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ABSTRACT

The Eastern Caplerovincehas, besides the three known neotectonic belts @outasernand
northern) a fourth zongwhichis inactive This inactive zone is located almost in its central part
north of thesouthernneotectonic zone, and south of the northern neotectonic belt. The three
above mentioned neotectonic bdsuthern, eastern and northewgre chosen for this study,

each one with its owoharacteristics

This study aims at characterizing and targepintentially high yield aquifers in the neotectonic

zones in the Eastern Cape Province.

The methods used in this study include

1) A comprehensive literature reviean neotectonicsn South Africa in general and in the

Easern Cape Province in particular;

2) Extraction of Ineaments through remote sensamgl examination of digital elevation models

3) Examination 6seismic data for the subsurface visualization onshore and offshore

4) Studyon the genesis of the Grahamstokavolin depositshrough thestructural component

and

5) Acquisitionand interpretation of magnetic, electromagnatid radiometric data from three of

the hot springs in the northern neotectonic belt.

The results indicate the following:

1) Old map of seismic epicentres in Southriéd need to be reviewezbntinually The Eastern

Cape was regarded as quiescent in terms of seismicity. Hovegényestigation from recent



seismic epicenters downloadable from the IRI€bsite has shown that recent seismic events
occurred inthe Easten Cape Provincespecially in the northern and southern neotectonic belts.
The central part located north of the southern neotectonic belt and south of the northern
neotectonic belt is inactive. This inactive zone can be considered for the storageeaf nucl

wastes.

2) The eastern neotectonic belt héike the northern neotectonic belt, a higher density of
lineaments orientedorthwestsoutheastwhich makes it the send important neotectonic belt.
Theselineaments correlate with the normalized diffeeenregetation index indicative of a good

circulation of groundwater.

In the souththe Eastern Cape great lineament orieetestwestis now considered neotectonic
domain becausmany seisnu epicentesoccur therein.ts geomorphologic shape in graligpe

form is a favourable stoture for groundwater catchment.

The surface topography is not unifoemdhigh elevations in the east are related to the uphit th
took place in theQuaternaryMost vector gradients are orientedstwest, a fact to be r&on

with in the study of surface water flow and aquifers characterization.

3) Offshore along the east coast, the subsurface is affected by neotectonic faults, @hich ar
probably splays of thAgulhas Falkland Fractured Zof®FFZ). The folds thabccurare related
to the regional compressional stress knaag the Wegener Stress Anom@lySM). On land
straight lines from seismic profiles indicate thwekatheringoccuss in consolidated mateais
probably alondgaults orfractures unconsolidated sedimengdvays have wavy profile©n the
other hand, field observations in King Williams Town halearly shown thas tectonicuplift

took placeon a dolerite sill overlain by mudstones and sandstofes.uplift is possibly related
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to the AmatoleSwaziland evet that occurred in the last five millions yeal$e escarpment
along this dolerite sill overlain by sedimentary rocksa mesescale fault with a dislip
component. Healthy vegetatiamd a riveiflowing parallel to the cliff indicatgroundwater flow

in the zone of weakness.

4) In the southern neotectonic belt there is a ahesthwestsoutheashorizontal compression
and asouthwesnortheaswertical to subvertical extensionEnrichmentof graniic breccias and
feldspar in theGrahamstowmwyka tillite is the source fore formation of kaolin deposits. The
weathering starts in the graniticeccias through their extensional fractuaesithen extends in
the matrix, which has micffractures that are only visible with the tranged microscope.
Combined atensional strikeslip and dipslip faulting is responsible for the earthquakes in the
region of Grahamstown where the kaolks formed.Thereis also an unreported thermal (quartz

veins) and neotecton&vent identified in this region.

5) The hot springs in the northern neotectonic belt are connegt®degional neotectonic fault.
The use ofmagneticand electromagnetic methods helped to decipheotiarrence of faults,

fractures, dolerite dykes, and iable degree of weathering.

Uranium/potassiuntatios derived from adiometricsurveysshow that areas aroundome hot
springs are characterized by enrichment in uranidigh concentrations of thorium arelated

to its low capacity of being easily dissolved in water.

It can be concldedthat seismicity,hot springs and accordingbeep groundwater circulatipn
high density of lineaments, quaternary tectonic uplift,taeepredominateharacteristics othe

three neotectonic zones.



vii
Furthermore, o the environmental point of view,dhum concentration is higher than that of
either uranium or potassiurlthough t is nonetheless below the world average threshold of 7.4
ppm according to United Nations Scientific Committee on the Effe€tAtomic Radiation

(UNSCEAR),it may be a sourcof radiation hazard to humans and animals if they are subjected

to prolonged exposure.

All the neotectonic zoneds the Eastern Cape Provingeesent potentials to host good and

important aquifers.

It is suggested that the Eastern Cape great lineameht southern neotectonic belt and the
KokstadKoffiefontein seismic belt in the northern neotectonic ble#t, nonitored for future

researchiegarding neotectonicsseismic risk assessment and hydrogeology.

Keywords: Neotectonicd,ineament, Seismic Profile, Streggolinisation,Hot Spring
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1. INTRODUCTION

1.1General background

The Eastern Cape Province is mostly dominated by the rocks of the apeogoup in terms of
geology. Bothaet al. (1998) indicated that there is a potential that aquifers in the Karoo
Supergroup can significantly contribute to the water budget of the country; unfortunately, Karoo
aquifers are very complex and unpredictabietheir behavior. Another important factor to
mention is the very low permeability of the sandstone, mudstone, shale and siltstone, and the

very | ow Yy h%dfprevipusly ddilledboreholes in the Karoo sediments.

In order to target and to clanterize the neotectonic zongsterms of aquifers yieldn the
Eastern Cape Province, different approaches have been taken into account, namely: remote
sensing, seismicity and stress inversion methodology and the geophysical investigations of hot

springs

Remote sensing has been used in groundwater exploration as a reliable method ¢taitcar
guantitative determination of | ineament densi

outline linear structures that are undoubtedly good conducogdundwater.

