal
Craton intrusions. Late Cretaceous dinosaur remains (Kangnasaurus Coefzeel) were
found in the sediments in the Kangnas Valley (Rogers, 19185), and the sediments were
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interpreted by De Wit et al. (1992) as an olivine melilitite crater infill. According to Moore
and Verwoerd (1985) the sediment filled maars, in the northem part of Bushmaniand,
occurring above diatremes of kimberlites, olivine melilitites and olivine nephelinites are all
related to a period of alkaline activity, which occurred during the LLate Cretaceous to Early
Tertiary. A Late Cretaceous age for these crater deposits has also been inferred by Scholtz
(1985) and Smith (1986) using macro- and micro-palaecntology.

in addition to the above mentioned intrusions, poorly exposed Phanerozoic, meliliite plugs,
typically occurring as strewn boulders or mounds have been delineated by magnstic
methods (Joubert, 1971; Moore and Verwoerd, 1985). Rogers (1911) and Reuning (1931)
described other Phanerozoic sediment-filled kimberiite and related pipes in the area
between Gamoep and Plathakkies. The argillaceous and arenaceous diatreme infill
material was considered by Levin et al. (1986) fo be contemporaneous with the Dasdap
Formation. Scholtz (op. cit. in Moore and Verwoerd, 1985) gives a palynological interpreted
age of the sediments as Palacocene (54-64 Ma). The necks of several pipes are well
preserved .on the farms Bok-Puts and Riembreek, and consist of bieccia fragments
{country granite gneisses), which vary in size from 10 centimetres to more than a metre.
Andersen (1982) noted that many of these pipes appear to fall on or close to older
northeasterly trending fauits, which he suggests may have piayed a direct role in the
location of the pipes. A more detailed account of the late Cretaceous/Tertiary infrusions in
the area, and the implications of their ages, is given in Chapter 5

4.4 The Dasdap Formation

The type locality of the arenaceous Dasdap sediments (also referred to as the "Kookoppe™;
Figure 4.5) is found on the farm Banke approximately 30 kilometres to the south of
Vaalputs. These north-south siriking hills were first deseribed in detail in the regional study
of Bushmanland during the investigation as to the suitability of the radioactive waste
repository site (Andersen, 1983). The Kockoppe are approximately 2.5 kilometres long and
form flat topped hills (approximately 15 metres high}, which have a very similar morphology
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to the flat topped, palaco-weathered basemant occurrences on Vaalputs, The Dasdap
sediments vary in thickness from ane metre in the south to over fovr metres in the north
(Niemand, 1986) and are found capping, or on the upper parts of thes= hiils. The basal
Dasdap sedimerits lie unconformably on the Namaqualand Metamorphic Compiex, which
is well exposed in the steep sided faces of the Kuokoppe, and which follows an undulating
plane on what was once the granitic depositional surface. The underlying basement and
the sediments are generally highly weathered, and are only preserved by a more silicified
Dasdap Formation cap rock.

Figure 4.5 The arenaceous Dasdap sediments, or Kookoppe, on the farm Banke (near
Platbakkies).

The Dasdap Formation sediments which oufcrop on the farm Banke consist of a basal
canglomerate, overlain by conglomerate and sandstone which grades into trough cross-
bedded grits and massive sandstone intercalated with siltstone. Percussion boreholes
drilied at farms to the south of Vaalputs, that is, at the farms Banke, Platbakkies, and Bok
Puts, as well as on Vaalputs, penefrated up to 35 metres of a gritly silicified sandstone
resembling the Dasdap Formation (Brynard, 1988},
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Several occurrences of the Dasdap sediments are also found to the east of the Kaokoppe
along the present Dasdap drainage, and generally form higher ground than the surrounding
country side. Although only parts of the Dasdap stratigraphy have been preserved in the
eastern outcrops, it is evident that the sediments become progressively finer grained
towards the east. A more detailed account of these sediments is given in Chapter 5.

4.5 Palaeo- ered R

The remnants of Cretaceous (Partridge and Maud, 1987; Andersen, 1992) weathering form
distinct geomorphoiogical features in the study area (Figure 4.6). These features oceur on
the western parts of Vaalputs and extend southwards to the Dasdap sediments on the farm
Banke. These more resistant outliers consist of palaeo-wea’ 1ered {and silicified) basement
rock overlying unaltered basement, and according to Joubert (1971) represent relics of
what he interpreted as the Bushmanland Plateau. These palaso-weathered rocks were
found to extend to considerable depths below the Kalahari sands and the Vaalputs
Formation (Andersen, 1992).

Figure 4.8 Palaso-weathered basement on the western part of Vaalputs.
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Evidence of pcst-Mesozoic {ectonism is obvious in the pale. o-weathered and silicified
basement rocks in the western paris of the study area, inferring that several fauits
identified in this area remained active well into the Tertiary. The palaeo-weathered rocks
of the region are discussed in more detail in Chapter 5 and the structure of these
occurrences is dealt with in Chapter 8.

4.6 The Vaalputs Formation

Extensive drilling at Vaalputs revealed a "channel-like depression” cut into the basal
sediments (Dasdap sediment correlatives) and which is filled with "red gritty to sandy clay"
{Brynard, 1988). These sediments are referred {o as the Vaalputs Formation and are best
exposed in the waste disposal trenches at Vaaiputs (Figure 4.7). Where the basal
sediments are absent, the Vaalputs sediments lie direcfly on the weathered basement. The
Vaalputs sediments consist of aliuvial and aeclian derived sediments, as well as evaporites
and duricrusts.

Figure 4.7 The Vaalputs sediments exposed in the intermediate waste disposal trench.
The succeesion of exposed sediments is approximal2iy 8 metres thick.
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Brynard (1988) recognised three cycles of deposition, each of which was truncated by a
period of calcretization. Concenirations of biue quariz pebbles, as well as iron-oxide
nodules and several other clast types form lenses or discontinuous layers in the Vaalputs
sediments. These clasts are also scattered throughout the rest of the succession. Brynard
(1988} interpreted the Vaalputs Formation as the accumulations of reworked sediments
of the Dasdap alluvial fan by surface processes and hioturbation. These sediments are
discussed in more detail in Chapter 6.

4.7 The Gordonia Formation

Younger surficial deposits referred to as the Gordonia Formation, cover most of the
Bushmanland Plateau and overly the Karoo Supergroup and the Vaalputs and Dasdap
Formations. In the study area these sediments commonly consist of a thin veneer of sand
between 0.5 and 2 metres in thickness (Brynard, 1988), in the form of hummocky,
northeastetly orientated, longitudinal dunes. The presence of small pans and deflation
surfaces on these dunes, as well as the coarse average grain size, and low relief of the
dunes, were interpreted by McCarthy et al. (1985) to represent an advanced state of
degradation. Figure 4.8 shows this generally featureless, sand covered fand surface.

Various types of sand, distinguished primarily on colour include a red sand typically found
on dune forms and a light brown sand which occurs mainly on flatter and generally more
degraded areas. Isolated outcrops of calcrete outcrop as a result of deflation. The eastern
limit of the dune field is terminated by a low scarp of Dwyka rocks, with basement outcrops
be .. 1ing more prominent further to the east. Several lineaments can be followed from the
outcrop area in the west through the Vaalputs Basin in the east, which is filled with much
younger unconsolidated sediments, suggesting that these faults have undergone post-
Tertiary rejuvenation. A detailed account of these sediments is given in Chapter 6 and the
structure of the basin is dealt with in Chapter 8.
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Figure 4.8 Sand covered area typical of the Gordonia Formation which covers the
greater part of the Bushmanland Plateau in the study area. The crest of a
low amplitude dune is seen in the background.
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CHAPTER 5: THE CRETACEQUS

The Cretaceous to Late-Cretaceous record in the study area consists of the Dasdap
sadiments, and palago-weathered basement, and is believed to be significant in the
understanding of the geomorphic, sedimentologic and tectonic history of the region. It
should be noted that the age for the Dasdap sediments, as suggested by previous workers
{see Table 1.1), is somewhat different to that exhibited by the results of this study. This
chapter deals with these two Cretaceous occurrences in detail and attempts to determine
the conditions responsible for their formation. The reasans for the proposed older age of
the Dasdap Formation is also discussed in this chapter.

5.1 The Dasdap Formation

5.1.1 Field Occurrences

Outcrops of various sedimentary lithologies, including conglomerate and sandstone, and
referred to as the Dasdap Formatioh, have been mapped by several workers, e.g. Levin
et al. (1988). The Dasdap sediments (Figure 5.1} are exposed on the farm Banke at
outcrops refarred to as the "Kookoppe" (see Figure 4.8), as well as along the present
Dasdap drainage on the farm Burtons Puts‘ (portion Kalkdraai). The thicknesses of thess
preserved sediments as noted In the Kookoppe outcrops may be up to eight metres, but
are generally less than three meires. According to Brynard (1988) percussion boreholes
drilled on farms to the south of Vaalputs penetrated up to 35 metres of material resembring
the Dasdap Formation. The isclated outliers (in the western parts/Kookoppe - Figure 5.1)
and inliers (eastern parts of landsurface covered by Gordonia) lie unconformably on the
Namaqgualand Metamorphic Complex. The following section deals with the various
lithofacies identified in the Da. "D sediments, Figure 5.2 gives a simplified schematic
lithofacies assemblage and vertical profile for the Dasdap sediments. All lithofacies codes
used in this work are from the classification system of Miail (1977, 1978).
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Flgure 5.2 Lithofacies assemblage and simplified vertical profiles for the Dasdap
Formation sediments.

The basal conglomerate (Gmg-Gem-Gt)

The exposures at the Kookoppe (Figure 5.1) exhibit a basal conglomerate lying
unconformably on weathered basement gneisses, and are typically greater than one metre
in thickness (Figures 5.2 and 5,3a). The basal contact is erosional on a gently undulating
basement topography. The basement was observed, in places, to be fairly deeply scoured,
with steep sided channis (1 fo 2 metres deep). Narrower channels exhibit an overlapping
refationship. The channels often contain large, non-oriented biocks of the basement gneiss
(Figure 5.3b), which may be more than 1 metre in diameter, and which were probably
deposited as cut-bank erosion and collapsed blocks (Le Roux, 1986). Numerous enlarged
fractures and ;oints in the basement gneisses contain rounded fragments of basement
material and coarse basal deposits of the Dasdap sedimenis. The basal conglomerate
(polymict or more commonly oligomict) is pooriy sorted, with clasts ranging from a few
millimetres (grit) to greaisr than 15 centimetres (cobbles and boulders) in diameter:
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generally the clast size is of the order of two to four centimetres and may be either clast,
or matrix supported. The clasts are iypically sub-rounded, but may be quite angular,
suggesting that these deposits are proximal. Several pebbles were noted {0 be
extraformational in nature {(e.g. jasper, quartzite, sandstone) suggesting a possible Dwyka
origin. The two most common pebble types are blue-grey quartz (sometimes forming an
ofigomictic conglomerate} and basement gneiss. The blue-grey quariz pebbles were
derived locally from quartz veins, which have been observed to be quite common in the
metamorphosed basement gneiss outcrops of the region. The size of the boulders in
Figure 5.3b shows evidence of the energy which was associated with these lowermost
sediments. Boulders of a gneissic composition were noted to be weathered to various
degrees. The matrix of the conglomerate consists of poorly sorted, finer, predominantly
guartz grits and sands cemented by silica.

The lower conglomeratic sandstones and grits {Gt)

The basal conglomerate grades upwards into conglomeratic sandstones and trough cross-
bedded grits (Figure 5.3). This facies type, when well developed, may contain several
alternating layers of conglomerate and sandstone, and may exceed two mefres in
thickness. The repeated conglomerate layers (usually less than 20 millimetres thick) are
well sorted and contain clasts approximately 8 millimetres in diameter. The upper contact
is gradational (Figure 5.3), and grades into massive sandstone intercalated with silicified
siltstone (Levin et al., 1986). According to Niemand (1986) sardstone layers in these lower
sediments are usually [ess than 150 millimetres thick.

The basal conglomerate was not observed at outcrops on the farm Burtons Puts (Figure
5.1), where a pebbly sandstone lies directly on a weathered gneissic surface (Figure 5.3c).
Conglomeratic lenses were noted in the coarse trough (and occasionally planar) cross-
bedded sandstones. Le Roux (1988) noted the preservation of anti-dunes which he
interprets as having formed in rapid very shallow flow with littie reworking by slower
currents. Upward fining trends, as observed within cycles at the Kookoppe, were also noted
in these more distal sandstones. Coarser, less mature, trough cross-bedded arkosic grits
(Figure 5.3d) are locally developed at the outcrops on Burtons Puts.

The upper sandstone (Sm-St-Fm)
This uppermost sediment may be silicified, particularly at the Kookoppe, resulting in flat-
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topped mesas (see Figure 4.5). This sandstone unit appears to be the most extensively
daveloped Dasdap sediment as it comprises a large fraction of the Kockoppe and the
o.-lerops on the farm Kalkdraai to the southeast of the Kookoppe (Figure 5.1). This unit
tines upwards, usually from a coarse sand to a fine sand or silt, through a vertical thickness
of several metres. It has been noted to be coarser grained and thicker (up to 4 metres} in
the northern outcr.:ps (Niemand, 1886). The sandstones are typically massive, but
occasionally ~xhibit some trough and planar cross-bedding. Silicified and ferruginized parts
are generally massive. These sediments are commonly stained by iron oxide in their upper
parts (Figure 5.3e), which typically coincides with the present land surface. Subsequent
ferruginization, in the form of nodules, was noted oy Levin et al. (1888). lron oxide colours
these sediments with various shades of yellow, red and brown. Niemand (1986} suggested
an unconformable relationship between the silicified sandstone and the ferruginized
sandstone, which he bases on observations of an inconsistent oligomict, well sorted
conglomerate at the base of the ferruginized sandstone.

Le Roux (18886) noted large, well-defined lenses of pure kaolinitic clay which he interprets
as "a kaolin mud moved in suspension as a dense cloud or slurry, settling out in scour
pools left behind by the passing flood waters™. It should be noted that some of the clay lens
contacts with the adjacent grits and sandstones are gradational, Angular quartz grains may
be preserved or even locally concentrated in these lenses. However, more typically, these
microcrystalline lenses exhibif no preservation of grains or sedimentary structures. These
clayey occurrences may have a reddish colour (Figure 5.3e) which Le Roux (1986)
attributed to oxidation and subaerial exposure shortly after deposition, and suggested that
this material is similar to "decomposed feldspar porphyroblasts”" which he noted at the
same locality in the underlying gneiss. The typical conchoidal fracturing and hardness is
suggestive of slicification. It should be noted that the surrounding or adjacent sediments
contain a very high proportion of kaolinitic matrix (also noted by Le Roux).

Several cycles of upward fining sedimentation we.2 observed :n these upper sediments
(Figure 5.2). Figure 5.3f shows the base of a new cycle, with a wall developed
conglomerate at the base, on a scour surface. Levin et al. (1986) reported randomly
distributed small and large pebbles in these sediments which include "clay balls". This they
suggest is the weathered basement which formed part of the source material of these
sediments.
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Figure 5.3

The Dasdap sediments (a) basal conglomerate lying unconformably on
altered basement gneisses: (b) large fragments or boulders of the basement
gneiss included in the basal conglomerate; {c} planar cross-bedded
sandstone lying directly on an altered gneiss surface: {d} coarse. immature.
trough cross-hbedded arkosic grits . {e) mon oxide staining in the upper pans
of the upper sandstune unit. and {f) basal conglomerate of a new cycle



5.1.2 Petrology

The Dasdap sediments have been described by previous workers (e.g. Levin et al., 1886
and Brynard, 1988), but no detaled petrographical description of these sediments as
been given previously. Thus, for completeness, a petrographic description for each of - e
sedimentary units described above, exciuding the large-clast conglomeratic basal
sediments, is given below. Modal and textural analyses were undertaken on seven
representative thin sections of the various sediments described in the preceding section.

5.1.2.1 Petrographic Descriptions

Basal sandstones

The basal sandstone samples analyzed (sample numbers VP-K1A and VP-K2: Figure 5.1},
from the Kookoppe outcrops are comprised predominantly of very angular to subangular
quartz fragments and minor oxides. The grains are often embayed, and set in a clay matrix
(Figure 5.4a), Sample VP-K2 is less altered: plagioclase and potassium feldspar grains are
~ gither partly preserved or their original outline and texture is clearly evident. Sample VP-
K1A is composed of approximately 40% clay and Sample VP- K2 of approximately 35%
due to, what appears to be predominantly, the in sifu alteration of feldspar grains, In
crossed-polarized light (Sample VP-K2 in particular) some less altered feldspar grains are
multiple-twinned piagioclase whereas others are microcline, showing typical cross-hatch
twinning. In these samples kaolinite is the major clay mineral with subordinate illite and
smectite. The feldspars are typically brownish in plane-polarized light owing to alteration.
In crossed polarized light the microcrystalline clay matrix appears isotropic. Sample VP-K2
has been replaced by calcite in places (see relatively high CaC weight percent in the
following section). Sample VP- K1A (Figure 5.4a) lacks the coarser pebbly fraction and is
rather classified as a very coarse sand to grit. Some detrital iron-oxide (magnetite and
iimenite) grains are present (Sample VP-K1). Secondary disseminated iron-oxide, and
grains coated by iron-oxide, most probably in the form of hematite are also present. Both
samples are mineralogically and texturally immature sediments (due to their high clay and
feldspar conient, high particle angularity and poor sorting), consisting predominantly of
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basement derived mineral or rock fragments.

Trough cross-bedded sandstone

In thin section this moderately fo well-sorted, very coarse sandstone from the lower
conglomeratic sediments (Figure §5.4b, Sampie number VP-KB), contains angular to
rounded quartz grains set in an iron-rich quartz ¢ :ent. This once fairly porous sediment
has been cemented by what appsars o be predainantly rim cement (cement enclosing
the entire grain and having the same crystallographic axis as the grain) and some bilocky
cement {cement nucleating in the interstitial areas, usually on finer clay particles of the
matrix, and in no preferred crystallographic orientation). Many grain margins have
embayments which are filled by a cement (the cement and matrix material constitutes 28%
of the sample). This more distal sample (VP-K8} from the outcrops on the farm Burions
Puts contains only minor feldspar (znd clay).

Planar-bedded to massive sandstone

This moderately-sorted medium sandstone (Sample number VP-K3, Figure 5.4c), from the
Kookoppe outcrops, shows a wide range of grain shapes, consisting almost entirely of
guartz, and ranging from rounded to very angular. Some detrital, well-rounded, smaller
iimenite and magnetite grains are also present. Angularity of the quartz grains may be
attributed to corrosion, and results from the numerous grain margin embayments. The
monocrystalline quartz grains exhibit a fypical fractured pattern, along which further
corrosion has taken place. This sediment shows evidence of being highly porous prior io
cementation or silicification {the cement constitutes 16% of the sample). Iron staining of
the cement has resulted in a brownish coloration.

Siltstone

This clay-rich sediment (Sample number VP-4, Figure 5.4d), from the farm Burtons Puts,
exhibits fine to very fing, highly corroded, quartz grains set in a fine clay matrix (72% clay
content). Some detrital and well rounded iimenite and magnetite grains are also dispersed
throughout the matrix. The quariz grains are rounded to very angular; the embayed shape
being controlled mainly by corrosion of the rims. The matrix appears to be the result of the
in situ breakdown of feldspar grains, although due to alteration the original grain outlines
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are no longer evident.

A similar sample (Sample number VP-5) from outcrop on the southern portion of Vaalputs
was analyzed. This slightly coarser-grained sediment also contains highly corroded quartz
grains set in a cemented and clayey matrix. The matrix in this sample is more silicified than
sample VP-4 (Figure §.4d), with the cement consti{uting 43%, and clay constituting 15%
of the inter-granular material. The resemblance of these sediments suggests that they were
probably deposited under similar conditions.

Ferruginous sandstone

This moderately to well sorted, coarse to very coarse sandstone (Sample number VP-K7,
Figure 5.4e) from the outcrops on the farm Burtons Puts, is very similar to the trough cross-
bedded sandstone (Sample VP-K8, Figure 5.4b), containing very angular to rounded quartz
grains cemented by iron-oxide. !n this sample (VP-K7) the cement appears to be almost
entirely composed of iron-oxide, that is, no evidence of quartz cement was noted. The iron-
oxide cement constitutes 36% of this sample and is opaque in both plane- and crossed-
polarized light. The quartz grain margins, as in other samples (e.g. Sample VP-K8, Figure
5.4b), are embayed from corrosion.

Ferruginized siltstone

This clay-rich sediment (Sample number VP-K1B, Figure 5.4f) from the Kookoppe, is
reddish in handspecimen due to the high iron oxide content. This lithology was previously
described as an alluvial clay deposit (e.g. Le Roux, 1986). In thin section the matrix shows
clear evidence of highly altered, medium-grained, fairly well-rounded relics of feldspar
grains, The guartz grains, which are scattered throughout the matrix are also medium
grained, with corroded grain margins. In addition to the high iron content, some silicification
in the alterad matrix is also evident. The silicified clayey matrix forms the bulk (81%) of this
sample.
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Figure 5.4

Thin sections of the Das. - ediments (a} very coarse sand/ grit from the
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5.1.2.2 Modal Analysis

The modal analysis generally revealed either a very high clay matrix content, a high
cement content, or a combination of matrix and cement, for all the analyzed samples. The
modal percentages (Quartz-Feldspar-Rock Fragments) for the analyzed samples are
repiesented on fernary plots in Figures 5.5a and 5.5b. Figure 5.5a excludes the matrix or
cement and Figure 5.5b assumes that all the matrix or cement was originally derived from
the in sifu weathering of feldspar or remobilization and cementation of quartz.

Quartz

Feldspar Rock Fragments Feldspar Rock Fragments

Figure 5.5 Tewnary plots of: the basal sediments of the Kookoppe (4); the overiying
finer-grained sediments of the Kookoppe (&); the distal sediments on the
farm Burtons Puts (¢); and a distal sediment from Vaalputs (®). (a) Excluding
all intergranular material {8 points). {b} Whole sample, assuming all
intergranuiar material is the product of in sifu alteration (7 points - excluaing
the highly silicified and ferruginized siltstone - Sample VP-K1B).

The two plots (Figures 5.5a and 5.5b) are similar in that all samples with the exception of
three (two basal, proximal samples, and one finer grained, less mature, proximal sediment,
all from the Kookoppe) contain high concentrations of quartz grains (Figure 5.5a) or
remobilized quartz, now in the form of cement (Figure 5.5h). The three exceptions (Figures
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5.5a and 5.5b) are immature sediments containing very high percentages of aliered
basement rock fragments whish are feldspar rich. The shift of these three poinis fowards
a higher feldspar content in Figure 5.55 is due to the inclusion of clay as feldspar.

Law et al. (1990) developed a classification system for Witw:y' ersrand quartzites, whereby
altersd lithologies, primarily "arenites” be distinguished from "wackes” in terms of cross-
stratification, sorting, and amount of matrix material, Their classification scheme differs
from those of other workers in that it allows for the post-depositional alteration
{mineralogical and textural) of the original detrital assemblage and arrives at the genetic
precursors for altered sediments. The types and abundances of secondary minerals thus
reflect post-depositional processes and primary detrital components reflect pre- and syn-
depositional processes. This classification system was found to be useful for the clay rich
Dasdap samples described above, which would have otherwise mostly been classified as
"wackes". However, using the classification of Law et al. (1990), and the observations that
most of the facies encountered from the Dasdap showed some form of strafification/ cross-
strafification and were moderately to well sorted, confirmed that the nomenclature used in
the previous section is accurate. The classification system also confirmed that intense in
situ aiteration of most of the Dasdap sediments has taken place, resulting in the high clay
matrix content.

5.1.3 Chemisiry

The chemical compositions of five representative samples from the Dasdap sediments,
from the Kookoppe outcrops and the outcrops on the farm Bur.ons Puts were determined.
in addition, two analyses determined by Brynard (1988) of Dasdap sediments on the farm
Rondegat, to the south of Vaalputs (shown in Figure 5.8) were used for the more northerly
Dasdap occurrences. The major elements wers believed to be more useful than trace
elements in comparing the various sediment types of the Dasdap Formation. Two ternary
plots (Si0,-Al,04-Fe,0, and K,0-Ca0-Na,O) were used to represent the major chemical
constituents of the seven analyses. In addition, the chemical index of alteration for these
sediments was determined and used for a comparison {o other palaeo-weathered
hasement occurrences in the region. The chemical results are tabulated in Appendix A.
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8i0,Al,0Fe,Q, ternary plot

This ternary plot (Figure 5.6a) shows the similarity of the various sediments of the Dasdap
Formation. Two exceptions to the typical 70 to 90 Si0O, weight percentages (Appendix A),
which are not shown in Figure 5.6a are the basal sediment (VP-K2) which has been partly
replaced by calcite, and the altered sandstone sample from the farm Rondegat (Sample
RGT 4), which is slightly enriched in Al,O,. The small variations observed in Figure 5.6a
are believed to be primarily due to small differences in iron and clay (feldspar) content. The
silicified sandstone (RGT 4) from the faimm Rondegat, which is fairly high in aluminium,
Brynard (1988) attributed to the altered (kaolinized) nature of this sediment.

K,0-Ca0-Na,O ternary plot

Four samples plot (Figure 5.8b) very near 100% Ca0, primarily because the Na,0 and the
K,O values are zero or very low {(Appendix A). The immature basal sediment has higher
values for sodium and potassium, most probably due to the higher feldspar content
typically found in these proximat sediments. The two Rondegat sediments (Figure 5.6b)
contain slightly higher proportions of sodium, which may be due to the percussion drilling
method of sample collection, that is, contamination by other sediments and/or the
basement may have affected these values.

Al203 Fo203 CaD Ma2G

Figure 5.6 (a) Si0,-Al,0,-Fe,0,, and (b) K,0-Ca0-Na,0 ternary plots for the Dasdap
Formation: the basal (proximal) sediments of the Kockoppe (¢); an overlying
finer-grained (proximal) sediment from the Kookoppe (*); distal sediments on
the farm Burtons Puts (@), and distal sediments from Rondegat ().



Chemical Index of Alteration (CIA)

Plagioclase is the most abundant mineral in the exposed, non-weathered, continental crust
(Nesbitt and Young, 1884) and is among the more rapidly weathered silicates (e.g. Garmrels
and MacKenzie, 1967; Grant, 1963). Petrographic and XRD studies (Wahlstrom, 1948,
Lovering, 1989; Meunier and Velde, 1978; Markovics, 1977; Nesbitt, 1979; Nesbiit et al.,
1980} indicate that, during weathering, large amounts of kandites (kaolinite-group minerals)
are ulimately produced at the expense of plagioclass. illites are also formed during the
weatheritig of gianitic rocks (Brock, 1943; Wahistrom, 1848; Sand and Bates, 1953; Grant,
1963; Nesbitt et al., 1980) and mass balance considerations (source of K), coupled with
e antipathic relationship between the K-feldspar content and the amount of illite produced
in situ, require the illite {o be derived from weathering of K-feldspar (Nesbitt and Young,
1988). Calcium, sodium and potassium are generally removed fromr the feldspars by
solution so that the proportion of alumina to aikalis typically increases in the weathering
product (Nesbitt and Young, 1982).

According to Nesbitt and Young {1982) a good measure of the degree of weathering can
be obtained by the calculation of the CIA using molecular proportions:

CIA = [ALO/(ALO+Ca0+Na,0+K,0)]x100;

whereby the resultant value is a measure of the proportion of ALO, versus the labile oxides
In the analyzed sample. They give values ranging between 45 and 58 for granitoids,
idealized muscovite gives a value of 75 and iilite ranges between 75 and 85 as do
montmorillonites and beidelites, Kaolinite and chlorite would show higher values, very close
to 100. Table 5.1 lists the CIA values of the Dasdap sediments, the mean of these values,
as well as, range and mean values for the palaeo-weathered basement on Vaalputs.
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Table 51  CIA vaiues of the Dasdap sedimenis and mean values for the palaeo-
weathered basement on Vaalputs.

Dasdap Formation: Namargualand Metamorphic
Complex:
Sample Number CIA value CIA value
VP-K1A 86.9
VP-K2 12.0
VP-K3 08.7
VP-K8 g7.2
VP-K7 84.5
RGT 4 83.0
RGT S 92.5 Range of ClA values 58.1-67.6
Mean 70.2 Mean {n=18) 63.0_

From the values presented above it is evident that although the mean valuas are similar
the typical CIA value for the Dasdap sediments is much higher than that of the palaso-
weathered basement at Vaalputs, which is presumably a consequence of the abundance
of kaolinite in these sediments. The arenaceous samples (with the exception of VP-K2
which has been calcified - see Appendix A) generally have higher CIA values, indicating
that detrital feldspars have largely been converted to kaolinite.

5.1.4 Discussion

L.evin and Raubenheimer (1983} reported the presence of an extensive alluvial fan noted
on a LANDSAT image, in the area of the Dasdap sediments. A combination of satellite
imagery and field observations were used to support their interpretation of the existence
of an alluvial fan in this area. The surficial feature which Levin and Raubenheimer {1983)
refer to as the Dasdap alluvial fan and with which they associated the Dasdap sediments
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is shown in Figure 5.7. Levin et al. (1986) interpreted the Vaalputs sediments as an alluviai
fan resulting from the regrading of the Dasdap Fan, to the south, and the subsequent
redeposition of the material, to the north, into the Vaalputs Fan.

Figure 5.7 TM-5 LANDSAT image of the surhcial feature referred to as the Dasdap
alluvial fan by Levin and Raubenheimer (1983). approximately 25 kilometres
due south of Vaalputs. The image is approximately 30 kilometres across.

A re-examination of these sediments suggests that the Dasdap Formation, wnich is
comprised of alluvial sediments, is generally unrelated to the macro-features previously
observed on sateliite images and interpreted as an alluvial fan. Thus, the feature observed
on the image (Figure 5.7), and denoted by aeolian dunes is, therefore, not believed to be
an alluvial fan. The following sections deal with new evidence. supporting alternative views
for the origin and distribution of these sediments.

Palago-weathering of the Dasdap sediments
Brynard (1288) noticed remnant gneissic rock textures in the basal succession of these
sediments. in which the feldspars are completely altered to clays, and occur as "fan like
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books". Also, remnant myrmekitic textures were noted with only the intergrowths of quartz
ocourring as worm-like rods, remaining in the matrix. Also, portions of these sediments
have been completely silicified. Niemand (1986) noted evidence for more than one period
of silicification in the form of older siiicified pebbles preserved in the sediments, as well as
that preserved on the present land surface in the form of the silicified cap rocks of the
Kookoppe. Brynard (1988) suggested that a major period of weathering involving
kaolinization and silicification probably took place prior to the deposition of the sediments,
due to the presence of silicified clasts of sandstone in what he interpreted as non-silicified
ma’rix. An alternative explanation of post depositional alteration would require a process
of selective silicification which would have affected only certain sedimentary horizons, and
which he states, seems unlikely. Brynard (1988} and McCarthy et al. (1984) concluded that
the Dasdap Formation bas experienced extensive kaolinization and silicification,
suggesting that deposition predates the kaolinization and silicification of the basement
rocks,

The chemical analyses of this study are in agreement with extensive weathering, which has
resulted in the breakdown of feldspars to clay minerals (kaolinite, and minor smectite and
ilite) and silicification which has caused both the corrosion and cementation of grains. The
low Ca (with the exceptio of one sample) and alkali values are a consequence of the
aimost complete breakdown of feldspar to clay, The high CIA values are a direct
consequence of the abundant clay mineral, kaolinite. The Dasdap sediments exhibit much
higher CIA values than any other palaeo-weathered basement outcrop in the region, which
may be attributed to a fairly highly weathered source, as well as, subsequent in situ
weathering. However, the fact that these arenaceous sediments have high CIA values
indicates in situ weatheting.

The angularity (due to embayments) of grains and the overall appearance of these
sediments is suggestive of predominantly in sifu paiaeo-weathering, rather than
suspension settling of clay particles in what was suggested by Le Roux (1986) as a high-
energy-type deposit. However, Le Roux (1986) did suggest that silica may have been
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released into the sediments during kaolinization of the basement gneisses. The kaolin clay
lenses may represent channel switching and deposition of a feldspar rich or partly
weathered sediment (the source material for these sediments are the basement gneisses),
which would weather (in sifu) to an almost pure clay. Petrographic evidence of this study
shows conclusive evidence that these sediments were affected by post depositional
kaolinization and silicification.

Palaeocurrent Directions

The Dasdap sediments become progressively finer-grained and thinner towards the east
and south, where they lack the basal conglomeratic sediments (Figure 5.2), suggesting a
general palaeocurrent direction to the southeast. Levin et al. (1986) reported consistent
palasocuirent directions towards the southwest, which they obsetved, trended subparallel
to structural trends in the basement. On the farm Burtons Puts, they noted a wider range
of palasocurrent directions which they suggested were the result of a fan-shaped
distributary system.

Le Roux (1986} carried out a comprehensive palaecocurrent study with a total of 169
readings, trough cross laminations constituting 94% of the readings. The Kookoppe
outcrops display a very consistent palaeocurrent direction to the southeast, with a vector
mean azimuth of 154° and evidence for a very straight (standard deviation: 28°; sinuosity
value: 1.04) dispersal system. To the southeast, on Burions Puts, a wider range of
palaeocurrent directions was obtained with a south-southwesterly trend (mean azimuth:
191°; standard deviation: 38°; sinuosity: 1.07). These values also suggest a fairly straight
dispersal system'. Palaeocurrent data of this study confirmed a direction towards the south
and southeast for the proximal Kookoppe sediments in the west, and a wide range {south-
southwest to east-northeast) in the more distal eastern cutcrops. Figure 5.8 summarises
these results, and other inferred palaeosurrent directions.

The southeast palaeocurrent trend in the Kookoppe outcrops maitches the strike of
lineaments in the region. Le Roux (1986) proposed a possible reversal of the north-
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northwest trending Hardeholte River (shown in Figure 5.1}, which follows the topography
of the "fan scour surface" in the vicinity of the Kookoppe outcrops. Le Roux (1986)
suggests that debris carried along this main channel fanned out to the south (observed in
outcrops on Burtons Puts), where sediment thickness is less and congiomeratic deposits
are uncommon. No obvious evidencs of structural control was noted for these outcrops.

LEGEND

="} \NFERRED SXTENT OF "HE
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(Ls Rous: Levin et al,1988)
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Figure 5.8 Map showing actual palasocurrent directions determined from sedimentary

structures, and inferred palaeocurrent directions for the Dasdap sediments.,

Ali the Dasdap sediments, that is, the Kookoppe and the outcrops on the farm Kalkdraai,
occur &t a similar topographic elevation (the southeastern Kalkdraai outcrops are no more
than 20 metres lower than the Kookoppe), suggesting that both sediment suites belong to
the same depositional episode, and that in this particular region tectonism has not
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displaced these sediments vertically by more than a few tens of metres.

Percussion drilling on the farm Platbakkies (Figure 5.1) revealed 35 metres of "gritty
silicified sandstones”. Levin et al, (1986} presumed that these sandstones belong to the
Dasdap Formation. In addition, 20 mefres of "yeilowish to white sandstones” in the
southeast corner of the farm Bok se Puts, and which outcrop on Vaalputs (generally
covered by Gordonia sediments), suggests that the Dasdap sediments may extend as far
north as the southern portion of Vaalputs. Petrographic and chemical results of this study
also suggest that the Dasdap sediments oceur to the north of the well exposed outcrops
in the area around the present Dasdap drainage.

Age of the Dasdap Formation

Andersen {1992) suggested that ultramafic igneous activity preceded and possibly
accompanied the uplift associated with the deposition of the Dasdap sediments. This
suggestion is based an the observation that sediments having a similar appearance to
those of the Dasdap Formation, fill breccia vents on Vaalputs and the neighbouring farm
Riembreek. The Vaalpuis melilitite pipe, on which these observations are based is
described in detail by Andersen and Muller (1984). All these sediments appear fo be
weathered in a similar way to those of the Dasdap sediments on the farm Burtons Puts and
at the Kookoppe.

From descriptions given by Reuning (1932) of the Arnot pipe at Banke, it appears as
though certain pipes in this area, which are believed to be the source of iimenite present
in the Dasdap sediments, have suffered almost no erosion, and still contain most of their
originai crater fill sediments (McCarthy et ai., 1985), McCarthy et al. (1985), therefore,
suggest that the Dasdap sediments were deposited pene-contemporaneously with pipe
emplacament.

Haughton (1930) suggested an early Tertiary age for fossil frogs found in the Banke crater
fill material. Estes (1977} propesed an Eocene to Oligocene age for these deposits. This
age, however, relies heavily on the work of Krdner (1973) who reported ages of 35 to 37
Ma (KfAr method) for other melilitite occurrences to the north and south of the area in
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question. According to Scholtz (1985) the fossil assemblage in the Amnot pipe at Banke
suggests proximity to the Cretaceous-Tertiary (60-70 Ma) boundary, with a high possibility
of at least a pre-Eocene age. Five zircon dates from pipes in the Arnot area yield a tightly
grouped age, within a 7 Ma time span, around the Cretaceous-Tertiary houndary
{Cornelissen and Verwoerd, 1975; Moore, 1979).

Other warkers (eg. Coetzee et al., 1983) have obtained somewhat similar ages (late
Cretaceous to early Tertiary), using palynological data and floral assemblages found at
Banke in the crater fill material. These ages relate well to radiometric geochronological
work, using zircon uranium-iead, in which ages of 64 Ma, 67 Ma, and 69 Ma were obtained
for the Camp, Platbakkies and Riembreek pipes respectively (Dr. J. Bristow, pers. comm.
to TSM: McCarthy et al., 1885). McCarthy et al. (1985) assigned an age of 70 Ma (late-
Cretaceous) to the Banke and Boschjeslaagte pipes. All the above results suggest that two
or more episodes of pipe emplacement are preserved in this area. McCarthy et al. {1985)
use these data for the argument that the palaso-weathered and silicified surfaces already
existed at the end of the Cretaceous, rather than Teriiary, as suggested by Mabbutt (1955).

From the numerous ages of infrusions associated with the Dasdap sediments and related
deposits it would appear that the age of these deposits cannot be determined accurately.
They do, however, appear to be of a Cretaceous rather than an Oligocene age as
suggested by previous workers (e.g. Andreoli et al., 1987). The in sifu weathering of these
sediments is also strongly suggestive of deposition prior to a major weathering and
silicification episode such as that which occurred during the Late-Cretaceous (Pariridge
and Maud, 1987).

Depositional enviranment

Previous workers have interpreted what is primarily an aeolian dune field (shown in Figure
5.7), in the Dasdap area, as an alluvial fan, due to the alluvial nature of the Dasdap
sediments, which are of relatively small aerial extent, and the apparent alluvial-fan-shape
noted on the satellite image. Le Roux {19886) suggested that this alluvial fan feature may
be derived from erosion of the Dasdap Formation, but may be the in siu weathering
products of the underlying Dasdap sediments. No obvious morphological form, such as the
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semi-conical shape, restricted radial length, plano-convex-profile, and comparatively high
values of radial slope (Blair and McPherson, 1994) for the Dasdap sediments is
recognizable. Therefore, the interpretation of these sediments in this study is based solely
on sediment types (facies) and their associations. The results of this study show that
although Dasdap-type sediments may occur as far north as Vaalputs, they should not be
delineated by the apparent alluvial fan shaped features noted on satellite imagery, which
shows predominantly surficial asolian sediments of the Gorac. - Formation.

According to Le Roux (1986) the presence of "fairly thick scour pool suspension clays and
sieve deposits suggests abrupt slow-downs in current velocity". This he interprets as
channe! abandonment on alluvial fans. For the more distal sediments which includes the
silicified sandstone cutcrops on the southemn portion of Vaalputs, it is proposed that sheet
flows covering much wider areas resulted in large sheets of sand which were deposited in
upper flow regimes. The upward fining noted in the sequence of sediments may be
attributed to channel aband - ' or to lateral accretion, whereas the abrupt upward
coarsening may be due to the ... uvation of a channel after a period of temporary channel
abandonment or tectonic reactivation (uplift of the source area).

Areas of higher elevation to the north and to the west of these sediment accumulations
provided the required gradients for the development of high energy deposits. 1t is thus
envisaged that the watershed at the time of deposition was further to the north and west.
The rivers inland of the present divide have not incised to the same degree as those on the
coastal side as they have an elevated, local base level. These deposits may well have
been related to an episode of uplift in the northarn hinterland or escarpment area. The
Dwyka was probabily locally developed in the provenance area, due to the presence of well
rounded Dwyka erratics in the basal sediments, suggesting that the Dwyka occurred further
to the west, than is indicated by the present western margin of the Dwyka. The area
flanking the eastern and southern margin of this highland became the site of rapid
accumulation of sediment in a fluvial-afluvial fan system. McCarthy et al. (1985) suggested
a possible increase in precipitation, coinciding with uplift, for the accumulation of these
sediments. The Dasdap sediments are, therefore, believed to have been deposited in a
series of high energy episodes, as indicated by the large pebble basal conglomerate,
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including basement material, high energy bed-forms (lunate dunes, antidunes and upper
planar lamination), and the multiple unconformities with coarse sediment or conglomerate
bases. Blair and McPherson (1994), on the basis of an extensive study of modern alluvial
fans concluded that fans may be readily distinguished from other sedimentary

environments including gravel-bed rivers. These distinctions are reflected and determined

by the morphology, hydraulic. 1 sedimentary processes, and resultant facies and facies

assemblages of alluvial fans. Sediments of the Dasdap Formation are all suggestive of
- alluvial fan deposits and Figure 5.9 shows a proposed alluvial fan sediment pattern which
nay have given rise to the observed Dasdap sediments during this period.

¢~ Doedep Foravation

" Prasent Drainage divide

™ Palgeo—Droinags divide

‘::':} Proposed Dosdap Alluvici Fana

}

Palaeacorrent directiona

Figure 5.9 Sketch map showing the position of the possible alluvial fans which may

have given rise to the Dasdap sediments.
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5.2 The aco-Weathere rface

Palaco-weathering has effected large areas of the basement lithologies in the study area.
The palaso-weath xred occurrences of the region generally consist of weathered rock
. verlain by a silicified cap-rock. Partridge and Maud (1987) refer to this surface as the
"silcrete~capped African surface” and have assigned it a Cretaceous age. These palago-
weathered products form an integral part of the study as the palaso-weathering episode
has affected sediments such as the Dasdap Formation, and presumably proviied some
of the source material for younger surficial sediments.

5.2.1 Field Occurrences

The exient of the palaso-weathered basement occurrences, as determined from satellite
imagery and confirmed by ground studies, is shown in Figure 5.10. A more detailed map
of the palaec-weathered rocks or: the Vaalputs property is shown in Figure 8.8. Figure 5.11
shows the typical appearance of the palago-weathered profile, with the resistant silicified
cap-rock overlying the palaso-weathered basement. The silicified horizons range from 1
to 3 metres in thickness and have - well-developed joint system (also seen in the
underlying palaco-weathered zone), wiich is predominantly vertical with less sub-horizontal
elements, producing a columnar « Jjpearance. The silicified zones typically display a sub-
conchoidal fracture.

The less resistant palaeo-weathered zone underiying the cap-rocks averages 2 to 3 metres
in thickness, but may attain thicknesses of 5§ metres or may be totally absent. The
transition from the relatively unaltered to the palaso-weathered basement, as well as the
contact with the overlying silicified zone, may undulate by a metre or two, but is generally
horizontal at most outcrops. The lower contact (unaltered basement to palaso-weathered
basement) is usually gradational over cne to two metres, whereas the upper contact
(palaeo-weathered basement to silicified basement) is less gradational usually over less
than haif a metre.
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Figure 5.10 Palaco-weathered rocks in the sfudy area.

More modern differential weathering within these rocks appears to occur primarily along
joints. Joints and other fractures in the rock form a typical meshwork of channels which
have allowed the subsequent movement of water and dissolved ions. These recent
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processes have given rise to the development of numerous ¢aves and hollows in the
steep-sided faces offered by these outcrops. Moreover, iron impregnation along the joints
has resulted in a different resistance of the joint surfaces with respect to the interjoint
blocks, and erasion has resulted in a boxwaork type appearance, with joints being more
prominent. Although the joints appear to have been an early feature, the concentration of
iron along the joints appears to be a more recent weathering phenomenon. Mass
movement on tht slopes of these basement occcurrences has resulted in many slip scars
and rockfalls which contain massive blocks of the weathered and sificified basement. This
material would ultimately be fransferred from interfluves and from valley-side slopes,
towards lower levels in the landscape (often fault lines) and eventually into drainage
channels.

Figure 5.11 The silicified basement occurrences in the study area overlying weathered
basement, which passes gradually downward into unaltered basement.

On the eastern portion of Vaalputs where the Vaalputs and Gordonia sediments are
extensively developed, a white clay facies, possibly associated with the same episode of
palaco-weathering has been encountered in boreholes and road cuttings, such as that on
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the "Norabees access road" on the southem boundary of Vaalputs. Examination of the
boreholes (McCarthy et al., 1985) has suggested that some regrading of this surfacs
occurred prior to the deposition of the overlying or upper Vaalputs sediments. This,
according to Levin and Raubenheimer {1983), |s further supported by the observation that
unaltered basement outcrops to the north of Garing, while palaeoc-weathered basement
oceurs to the south. The scarp forming the westerm margin of the Santab valley (Santab-
se-Vioer: Figure 5.10) has been suggested (McCarthy et al.,, 1985) to represent the
eastern limit of this surface, although similar occurrences have been observed
approximately 35 kilometres to the east of Vaalputs at the "Tafelkoppe™.

5.2.2 Petrology

Thin sections were prepared from samples of each of the zones {(unaitered, palago-
weathered, and silicified basement) from two profiles. The micromorphelogy of these
samples reflects boih the original material characteristics and the effects of the subsequent
diagenesis (Smale, 1973; Summerfield, 1978; Summerfieid, 1983c; Summerfield and
Whalley, 1980; Watts, 1978; Whalley, 1978). Mineralogictlly the seciions appear fairly
similar, with the palaso-weathered zone containing slightly more clay than the silicified
zone {which exhibits iron stained silica cement). XRD analysis on the silicified and palaeo-
weathered zone samples revealed the presence of illite, kaolinite and some smectite. The
exact proportions of these clays were not determined due to the difficulty in obtaining
reasonable quantitative values from XRD data, and due to the variability of clay
compositions from one sample site to the next.

Figures 5.12a-d are photomicrographs of the various zones. Figure 5.12a is of the
relatively unaltered basement gneiss (some alteration of the feldspars may be observed).
The grain boundaries show few embayments and no secondary silicification is present in
this sample. Figures 5.12b and ¢ show sections of the transition zone (unaltered to
weathered basement) and the palasc-weathered basement, respectively. Figure 5.12b
clearly shows the feldspar in the initial stages of weathering and Figure 5.12¢ shows
almost completely altered feldspar surrounding quartz grains. The quariz grain boundaries,
in this zone (Figure 5.12¢), are partly embayed due to dissolution. Remobliization
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and cementation of silica s strongly evident in the silicified zone {Figure 5.12d} where the
matrix is composed predominantly of iron-stained cryptocrystalline silica or microquartz.
appearing opaque in thin section. and in which the quartz grain boundarnes are strongly
embayed. The palaco-weathered zone (Figure 5. 12¢) contains the greatest percentage of
altered feldspars in comparison to the basement and silicified zones, which makes this
zone more susceptible to modern weathering and erosion. It should be noted that modern
weathering is confined to the surface of the outcrops whareas the palaeo-weathering was
more exiensive, penetrating and affecting large volumes of the basement rock.




Figure 5,12 Photomicrographs of: {a) refatively unaltered basement gneiss (crossed-
polarized light; field of view. 1.4x2.1 mm); (b) transition zone from fresh to
palaeso-weathered base *ie nt (crossed-polarized light; field of view: 0.7x1.1
mm). {c} palaco-weat .c.ied zone (crossed-polarized light; field of view:
1.4x2 1 mrn). and (d) silicified basement (plain-polarized light. field of view
1.4x2 1 mm).
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5.2.3 Chemistry

Nine samples were collected at approximately one metre vertical intervals at two profiles
(three samples from each zone) to determine changes throughout the prominent palago-
weathered basement occurrences in the siudy area. These data could then also be
compared to modern weathering profiles of known origins and climatic seftings. The results
of these chemical analyses are tabulated in Appendix B. Percentages of selected oxides
were piotted against height from the top of the silicified zone, that is, from the tops of the
prominent mesas (Figures 5.13a-h).

Sio,

With the exception of one point (Profile 2, 5 metres depth) Figure 5.13a shows that the
silicified zone generally contains a greater percenfage of silica (particulatly at
approximztely one metre from the top) than the undetlying palaco-weathered zone, but
similar amounts to the unaltered basement. It appears, therefore, that only a smai increase
In silica with respect to tha underlying palaeo-weathered rock was sufficient to preserve
these flat-topped features. Altnough externally derived silica may have been introduced
into the weathering mantle, estimates of absolute element gains and losses during the
formation of silcrete and the palaso-weathered basement indicate that sufficient silica
couid have been mobilised by the decomposition of the thickness of bedrock represented
by the existing profiles.

1i0,

From Figure 5.13b it is chvious that all the titanium values, with the exception of one
(Profile 2, 4 metres depth), have fairly similar values, The mobilization of titanium in the
formation of the silicified zone does not appear to have been a major process.

No major changes in the aluminium concentrations are obvious in Figure 5.13c. The
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mobility of aluminium in most silcrete foriming environments prevents its conventional use
as a reference element to assess absolute gains and losses of other elements during the
silicification process (Summerfield, 1983c).

Fe,0,

The increase In concentration of iron near the base of the palaso-weathered zone
suggests that iron has been ieached from the overlying rocks into the lower part of the
profile {Figure 5.13d). In the one case (Profile 1) there is also a slight increase in
concentration of Fe at the base of the silicified zone.

MnO

A similar pattern to ihat observed for iron may be seen for manganese in one of the
profilas (Profile 2, Figure 5.13e). This is attributed to leaching from the overlying rocks
.+hich are depleted in manganese. The other profile (Profile 1) has not been affected by
leaching to the same extent as Profile 2, and shows relatively constant values throughout
the profile.

MgO

Magnesium in Profile 1 shows an overall increase from the basement to the top of the
palaeo-weathered zone (Figure 5.13f), after which it decreases with height to the top of the
profile, Profile 2 shows no distinct pattern below the silicified zdne, but, also decreases in
MgQO with height after the silicified zoiie contact. Therefore, with the exception of a slight
increase towards the top of the palaeo-weathered 2one and a decrease through the
silicified zone no major changes are obvious for this oxide.

CaO

Calcium, with the exception of one point (top of Profile 2), shows an overall decrease with
height (Figure 5.13g), suggesting that calcium was leached from the entire weathered
profile and perhaps partly deposited at the contact between the basement and palaeo-
weathered zone. Due to the presence of illite in the palaso-weathered and silicified zones,
calcium may have, rather, been removed from the plagioclase, during the formation of illite.
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Profile 1 shows relatively low values throughout, suggesting that the original unaitered
basement had a low calcium content to begin with. The slight increase at the fop of Profile
1 may be the result of a secondary surface deposit, such as calcrete concentrations in
joints and other fractures.

K,0

Potassium is slightly enriched between 4 and 6 metres depth (Figure 5.13h). This depth
corresponds approximately with the bass of the palaeo-weathered zone, and is probably
due to the presence of illite (some kaolinite and smectite were also found to be present
using XRD analysis), or the removal of potassium in the overlying part of the palaeo-
weathering profile. However, potassium is most probably concentrated in the lower parts
due to the conversion of feldspar to illite.

Na,O _
Sodium (Figure 5.13i), generally decreases with height. Profile 2 shows a particularly
sharp change and decrease in sodium concentration at the approximate basement -
palaso-weathered zone boundary, suggesting that sodium was most probably removed
from the feldspars by selution during the palaso-weathering process.
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Si0, - TiO, ~ Fe,0, ternary plot (the silicified zone)

Summerfield differentiated weathering profile and non-weathering profile types on the basis
of titanium (anatase) content using major element bulk chemical analyses. The former
types are titanium-rich (TiO, > 1.0%) and have a composition similar to the global mean,
whereas the latier types are, by comparison, titanium poor (TiO, < 0.2%).

Data for the six silicified zone samples were plotted on the ternary plot of Summaerfield
(1983c) which he uses fo distinguish silcretes formed in association with weathering
profiles and those that are not (Figure 5.14). Four of the six data points fail info or close to
the field of non-weathering profile silcretes, however, two points, with low TiO, and SiO,
< 98% lie outside hoth of the fields. These results show that the silicified rocks of the study
area could not be classified using this method. According to Summerfield (1983c¢}) titanium
abundances appear to be related to host material chemistry in addition to the environment
during the silcrete genesis, that is, the host material chemistry of the studied rocks may be
the reason for these nonconformal results.

100 » Weathering profila silcrete (Sunmarfield)
& Non-waatharng profile silcrete {Summarfield)
* Silicified recky, this study

9t 2
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¥ipure 8.14 Si0Q, - TiO, - Fe,0, ternary plot for six silicified zone samples and data of
Summerfield (1983¢), used to distinguish weathering and non-weathering
silcretes.
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Chemical Index of Alteration (CIA)

The CIA values, as described in Section 5.1.3, are used here to confirm the extent of
alteration, as indicated by the gross morphology and the petrographic results, for the
palaeo-weathered and silicified basement occurrences. Figure 5.15 shows the CIA values
for the samples from the three zones for the iwo selected profiles.
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Figure 5.15 Plot of CIA values for selected palaeo-weathered basement samples versus
height.

Figure 5.15 shows an obvious trend (except for two values in Profile 1: top and bottom})
from lowor values In the relatively fresh basement to progressively higher values in the
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silicified zone. These values aiso show that the alteration is fairly subtle with increasing
height from the basement, and that even the basement is altered to some degree, with
values for the granitoids plotting a litlle higher than the typical 45 - 55% range for
granitoids (Nesbitt and Young, 1982).

The ClA values for the paiaeo-weathered basement underlying the Vaalputs Formation,
obtained from drillcores, generally yield slightly higher CIA values (ranging between 71.0
and 86.2%) than the exposed palaeo-weathered basement. Typical values for the
suboutcrop is about 72% suggesting that the palaso-weathered basement occurrences on
the western part of Vaalpuls and those from below tne Vaalputs sediments have
experienced similar degreas of weathering.

AlLQ, - CaO+Na,0 - K,0 ternary plot

Nesbitt and Young (1984) predicted weathering trends for a variety of igneous rocks using
kinetic data for feldspar dissolution. The bulk composition of a.arage granite (large solid
dot) and the calculated composition of the' weathering solution (apen dat) removed from
non-weathered granite during the initial stages of weathering (Nesbitt and Young, 1984)
are plotted in Figure 5.16. Mass baiance resirictions require that the compasitional trend
of the weathered residues plot on a lina smanating from the fresh rock, and directed away
from the solution composition. The arrow on the mid-section of this line illustraies the
predicted residual weathering trend for average granite. Once the trcnd approaches the
ALOK,0 line, It is redirected toward the Al,O, apex; apparently, incongruent dissoiution
of the potassic phases releases K to solution in preference to Al resulting in a trend toward
the Al,O5 apex (Nesbitt and Young, 1989). Granite was plotted as it was fou 1d to have a
similar bulk chemical composition to the basement granitoids encountered at Vaalputs.
Bulk compositions of samples taken from two palaeo-weathering profiles (Profiles 1 and
2), as well as three samples of the palaso-weathered basement underlying the Vaalputs
Formation, are also plotted on Figure 5.186,
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Figure 5.16 Calculated and actual weathering trends of selected profiles in the palaeo-
weathered basement occurrences. Pl = plagioclase; Ks = alkali feldspar; Mu = muscovite;
Ka = kaolinite, The large solid dot represents average granite of Nesbitt and Young (1984)
and the large open dot, on the base line, the caiculated proporiions of Ca, Na, and K in
leachants (derived from granite). The arrow on the lower dashed line shows the calcutated
initial trends followed by the leachates during the initial weathering stages; 1 & upper
dashed line was calculated from observed butk compositional trends (Nesbitt and Young,
1989). The other trends are palaco-weathering trends of this study.

The trends for the basement occurrences (western outcrops) mirror the trends of granite
as determined by Nesbitt and Young (1989). The small differences may be attributed to
heterogeneity in the original composition of the Vaalputs basement rocks. The samples
used in this study have aiso not undergone the same degree of weathering as that of the
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predicted frend (Figure 5.16). The suboutcrop palaeo-weathered samples {underlying the
Vaalputs sediments) give a somewhat different result. The two lower most (and least
weathered) samples have similar compositions to that expected for granite except that the
trend in this case, reflects a decrease in K,O a little before that of the predicted trend
(Figure 5.186). This is most probably due fo the higher than expected CaO values in these
samples (see Appendix B).

L overing (1959) showed that the Mazaruni Granite of British Guiana, located in a very high
rainfall region shows that calcium and sodium are extracted from the granite in preference
to potassium. The weathering trend of fresh granite, calculated from kinetic data (Nesbitt
and Young, 1984) conforms closely to the observed bulk composition trend of the Mazaruni
Granite, as does the initial part of the trend for this study. According to Nesbiit and Young
(1989) the trends obtained can be used as templates against which the chemical histnry
of ancient profiles can be read. Singer (1980) and Nesbitt and Young (1984) discuss the
effects of climate on weathering profiles and suggest that the exient of weathering is
determined primarily by the amounts of acids introduced into the profile by rainfall derived
solutions, The Mazaruni weathering profile trend, which shows a similar trend to the initial
part of the weathering profile trends obtained for this study, formed under tropical
conditions where rainfall is 2503756 cm/year. However, Nesbitt and Young (1989) conclude
that climateé does not have a significant effect on weathering i{rends within the
compositional space represented by Figure 5.18, and that these trends are rather primarlly
controlled by the bulk compositions of the parent rocks.

Normative chemical caiculations, using the data in Appendix B, indicate that kaclinite is the
predominant clay mineral and that even the "unaltered basement" contains a significant
proportion of clay (Table §.2). These results also suggest that most of the kaolinite is
derived from Na-feldspar, and that only a small increase is silica has given rise to the
resistant caprock of these landforms,
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Table 5.2 Normative chemical compositions for the major minerals of the basement,
and the silicified and weathered Zones.

Quartz (%) K-feldspar (%) Na-feldspar (%)  Kaolinite {%)
Slliclfied Zone 38.1 32.5 13.6 12.4
Weathered Zone  35.2 337 13.8 13.4
Basement M3 335 28.3 6.3

5.2.4 Discussion

Silcrete is an indurated product of surficial and near surface silicification, formed by the
cementation and/or replacement of bedrock, weathering products, unconsolidated
sediments, soil or other materials, and produced by low temperature physical and chemical
processes (Goudie, 1873; Grant and Aitchison, 1870; Lamplugh, 1802, 1907; Summerfield,
1978). The various forms of secondary silica include opal, cryptocrystalline quartz or well-
orystallised quartz {Milnes and Thiry, 1992). According to Nash et al. (1994} the
prerequisites for the formation of silcrete are: a source of silica; the availability of moisture
toactasa transporting agent; and a mechanism to cause precipitation

Ollier (1991) noted two environments: one where silica is made available by sclution and
another where it is precipitated. Wopfner (1978) envisaged two types of silcretes: quartz-
microgquartz silcretes associated with kaolinized profiles which form in acid groundwater
environments in areas of subdued rellef with poor drainage; and opal silcretes which form
under alkaline hypersaline conditions associated with shorelines of palaeo-lakes. = widale
and Milnes (1983) postulated acid weathering conditions near the margins of basins, where
clay minerals are degraded and produce silica-enriched solutions, and which are
considered to move laterally as soil water or groundwater to sites in lower reaches of the
basin where conditions are appropriate for silica precipitation. According to Milnes and
Thiry (1992) supergene conditions are L sually implied, particularly processes above the
phreatic zone or in environments associated with soil formation. According to Summerfield
(1983c), as silcretes may grade into some other duricrust type, it cannot be precisely
characterized by its bulk chemical compaosition, although a minimum content of 85 weight
percent Si0, provides an arbitrary lower limit. The "silcretes” of the study area do not meet
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this requirement and are only slightly enriched in silica with respect to the original host
rock. They are therefore referred to as silicified rocks rather than silcretes.

There is little published information on profile variation in the chamical composition of
silcretes and weathering deposits, and, analyses from a number of profiles in suuthern
Africa indicate no simpie systematic variation in element abundance within silcrete horizons
(Summerfield, 1978). In addition, the silcrete mineralogy reflects the host material
characteristics and the effects of chemical breakdown and dissolution, as well as the
conditions under which the authigenic mineral component was formed. Although silcretes
are undoubtedly of palago-environmental significance, the conditions under which they
have formed is controversial, Shaw and Nash (1997), demonstrated, in a study of recent
silcretes in the distal reaches of the Okavango delta fan, Botswana, that it is difficult, if not
impossible to specify the precise chemical environments of silcrete formation, and that
several processes may work together during silcrete formation.

Petrographical results

Summerfield (1981) recognised two silcrete types: that which occurs primarily as a caprock
on flat-topped erosion remnants and those forming horizons within weathering profiles,
Using southern African silcretes Summerfield (1983a) differentiated these two silcrete
types (non-weathering profile and weathering profile silcrete) by their distinctive
petrographic and geochemical characteristics (Table 5.3). Although the silicified zones of
the study area are not true silcreles, the criteria used by Summerfield (1983a) for
distinguishing non-weathering and weathering silcretes was found to be applicable, to
some degree, fo the Cretaceous weathered basement occlirrences of the Vaalputs region.
Based purely on field observations the "silcrete” in the study area appears fo be of the
latter type, due to the presence of a weathered unit overlain by a thick silicified cap-rock.

The silicified zone displays an F-fabric, which is the most common type of fabric in silcretes
{Summerfield, 1983c¢). According to Summerfield (1983c) F-fabric silcretes may be formed
by displacement or partial replacement of skeletal grains or by silicification of an existing
F-fabric host material. “Siloretes” of the Vaalputs region display characteristics of
replacement of a pre-existing F-fabric host material and dissolution of skeletal quartz grains
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resulting in embayments at the grain margins. Summerfield (1979) also suggests that most
of the dissolution, if not all, must pre-date silicification. Summerfield noted that smbayed
skeletal grains in southern Africa silcretes usually seem to have been inherited from host
materials, such as weathering deposits, in which there is abundant evidence of quartz grain
dissolution.

Table 5.3  Petrographic and chemical criteria used for distinguishing weathering and
non-weathering profile silcretes (Summerfield, 1983a).

_ Nan-eathering prle s!cte Weathering proflle slicrete
Host materials large variety single {variety of bedrock)
Common fabric types f -{floating) fabric F-{floating) fabric

M-(matrix) fabric

Other fabrics GS-{grain supported) fabric -
M-{matrix) fabric

Silica matrix fype mega-quartz, chalgedony, micro- crystalline quartz and cryplo-
quartz and ctypto-crystalline silica  crystalline silica

Tianium confent Ti-poor Ti-rich and compaosition slmilar
to the global mean

Diagnostic petror aphic Chaleedony vugh filis authigenic glasbules and
characleiistics colloform features

According to Summerfield (1983c) a clay matrix tends to favour the formation of opaline
and cryptocrystalline silica or microquartz rather than chalcedony which tends to replace
carbonates. Thin sections of the silicified zone, and to a lesser exient the palaeo-
weathered zone, exhibited significant cryptocrystalline silica as the intergranular material.
Also, the matrix has a turbid appearance, which was noted by Summerfield {1883c) to be
present in the matrix of silcretes, in the form of sesquioxides.

Based on the petrological observations, the silicified cap-rocks of the Vaalputs region may

be classified as weathering profile silcretes, that is, they are formed in a single host
material, they have a F-fabric, their matrix is of a crypto-crystalline silica type and they are
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authigenic in nature (Table 5.3).

According to Blidel (1982) the formation of silcrete at depth under humid conditions and
decomposition {"grus development") is the most widespread form of humid-tropical
chemical decomposition, in which the dark ¢ ...)ponents and feldspars in crystailine rock
are altered into various grades of clay minerals, while the quartz grains remain preserved.
During this type of alteration the join: « . ~*3ms and other structures in the rock may he
preserved. Bremer (1967) suggests that t,o development of silcrete or silicified basement
requires a humid (fully fropical) climate in areas of "very flat relief with litlle epeirogenic
activity and constant climate".

Chemical results

Chemically silcretes are comparatively simple materials, and should be highly siliceous (>
85% Si0,), with only atuminium, iror . § titanium present in significant amounts
(Summerfield, 1883c). This is not the ca-- the silicified zone in the study area, as they
are only slightly silicified and as mentioned before, are not frue silcretes. According to
Summerfield (1983a), evidence for prevailing pH conditions during formation of weathering
profile silcretes is provided by the apparent behaviour of titanium. Absclute enrichment of
TiO, with respect to bedrock in both silorete and the associated weathered material is
indicated by absoiute elemental gain-loss calculations (Summerfield, 1983b). Below a pH
of approximately 3.75 titanium becomes sinnificantly mobile in weathering environments
(Baes and Mesmer, 1976). Between a pH ot 2 and 4.7-6.7 titanium hydroxyl complexes
tend to be absorbed onto quariz because over this pH range silica and titanium surfaces
have opposite charges (Waus, 1977). This suggests that weathering profile silcrete
development occurred in an envircnment in which the pH was approximately 4.
Summerfield (1983a) observed the replacement of weathering profile clays (predominantly
kaolinite and illite}, using petrographic and gecchemical techniques. However,
Summerfield (1988} argues that on their own, such relationships, which show only relative
changes in element concentrations, do not indicate whether titanium has been mohilised
and concentrated in association with silcrete formation or whether the relative
concentration increase is atiributed to the removal of cther components. Summerfield
suggests that the southern African weathering profile silcretes show evidence that their
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high titanium concentrations have resulted from absolute accumulation of titanium in
association with silcrete formation. One line of evidence is the expected volume reduction
during bedrock weathering and silerete development that would be required to explain the
high concentrations of titanium if this had been achieved by the removal of other
components (Summerfield, 19886). In the examinad exposures there is no evidencs, in the
form of bedrock structures, for isovolumetric weathering and silcrete formation
(Summerfield, 1983b; 1984). In addition, as the rocks of this study are not true silcretes,
but merely silicified, the diagnostic features observed by Summerfield may not be as
obvious as was expected.

Summerfield's (1983a) proposed two models for silcrete formation involving predominantly
vertical movements of silica: per ascensum mechanisms of capillary rise and evaporation
of a silica saturated solution, at or near the surface and associated with groundwater and
water-table fluctuations; and the per descensum mechanism or downward percolation of
silica-charged waters. A problem with the per ascensum model is accounting for relatively
thick {more than a few centimetres) silcrete horizons. The per descensum or downward
percolation models provide a more viable explanation for the thick silicified occurrences
observed at Vzalputs. The silicified horizons most probably formed below surface within
the pallid zone of the lateritic profile. Weathering towards the top of the profile released
silica which was leached downwards and then precipitated. The downward percolation of
silica released through bedrock weathering and clay mineral authigenesis, together with
water-table fluctuations, according to Summerfield (1983a), appears to be the most likely
mechanism for the formation of silcretes associated with weathering profiles in southemn
Africa. This Summerfield affributes to the occurrence of silcrete horizons within
kaolinitic/illitic clay weathering profiles. The small increase in silica observed in the palago-
weathered profiles, suggests that pHs were low and that silica was concentrated in this
region during a wetter period. The existence of horizontal silicified horizons within the
weathering profiles suggests some water-table control over pH fluctuations and silica
precipitation. Although limited seasonal water-table movements may have occurred, a
prolonged dry season, as suggested by Frankel and Kent /1938), Smale (1873) and others
as a prerequisite for a capillary rise mechanism of silcrete formation is not conridered
likely. This Summerfield (1983a) atfributes to the fact that many sileretes in the Cape
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coastal zone are found at considerable depths in the weathering profiles and are only thin
surface crusts, rather than the typical silcrete thicknesses observed. Thick silcrete couid
not form in this way as initial silica precipitation at the surface would inhibit further capillary
rise to the surface. The observations of the palaeso-weathered occurrences are suggestive
of alteration probably close o a phreatic surface which corresponded at the time fo the
active weathering front.

The major element chemistry of this study, with the exception of Ti0,, shows typical
characteristics of a weathering profile, for exampie, the removal of Na, K and Ca from the
upper parts of the weathering profile and a marked concentration of these oxides in the
lower parts of the profile; the Chemical Index of Alteration for both profiles are typical of
a weathering profile formed in humid conditions; the Al,0,-Ca0+Na,0-K,0 ternary plot of
the studied profiles conform reasonably well with predicted weathering trends of Nesbitt
and Young (1984), as well as with trends of recent profiles formed under humid conditions.
Normative chemical calculations of this study indicate that the predominant clay mineral
fr. " ~ valaso-weathered basemsnt cccurrences is kaolinite and that only subtle changes
inu.. mineralogy (as indicated in Table 5.2) have resulted in these landforms.

CIA values suggest that the palaco-weathered basement at the base of the Vaalputs
sediments are in a more advanced state of alteration, and probably formed
contemporaneously with the palaeo-weathered basement on the westem parts of Vaalputs.
Subsequent weathering of the basement may have also resulted from ground water
accumulation at the base of the Vaalputs sediments. Ground water is commonly bound by
bedrock below basin sediments (Toth, 1862}, Clay particles eluviated from the overlying
Vaalputs sediments may accumulate at the base of the Vaalputs sediments which would
also give rise to an increased concentration of weathering products in these palaso-
weathered basement occurrences.

Morphology of the palaeo-weathered landsurface

According to Twidale et al. {*970) and Grandin and Thiry (1983) silcretes have important
associations with palaeosuifaces and must require very stable geomorphic and geologic
conditions to achieve the extent of silicification and the observed relationship with
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palaeosurfaces. Silcrete (duricrusts in general) formed by fluvial processes can involve
deposition within channels or valleys, deposition from sheetfloods, and/or [ateral seepage
of groundwater and throughflow water (Goudie, 1983). According to Nash et al. (1894),
valleys, like pans, are a potentially imporiant site for the development of duricrusts as water
tables are generally elevated in the vicinity of depressions. As noted by Nash ef al. (1994),
in a study on the Kalahari valley streams, a lack of consistent stratigraphy through a region
(as observed in the study area, where the palaeo-weathered basement is resfricted to
certain areas) may suggest that the duricrusts develop as a direct result of processes
related to the presence of a valley (or depression). Movements of water towards the valley
over long fime periods may also alter pre-existing duricrusts or other host material. In
wddition the development of any linear depression would influence flowpaths of
groundwater and throughflow. The linear distribution of the studied duricrusts (Figure 5.10)
is suggestive of a palaco-drainage pattern, however, Partridge and Maud (1987} showed
that this surface was extensive over southern Africa. The linear distribution of these
features is, therefore, more likely a consequence of subsequent tectonism in the region.

Thomas (1874) in an efch-surface model for tropical landscape development reports that
areas of metamorphic rocks such as biotite schists and amphibolites commonly carry a
thick duricrust which protects the underlying clays from erosicn. Thamas {1974) noted that
duricrusts generally form areas of higher relief and may rise above more resistant' rocks
such as granite or acid gneiss. According to Wayland (1947) the onset of denudation or
the stiipping process may be induced by tectonism. This is believed to have been
responsible for the incised areas of the study area, which correlate well with faults and
lineaments of the region, as will be discussed later. An additional process believed o be
responsible for the observed landforms is that of removal of material by solution from the
underlying paliid zone (Trendall, 1962). This process not only forms a major component
of mineral loss in rocks, but also a major part of the total denudation. Evidence of this
process Is seen in the form of caves in the palaeo-weathered zone, that directly underlies
the more resistant silicified basement.

Summerfield (1983c) noted that in South Africa columnar jointing appears fo be associated
with weathering profiles and that these may develop in response to the desiccation of a
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hydrated siliceous matrix formed during initial silicification, though post-formational
weathering may also be significant. The parallel slope retreat observed on these palaeo-
weathered occurrences is confrolled by the rate of undercutting and weathering of the
silicified cap-rock. Where the silicified cappings are finally removed, the underlying
weathered material si«ffers more rapid erosion. This indicates the important preservative
iole that silicified rocks may play where they overlie less resistant materials, in this case
the palaeo-weathered basement. These silicified surfaces would therefore remain in the
landscape for very long periods, initially forming non-dissected surfaces and subsequently
as silicified cap-rock residuals lying at higher elevations than younger land surfaces.

Age of the palaeo-weathered cecurrences

The dating of phases of weathering and silcrete formation, even approximately, poses
difficulties (Summerfield, 1983a) and therefore direct dating of the palaeo-weathered
basement occurrences was not possible. The host material provides a maximum age, while
the overlying sediments may give guidance o'\ the minimum age. For the case at Vaalputs
it can safely be assumed that alteration pre-dates the sediments of the overlying Vaalputs
Formation. As the pafaso-weathering has affected the Dasdap sediments, the age of this
weathering episode post-dates the Dasdap sediments which appear to have a maximun
age of 60-70 Ma (e.g. Schoitz, 1985). Also, Partridge and Maud (1887) have confidently
associated this aiteration with the iate-Cretaceous fo early Tertiary. Callen (1983)
concenirated on stratigraphic relationships and also concluded that silcrete formation was
essentially an end-Cretaceous phenomenon. This together with the ages of the Dasdap
sediments constrains the age of these altered occurrences to this period.
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CHAPTER 6: THE VAALPUTS FORMATION

The Vaalputs Formation is preserved in a depression or the "Vaalputs Basin” on the inland
side of the marginal scarp, in what has been referred to (e.g. Levin ef al., 1986) as a
channel like depression, cut into the sediments of the Dasdap Formation and gneisses of
the Namaqualand Metamorphic Complex. Depressions on the inland side of the marginal
scarp appear to be a fairly common feature of the Great Ezcarpment of southwestern
Africa. The five topographic profiles of Gilchrist et al. (1994} of the southwestern margin
of southern Africa all exhibit this feature. It appears that onlv in some cases where these
depressions {gral.ans} are well developed (and erosion and deposition is taking place) may
sediments be deposited and preserved, such as in the case of the Vaalputs Formation.

Levin et al. (1988) suggested that during a period of Oligocene uplift, a palaeotributary of
the Koa River, flowing to the northeast from the Dasdap area (approximately 30 kilometres
south of Vaalputs) across Vaalputs, cut into the kaolinized surface, leaving a channel partly
filled with alluvium (basement, Dasdap sediments, and transported kaolin). This, together
with the regrading of the Dasdap sediments during the Miccene, they propose, lec o the
accumulation of the Vaalputs sediments, The Vaalputs sediments have been referred to
by Brynard (1988} as "rer clay” and classified as a "gritty to sandy clay to sandy clay-loam"
using the textural classification of Hillel (1971). The previous workers suggested that
pebble accumulations in the Vaalpuis Formation are the result of the rewerking o1 the
Dasdap fan sediments by surface processes, including fluvial action and bioturbation.

Levin et al. "1986) noted that where the Dasdap Formaition is absent the "red sandy gritly
clay” lies directly on the kaolinized bedrock. Levin et al. (1986) also recognised three cycles
of deposition, each followed by calcretization or silerelization. Tile lowermost grey
st lents with large calerete or silcrete nodules they interpreted as having formed under
humid conditions, while the overlying brown sediments, with small calcrete nodules at the
top, they suggest, points to increased aridification. The sediments are overlain by what
they refer to as the present day calcrete layer underlying the less consolidated sediments

102



of the Gordonia Formation.

The Vaalputs sediments were investigated in this study o determine the sedimentary
processes and tectonic controls responsible for their accumnulation. In addition it was
believed that a detailed analysis of the Vaalputs sediments would allow for a better
understanding of the origin and characteristics of the overlying Gordonia Formation.