Geological interpretation derived from remote sensing has been extensively used for the purpose

of identification of lineaments and fractured zones along wittietflow of groundwater may

take place. Mohamed (2010) indicated that the serfaeaments are in parallelism with the
subsurface basement fault. Olgen (2004) stated th#t Egientists have been interested in linear
features on the earthdés crust since the early

(2012) highlighted tht lineaments are features that represeahways for groundwater



accumulation, groundwater discharge and seawater intrusion into coastal and inland aquifers.
Burnett (2011) pointed out that lineaments and surface dips are useful for locating trapped
groundwater. Contes and Carla (2011) used remote sensing in Puerto Rico, and found that
geomorphic data agrees with lineaments as faulting and fracturing in addition to linear bedding
control features. Moreover, Ali et al. (2012) mentioned that remote sehas@peen used in
geology for lithological discrimination of different rock types and delineation of geological and
structural features.

Theuse of remote sensing in this study aased at extracting lineaments in order to find zones

of high density lineamnts that can be used for groundwater exploration. High density lineament
zones can also be used whilensidering environmental issudsuclearwastes dump sites can

be placed in zones not affected by high seismicity and high density lineaments in order to avoid
groundwater contamination.

Neotectonics is a branch of structural geology that studies the more recent tectonic movements of
the earth which activity is related tothe earth movement, stress building and results in
seismicity The Eastern Cape Provinoghich is not very seismically active, except its northern
region near the country of Lesothimas been affected by seismic magnitudeto 6 on the
Richter scaleBarth et al. (2008) highlighted that earthquakes are one of the most evident effects
of stress release in the crust. Focal Mechanism Solution can be determinedale Frst
motion, polarization and amplitudes ofw&ves (e.g.Khattri, 1973), the analysis of P/S
amplitude ratio (e.g. Kisslinger et al., 1981) and the moment tensor inversion (Stein and
Wysession, 2003)The methods oDelvauxet al. (2007) adopted in this studysed the stress
inversion model developed by Angeli@and Mechler (1977) as a graphical methddhis

graphical method is usddr the determination of the possible orientation of the compressional



straasndidt he ext esnnsorporatiagl the spplicais of thel Right Dihedron
method. The Right Diedronmethodis based on a reference grid of orientations predetermined

in such a way they appear as rectangular grids on the stereonet in the lower hemisphere Schmidt
projection. The Focal Mechanism Solution (stress regime) helps to determine whaf feudes

such as normal, thrust, strislip, transtension (combination of normal and stskp),
transpression (combination of thrust and stskp) was at the origin of the earthquakée

stress regime related to neotectonics camseseismic actities triggering fracturing and

faulting in theQuaternary deposits such as the kaolin frive Grahamstown areand other

recent formations such as calcretes, silcretes, and ferricretes

High yield wells in the Karoo aquifers of the Eastern Cape catafgeted as zones of high
density lineaments and seismically active zofiégse seismic zones are of prime importance if
they host hot springs, which can discharge a lot of water because of the movement in the crust.
For instancethe hot springs ofAliwal North, Badontein and Polile Tshisa near the border of the
country of Lesotho are found in what is a known as the Kokstdfiefontein seismic belt. This

belt hosts seven hot springs along an-eeesit trending active fault

Anderesn and Ainsli¢1994) indicated that the origin of the thermal springs is attributed to the
presence of deep structures, principally fawihes, which provide continuously circulating
convection or artesian systemnsthe Pietersburg area (South Africh) the same contg it can

also be considered that the basaltic eruption of 1983 in Leastheported by Maud et #1.998)

might have been related to the ascension of magma in the area, heating the water from beneath
Dirik and Goncuoglu (1996) found that in the cehtfaatolia (Turkey), alignment of hot
springs, cinder cones, drainage offset, and linear valleys are the characteristic features of strike

slip fault patterns observed in the region.



Three neotectonic zonegere identified in theEastern Capé¢hat is thesecond largest ahe
South Africa nine provinces terms of surfacerea The potentially high yield aquifess are
related to neotectonic zones, namely the southern, the eastern and the northern neotectonic zones

Neotectonics causes the creation of negtiires and the reactivation of old ones.

Apart from remote sensing, potentially high yield aquifers can be targeted and characterized by
usinggeophysical techniqueSeismic reflection i@nimportant toolusedin the exploration of
groundwater It is however mainly usedn oil explorationto characterize the subsurface
reservoir This will include the genesis, evolution and internal architecture of sedimdrdaiy

fills in order to come up with a model that can display the sequence stratigsipioture
geology, subsidencandthe uplift (e.g. Catuneanu et al., 2009hrough the use of other known
geophysical methods in groundwater exploration (e.g. Van dongen and Woodhouse, 1994)
regional aquifers can be mapped using gravity and magnetlwods.It is howeverimportant to
notethat thoughvariousgeophysical methods have been used for groundwater characterization,
the electrical and electromagnetic methods hpr@/en to besuccessful in mapping both
contaminated and clean groundwater. iBamtric methods are used to interpret anap the
concentration of uranium, thorium and potassium and their eff@gsoundwater in subsurface

rock formations (e.g. Maxwell et a012) In this project the Eastern Cape northern neotectonic
belt was tegeted for geophysical characterizatiprimarily becausét is located in the Kokstad
Koffiefontein seismic beltandsecondly becausehas many hot springsThree ofthese springs

were selected for this purpose.

Radiometric or gamma ray spectromatrgthods can also be used to characterize the regolith up
to 40 centimeters below the I§a8hanhbhavedifferefitac e (

radiometric signatures during weathering and pedogenesis (Wilford, 2002). Targeting and



characterizng the neotectonic zon&s an effort to maximize thproduction of groundwater in
the Eastar Cape Province is of great importante solving theproblems related to water
scarcity. Radiometric surveys cannot be neglectett not only must potentially high yield

aquifers be found, but the environmental impact ralsstbe considered.

1.2 Research area

The Eastern Cape Province is surrounded by three neotectonic belts; the southern, eastern, and
northern neotectonic belts. Although the southeewotectonic belt is characterized by the
reactivation of the KangBavianskloof fault, areas of research were targeted mainly in the
eastern region along the coast and the northern region near the country of Lesotho. The east coast
was affected by the Plene uplift stretching from Swaziland to the Amatole District in the
Eastern Cape Province. The northern region is of interest because of its seven hot springs and its
seismic belt that is characterized by a tight clustering of epicenters (Figure 1.2¢ Eify and

Table 1.1 indicate different localities for field investigation and data collection.