6.1 Eield Occurrences

The exact extent of the Vaalputs Formation is unknown as it is covered by the overlying
aeolian sands of the Gordonia Formation. The suggested, approximate limit of subouteip,
for these sediments is, however, shown in Figure 6.1 (as determined from TM-5 Landsat
imagery and field observations). The aerial extent is somewhat different to that suggested
by other workers (e.g. Andreoii et al., 1987 and McCarthy et al., 1985) who interpret the
Vaalputs Formation as an alluvial fan with a source area fo the south of Vaalputs. The
Vaalputs sediments appear to be more extensive than was previously thought to be the
case, extending further south, and may include areas previously identified as belunging
only to the Dasdap Formation. The Vaalputs sediments are a lot thinner (few metres) and
less developed in the southem parts of the study area. The Vaalputs Formation sediments
do not outerop. However, exposures of the sediments were available for study in trenches
excavated for the disposal of low and iritermediate level radicactive waste. Figure 6.2a
shows the location and orientation of tha two waste disposal trenches in which most of the
study of the Vaalputs Formation was carried out. Figure 6.2b is & northwest - southeast
section thiough the site, showing the portion of the Vaalputs sediments analyzed in this
study. Numerous percussion drili cores of the sediments are available, but, the nature of
these is such that they do not allow ‘or the recognition of sedimentary structures or contact
relationships. They usually only supply lithological and some stratigraphical information.
Consequently, the faces offered by the two waste disposal trenches were primarily used
for this study.
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Figure 6.1 Approximate suboutcrop bounidary for the Vaalputs sediments compiled from
TM-5 Landsat data and geological maps of Andersen (1992) and Andreoli

et al. (1986).
6.2 Facies |dentification and Descriptions

The Vaalputs sediments are comprised of several fagies, each of which exhibits distinctive
characteristics. The facies identified at Vaalputs (from drill cores and trench sections) are:
the lower white clay facies, the pebbly clay facies, the gritty clay facies, and several
interspersed red sand and calerete horizons. Due fo the lack of palaeontological data, and
often palaeocurrent directions and sedimentary structure, lithology was the most important
feature in defining the facies types of the Vaalputs sediments,
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Figure 6.2 (a)l.ocafion of the two waste disposal trenches at the disposal site (see
previous figure). {b) Northwest-southeast section through the Vaalputs
sediments and waste disposal trenches, Also indicated are the facies
encountered in these trenches. Sediment thicknesses and depths to
basement were obtained from Jamieson (1986).
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The main facies types believed fo constitute the Vaalputs Formation are described below.
A simplified, typical stratigraphic column (Figure 6.3) showing these facies was obtained
from exposures of the intermediate-level waste disposal trench (Figure 6.2) and drill-co. e
data.

Fm a abrupt contact

Gritty Clay g gradational contact

Fr—-Sm Facies “*e, pebble lenses
¢ bioturbation
ce calerete horizon

b} Gem
Sm
]
Pebbly Clay
0 Fm—-Sm Facies

Fr White Clay
Facies

Figure 6.3 Generalized stratigraphic column of the Vaalputs Formation.

6.2.1 The White Clay Facies

Description

This lowermost, massive facies is laterally extensive and overlies the basement (Figure
8.2), i is typically 5 metres in thickness, but was noted to be as thick as 15 metres or
absent in places (Jamieson, 19886), The lower contact, with the underlying weathered
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granite gneisses is gradational, through depths exceeding 10 metres. The upper contact
{Figure 8.3) is fairly sharp, with minor mixing observed at this contact. it is not seen in
section in the waste disposal frenches, but has been described from drillcores by Levin
(1988). This white clay was noted to vt ry in composition from g gritty to sandy clay-loam,
to a silty-loam, using the textural classification of Hillel (1971).

Petrology and mineralogy .

The main cc~ tifuents of this weathered product, in order of abundance, are: srmectite;
similar abundances of kaclinite and illite (Brynard, 1988}, quartz and minor amounts of
oxides (ilmenite predominantly). The quariz grains, comprising 10% or more of the clay-rich
samples are generally angular to very angular, vary from very fine-grained to coarse-
grained and tend o be comprised »redominantly of a brown smoky guartz.

6.2.2 The Pebbly Clay Facies

Description

This predominantly massive, yellow-brown, clay dominated facies contains coarse to
medium sand, with scattered pebbles and lenses of pebbly-gritty sediments, and is
generally greater than 4 metres in thickness, According to estimates taken from Jamieson
(1988) this unit may be as thick as 10 metres. The pebbly lenses are usually about 2
metres in length and 30 centimetres thick, and contain a large range of pebble sizes
(coarse yrit to pebbles up to 3 centimetres in diameter) which are sub-angular to sub-
rounded in a matiix of sand, silt and clay (similar to the host sediments) (Figure 6.4). The
pebbles are comprised of biue quariz, iron-oxide nodules, sandstone and jasper, in
descending order of abundance. No obvious bedding planes were noted in these lenses,
although the lenses themselves define a crude bedding. It must be emphasized that this
facies is poorly sorted and that even the pebbly lenses are matrix supported, with the
matrix consisting of sand and clay.

The lower contact of this facies, with the underlying white clay facies, is not exposed in the
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trenches. The upper contact. with the overlying gritty clay facies is sharp (Figure 8 .5a)
This contact, which is only exposed in the intermediate-level trench has an approximate
dip of 10" to ‘he east. Abundant ca'cretized root casts or rhizocretions which have been
filled by iron-oxide rich sands. and disseminated calcrete define this contact, suggesting
it represerts a palaeo-surface (Figure 6.5b). The term rbizocretion describes the
pedodiagenetic accumulations of mineral matter around roots, usually accompanied by
cementation, and may ocecur during fife or after death of plant roots (Klappa. 1981). A more
detailed account of these features is given in Section 6.2.5.

Figure 6.4 Coarse pebble lens in the pebbly clay facies.

No palasocurrent direction measurements were possible due fo the generally massive
nature of these sediments. Two approximately 30 centimetre thick calcrete horizons occur
in this facies, the positions of which are shown in Figure 9.3 a lower fairly continuous
nodular calcrete horizon, and an upper discontinuous and disseminated calcrete horizon,
containing rhizocretions and which marks the upper contact.
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Figure 8.5 {a) Southern face of the intermediate-ievel waste disposal tranch, showing
the sharp contact between the lower pebbly clay facies and the gritty clay
facies. {b) Close-up view of the contact shawing the abundant root casts at

this surface.
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Petrofogy and mineralogy

This facies is compriged predominantly of fine-grained to coarse quartz fragments set in
a silt fo clay matrix (usually more than 10% of the sample; values as high as 75% but
typically 30% were reported by Brynard, 1988). The clays consist predominantly of illite and
kaolinite with subordinate smectite. Other clast types include feldspar {mostly altered; reiic
grains often difficult to recognise), rock fragments (usually iron oxide cemented) and minor
amounts of biotite and oxides {magnetite and limenite). The grains in this facies range from
rounded to subangular. The clasts are typically coated with an iron oxide. The high Fe
content (see also section on chemistry) accounts for the yellow-brown colour of this
sediment.

Grain size parameters

Grain size parameters are summarized in Table 6.1 below. A typical histogram for the grain
size distribution of these sediments (excluding pebbly horizons) is skown in Figure 6.6. The
coarse mean grain size, the poor sorting and the near symmietrical skewness values in
Table 6.1 are clearly depicted in Figure 6.6, which is indicative of a sediment containing
a large range of grain sizes. These values are also all in keeping with the observations
described in the section above.

Table 81 Range of sedimentary parameters obtained for five samples of the pebbly

clay facies.
Mean Grain Size (¢} Standard Deviation Skowness
(Sorting)
0.98 -1.29 1.32 - 1,53 -0.06 - 0.09
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Sample No. VP-T2/1

18

—-1.26 -0.26 0.75 178 2,76 3,78 <48

Figure 6.6 Typical grain size distribution for the pebbly clay facies.
6.2.3 The Gritty £\..y Facies

Description

This oiive-green to brown unit is typically 3 to 4 metres, but may be more than 6 metres,
in thickness (Figure 6.3). The upper contact, with a calcrete horizon, may be either sharp
or gradational, and is approximately horizontal. "Bio-activity" was observed throughout this
facies, and includes calcretized rhizomes and termite nests (Figure 6.7). Also, commonly
found throughout this unit are circular burrow-like features, up to two to three centimetres
in diameter, filled by fine to medium red sand. These features are presumaoly youngur
than the host sediments. Fractures, infilled (partly or entirely) with calcrete, and extending
several metres from the upper contact of this unit are common. As in the underlying pebbly
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clay faties the clays consist predominantly of illite anu <aolinite. with subordinate smectite
(Brynard, 1988). Pebbly and gritty, poorly sorted lenses, typicaily 5 metres long and 0.5
metres thick, are found in this clay-rich facies. it should be noted that they are generally
not as cemmon as in the underlying pebbly clay facies. Pebbles in these lenses may be
up fo 5 centimetres in diameter, and consist mostly of blue and white quartz, with scme
altered basement gneiss and what appears to be Dwyka lithologies (altered mafic igneous
and metamorphic rocks, granite gneisses and quartzite). Some iron oxide nodules and
minor fresh feldspar fragments were noted. The main differences between this facies and
the underlying facies are: colour; fewer pebble lenses; distinct recent bioturbation; and a
slightly higher clay content.

Figure 6.7 Gritty clay facies with numerous rhizocretions and evidence of termite
activity (note the red sand infill).
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Petrology and mineralogy

In thin section this sediment consists of angular to subrounded clasts, consisting of a wide
range of particle sizes (fine to coarse sands), and set in a fine-grained clay matrix
consfituting more than 10% of the samyple. The clasts are comprised predominantly of
quariz. Other clast types are: feldspar (highly altered}, rock fragments (generally iron oxide
cemented), and minor amounts of biotite and iron oxides (magnetite and iimenite).

Grain size parameters

Grain size distributions of two samples for this facies (one from the low-level and the other
from the intermediate-level waste disposal trench) are shown as histograms in Figure 8.8.
The two samples exhibit similar grain size distributions. The sample from the intermediate-
level trench, however, contains a greater fine fraction, resulting in a shift to the vight
(negatively skewed). The two histograms are also believed to represent the possible range
of variability of the sediments within the facies. The range of values obtained for this facies
are tabulated in Table 6.2.

Low=level trench Intermediate~level trench
Sample No. VP-~T1/4 Sample No. VP-T2/4

o ~l86  ~0.26 076 1.26 76 8,706 <h.0 -1RE  ~DI§ oy 175 2% a7y <.
Phi Phi

Figure 6.8 Typical grain size distributions for the gritty clay facies.
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Table 6.2 Range of sedimentary parameters obtained for three sampies of the gritty
clay facies.

Mean Grain Size (¢) Standard Deviation Skewness

(Serfing)
0.83-1.82 1.30 - 1.52 . -0.06-0.05

6.2.4 Red Sands

Descripdon

Red sands were found to be locally developed at various positions in the stratigraphy of
the Vaalputs sediments. They occur as horizons or infilings of cavities related to
bioturbation within the two previously described iacies. As previously discussad, horizons
of red sands, such as that overlying the pebbly clay facies, occur on what must have been
a palaeo-landsurface. These iron rich sandy horiz.:». are no more than 30 to 40
centimetres thick (Figure 6.5b). A less extensively developed, but similar horizon, was
noted at the top of the gritty clay facies. Both the lower, and the upper contact, with the
calcrete layer in this .case, are sharp. Red sands were also noted in burrows and tennite
nests (Figure 6.7). These sands, although similar in appearance and character fo the
horizons overlying the two previously described facies appear to be derived from the
surface sediments by "bio-tunnel” infilling. Sedimeniary structures are lacking in this
generally homogeneous facies.

Petrology and mineralogy

This facies, which displays a typical red colour consists predominantly of iron-oxide coated
quartz grains, set in a fine-grained clay matrix (constituting as much as 18%, but typically
around 10 to 12%). The grains consist of 2 coarse sand to grit and may be rounded to sub-
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angular. Few rock fragments and minor altered feldspar grains were also noted.

Grain size parameters

Grain size parameters for these sands are summarized in Table 6.3. Also included in this
table, for comparison, are the values for the two host facies, that is, the pebbly clay facies
and the gritty clay facies. Grain size distributions of two samples (one from the facies
houndary hotizon and one from a burrow featurs) are shown as histograms in Figure 6.9,
The two histograms exhibit similar grain size distributions to their host sediments (c.f.
Figure 8.6 and 6.8) and, thus, have similar sedimentary parameters (Table 6.3), except that
they are slightly better sorted, slightly mure fine-skewed, and have slightly larger mean
grain sizes (0.87¢ to 0.93¢). A surface dune sand in the vicinity of the trenches gave a
similar mean grain size of 0.91d, suggesting that these burre.vs were filled with sediment
from the surface. The slightly larger mean grain sizes, compared to the hest sediments,
appear to be relaten fo a slightly lower clay content.

Table 6.3 Range of sedimentary parameters for the red sands and the two facies in
which they occur.

Mean Grain Size {¢) Standard Deviation  Skewness

{Sorting)
Red sands (n=4) 0.87 -0.93 1.27 -1.44 0.08-0.10
Gritty clay facles (n=3) 0.83-1.92 1.30 - 1.52 -0.08 - 0.05
Pebbly clay facies (n=5)  0.98-1.29 1.32-1,53 -0.06-0.08
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Figure 6.9 Grain size distribufions for the facies boundary horizon and a burrow feature.
8.2.5 Calcrete

According to Netterberg (1969), calcrete by definition comprises any material formed by
the cementation andfor partial or complete replacement of a pre-existing soil by
predominanily CaCO,. Any calcified soil containing greater than 50% total carbonaie
(calcite plus dolomite) is referred to as calcrete rather than a caicified product. Calcrete

results from the cementation and displacive and replacive introduction of calcium |
carbonate into soil profiles, bedrock and sedimenis (Wright and Tucker, 1991). This will
occur in areas where vadose and shallow phreatic groundwaters hecome saturated with
respect to calcium carbonate. a prominent feature in climatic zones where a seasor

moisture deficit oceurs, allowing calcium carbonate to accumulate (Goudie, 1973; 1983).
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Description

Three calcrete horizons were recognised in the waste disposal trenches which expose the
upper 8 metres of the Vaalputs Formation. These calcrete horizons are shown in Figure
8.10. The lowermost horizon (situated approximately in the middie of the pebbly clay
facies) is typically nodular or disseminated and has an undulating morphology, possibly
reflecting a palaeo-land surface. The middie horizon is more disseminated and stringy and
occurs in the upper parts of the pebbly clay facies. The uppermost horizon, which is a well
developed, massive and horizontally bedded calcrete horizon occurs either at the top of
the gritty clay facies (where developed) or at the top of the pebbily clay facies (Figure 6.10).

Figure 5.10 Eastern wall of the low level waste disposal trench showing the
development of calcrete at three depths in the pebbly clay facies.

The lowermost, nodular calcrete is typically coated in iron-oxide. Iron oxide occurs
interlayered with the concentric layers making up the ncdules as well as on the outer
surface. All the calcrete s were found {o contain numerous angular sand grains, with a large
range of slzes, and which are typical characteristics of the host sediments. As most of the
nodules contain relatively little of the original matrix, displacive growth (Wright and Tucker,
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1891) seems the most likely mechanism. The uppermast calcrete horizon is the "cleanest”
{least sand grains and impurities), and best developed. Quartz is the most common
mineral constituting the detrital grains, with sub-ordinate feldspar, magnetite and iimenite.

Abundant rhizocretions were observed at various depths, and are fairly common along the
upper pebbly clay facies contact (described earlier in Section 6.3). This form of calcrete
may well be non-pedogenic in origin, whereby carbonate is precipitated due io
transpiration by plants. These forms of rhizaliths are typically circular in cross section and
cylindrical in shape, with lengths varying from a few centimetres to several tens of
centimetres. Downward bifurcations with decreasing diameters were noted on these

generally vertical features.

Occasionally isolated or scattered gypsum crystals were observed a few tens of
centimetres below the various calcrete horizons. According to Wright and Tucker (1991)
gypsum is more soluble than calcite, allowing it to be moved fo lower depths in the profile
and, therefore, gypsic horizons typically underlie calcic ones.

- 6.3 Chemistry of the Vaalpufs Sedimen{s

The chemisfry of the various constituents, excluding the carbonate rich calcrete horizons,
wera determined for the Vaalpuis Formation. The individual chemical analyses are
presented in Appendix E, and a general description of the chemistry of each of the facies
is given below.

6.3.1 The White-clay Facies

The chemical results for this facies are highly variable due to the inhomogeneous nature
of the underlying basement from which this facies is derived. Samples with low silica
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contents may be related to noritic basement, whereas those with higher values are related
to ar saitic gneisses. Titanium is generaily fairly low in this facies with values ranging from
approximately 0.2 to 0.6%. Al,O; is also highly variable and may exceed 20%, presumably
due to the varying stages of alteration and high clay fraction. This facies is generally
depleted in iron and magresium with respect to the overlying sediments, with typicai
\}alues around 2% and 1.02% respectively. MgO and CaC concentrations are relatively low
{<1% and <3% respectively). The sodium and potassium concentrations {<1.5% and 0 o
6% respectively) are typical for the weathered state of this facies, that is, the sodium has
passed into solution during weathering and the potassium concentrations are probably due

to the presence of illite.
6.3.2 The Pebbly Clay and Gritty Ciay Facies

These two facies are dealt with together as they were found to have very similar chemical
signatures. These facies typically have Si0, values around 55 to 60%, with ALLO; as high
as 20%. Iron concentrations are fairly high {approximately 6%), primarily due to the
' abundance of iron oxide which coats grains and occurs as detrital iimenite and magnetite
grains. Manganese is generally low (0.08%) but higher than the weathered country rock
(0.02-0.06%). MgQ concentrations (2-3%) may be atiributed to local concentrations in
calcretized sands and clay, or to the presence of smectite clay, Overall, CaO
concentrations are low (<1%). The sodium and potassium (approximately 1.5% and 3%
respectively) may be atiributed partly to feldspar, and illite which forms a significant
component of these sediments,

8.3.3 Red Sands

This facies appears very similar (and is genetically related) to the surface sediments and,
therefore, have a similar chemistry. Thess sediments are slightly higher in silicu

119



{approximately 65%) and slightly lower in AlLLQ, (approximately 12%), than their host
sediments, due o the dominance of quariz sand. The red sands have similar Fe,0, and
MnO concentrations (approximately 5% and 0.08% respectively) to the host sediments for
similar reasons: iron oxide coated grains and detrital iimenite and magnetite grains are
common. Manganese may occur with iron oxides and hydroxides. MgQO and CaO
concentrations are similar to the host sediments and may also be atiributed to localized
calcite development or to the presence of smectite clay (MgQO). Sodium and potassium
have slightly higher and lower concentrations respectively, compared to the host
sediments. This may be due {o the less altered nature of the red sands which have a [ittle
more fresh feldspar and less clay,

6.4 Chronology

Limited chronological information is available for the lithclogies overlying the basement
gneisses of the Namagualand Metamorphic Complex and, therefore, six calcrete samples
were collected from various depths and localities in the Vaalputs Formation for 'C dating.
Bulk samples were analyzed as the identification and separation of specific phases was
not possible. Samples were processed at the Schonland Research Centre, University of
the Witwatersrand. This method of dating was not expected io give precise ages as
calcrete typically forms over a period of time by depositional episodes of carbonate, which
when sampled, provides a mean age (e.g. Vogel, 1982). The sample localities, and the “C
age data for the six samples are given in Table 6.4. As the data typically gives average
ages, the calcrete in all cases must have been in existence since at least that date.
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Table 6.4 Sample [ocalities, and *C age data for the calcrete sampleg

Sample No. % Modern Carbon  Age (yrs) Sample Locallty and Calcrete Type

VP-68 45+08 25635+ 13463 Intermediate level waste disposai trench:
1.5 m depth, uppermost Vaalputs Fm.
Gritty clay facies

massive horizontally bedded calcrete

VP67 0.4+08 > 50 000 intermediate level waste disposal tranch:
4 m dapth, lowar to mid-Vaalputs Fm.
Pehbly clay facies
disseminated, stringy calcrete

VP-66 0.2+08 > 50 000 Intermediate: leve] waste disposal trench:
7 m depth, lower Vaalputs Fm.
Pebbly clay facies
disseminated, nodular calcrate

VP50 12408 366582 4222 Low level waste disposal trench:
7 m depth, mid-Vaalputs Fm,
Gritty clay facies
ur Julating, massive calcrete

VP-T1/8 10,0+ 04 19 040 £ 324 l.ow ievel waste disposal french:
7 m depth, mid-Vaalputs Fm.
Gritty clay facies
undulating, massive calcrefe

VP-C2 80056 20 880 + 501 Surface, northern Vaalputs boundary
1 m depth, underlylng Dorbank and
aeollan sands

massive/ nodular calcrete

The ages of the calcrete are compatible with the depths or positions of the various
calcretes, in that calcrete obtained from the lowermost calcrete horizon have the lowest
percentage of modern carbon, and give ages in excess of 50 000 years. The uppermost
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sample from the intermediate level waste disposal trench (Sample VP-68) and the surface
sample (Sample VP-C2) have similar ages around 25 000 and 20 000 years respectively,
suggesting that these calcretes are the most recently deposited. Sample VP-69 gives an
age of approximately 36 000 years, which conforms well with the position of the sample
site, that is, stratigraphically it lies between Samples VP->7 and VP-66 (> 50 000 years),
and the uppermost caicrete layer (Sample VP-68) of th  Vaalputs Formation (25 000
years).

Sample VP-T1/8 is the only sample with an age that does not correlate well with the other
ages. This sample was taken from the same calcrete horizon as Sample VP-69. Fractures
observed in the Vaalputs sediments may be responsible for this, as percolating water has
been noted to line the fractures with calcrete, which could presumably infiltrate further
down and affect deeper calcrete horizons. Generally the high clay content of these
sediments is believed fo have provided a reasonable seal from this kind of mixing,
however, the resulis of this study show that the deposits are undoubtedly older than 50
000 years as predicted by previous workers (eg. Levin et al.,, 1986} and that ground water
containing more recent carbon has infilirated these sediments. The uppermost or surface
calcrete underlying the ferruginized and aeolian deposits appears to be younger, but, the
younger ages may also be a consequencea of the later infroduction of modern carbon.

Calcretes of the study area, with which de Wit {1993) has associated calcretized Miocene
terraces, such as at Paarde Kolk and Nels Kop, which post-date the incision of the
northward draining rivers of the Bushmanland during the Miocene, and which pre-date the
younger gravels at Brandvlei and Van Wyksvisei, have been assigned an age between the
late-Miocene and the late-Pliocene. Other workers (e.g. Levin et al., 1986) have assigned
similar ages to these deposits of 2 - 20 Ma. According to de Wit (1993} it is unlikely that
the calcrete, which extensively covers the Bushmanland plateau, developed prior to the
early Pliocene. This de Wit largely bases on the presence of early Pliocene horse remains,
below thin calcrete 65 kilometres east of Springbok (Haugtiton, 1932). Partridge and Maud
(1987) have also equated the area covered by the Bushmanland calcrate to the post-
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African | surface {early mid-Miocene to iate-Pliocenae). The Vaalputs sadiments, therefare,
may well be of an early to mid-Cenozoic (Oligoﬁene - Pliocene) age as suggested by
previous workers. This age is compatibie with strucfural and sedimentological observations
of this study and is in agreement with the above “C age results. As the Vaalputs
sediments are subject to bioturbation they cannot be dated using thermoluminescence
and, furthermore, they contain no original o-ganic material for radiocarbon dating. As a
consequence, littie new information regarding the age of these sediments could be
obtained.

6.5 Digcussion

The somewhat unusual characteristics of the Vaalputs sediments, believed to be the key
in diagnosing their origin, are discussed, after which a depositional environment for the
various facies is proposed.

Sediment characteristics

The overall poor sorting, large mean grain. size and overall variability of parameters
indicate modification and in sity weathering of the original sediments. The high clay
content and remnant angular quartz grains of the white clay facies is indicative of in situ
weathering, rather than an alluvial product as suggested by previous workers. Brynard
(1988) noticed that Si0, generally decreases upwards in a smooth trend (partially or
wholly) in the transition from fresh through weathered basement into the overlying white
clay, supporting the view that the white clay represents in sifu weathering of the basement
rock. Remnant feldspar grains and a high clay content in the overlying pebbly clay and
gritty clay facies are also indicative of in sifu weathering.

The clay content of the Vaalputs sediments may well he a reflection of a number of
conditions that existed in this region, during both the weathering of the parent or basement
rocks and later in the accumulation and modification of the sediments. Watson (1922)
noted that in many arid environments, silt and clay-sized materials are formed during
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weathering. However, according to Pye (1987) the active acoumulation of aeclian dust
occurs mainly where rainfall is sufficient to support dust-trapping vegetation. The
aluminous precursors of the clay minerals of this study include K-feldspar, plagioclase,
biotite and muscovite, all of which are abundant in the source rocks. Although various clays
are found throughout the Vaalputs sediments, smectite is the dominant clay in the white
clay facies, whereas illite is more common in the overlying sediments.

According to Watson {1882) gibbsite and kaclinite are the products of more advanced
feldspar weathering and are rare except where ancient weathering profiles are developed.
Kaolinite is more abundant in wetter (Sieffermann and Millot, 1969; Singer, 19686), oider
{Briner and Jackson, 1570), or low pH environmenis (Swindale, 1966). According to Singer
(1989} illite is generally stable under arid conditions and may occur as an authigenic
mineral formed from smectite by the addition of potassium derived from atmospheric
inputs. Brynard (1888) noted that the occurrence of clay minerals in the Vaalputs
sediments are generally in accordance with the results of a clay mineral survey of soils in
arid to semi-arid regions in South Africa (van der Merwe and Heystek, 1955). They found
that illite, smectite, and mixed-layer clays are the main clay minerals, and kaolinite was
found to be fairly scarce.

The kaalinite in the Vaalputs sedimenis is, theiefors, presumably an indication of humid
conditions such as those proposed for the palaco-weathered basement rocks. {llite and
smectite, typica’ clay minerals of poorly leached arid svils (Krauskopf, 1987) may be
indicative of more arid or semi-arid environments. Brynard (1988) atiributed the abundance
of smectite in the Vaalputs sediments to the alteration of feldspars in the basement rocks
and sediments in an alkaline environment, Brynard (1888) found the pH of the white clay
to be 7.3 - 7.8 when compared to the overlyine: 2re alkaline sediments of 8.5 pH and
also suggested that the kaolinite clay has b partially converted to the smectitic clay of
the Vaalputs sediments in a closed basin. Clay minerals are presumably stiil forming as
ion-exchange reactions are important after the initial weathering. Additional effects are
thosa of micro-organisms, and the role of organic material in the weathering process and
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redistribution of elements (by the Jxidation of organic carbon, iron, manganese and
sulphur): evidence of root, and extensive termnite activity, is exhibited in the waste disposal
trenches.

The various clays are associated with different climates throughout the depositional history
of the Vualputs Formation, with kaolinite forming predominantly during the earlier wetter
periods and, illite and smectite forming later during drier periods. The clays have
subsequently undergone various forms of alteration and have been redistributed by
bioturbation. Vine (1987) observed thorough mixing of clay and iron-oxide 1o great depths
in the aeolian "acid sands" (ferrallitic soils over loose sandy sediment) of the Sahara in
Nigeria. Grove (1951) reported thicknesses for these sedirients of 12 to 18 metres, which
are comparable to thicknesses of the clay rich Vaalputs sediments.

The Dwyka rocks in the area may be a major contributor of Ca0 and MgQ to the sediments
and calcrete layers observed in the Vaalputé sediments as the Dwyka is believed to be the
only significant source of MgO in the area. Major differences in chemistry suggest that the
Dasdap sediments have contributed slightly, if at all, to the Vaalputs Formation. A
comparative chemical analysis of all the sediment suites is dealt with in more detail in
Chapter 7,

Interpretation

Results of this study do not support the views of previous worker, e.g. Levin et =i, {1986)
who propose that the sediments of the Vaalputs Formation constitute the northern
extension of an alluvial fan originating south-west of Vaalputs, and that the white clay is
derived largely from the reworking of the Dasdap Formation. Using the data of this study
a reinterpretation of the depositional envirenments for each of the facies of the Vaalputs
Formation is given.

i} White clay facles

The clay percentage or content of the lower white clay (kaolinite and smectite) facies
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contains significantly moie clay {(as much as twice that of the overlying sediments -
Brynard, 1988), suggesting a somewhat different origin for this clay rich horizon.
Considering the nature of these sediments it is proposed that they are predominantly the
result of in sifu weathering {and minor reworking/mixing) of what was already weathered
basement. The chemical and morphological features of the Dasdat Formation (as also
noted by Levin, 1288) and the white clay unit are too different to reconcile and no other
hypothesis can be offered to explain the petrogenesis of this unit. The high angularity of
the quartz grains is indicative of very little, if any, transport for this material.

iy Pebbly clay and gritty clay facies B

The pebbly lenses scattered throughout these deposits are indicative of high energy fluvial
events, such as ephemeral flood deposits. The clasts of the pebbly ienses have the
composition for a local source area, that is, the clasts consist predominantly of high grade
metamorphic biue quartz. The blue quartz pebbles, due to their hardness, are likely to
survive transportation {and weathering) over greater distances than other lithologies, and
hence their abundance. The roundness and sphericity of the pebbles indicates that these
sediments have been transported over a reasonable distance, presumably from as far as
the western marginal scarp.

Overall the sediments are fine grained, containing sands, silt and clay. The high ciay
content and relic feldspar grains observed in thin section are suggestive of intense in situ
weathering, which would further contribute to the extremely poorly sorted nature of these
sediments. The yellow-brown colour o7 the lower pebbly clay facies is attributed to the iron
content and phases present. According to Loepert (1988) the pedogenic formation of iron
oxides is extremely slow in well-drained calcareous soils (these facies contains abundant
calcrete), as the rates of dissolution of Fe(ll)-containing primary or secondary soil minerals
in equilibrium with CaCO, are slow, although some calcareous soils are known to contain
appreciable iron oxide, Also, the iron oxide contents are reflected in the soll colour, with
soils from arid and semi-arid climatic regions characterized by low chromas. Hematite, due
fo its pigmenting properties dominates the colour of the system in which it is present
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(Loepert, 1988). According to Loepert (1988), itis not likely that large amounts of iron oxide
would be formed by the pedogenic weatherting of secondary minerals in a calcareous
environment (calcite controls the pH within the range of approximately 7.5 to 8.5), and
therefore, alfributes the occurrence of both iron oxide and CaCQ, within a soil to the
translocation of the iron oxide or the CaCO,, or both, from outside sources.

The greyer (olive) colour of the gritty clay facies is aftributed to slightly different post
depositional corditions, and degrees of weathering and soil-forming process, fo that of the
underlying pebbly clay facies. According to Schwertmann (1988) the grey colour of sails
may indicate the removal of iron oxides by microbial reduction. Also, as for the underlying
facies the pedogenic formation of iron oxides is extremely slow in well-drained calcareous
soils (Loepert, 1988). The reasons for the distinct colour changes, with respect to the
underlying facies appears to be primarily due to differences in chemicai compositions due
to variations in iron content (average relative abundance of Fe,0,: 4.8% versus 5.6% for
the pebbly clay facies) and calcrete (average relative abundance of CaO: 0.4% versus
0.5%; and Mg0O: 2.2% versus 2.6%).

The source area was presumably altered to some extent and from the chemistry, some
weathered Dwyka appears to have contributed to the Vaalputs sediments from the area
to the east. A driving mechanism for the depaosition would have been the high scarps, on
both the western and fo a lesser extent the eastern sides of these deposits, created by
uplift of the escarpment to the west, or basinal development by some other mechanism
{see Chapter 8 on structure) on the iniand side of the marginal scarp. The upper sharp
contact of the lower pebbly clay facies is suggestive of a hiatus during which some erosion
may have taken place, and during which vegetation appears to have been more dominant
in what was perhaps a slightly wetter period. This statement is based on the occurrence
of hurnerous rhizocretions on the upper contact of the pebbly clay facies. The upper contact
of the gritty clay facies, with the calcrete horizon, is again suggestive of a hiatus during
whioh period further and perhaps the final stage of aridification took place.
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Sedimentary structures which would usually-assist in the interpretation of the environment
of deposition are nonexistent. These may have partly been destroyed by soil forming and
mixing (bioturbation) procasses. Taylor and Goldring (1993) devised a Bioturbation index
(Bl) where sach grade is described in tarms of sharpness of the primary sedimentary
fabric, burrow abundance and amount of burrow overlap. This they related to the
percentage bioturbation values of Reineck (1963). The Vaalputs sediments may be
categorized as grades 4, 5 and 6 which correspond to percent bioturbated values of 61-90,
81-99, and 100 percerit respectively (pg 142, Taylor and Goldring, 1993). Intense to
complete levels of bioturbation (grades 5 and 6) were commonly noted in the Vaalputs
sedimets,

In many arid to semi-arid regions of the world, channels flow onto low lying plains, with few
tributary contributions and with diminishing downvalley flows (Tooth, 1898). Channeis
remain well defined for much of their length but capacities eventually decline to a point at
which an increasing proportion of the larger floods reaching the distal parts aye diverted
overbank. Tooth {1998) reported such occurrences in Australia where channelised flow
and bedload transport of sands and gravels largely cease, and where large floods contiriue
across typical broad, low-gradient surfaces. Tooth (1998) also reported light vegetation
(trees, shrubs and grasses) which are typically surrounded by aeolian sandplains, older
alluvial surfaces or low relief hills. Reasons, which are not mutually exclusive, for a
diminishing flow include: an over-supply of sediment relative to the transport capacity;
declining gradients, aealian, structural or hydrologic abstructions to flow, resulting in the
complete disappearance of channelized flow. This common phenomenon, referred to as
"fiood cuts” in Australia has been described in various other geomorphological works (e.g.
Rodier, 1885; Cri, 1989).

A "terminal floodout" as defined by Tooth (1998) is "a site where channelized flow ceases
and spills across adjacent alluvial surfaces and ultimately dissipates”. It is proposed that
the pebbly and gritty clay facies of this study are the result of a similar semi-arid
depositional environment in which ephemeral streams, which generally remained dry for
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much of the year, dominated the surface. These occurrences can be largely related to
Cenozoic climate changes. Incraasing desiccation resulted in the retraction of formerly
better developed drainage systems, which presumably existed during the time of formation
of the lower white clay facies. Floodcut developnient in the studied area may well have
been initiated by a structural barrier, the details of which are discussed in Chapter 8.
Unchanneled sheetflows of limited depth and velocity, as described by Tooth (1998) were
probably the primar form of sediment transport over what were relatively low slopes. it is
likely that several floodouts, particular in the distal reaches (floodplains), sonverged giving
rise to deposition of yellowish red silts and sands (also described by Tooth, 1998 for
Australian flood out deposits). Coarser pebbly deposits of well rounded quartz are
interpreted as channe! bedload deposits. These may be found in the distal portions of
floodouis as a result of greater-than-normal floading or due to channet switching in the
more proximal parts. Poorly sorted, gritty or gravelly sands are alsc typical for distal
deposits. Such deposits may be further modified by bioturbation during long periods of no
flow.

"Aliuvial fans" are commonly applied to a broad spectrum of fiuviai geomorphic features
that deposit sediment in a fan-shaped form (relatively low-gradient types, braided,
distributary and meandering fluvial types) {e.g.Schumm, 1977; Mial, 1978; Adamson et al.,
1987; Gohain and Parkash, 1990; Stanistreet and McCarthy, 1993]. However, floadotits,
which in the distal reaches are difficult to ciassify, possessing features common to both
floodplains and alluvial plains, differ in the proximal and medial reaches of the drainage
systems. In the proximal reaches they are characterised by floodplain formation, by virtue
of axial lengths, hydrology, sedimentary processes and the predominantly fine-grained
deposits (Tooth, 1998}. In particular the geomorphic sefting in low-gradient ptains, the often
large aerial extent and the relatively fine-grained deposits typical of floodouts differentiates
them from alluvial fans. Gradienis during the deposition of the Vaalputs Formation were
probably around 1 in 1000 (based on depth of basin and half-basin-width) which
corresponds well with the range of gradients of 1 in 1600 to 1 ih 700 reported for floodouts
in Australia {Tooth, 1988). Other characteristics differing from those of alluvial fans include:
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the lack of extensive distributary channels in terminal fan systems and the often lack of a
fan-shaped form.

Fluvial-aeolian interactions in the distal reaches of arid environment drainage systems
have been refeired to by a number of authors (e.g. Langford, 1989; Nanson et al., 1995),
but these reactions are usually very subtle (Tooth, 1998) anti are characterized by thin
layers of alluvial silts and clays deposited over aeolian sands following fiood events. Due
to the slow rates of aggradation (and bioturbation during periods of no flow), sedimentary
structures are rarely preserved, Changes in the verticai section of the Vaalputs sediments,
where subtle changes in grain sizes and colour were noted, may be due to fluvial-aeolian
interactions. The bioturbated nature of the Vaalputs sediments inakes positive identification
of such processes virtually impossible.

iif) Red Sands

As described in the preceding secfions, the sand size paramefers of these sediments are
very similar fo their host sediments (and to the overlying Gordonia Formation: described
later in Section 7.7), and are typically found in sections of animal burrows or nests. This
suggests that they may well have been derived from the aeclian surface deposits. Where
they occur as poorly defined horizontal layers within the pebbly clay or gritty clay facies,
or infill rhizocretions, they may represent aeolian interactions (as described in the previous
section) in what was probabily a semi-arid fluvial dominated environment.

iv) Calerete horizons

A number of soil forming factors, such as climate, parent material, topography, biological
activity, and fime, were probably involved in the formation of the calcrete. The mechanisms
of formation of calcrete which have heen proposed by various authors are diverse. Calcrete
accumulation according to Watson (1992) is a result of ineffective leaching because of low
rairfall and sometimes high evaporation rates. Calcretes have been observed in some
polar situations, but are most characteristic of warm areas with limited precipitation

(Summerfield, 1983a).
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Two possibilities may have given rise to the calcretes observed in the Vaalputs sediments.,
The downward concentration (per descensum) of carbonate, is derived from dust, rainfall
and vegstation litter. Aeolian dust is considered to be the major source of ions for calcrete
formation (Goudie, 1973; Reeves, 1976). The host sail creates iliuvial calcrete in the lower
sall harizons as a petrocalcic soil horizon (Goudie, 1983). The per ascensum hypothesis
requires the downward moving soil waters to peneirate to a certain depth and refum
towards the suiface or near surface zone of the soil by capillary action, bringing with them
dissolved carbonate which is deposited as a result of effects such as precipitation.