Table 1 1: Areas of field investigation and data collection

Site Latitude Longitude Place name
Eastern Cap&reat Lineament
1 -33.17215 26.32628 (ECGL)
2 -33.31466 26.51736 Grahamstown
3 -32.98334 27.86330 East London
4 -32.77449 26.63326 Fort Beaufort
5 -32.78207 26.85066 Alice
6 -32.45673 28.00040 Butterworth
7 -31.04806 30.21571 Port Saint Johns
8 -30.68668 26.70084 Aliwal North
9 -30.77698 25.79513 Venterstad
10 -30.68634 25.76924 Orange Fish Tunnel
11 -30.4873® 28.64274 Polile Tshisa
12 -28.59083 20.33431 Augrabies Falls
13 -3082105 26.54353 Badontein
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1.3 Problem statement

The provincdaces the challenge gfoundwater scarcity.he Department of Water and Forestry
(DWAF) in its Groundwater Master Plan Report has for instance indictedhi are few
productive aquiferén the Eastern Cape Provinchould still there beany water, a wind pump

or hand pump could be installed. At best this could be enough for individual household
consumption One can generally expect enough water for either -hand/or wind pumps, i.e.

small supplies for small communities and/or stock watering or single households. Little



additional groundwater could be available for community gardening or other povertytaitevia
actions. Many boreholes will have to be drilled to obtain a yield at thedmdhof the range.
Targeting and characterizimgf the neotectonic zones is necessary in order to determiteshe

site to drill so many boreholeés neotectonics impliethe creation of new fractures and the
reactivation of old ones it is a good indication for future drilling programs.

Neotectonics is strongly related to seismic activity in any given region; if there are no
earthquakes, there is no neotectonics either. Hatern Cape Province is known for being
dormantin terms of earthquake activitiedf this is to be taken into account, the location of
neotectonic zones would be problematic. With this in mind other factors can be considered, such
as zones of the lat®uaternary uplift along the east coast. The fault regime can be indirectly

derived by stress inversion only in the recent formations, which are scarce in the province.

1.4 Aims andbjectives

This study is aimed at characterizing the neotectonic bettsiltastern Cape Province in terms
of surface lineament density, subsurface visualization, neotectonic stress fields, and geophysics.

The objective®f this projectare as follows:

1 To apply remote sensing in order to extract all possible linear featurthe iEastern
Cape Province, this will help to analyze the lineament distribution.

1 To compare the lineamentlensityfrom the neotectonic belts and thenneotectonic
areas such as the Queenstown area in the ceintmativezone.

1 To analyze zones @iigh density lineaments in terms of predominant orientationjghis

of prime importance regarding groundwater potential in the Karoo aquifers.



1 To have an insight in some neotectonic zones belodhds Surface by examining the
2D seismic data offsho@nd orshorealong the east coast.

1 To determine the type of fault regime (normal, thrust, sslk® that triggers the
seismicity in the neotectonic zones (e. g. Grahamstown area).

1 To apply geophysical methods especially in the hot springs of the E&stpennorthern
neotectonic belt in order to confirand predicttargetareasof future productive wells,

incorporating the environmental pasrdf view for health concem

1.5Projectrationale

Though the Eastern Cape Province is characterized dquasi seismic scarcitygome seismic
events were recorded as mentioned abowe. fault regime has never been determined before.
Targeting ofhigh yield aquifersin the Eastern Cape remains a challeriest of the Karoo

aquifers have very low dischargeaes, andheProvinceis confrontedby water shortages

With the increased population growth and productivtitg, consumptiorof groundwater is also
increasingdramatically In a media release, the Department of Water and Forestry (DWAF,
2005) outlined hat the particular dry areas are along the west coast of South Africa and in the
Karoo area. Other activities like mining and drilling may have a negative impact on the
recharging of the aquifers. The Karoo is mainly characterized by assehtlimate. Areport

from Karoo Space (www.karoospace.co.za) for instance, highlights the fact that mining
programs that requires convoys of massive trucks travelling over the Karoo veld will
undoubtedly damage the veld; this is valid in areas which get very littie M&iny boreholes

that were dug before are not operational at present, especially in rural areas and some villages

due to poor management and carelessnesse is aneed todig new boreholesn order to
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provide water to the growing populatioRinding goundwater in the Karoo requires a good
understanding of the nature of the aquifers, methodologies and techniques as one can often end
up targeting dry aquifers. To avoid all foreseeable difficulties in the Karoo, a detailed study and

good planning must k@ken into account to come up with productive wells.

The combination of the stress field study (with emphasis on the orientation), neotectonics,
remote sensing, and geophysics can alleviate the difficulties encountered when trying to position

or targetpotentially highly productive boreholes, mainly in dry areas.

1.6 Research outline

This thesis is subdivided in nine chapters. Chapter 1 gives a highlight of the complexity of the
Karoo aquifers and includes the approach used to target and to characterize the aquifers in the
neotectonic belts. The approaches incladsmic interpretatn, remote sensing analysssudy

of current neotectonic stress derived from the kaolin deposit, and geophysical investigation. It
also gives an overview on the research area (eastaithernand northern neotectonic belt), the

aims and objectives, arlde project rationale.

The Eastern Cape is covered by rocks of the Cape Supergroup and predominantly those of the
Karoo Supergroup. Their structural evolution and lithostratigraphy are presented in the literature
review in Chapter 2. Chapter 2 also giwebackground on neotectonics and geomorphology in

the Eastern Cape in particular and in South Africa in general. Detailed methodologies of this
project can be traced in Chapter 3. Chapter 4 deals with the surface lireantesuttion,
lineamens predominant trend, Normalized Difference Vegetation Index characterizing green
vegetation synonymous with considerable amount of groundwaterBimwal Elevation Model,

and overview of the Eastern Cape Great Lineament (ECGL), which is a neotectorio.dbine
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seismic data collected by SOEKOR and provided by PetroSA were used in Chapter 5 to visualize
the subsurface offshore and on land. Investigation of the formation of the Grahamstown kaolin
deposit used for the study of the neotectonic stress, esphgsical investigation in the vicinity

of hot springs in the northern neotectonic belt is documented in Chapter 6 and 7 respectively. All

data were discussed in Chapter 8 followed by conclesn@hapter 9.
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2. LITERATURE REVIEW

2.1. Intioduction

The Eastern Cape (Figure 2.1) comprises of rocks of the Cape FolCBBItin the south and

rocks of the Karo&upergroupn the north.

GEOLOGY OF SOUTH AFRICAH

ZIMBABVYE
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MOZAMBIQUE |

MARIBA

INDIAN OCEAN

ATLANTIC OCEAN
LEGEND

[ Heighbauring Cauniries
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Archazan
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-
IND IAN OCEAN °"="°"\:mi=
Albers Equal Area Clarke 1380 Sandan
Source: Council for Geoscience, South Africa malian

200 1] 200 400 Km

Figure 2 1: Geology of South Africa, source of the m&umuncil for Geoscience.

Newton (1973) advocated a gravity tectonic model in an intracratonic setting for the CFB, while
Lock (1980) suggested a flptate subduction model to explain the long distance between the

fold belt and a prot&Andean subduction @ around the southern periphery of Gondwana.
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Current ideas (Johnson, 1990; Visser, 1992a) regard the CFB as a fold thrust situated along an

inner arc, and the Karoo Basin as a foreland basin north of it.

2.2 Cape Orogenywestern and southern branch)

TheHercinian Cape Fold Belt (CFB) consists of two brandhasform a mountain chain along

the south coast and part of the west coast of the Republic of South Atied®ermerriassic

Cape Orogeny deformed the precursor stratigraphic succession. Thelgioemation setting
consisted of a Late Proterozoic volcesserimentary basement that was intruded by the later 520

T 585 Ma Cape Granite Suite. This was overlain by an Ordovician to Triassic cover sequence
made up by the Cape Supergroup and a portioneoK#droo Supergroup (R. Scheepers, pers.

comm.).

The western branch

During the Cape Orogeny, Malmesbury Group basement rocks were refolded by kinking of
existing PapAfrican foliation. The structure of the cover rocks in therthern domain is
dominated i open synclines and parallel minor folds which may display steep dips in places.
The generally northerly trend of the fold axes swing progressively northwest towards Lamberts
Bay; north of Clanwillian the flexures fade out so that the Table Mountain Grougontally

overlies basement in the Klauiewoudtville axe (De Swardt and Russell, 1974).

The southern domain of the Malmesbury basement is characterized by granite that intrudes into
Malmesbury Group. In the Cape Peninsula area the Table Mountaimp Gsoessentially
horizontal, while further east dips rarely exceed. 15e Villiers (1994) observed a minor
monoclnal fold while occasional steep dips may be related to block faulting or incipient fold

generation. De Beers (1990) believed that the apparent zonal development of high buckling
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strains in the Table Mountain Group rocks is linked to transpression thdtavayplayed a part

in the folding.

The southern branch

The southern branch displays northerly verging, often overturnedofdet folds and
recrystallization cleavage in pelites sliced by thrusts and normal faults striking roughly east.

Halbich and Swar(1983) found in the CFB the following features:

1. The basement was affected by three approximately coaxial phases of compressional
deformations. Basement granites display cataclastic deformations as widespread
mylonitization and brittle thrusting, with kkimg of ParAfrican foliation.

2. There are changes in styles and intensity of deformation in the cover rocks across the
CFB.

3. In zone 1, north of the Swartberge, the cleavage is only locally developed at the leading
edges of small listric thrusts, while hasial shortening is minimal. The northern
boundary coincides with the northern edge of the Southern Cape Conductive Belt in the
crust (De Beer, 1983). The southern boundary of zone 1 coincides with the Beattie
Magnetic Anomaly.

4. Zone 2 displays open symmietand upright flexural slip folding. A spatial spaced axial
planar cleavage ;SHalbich et al., 1983) is developed in fine grained pelites. Quartz
microfabrics indicate MNs-oriented maximum principal stress.

5. Zone 3 is characterized by asymmetric and inclined concentric folds. Adexadloped,
fanning axialplanar cleavage iSbecomes slaty in fingrained rocks and displays

evidence of dewatering, followed by final mica recrystallization.



15

6. Zone 4 presents seaborder cascade folds on overturned limbs. Two recrystallized
cleavages developed in fine grained pelites.

7. The sudden rapid increase in fold intensity in the cover rocks in the third and fourth zones
is ascribed to rapid stratigraphic thickening of thel@&lbountain Group.

8. The southern edge of the Southern Cape Conductive Belt (approximately coincides with
the Kango fault) joins the northern boundary of zone 5 between the inland Swartberge
and coastal Outeniqua Range.

9. The coastal Outeniqua Range of zonepftains acute to isoclinals folds with flat sauth
dipping axial plans Sslaty cleavage, $Screnulation cleavage, kinks and a prominent
downdip mineral elongation lineationln the Eastern Cape Province, the general
Stratigraphy is represented by the €&upergroup (Table Mountain Group, Bokkeveld

Group and Witterberg Group) as can be seen in Table 2.1; 2.2 and 2.3.

Table 2 1. Stratigraphy lithology and palaeoenvironments of tA@ble Mountain Group

Figures in brackets are the approximate thic
energy coastal environments (beach, shoreface, barrier, @ftgr Thamm and Johnson, 2006).
WEST OF~ 2TE EAST OF-2TE
AGE LITHOLOGY PALAEOENVIRONMENT
FORMATION FORMATION
5 a Ritvlei (200) N Bavianskloof (200) Sandstone(+shale in East) | Shallow marine (+offshore
e =5 =5 shelf in east)
8 8 Skurweberg (300) 8 8 Skurweberg (400) Sandstonéthick bedded) Fluvial braidplain, shallow
<Z( @ O] @ O marine
z < 2 [ Goudini (200) < 2 | Goudini (300) Sandstone (retirown) Shallow marine, fluvial
3 z0 z0 braic-plain
n
Cedarberg (120) Cedarberg (50) Shale, siltstone Offshore shelf
<z( Pakhuis (80) Diamictite,sandstone Glacial
g Peninsula (2000) Peninsula (2700) Sandstone Fluvial braidplain, shallow
3 marine
@ Graafwater (430) Sandstone, siltstone, shale | Distal fluvial, tidal flat,
o Sardinia Bay (9007?) shallow marine
Piekenierskloof (900) Sandstone;onglomerate Fluvial braidplain
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Table 2 2: Stratigraphy lithology and palaeoenvironmert$ the Bokkeveld GrougFigures in

bracket s

ar e

t he

approxi mat e

maxi mum t-hi

energy envirnments (beach, shoreface, barrier, é&dter Thamm and Johnson, 2006).