As the pedogenic process of calcrete formation generally assumes the presence of pre-
existing carbonate in the soil, the assumption that the Vaalputs Formation represents the
distal portion of the Dasdap alluvial fan, as proposed by others (e.g. Levin &t al., 1988)
cannot account for the extensive development of calcrete in the Vaalputs sediments
(Brynard, 1988). As calcium is a highly mobile element, it would have been largely [ost from
the parent material during transportation to its site of deposition, and the remaining calcium
minérals, Brynard (1988) considers insufficient to account for the high calcium content in
the calcrete and other calcareous layers observed in the present profile of the Vaalputs
Formation, Brynard (1988), however, does suggest that non-pedogenic calcification due
to ascending ground water could v-count for these calcretes, but would have required a
much higher ground water table level than at the present time.

Although Netterberg (1969) recognised that many calcretes are of a complex nature,
involving both mechanisms of formation, he believes that most South African, and other
calcretes are of a pedogenic origin. The calcretes at Vaalputs, and in particular, the upper
calcrete horlzon, are believed to be predominantly of the pedoge.iic type. The distance
from the present water table to the upper calcrete layer is too great to account for their
formation by non-pedogenic processes. lf the water table was higher than the present level
during the deposition of the Vaalputs sediments, the calcrete, particularly the lower
horizons may have been the result of non-pedogenic processes. The multiple layers of
calcrete, however, are more easily interpreted using pedogenic calcrete formation at
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different stages of the deposition of the Vaaiputs sediments.

An additional processes has been noted and which is believed to have given rise to
carbonate deposits in the Vaalputs sediments, particularly along the boundary of the
pebbly clay and gritty clay fu @s: non-pedogenic processes giving rise to the rhizocretions
and mors nodular forms. Although relatively little detailed work has been carried out on the
mechanisms of carbonate precipitation (Wright and Tucker, 1991}, some authors (eg.
Salomons and Mook, 1986) stress the evapotranspiration and degassing as the main
mechanisms of precipitation. According to Cerling (1984) evapotranspiration is the major
process in semi-arid calcretes and is probably a major cause of rhizocretion formation. The
relatively low partial pressure of CO, in arid and semi-arid soils is & contributory factor
leading to carbonate precipitation (Marion et al, 1985). Several mechanisms for
rhizocretions have been reported such as those of Johnson (1967) who stated that "root
sheaths" may form in one of five ways, depending on: "{i) the presence of organic acids
exciuded by fiving plant roots; {(if} symbiotic relations between roots and certain soil
bacteria; (i) symbiotic relations between roots and certain soil fungi; (iv) the presence of
some blue-green algae which have calcium carbonate precipitating bacteria housed in their
slime sheaths; and (v) calcium exclusion properties of some plants which promote the
precipitation of calcium carbonate outside the root". Calvet et al. (1975) suggested that
rhizogretions formed by: progressive root penetration, resulting in the closer packing of
sand grains around the roots; the formation of a calcareous envelope as a result of activity
of micro-arganisms, the effect of organic acids and evapotranspiration; and centripetal
filling of chalky material following death and decay of the rool. Klappa (1981) noted the
coincidence of sites of calcification, which correspond to naturally eceurring calcium-rich
layers within plant tissue, suggesting that a substrate or femplate control governs the form
of preservation in petrified samples. On the other hand, the formation of tubules and
rhizocretions involves dissolution of mineral components within the rhizosphere and
reprecipitation of some or all the dissolved minerals around the root and/or introduction of
calcium carbonate-rich solutions from elsewhere. These processes may take place on a
living root (Kindle, 1925) or during decay (Klappa, 1891). Thus, although a number of
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mechanism of root-related calcium carbonate precipitation have been proposed, roots are
undoubtedly fundamental contributors to pedogenic processes and resulting products of
caicretization,

In general the calcrete hoiizons in the Vaalputs sediments are suggestive of drier
interludes and most probably define previous land surfaces. That Is, some, if not all of
these calcrete horizons probably represent surface stabilization stages during less
tectonit_:ally active periods or during periods of lower water and sediment supply.
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CHAPTER 7: THE GORDCNIA FORMATION AND PRESENT DAY MICRO-
ENVIRONMENTS

Vaalputs is iocated in an extensive dune field dominated by low ampilitude longitudinal
dunes. The dunes are orientated in a narth-northeasterly direction. and form part of the
uppermnst sediments in the region referred to as the Gordonia Farmation. Figure 7.1
shows the extent of these deposits, which are easily recognisable by their dark brown
(false) colgur and typical dune field pattern in the TM-5 LANDSAT image. These sediments
overly the remnants of the Vaalputs and Dasdap Formations, and transgress the small
scarp on the weastern side of the Santab Valley in the west (McCarthy ef al., 1985). Small
deflation pans may be found in the interdunal areas. Other deflated areas may be seen on
the dune slopes, or may be developed on older horizontal and more stable surfaces such
as basement, older sediments, or calcrete surfaces, The various geomorphological settings
on the present land surface form a complex mosaic and are referred to as micro-
environments.

Figure 7.1  TM-5 LANDSAT image of the Vaalputs site and surrounding area showing
the north-northeasterly oriented dunes in the vicinity of Vaalputs. The image
is approximately 40 kilometres across (also note 2 km scale bar).
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Both the Gordonia Formation and the ioresent day surface environments, and the
processes which gave rise to these deposits may be associated with the underlying
Vaalputs Formation. A detailed study of these younger sediments and the current
processes could provide information to past environments. In addition a detailed analysis
of these sediments would provide a significant contribution to the understanding of the
geomorphic, sedimentologic and tectonic history of the region. This chapter deals with the
processes and the environments responsible for these deposits,

7.1 Identification of the Micro-environments

Four separate micro-environments chargcterising the present-day land surface were
recognised and investigated. Each of the environments is believad to be the result of a
dominant processes or combination of processes, The four micro-senvironments recognised
are:

i} aeolian deposiis;

ii) deflation pans;

i} lag deposits; and
iv) bioturbated deposits.

It should be noted that, although a combination of the above micro-environments may
occur together, for example, an aeolian dune may be highly bioturbated, each of the
environments will be dealt with separately, The present land surface, in general, is
believed to be fairly stable but in 2 state of slow degradatior:.

7.2 Aeaclian Deposits

Occurrence of dune forms

Dune forms dominate most parts of the study area where covered by surficial deposits
(Figure 7.1), in particular the eastern side of Vaalputs and exiending south to the area
around Platbakkies and the present Dasdap drainage. Mobile, or recently mobile, asolian
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deposits are best developed on the eastem half of the Vaalputs property, on older, stable
dune forms. Isolated ocrurrences were observed further to the west, but generally not to
the west of the main Springbok - Plaibakkies road. Other feint, linear features, identified
over paris of the stuty areg, using Landsat imagery, may reflect older reworking of the
cover sands by aeolian and fluviatile agencies during arid episeres. The fluviatile
interludes, however, riave not succeeded in overprinting the dominan. Aeoitan textural
fingerprint visible on the TM-5 Landsat image (Figure 7.1). An area situated approximately
two kilometres to the east-southeast of the disposal site was investigated as the dune
forms in this area (Figure 7.2.) appeared to be reasonably well preserved. These low
amplitude dunes have an approximate north-northeasterly orientation (022°),

Figure 7.2 Photo taken from a dune crest and slightly obliguely to the dune orientation
{022°). This photoegraph also shows a deflation pan developed in the inter-
dunal trough area.

Appearance and vegetation
The dune surface sands are generally fairly coarse, red sands. Although the dunes are
elongated in & north-northeasterly directior.  transverse profile (see next section) clearly
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indicates a westerly wind component. Vegetation on the windward (west) side of the dunes
consists of smali (10-50 cm high) hardy scrub, with no grasses. Bioturbation is prominent
on this side. Figure 7.3 shows the typical appearance of the windward side of a dune,
looking towards the dune crest. The windward side of the dunes appears to be fairly stable
+* the present time, or in a state of slight degradation. The vegetation on the dune crests
consists of sparse bushes, some gra s and several short flowering plants. The dune
cresfs form a transition zone for vegetanon and shows obvious changes from the windward
to the leeward sides of the dunes, which are covered by several types of grasses, and
often patches of flowering plants {(season dependant} {(Figure 7.4). Sume bioturbation was
found on the leeward side of the dunes, but it is less common than on the windward side.
The surface sands on the dunes have been stabilized o some extent Ly the various iypes
of vegetation; however, it has been shown in other studies, e.g. (Ash and Wasson, 1983)
that sand may be moved on the dune crests, even with up 1o 35% of the ground surface
colonised by plants.

Figure 7.3 Windward (west) side of a dune showing the vegetation cover and
bioturbation.
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Figure 7.4 The leeward (gastern} side of the Ju.me covered by several grass types and
small flowering planis.

Dune profiles and sand thicknesses

An orthogonal profile (trending approximately 110°). to the dune crest (trend: 022 ), was
obtained for one of the dunes investigated (Figure 7.5). The profile shows a typical cross
section of a dune, which is representative of the dunes in this region: amplitude 5 4 metres
and wavelength approximately 550 metres. Aithough these dunes are longitudinal (s~2 TM-
5 Landsat image - Figure 7.1), they are asymmetrical, with steeper, leeward slopes {owards
the east.

No sedimentary structures were observed in cut-sections on the windward or leewaid sides
of the dunes. Thomas (1988} reported no internal bedding structures and sadimentary
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characteristics (and high silt and clay contents), in certain sct#em African dunes, which
he attributes to post depositional pedogenic weathering of the - ands. In all cui-sections a
hard calcrete horizon was encountered and found to occur at various depth along the
profile. Thicknesses of unconsolidated sand, overlying the calcrete could, therefore, be
obtained using conventional trenching and auguring methods. The location of the calcrete
layer beneath the sand is shown in Figure 7.5). It should be noted that the subsurface
calcrete horizon approximately mirrars the present surface (Figure 7.5). This dune surface-
calcrete relationship was noted at another two sites where the dune forms are well
preserved (alse noted by McCarthy et al,, 1985). This subsurface caicrete may take on
various forms, including nodular, pianar laminar, and disseminated calcrete. Calcareous
sands commonly grade downwards into a purer, harder, and often impenetrable nodular
or horizontally laminated calcrete. The calcrete horizons appear to be largely continuous
over the entire dune field. Areas of predominantly ferruginized and slightly calcretized
sands were noted wheare well developed calcrete was absent.
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Figure 7.5 West-east profile of a dune, showing the present surface and the subsurface
calcrete horizon.
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Grain size analysis

Surface samples were collected along the same profile shown on Figure 7.5, at
approximately 60 metre spacings. The profile, shown in Figures 7.6a, 7.6b and 7.6¢, has
superimposed on it, mean grain size variations, sorting and skewness, respectively.

~i 1t == Profils =E=Msan grain siza <1 1.8

3 1 i 1 ] 2
_2 1 1 [ [ ] 1 .l -~
[} 60 100 150 200 250 800 960 400 450 500 660
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Figure 7.6 West-east dune profile, superimposed on (a) mean grain size (larger ¢
values represent smaller particle sizes), (b) sorting (larger & values represent
poorer sorting), and {c) skewness.

Mean grain sizes: (Figure 7.6a) shows that the dune crest has a finer mean grain size,
which increases downslope in the leeward and windward directions. All the mean grain size
values obtained for this dune range between 1$ (0.5 mm) and 1.64¢ (0.33 mm) which are
very similar fo those values obtained by McCarthy et al. (19885), for the "red dunes". The
average paiticle size obtained by them was 1.3¢ (0.41 mm}, which they noted is somewhat
larger than those recorded for aeolian sands in the Kalahari and Namib Desert, which
range from 2.44¢ (0.18 mm) to 1.99¢ (0.25 mm) (Lancaster, 1981).

Standard deviation (sorting): (Figure 7.6b) samples of the entire profile are poorly sorted
{1.00-2.00¢). Sorting, however, improves gradually (larger numbers indicate poorer sorting)

towards the dune crest and a little more on the leeward slope where the thicker deposits
are typically found.

Skewness: Figure 7.6¢ shows the skewness variations for the profile samples, which vary

from stiongly fine (positive}-skewed to fine-skewed from the west to the east along the
profile.
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Petrology and mineralogy

The red sands of the Gordonia Formation are mainly comprised of quartz grains, coated
by iron-oxide; the colour variation observed in these sediments is believed to be the result
of varying iron-contents. A host of heavy minerals similar to those in the basemeni rocks
occur in thess sands, Brynard (1988) documented the presence of several clays, including
illite, smectite and kaoclinite, The sands are generally poorly sorted and contain 4.5% silt
to clay sized particles {almost opaque in crossed-polarised light). The grains are
subrounded to angular, with low to high sphericity, and are predominantly monocrystalline
quartz grains, with a smaller percentage of rock fragments (usually iron oxide cemented
quartz grains), highly altered relic feldspar, and oxides {(magnetite and ilmenite). The
altered feldspar grains are usually red in colour, probably due to iron staining during
alteration. A modal analysis for this depdsit gave the following fractions: quartz. 64%,
highly altered feldspar: 4%; and rock fragments {predominantly iron oxide cemented
quartz): 32%.

Ragional east-west traverse resuits
Mean grain size, sorting and skewness were determined for surface samples, taken at one |
kilometre spacings, along three separate traverses shown in Figure 7.7. This was carried
to determine regional variations in grain size across the dune field. Changes in the
sedimentary parameters of the surface sediments, with distancs from the basement in the
west (a possible source for these sediments) could potentially contribute to the
understanding of the source for the surface sediments of this region, as prevailing winds
are generally from the west (e.g. Hambleton-Jones, 1986). The sites chosen (Traverses
g, b, and ¢: Figure 7.7) were selected in an attempt to sample the entire field.

in addition, a short traverse (Traverse d: Figure 7.7) extending across the northern part
of the Santab lineament was sampled. This was carried out to investigate the obvious
colour changes of the sediments on either side of the lineament (Figure 7.8).

The results of & particle size aralysis along these traverses (inean grain sizes, sorting, and
skewness) are shown in Figures 7.9, 7.10, 7.11 and 7.12, for the northern, mid-, southern,
and Santab lineament traverses. Also shown on these figures is an indication of the
environment at the sample site. These include areas of higher lying ground and referred
to as palaeo-duncs, areas of lower lying ground or interdunal areas which may be in a



state of degradation. and areas which appear to be comprised predominantly of recently
mobile sands. A brief description of these resuits is given below.

Figure 7.7 TM-5 LANDSAT image of the Vaalputs site and surrounding area showing
the positions of the four traverses used for the northern (a). mid- (b},
southern {c)., and Santab lineament (d) traverses. The image Is
approximately 120 kilometres across.

Figure 7.8  Aerial photograph of the Santab lineament, looking southwest towards
Santab-se-Vloer.
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From the above figures it is evident that the range of mean grain sizes of samples
collected from areas identified as aeolian dunes ranged from 0.8 to 1.6 ¢. Interdunal
areas are much more variable in sediment type than aeolian dunes and generally
contain & higher percentage of clay as well as a coarser fraction, and hence have a
greater range of mean grain sizes: from 0.8 to 2 ¢. The range of grain size values is
similar to the r==.ge of values obtained for the individual micre-environment studies (e.g.
aeolian deposits gave a range of 1 {0 1.8¢).
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Mean grain sizes for samples collected on a traverse perpendicular to the Santab
lineament (Figure 7.12) all lle within the range determined for the above mentioned
three traverses, and no noticeable systematic changes in this parameter are seen
across the lineament. Even field observations did not show any distinct differences in
size characteristics and colour, although guite evident from the air (Figure 7.8). The
weastern side of the lineament is characterized by red, and what appear to be more
mobile dune sands, whereas the eastern side is browner in colour, typical of more
stable areas. Basement (predominantly Karoo Supergroup rocks in this area) was found
to be at very shallow depths, and exposed in places on the eastern side of the
lineament, whereas the surface sediment appears to be mobile, or deposited more
recently, on the western side of the lineament.

An important observation of these results is that there are no obvious changes in grain
sizes across the traverses, and that the range of grain sizes in a single dune is
approximately the same as that over the entire area. The implications of these results
are discussed later in this section.

ortin

The sorting graphs (Figures 7.9, 7.10, 7.11 and 7.12) show a similar pattern to the
mean grain size graphs, except for a portion of the sorting graph in the "northern-
traverse” plot. This profile, using Landsat imagery (Figure 7.7) was identified o be
cross-cut by drainage (particularly in the vicinity of Sample numbers TR6 - TR15).
Besides this exception, the serting for ail the traverses generally improves with a
corresponding increase in mean grain size. The range of values for sorting, as
determined from the three graphs (northern, mid- and southern traverses) for dune
dominated areas is: 1 to 1.65 ¢. For interdunal and lower lying {(deflated) areas the
range for sorting is again much .igher due to the variability of the sediments
encountered In such environments: 1 to 2.1 ¢.

For the Santab lineament traverse (Figure 7.12) sorting is also generally better in the
aeolilan dominated areas with poorer sorting observed on the eastern side of the
fineament.

Skewness
The skewness graphs for the northern, mid- and southem traverses (Figures 7.9, 7.10,

148



7.11 and 7.12) exhibit positive (fine skewed) vaiues for 50 of the 52 sampled sites.
Generally skewness is fairly consistent fluctuating around approximately 0.2 - 0.3 for
mosi of the samples. The southern profile shows a gradual decrease over the first haif
of the profile, and is fairly consistent over the second half which consists only of aeofian
dunes. The range of skewness values for aeolian dune micro-environments as
determined from all three profiles ranges from 0.09 to 0.37, Interdunal areas, in this
case, have a similar range, that is, 0.05 to 0.33.

The skewness graph for the traverse across the Santab lineament (Figure 7.12) show
similar skewness vaiues on both sides of the lineament.

Discussion

As indicated by aerial photographs and satellite images (e.g. Figure 7.1), the present,
or surface deposits of the Bushmanland Plateau, which overly the Vaalputs and Dasdap
Fomations, are primarily the result of aeolian processes during arid conditions. Besler
(1983) conducted a study of 393 sand samples from the Namib sand sea, the Kalahari,
the Rub'-al-Khali, and the western and eastemn Sahara, and developed a response
diagram to distinguish between sand particles that exhibit asolian mobility in response
to the present wind regime. All the samples of this study fall within the range of what
Besler refers to as stable aeclian deposits, sugygesting that the dunes encountered in
the study area are all in a stable state, or in a state of degradation. It should also be
noted that Besler (1983) reported ¢ values of around 1.0 and of up to 1.2, for mean
grain sizes and sorting respectively, for stable aeclian deposits, under similar conditions
fo those experienced at Vaalputs. These values are very similar to those obtained for
this study (c.f, Figure 7.6).

Schlegel et al. (1989) reported regional grain size and heavy mineral studies over
selected parts of the southern Kalahari sand cover and concluded that dune crest
sands could be readily distinguished by their fineness (and better sorting) in comparison
with what thoy termed "mixed sands". The [atter they found to be predominantly
fluviatiie i nature, with some aeolian sands. Schiege! et al. (1989) obtained a range of
mean yrain sizes for the dune crest sands and the "mixed sands” of 1.61-2.77 ¢ (mean:
2.11 ¢) and 1.26-2.76 ¢ (mean: 2.16 ¢), respsctively. This distinction is clearly visible
in Figure 7.6a which shows finer mean grain sizes for the dune crest samples. Mean
grain sizes for this study are generally larger than those of Schiegel et al. (1989) with
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dune crest sands of the Vaalputs area falling into the range of 1.25-1.60 ¢.

The thicker sands on the lgeward side of the dunes ar pear to reflect greater 2and
accumulation and are also the least bicturbated part of the dune. As the dune troughs
define drainage paths and the dune crests are generally in a state of degradation, they
cannot readily be distinguished by sorting, as those of Schlegel et al. (1989) in the
southern Kalahari.

According to Leeder (1982) wind-blown deposits generally show positive skewness
besause of the low tendency of wind in moving coarse particles which are usually left
behind in the form of a lag deposit. The resuits of the skewness essentially reflect those
of the mean grain size and sorting, and which is believed to be a consequence of
greater deflation or degradation on the windward side of the dune. In addition,
Lancaster (1981) noted the lack of systematic grain size disfributions across the profile
of active dunes in southern Africa, which he attributes to post depositional pedogenic
weathering, and which may well effect the grain size distribution of this study.

Dune stabilization and modification

The dune deposits of the study area have been modified by degradation and erosion,
as well as some localised aggradation The lack of sedimentary structures noted in cut-
secfions (windward and leeward sides) is believed to be primarily due fo the extensive
bioturbation observed in the siudy area. As previously mentioned the atypical low
amplitude of the dunes are suggestive of some degradation or jowering. Small pans
nave developed in the dune streets, and locally on the dunes themselves. Thomas
{1988) reported the occurrence of very similar § metre high dunes in the Kalahari, which
he strongly believes to he regraded stabilized features, principally under the effect of
sheetwash (Flint and Bond, 1968).

The partly degraded dunes appear to be stabilized to a large extent by a subsurface
calcrete layer. Several well preserved dunes were investigated, the shapes of which
were all found to be associated with such a sub-surface layer. In certain cases the
calcrete approximately defines what appears to be the original aeolian dune surface,
as the calcrete layer has a more enhanced shape or typical dune morphology (Figure
7.13a). That is, the calcrete appears to have formed after deposition of the dune ata
fairly shallow depth below the dune surface (Figure 7.13b). Calcrete formation
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presumably resuited in the stabilization of the dune form during a period of little or no
aeolian deposition. Continued and downward precipitation ¢f calcrete, as well as
degradation are believed to have given rise to the landforms of the present day, with
some localised aggradation taking place on the leeward sides of the dunes resulting in
an increased thickness of sand on this side (Figure 7.13c). The thickness of sand on
the windward side is generally reduced, often exposing the calcrete horizon.
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Figure 7.13 Stages of dune formation (a), dune stabilization (b}, and dune
modification {¢).
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The present state of the dunes, that is, low amplitude features {(due to degradation) with
generally more degradation on the windward side and accumuiation of sediment on the
leeward side, and mixed by bioturbation processes, would result in smali lateral
variations {mean grain size and sorting) of a massive clay rich, but overall coarse
sediment. The stabilizing mecha 3m for these dune forms is the caicrete horizon which
appears as an undulating calcrete layer in section and which migrates downwards with
continued overail degradation.

Discussion of the traverse resulis
Most of the sedimentary parameters obtained for this study are similar to those

obiained for the study of the micro-envircnments, that is, the ranges for the various
sedimentary parameters observed along the traverses are similar fo those of an
individual dune.

The prevailing wind is from the southwest, and hence a decrease in grain size might
be sxpected in a northeasterly direction, A sand source in the southwest, as suggested
by McCarthy et al, (1985) would have accentuated such a decrease in grain size. The
three long traverses, however, show no decreass In mean grain size from the western
marginal scarp. Instead, the mean grain sizes vary with local micro-environment.

Although no obvious changes in mean grain sizes were noted across the Santab
lineament and the fact that the basement, in this area was found fo be at very shallow
depths, and exposed in places on the eastern s'-e of the lineament suggests that the
dune deposits have accumulated on what appears to be the downthrown side of a
north-northwest frending fault. Also, the less consolidated sediments on the western
side of the fineament appear to be younger, suggesting that faulting or fault reactivation
may have taken place in the recent past along this lineament (discussed in Chapter 8).

The "mirror-relationship" of sorting to mean grain size for the aeolian deposits is

attributed to the sorting abilities of aeolian processes, particuiarly the removal of fines.
All the sorting values correspond well with the range of vaiues obtained for an
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individual dune. The better sorting observed on the western side of the Santab
lineament is again most probably due to the sorting abilibes of aeolian processes.

According to Frigsdman {1261) positive skewness is normal for asolian sands.
Skewness, as seen in the three graphs (northern, mid- and southern traverses) is the
only parameter which does not show any obvious correlations or trends with a
particular micro-snvironment, or distance from the proposed source terrane in the west.
The dunes have a reasonably fimited range of skewness values, which is similar to the
range oblained for an individual dune. The Santab lineament has no effect on
skewness for the sediments collected along the fraverse.

The primary aim of this investigation was to determine the source terrane from which
the sediments were derived, the reason for the generally coarse average particle size,
and fo attempt to relate average particle size to proximity of the sottrce. Although
Friedmar (1961) classified several depositional environments according to these three
parameters, the sediments in the Vaalputs area were noted (also by several other
workers, e.g. McCarthy et al., 1985}, nof to conform to Friedmans proposed fields. From
the traverse resuits it is, therefore, evident that the basement outcrops in the west are
not the primary source of the surficial aeolian features, and rather that the underlying
Vaalputs sediments are the major source of material. A more detailed account of the
source of these sediments is given, after a comparative particle size analysis and
chemical analysis is presented (Sections 7.7 and 7.8;.

7.3 Deflation Pans

Tiie most coimmon closed basin in southern Africa is the pan, generally associated with
temporary wat .« bodies, and may vary in size from ephemeral puddies a few metres in
diameter te structural basins such as the Etosha Pan in Namibia (Shaw, 1988), The
unconsolidated Kalahari sards and friable sedimentary rc%s of the Dwyka and Ecca
shales are associated with the greatest number of deflation pans in southern Africa,
due to, in part, their "lack of resistance" (Goudie and Thornas, 1985).
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Occurrence of deflation pans in the study area

As deflation (the sorting. lifting, and removal of loose, dry, fine-grained clay/siit/sand
particles by the turbulent eddy action of the wind) dominates certain parts of the
Vaalputs land surface, deflated areas and deflation pans are sporadically developed in
this region. As in the case of the aeolian deposits and dune forms, defiated areas are
best developed on the eastern half of the Vaalputs property. Figure 7.14 shows a typical
deflation pan on Vaaiputs. Deflation pans are generally developed in inter-dune (trough)
or low lying areas. They were alsc noted to occur on more stable and horizontal sub-
outcrop such as basement or older sediments.

Figure 7.14 Typical occurrence of a deflation pan on the eastern side of Vaalputs.

Appearance

Deflation pans are typically 70 to 80 metres in diameter and usually fairly circular in plan
view. Pzbbiles may be found scattered on the pan surfaces and include, in order of
abundance, blue quartz pebbles. ferricrete nodules, fragments of basement, and
sandstone/silcrete fragments. Calcrete nodules may also be found on the surface or
close to the surface of the pan. Calcrete is commonly found at depths of about 30
centimeires below the pan floor. The calcrete layer, aithough usually fairly fragmented,
nodular, or jointed, is impenetrable using conventional digging and auguring methods.
A section through a pan fioor is shown in Figure 7.15.
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Figure 7.15 Section and simplified stratigraphic sketch through a deflation pan floor.

Approximately 15 to 25 centimetres of brown muddy sands typically overlie the calcrete
horizon. These sands may be partly caleretized and show evidence of some
hioturbation (Figure 7.15). They are in tum overlain by no more than 12 centimetres of
brown muddy grits and sands which typically fine upwards (from coarse grits {0 coarse
sands). Some pebbles, including caicrete nodules may be scattered throughou* this
upper muddy layer. Bioturbation may be present in the muddy sediment, dependin;, 'n
the dejree of consolidation of the material: no bioturbation was found un well
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developed muddy pan floors suggesting that this part of the pan is an inhospitable
environment for any burrowing animals,

The deflation pans typically have a crescentic dune feature or lunette on the leeward
side of the pan, which is composed of aeolian sands and clay, derived from the pan
floors. Only the more developed and larger pans have well developed [uneftes,
Evidence of bioturbation was noted in the lunette deposits. The lunette surfaces may
also be scattered with coarse blue quartz, ferricrete and calcrete fragments and appear
to be stabilised to some extent by vegetation (shown in the foreground of Figure 7.14),
The primary drainage into the pan is usually developed on the opposite side to the
lunette. This drainage inlet is typically maried by a higher density of vegetation, which
in tum acts a sediment trap, resulting in a slight progradation of coarser material toward
the central part of the pan (also shown in the plan views of deflation pans: next section).

Deflation pans in plan view

Field observations together with other resulis of this study allowed for the determination
of maturity of the deflation pans. A mature pan in this study simply refers to a large pan
with a well developed consolidated muddy pan floor, whereas an immature pan is
generally smaller, with obvious deflation on a less consolidated surface. Qne defiation
pan identified as poorly developed or immature, and two well developed or mature
deflation pans are described and shown in plar view in the following section. Figure
7.16a and 7.16b shows what is believed to be an immature and a mature deflation pan
respectively.

Plane-tabled skefch maps of what is believed to be an immature deflation pan, and a
mature defiation pan are shown in Figures 7.17 and 7.18 respectively., Both these
deflated features were developed in interdunal areas. Figure 7.19 is a plane-tabled
sketch map of a mature deflation pan developed on a solid or more resistant, and
exposed substrate. In this case the substrate is an altered sandstone, but is more
typically a calcrete or ferruginized sand (dorbank). A mature pan developed on such a
substrate may expose an extensive area of the underlying resistant material upwind of
the pan.
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Figure 7.16 (a) Immature deflation pan. Note the highly bioturbated and pebble strewn
pan floor. {b) Mature deflation pan with well developed lunette and muddy
pan floor.
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Figure 7.12 Plane-tabled sketch map of a mature deflation pan, developed or a
resistant, horizontal substrate, approximately two kilometres to the south
east of the Vaalputs airfield.

Deflation pan fopographic profiles

Two topographic profiles (Figure 7.20) arthogonal to each cther, in a north-south and
an east-west direction respectively were obtained for a mature deflation pan of the
area, This deflation pan has a maximum depth (lunette crest to floor) of 0.5 metres. The
deflation pans are asymmetrical along both the east-west and north-south profiles. As

180



shown by Figure 7.20 there is a net accumulation of sediment on the southern and
gastern sides of the deflation pan. This cediment accumulation relates to the prevailing
wind directions and to the orientation of the dunes for this area. Lancaster (1978b)
noticed a frend in pan shapes which parallel the dominant wind direction, and which,
In part, he atiributes to the product of adjacent dune alignments.
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Figure 7.20 North-south and east-west profiles across a fypical deflation pan in the
study area.

Sand size analysis

Four deflation pans wers investigated and the different sedimentary constituents were
selected for a particle size analysis. The sedimentary constituents sampled included:
the fine brown surface muds of the pan floor, the underlying brown muddy sands, and
the surface and 30 centimetres depth material of 2 lunetie dune deposit. The aim of this
study was again to determine the grain size frequency distribution, characterising the
different sediments which may be associated with the deflation pan environment, and
which could be compared to the old2r sediments of the Vaalputs Formation. Average
sedimentary parameters obtained for the constituents of the deflation pans studied are
tabulated in Table 7.1.
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Table 7.1 Average sedimentary parame:ers for the constituents of a deflation pan.

Mean grain size {¢} Standard deviatlon Skewness

iSorting ()
Pan fioor 2.14 1.64 0.07
Pan 30 cm depth 1.68 1.55 0.11
Lunetie surface 1.06 1.45 0.10
Luriette 30 cm depth 0.75 1.47 0.08

Mean grain sizes for the pan sediments (surface muds and underlying pan sediments)
are highly variable (3.13 fo 1.15¢/ 0. 1 to 0.45 mm) due to the highly variable nature
of the pan floor sediments which may be dominated by silt and 1. .y size particles or
may be predominantly sandy. The [ater case is usually found in less mature pans. Pan
floor sediments from mature pans are the fines. .adiments within this environma-t.
Lunette deposits are dominated by medium to coarse sands (1 32 to 0.75¢/ 0.40 fo
0.59 mm), with typical values around 0.80¢ (0.57 mmi). These sediments are gensyally
coarser than other aeolian deposits such as those obtained for aeolian dunes {c.f.
Figure 7.8a).

Standard deviation (sorting): sorting parameters for pan sediments (muds and
underlying muddy sands) range from 1.11 (poorly sorted) to 2,17 (very poorly sorted).
The pan floors consist predominantly of muds which appear to be compnised of similar
particle sizes, however, within the smaller patticle size range there is a large spread of
sizes. That is, particles of all sizes, but generally smaller than approximately 2¢ (0.25
mm) accumulate in the pan muds. A much coarser, sometimes pebbly fraction may also
be found on the pan floor surface, making the sorting even worse for these sediments.
Lunette deposits show a range of sorting from 1.38 to 1.53 (poorly sorted). The poor
sorting is presumably a direct function of e poorly soried source material.

Skewness: all the depaosits asscciated with deflation pans are near syr. netrical to fine-
skewed. This {s due to the enrichment of fine sand and sili size particles which are
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typically found on the pan floor and which form a significant proportion of the
underlying, and often more sandy, deposits. These finer sediments form a "tail" of finer
grains, resulting in the positive or fine-skewness, The lunette deposits are also
comprised of both fines and coarse material, however, they tend to be slightly fine-
skewed, due to the silt (rather than mud) size particle content in these sediments.

Petrology and mineralogy

Deflated deposits exhibit a wide range of compositions and grain sizes, ranging frem
almost 100 % silt and clays to coarse particles set in a clay to silt sized matrix. The
coarser c¢lasts and grains, when present'also show a wide range of compositions (in
order of abundance). quartz, various lithic fragments, feldspar (mostly altered), and
small amounts of ilmenite and magnetite. The grains are typically subrounded to
angular. The oxide grains are generally more rounded than the other types, and may
be rounded to subangular. Sphericity of grains varies from low to high. Most quartz
grains are coated in hematite or partially replaced by an iron oxide. The feldspar grains
and rock fragments are typically replaced by iron oxide. A modal analysis of the grains
of a coarse deflation deposit revealed a high iron oxide cemented (or rock fragment)
percentage: 58%. Quartz and altered feldspar grains typically constitute 29% and 13
%, respectively,

Discussion

Enclosed depressions on the landsurface may be formad by a variety of processes,
including tectonism, epeirogenesis and volcanic activity, meteorite impact, weathering,
and geomorphalogical processes in both erosional and depositional contexis (Shaw,
1988), Shaw also noted the importance of animal and human activities and according
to Flint and Bond (1968) deflation pans have diverse origins, including erosion by
animals, In many garts of southern Africa deflation pans are distributed apparently at
random, but 2s noted by Shaw (1988), may be associated with specific landforms, such
as sand dunes, which may impede local drainage. The lack of integrated surface
drainage in areas of pan development is commonly a result of the distribution of agolian
jandforms and the highly permeable sand cover, which predispose such a landscape
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to pan formation (Shaw, 1988).

Most pans in the study area seem to develop in the inter-dunal or trough areas, starting
out as "open drainage” in which water may ¢scape and flow along the frough (paraliel
to the dune crests). Hambieton-dones (1986) found that interdune troughs have a
gradient of approximately 1:500 and that drainage in these froughs is ephemeral,
tending to evaporate or infiltrate rapidly. This would alse allow for a possible mechanism
for additional calcrete formation. In these early stages bioturbation by small burrowing
animals appears to be a dominant process. A combination of bioturbation and deflation
results in a concentration of coarse sediments and pebbles on the deflated floor
(biotfurbation loosens the finer matetial, making it easier to be removed by the wind). It
is due to the dune field morphology and the strong prevailing winds of the region that
certain trough areas are selectively deflated. The deflated material is deposited on the
margin of the pan as a lunetie. it should be noted that the orientation of the lunette is
a function of the resultant winds of the region. The orientation of the lunette deposits
is similar to the general trend of the longitudinal aeolian deposits in the region, that is,
they are oriented approximately in a north-northeast direction with a transverse
component to the east. With continued deflation the lunette increases in size and
becomes more concentric.

During ephemeral rain storms water borne fines are deposited on the deflated floor.
These impermeable muds dry to form a very hard layer finally causing bioturbation to
cease, which in turn promotes the development of a well developed or mature deftation
pan. The pebbles which are often noted on the pan floor have been suggested to have
been "squeezed upwards" (Dr. 1. Stengel, pers. comm. and Jessup, 1960; Cooke,
1970), from the pebble layer which accumulated in the immature stages of pan
formation, by wetling and drying processes, causing expansion and contraction of the
clay-rich, muddy sediments. Watson (1992) suggested other processes for the
accumuiation of coarse material in deflated seftings: defiation of fine particies leaving
& lag of coarse material on the surface and eluviation of fine-grained atmospheric
depasits and their illuvial accretion beneath the gravelly surface (McFadden et al,,
1987). Although these processes may play a role in the initial stages of defiation pan
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formation (Figure 7.16a), the most likely process for the development of pebbles on a
well developed muddy deflation pan floor (Figure 7.16b) appears to be a resuit of the
upward movement of gravel-sized fragments through the mud as a result of volumetric
changes in the host material caused by wetting and drying (Jessup, 1960; Cooke,
1970). No sedimentary structures left by this process, however, were noted in the muds
of deflation pan floors. The suggested stages of deflation pan development are shown
in Figure 7.21.

Duricrusts are a common manifestation of pans (Shaw, 1988). Caicrete types
associated with pans (Goudie, 1973, 1983; Netterberg, 1980) range form calcic soils
to massive hardpan calcretes and occur a¢ noth precipitates and alteration products.
Calcrete has been noted (Shaw, 1988) to extend several hundred metres beyond the
pan, usvally on a subsurface drainage alignment. Ferruginized sands, referred to as
"dorbank” in the study area, may well be associated with deflation pan development as
it was commonly found at the margins of mature deflation pans of the region (shown in
plan view - Figure 7.18). The exact subsurface extent of this ferruginized sediment was
not determined and it is possible that it may also be associated with other stable areas.
A more detailed account of this duricrust-type is given later in this chapter.

Other small, flat deflated areas (usually about 10 metres in width and fairly concentric)
were noted on the slopes of dunes. The hardening of these areas is believed to be due
to termite activity (fermite "networks” were noted below these surfaces), caused by the
binding of sediment in the construction of their tunnels. These areas are devoid of
vegetation due to the présence of termites (and due to the hardness of the substrate).
No additional sediment is likely to accumulate on these surfaces due to the lack of
stabilising vegetation. These deflated areas do not appear fo develop into mature
deflation pans, but rather, bioturbation appears to encroach on these areas until they
are completely reverted back to the original dune-iype-surface. They are therefore not
believed to play an important role in the development of the present landforms.
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(b) Prevailing wind
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Figure 7.21 Proposed stages of interdunal deflatior pan development. Sections are
west-east, that is, most of the migration would be predominantly in a
direction into the page.