AGE WEST OF~ 2FE EAST OF~ 2TE
FORMATION FORMATION LITHOLOGY PALAEOENVIRONMENT
Karoopoort (150) Sandpoort (400) | Mudrock, Siltstone, Tidal flat, delta front, prodelta
% sandstone slope, shelf
8 o Distributary channel, shallow
o Osberg (55) D | Adolphspoort Sandstone (siltstone in eas| marine, (prodelta slope in east)
) O | (600)
) xx
) Q o
Klipbokkop (300) '333 Mudrocksiltstone, Tidal flat, deltafront, s
% 7 sandstone = 2| prodelta slope, shelf =
0 < S E g
x . - +—
% Wuppertal (70) < Karies (1300) Sandstonesiltstone EE Tidal flat, déta front, E
o | shallow marine o
= | 2 S w mari £
Waboomberg Mudrock, siltstone, | & £ Fig=
(200) sandstone @ 3| Offshore shelf, prodelta | § ©
Y = slo Y £
pe
Booplaas (100) Booplaas (100) Sandstone Delta front, shallow marine
Tra-Tra (85) Tra-Tra (350) Mudrock, siltstone Offshore shelf, prodelta slope
Z o
< -
Z |a 2
g =) Hex River (60) O | Hex River (60) Sandstone Delta front, shallownarine
o m
w x )
(a) 0] ]
% Vooerstehoek (Iﬁ Voorstehoek Mudrock, siltstone Offshore shelf, prodelta slope
g)) (200) o | (300)
i 5
ICI)J Gamka (70) Gamka (200) Sandstone Delta front, shallow marine
Gydo (150) Gydo (600) Mudrock, siltstone Offshore shelf, prodelta slope

ckne:

Thamm and Johnson (2006) mentioned that the Table Mountain Group is a typical early
Palaeozoic cratonic sheet sandstone. It has subdivided in several formations whose basement
onlapping character has been demonstrated by Rust and Theron {¢68okkeeld Group
comprises a cyclic alternation of figgained sandstone and mudrock units. The Witterberg
Group comprises quartzitic sandstone and micaceous mudrock in approximately equal

proportions.
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Table 2 3: Stratigraphy of the \tteberg Group (Tankard et a1982).
Eastern part of Basin

Western part of Basin

SUBGROUP FORMATION (m) | LITHOLOGY FORMATION (m) LITHOLOGY INTERPRETATION
Dirkskraal 110 | Feldspathic Fluvial
sandstone,
< orthoquartzite
Q
<DE Soutkloof 165 | Mudstone, Proglacial/lacustrine
< shale, varved
= shale
=
@) Swartwaterspoort/ 6 Sandstone, Glaciofluvial/glaciogenic
X Miller 95 | diamictite,
intertonguing
Waaipoort 250 | Mudstone, Waaipoort 460 | Greywacke, Glaciofluvial/lacustrine
N greywacke mudstone,
- feldspathic
Z sandstone
LIEJ Floriskraal 120 | Feldpspathic Floriskraal 120 | Shale, Fluvial and shore zone
sandstone mudstone,
Islé orthoquartzite
<
- Kweekvlei 130 | Black fossile Kweekvlei 200 | Shale, siltstone| Lacustrine shelf?
Shale
Witpoort 310 | Orthoquartzite, Witpoort 850 | Orthoquartzite | Barrie sands; tidal flats
rare shale lentils with rare shale
lenses
Swartruggens 400 | Siltstone, shale, Tidal flats
w interbedded
@) sandstone
L Weltevrede 850 | Shale, Barrier sands of
ﬂ>: Blinkberg siltstone, thick | reworked delta
L 100 | Orthoquartzites orthoquartzite
|_
-
=
WagenDrift 165 | Shale, siltstone, Subaqueoudelta
interbedded
sandstone

2.3 Karoo geology

During the Early Carboniferous, sedimentation of the Cape trough ceased because of a lowering
of global sea levsl(Visser, 1990). The axis of maximum downwarp of the crust was displaced
farther towards the north and the remarkable Karoo foreland basin, which covers fully two third

of South Africa came into existencé&igure 2.4 gives a detailed lithostratigraphyre# Karoo.
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Table 2 4. Detailed lithostratgraphy of the Karoo Supergroup (Johnson et al., 2006)

MAXIMUM
THICKNESS
SUPER GROUP| GROUP SUBGROUP | FORMATION MEMBER LITHOLOGY (M)
Basalt
Drakensberg Pyroclastic Deposits 1400
Clarens Sandstone 300
Red Mudstone
Elliot Sandstone 500
Coarse Sandstone
Grey & Khaki Shale
Molteno Coal Seam 450
Red Mudstone
Sandstone
Light Grey Sandstone
TARKASTAD | Burgersdorp Grey Shale 1000
Light Grey Sandtone
Red Mustone
Katberg Grey Shale 900
Red Mudstone
Palingkloof Light Grey Sanstone 50
= Sandstone
% Elandsberg Siltstone 700
5 Light Grey Sandtone
E Balfour Barberskrans | Khaki Shale 100
m
8 Grey Shale
04 Sandstone
§ ADELAIDE Daggaboersnek Siltstone 1200
Light Grey Sanstone
Oudeberg Khaki Shale 100
Grey & Black shale
Middleton Light Grey Sandstone
Red Mudstone 1500
Grey Sandstone
Koonap Shale 1300
Waterford
(Not present in Sandstone
ECCA Pass) Shale 800
Shale
Fort Brown Sandstone 1500
<
O Sandstone
g Ripon Shale 1000
Grey Shale
Collingham Yellow Claystone 30
Black Shale
Whitehill Chert 70
Prince Albert Khaki Shale 120
Diamicite, Tillite,
DWYKA Shale
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A generalisedrertical column (from Flint et 812011) for the Cape and Karoo Supergroups can

be seen in Figure 2.2 below.

M o Ages {From Fildani ef al. 2007)
TEEKLOOF FM. D .
L | BEAUFORT 0 1 G
DBE GROUP ABRAHAMSKRAAL FM. <
E "UWATERFORDFM. E | F
u..|< ECCA FORT BROWN FM. =z £
% GROUP LAINGSBURG FM. < | E 2
7] VISCHKUIL FM. = 1w @
COLLINGHAM FM. i3 =
8 ....... WHITEHILL FM. (] &
S . PRINCE ALBERTFM. O 1D =
GROUP 2 g - === =
........................... CARBONIFEROUS =
1 -------------------------------- ﬁ -“x\-’ B -
8 WITTEBERG = i r
2
o GROUP = 258 Ma §
E _______ DEVONIAN E
E< BOKKVELD wone | 2 2
u:’-: GROUP
AR s e
S | TBLE - -
O | MOUNTAIN { | omswsmmmmm...............cccoooomvemnenee
GROUP
\ ORDOVICIAN . -
...................................... [T
PRECAMBRIAN =
I
(]
7]
Eniam =
i ZT0 M
Klipheuwell Frn. Not 1o scale 2?1.«33
|:| Sandstone |:’ Shale - Tillite
E Sandstone and shale - Tuff abundant - Granite

Figure 2 2: A generalised vertical column for the Cape and Karoo Supergroups (Flint et al.
2011)

Tankard et al(2009) found that the Cape Fold Belt is a stiskp orogen with a sinistral sense
of displacement on the Worcester and Kango shear zones. Thisslgrildisplacement was

related to the reactivation of the southern Namaqua suture.
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Catuneanu et a{1998) interpreted the Karoo as a redrg foreland basin that developed behind

an inferred magmatic arc and fold thrust belowever Tankard et a[2009) argued that no
geophysical evidence related to a nearby magmatic arc is pr€sethe other hand the Cape
Fold Belt dates to late Karoo time and confirmed that the basement architecture timing of the

Cape oogeny and stratigraphic relationships are typical of a flexural foreland basin.

Pysklyvec and Mitrovica (1999) alternatively éxiped that the longvavelength component of
subsidence resulted from lithospheric deflection due to mantle flow coupled to distinct

subduction.

Tankard et al(2009) demonstrated that the sedimentary fill in the Cape and Karoo basins is
made up of severalnconformitybounded megasequencd@iese megasequendeslicate that

each basin episode consisfisa threestage evolutioninvolving crustal uplift, fault controlled
subsidence and long periods of regional subsidence during which faulting was subordina
Subsidence of the Cape and Karoo basins was facilitated by rigid blocks of Precambrian
basement and crustal scale faults that separated them. The Hafthyedsfault (Figure 2.3)
played an important role regarding the late Karoo subsidence. Boulodegg associated with

the fold belt and the echelon Hartbé&dsbyoti and Doringbergrugela fault zones created a late

Karoo transitional foreland basin.

The Final phase of Karoo sedimentation was brought to a close by the eruption of at least 1400
of Drakensberg Group basalts lava and the intrusion of the Karoo dolerite dykes and sills into the
underlying sedimentsThe sedimentation of the Karoo Basin began by the deposition of the

Dwyka Formation, followed by the Ecca Group, the Beaufort Group, and the Molteno, Elliot and
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Clarens Formations, each having its hydrological propeisscan be seen in Table 2.4, the

thickness of different formations is not uniform.
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Figure 2 3: Map showing crustal scale faults that were associated with subsidence of
Precambrian basement. (Tankard et al., 2009).
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2.4 Neotectonic zones in the Eastern Cape
2.4.1 Overview of neotectonics in Southern Africa

The commencemeimif neotectonics in Southern Africa has never been established (Friese et al.,
2006). According to Burke (1996) the beginning of neotectonic activity in southern Africa is

envisaged to hav started with the Oligocene at ~35Ma, which coincides with the African
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continent becoming stationery over the so calledcafri Superplume. Andreoli et g[1996)

proposed neotectonic activity in South Africa to have been initiated in the Miocene (~25Ma).

The works of Andreoli et al. (1996) as well as Viola et(2005) highlighted that seismicity in
southern Africa is driven by regional stresses originating from dscgke features that include
intracontinental rifts, largscale topographic elevatiofsuch as the border of Lesotho and South

Africa north of the Eastern Cape Province), and the network eboednic ridges.

The South AfricaLesotho border is characterised by the Kokdfaffiefontein seismic belt.
Baichund et al. (20Q09quoting Joubertteal. (1991)andBrandt (2000)pointed outhatthis area

has two seismic clusters:

-the Koffiefontein cluster characterised by a large earthquake (Mw 8) that occurred some 50,000

years ago, and;

-the Lesotho cluster characterised toward the west and sbutksotho by a seismicity of

natural origin, undoubtedly the high topographic feature.

On the other handent (198) confirmed that earthquakes occurrences in Lesotho occur near
the Cedarville fault and Cedarville Flats alluvial deposits that are thcaiehe inland flank of

the AmatoleSwaziland axis of uplift.

At present neotectonics in southern Africa is increasingggociatedwith two zones of
compressive stress fields: one zone with a predominant NNE trend corresponding to the East
Africa Rift System, and a second one characterized by aWMV trend (Zoback et al., 1989).
According toViola et al. (200% the WSA is also anomalous because the continental margin of

the SE Atlantic should be of the passive type in terms of plate tectonics. Nos&tliede\WWSA



23

is characterised by the Andersonian stskp fault regime i, vertical, U, and Us horizontal).

Bird et al. (200% found that the orientation of the WSA varies from NMSSE in Namaqualand,
west Namibia, and the adjacent SE Atlantic offsheeeNW/WNW-SE/SSE in the southern

Cape, the Bredasdorp basin, and in the Witwaterdvasith.