Although not a common occurrence on the present landsurface the preservation
potential of deflation pans is assumed to be fairly good, assuming burial at a mature
stage. Preservation of these features is likely due to the fairly resistant calcrete horizon
often found underiying the hardened muddy central pan deposits. Stich deposits would
be expected to be identified by a finning upward sequence overlying a caicrete (or an
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iron rich) layer. Dispersed pebbles {predominantly blue quariz) may or may not be
present on top of the muddy unit. The i e muds and silts at the top of such a sequence
would be diagnostic, as no other micro-environment in this region was found to be
comprised, in any way, of such sediments. Lunette features associated with these
deflation pans would be preserved as homogeneous, poorly sorted sediments such as
those described in the previous section for the deflated and bioturbated aeolian dune
depaosits. It should be noted that none of the features of pans described above were
cbserved in the .>ions of the Vaalputs sediments suggesting that pans were not
formed during the deposition of the Vaalputs Formation.

7.4 Lag Deposits

Several sites on the present land surface were noted ta be almost entirely covered by
pebbles, Although not a common occurrence in the study area, they are a constituent
of the landsurface of the study area and are, therefore, briefly described below.

Occurrence of Jag deposits

Pebbly lag deposits consist of fairly large areas (up to approximately 1 km?) of relatively
flat or slightly inclined terrain (Figure 7.22a) which are strewn with pebbles of various
lithologies (Figure 7.22b). An area approximately 15 kilometres ic the south of
Vaalputs, alongside the main Springbok - Platbakkies road, was identified to be
dominated by lag deposits (Figure 7.22a), Tt.e dominance of sheetwash at this site is
due to its localion, on relatively high ground and fairly close to the marginal scarp or
watershed,

Appearance of lag deposits

The sub-angular to rounded pebbles include: several forms of vein quartz, ferruginous
nodules, calcrete nodules, and severaj types of basement lithologies (Figure 7.22b).
At one particular site calcrete was found 1o outcrop slightly upslope of the deposit,
resulting in a calcrete 1ag deposit (Figure 7.22¢). Lag deposits, in general, are rarely
thicker than a few centimetres and the underlying sediments appear to be
predominantly aeclian in nature, containing scatiered pebbles, most likely as a result

of bioturbation.
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Figure 7.22 (a) Typical lag deposits on the present land surface. (b) Terrane covered
by lag deposit showing typical subrounded pebbles of various
compositions. (¢) Calcrete lag deposit resulting from calcrete outcrop in
the vicinity of the deposit.
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Grain size analysis

Two surface deposits, and one from approximately 80 centimetres depth, identified as
lag deposits were =impled for this analysis. Due to the pebbly nature of the samples,
large {up to 1.35 kg) samples were required for a representative particle size analysis.
As with previously described micro-environments, these coarse deposits were studied
in an attempt to correlated with, and compare to, the older, underlying pebbly deposits
which are clearly exposed in the trenches in * ¢ Vaalputs sediments. The finer sand
and silt fractions of the samples were also sleved to allow for a comiplete particle size
frequency distribution of the sample. The data (including ¢ values for the modes) for the
three lag deposite are shown in Table 7.2. Due to the poly-modal size distribution for
these pebbly deposits, the frequency histograms are alse shown (Figure 7.23) in order
to clarify the reason for the large range of values presented in Table 7.2,

Table 7.2  Sedimentaty parameters for two surface (VP-53 and VP-34) and one 80-
centimetre-depth’ (VP-62} lag deposit.

Sample Mean Graln Size (¢) Standard Deviation Skewness Modes

(Sorting) (phi-values}
VP-53  1.13 1.98 -0.19 -4.5,-3.5,-2, 1.5
VP54  -0.21 3.02 -0.42 4,25

VB-62° 143 2.15 0.54 -2,0.5,1.5

Mean arain sizes vary irom 1.13¢ (0.46 mm) to -1.43¢ (2.69 mm). This range of mean
grain sizes is suggestive of highly variable degrees of degradation or a variable "fines
content” (Figure 7.23), which is largely due to difficulties in sampling of such a deposit,
thatis, samplingj without mixing of the underlying material. The source material was also
noted to be faitly variable.

Standard deviation {sotting) may be poor or very poor (1.98 to 3.03). Very poor sorling
may well be expected for poly-modal deposits such as these, which contain a large

range of grain sizes (Figure 7.23).

Skewnsss vaties from -0.42 {strongly coarse-skevied) to 0.54 (strongly fine-skewed),
again, due to the highly variable grain-size distribution of these deposits.
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Figure 7.23 8ize frequency histograms for pebble lag deposits; VP-53; VP-54; and
VP-62.

Petrology and mineralogy

The clast types of the pebble fraction of these deposits, as mentioned above, consist
of several forms of vein quartz, ferruginous noduies, calcrete nodules, and granite
gneisses. The finer fraction of such a deposit typically shows poor sorting and sub-
rounded to very angular, iron-oxide coated fragments set in a silt to claysy matrix, which
usually constifutes about 3% of the sample. The grains consist predominantly of
monocrystalline quartz. Both rounded to subrounded oxide grains and remaobilized iron-
oxide (which acts as a cement in iron-oxide concretions) are found throughout the
sample, hence the reddish colour of these sands. Lithic fragments and minor amounts
of altered feldspar are also present. A modal anzlysis of the finer fraction of such a
deposit showed that quartz grains were the dominant fraction (67%), with less rock
fragments and iron oxide cemented fragments (31%) and minor altered feldspar (2%).




Discussion

Although not a dominant process in the Vaalputs region, some areas are dominated by
this pebble layer-forming process, which may have been a similar process, in part,
responsible for the numerous pebbly lags aor layers cbserved in the sections of the
Vaalputs Farmation. As shown by the sedimentary pararmeters these deposits show a
wide range of particle characteristics due to the highly variable nature of these
sediments and their source terrains. In addition the intermediate (sands) and finer
fractions (muds) may be dominant, or entirely lacking. The slightly steeper slopes on
which these sediments are found are belisved to be a contributing factor to the removal
of fines, ir. that rain water run-off at this site probably exceeds groundwater infiltration.

Due to the coarse nature of these sediments, lag depr.sits would have a good chance
of preservation. They would appear as isclated or laterally extensive pebble horizons
in the sedimentary record. Modification by bioturbation could disperse the pebbles to
some extent resulting in a mixed pebble, coarse sand, and clayey sediment.

7.5 Bioturbated Deposits

Bioturbation as defined by Richter (1936} is "ali kinds of displacement within sediments
and soils produced by the activity of organisms and plants”. Bioturbation can take place
pene-contemporanecusy with depositiors or after the sediment is partly or fully
cemented. Bioturbation can physically alter the substrate by mixing, which results in
homogenization, or may even produce new structures by compaction, dewatering,
sorting, emplacement and removal (Taylor and Goldring, 1993). This variable process
may destroy fine lamination or entire bedforms, depending on a number of biological
factors, such as the type of organism present.

Bioturbation is extremely common in most parts of the study area and is believed to
play an important role in the redistribution and mixing of the recent surficial deposits
as well as in the underlying sediments of the Vaalputs Formation. Bioturbation may be
found in any of the micro-environments described above and is a superimposed feature
rather than constituting a specific environment as such. It has been noted on all parts
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and fonr.s of mobile and other aeolian deposits (older ~table dunes and the lunette
features associated with deflation pans), in areas dominated by lag deposits, as well as
in other more stable areas. Bioturbation is rarely seen In the centres of mature defiation
pans.

7.5.1 Tvpes of Bioturbation

Bioturbation takes on many different forms, and may result from the activities of most
of the life forms found in the arid environment of the Northern Cape. Wildlife species
identified at Vaalputs are listed in Appendix C. Among these are burrowing mammals
and fossorial arthropods (in particutar ants and termites) which were reported by
Hambieton-Jones (1986} to be capabie of disturbing revegetation programmes. The
following five forms of bioturbafion are believed to be the primary types in the study

area.

Bioturbation caused by ants and termites

Six abundant fossorial arthropods (Appendix C) are found at Vaalputs (Picker, 1987).
Of these, the harvester termite (Hodofermes mossambicus) is by far the most
widespread insect, and has the most extensive nest system. According to Picker (1987)
the harvester termite constructs a varying number of nests, interconnected by horizontal
and vertical tunnels. Two types of surface mounds are constructed: i) soil dumps where
excavated material is deposited, and ii) openings which do not have an obvious mound
structure and are only used during wet or coid weather for foraging activities. This
termite brings large quanﬁties of soil to the surface, which is not cemented in any way,
and may, therefore, be rapidly degraded by wind and sheetwash processes. This
material may then contribute to the biogenic horizon of the soll profile and to the
sediment mixing process. In addition, studies ¢of ihe commuon harvester ant (Messor
barbatus) and the harvester ant {(Pheidole c:psnsis) have shown that the seed stores
of these ants are extensive (Picker, 1987), and hence also require the removal and
redistribution of large volumes of sediment,

Ant and termite mounds were noted in most areas at Vaalputs and are found on aeolian
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deposits {old stable dune forms, and more recent acolian sands}, as well as in deflated
areas. Picker {1987) reported termite and ant tunnels in all lithologies in the waste
disposal trenches, and noted that they even find their way through harder strata such
as calcrete. Different soll types do not appear to have a great effect on the tunnelling
activities. Termite mounds may have two forms, both of which are low, rarely exceed
30 centimetres in height, and the nests are almost entirely below surface. Figure 7.24
shows the two common forms of the termite mounds. Termites are believed to be a
major cause of bioturbation as the nests have been seen to extend to depths of 7.8
metres (where attempts to follow it were abandoned) and widths are commonly seen
to exceed 0.5 metres, Depths exceeding 19.5 metres, in an attempt to reach the water
table or very moist sand, were recorded by Marais (1938). Tunneling to such depths
to obtain water may well be necessary for these insects in the Vaalputs ar=a. Picker
{(1987) suggests that in drier areas, such as at Vaalputs, the hives would be deeper, in
an attempt to avoid heat stress, to minimize evaporative water loss, and to maintain the
required 90 % humidity levels in the nest.

Picker recorded the excavation of considerable volumes of soil (associated with
Hodotermes mossambicus), with a combined winter and summer average of 0.9
kg/m?/day and a mound density of 103 338 mounds/km?®. Also, the quality of the
vegetation cover is an important factor in determining the intensity of soil excavation.
In barren (arid) veld a far greater amount of soil is moved by the termites in attempts
to cover greater foraging areas. Access to foraging areas is via subsurface tunnels, to
avoid predators. In terms of biomass these termites play a considerable role in the
nergy flow of the region's food chain, and may be a "keystone" species in the energy
pyramid of the area. In his investigations, Picker noticed that termite nests and tunnels
which had been vacant for a few years soon filled with sand which suggests that
bioturbation associated with termites is a highly sfficient means of mixing sediment.
Evidence of this type of bioturbation was noted in the Vaalputs sediments in the waste
disposal trenches, Figure 6.7 shows a sand filled termite nest several metres below
surface.
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Figure 7.2« The two commaon forms of termite mounds observed in the study area.

Bioturbation caused by small burrowing animals

The bicturbation in dt ne or agolian deposits is obvious, and consists typically of srall
burrows of species such as the Karoo rat (Parolmys brantsii), the spring hare (Pedetes
capensis), the pyamy gerbil (Gembillurus paeba), the Name 1a gerbil (Dermodillus
auriculars) and the suricate (Suricata Suricata) (Figure 7.25). Areas affected or
dominated by small animal bioturbation may extend over several hundreds of square
metres. Burrow widths are typically 8 to 15 centimetres in diameter. The burrow
networks typically consist of a labyrinth of shallow tunnels paraiiel to the ground
surface. The burrow network connects with the ground surface via riser tunnels which
allows access for disposal of debris and also serves as feeding ports. These short
tunnsls are frequently backfilled with debris as burrowing continues (e.g. Vleck, 1981},
Additional, deeper tunnels are primarily used for breeding and food storage.

These burrows are typically situated in poorly conslidated sedimenis which limits the
size of the burrow. These burrows rarely exceed one metre depth {(only a few species
stich as the suricate have been reported to burrow up to 1.5 metres - unpublished
A.E.C. report of S.J. Posnick, 1989), but the colonial nature of these burrows does,
however. result in a complex interwoven system, making the ground in these areas
unstable. Furthermore, borrows of these smaller animals are generally restricted to the
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sands overlying the calcrete horizon.

The slightly older material forming the roofs of the burrows is a light reddish-brown
colour compared to the red mors recent mobile sands often found surrounding the
burrows. This lighter colour may be the product of a pedogenic calcite cementation.
Figure 7.25 shows the mobile sands which are covered and hence mixed on surface
with the underlying material which is brought {o surface by the burrowing animals.

Figure 7.25 Bioturbation in dune deposits consists typically of burrows of smail
animals. The slightly oider material forming the roofs of the burrows is a
fight hvown colour; the red sands surrounding the burrows are more
recent aeolian sands.

Bioturbation caused by large burrowing animals

The more commen 'arge burrowing animals of the region include; aardwolf (Profeles
cristasus), honey badger {(Mellivora capensis), caracal (Felis caracal), bat-eared fox
(Octocyon megalotis) & 1 the aardvark/antbear (Orycteropus). Larger animals tend to
burrow in areas which are more stakle as they require greater support for their larger
domichina. This type of burrow is, theref..e, mainly sesn in older more stable dune
areas where the soil is reasonably consolidated or cemented. The larger burrowing
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animals tend to favour areas where calcrete is developed near surface, hence the lack
of large burrows on the leeward side of dunes where the sand is unconsolidated and
thicker. The aardvark and the aardwolf typically burrow deeper than one but less than
two metres in depth. The aardvark appears to be the most important jarge mammai
contributor to bioturbation in the study area {unpublished A.E.C report by Posnick,
1989). The burrows of the large mammals tend to be less complex than the smalt
mammals, often forming simple or single burrows. Large areas {several tens of square
metres) may be affected by these larger burrows.

Figure 7.26a shows a typical burrow in which large quantities of material (including
several pebble types) are brought to the surface. in areas where calcrete has been
penetrated, the calcrete forms a strong resistant rof to a burrows such as that seen
in Figure 7.26b. This figure clearly illustrates the animal's ability to burrow through and
overturn the hardest of lithologies. Large animal burrows play an important role in
bringing larger pebbles, such as those seen in Figure 7.2dg, to the surface and
redistributing and mixing them.,
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Figur2 7.26 (a) Large animal butrows. in more stable areas. that is. where the soil is
reasonably consolidated or cemented. {b} Calcrete may form the roof of
large burrows. {¢) Large areas of extensive bioturbaticir caused by large

animais.



Secondary bioturbation

Agccording to Black and Montgomery {1991} sediment transport due to burrowing activity
can be subdivided into direct and indirect processes. Direct (or primary) transport or
bicturbation involves the physical movement of debris by the animal. indirect {or
secondary) transport or bioturbation is due to the subsequent erosion and transport of
the disturbed material. Secondary bioturbation in the study area is common in areas in
which termite or ant nests are found. These mounds may be burrowed into by animals
in search of food rather than burrowing to make nests or dwellings. The disturbed
primary structures (Figure 7.27) will eventually erode, covering the surrounding area
with material from below the surface. An additional component in assessing the
destruction of primary burrows involves the coliapse of old tunnels. It is inevitable that
unmaintained tunnels will eventually collapse as burrows are abandoned, which results
in further mixing of the sediments. There is also a component of debris that never
appears at the surface, but is shuffled through the system, or is used to refill abandoned
burrows. Consequently, surface debris volume should not be the only indicator of
volume of material that is disturbed.

Figure 7.27 Mounds destroyed by animals burrowing in search of food.
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Imeson and Kwaad (1976) suggested that 15 to 45 per cent of burrow mound
degradation represents material transported down-slope or away from the mound, the
remainder being attributable to mound deflation and compaction. Due fo the sparse
vegetation and lack of stabilizing ground cover in the study area, this figure may be
slightly higher. Several mechanisms by which colluvial material is believed to be
transported into the hollows from the surrounding area are: aeolian processes,
entratnment by overland flow (sheetwash), rainsplash, soilcreep and other biclogic

agents.

Bioturbation caused by vegetation

Dus to the sparse and slow growing vegetation typical of this area, it is not believed to
be a significant contributor to the observed bioturbation. Casts of roots may be filled
with alluvial soil after death of the plant. This form of bioturbation is best observed in
the waste disposal trenches where a large number of red, vertical tubes may be
observed, and which show no fraces of organic material or biological substructure
(Picker, 1987).

7.5.2 Characteristics of Bioturbated Sediments

It was found that particular types {or combination of types) of bioturbation occur in
certain environments. Far example dunes (and mobile depaosits) arw. mostly inhabited
by smaller animals, reflecting the grealer ease of burrowing in these unconsolidated
soils. Stable areas, deflated areas, or calcrete dominated areas are mostly inhabited
by larger animals, which need the stability of the more consolidated ground for their
larger burrows, Bioturbated deposits did not exhibit a particular size frequency
distribution as their grain size data is dependant on the environment with which it is
associated. As bioturbated samples are mixtures of the previously discussed deposits,
they have similar characteristics to these samples. They are generally comprised of
poorly sorted grains sst in a fine grained matrix (constituting up to 71% of the sample).
As in most of the sediments described above, the grains consist predominantly of
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monocrystalline quartz, rock fragments, a subrounded fraction of oxides (ilmenite and
magnetite} and minor amounts of altered feldspar. All grains, besides the oxide grains,
are rounded to subangular, with low to high sphericity. All the guartz grains are coatad
in hematite. Pebbles scattered throughout these deposits were found to consist
predominantly of blue quartz. Other pebble types include iron-oxide nodules, sandstone

and jasper.

7.5.3 The Effect of Bioturbation on Sediment Dispersal

Techniques in mineral ~ 'oration have been reported (e.g., d'Orey, 1975) to make use
of the fact that termite. descend to the water-table to drink, and that they carry up
mineral parficles from more than 30 metre depths. Watson {1970) reported resulis of
an investigation of the development of a zinc anomaly in Kalahari sand by analyzing
the metal contents of termite sands. Due to the bioturbated nature of the sediments
(Vaalputs Formation, Gordonia Formation, and other recent sedimentation) occupying
the Vaalputs basin, a similar method to that used by other workers was used to
investigate the significance of biocturbation at Vaalputs,

Geophysical wark and drilling confirmed the presernice of lamprophyric and kimberlitic
bedies, which are intruded into the basement and underlie the younger Vaalputs
sediments. limenite concentrations were determined for selected unconsolidated
surface sand samples collected from above these intrusions. This was done to
determine whether {lmenite grains are concentrated at the surface, overlying uitramafic
intrusions. This would allow for the recognition of the extent of vertical movement of
material during bioturbation. The Cenozoic Vaalputs sediments may attain thicknesses
of up to 30 metres in the "Vaalputs basin", and only bicturbation can account for a
concentration of ilmenite grains in the surface sands above the mafic intrusive plugs.

Two sites above ultramafic intrusions (Figure 7.28) were chosen using the A.E.C

geological map of the waste disposal site (compiled by Andreoll et al., 1986). These
sites had been identified as areas of suboutcroping olivine-melilitite, kimberlite and
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related diatremes, which had been confined by aeromagnetic and driilling Jdata.
Appendix D describes the sampling and preparation technique used to obtain the heavy
mineral fractions.

kitametrea

@A OUVINE-MELILIEE, XIMEERLITE AND RELATED DTREMES
—S—TOTAL THILKNESS OF SURFICIL SITINENTS (Bm MDERVALS} '{\&d'

Figure 7.28 Positions of the sites (A and B) chosen for the heavy mineral study, using
the AE.C geological map of the waste disposal site (compiled by
Andreali et al., 19886).

Heavy mineral concentrations versus distance

Site A (Figure 7.28) is situated in an area where the surficial sediment thickness, as
determined by the A.E.C. in a drilling programme, is approximately 20 metres. The
heavy mineral concentrations obtained for this site showed no significant anomaiies,
that is, the values obtained fluctuated around the background values. The surficial
sediment thickness at site B was determined to be approximately 12 metres thick. The
heavy mineral concentraticns obtained for site B are shown in Figures 7.28a, 7.20b,
7.29cand 7.29d.
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limenite concentrationg (Figures 7.29a and 7.29b) exhibit anomalies with respect fo
background values. These anomalies, especially the 30 ceniimetre-depth samples,
have well centred peaks which die out rapidly and almost attain background values at
the timits of the sampled area. The surface anomalies are less pronounced than the 30
centimetre-depth anomalies, suggestirn that the surface material is more diluted. iron
oxide concentrations (Figures 7.29¢ . -1 7.29d) also show anomalies, but are not as
prominent as the iimenite anomalies.
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Figure 7.29 The heavy mineral concentrations versus distance for site B: (a) iimenite,
north-south profile; (b) iimenite, east-west profile; (c) iron-oxide, north-
south profile; and (d) iron-oxide, east-west profile.
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S.E.M. Results

As other iron oxide grains were often indistinguishable from iimenite grains the samples
were analyzed using the 8.E.M In addition semi-quantitative analyses were obtained
for the compositions of several iimenite grains from Vaalputs, a kimberlitic iimenite and
an ilmenite grain from a melilitite outcrop (Kalkdraai) in the Vaalputs tegion (Table 7.3).
This was carried out for a comparative aha[ysis of various ilmenite grains.

Table 7.3 Results of element-normalised, semi-quantitative 8.E.M. results for
ilmenite grains. All data are given in weight percent.

Oxide Kimberlitic Kalkdraai imenite Vaalputs Vaalputs

Hmenite {grain 1) {grain 2}

MgO 8.8 4.1 - -

ALO, 0.8 5.7 - 0.6

BI0, 2.0 125 - 6.5

CaQ 0.5 0.8 - 0.2

TiO, 55.6 485 : 546 67.8
Cr,0, 2.4 0.3 - 0.4

MnQ 1.4 0.4 a8 241

Fe, 0, 28.6 26,8 4i.5 288

These results {Table 7.3) show a great variability and indicate that the ilmenite
obtained from the Vaalputs region (Kalkdraai) and from the Vaalputs sediments have
atypical, that is, low Mg and Cr contents for kimberlites. All the mafic intrusives in the
area are, however, "kKimberlite-related" rock types and not frue kimberlites. it was,
therefore, also not possiblke f~ = parate iimenites originating from the intrusions below
the Vaalputs sediments ¢ d those of other origins. The S.E.M. results also indicated
that the percentage of ilmenites in the heavy mineral separate (total ilmenite and iron
oxide), varied from approximately 60% over the sub-outcrop to approximately 28% near
the edges of the sub-outcrop. A value of approximately 28% was obtained for the
background samples too. The remaining fraction consisted predominantly of iron-

oxides.
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Discussion of results of the heavy mineral study

The results obtained indicate that material from the sub-outcrop has been reworked by
bioturbation processes and is found at surface in the form of heavy mineral
concetitrations. The iimenite grains at this site are believed fo be primary grains of the
mafic plug situated beneath the Vaalputs sediments, whereas the iron oxide
concentrations are most likely a secondary product of weathering, but nevertheless,
associated with the mafic piug {due to its higher iron content).

The dilution of the surface iimenite grains may be atiributed fo a combination of surface
processes which include aeolian, sheetwash, and bioturbation processes. The overall
resultant wind direction in this area is to the east, the results of which are reflected in
Figure 7.28b, in which the subsurface (30 centimetre) anomaly, is slightly elevated on
the east. There is also a slight southerly shift in the north-south traverses, perhaps
indicating a local northeris wind effect. This result is in agreement with the morphology
as depicted in the profiles of the deflation pans (Section 7.3). As in the case of the
iimenite anomalies, the iron oxide concenirations are also shifted to the east and the
south.

From the above observations and results it is evident that bioturbation by animals and
insect lays an extremely important role in the redistribution and mixing of the surficial
deposits. Several generations of bioturbation caused by insects and small or large
burrowing animals would be sufficient to mix the sediments and totally destroy any

sedimentary structures which may have existed prior to bioturbation. Thus, vertical
translocation of material in the surficial sediments of the region is a significant process.

7.8 Chemical Sediments
7.6.1 Iron Oxi - Fucies -
Various iron oxides precipitate in different weathering environments, but only few iron
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oxide relationships aie so far understood on their basis of thermodynamic or kinetic
considerations (Schwertmann, 1988). Although emphasis is generally placed on iron
rich soils in tropical and sub-tropical climatic zones, they may also form extensive
deposits in drier semi-arid regions (Fitzpatrick, 1988). Iron may be incorporated in layer
silicates in the form of oxide finely dispersed in tiw: soil mafrix, in concentrations in
glaebules and ferricretes, or as a cement. An iron oxide cemented facies {(also referred
to as dorbank) generally occcurring as a sub-surface feature, was commonly found
outcropping in the study area, particularly in deflated areas.

Appearance of dorbank

This deep red. iron-oxids rich facies (Figure 7.30} is typicaily 30 o 40 centimetres thick,
but may be as thick as 1.5 metres. Both' the upper contact, with the unconsolidated
aeolian deposits, and the lower contact, usually with the upper calcrete horizon of the
Vaalputs Formation, are sharp. The iron oxide cement which gives this sediment its
hardness is more concentrated towards the top of the unit. The sediment consists of
a coarse sand to grit, with a fairly high clay content (as much as 18%. but typically
around 10 to 12%). Pebbles, up to 3 centimetres in diameter, and predomi  atly
composed of biue quartz are scattered throughout. The surface texture of the grains
comprising these sediments is frosted, such as that observed on wind blown fragments,
and observed on the grains in the recent aeolian deposits. Calcrete may be developed
along fractures in the upper parts of these sediments. Bioturbation is not as obvious in
this unit as in the Jess consolidated sediments. hut was noted in some areas.
Sedimentary structures are lacking in this generally homogensous unit, with the
exception of thin muddy lenses which wera noted in the sections provided by the waste
disposal trenches. These lenses have a shiny appearance due to the fineness of the
particles. They are usually several metres wide and a few centimetres thick.
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Figure 7.30 Iron cxide cemented facies, with the typical deep red colour and
calcrete lined fractures.

Petrology and mineralogy

These sediments, which dispiay a typical red colour consist predominantly of iron-oxide
coated quartz grains, set in a fine-grained clay me'rix (1'o to 12%) and cem  (iron
oxide and silica). The guartz fragments may be rounded but are generally v angular,
probably mainly due to resorption of the grain margins during the produci'an of tha
cement. Some of the cement may be precipitated from surface or ground water. The
quartz and iron oxide cement gives this sediment its hardness and red colour. The
hardness of these sediments has been related (Ellis and Schlom, 1882; Klintwaorth,
1948) to the amount of free carbonates present. The more carbonates present the
softer the sediment becomes. Few rock fragments and minor altered feldspar grains
were also noted.
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Sand size analysis

Ranges of grain size parameters for this sediment are summarized in Table 7.4 below.
A range of values obtained for the aeolian Gordonia formation sediments is includsed
in this table for a comparison. It should be noted that the ranges of dorbank
sedimentary parameters (Table 7.4) all fal! into the ranges obtained for the aeolian
deposits of the Gordonia Formation, with the .<ception of one sample exhibiting poorer
sarting.

Table 7.4 Range of sedimentary parameters for the iron oxide rich sandstone

(dorbank), and the Gordonia Formation (aeolian sediments only).

Mean Grain Size () Standard Deviation Skewness

. {Sorting)
Dorbank {n=4) 1.30-1.36 1.34-175 0.41-017
Gordonia Formation 085-1,55 0.93-1.44 0,11 -0.36

{aelia 'sans} (n=22) _

Discussion

Darbank occurs widely in the semi-arid to arid climates of the Little and Great Karoo,
Namagualand and Bushmanland (Ellis and Schloms, 1982), and Is related to the
duripan of soil classification systems (Soil Survey Staff, 1975). Massive types such as
those cbserved in the study area (uther types are referred to as platy or [aminated) ere
mainly restricted to the northwestern part uf the country and occur most commonly in
transported materials and overly a variety of older geological formations (Ellis and
Schioms, 1982),

Darbanks, as referred to by Ellis and Schloms (1982} and MacVicar et al. (1977), were
noted by Fitzpatrick (1988) to be restricted to the semi-arid and arid climatic zones
where environmental conditions have been considered to favour the accumulation and
formation of fron and silicified coi..pounds in a weathering environment of a hot, dry
climate. According to Ellis and Schloms {1982) soils with dorbank occur on levei-terrain
with slopes rarely exceeding 5%. Dorbank in Namagqualand and the Richtersveld were
renorted (Ellis, 1979) to always occur in the older parts or be associated with older
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landscapes, which is in accordance with findings of Fiach et al. (1969). Also, dorbarnks
ocour in areas where, in every month of the year, evaporation exceeds precipitation,
and in regions that favour neutrat to alkali soil reactions, which in turn favours the
solution of silica. The low rainfall causes the mobite silica ta remain in the profile and
to be deposited in the subsoil. Carbonate moves slightly further and tends to
accumulate below the dorbank {gypsum moves the furthest) (Ellis and Schloms, 1982).

These observations suggest that the dorbank and the uppermost calcrete horizon in the
study area may have been deposited contemporansously. Iron is believed to play an
important role in the cementation of dorbanks, although Ellis and Schloms {1982) noted
that iron contents may be very low. One possible explanation for the cementation of
dorbanks may be & result of iron clossly bound to the silica in a Fe-0-8i bond. it has
also been suggested that for cementation, the iron acts as a protective coating on the
cementing silica, thersby protecting the silica from attack by strong alkaline solutions
(Ellis and Schloms, 1982). The final harderiing of the material is associated with
exposure, due fo the stripping of topsoil, as well as wetting and drying, particularly
where rainfall is low (Thomas, 1974). Smale (1973) suggested a mechanism of
formation by "replacement of carbonate by silica" or calcrete alteration to dorbank. No
evidence, however, involving this sort of replacement was observed in the study area.

The dorbank of the study area conforms to the above observations and, therefore, may
well be related to the present-day climate and micro-environments. The frosted surface
texture of the grains in these sediments is similar to those of the aeolian sands of the
region, suggesting an aeolian origin. In addition the thin muddy layers observed in
these sediments appear to be the relics of what were once muddy deflation pans, such
as those seen on the present land surface. No dorbanks were seen occurring directly
on Karoo sediments (also noted by Ellis and Schloms, 1982). The exact distribution of
these subsurface deposits was not possible in the study area. However, they appear
to be related to flat stable areas and the marginal parts of deflation pans, where run-off
is restricted and water infiltration is significant.
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7.6.2 Calcrete

Surface calcrete exposures are not common in the study area, but, in deflated areas,
where dorbank in absent, calcrete may be expected. Large bioturbation burrows often
expose calcrete and resuit in a scatter of calcrete nodules on the surface. From the
available exposures it appears that the calorete exposed at surface can be planar
laminar, massive or nodular, and follows the dune morphology (as described in the
section on aeolian deposits). That is, the calcretes exposed at surface display a
pedogenic profile (Netterberg, 1980), which is farmed by the downward leaching of
carbonate from soil horizons by infiltration of meteoric water, These waters transpatt the
carbonate to the lower B horizon, where it precipitates, The carbonate may be derivad
from dust, precipitation, bio-activity (carbonate-rich water drawn from the phreatic zore)
and shell material {Goudle, 1973). Where calcrete is expost ' somne dissoiution and
erosion of the calcrete has been noted.

7.6.3 Silcrete

Surface silcretes are uncommon at Vaalputs, occurring predominantly as isolated
ferruginous and silicified deflation pan sediments. Most silicified occurrences are related
to the dorbank or the underiying Dasdap sediments (which were noted in the southern
parts of Vaalputs). They consist of an opaline matrix (Brynard, 1988 with a variety of
detritai grains, comprised of the typical grains constituting the dorbank and other
sediments,

7.7 Graln Size Parameters: a Comparison with the Vaalputs Formation

According to Friedman (1961) the textural parameters of sands reflect the mode of
transportation and the energy of the transporting medium. A comparison of the
sedimentary parameters of the Vaalputs Formation, with sediments from the present
day surficial micro-environments (Gordonia Formation) was undertaken in an attempt
to determine to what extent the Vaalputs sediments may have contributed to the
surface materials. In addition, an attempt was made to investigate whether size
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characteristics can differentiate sedimentary environments. A number of representative
samples were collected from the disposal site trenches and compared with a similar
number of samples from the various micro-environments of the Gordonia sediments.
For this comparative study the parameters for each of the facies constituting the two
formations (Gordonia and Vaalputs respectively}) were grouped togsther, and no
distinction is drawn for the individual units or facies within these formations. Three
separate plots were used for this comparative study and are described below.

Mean grain size versus standard deviation

The plat (Figure 7.31) allows for the classification of aeolian- and fluvial-type sediments
(Friedman, 1861), the only likely processes for the Vaalputs and Gordonia sediments.
Typical ranges for the two Formations are shown in the form of fields, and include 80%
and 92% of data points for the Vaalputs and the Gordonia Formations respectively.
Pebbly deposits have been excluded as they were found to be highly variable: their
parameters depend strongly on sample localities and hence representative sampling
of the material is difficult. The field of the Vaalputs sediments seems to coincide
reasonably well with the field of the more recent Gordonia Formation (Figure 7.31). The
Gordonia Formation is generally more variable, shown by a greater spread of points.

Also plotted on this figure are the approximate areas for dune and river sands
(Friedman, 1961). All samples with the exception of one, plot in Friedman's wide "field
of averlap". It should be noted that Friedman's fields plot in the upper left corner of
Figure 7.31 and that the range of values depicted for this study is significanily larger
than those identified by.Friedman. Friedman (1961), and Thomas and Shaw (1280)
emphasise that it is often difficult to distingui-h between wind and water lain sediments.
Also, all samples of this study, even those of obvious aeolian origin piot in the wide field
of overlap with larger mean grain sizes and poorer sorting than was expected.
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Figure 7.31 Plot of mean grain size versus standard deviation (sorting) for the
Vaaiputs and Gordonia sediments. Fields for the typical range of
Vaalputs (vertically hatched) and the Gordonia (horizontally hashed)
Formations are superimposed on the data, Dune and river sand fields are
after Friedman (1961).

Skewness versus standard deviation

According to Friedman and Johnsan (1982) the standard deviation and skewness are
geologic process-sensitive parametars, and therefore a scatter plot of these two factors
is likely to be significant. Figure 7.32 shows the similarities between samples of the
Vaaiputs sediments and those from the Gordonia Formation. The Vaalputs sediment
field contains 100% of data points (exciuding pebbly lenses) and the Gordonia
sediment field 92% of data points (excluding lag deposits). Again the Gordonia
Formation exhibits a larger field or spread of values than the Vaalputs sediments.

Friedman's fields for this plot were not included as they distinguish beach and river
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sands, which are clearly not relevant to this study. {n addition, the boundary hetween

these fields would plot on the far left hand side of the diagram (Figure 7.32), classifying

all the studied samples, including the aeolian Gordonia Formation as river sands.
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Figure 7.32 Plot of skewness versus standard deviation (sorting) for the Vaalpuis and

Gordonia sediments. Fields for the typical range of Vaalputs (vertically

hatched) and the Gordonia (horizontally hashed) Formations are

superimposed on the data, Fields excluds the highly variable pebbly

deposits.

Mean grain size versus skewness

These iwa parameters (Figure 7.33) again show a reasonable cluster, and overiap of

fields (Vaalputs and Gordonia Formation fields). In this case two data points of the

Vaalputs Formation are not included in the field of overlap. The Gordonia field contains
92% of Gordenia data points and the Vaalputs field 100% of Vaalputs data points.
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Pebbly deposits have bheen excluded in all accounts. Friedman's fields for this plot
{Figure 7.33) are not shown as they are used to distinguish beach and dune sands, and
which would obviously not aid in the identification of the sediments for this study.
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Figure 7.33 Plot of mean grain size versus skewness for the Vaalputs and Gordenia
sediments. Fields for the typical range of Vaalputs (vertically hashed) and
the Gordonia (horizontally hatched) Formations are superimposed on the
data. Fields exclude pebbly deposits.

It should be noted that in all the plots, the points which are distinctly separate from the
clustered data are coarse pebbly deposits. The surface (Gordonia Formation) lag
deposits exhibit fairly different sedimentary parameters to the pebbly lenses of the
Vaalputs Formation. This is mainly attributed to the sampling procedure for the surface
deposits, which were difficult to sample without mixing the lag deposit with snme of the
underlying sediment. Furthermore, each pebbly deposif, both on surface and in the
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Vaalputs sediments axhibits different sedimentary characteristics, such as maximum
clast size, clay content and pebble types, making any correlation, between the present
pebble deposits and older pebble lags (Vaalputs Formation) very difficult. However, all
the other results are suggestive of a genetic relationship for the two formations, the
implications of which are dealt with at the end of this chapter.

7.8 Chemical Results: a Comparison with the Vaalputs Formation

The chemical compositions of the Vaalputs, Gordonia and Dasdap sediments, and
several other weathered, clayey samples from surfaca exposures, of the basement and
the Dwyka are used in this study. The weaihered, basement exposures on the western
side of Vaalputs and the white clay facies at the base of the Vaalputs Formation are
believed to be two possible source areas for the clay-rich surficial sediments. In
addition ‘o in situ clay formation, sediment from these twa possible sources could
presumaply have been transported by primary processes (fluvial and agolian) and
mixed by secondary processes (bioturbation). A comparative study would also allow for
the determination of a genetic association for the Vaalputs and Gordonia Formations.
The major elements (Appendix E), rather than the trace elements were believed to be
more useful for this study. These results are presented below.

SiO, versus TiO,

Figure 7.34a exhibits a wide range of Si0, values, which can be attributed to the
diverse sulte of samples used for this analysis. Surface sediment {Gordenia) samples
are fairly high in silica due to the dominance of quartz sand. The silica content of the
weathered surface basement material show similar Si0, concentraiions, suggesting a
possible source for the Vaalputs and Gordonia Formation sediments. The wide range
of SiQ, values for the white clay can be attributed te the inhomogeneous nature of the
underlying basement {samples were taken from the white clay overlying both granitic
gneisses and norite). White clay samples taken from above noritic basement were
found to have lower silica contents than those taken from over granitic gneisses,
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The Vaalputs and four of the Gordonia sediment samples lie approximately in the
centre of and coincide with a scatter of points for weathered sampies taken from the
Dwyka sediments (one Dwyka sample was noted to contain significant carbonate,
suggesting passible calcretization and, therefore, is probably not represeniative), the
white clay facies in the lower Vaalputs sediments and the weathered surface basement
samples (Figure 7.34a). Thus, Figure 7.34a s._ests that all the above mentioned
possible sources may have contributed to a greater or lesser extent to the Vaalpuis and
Gordonia sediments.

The Gordonia Formation samples which are slightly enriched in titanium (Figure 7.34a),
may he due to the concentration of detrital minerals, such as ilmenite, leucoxene,
sphene, anatase, and as an exsolution phase in magnetite (Brynard, 1988) which are
commonly found on the deflated, present land surface. In an attempt to explain the
source of tita- - the surface sediments, several samples (medium to fine sand
fraction) from u.. sordonia Formation were magnetically separated to remove the
heavy minerals, and acid washed to remove iron coatings. The results showed the
expected range of 3i0; values (94.43% - 86.88%), but TiO, {rutile) in the sand fraction
ranged from 0.17% - 0.18%, showing that titanium is not associated with this fraction
of the aeolian Gordonia Formation sands. A further possibility for the titanium was by
TiQ, (rutile) in the quartz pebbles (the quartz pebbles generally have a grey to blueish
colour). Two pebbly deposits were analyzed, and again the titanium values were foo
low (0.16% for both samples) to account for the high surface values (approximately 0.5-
1.2%). Two Dasdap samples have relatively high TiO, values (Figure 7.34a). it is
known that iimenite is concentrated in parts of the Dasdap sediments and, therefore,
may be a contributing factor to the high TiO, values observed in the surface sediments
{Dasdap sediments have been noted as far north as Vaalputs). However, it would
appear that the main source and only plausible answer to the titanium concentration
at surface is due to the concentration of detrital minerals, caused by deflation, as
suggested by Brynard (1988).

Si0, versus ALQ;

Aluminium occurs primarily in feldspars in the less altered samples and forms a major
component of the clay minerals in the weathered samples. A strong, inverse
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relationship between silicon and aluminium is shown in Figure 7.34b. This mixing line
shows a "high ciay - low quartz” relationship (aiso noted in the petrology - see previous
sections). Sediments of the Gordonia Formation may be fairly low in aluminium
suggesting that the clay fraction has been decreased by aeolian processes. The white
clay facies in the lower Vaalputs sediments show a range of Al,O, values along the
mixing line, whic.  1ay be atiributed to variability in these samples’ source material. The
Vaalputs and Gordonia sediments plot approximately mid-way on the mixing line.
Dwyka material {generally lower aluminium and silica) may contribute to the scatter of
peints from a straight line relationship which generally exists between these two
slements, The Dasdap sampies plot on the lower end of this line, probably as a
consequence of having a similar source terrain to the other sediments, and also
suggesting a possible contribution to the Vaalputs and Gordonia sediments.

Si0, versus Fe,0;

The Gordania sadiments, and to a greater extent, the Vaalputs sediments have high
iron concentrations (Figure 7.34c). Iron may be concentrated more in particular units,
which gives rise to the spread observed in Figure 7.34c. The weathered basement
{surface and white clay facies) and Dwyka material is also highly variable with respect
to iron concentrations, and no obvious trends are evident in this plot. The variability of
iron concentrations may also be attributed to the fact that Fe* may replace AP in
feldspars to a. limited extent, and iron minerals are numerous and common (Day, 1963).
The reasonably iron-rich Dwyka samples may be an important contributor to the iron
observed in the younger sediments. The ocourrence of iron in the Gordonia and
Vaalputs Formation sediments is typically in the form of oxides and hydroxides.
Sediment particles are typically coated in iron oxide. lron oxide may also be
disseminated in the finer clay fractions, or may occ: - as detrital grains of magnetite and
iimenite, Iron in bictite is essentially restricted to w 2athered basement material. AH the
Dasdap sediments, with the exception of one ferruginized sandstone, have low iron
values.

8i0, versus MnQO

As with iron, manganese in the Gordonia and Vaalputs sediments is generally more
concentrated than in the weathered surface basement samples and white clay facies
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(Figure 7.34d). The weathered basement is also highly variable with respect fo
manganese concentrations, Overall the manganese concentrations for all analyzed
samples are low. Manganese may occur with iron oxides and hydroxides in the
sedimerts, as well as dendritic layers on fracture planes in the clay rich sediments and
in calcrete (Brynard, 1988), that is, manganese may be concentrated more in certain
units than in others, which, as in the case of iron, gives rise to the spread of data. As
with iron, the Dwyka may be a major contributor to the manganese observed in the
younger sediments.

Si0, versus MgO

Magnesium-oxide generally shows an upward increase from the weathered surface
basement and white clay facies into the Vaalpuis sediments (Figure 7.34e). The
(Gordonia sediments show a large spread: in some cases apptoximating the values of
the weathered surface basement material, and in other cases are similar to values
obtained for the Vaalgputs sediments. The higher values associated with the Vaalputs
sediments have been atfributed to disseminated calcrete and clay. Other oceurrences
of magnesium were detected by X-ray energy dispersive analysis, in iron-oxides and
-hydroxide minerals (Bryniia, 1988). The results of this study (Figure 7.34e) also
suggest that the Dwyka is an important source of magnesium,

Si0, versus Ca0

CaQ is present in the sediments of the Vaalpuis and Gordonia Formations, in addition
to being the major constituent of the various calcrete layers. Most of the analyzed
samples (Figure 7.34f) contain similar amounts of Ca0, with the exception of a few,
which have much higher concentrations. Two Dwyka samples exhibit the highest
concentrations compared to ail other samples (one Dwyka sample, which may have
been replaced or enriched by calcium carbonate, contained 27.9% CaO: this sample
has been omitted from Figure 7.34f). No particular trend was expected for this mc =i'e
element, but it is evident (Figure 7.34f) that sufficient CaQ is present in all the possible
sources, and can, therefore, easily account for the observed calcium in the sediments.
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8i0, versus Na,O

According to Day {1963} many sedimen ry rocks contain minerals which are devoid
of Na, as Na readily passes into solution during weathering processes. Brynard (1988)
suggested that most of the sodium in the Vaalputs sediments may be in feldspars, in
smectite clay and as halite in the surficial sediments, The surface sediment samples
{Figure 7.34g) are relatively high in sodium and show similar silicon-sodium
characteristics to several weathered surface basament and Dwyka samples. The whife
clay facies samples underlying the Vaalputs sediments ara relatively sodium poor, The
Vaalputs sediments lie approximately in a central position with respect to the underlying
white clay facies, the majority of the overlying surface sediments of the Gordonis
Formation, and several weathered surface basement samples.

SiO, versus K,0

The characteristics of potassium are similar in some respects to those dium in that
the surface sediments and in particular the weathered surface baseme .. sumples (with
the exception of one} are generally relatively rich in potassium, possibly due {o the
presence of the smectite group minerals (Figure 7.34h). The Vaaiputs sediments again
lle approximately in the central position on Figure 7.34h. The overlying Gordonla
Formation and surface sediments have. similar concentrations of potassium to the
Vaalputs sediments, and merely plot to the right (in the majority of cases) due to their
slightly higher silica contents {more aeolian in nature). Figure 7.34h also reflects the
amount of weathering of the analyzed samples. The most cormmon occurrence of
prtassium is in the silicate minerals such as K-feldspars, micas and clays. During the
weathering process, K passes into solution, with the decomposition of potassium
baaring minerals and may be absorbed onta colloids (Day 1963), thus being retained
in the clay minerals of the weathered products. The Dwyka sediments are relatively
depleted in patassium, which may also contribute to the final pattern observed in Figure
7.34h.
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and selected sample suites from weathered surface basement deposits,
Dwyka, and the Dasdap sediments.
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Fe,0~MgO-Al,Q, ternary plot

This temary plot {Figure 7.35) shows the similarity and uniqueness of the characteristics
for each sampie suite. Although little or no overlap occurs, the Vaalputs and surficial
{Gordonia) sediments have similar relative oxide abundances. The white clay facies and
the weathered surface basement suites also show similar relative abundances. The fact
that the sediments lie in the area between the weathered basement and Dwyka
samples suggests that both these source materials could have contributed io the
sediments of the Vaalputs and Gordonia Formations.

50

: . —
50 40 30 10 0

20
% MgO
® Gordonlc Formation (surfcce sediments)
+ Yaclputs Formotion
% Dwyka (weathared)
® Weathared surfoce hosement
¥ White cioy focies

Figure 7.38 Fe,O,-MgO-Al,Q, ternary plot of the Vaaiputs sediments and selected
sampies from the weathered surface basemient, the white clay facies,
surficial deposits of the Gordonia Formation, and Dwyka clay.

The comparative chemical study has shown that in most cases the Vaalputs and
Gordonia Formations have similar chemical characteristics and relative oxide
abundances. Also, from the data it appears as though the two formations are the
product of various sources, which include the lower white clay facies and the basemeant
{(Namaqualand Metamorphic Complex, Dasdap, and Dwyka).
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7.9 Discussion

Some of the features of the Gordonia Formation and the surficial micro-environments
are briefly discussed in the sections helov fter which a synthesis of these results is
presented in a section dealing with their formation.

Atypical grain size paramelers
Several factors are believed to influsnce the size frequency distribution of natural
sediment populations. According to Solohub and Kiovan (1970) these are:

iy distribution of the source material;

ii} mineralogy and texture of the source material;

jii} the type and amount of energy at a depositional site;

iv) the rate of sediment supply; '

v) the possibility of sediment removal;

vi) the mixing, sorting, and remixing of separate populations; and
vii) diagenetic alterations.

All the above factors may influence the sedimentary parameters obtained for the
Gordonia Formation samples, resulting in the scatter of data points {comparative
sedimentary parameter plots). Most sampies taken for the grain size analysis include
many distinct depositional episodes, that is, the arialyses may reflect severai prccesses
rather than depositional or transport sorting (Emery, 1978).

The mean grain sizes for the aeolian d’dne environments of this study (1-1.6 ¢) are
higher than those recorded for aeclian sands in the Kalahari basin and Namib Desert:
for example, Namib sands 2.11 ¢ (0.23 mm)} (Goudie, 1970), Namib dune crests 2.44
& (0.18 mm), and Namib ¢une streets 1.99 ¢ (0.25 mm) (Lancaster, 1981); north-west
and south-west Botswang, 2.3 ¢ (0.20 mm) (Grove, 1969); and central Kalahari, 2.4 ¢
{0.18 mm) (Lancaster, 1978a).

The coarser than expected mean grain sizes for the Gordonia Formation, espscially
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deposits which are obviously aeolian in nature, were at first believed to be due fo the
following factors:

i} the Vaalputs sediments are fairly close 1o their source;

ii)) extremely strong winds are experienced in this area;

i) bioturbation has resulted in mixing of both coarse lags (sheetwash and deflated
accumulations) and aeolian derived sediments:

iv)  deflation, and hence the removal of fines,

However, the three comparative grain size parameter plofs (Figures 7.31, 7.32, and
7.33) show reasonable overlap of the Vaalputs and the Gordonia Formation fields. This
correlation of sedimentary paramesters may be partly attributed to the mixing ass'.ciated
with bioturbation, However, the results do suggest a common source for the two
sediment suites. The results also suggest a genetic relationship or at least fairly similar
sedimentary processes for the two sediment suites.

In addition, the long fraverse results show that there is no regional change in grain size,
particularly with distance from the basement in the west as was initially believed
{(McCarthy, 1985). Rather, the local or micro-environment seems to play a part in
defining grain size characteristics.

The study of sedimentary parameters has shown that the Vaalputs and Gordonia
sediments have very similar characteristics. The sedimentary paramsters of the
Vaalputs Formation genérally fall within the larger field defined by those of the Gordonia
Formation. The tighter clustering of the Vaalputs sediments is most likely due to the
more homogeneous {(due to mixing by bioturbation processes) nature of these
sediments, whereas the Gordonia has a greater spread due to the reworking of what
must have been predominantly Vaalputs sediments in different micro-environments,
which combined, . "ow a greater variability of sedimentary parameters. The sedimentary
parameters of this study all indicate that the source of these sediments is primarily the
Vaalputs Formation and that the present land surface must therefore be in a general
state of degradation.
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Petrology and chemical results

Petrographically the Gordonia sediments are similar to the Vaalputs sediments. The
Vaalputs sediments tend to contain more iron cemented grains (iron cementation was
noted fo cause "clustering" of grains) and have a greater percentage of fine silt to
clayey matrix. Reworking of the Vaalputs sediments on surface, by aeolian processes,
could well account for the de-aggregation of iron clusters and the slight depletion of
fine/clay fraction compared to the Vaalputs sediments. The fine fraction generally
present throughout the surface sediment- is also not typical of aeolian environments;
the dominant surface forming process. The possibility that the fine fraction was derived
from weathered basement fo the west of the Gordonia deposits and deposited in a high
energy aeolian environment also seems unlikely, Remnant feldspar grains in both the
Gordonia and Vaalputs Formations suggesis that the clay fraction is predominantly
derived from in situ weathering of the Vaalputs sediments and reworked to some
degree in the overlying Gordonia sediments,

The comparative chemical resuits show that the Gordonia (surface) samples are very
closely reiated to the Vaalputs sediments and differ essentially only by being more
quartz rich which may be accounted for by aeolian processes. Also, as previously
mentioned, aeolian activity presumably reduces the clay fraction to some degree, and
hence "cleans" these sediments with respect to the underlying, and more clay rich
sediments. The higher CaO concentrations at surface may well be the result of the
greater termite activity found in the near surface sediments. For many years paologists
have studied the factors which have led to the appreciable quantities of calcium
carbonate in termite mclinds on hon-calcareous soils. Watson (1874) lists some of the
proposed methods for the concentration of calcium carbonates, which all involve
evaporation of water containing calcium carbonate from the termite mound, but differ
in the source and mode of entry of water into the mound. Watson (1974) suggested
another method in which the pH of the mound Is elevated by termites bringing in
vegetation and the precipitation of calcium carbonate as a result of contact between the
termite mound of high pH and ground water of low pH. These processes may well
contribute to the elevated CaO contents observed in the surficial sediments. Brynard
(1988} observed similar magnesium-oxide trends to that of this study in mest boreholes
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on Vaalputs and related magnesium to calcrete, that is, he suggested that magnesium
is co-precipitated with the calcium as dolomite along fractures in the calcrefe. In
addition, other concentrations of MgQ, not associated with CaC he suggested,
represents the presence of smectite clay, of which MgO is an important constituent.

The comparative chemi~al results also suggest that the Vaalputs sediments (the source
of the Gordonia and surficial micro-environmert sediments) are derived from: i) gneissic
basement of the Namaqualand Metamorphic Complex; and i) Dwyka rocks,

A number of conclusions may be drawn from the comparative chemical resuits:
although all the analyzed sample suites exhibit individual chemical characteristics,
weaathering and soil forming processes played an important role in changing the
characteristics of the source material, the Vaalputs Formation. in addition, mixing of the
sediments by bioturbation processes and modern weathering has given rise fo the
chemical characteristics of the Gordonia (and Vaalputs) For.iiation,

Subsurface calcrete

As all the observations and data indicate that the present landsurface is in a state of
degradation .. would, therefore, appear that the calcrete layer associated with the dune
forms is continually being leached downwards by meteoric water. A similar scenario
was described by McCarthy (1983) for calcretized river gravels in the Griqualand West
region, where, as the layer migrates downwards the sediment is released at surface
contributing to the derived deposits.

Formation of the Gordonia Formation and the surficial micro-environments
The surficial aeolian deposits of the region, resulting from aridification, are believed to
be of late Tertiary to Quaternary age. The present day micro-environments (aeolian
dunes, deflation pans and iag deposits) have been shown to be a product of the
underlying Vaalputs Formation. This is exhibited in the correlation of grain size
parameters and chemistry, the petrology, and presence of fines throughout these
sediments.
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The results of this study all indicate that the source of these sediments is primarily the
underlying Vaalputs Formation which is in a state of degradation. At the onset of
aridification reworking of the Vaalputs Formation gave rise fo an aeolian dune
dominated landsurface (Figure 7.36a). Surface processes (prirarily aeolian) have
reworked and modified the surface into longifudinal dunes with a transverse component.
A subsurface calcrete layer in these dunes gave rise fo a more stable dune morphology.
With degradation of these forms the calcrete was exposed preedt:)rhinamtl\;r on the
windward side of the dune, and alfowed some aggradation of sands on the more
protected leeward side of the dune (Figure 7.36b). This overall degradation "flatteried”
the aeolian dune morphology to some extent. Continued degradation exposed larger
areas of calcrete and gave rise to a fairly flat landscape, with dunes of a fairly low
amplifude (Figure 7.36¢). The subsurface calcrete layer is continually being leached
downwards by meteoric water and in doing so replaces the underlying Vaalputs
Formation material. The exposed calerete is processed and released at surface as
degradation takes place.

It is on the lower lying areas of the stable hummacky landsurface that deflation pans
may develop. Lag deposits occur in areas where the fines have been removed by
aeofian and fluvial processes. The surficial deposits are continually undergoing
modification and mixing with the underlying Vaalputs sediments by bioturbation.
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Figure 7.36 Stages in the development of the Gordonia Formation and surficial micro-

environments.
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CHAPTER 8: STRUCTURE

According to Partridge and Maud (1987} uplift of the subcontinent has occurred
episodically, with extended periods of stasis since Mesozoic times. These uplifts are
concentrated near the coastal margins and along discrete inland axes, Partridge and
Maud (19287) also suggest that no major fauiting has accompanied these movements.
Some faulting, however, which may well be related to episodes of uplift can be
observed on a local scale. Faults, fractures, joints and other manifestations of siress
in the lithosphere are commonly selectively weathered and eroded. Fault scarps, offset
drainage channels, lineaments and other structural features are indicative of tectonic

events,

In this chapter, macroscale approaches were used to establish broader and more
generalized causal links between tectonics and landform development in the Vaalputs
region. In many cases, macroscale tectonic controls are reflected in small-scale
morphological features. In the study area the tectonic interpretations of such
morphological features was crucial in unravelling the nature of past and recent tectonic
activity. TM-5 LANDSAT imagery was processed and interpreted for lineaments,
allowing for the compilation of a lineament map for Vaalputs and its environs. More
detailed studies were carried out on specific lineaments and field work included
slickenside measurements and joint analyses. Seismic data were analyzed, and finally,
all the data was synthesised and interpreted to produce a model for the tectonic history
of the area which gave rise to the accumulation and preservation of the surficial
sediments in the Vaalputs region.

8.1 Lineament Analyses

The approximate area, and the image used for the lineament analysis is shown in
Figure 7.1. The image and a linsament map was produced at a scale of 1:100,000.
Figure 8.1 shows the results of this analysis. All structural lineaments shown are either
faults or master joints. Lineaments which were atfributed to foliation and lithological
fabric were excluded. A rose diagram (Figure 8.2) shows the orientation of all mapped
lineaments, as determined from data presented in Figure 8.1.
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Figure 8.1  Suuctural lineaments in the Vaaipuis area derived from T™-E Landsat
data (various combinations). Gr=Garing fault Gs=Gasab fault:
R=Riembreek fault; S=Santab fault; St=Stofkloof fault, V=Vaalputs fauit;
B=Bok-puts fault and GTA=Griqualand-Transvaal Axis of uplift.
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The lineament orientations (Figure 8.2) for all lineaments, exprassaed as a percentage
of the total length, exhibit strikingly similar orientations to those obtained by Andersen
(1992) and Corner (1993). The primary lineament orientation, that is, approximately
160° as mapped by Andersen (1992) and Corner (1993) is similar to the primary
oriertations obtained in this study. Other lineament trends (Figure 8.2), which are less
prominent, but nevertheless, may have a significant role in recent tectonism are: a
north-northeast trend, a northr 2st trend and a east-northeast trend. These other three
arientations were cobserved by both Andersen (1992) and Corner (1993) using
geophysical methods,

Figure 8.2 Rose diagram showing strike of al} lineaments, as determined from data
presented in Figure 8.1. All data are expressed as percentages of total
lineament length.

Several faults which have previously been identifled by other methous such as
geological mapping and air-pholo interpretation (e.g. Andarsen, 1992) and
aeromagnetic methcds (Andersen, 1992; Comer, 1983) were recognised in this study
using TM-5 Landsat Imagery (Figure 8.1). Thess include:
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i} the Garing faulf,

ii) the Vaalputs fault,

iii) the Gasab faulf, which correlates with the position of the Gasab river and has clearly
been displaced (right-laterally) by the Vaalputs fault. This displacement was also noted
by Corner (1993), and suggests an rlder age for the Gasab fault,

iv) the Stofkloof fault, also associuted with present drainage, appears to be slightly
displaced by the Vaalputs fault, which implies a younger age for the latter fault. Cormner
suggested that the Stofkloof fault was displaced right-laterally by the Vaalputs fault - the
sense of displacement, however, is not well defined by the LANDSAT data of this study
(evidence for reactivation of the Stofkloof fault has been observed and is described in
Section 8.3.2);

v} the Riembreek fault, and

vi) the Santab fault, which is a prominent feature, identifiable on the LANDSAT image
and on airphotos, and also observed by Corner (1993} to correlate with a strong thermall
infra-red lineament. The reader is referred to Section 8.3.2 for further cbservations
related to the reactivation of some of the above mentioned structures,

The Bok-puts faulf which parallels the Vaalputs fault (Corner,1993) was not visible on
any of the studied LANDSAT images (the position of this fault is shown on Figure 8.1).
According to Andersen (1992) this fault represents a zone of higher magnetisation, and
the depth to the highly magnetised rocks was interprated as 1500 metres. Corner
(1983) suggests a much shallower depth due to shaip changes in magnetic field as one
crosses the fault. Neveriheless, as the Bok-puts fault has not been observed by
Landsat imagery, it has most probably been inactive since the deposition of the
overlying sediments (the Vaalputs and Gordonia Formations).

Figure 8.3 shows the lineaments over the Vaalputs s.. 2 as determined from LANDSAT
imagery, superimposed on elevation contours of the base of the "Vaalputs basin"
(contours were determined by Jamieson, 1986, from borehole logging). Figure 8.3
shows a definite association between the observed lineaments and the Vaalputs basin
shape, and elevation contours of the basement. The association exists predominantly
with a set of north-northwest trending lineaments (some of which were newly
recognised in this study), and which represents the primary lineament direction of the
area as seen in Figure 8.2, The Garing and Vaalputs faults may have some influence
on the basin shape, but the borehole spacing is too great {o state this with any certainty.
The lows depicted by the contours appear to be mainly bounded by the north-northwest
trending lineaments.
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Figure 8.3 Lineaments of Vaalputs superimposed on elevation eentours of the base of the Vaalputs Formation. Basement rock
contours were determined by Jamieson (1986). Section X-X' is described below (see Figure 8.5).



Figure 8.4 shows an east-west cross section across Vaalputs. The subsurface data for
the eastern part of the section were taken from contours as determined by Jamieson
(1988). The figure clearly shows changes in the height of the palaso-weathered and
silicified basement surfaces along the section. The sflicified surfaces on the western
side of Vaalputs are sharacteristically horizontal, suggesting that the observed height
differences, at least in this area, are not due to palaeo-topography, but rather indicate
tectonism. As no silicified basement is present on the eastern side of Vaalpuis and
since the weathered white clay facies of the Vaalputs Formation is generally fairly thick,
relative elevation differences could nat be reliably established.,

Figure 8.5 shows a west-east cross section across the eastern part of Vaalputs
(position of the cross section is indicated in Figure 8.3), approximately haif a kilometre
fo the north of the disposal site along a line f closely spaced driltholes. In Jamieson's
(1986) interpretation of the borehole information he proposed an undulating basement-
sediment contact. This appears to be incorrect as it fs now known that there are north-
northwest irending lineaments, which are more than likely faults, and which appear to
cross-cut the Vaalputs and Gordonia sediments. Figure 8.5 is therefore a
reinterpretation combining the measured depths to the unaltered basement and the
newly recognized lineaments,

Figure 8.5 shows that the Vaalputs sediments may occupy a series of graben-type
structures, defined by a set of north-northwest trending faults. Sediment covered faults
makes determination of the exact vertical and lateral limits of the "grabens" difficult, but
from this interpretation they seem to extend from approximately 2 kilometres east of the
main Springbok road to the Santab lineament in the east. The east-west section using
Jamieson s (1986) borehole data alone (Figure 8.4) suggests that faulting preceded the
onset of sedimentation, as the basement lows are filled with "white clay".
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Figure 8.5 Wast-east cross section of the eastern part of Vaalputs. The section is
approximately 500 metres to the north of the disposal site, the position of
which [s shown in Figure 8.3. Soilid lines represent primary (prominent)
lineaments, whereas dashed lines are secondary lineaments.

Andersen et al. (1996), in an independent aeromagnetic investigation, also recognised
veitical displacement patterns of small magnitude on fotal field aesromagnetic images
of the areas referred to above as, and defined by, "grabens”. They noticed that the
overall magnetic intensities are homogeneous within clearly defined blocks that
terminate abrupily against north-northwest trending Pan-African aged faults. Areas of
higher magnetic intensities were used to indicate horsts and the lower values grabens.

The fact that faulting is seen in the sediments, indicates a post Vaalputs and Gordonia
Formation age for the faulting. it is therefore suggested that fauiting and reactivation of
pre-existing faults has been ongoing since at least the time when the palaeo surface
was formed, that is, since the Cretaceous (Parlridge and Maud, 1987; Andreoli et al.,
1987).
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SPOT panchromatic imagery techniques were used in an analysis of the surficial cover
of the Dasdap sediments to identify lineaments in the southem portion of the study
area. Figure 8.6 shows the lineament map for the Dasdap area as determined using
SPOT satellite imagery. Figure 8.7 shows the orientations for all lineaments in the
Dasdap area, » .aressed as a percentage of the total length.

Figure 8.6 Lineament map for the Dasdap area, obtained using SPOT panchromatic
imagery. Also shown are the present land surface contours and the
Dasdap drainage.
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Figure 8.7 Rose diagram showing strike of all lineaments for the Dasdap area, as
determined from data presented in Figure 8.6. All data are expressed as
a percentage of total lineament length.

From Figure 8.7 it is evident that the orientations of this slightly more southerly area,
which is predominantly covered in Cenozoic deposits are similar to those of the
Vaalputs area (Figure 8.2). That is, a dominant north-northwest orientation, and less
prominent northeasterly orientations are present In the Dasdap area, The lineaments
obtained using SPOT imagery, were investigated in the field but field observations
revealed no noticeable displacement or surface expressions. 1 nis was attributed to the
fact that the terrane is extremely flat and that mobile aeolian sands would not allow the
development of a well defined fault scarp, but would rather tend to smooth out such an
expression, allowing subtle features such as these to be viewed, using remote sensing
techniques only.

In an attempt to reveal the linaments and possible faults, which are generally
orthogonal to the drainage path (Figure 8.6), a down-stream profile along the Dasdap
drainage was carried out. The results of this study are presented in Section 7.3 in
which the disturbance of recent drainage patterns, by tectonism, is dealt with,
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A structural analysis was carried out on the prominent palaso-weathered mesas that
are preserved on the western part of the Vaalputs property. A structural analysis of
these features would contribute to the overall understanding of the structure of the
basement in the region. The analysis included documenting orientation and sense of
movement, where possibie, of any tectonic related features: fault and shear zones,
lineaments, master joints, and surfaces containing slickensides. Figure 8.8 is a map of
the western side of Vaalputs showing these palaeo-wsathered occurrences. Both older
structures and those which post-date the Cretaceous weathering event are preserved
in these features, thus allowing for the recognition and identification of older and
Cenozoic structures.

PALAED—WEATHERED BASEMENT
WiTH SIUCIFIER CAPROCK

277 PMLAEQ-WEATHERED SASEMENT

ooz
Y000

3
+ SPOT HEIGHT {m) = )a?

Figure 8.8 Map of the western portion of Vaalputs, that is, to the west of the
Springbok road, showing the occurrences of altered basement and the
observed lineaments (for section A-F see Figure 8.10). Lower case letters
represent areas where detailed slickenside analyses were carried aut,
and are referred to in Section J.2.2.



8.2.1 Faulting

Evidence for faulting, some of which may be contemporaneous to that on the eastern
portion of Vaalputs is shown in rigure 8.8. This staggered northeast trending cross
section (the position is shown in Figure 8.8) displays vertical displacement of up to 40
metres in the palaeo-weathered and silicified basement on the western side of
Vaalputs. The section (Figure 8.9) confirms displacement resulting from the numerous
northwesterly trending faults which are known to exist in the basement and which are
also seen to affect the sediments occupying the Vaalputs basin (Figure 8.5). Several
other workers (e.g., Stephens, 1971; Senior, 1978; Wopfner, 19878; Milnes and Twidale,
1983} who have observed the relationships of silicified materials with weathered
profiles, have also recognised the effects of tectonics on the disposition of silcrete
horizons.
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Figure 8.9 Staggered northeast trending cross section (the position of which is shown in Figure 8.9). Solid lines = primary faults;
dashed lines = probable/secondary faults.
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8.2.2 Slickensides

The results presented above indicate post weathering displacement: Figure 8.9 shows
offsets in the silicified cap rock. In addition numerous slickensided surfaces were noted
in these palaeo-weathered ocrurrences. Slickensides occur on silicified or clayey
surfaces which are typically polished. The clayey and silicified lithologies appear to be
ideal for the formation and preservation of slickensides and their associated planes. A
typical, well preserved slickensided surface is shown fn Figure 8.10.,

Figure 8.10 Typical well preserved slickensided surface in the prominent palaeo-
weathered basement occurrences,

Characteristics and possible origins of slickensides

Field observations indicated two distinct slickenside types which have difisrent physical
characteristics(Table 8.1). The characteristics of the slickensides are suggestive of
different origins, namely those resulting from tectonism and those relatec o the
expansion of clays, and are, therefore, referred to as such in Table £
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Table 8.1  Characteristics of two slickenside types (hased on proposed origins)
presert on fracture surfaces in the palaco-weathered and silicified
basement occu.rences.

Origin:  Slickensides associated with the Slickensfdes associated with tectonism

expansioniswelling of clay

1) Oceur on conchoidal or curvi-planar Qceur on flat surfaces
surfaces

2) Two or more slickensida directions may Ganerally only a single slickenside direction
be presant on a surface on any particular surface

3) Qceur on small, non-continusus, non- Qceur on large, continuous, penetrative,
penetrative, fracture surfaces fracture surfaces.

4) Slickenside striations often poorly Slickenside striatfons usuailly well developad
developed

5) Sense of movemeant often difficult to Sense of movement sometimes definable
determine

6) Large variations of slickenslde Similar orientations of slick 3nsides {often
orientatiohs observed at an outcrop. exhihiting conjugate pairs) observed at any

partictlar outerop

Slickenside orientations

All surfaces observed containing slickensides were measured and documented. The
arientations of the planes and slickensides are tabulated in Appendix F. As the palaso-
weathered basement occurrences are bound or defined, in most cases, by fauits, all
slickensided surfaces could have been influenced by tectonism to a greater or lesser
degree. Thus, the analysis of slickensided surfaces in the palaso-weathered and
silicified units formed a major part of the tectonic analysis as they are abundant and
suggestive of Laie- or Post-Cretaceous tectonism.

The orientations of all surfaces containing slickensides (Appendix F) were plotied on
an equal area stereo-net projection using the program "S-plot". The poles to all planes
(Figure 8.11) show random orientations. The distribution of these poles was determined
statistically to be 95% uniform.
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Figure 8.11 Stereo-net plot of all poles to the measured planes containing
slickensides in the palaeo-weathered basement.

The strikes of all planes containing slickensides were plotted on a rose diagram in an
attempt to further enhance and extract any preferred orientation. This was attempted
to determine whether any planes of possible tectonic origin would be revealed, which
were being "hidden" by the scatter of other planes of possible swelling origin in Figure
8.11. The results of this rose diagram plot are shown in Figure 8.12.

Besides the expected "noisy background" (Figure 8.12), two prominent orientations are
evident: a north-northwest orientation (which coincides with the regional lineament trend
- Figure 8.2) and a northeast orientation. The stereo-net plot (Figure 8.11) shows three
ciusters of poles to planes containing slickensides which are most probably associated
with the two trends evident in Figure 8.12. These two orientations trend approximately
70° and 142°,
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n= 229

Figure 8.12 Rose diagram of all strike orientations of planes containing slickensides
in the palaeo-weathered basement.

As most clays expand when wet and according to Nettieton and Brasher (1983}
kaolinite expaids by 121 2% when wet, the orientations believed to be associated with
tactonism only, were extracted from the rose diagram (Figure 8.12) and plotted on a
separate rose diagram: Figure 8.13. This figure again shows the prominent crientations
obtained previously, that is, a northeast and a north-northwest trend. Two other frends
are also present: a northwest trend (possibly associated with the north-northwest trend),
and a less prominent north-northeast trend. These results support the interpretation,
initially based on field observations, of two origins for the slickensides.
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Figure 8.13 Rose diagram of ali sirike orientations of planes in the palaec-weathered
basement occurrences which are believed to be associated with
tectonism (n=29).

8.2.3 Slickensida Analysis

The better preserved and developed, continuous and penetrative surfaces for selected
localities were plotted on stereo-nets (Figure 8.14). The localities for ti:ese plots are
shown in Figure 8.8. These plots, with the exception of two (Figures 8.14h and 8.14i),
show similar preferred strike orientations of planes, to those of Figure 8.12 and 8.13.
That is, two prominent trends are present: a north-northwest and a northeast trend.
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( Faults with slickensides

|

Frachre without slickensides/
Master Joinf

Figure 8.14 Orientations of selected surfaces of proposed tectonic origin. For

localities see Figure 8.8.

Using the method described by Jaroszewski (1984), principal stress directions for five
of the stereo-net plots of Figure 8.14 could be obtained:

@ ™0 5 T

48° on 240°
g° on 251°
18° on 043°
34° on 046°
10° on 020°

228



These results indicate two principal stress directions: a west-southwest (b and ¢ above),
and a northeast o north-northeast (e, f and g above) oriented principal stress direction.
in most of these cases the principal stress is sub-horizontal.

The method employed above (Jaroszewski, 1984) to deftermine principal siress
directions for selected stereo-net plots (Figu:e 8.15) is generally unsatisfactory, as only
individual sites could be analyzed. As the majority of slickenside lineations are formed
in an anisotropic medium which contains numerous surfaces of discontinuity (Van der
Merwe et al.,, 1888), for example, joints and faulis, a method was required o determine
principal stress directions using slickenside orientations from the entire study area. This
would give the prevailing regional stress directions responsible for the observed
sliciensides, rather than the stress directions for individual sites in what may well be an
anisotropic medium. According o Aleksandrowski (1885) the relationship between the
orientations and magnitude of principal stresses, and the directions of slip on variably
orientated pre-existing planes in such a medium is highly complex. The orientations of
slip directions which are developed on a multitude of differently oriented planes can be
used to determine the crientation of the prevailing stress field {Aleksandrowski, 1985).
Aleksandrowski modified an earlier approach to this problem by Arthaud (1969). This
method for the analyzed data is, however, based on the assumption that all planes and
slickensides (of proposed tectonic origin} in the pu@eoc-weathered basement
occurrences were formed by the same stress field.

Arthaud's (1869) method is based on the concept of movement planes (M-planes)
which are planes perpendicular to the slip plane and also contain the direction of the
slickenside lineation. Applying Arthaud's (or Aleksandrowski's) method to a fault
population active in a single tectonic episode, it is necessary fo:

i) plot the poles to fault planes and the penefration points of the striae on a stereo-net;
if) join each fault pole and the corresponding strias penetration paint with a greet circie,
thus tracing individual movemert planes (M-planes) and

iii) plot the poles (mM-poinis) to the movement planes. All the M-planes should intersect
at none, two, or three points, that are the axes of the same number of mutually

229



perpendicular great circles of iM-points.
The points of intersection of the movement planes correzpond o an orthogonal system
of deformation axes.

A movement plane was constructed for every locality where slickensides were observed
and which appeared to be related o tectonism only. Slip movement planes (M-planes)
were constructeu (Figure 8.15a). In many cases it was not possible to detarmine sense
of movement and, therefore, specific directions are not indicated. The resuitant pattern
of slip movements, excluding 18 points (35 % of data) which did not conform to any one
of Aleksandrowski's patterns, may be seen in Figure 8.15b. The resultant pattern
(Figure 8.15b) is similar to the case C=1 (also similar fo C=1.1) of Aleksandrowski
(1985). Aleksandrowski's pattern for the case of C=1 is shown in Figure 8.15¢. The C-
value defines a certain stress condition and is defined as C={0,-0,)(0,-0,)" where
1<C<=, The slip-movement directions which do not cohform to the pattern (Figure
8.15a) may be the result of expansion-related slickensides of the palaso-weathered
zone which have heen incotrectly interpreted as tectonic-related slickensides, or may
represent an addition or superimposed pattern belonging to ancther siress field, for
which insufficient data are available.

The data in Figure 8.15b corresponds to a stress field where 0,=0,, one of which is
vertical and the other oriented NNW-SSE (o, is oriented ENE-WSW} . This stress field
is characteristic of normal or strike slip faulting (Anderson, 1851). Due to the amount
of data available (n=486), it was not possible to determine whether C was in fact 1.1
rather than 1‘_gthese two cases - Aleksanarowski, 1985, are very similar). For C=1.1 the
stress field would be defined by a vertical o,, a NNW-SSE g, and an ENE-WSW g,, that
is, a stress field characteristic of a normal fault.
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Figure 8.15 (a) Slip movement directions on movement planes for all proposed
tectonically derived fractures n the palaeo-weathered basement
occurrences on the western part of Vaalputs; (b) selacted data of (a),
which conforms o the case C=1/1.1 of Aleksandrowski (1985) [shown in

{c)].

According to Aleksandrowski (1985) there are two disadvantages to the method of
movement planes: the procedure is time consuming and needs many measurements
(only 48 measurements were available for this study); and secondly, even a large
number of readings does not guarantee a successful result. Nevertheless, the use of
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Aleksandrowski's (1985) technique on the available aa'a has suggested that perhaps
two stress fields have functioned in this area to produce the observed slickenside
orientations.

8.2.4 Comparative Joint Analysis

8.2.4.1 Jointing in the Basement Rocks

Statistical analysis of the orientations and physical properties of joints in the study area
was carried out. This was aimed primarily at comparing the joint density and
orientations in the unaltered basement with those in the overlying and younger
Cretaceous weathered and silicified basement. Such a study would ailow for the
determination of more recently formed joint sets in the Cretaceous rocks and the
possible effect that the palaco-weathering may have had on sealing of older joints.