Singh et al. (2011) from their work on a seismotectonic model of South Africa compiled a list of
faults that are considered to be evidence of neotectonics. Eadf tihrese is characterised by its

own features:

1. The KangeBavianskloof fault in the south of the Eastern CBpavince which is still
active, has fault scarps in some places of between of 2 and 4 m high;

2. The KuisebHebron fault has displaced Cenozoic&frinary sediments up to 65 m;

3. The Riefontein fault system in the Gauteng province runs from Edenvale in the east
beyond Krugersdorp in the west. This fault is also marked by the presence of landslides;

4. The PortDunford Late Pleistocene to Holocene coasallts extend northwards into
southern Mozambique;

5. The Tshipise fault has young fault scarps, and has displaced aeolian sands;

6. The Bosbokpoort fault with young scarps has also displaced aeolian sands;

7. The younger Coega fault has some seismicity;

8. The Thabaimbi-Murchison lineament located in a greenstone belt has natural seismicity,
and has two remarkable faults: the Zebediela and the Thabazimbi faults related to

subsidence of the Bushveld basin has numerous hot springs.

Of importance to this study is thiact that the Eastern Cape northern neotectonic belt is marked

by the presence of the Kokst&affiefontein seismic belt. Singh et a2009) indicated that
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earthquakes in the Koffiefontein cluster occur near the Lithani/Matigulu thrust in the
amphibolitic Mzumbe terrain. They also mentioned that Andrexlial. (1996) discovered a
recent fault zone reaching the surface 10 km southwest of Bultfontein. The linear feature appears
as a flatbottomed furrow 30 cm deep and 0.5 m wide, which could represent af lggbund

depressed as a result of extensional faulting.

Titus et al.(2009) qudaing Andreoli et al.(1989, 1990, etc) indicated that there is a striking
match between the tectonic fabric of the south east Atlantic andwesthindian Ocean on the
onehand and the tectonic fabric of the African subcontinent on the other. A number of major
oceanic transform faults or fractured zones such as the Cape/False Bay, the #ajuklaad,

the Trans Indian/Ceres Prince Edward and the Mozambique/Madagascaeftacnes (Figure

2.4) continue into the ohelf and orshore joints/faults of the Soufkfrican continent. Titus et

al. (2009) in their study of aquifers in Namaqualand found that a set of-S®W striking
fault/fracture zones represents continental iooiations of oceanic transform faults. Andersen

and Ainslie (1994) argued that stress orientation can be related to visible structures and to
kinematic pattern; moreover, once the orientation of the present day stress field is determined, it
is possible tgoredict which preexisting structures are favourably oriented for reactivation for

strike-slip or normal motion. Thus these structures would be the most favourable aquifers.

2.4.2 Overview of neotectonics in the Eastern Cape Province

24.2.1The southar neotectonic zone

This zone stretches from the Cape Fold Belt to the lower Beaufort Group. In the Cape Fold the

KangoBavianskloof and Sauer faults were reactivated during the Quaternary (Hill, 1988).
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Figure 2 4: Seismic efzentres in relation to the pekaroo tectonic framework of South Africa
and nearby regions (Andreoli et al., 1996)

Goedhart and Booth, (2009) made mention of the Kadmoanskloof neotectonic fault, and

confirmed the occurrence of a 84 km long extensional surface rupture along it within the
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southern Cape Fold Belt in the Eastern Cape Province. The map of seismntrepi¢eigure

1.2) from IRIS displays clusters south of Port Elizabeth offshore.

This southern neotectonieone is also characterized by recurrent seismic activity in the
Grahamstown are&lear Fort Beaufort there is a h@irsg, with a reactivated faulbeotectonics

in this area might be related to fractures that are bremgjivated fladi and Zhao, 2010).

Andreoli et al.(1996) showed that offshore in the south there are many lineaments that have the
same trend as those t hdewar da |,Hwhith istabanonfalGus r e s
neotectonic feature (Figure 2.4). Madi and Zhao (2010) made mention of discrete slicken lines
on the AliceKing Williams Town road in a road cut showing alterngtisandstong and
mudstons of the Daggaboersnek membBglfour Formation. Neotectonics can also be induced

by engineering works as has been highlighted on the King Williams -EashLondon road, a
neotectonic fault in a road cut was possibly the result of the overburden pressure generated by
the overhead hige (Madi and Zhao, 2010). The works of Lock (1978); Ki®88); Ben
Avraham (1995)Goedhart (1997) and many others have contributed to the documentation of

neotectonic activity in the Eastern Cape southern neotectonic belt.

2.4.2.2 The northern neotectonic zone

No neotectonic activityvasnoted in that area (Woodford and Chevallier, 2002)the contrary,
this zone is to be consideredasue neotectonic zone because seven of the twelve hot springs
of the ProvincgFigure 2.5)are foundn it. A big seismic bel{KokstadKoffiefontein)is present
near the border of Lesoth&igure 12). On the other hand, very high discharge ratesl/€)2

werereported in the area of Tabankulu. This zone is characterized by the axis afhaplitiok
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place in the Quaternary (5Ma). This uphfight have generated some fractures in the Karoo

aquifers (Andreoli pers. com
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Figure 2 5: Hot springs of the Eastern Cape ProvirRegions encircled witledlines indicate
the three neotectonic zon@®uthern, eastern, and northern neotectonic belts)

This uplift has caused most of the rivers in the east to flow towards the Indian Ocean, and the
coastal areas to tilt seawards (Estgézbn, 2008; Burke and Gunnel, 200V)ola et al. (2005)
reported that the morphostructural studies of regional uplift and modification of the regional

drainage systems and escarpment demonstrate that recent uplift reinitiated only about 20 Ma.
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The worksof Olivier (1975) highlighted the flooding that occurred during the Ordtige
tunnel Project at the shaft 2 tunmeithin the KokstaeKoffiefontein seismic beltin this area

neotectonics is indicated by:

1) The presence of a thermal spring approximatelQ0L® to the east of tunnel route with
water temperatures of up t0°gl indicating deep circulation of groundwater;

2) Water level fluctuations seen in the records as a result of recharge by rainwater, earth
tides and earthquakes. Furthermore, selected samsplamitted for age determination
indicated the age of the groundwater to vary from zero to approximately 4000 years

(Olivier, 1979, which is a very recent age in terms of neotectonics.