Method

No attempt was made to show the physical traces of joints on a map as they were
generally far foo numerous and much too short io portray at reasonable map scales.
Instead, the orientaiions of the dominant sets of joints are portrayed through a series
of rose diagrams, which was possible as most of the joints were found to be vertical.
This was achieved by carrying out a detailed structural analysis of several exposures
of rock assemblages which were subdivided intc domains, designated on the basis of
host lithologies, namely, silicified basement, weathered basement and the unaltered
basement. The study was based on the structural analysis of joints at 15 selected
stations, five stations within each of the [i:2dugic dornains. Five sites at which all three
domains could be studied was believed to cover a large enough area with sufficient
measurements to give representative statistics for the study The five sites, all of which
are on the western portion of Vaalputs, and in the vicinity cf focalities ¢, d, e, fand |
(Figure 8.8), were chosen primarily due to good exposure. As faulting is pervasive
throughout this area it was fa. ©  ~~oximity to faults was not important, however, in all
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cases the sites were placed several fens of metres away from primary faults. Stations
were positioned at various sites fo determine if joint trends changed over the study
area. The nature of the overall joint system could be determined through the systematic
examination of representative subareas within the domains. Stations were designated
as circular inventory areas with diameters of two metres. This inventory method, as
described by Davis (1984), requires measuring and classifying every single joint at a
station site. As outcrops are generally smooth and flat at sites of good exposure, only
trends could be measured (this posed no problem as all joint sets were vertical to sub-
vertical).

Characteristics of the analyzed joints

Joints in the study area exhibit diverse characteristics. Joints may be sealed (fypicaily
in the palaeo-weathered and silicified units) or may be open, exhibiting fractures of up
to a few millimetres. Dilation may be exaggerated due to weathering and erosional
effects. Joints are fypically vertical to sub-vertical, a few metres in length, but range
from 0.5 metres (commontly in the silicified unit as partly sealed joints) to tens of metres
in length. In certain areas it was found that master joints run for very fong distances.
Some of the prominent lineaments seen on aerial photographs of the area are probabiy
master joints rather than faults, particularly af sites where there is no obvious
displacement. The spacing distance between adjacent joints at one locality may vary
from cenfimetres to a few metres, This characteristic gives rise to a fairly large range
of joint densities. Joint surfaces are typically stained by secondary iron-oxide.

Joint density

Joint density can be measured and described in a number of ways: total cumulative
length in a specified area was used for this study, that is, the summed length of all joints
within an inventory circle, divided by the area of the circle:

Joint density = Linr?
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where L = cumulative length of all joints, and
r = radius of inventory circle.

Joint density is expressed in units of length/area, that is, m™.

The average joint densities and the range of joint densities for each domain (basement,
palaeso-weathered basement and silicified basement) are listed in Table 8.2.

Table 8.2 Average, and range of joint densities obtained for the unaltered
basement, and the palagc-weathered and silicified basement.

Average Joint Density (m™) Range (m™)

Siliciflad Basement 3.67 1.91-5.41
Weatliered Basement 348 2.45-577
Basement 5.66 3.33-11.05

From these resuils (Table 8.2) it is evident that the ioint density varies according to the
lithiological unit in which they were measured. The joini ity is markedly higher in the
basement than in the weathered and silicified basement.

Joint orientations

Orientation data collected during the course of the joint analysis is summarized in rose
diagrams: Figures 8.164a, 8.16b and 8.18¢. Rose diagrams with class intervals of five
degrees were effectively used in presenting the orientations of the steeply dipping joint
sets. Two preferred orientations of joint sets are obvious in all three figures, that is, a
northeast and a northwest to north-northwest trend. The basement (Figure 8.16a)
exhibits a third less developed set trending east-southeast. This trend is not present in
the overlying altered (particularly the silicified) basement, indicating that this joint may
have baen domant (or not reactivated) since at least the Cretaceous. The silicified
basement shows an increased intensity in the northeast trending joint set (Figure
8.16¢), when compared to the other two lithologies (Figures 8.16a and 8.16b).
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Figure 8.16 Orientation data summarized in rose diagrams for joints in the: (a)
unaltered basement; (b) palaeo-weathered basement; and (c) silicified
basement. All rose diagrams have class intervals of five degrees.

Interpretation of the joint analysis

Joints exist because the rocks in which they are found were forced to undergo dilation,
distortion, or both (Davis, 1884). Within a rock mass, individual Joint bounded plocks are
free to move imperceptibly in relation to one another when forced to do so. The joints
encountered in the study area, howe 'er, were ordinary featureless joints that are devoid
of vein fillings, striations, and stylolitic solution surfaces which would usually reveal their
kinematic functions.

No effects of the positioning of the ¢ ~*on sites can be observed in the results, that is,
joint densities and joint orientations are not noticeably affected by proximity fo large
scale lineaments. Also, orfentations thioughout the entire study area, and in the three
flithological units used for this comparative joint analysis, are fairly consistent. This may
be attributed to sealing of joints in the palaco-weatherea and silicified zones, many
joints having been sealed by clay and siiica (silicification), and the joint densities for
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these two lithologies (Table 8.2) are probably a resuit of reactivation of pre-existing (or
sealed) joints due to either tectonic activity or natural stress release processes. That is,
the jointing in the palago-weathered and silicified ocourmences are simply inherited from
thc basement, and the fact that certain orientations are absent in these zones implies
that joints in these overlying lithologies formed after alteration.

Classical interpretation states that conjugate joints intersect in the axis of intermediate
stress (g,), with the axis of greatest stress (g,) splitting the acute angle between the
conjugate fractures. Tension fractures or joints may also form during brittle failure,
breaking at right angles to the direction of least principal stress (o,) (Davis, 1984). A
general direction of the principal stress can be obtained from the rose diagram trends
according to the classical stress interpretation. By observation, the principal stress (0,)
is approximately north-south for the older joint set and possibly (assuming brittle
fracturing perpendicular to the least principal siress direction) northeast for the
prominent joint set in the palaeo-weathered and silicified zones.

It is very difficult to establish the exact fime of formation of specific Joints or joint sets.
Joints are also surfaces of negligible discernablie movement, As joints are cohesionless
surfaces, the joints may have been activated and reactivated in numerous
deformational events. As joints can form in so many ways, it is impossible to determine
their exact arigin. However, the joint sets encountered in the study area coincide with
the principal lineament directions observed on satellite images, as well as with some
of the principal directions obtained from the slickensided-fault-surface analysis.

8.2.4.2 Jointing in the Surficial Sediments

Jointing was observed in the Vaalputs sediments in the walls of the two waste disposal
trenches. These vertical to sub-vertical joinis (Figure 8.17) are usuzlly filled witt.
calcrete, but may be slightly open (few millimetres), in which case the calcrete coated
joint surfaces allow for accurate orientation measurements. These features have been
interpreted as joinis as they do not appear fo be laterally continuous such as that
expected for large scale faulting, and are typically non-penetrative. The joints rarely
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extend more than 2.5 metres below the surface, which may be attributed to the good
sealing properties of the clays in these sediments.

Figure 8.17 Typical calcrete-fiiled joint in the upper section of the surficial sediments
(southwest wall of the low level waste disposal trench).

The joints in the trenches exh’bit a north-south trend which may consist of two separate
trends: north-northwest and north-northeast (Figure 8.18). Most orientations are only
accurate to within a few degrees, which may account for the observed spread of
orientations (Figure 8.18). Also, the orientation of the waste disposal trenches are such
that measurements of the north-northwest trend were favoured and it is possible that
the other conjugate orientation (an east-northeast orientation) may be poorly exposed
or is at very low angles to the trench wall making identification and measurement of this
orientation very difficult.
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Figure 8,18 Orientation of joints present in the low and medium level waste disposal
trenches (n=21).

- As the joints show two preferred orientations (Figure 8,18) they are probably not related
to swelling processes. Rather, they appear to be influenced by the north-northwest
trending orientation or possibly as a consequence of the conjugate orientations of a
northeast oriented principal stress. The fact that there is a preferred orientation for
these joints, excludes the possibility of displacive growth of calcrete, as described by
Watts (1978). These joints, rather, appear to be the result of crystallization into a void
as a result of "passive" filling, whether the void was created as a result of drying out
(drying cracks) or tectonism.

8.3 Evidence of Neotectonic Activi

The term "neotectonics” ariginates from Russian nomenclature (Mercherikov, 1968;
Fairbridge, 1981) where it was used to denote crustal movements from the Miocene
onwards. Most workers use this term to denote the upper Cenozoic and younger on-
going tectonics (e.g. Mtmer, 1989; Vita-Finzi, 1988). Although the temporal span of
many neotectonic investigations is based on a relatively short time scale of a few
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thosand years, many regard it as encompassing the whole of the Late Cenozoic
wtnnerfield, 1987). The relationship between neotectonics and geomorphology,
according to Summeriield (1987), involves the assessment of the role of recent or
continuing crustal deformation in landform genesis. Such tectonic controls and the use
of morphological eviderce, in conjunction with other geological data was used to
identify possible incaticns and styles of tectonic activity in the study area. The study
also aimed at determining the main active or potentially active faults in the area and the
possible orientation of stresses responsible for this neotectonism. In the following
section several examples of neotectonic activity, identified in the study area are
presented.

8.3.1 Deformation in the Karoo Rocks

Although the Karoo pre-dates the breakup of Gondwanaland and no ages of
deformation could reliably be obtained, numerous sites in the Karoo are suggestive of
more recent tectonism and are therefore briefly described. Numerous lineaments were
observed in the Karoo rocks using satellite images and airphotos (Section 8.1).
Deformation in the Karoo rocks was rarely seen in the study area due to the nature of
the outcrop as the rocks are generally horizontal in a fairly flat terrane, making section
studies particularly difficult, The following descriptions are mainly from the greater
region where these rocks are better exposed.

Approximately 35 kilometres to the east of Vaalputs, on the Kliprand-Pofadder road, a
well exposed section of the Karoo Supergroup rocks was observed in a borrow pit. The
planar bedded and originally horizontal sediments (predominantly clays and siltstones),
have been deformed by what appears to be a horizontal, east-west oriented, maximum
principal stress, Figure 8.19a shows this deformation which has occurred in proximity
to a vertical, 0.5 metre wide, dyke. Similar deformation, with the same fold axis
orientation, is found more than 20 metres away from the dyke (Figure 8.19b), that Is,
a dyke of this size is not likely to have caused such intense deformation over such a
large area. In addition the dyke thickness does not equal the total amount of shortening
observed in this area, which appears to be of the order of several metres. Small scale
folding is suggestive of vergence to the west. The nodular calcrste overlying the
deformed sediments have not been affected by this deformational event. At this locality
(Figure 8.19b) the presence of tight upright folds in calcrete implies the possibility of
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"tepee structures” rather than tectonically controlled deformation. Amiformail structures,
referred to as "tepee structures” occur in many calcretes (Kendall and Warren, 1987),
and owe their crigins to displacive growth of carbonate within another substrate (Watts,
1977). Evidence of posi-Karoo deformation at this site, therefore, should be treated with
care, as some, if not all, of the deformation may be related to calcrete growth in the
underlying sediments.

Figure 8.19 (a) East-west section showing folding in the Karoo sediments in proximity
to a vertical dolerite dyke (mostly replaced by calcrete). The hammer is
positioned in the centre of the dyke. (b) East-west section, 20 metres to
the east of (a).
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A second site exhibiting post-Karoo tectonism was neted 80 kilometres southeast of
Vaalputs (40 kilometres northwest of Loeriesfontain: Figure 8.29; site K) along the
Krom River. This site was investigated due to the anomalous seismic activity in the area
(the results of which are dealt with in Section 8.3.4: Seismic Data). Although this site
is a fair distance from the disposal site or central part of the study area, lineaments of
similar orientations to those noted in the Vaalputs area were observed on aerial
photographs of this region (photo numbers: 2807 and 2808, job number 381, line
number 10), suggesting that the entire area has experienced a similar tectonic history.
In particular a strong northeast oriented fabric, and lineaments, were noted in the Karco
cover rocks in the Krom River area,

Smail scale faulting is present on the basement (granitic gneiss)y Dwyka contact
(Figure 8.20). Slickensides on the basement side suggest approximately vertical
movement, with downthrow to the southeast. The orientation of the fault plane in Figure
8.20 is 042°/80°8E. Also, in this area the road is situated in a northeast trending valley
which appears to be structurally controlled. This was further supporied by the
observation that on the eastern side of the road Dwyka outcrop is at a much lower
elevation (approximately 20 to 30 metres) to that on the western side suggesting that
the Dwyka at this locality has been downfaulted to the east. Intense jointing with a
northeast orientation was also noted in this area.

The Karoo (Dwyka) dominated Santab-se-Vicer is also an obvious structurally
controfled deflation pan, with the two prominent Santab faults (Figure 7.1} defining the
margins of this north-northwest oriented feature The very fiat deflation pan area is
bound in the east and the west by prominent higher ground of Karco sediments. Figure
8.21 shows this raised flank in the west, which defines the fault scarp. The pan
sediments ococupy a shaliow graben feature, which is a result of the north-northwest
trending faults. The eastern fauit of Santab-se-Vioer is well exposed on surface and is
shown in Figure 8.22. Several boreholes have been placed along this fault According
to Mr Gerrit Schreuder (pers. comm.), the Santab faults have resulted in downthrown,
normal displacement to the west (dip to the west). This correlates well with other
structure observed to the west of this site in the proposed Vaalputs basin and these
faults may well be part of the eastern margins of the Vaalputs graben, at which normal,
stepped, or downthrown faulting would be expected. Wid=spread slickensides in Dwyka
diamictite were also noted on the southerly extension of the Santab fault, where the
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Bitterfontein-Pofadder road intersects this fault (Figure 8.28), and to the north-northeast
of Santab-se-Vioer {pers. comm. to Dr. M.A.G. Andreoli).
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Figure 8.20 Northeast oriented faulting in the Dwyka rocks in the area of the Krom
River, approximately 80 kilometres southeast of Vaalputs,

Figure 8,21 Santab-se-Vioer with the higher western margin in the distance which
defines the western Santab fault.
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Figure 8.22 Surface expression of the eastern Santab fault, trending 160°.
8.3.2 Reactivation of Older Structures

A description of the prominent structures, identified using satellite imagery of the area,
is given in Section 8.1. This section only deals with the possible reactivation of older
structures and fauiting in Post-Cretaceous {(and possibly Plio-Pleistocene) times. For
the localities of these structures the reader is referred to Figure 8.1.

The Stofkloof Fauit

At the narthern boundary of Vaalputs (locality b - Figure 8.8) the valley-defining
Stofkloof fault truncates the palaco-weathered and silicified basement. This fault
appears to have been reactivated during the main slickenside forming event (which
presumably post dates the palaeo-weathering and silicification). It is known (e.g.
Ranalli, 1975) that young faults may use planes of, or take place in the vicinity of, earlier
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displacement. A shear zone, parallel to the main fault (oriented approximateiy 160°) on
the eastern flank of the Stofkloof fault {(northem Vaalpuis boundary: Figure 8.8) was
noted in the silicified basement. This zone, several metres in length, exhibits an older
grey quartz (in the form of extension gashes and which may be related to an earlier
phase of deformation} which is truncated by a younger amorphous silica containing
slickensided surfaces, This amorphous silica is common to most other slickensided
surfaces in the palaeo-weathered and silicified basement. Figure 8.23 shows the fault
breccia found in this shear zone.

Figure 8.23 Fault brecclz in a shear z ne adjacent to the Stofkloof fault.

The Santab Fault

The main Santab fault is clearly defined by a distinct soil change from red aeolian sands
on the western side, to browner, thinner sandy soils overlying a broad ridge of shallow
basement on the eastern side (pers. comm. to Dr. M.AA.G. Andreoli). This ridge
coincides with the western end of the Pliocene Grigualand-Transvaal axis of uplift
{Partridge, 1994). If these structures are associated with one another, the main period
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of movement of the Santab fa''t may have been as recent as the Plio-Pleistocens.
Also, as described in the previous section the Dwyka rocks along this fauit nave been
sheared or intensely fractured.

The Garing Fault

Sliclzensides occurring in fractured silicified rocks on the Garing fault can be traced as
straight, horizontal lines over a strike iength of several metres. The Garing fault is also
one of the largest water-bearing structure on Vaalputs: potentially active faults appear
to be important in situ hydraulic conduits.

8.3.3 Disturbance of Recent Drainage Patterns

According to Summerfield (1987), distinguishing tectonic from other controls is most
clearly illustrated in the relationship between drainage and neotectonic acfivity. The
most obvious conseguences of neotectonic activity on drainage systems are stream
channel offsets resulting from strike-slip faulting. Although neotectonic deformation
rates are typically slow in comparison to changes in other variables affecting channel
morphology, the persistence of such deformation for only a few decades is sufficient to
upset the equilibrium between hydrological and sedimentological variables and channel
slope {Summerfield, 1987).

8.3.3.1 The Buffels River

Approximately 20 kilomefres west-northwest of Vaalputs at the settiement of
Rooifontein, where the Buffels River crosses the Springbok-Kamieskroon road, the
recent fluv'=2! sediments of the Buffels River have been disturbed by what appears to
be recent reactivation of a north-northeast trending {ineament. This lineament (Figure
8.24) is well defined in the hasement gheisses and coincides with a steep-sided valley.
This valley presumabiy formed along an older fault or fault zone. The non-perennial
Buffels River flows from east to west and is perpendicular to the fault at this site
{Rooifontein). This north-northeast trending fault appears to be solely responsible for
the abrupt change in the characteristics of the fiuvial deposits of the river and channel
shape. To the west of the fault, the valley narrows abruptly. On the eastern side the
channel exhibits [arge accumulations of fluvial deposits, which are absent on the
western side (see Figure 8.25). Field observations suggest that the eastern side of the
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lineament has been down faulted, resulting in the accumulation of fluvial deposits on
this side. These fluvial deposits are sharply truncated hy the fault and to the west of the
fault the channe! characteristics and channel shape are once again typical for drainage
in this terrane, that is, the valley/channel has a fypical narrower V-shape. Some older
flood plain deposits may be seen on the southern bank (west of the fauit), but do not
appear o be related to the more recent accumulation of river gravels and sands on the
eastern side of the fauit. it should be noted that the settlement of Rooifontein obtains
its water from the "sump' formed on the eastern side of this fault, where the ground
water collects in the aquifer formed by the coarse deposits which have accumulated on
the eastern {down-thrown) side of the fault. '

Figure 8.24 Part of aerial photograph (number 1652, job number 588) showing the
effects of possible fault reactivation along the Buffels River in the aren
around Rooifontein. Scale of photograph is 1:35 000, N to the top, and
flow direction is from the east to the west. Fault f-f coincides with the
road.

The above observations are suggestive of reactivation, which appears to have occurred
as recentiy as the Quaternary and suggest that recent tectonism is present in the region
around Vaaiputs. These results are in keeping with the reactivation of the approximate
north-south trending set of lineaments, a major component of the linea~ nt orientations
obtained fer *he V: slputs region.

246



Figure 8.25 Photograph taken from the eastern side of the north-northeast trending
lineament at Rooifontein, showing the accumulation of sediments in the
foreground, that is, on the eastern side of the lineament (f-f).
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8.3.3.2 The Dasdap Drainage

The present-day Dasdap, non-perennial drainage system, incises alluvial fan sediments
of the Dasdap Formation and more recent sediments of the Gordonia Formation. In
places the drainage has truncated dorbank and calcrete (usually of a nodular form),
although these occuirences are only found sporadically along the course of the rivar.
Red aeolian sands may be up to 3 metres in thickness, and were always seen w overlie
the dorbank and calcrete ocer :rrences. The present-day Dasdap drainage is from west
to east and the sinuosity is fairly low with a value of 1.19 {13.96 km/11.7 km), or in other
words the river path is reasonably straight, with a few meanders developed in places.
The gradient of the river is very low: it falls 44,88 metres over 14 kilomeatres, i.2. the
gradientis 1 in 312,

In an attempt {o investigate offsets of the channel and possible faults which were
observed on the SPOT panchromatic satellite image (dealt with in Section 8.1), and
which are generally orthogonal to the drainage path of the Dasdap, a down-stream
profile was carried out using a self-levelling (Kem) level. The profile (Figure 8.26) starts
1.2 kilometres WSW of the Platbakkies-Kliprand road, in the river bed {see Figure 8.6).
Levelling was conducted in the thalweg at 20 metre intervals over a channel distance
of 14 kilometres. Superimposed oy this profile are the positions of the lineaments
identified using remote sensing techniques (Section 8.1). It should be noted that only
the prominent lineaments are shown. The profile shows a very constant gradient with
ne obvicus variations in slope at, or near the positions of the lineaments.

As this scale (Figure 8.26) is oo large to identify any small changes in slope, sections
of this profile were plotted for selected reaches where lineaments are more frequent.
Figures 8.27a, 8.27), 8,27c and 8.27d show these plots. From these figures it is evident
that some of the lineaments coincide with offsets or changes in gradient. It is also
evident that most offsets show a down-throw fo the west, which may be related to
displacement associated with the faulting observed further to the north in the Vaalputs
basin.
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Figure 8.26 Southwest-northeast profile of the present Dasdap drainage. Lefters refer
to detailed sections in the following figure.
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Figure 8.27 Detailed sections of the Dasdap drainage (see previous figure for
pasitions): (a) 5-6 km section; (b) 7.1-7.7 km section; (c} 8.2-8.0 km
section; (d) 12.6-13.4 km section. Dashed lines indicate approximate
average slopes for various sections of the profiles.

The lineaments (features originally identified using SPOT panchromatic satellite
imagery) may well be active faults and fractures, as the recent Dasdap drainage
appears to have been affected by them. The effects are, however, subtle due fo low
gradients and monile aeolian sand cover. The lineaments observed have a similar
orlentation to those in the Vaalputs sediments implying that this fracture orientation
{NNW) is pervasive throughout the Vaalputs region.
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8.3.4 Seismicity

South Africa experiences seismicily which is mainly low-level, with sporadic occurrences
of larger earthquakes. Seismological data obtained by the A.E.C. from the
Seismological Data Bank of the Geological Survey of South Africa revealed that a
nurnber of relatively large earthquakes have been recorded in the northwestern Cape
region (Figure 8.28). Numerous earthquakes of lower intensity were reported, but went
undetected due to the lack of seismic recording stations in the area.
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Figure 8.28 Epicentres of seismic events recorded by the A.E.C. in the northwestarn
Cape.
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Two seismic stations, installed at Stofkloof and the waste disposal site at Vaalputs
allowed for the monitoring and recording of small, local seismic events. In particular, the
seismic station at Stofkloof, located on basement, allowed for the accurate identification
of earthquake foci within a radius of about 100 kilometres. The most recent, available
seismic data for this study are the seismic events recorded between January and
September 1996 at Vaalputs. A continuous record of processed seismic avents is
unfortunately not available. Two stations were operative during this period: the Stofkioof
station (located on basement), and one at the radicactive waste disposal site (located
on the clay rich sediments of the Vaalputs and Gordonia Formations). The data of the
Stofkloof station were primarily used for this study as seveial events were undetected
by the other station. All the recorded events (56 in total) for this period were found fo
range in magnitude between 0.6 and 4.4, and were plotted on a map centred on
Stofkloof (Figure 8.28). Also shown in Figure 8.29 are all lineaments obtained for this
study, using predominantly remote sensing techniques.

Infraplate seismic activity tends to concentrate along pre-existing lines of weakness
(Svkes, 1978). Figure 8.29 shows that several of the lineaments appear to be
associated with centres of seismic activity, as indicated by the distribution of epicentres.
The Platbakkies fault or shear zone some 15 kilometres south of Vaalputs (with an
east-northeast trend) has been classified as an "active fault' by Andersen (1892).
Seismic activity was also more recently recorded in the vicinity of this fault, as
evidenced by the cluster of events in the vicinity of the Bitterfontein-Pofadder road
(Figure 8.29).

The recorded seismic events in the southwestern portion of Figure 8,29 appear to be
related to the north-northwest trending set of faults and which are apparently related to
the marginal escarpment. The Garies Shear Zone (Figure 8.29) also seems to be
associated to some extent with some earthquake foci. The anomalous area in the
northeast is difficult to associate with any primary lineaments, possibly due to lack of
information available for this area. The southeast anomalies appear to be associated
with both the north-northwest and the northeast trending set of lineaments.
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Figure 8.22 Recorded events (56 in total) for the period January to September 1996.

Circles are directly proportional to the magnitude (ranging between 0.6
and 4.4). Also plotted are the primary lineaments of the region. Dashed
line indicates the approximate position of the Great Escarpment and K
refers to the area investigated in the vicinity of the Krom River.

Faurie and Hennop (1993) noted what appeared to be seismicity related to the

Platbakkies and Stofikloof shear zones, and the Garing lineament. At the time of their

invest
conclu
features in the area. More recent processed data from these two seismic stations have
not, as yet, been made available, however, the data presented above for 1996 are
strong

Igations, however, they had insufficient recorded historic information to
sively prove the direct association between seismic events and these structural

oroof of ongeing tectonism in the Vaalputs region.
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In an attempt to determine the present stress field associated with the seismicity,
borehole breakouts (the measurable deformation of a drill hole, measured at various
depths after extraction of the core) were analyzed. Borehole breakouts have been used
{(e.g. Zobak et ai., 1989) to determine the strain, a result of recent stresses and may,
therefore, substantiate the findings of recent seismic activity in the region. Borehole
breakout measurements were taken in fwo boreholes drilled at Vaalputs to depths of
ca. 1000 m and 520 m {Brandt et al., 1995). The data show that the azimuth of the
breakouts, e.g. the long axis of the caved/deformed borehole, ranges between 160 and
120 degrees, with a maximum in the N130-N150 direction. The mean of 41
measurements of the azimuths of the breakouts in the HLD-1 borehole (situated on
Vaalputs), between the depths of 185 and 440 m, are N128 degrees with a standard
deviation of 11.6 degrees. These data suggest that in the Vaalputs area the direction
of minimum principal horizontal stress has a broad NW-SE orientation.

8.4 Discussion

Stresses of different origins are presumed to have given rise fo the numerous tectonic
effects (inherent and new structure orientations) which have developed in the study
area since the Cretaceous. The ridge-push force (a plate boundary force), which
originates af oceanic ridges, and which heips to force piates apart, causes iateral
compression in adjacent plates (Park, 1988). Loading siresses result when the
lithosphiere is loaded by surface topography such as mountain building or
sedimentation. According to Park (op. ci.) the most significant stresses of this sort are
produced when a large topographic load is isostatically compensated for, causing
horizontal deviatoric tension in the region between the load and the compensatory
mass. These siresses in furh cause tension in the adjoining areas. Non-renewable
stresses, such as membrane stresses (Park, 1988), result from changes in the radius
of curvature of a plate as it moves across the Earth's surface. On a more local scale
induced stress may result from topography, such as an escarpment, and from the
anisotropy of the strength of material.

The study area and surrounding region is affected by two important uplift axes: the
Griqualand-Transvaal and the Kamissberge axes, which were active between the
Miocene and the Plio-Pleistocene. The rise of the Griqualand-Transvaal axis, according
to Partridge {1994) may be linked to the neotectonic reactivation of older fractures in

254



the Bushmanland plateau northeast of Vaalputs. Vaalpuis is situated on the western
end of the Griqualand-Transvaal axis. Several ideas have been proposed for the source
of the uplift, such as isostatic compensation of the rifted continental margin in response
to denudational unloading (Gilchrist and Summerfield, 1990) for the Kamiesberge axis,
and lithosphere deformation as a result of events originating deep in the mantle (e.g.
Harinady and Partridge, 1995). According fo Hartnady (1990}, and based on work in the
Lesotho highlands (eastern continental margin), and a variety of tectonothermal
phenomena in this part of south-eastern Africa, the regional pattern of natura! seismicity
in southern Africa does not support the conventional explanations which uses
isostatically generated differential stresses.

The study area has been subjected to a prolonged history of tectonic activity during
which time faults and major shear zones have been reactivated and others formed. On
a regional scale the larger and older fauits, which dictate the drainage courses in the
area are predominantly north-northwesterly trending. This fauiting was suggested by
Joubert (1986a) to be of Pan African age (700 Ma.). Both dextral and sinistral
movement of these faults may be observed (Andersen, 1992), but the dominant
movement is believed to be vertical. These faults have presumably been reactivated as
evidenced from the elevations of the palaeo-weathered basement occurrences, and
other structures on Vaalputs,

A westerly dip of these faults, in the sand covered central and eastemn portion of the
study area, has been determined by Andersen (1992), using orthophotos and
aeromagnetics. This interpretation has been based on the fact that the magnsiic
(deeper) locations of the faults is to the west of the surface expression shown on the
orthophotos (Andreoli et al., 1986). These faults are considerad to have controlled the
deposition of the Dwyka Tillite (Andersen, 1882) as well as the shape of Santab-se-
Vioer. Andersen attributes the apparent sinistral and dextral movement of thes» faults
fo vertical block, rather than strike slip, movement.

A tectonic analysis of the study area, using visible structures (ground studies and
remote sensing fechniques) and kinematic patterns has allowed for the interpretation
of stress orientations. Two phases of deformation are believed to have been primarily
responsible for the structures observed in the Vaalputs region. The regional strain
ellipses for these phases is shown In Figure 8.30, and are discussed heiow.
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At about 60 Ma ago the minimum principal stress was most probably oriented to the
northwest (Figure 8.30a) as it caused extensive dip-slip faulting with a northeasterly
strike (Brandt et al., 1995). This sfress field most probably also gave rise to the inherent
joint pattern observed in the basement, as the orientations obtained for the joints
(Figure 8.16) are similar to those depicted in Figure 8.30a. Deformation of the Karoo
{Section 8.3.1) with northeast oriented normal faulting (downthrown to the soutl:., -~}
is most probably related to this phase.

a g
/ o
P
N
/ Exiension
G Faults
b

Extension
Faults

1\0'1

Figure 8.30 Regional strain ellipses associated wnn the deformational phases
responsible for the observed structures in the Vaalputs region at about 60
Ma {a), and during most of the Cenozoic (b).

256



The stress field believed to be active during rmost of the Cenozoic is an east-northeast
oriented minimum principal horizontal siress (Figure 8.30b), which probably
accompanied the development of a fault-bound sedimentary basin which was filled by
the surficlal sediments. In the investigated area the Great Escarpment is mainly a
monoclinal zarp, altered by erosion. Local differences in uplift have caused distinct
manifestations in the escarpment (c.f. Gilchrist 1 d Summerfield, 1990; Spénemann,
1995). According to models proposed by Watts (1982) (c.f. Summerfield, 1991a) and
Keen (1987), the confinental margin was uplified in response to rifting. Due o regional
isostatic compensation in response to denudation a monoclinal flexure developed,
creating the Great Escarpment, A roughly rift-parallel upwarp (as postulated by Prins,
1981) has deformed the surface producing incised valleys to the west of the marginal
scarp. Accompanying downwarping on the inland side of the marginal scarp may well
be a contributing factor to basin development in these parts. This was also noted by
Spénemann {1995) further to the north in Namibia, where combined faults and
monociinal flexures caused a series of north-south frending (approximately parallel to
the escarpment) grabens and half-grabens. A similar orientation for a principal
horizontal compressive sfress is suggested by north-northwesterly oriented post-
Miocene faulting in the Algoa Basin (McMillan, 1980). The Vaalputs basin may well be
a southerly extension of the graben and half graben features, developed on the inland
side of the marginal scarp, and which extends along most of the length (Windhoek to
around the Orange River) of Namibia { “nénemann, 1895).

The stress field associated with tectonism, as indicated by Aleksandrowski's (1985)
method using the available slickenside data, indicates extensional (normal), and
perhaps some strike-slip movements. The resulis of this analysis indic.ted
predominantly normal faulting trending NNW-SSE which is an acceptable mechanism
as the Vaalputs Basin is defined by fauits of such orientation. This suggests that the
stress field responsible for some of the observed slickensides was most probably
respor sible for the development, or reactivation of the Vaalputs basin as well,
Deformation in the form of east-northeast trending faults and two northeast oriented
axes of upwarp of the pre-Cenozoic basement, east of Vaalputs was reported by
Andreoli et al. (1996). This deformation was interpreted to be of Plioccne age and
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appears to be the result of this more recent stress field. Faults such as the Stofkloof
and Santab fauits, for which evidence of reactivation was observed, could also have
been reactivated « +ing this deformational phase.

The present day suess field it the Vaalputs area as determined from borehole breakout
data suggests a compression oriented northeast-southwest. Such orientation is
approximately perpendicular to that of the minimum horizontal stress direction in the
mines of the Okiep area ca. 100 km to the north (Andersen, 1992}, A northeast oriented
present principal stress is also in disagreement with the northwest oriented water-
bearing Garing fault. The principal stress obtained from the barehole breakout data may
be due fo local effects due to heterogeneity of rocks, which may redistribute and
reorientate the regional stress field. It should also be noted that the barehole breakout
data may not be meaningful as measurements at Vaalputs were taken in & poly-
orogenic granulite complex and not in a Mesozoic sedimentary basin in which the theory
of borehole breakouts (Zobak et al., 1989) was developed.

The recent disturbance of the Buffels River drainage, jointing in the surficial sediments
and reactivation of fauits such as the north-northwest orient.«d Stofkloof fault are better
explained by a north-northwest oriented principal stres~ Small deviations from this
orientation may well be related to synthetic and antithetic faulting associated with such
a siress system.

Although an attempt to relate all the observed orlentations to stress fields was made,
this is not always possible, as pre-existing structures may be reactivated, which
complicates the observed patiarns. The Platbakkies shear zone (Figure 8.3), according
to Andersen (1992), is on strike with the landward extension of an oceanic transform
fault. Andersen believes that the east-northeast trend of the shear zone is a
fundamental element in the crustal architecture of the Vaalputs sub-terrane that was
reactivated during the breakup of Gondwana. The deformation along this shear zone
is obviously long lived, as indicated by the recent seismic activity along the structure.

The Garing and Vaalputs faults {Figure 8.1) were suggested (Andersen, 1892) to have
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formed as a conjugate pair during the third deformationai=™ & (D3} of the Precambrian
structural events of the Namagualand Metamorphic Compiex. They have since been
rejuvenated with the Vaalputs fault being intruded by noritoids of the Koperberg Suite
{(Andersen, 1992). Present stress fields may well have exploited these faults. Andersen
(1982) also suggested that the Garing fau't has remained active well into Tertiary times.
This fault can be traced on aerial photographs and satellite images, through the
Vaalputs sediments, reinforcing the interpretation that post-Tertiary rejuvenation has
also oceurred along a northeast orientation.

The data provided by the study of the Vaaiputs site indicate that the area has
experienced distinct changes in stress orientation since the Late Mesozoic. The post-
Gondwana evolution of the Vaalputs areu is difficult to interpret according to the
neotectonic model proposed for the southwestern Cape by Ransome and de Wit
(1992). The ENE-WSW oriented Griqualand-Transvaal upwarp axis (Partridge and
Maud, 1987; Partridge, 1994) and the NNW trending faults of the Vaalputs basin
(Brandt et al., 1995) are all inconsistent with their ridge-push model. Also, the absence
of any significant transform faults in the Cape basin (Cande et al., 1988) on the offshore
extension of the Platbakkies Shear Zone and the orientations of the maximum principal
stresses al! disagree with a ridge push model for the dominant (NNW-oriented)
structures of the Vaalputs region. Similarly, flexural isostatic uplift models {Kooi and
Beaumont, 1994, Gilchrist and Summerfield, 1990; Gilchrist et al.,, 1994) cannot
account for the northeast-southwest trending features, but may account for the north-
northwest trending faults recognised in the sediments of the Vaalputs basin, Burke
(1995) has proposed that the African Plate came to rest over the underlying circulating
mantle about 30 million years ago with consequences which include:

1) the development of the present basin and swell structure of the African Plate;

2) a general elevation and reactivation of older fault systems in many parts of the
continent, and;

3) a regressive episode at the African continental margin as a result of the new
continental elevation.

The Quathlambe hotspot (Lesotho highlands) hypothesis of Harthady (1990), which
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attempts to show the interaction with the southwards propagating East African Rift
regime may be important for the eastern seaboard, but does not appear to have an
effect on the western (and more passive) continental margin, and hence the region
around Vaalputs. Finally, these results suggest that current models on the post-
Gondwana geomorphic evolution of rifted continental margins, of southwestern Africa,
based on isostatic thresholds to landscape cycles (Partridge and Maud, 1987, 1988),
or on differential denudation with flexural isostatic uplift (Kooi and Beaumont, 1994;
Gilchrist and Summerfield, 1990; Gilchrist et al., 1994) do not adequately explain all the
phases of deformation. It is suggested that stresses proposed in these models may
have influenced the various phases of deformation to a greater or lesser exient: the
earlier phase being dominated by ridge push during the late-Cretaceous and the latter
phase by isostatic readjustment. Further theoretical formulation, as noted by Hartnady
(1990), is needed to explain the seismological, gravimetric, geological and
geomorphological observations in terms of asthenospheric and lithospheric heat fiux,
temperatures, thermal properties, thicknesses, densities, viscoelastic properties,
stresses, lateral motions and vertical uplift rates.
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CHAPTER 9 : DISCUSSION

As prevailing climate and tectonic settings change so do types and rates of
geomorpholegical and geclogical processes, This chapter deals with the reconstruction
of the sequence of avents that is believed to have shaped the landscape, and given rise
to the sequence of sediments preserved in the study area.

The Cretaceous and Pre-Cretaceous

Before rifting, the topography of the Gondwanaland supercontinent was probably of
predominantly low local relief, This Gilchrist and Summerfield (1980) attribute to
prolonged denudation. Regional slevation may be relatively high in areas remote from
pre-rifting coastlines, v/here local channel gradients, and hence rates of gradation, are
low. The separation of Africa from South America around 150 Ma resulted in the
generation of a high marginal scarp (already at a high elevation due its central position
within Gondwanaland), which was accentuated by upwarping of the rift shoulders prior
to the separation (Partridge and Maud, 1987). The extensive elevated area Immediately
inland of the Great Escarpment on which Vaalputs is situated coincides with the inner
margin of the zone affected by upwarping of the continental hinterland prior to rifting.
It has been suggested (e.g. Dixey, 1955a) that the Kalahari basin was formed by the
uprising of the rims and by the sinking of the central parts, and that the interior Kalahari
basin was initiated during the Late Jurassic and Early Cretaceous, resulting from the
rift-faulting stage of the break-up of the south Atlantic.

Rifting initiated erosion in the Cretaceous, leading to recession of the marginal scarp.
This period of erosion was aided by the humid, tropical conditions of the Cretaceous
(Partridge and Maud, 1987), The surface produced by the erosion cycle, initiated by the
break-up of Gondwanaland is referred to by Partridge and Maud (1987) as the African
surface. This erosion cycle, they believe lasted until the early Niocene and caused
extensive planation,

The high local relief along the marginal scarp is associated with high slope and channel
gradients, which presumably promoted relatively high denudafion rates, whereas, inland
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of the Great Escarpment denudation rates were presumably lower due to the lower local
relief (the regional elevation was relatively high, generally > 1000 metres). The
preservation of Karoo rocks and Cretaceous weathering profiles suggests that
denudation rates were generally lower in the interior. The study area at this time was
underlain by predominantly gneisses and tillite and the base level was most probably
that offered by the proto-Koa valley. It is proposed that the Dasdap sediments were
deposited during this period, on the inland side of the marginal scarp, as a direct
consequence of uplift and removal of considerable thicknesses of material from the
scarp. Parlridge and Maud (1887) noted that most of the recession of the Great
Escarpment occurred during the Cretaceous, and back-wearing in later cycles (Post-
African ) was, by comparison, very limited, involving ho more than a few tens of
kilometres. Igneous activity appears to have been associated with the deposition of the
Dasdap sediments due to the apparent overlap of the sediments with the intrusions.
The ultramafic igneous activily was presumably associated with tectonic instability,
which maost probably also contributed to the accumulation of the Dasdap sediments.
Fossil vegetation recovered from the Arnot Pipe, and believed to be of a similar age to
the Dasdap sediments suggests that the vegetation in this region was forest (Scholiz,
1985), which agrees with the interpretation of the humid environment proposed for this
time.

Although evidence for only one extensive alluvial fan system is preserved in the study
area in the vicinity of the present Dasdap drainage, it is envisaged that several fans
accumulated sediments off the uplifted western marginal escarpment, which is believed
to have been positioned further to the north and to the west at the time of deposition.
The position of the proposed palaso-watershed is in agreement with palaeo-current
directions of these sediments. This iregular watershed pattern (which is still observed
in the present watershed ~ Figure 5.8) is believed to be due to heterogeneity in the
basaement and different weathering, denudational and river capiure rates. The proposed
depositional environment for the Dasdap Formation is shown in Figure 9.1,
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Figure 9.1 Proposed depositional environment for the Dasdap Formation.

According to Andersen {1992) and Levin et al. (1986) the onset of the Dasdap alluvial
fan began in late-Cretaceous to early-Tertiary times with the uplift of the Kamiesberg
highlands to the southwest of the Bushmanland Plateau. However, palacocurrent
directions (Figure 5.8) indicate that uplift was most probably affecting the entire north-
south lengih of the marginal scarp in this region, at the time of the Dasdap
sedimentation. This rejuvenation is believed to have taken place along the prominent
north-northwest trending Pan-African faults of the region. In addition extensive dip-slip
faulting caused by a northwest oriented minimum principal stress (earlier phase in the
Late-Cretaceous) may have resulted in *he scarps reguired for the onset of the
deposition associated with alluvial fan deposits. The uplift which gave rise to the fan
accumulation may well have had the effect of initiating the events which uitimately led
to the capture of the Gamoep-Buifels system by the Koa River in the Miocene.
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Cretaceous Palaeo-weathering and silicification

Where visible evidence of environmental conditions is lacking, palaeoclimatic
interpretation of the diagenetic products of subaerial processes occurring in the
stratigraphic record is particularly valuable (Summerfield, 1983a). Silcretes nave been
increasingly cited, in which their occurrence has almost invariably been associated with
an arid to semi-arid environment (e.g. James et al., 1968, Waugh, 1970; Collison,
1978; Rubin and Friedman, 1981). Summerfield (1983a), however, suggests that
although supporting evidence is provided for this palasoclimatic interpretation, the
notion that all silcretes can be interpreted in this way is incompatible with ideas
developed from recent studies of Cenozoic silcretes in northwest Europe, Austratia and
southern Africa.

Warm, humid conditions favour the release of silica within weathering profiles, and with
sufficiently sluggish drainage, the silica could become precipitated elsewhere in the
profile (Summerfield, 1978, 1979; Wopfner, 1978). Summerfield (1983a) re-evaluated
the basis for the palaeoclimatic interpretation of silerete with respsct to southern African
examples and demenstrated that although some silcretes can be confidently linked to
an arid to gerni-arid environment, numierous other occurrences strongly suggest
development under a humid climatic regime. Summerfield (1983a) also noted that
climate is not the only factor controliing sifcrete development. peor drainage, water-
table controt and topography are other important factors in silcrete genesis.

Geochemical and petrographic evidence for the sllicified rocks of the study area
strongly suggests a genetic association between silicification and intense bedrock
weathering. Although externally derived silica may have been introduced into the
v ather, g mantle, the weathered basement indicates that sufficient silica could have
k-=er. mobilised by decomposition of the thickness of bedrock represented by the
existing profile depths.

From an analysis of the sedimentologic, géomorphic and spatial context, and probable
geochemical conditions of silerete formation in the study area, the following climatic
regime is proposed: the weathering profile silcretes exhibit geochemical and
petrographic charactsristics indicative of silicification under a much more humid climate
in highly acidic, poorly drained weathering environments. Figure 8.2a is a hypothetical
simplified cross-section of the area during the period of Cretaceous weathering. Figure
9.2b shows the start of the modification of this land surface during a perlod of increased
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tectonism, which contributed to the preservation of the Dasdap sediments and most
probably caused the onset of the deposition of the Vaalputs sediments. It should be
noted that the Dasdap sediments form part of the basement material which was
affected by the palaco-weathering. Erosion and deposition, at the time of weathering
and silicification, must have been . 1imal suggesting a period of sufficient surface
stability. Local depressions in this palaeo-surface may be a result of preferential
erosion due to a number of possible factors: the presence of softer rock; siight tectonic
subsidence; mylonitization of the rock; jointing or fracturing; or a combination of any of
these. In these areas the more resistant silicified basement has been removed, leaving
only the palaeo-weathered or unaltered basement (Figure 8.2b),
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Figure 8.2 Simplified cross-section of the Vaalputs region during: {(a) the Cretaceous
weathering phase; and (b} the initial modification of the Cretaceous
surface.
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The tropical climates of the late Cretaceous would have favoured deep weathering, with
the silicified duricrusts protecting the weathered basement from further denudation in
places (including some of the Dasdap sediments). Only a few mountain massifs, such
as the Namaqua Highlands remained above the otherwise low relief of the pediplain
Cretaceous surface. Partridge and Maud (1987) refer fo this surface as the African
surface and interpret the Dasdap sediments as overlying this surface, but, evidence
presented above suggests that the Dasdap sediments have been atiected by the same
weathering and alteration episodes as that which affected the basement rocks on the
Vaalputs property.

The Vaalputs Farmation

Partridge 7nd Maud's (1987) interpretation that the Great Escarpment is pritarily a
product of the high pre-rifting elevation of Africa, which occupied a central position
within the Gondwanaland mosaic, does not fuily account for the observed lineaments,
and higher elevation with respect to the adjacent hinterland, which are clearly
associated with this margin. As monoclinal folding during the Pan-African deformation
resulted in a set of north-northwest trending faults (Joubert, 1886a) so has continued
uplift in the Cenozoic caused reactivation of these older structures, as well as new
features with similar orientations.

There is a correlation between lineaments and basin shape and sediment thickness of
the Vaalputs basin. The correlation exists predominantly with a newly recognised get
of north-northwest trending lineaments, which corresponds to the primary lineament
direction of the area. As the basin lows contain "white clay", the faults defining the basin
may either: i) pre-date the weathered (and silicified) Cretaceous surfaces, that is, the
weatherew - urfaces formed in the depressions or lows which resulted from faulting; or
ii) post-date the weathered surfaces, preserving the altered basement in lows formed
hy the faulting. A third and more likely possibility is that the faulting both pre- and post-
dates the alteration and the accumulation of the Vaalputs sediments, that is, faulting
has been taking place either as primary or as reactivated faulting since the formation
of the palaeo-weathered and silicified basement.
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The stress field believed to be ~-marily responsible for the Vaalputs basin is an east-
northeast oriented minimum principal horizontal sfress, which probably accompanied
the development of the fault-bound sedimentary basin. Various stress determination
methods, such as that of Aleksandrowski (1985) indicate that the stress field at this time
would have produced predominantly normal faults striking NNW-SSE, which is an
acceptable mechanism as the Vaalputs Basin is defined by faults of such orientations.
It is proposed that during the Qligocene the Vaalputs Graben was in its juvenile state,
and may have represented a palacochannel. However, a depressional form comprised
of weathered basement must have been formed, which could later be buried and
preserved by the Vaalputs sediments.

Sedimentological analyses of the Vaalputs sediments are suggestive of sedimentary
processes which are slightly different to those proposed by previous workers. The
source area had a high clay content: the source area was presumably weathersd such
as that on the western part of Vaalputs (which is preserved, in places, in the form of the
flat mesas and buttes). The sediment was most probably derived from the elevated
margins of the basin and deposited predominantly In the form of ephemeral fluvial

deposits.

The lower white clay facies is predominantly the result of in sifv weathering, with minor
reworking and mixing. The chemical and morphological features of the Dasdap
Formation and the white clay unit are too different to conciliate and no other hypothesis
can be offered fo explain the petrogenesis of this unit. Pebbly lenses scattered
throughout the overlying pebbly and gritty clay facies are indicaiive of high energy
fluvial events and the roundness and sphericity of the pebbles indicate that these
sediments have been transported over a reasonable distance, presumably from as far
as the western marginal scarp. The high clay content and relic feldspar grains in these
sediments are suggestive of intense in sift weathering, which would further contribute
to the extremely poorly sorted nature of these sediments. The reasons for the colour
differenc—s in these sediments is primariiy due to variations in iron content.
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it is proposed that the pebbly and gritty clay facies were predominantly deposited in
"floodouts", where channelised flow and bedload transport of sands and gravels largely
cease, and where large floods continue across typical broad, low-gradient surfaces.
Declining gradients, aeolian, structural or hydrologic obstructizins to flow, may have
contributed o decreased channelized flow causing the flow o spill across adjacent
alluvial surfaces and ultimafely dissipate (Tooth, 1998). Such deposits are known for
semi-arid environments in which ephemeral streams which generally remain dry for
much of the year dominate the surface. These occurrences can be largely related to
increased desiccation in the Cenozoic. It is likely that several floodouts, particular in the
distal reaches (floodplains), converged giving rise to the deposition silts and sands,
whereas coarser pebbly deposits represent channel bedioad deposits. The geomorphic
setting in low-gradient plains, the large aerial extent and the relatively fine-grained
deposits typical of floodouts differentiates these depaosits from alluvial fans.

Fluvial-aeolian interactions in the distal reaches of what was an arid environment gave
rise to thin layers of alluvial silts and clays deposited over aeolian sands following flood
events. Changes in the vertical section of the Vaalputs sediments, where subtle
changes in grain sizes and colour were noted, may be due to fluvial-aeolian
interactions, Sediments typically found in sections of animal burrows or nests suggest
an origin from the overlying aeolian surface deposits.

The calcrete horizons in the Vaalputs sediments are suggestive of drier interludes and
most probably define previous land surfaces. That is, some, if not all of these calcrete
ihorizons probably represent curface stabilization stages during less tectonically active
periods or during periods of lower sediment supply.

Thus, the Vaalputs sediments were deposited in semi-arid conditions by predominantly
floodout deposition. Post depositional alteration and bioturbation, has given rise to the
generally structureless and massive sediments of the Vaalputs Formation. Finally,
desiccation gave rise to the aeolian sediments and the well developed caicrete horizon
which cap the Vaalputs sequence of sediments.
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Most of the Cenozoic deposits contain no macro- or micro-fossils and are not suited for
any other dating technigue (De Wit, 1993}, Most ages quoted in previous work have,
therefore, been obtained geomorphologically, The Miocene age for the Vaalputs
sediments, as suggested by McCarthy et al. (1985), is in agreement with observations
from this study. The accumulation of these sediments may well have been initiated by
the end of the early Miocene (18 Ma) episode of uplift as recognised by Partridge and
Maud (1987).

As previously mentioned epeirogenic uplift during the early Miocene resulted in
rejuvenation of the regional drainage causing erosion of up to 40 to 130 metres below
the crests of the African residuals (Partridge and Maud, 1987), Various portions of the
Koa Valley channel (to which this surface is clearly graded to) contains deposits of
early mid-Miocene age (Dingle and Hendy, 1984, Pariridge and Maud, 1987, de Wi,
1983). It is during this period of rejuvenatibn that the lowermost {pebbly clay facies) is
believed to have been deposited. The driving forces for this period of uplift may well
have been partly or wholly responsible for the opening of the Vaalputs basin.

A second phase of rejuvenation in the Pliocene (Partridge and Maud, 1987} may well
have been the driving mechanism for the final cycle (gritty clay facies) of deposition in
the Vaalputs sediments. Drainages in the study area are incised between 50 and 150
metres below the Post-African | surface, especially in the Karoo rocks (Partridge and
Maud, 1987). Fossil material from terraces and gravel fills, associatad with the more
important of these drainage lines such as the Sak River and Carnarvon lLeegte,
indicates downcutting and increased fiuviai activity during this period (de Wit, 1993},
With deepening of the Vaalputs Basin and the increased fluvial activity associated with
greats~ rainfall (and coupled with uplift) the [ower erosional surface and subsequent
deposition of sediments of the uppermost Vaalputs cycle seems quite plausible,

Upliit has persisted to recent times and is most probably still active, hence the
reactivativn of the older faults. Evidence of other stress fields such as that generated
by the mid-cceanic ridge appears to be a contributing and superimposed stress, giving
rise to the lineaments of the Vaalputs graben.
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The Gordonia Formation and present day micro-environments

Aridification was probably initiated by the onset of .old water upwelling alorg the coast
in the late Miocene (ca 10 Ma) (Siesser, 1980). During this period the Koa River is
believed to have ceased flowing (McCarthy et al., 1985) due to the choking of the valley
with sand and possible tectonic warping (Du Toit, 1933).

The aeolian deposits, resulting from aridification and dune sand transgression, of the
Gordonia Formation are believed {o be of late Tertiary to Quatemary age. The soutce
of the predominantly asolian deposits of the Gordonia Formation in this region was
originally believed to be the western highlands of gneissic couniry rock. Degradation of
the dune field was attributed to a diminished sediment supply due to the breakthrough
of the Buffels and Olifants Rivers into the inland plateau (McCarthy et al., 1985).
Andersen (1992) aiso attributed the cut off of sediment supply from the Kamiesberg
highiands to the Bushmanland Plateau, to the headward erosion of tributaries of the
major rivers in the area,

The present day micro-environments are dominated by aeolian, deflation pan and lag
deposits which have all been and are presently being modified by bioturbation. The
mean grain sizes for the aeolian dune environments of this study (1-1.8 §) are
significantly larger than those recorded for aeolian sands in the Kalahari basin and
Namib Desert (for exampie, 2.44 ¢ - Lancaster, 1981). Comparative grain size
parameter analyses, however, have shown reasonable similarities of the Vaalputs and
Gordonia Formation sediments. This correlation of sedimentary parameters may be
parily aitributed to the mixing associated with bioturi.ation, but the results do suggest
a common source and genatic relationship for the two sediment suites. In addition no
regional change in grain size with distance from the basement in the west (a possible
source terrain) was noticed. Rather, the local or micro-environment seems to play an
imyortant part in determining grain size parameters.

Petrographically the Gordonia sediments are similar to the Vaalputs sediments. The
fine fraction of the surface sediments are also not typicat of aeolian environments; the

dominant surface forming process. The possibiiity that the fine fraction was derived
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from weathered basement to the west of the Gordonia deposits and deposited in a high
energy aeoclian erwironment also seems unlikely. Remnant feldspar grains in both the
Gordonia and Vaalputs Formations suggests that the clay fraction is predominantly
derived from in situ weathering of the Vaalputs sediments and reworked to some
degree in the overlying Gordonia sediments.

The comparative chemical analysis indicates that .ye Gordonia (surface) samples are
very closely related to the Vaalputs sediments and differ essentially only by beihng more
quartz rich which may be accounted for by aeclian or weathering processes; agolian
activity also reduces the clay fraction to some degree.

The results of this study all indicate that the source of these sediments is primarily the
underlying Vaalputs Formation which is in a state of degradation. The calcretr layer
associated with the dune forms i continually being leached downwards by meteoric
water. Surface processes (primarily asolian) have reworked and modified the surface
inte Jongitudinal dunes with a transverse component and which in turn affects and
resuits in the sinuous subsurface calcrets morpholegy. Other modifying processes
include bicturbation of mixing and the removal of fines as a result of high wind
velocities.

The s=2quence of the Late-Mesozoic and Cenozoic sediments preserved on the
Naraqualand Metamorphic Complex, in the Vaalpuis Region, is therefore, a
consequence of both climatic and tectonic changes that took place during the gqological
history of the area. Tho climate was pluvial during the deposition of the Dasdap
sediments. The Late-Cretaceous weathering profiles were formed iuring the late stages
of this more humid period and affected the Dasdap sediments too. The Tertiary saw the
onset of more arid conditions as suggested by the increased desiceation of the
Vaalputs Formation and finally the arid conditions for the formation of Gordonia
Formation.
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CHAPTER 10: CONCLUSIONS

The objectives of this study were to obtain a betier understanding of the post Karoo,
recent, and present tectonic history of the northwestern Cape, particularly in the
Vaalputs area, Geomorphological, sedimentological ¢ 1 geological episodes needed
to be placed in a well constrained, relative time frame:, These episodes could then be
directly correlated to major evenis in the area, providing valuable tectonic information.
That is, the response of landscape development (processes and products), to tectonic
processes was the key objective of this study.

The sequence of sediments preserved on the Bushmaniand Plateau, in the area around
Vaalputs, reflect changes in climate and tectonism since the onset of the deposition of
these sediments. During the Cretaceous the alluvial Dasdap sediments were deposited
as a result of uplift along the marginal scarp. These sediments were deposited rapidly
in an alluvial fan setting. Crater sediments overlying olivine melilitites and kimberlites
were also deposited during the middle and latter part of the Cretaceous. The late
Cretaceous saw tropical conditions which caused extensive deep weathering and
silicification of the Namaqualand Metamorphic Complex and the Dasdap Formation.
This wet period terminated around the end of the Cretaceous when the climate changed
to semi-arid and arid. Erosion has subsequently exposed the palaeo-weathered and
silicified basement, and tectonism, throughout most of the Cenozoic, largely in the form
of reactivated older structures has caused differences ir the eievation of these surfaces
and resuited in the accumulation of the Vaalputs sediments.

North-northwest oriented graben formation during the Tertiary resulted in the
accumulation of the fluvial and aeolian Vaalputs sediments. The extremely altered white
clay at the base of the Vaalputs Formation is suggestive of a wetter period during which
intense in sifu weathering of the basement could take place. Subsidence or deepening
of the graben gave rise to the preservation of this weathered facies and to the
deposition of the Vaalputs sediments. The sediment was eroded from the elevated
basin margins and deposited as floodouts, with some aeolian deposits, in the Vaaiputs
basin. Weathering and mixing of these sediments ultimately gave rise to the observed
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sequence of clay-rich Vaalputs sediments.

The calcrete horizons preserved in the Vaalputs Formation indicates drier interiudes
with an overall desiccation trend through time, The calcrete horizons generally define
previous land surfaces, that is, the calcrete horizons probably represent surface
stabilization stages during less tectonically active periods or during periods of lower
sediment supply. The overall desiccation throughout the Cenozoic finally gave rise to
the aeolian dominated Gordonia Formation and present day micro-environments. The
present day micro-environments are dominated by aeclian, deflation pan and lag
deposits the source of which Is primarily the underlying Vaalputs Formation which is in
a state of degradation. Sub-surface calcrete associated with the dunes is continually
being leached downwards by meteoric water. Aeolian processes have rewurked and
modified the surface into low amplifude longitudinal dunes with a transverse
component,

Evidence of two stress fields believed to have given rise fo the numerous tectonic
products (inherent and new structures) in the study area since the Cretaceous were
observed. The study area is affected by two important uplift axes: the Griqualand-
Transvaal and the Kamiesberge axes, which were active between the Miocene and the
Plio-Pleistocene. The study area has also been subjected to a prolonged history of
tectonic activity during which time faults and major shear zones have been reactivated
and others formed. On a regional scale the larger and older faults, which dictate the
drainage courses in the area are predominantly north-horthwesterly trending. This
faulting is most probably of » Pan African age (700 Ma.), and has been reactivated as
evidenced from the elevations of the palaeo-weathered and silicified basement and the
resultant Vaalputs basin.

During the Late-Cretaseous and Palagocene, the minimum principle stress was most
probably oriented to the northwest causing extensive dip-slip faulting with a
northeasterly strike. This stress field most probably also gave rise to the joint pettern
observed in the basement. The stress field believed to be responsible for most of the
Cenozoic, with an east-northeast oriented minimum principle horizontal stress probably
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accompanied the development of a fault-bound sedimentary basin which was filled by
the sediments of the Vaalputs Formation. It is suggested that the earlier phase was
dominated by ridge push during the Late-Cretaceous and Palaeocene and the later .

phase by isostatic readjustment.
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APPENDIX A: MAJOR ELEMENT RESUL.TS - THE DASDAP FORMATION

Sample Si0,

No.

VP-KIA®  74.85

Vp-K2*
VP-K3
VP-K6*
VP-K7*
RGT 4*

RGT &*

32.52
89.82
87.55
81.27
64.06

82.05

TiQ,

1.12
1.20
0.40
0.47
1.34
0.24

0.42

ALO,

12,76
£.19
5.26
6.43
2.72
19.25

8.03

Fe,G,

0.66
4.26
0.68
0.80
11.71
0.60

€72

MnD

']
-

0.28
0.02
0.02
0.04
0.02

.02

MgO
0.00
0.80
0.00
0.00

0.00
019

0.40

CaO

0.12
28,80
0.07
0.17
0.16
0.50
0.24

Na, 0

1.36
.21
0.00
0.00
0.00
0.89

0.4

K.O
0.47
1.70
0.00
0.01

6.00
0.07

0.08

P25

0.42
0.36
0.05
0.06
0.24
0.40
0.20

Lal
7.40
24.63
2.94
3.97

3.02
12.61

3.30

TOTAL

08.85
99.06
89,22
89.47
100.48
80.65
98.55

Alt data are expressed in weight %

¢
+
#

Basal sediments (Kockoppe)
Upper sandstone (Kookoppe)

Sandstones (Burtons Puts}
Sandstones (Rondegat - Brynard, 1988)

Total Fe as Fs,0,
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APPENDIX B: MAJOR ELEMENT RESULTS - PALAEO-WEATHERED BASEMENT

Sample  SiO, TiO, ALO, Fe,0, MnO MgO CaO NaO KO PO, LOl TOTAL

No.

Profile 1:

vp-32* 7273 029 1471 080 006 043 0585 332 8502 011 103 1004
vpP-31* 7391 028 1400 091 0.06 046 004 125 586 012 387 10045
VP-30* 7222 027 1389 256 006 054 004 135 557 042 361 10022
VP29 7238 027 1371 18 005 073 045 130 6.04 0.0 368 100.38
VP-28° 7284 028 1427 076 005 051 022 198 667 014 244 10018
VP27 7028 027 1280 478 006 054 010 163 579 013 367 10016
VP-26* 7176 030 1425 180 006 040 008 221 672 041 282 10021
VP-25° 7277 0.31 1480 095 008 042 039 337 620 042 1418 10036
VP-24* 7445 028 1350 106 008 036 000 127 &18 016 3.90 10022
Profile 2:

VP-41* 7208 026 1396 077 0056 030 000 121 564 011 336 9863

VP-40* 7433 026 1349 081 005 040 Q05 164 546 013 385 10054
VvP.39* 7345 026 1359 1412 005 053 003 165 581 011 3585 10016
VP-38’ 7331 026 1328 108 0068 051 012 233 652 013 354 10014
VP-37 7282 035 1406 120 008 046 011 161 567 043 372 99.98

VP-36 73.90 026 1343 182 007 042 038 29 | 631 010 0.84 10024
VP-35" 7213 028 1373 268 006 060 091 331 570 016 085 10041
vP-34* 7335 027 1385 160 007 048 079 312 608 014 051 10026
VP-33* 73.85 030 1365 135 008 038 088 310 566 017 074 10013

VP-Base * 72.20 054 1513 1286 006 067 154 086 022 011 7.84 10022
VP-Base 2* 60.63 054 1713 5256 006 082 251 048 400 012 7.88 9850
VP-Base3* 8841 039 1540 376 006 074 018 052 523 014 458 09941

All data are expressed In weight % Total Fe as Fe,0,

+ Silicified Basement

* Kaolinlzed Basement

+ Basement

# Woeatherad basement (white clay) - lower Vaalputs Formation
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APPENDIX C: Animal Species Identified at Vaalputs

Order Famnily

Specles:

Habltat/Burrow Depth (m)

Latin Name Common Name
Insactivora Macrozcefididae Elephantuius rupestris Rock alephant shrew
Macroscelldes probascideus Round-eared elephant
shrew
t.agomerpha Leporidae Lapus capensis Viakhzas
Roclentia Cricatidae Parotmys brantsil Karoc rat soft sana, 0.75
and Muridae Aethomys namaquensis Rock rat
Gerhilitrus pasba Pygray gerhil sand, 0.20.3
Demodillus aur'owaris Namaqua gerbil sand; cakrete soils, 0.3-0.8
Malasathy ix typrea Large-sared mouse
Petromuridae Pertomus typlous Dassle rat
Pedetidas Pedeles capensls Spring hare consoildated sand, 0.7-1
Carnivore Hyaenidae Profeles criststus Aardwolf sand, up io 1m and deepar
Musieflidse Mellivora capensia Honey badger
Felidas Felis caracal Caracal
Canidalae Qelocyon magatolis Bat-garad fox sand, upto 0.5
Vulpas charna Siiver fox sand
Viverridae Suricata Suricate consolidated send and
calcrefe, upto 1.3
Tubulidentata  Orycteropodiae Oryclercpus Aardvark sand, up to-im and deeper
Arthropoda Farmicidae Messor barbatus Comman harvasting
ant
Pheidole capensis Harvesting ant
Anaplolepis etelngroaveri Black pugnacaous ant
Scorploidae Scorpiones oplsthathelimus Scorpion
|sopterae Thie:  x res tringrvoides Snouted harvester
termite
Hodotermes mossambicus Common harvester

Summarized from AEC report PER-143 (1988} {20],
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APPENDIX D: SAMPLE PREPARATION OF HEAVY MINERAL CONCENTRATES

Two sites, identified as areas of suboutcroping olivine-meililitite, Kimberlite and related
diatremes, which had bean confined by aeromagnetic and drilling data, were used for the
heavy mineral study. Prior to detailed sampling for this investigation, two samples {one
surface sample and one from 30 centimetres depth) from each of the sites, as well as from
three other random sites were collacted. The random sites would allow for the
determination of background concentrations. The samples from the two sites initially
showed concentrations up to 10 times the background concentrations.

A total of 30 and 26 samples (surface and 30 cm depth samples) were collectad at sites
A and B respectively, along east-west and north-south traverses at 50 or 100 metre
spacings, depending on the length of the section line over the sub-outcrop. Sampies were
sieved to obtain the 0.5mm-1mm size fraction, as this fraction is larger than that expected
to be of aeolian origin. 100 grams of this size fraction was "jigged”, using a portable
mechanical jig, for three minutes to ensure reproducibility. These heavy mineral
concentrates were furlher concentrated in the laboratory using bromoform.

All the  12ins in the final concentrate were identified and counted using a binocular
microscope. S,E.M. results were used to aid in the recognition of, - nd confirm the obtained
percentages of ilmenite grains in the heavy mineral separate. These percentages were
found to vary from approximately 60% (of the total iimenite and iron oxide concentrate)
over the sub-outcrop to approximately 28% near the edges of the sub-outcrop. A value of
approximately 28% was obtained for the background samples too. The remaining fraction
consisted predominantly of iron-oxides.
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APPENDIX E: MAJOR ELLEMENT RESULTS - SURFICIAL SEDIMENTS AND RECENTLY
WEATHERED BASEMENT

Sample Slo, TiO, ALD, Fe0, MnO Mgd CaO Na0O KO 9,0, LOI  TOTAL

No.

VP-T11* 55.88 0.56 1712 632 0.07 2.70 0,63 1.50 2.70 0.14 12.76 100.38
VE-T1/4t 58,11 0.59 18.21 540 0.08 2.595 0.44 1.8 2.66 013 i2.59 100,15
VP.-T1/5* 60.17 0.73 16.11 6.08 0.08 1.68 0.56 1.67 3.13 0.13 9.12 20,45
VP_—T‘"B' 80,30 0.67 15.11 5.17 0.09 240 0.43 1.33 235 D12 11.95 099.91
VP-T1/9* 52.14 0.53 1868 6.11 00D 2.84 0.54 1.27 264 0.13 14.70 29.86

VR.T1M0* 5767 063 1687 527 0.0B 256 047 1.32 2.57 012 1285 80.25
VP-T1H T g8.87  0.85 1657 4.908 007 241 042 1.40 3.89 013 1085 10034

VP-T211* 5498 056 17.53 6.01 008 259 056 1.4 2.63 C.12  13.88 10035
ve-T2i2t 5436 0.59 1762 621 voe 238 04 1.56 3.18 0.12 1347 1P0.20
VP-T23 5254 054 1877 671 007  22% 048 1.25 304 014 1339 9992

VP-T2/4 59.66  0.5% 1606 679 007 220 044 162 3.66 012 1083  100.23
VvP-T2/8¢ 5608 054 17.26 628 007 235 048 1.50 2,74 613 1284 10027
VPSH' 5869 070 1747 514 0.08 187  1.06 1.81 2.60 023 1087 10031
VP-Sit 70.21 0.87 i284 47 00 082 073 221 383 015 378 100.06
VP-8/5 8513 053 2001 484 007 232 081 1.33 1.81 023 1327 10048
VPR-SI7 11.67 122 .05 474 008 075 048 1.88 3.88 016 340 §9.20

VP-5i8" 66.79 0.78 13.88  4.57 008 145 100 206 3192 .17 645 100.35
vp-sig’ 778 1N 11.52 43 009 076 069 288 3.75 018 332 100.14
VP-Base1*  72.20 0.54 1513 1.26 006 067 154 0.66 0.22 0.1 v, 100.22
VP-Base 2  60.63 0.54 743 529 0068 082 2.5 048 4,00 612 7. 89.50

VP-Base 3'  68.41 0.38 1540 378 Qo8 074 018 0.52 523 014 459 89.41
WaoNo[18)" 7100 047 13.81 3.1 001 0B 298 1.45 143 003 413 99.62
W3a0s10{12}" 6649 0.2 1872 2857 00t 007 238 0.23 3.92 0.08 658 98.94
WwsoNo{20™ 7517 0.8 1184 048 002 o00 126 0.53 g.0¢ 005 332 98.92
WTONO[7" 7518 0.1 1240 120 002 o000 118 1,06 5.63 007 245 89.75
wros{o(r)" 78.88 0.27 1081 1,08 0602 103 023 0.73 4.23 611 2.8 101.44
waono(s)* 71.86 0.28 1506 250 002 001 029 0.86 6,07 010 284 100,31

VP-85* 67468 018 2447 278 004 025 6546 5.52 1.10 008 124 §9.26
VP-56" 6995 Q.33 15333 243 0.03 046 13 0.3 5.57 016 459 9b.3g
VP57 7.8 0.0 14068 1.86 002 007 1.0 279 a8.31 010 100 98,27
VP-58* 71,29 028 - 1414 244 el 026 043 2.22 8.22 008 3.4 100.62
VP-60* 70.68 040 1438 281 003 000 078 285 8.02 012 169 89.17
VP51 3445 040 68.15 222 101 111 2794 097 1.33 014 2373 00.44
VP-52* 8572 053 9.9% 4.18 007 174 984 1.85 225 013 1334 98,50

HLD2-17.85m* G20 1. 14.0 7.5 2.0 3.5 0.3 0.5 3z 0.1 - -
HLD3-8m* 6590 089 1686 408 003 108 029 0.34 2.01 013 8.07 89.52
HLD3-15m* 6527 0.6 1277 678 008 251 0.28 0.53 3.33 004 840 100,83
HLD3-1Bm* 6230 0.74 1381 814 003 168 037 0.62 358 008 8§83 100.28
VP74 76,80 086 11,50 348 005 0149 047 204 182 415 329 100.17
VP-75* 71.50 0.73 1167 561 013 28 0.85 240 2.28 014 275 100.58

Al dats ara expressed In weight % Totat Fe as Fe,0,

Vaalpuls Formatiun

Surface sedimants/ Gordania Fanmation

Waeatherad basement {(white clay) - [owar Vaalpul; Formation (#1): analys=s ... 1 Brynard (1988)
Woeathered surface basamant

L ,kafWeathersd Dwyka (HLD samples are from driller -4 from Vaalputs, with depths in metres}

R
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APPENDIX F: STRUCTURAL DATA OF PLANES CONTAINING SLICKENSIDES IN
THE PALAEO-WEATHERED BASEMENT

mleoLICKENSIDE

Dip Direction {°) Azimuth {°) Plunge (°}
083 2B 074 26
213 50 223 48
140 o0 157 30
028 46 028 46
300 34 293 33
246 80 226 48
246 54 196 44
254 72 162 18
323 80 - »
196 54 161 44
162 80 253 70
154 80 154 20
164 g0 164 80
032 38 060 42
274 B0 §70 35
040 25 | 029 30
o7 58 017 58
081 80 028 51
030 34 030 34
188 80. 192 60
320 21 344 20
160 32 160 32
265 85 363 0
oe0 23 Q70 22
054 48 054 48
024 20 050 14
003 3 003 H
169 43 168 43
358 22 - -
093 g0 118 o0
163 34 163 34
347 24 351 22
024 82 037 60
014 22 023 21
003 22 023 id
065 24 165 24
338 a0 - -
330 32 345 28
011 12 339 08
334 80 34 90
073 34 066 3z
238 80 330 76
327 80 - -
328 80 328 20
130 52 130 52
221 18 217 12
100 25 126 23
359 80 023 54
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PLANE

| SLICKENSIDE

Dip Direction (°) Dip {°) Azimuth (%) Plunge {*)
352 60 352 80
228 56 228 56
261 46 180 19
313 58 337 58
295 64 303 62
253 66 - .
283 63 265 62
190 37 185 37
1 41 210 35
179 52 210 47
219 22 199 22
213 a7 212 35
180 47 1863 46
166 50 200 48
170 31 183 34
105 28 065 28
144 28 144 28
128 44 129 44
150 82 150 82
- . 208 44
060 24 060 24
154 53 154 53
179 37 190 35
355 33 030 32
171 46 191 44
172 56 194 54
180 53 185 53
181 37 147 30
184 49 172 49
323 68 014 28
339 67 340 72
300 14 254 05
295 21 015 10
254 54 254 54
277 43 277 43
289 20 334 11
277 40 291 35
302 29 327 25
329 20 354 19
290 38 308 35
290 53 297 52
313 29 313 29
314 54 015 25
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ELANE

{ SLICKENSIDE

Dip Direction (*) Dip (*) Azimuth {°) Plunge {*)
163 3z 183 32
144 24 144 24
230 a7 207 a8
171 30 171 30
214 40 190 a7
182 74 188 68
174 50 167 30
192 48 151 3o
068 58 - -
065 85 065 86
183 70 163 70
314 16 314 16
151 20 050 10
188 &6 185 55
216 69 169 68
169 586 153 80
358 40 380 40
080 49 053 48
131 43 131 43
109 20 109 20
150 g0 080 00
160 a0 070 Q0
160 a0 Q70 19
160 80 070 38
135 20 136 20
067 74 087 74
200 20 290 20
305 40 286 36
023 80 002 60
345 48 205 21
099 51 134 40
143 30 143 20
132 N 132 31
206 50 296 50
141 18 158 17
311 70 311 70
101 10 136 10
121 21 121 21
058 51 084 49
136 21 136 21
140 21 140 21
144 20 159 18
051 68 - 089 58
081 40 Q74 k13
o1 45 021 48
1680 a0 180 80
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J

SLICKENSIDE

Dip Direction (°) Bip () Azimuth (%) Plunge (°)
130 23 130 23
154 20 142 24
174 80 084 90
080 g0 150 80
177 80 087 80
139 18 139 18
088 80 158 70
140 90 . -
255 78 - -
183 20 - -
348 44 346 44
318 65 050 €0
258 80 211 53
233 62 232 62
281 53 281 53
217 o0 217 80
213 73 | 190 7
027 32 017 32
046 18 046 16
232 89 - -
156 14 177 14
008 o0 008 70
241 60 241 60
211 36 148 19
178 63 168 51
222 60 195 5¢
074 36 074 36
251 46 251 18
169 15 278 10
228 42 220 42
143 20 - -
102 68 102 68
270 56 230 41
280 54 266 48
120 90 120 80
308 83 338 60
276 70 278 70
288 66 286 86
298 64 298 64
136 20 181 13
278 66 250 64
300 66 300 66
282 78 262 79
008 40 008 40
047 40 034 40
149 38 170 37
094 32 094 32
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Dip Directlon ()

Dip (%)

| SLICKENSIDE

Azimuth (°)

Plunge {*)

188
036
071
140
004
0456
052
081
112
184
324
310
223
254
088
322
044
034
235
070
056
180
068
017
156
047
042
336
285
356
028
321
169
254
218
as1
138
080
100
092
088
121
290
114
276
188
178
070

30
36
80
48
51

45
36

65
68
52
50

54
70
70
67
90
%
33
10
28
3
38
24
26
19
4
40
15
28
32
11
30
38
18
1
10
08
10
23
v

26
30
18

138
036
o71
113
004
035
052
- 086
192
184
352

181
254
088
322
044
034
235
160
146
230
042
031
156
047
042
336
295
356
028
321
169
254
250
043
086
080
140
136
118
121
310
111
276
179
178
098
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30
36
80
44
51
43
45
35
18
44
64

45
50
45
54
70
70
57
56
85
32
10
19
3
38
24
26
19
41
40
15
28
32
08
19
27
18
10
10
04
10
20
37
22
26
30
12
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