It was foundthat flooding occurred after an abnormalyell-developd fissurezone was
intersected approximateb50 m south of the shaft Zhe inrush of water was associated
with the collapse of the tunnel roof, as part of the roof major fissureewassed by the
fateful blast.However he influence of earthquakes andcardingly of neotectonics on the
pattern of semdiurnal tidal fluctuations is of special interest as regards the flooding
problem.Wittingham (1970) indicated that thdlow of the central thermal spring, on the
Badfontein hot spring for instance incre@gsearkedly for a period of at least 3 months after a

local earthquake was felt during August 1956

24.2.3 The eastern neotectonic zone

The seaward tilting of the Eastern Cape on the coastal side of the axis of uplift led to the invasion
of the land by the sed&ndreoli et al. (1995) demonstrated that th@ift known as the Ciskei

Swaziland axis of uplift has been accompanied by many apa springsMany of these springs
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occurin the north and nortkeastern part of the Eastern Cdprevince like the one in Port Saint
Johns(Isinuka) (Figure 2.6 left) and south of Matatie{Bolile Tshisa)Figure 2.6 right).This

uplift is controlled bythe N-S AmatoleSwaziland andNNE-SSW trending Miocen®liocene
GriqualandTransvaal related to the subsidence of the Kalahari basin

The whitish substance visible in the Port Saint Johns spring (Isifid@e 2.6 left is nothing

other than sal{NaCl). As the area is very close to the Indian Ocean, there is a very strong
interaction between fresh water and sea water. Some travertines are found in the vicinity of the
Isinuka spring, which the local people believe has therapeutic value; the Isinulgaespria a
sulphurous odour called by them as vicks that they inhale. The Qsukagiland (Amatole
Swaziland) axis of uplift in the east coast has been accompanied by river readjustment in relation

to equilibrium; this uplift has caused the Mbashe River dthatha to have more asymmetric

and more sinuous meanders (Madi and Zhao, 2010).

Figure 2 6: left) spring near Port Saint Johns; right) hot spring near Matatiele

Dobson et al. (2010) proposed three competing evolutionary models for the uplift: (1) the major

phase of uplift occurred in the late Cretaceous, (2) the major phase of uplift occurred at ~30 Ma,
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and (3) ~ 900 m of the modern topography being generatedlyraf®0 m/Ma in the Plio

Pleistocene (c. 3 Ma).

Besides the Amatol8waziland uplift, the country of South Africa experienced another uplift
known as the MiocenPilocene Griqualandransvaal uplift §eeFigure 2.4). In the Northwest
Provinceof South Afica, this uplift caused major faulting and formed the Augrabies Ralis.
noteworthy to indicate that water in the Augrabies Falls flow through metamorphic rocks
(gneiss) known to be not good aquifers because of very low porosity and permeabilityatéhe w

flow in the Augrabies Falls can only be explained by the presence of the fault (Figure 2.7 left) as
a result of the uplift. On the other hand, some potholes at a very elevated area (617 m above sea
level) are still visible. At this altitude, the pdsie explanation for the presencedsl potholes

(Figure 2.7 right) is undoubtedly the consequence of the Griqualamdsvaal upliff Figure 1.2,

Figure 2.4)

Figure 2 7: (left) water in the Augrabies Falls, note the jothigneiss on the left side of the
fault; (right) pothole in the gneiss at 600 m above sea level near the Augrabies Falls.

2.5 Overview on the geomorphology
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25.1 African Erosion Surface

According to Maud (1996) the African Erosion Surface \vaated by the disintegrationf
Gondwana. After the disintegratiaf Gondwana, erosion took place on the newly formed high

and steep margins of the subcontinent.

On the other hand, in the Late Cretaceous Period, most of the marginal regions hradileszh

to a gentle plain across which the rivers meandered to the sea in the geomorphic stage of old age.
Maud (1996) outlined that in the interior, the area known as the Great Escarpment and the
Lesotho Highlands, erosional resistant -flahg sandstoneand Karoo dolerites continued to

stand above the inland erosion surface. The erosional products derived when the landscape was

being reduced to a plain were deposited offshore at 3000 m.

Jacob et al. (2004) highlighted that the Grahamstown formatiortsilétorms a remnant of an
extensive peneptee that developed on the African Erosion Surface during the Cretaceous
Tertiary Period. Most of this silcrete are up to 2 m thick and overlie deeply weathered and
kaolinised rocks (Frankel and Kent, 1937). Theidsin Surface is a composite surface of
continental extent that developed as a result of erosion following two episodes of the initiation of

ocean floor accretion around Af&rabia ca 180 Ma and 125 Ma, respectively.

2.5.2 Coastline configuration

One of he more confusing aspects of coastal geomorphology is the extremdelyeale cover
by the landforms. These include srsdhle features such as beach cusps (no more than a few
meters across), mediustale features such as saldrshes or sand dunes (seal kilometres

across) and largscale features the configuration of the coastline itself for instance (covering
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tens, even hundreds of kil ometres). This scal

(Pethick, 1984).

According to lligner {995 the configuration of the coastline of the Eastern Cape, between the
Storms River mouth and Cape Padrone, is dominated by twd easti ndpeahabf shape
bays, namely Saint Francis Bay and Algoa Bay. The northern section of the Eastern Cape north

of the Keskamma River mouth is much straighter than the southern section, possibly due to the
relatively uniform nature of the lithology and its close proximity to the Agulhas Falkland
Fracture ZondAFFZ: Figure 2.4). The Eastern Cape coastline, particularly ithem Transkei,

(Mthatha) can be classified as emergent since it essentially ceBolte tectonic uplift.
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3. METHODOLOG IES

3.1 Introduction

The methodology adopted in this study includes a comprehensive literature review, desktop
study through remote sensing, location of sites, examination of seismic data, stress inversion
techniques, use of scanning electron microscopy, transmitted elecioyoseopy, Xray

fluorescence, Xay diffraction, collection ofgeophysical data and interpretations.

3.2 Remote sensing

Remote sensing was used in order to depict zones ofdeigsity surface lineaments for
groundwater targets. Remote sensing was exigsused in groundwater exploration and
mapping of lineamentshe seismic epicentres were overlain by sanagor lineamentsn the

Eastern Capée.g Figure 6.3). In a continental intraplate context, earthquake seismic epicentres
are aligned along lineaments. Japiepicentres with lineaments enables ondelineate zones

of seismic risk assessment in the Eastern Cape. This provides a highlight on how fhlkdities
nuclear waste sites should be chosen in order to avoid possible contamination of groundwater.
Satellite images (Landsat5 TM) were chosen because they offer good scenes that can be
exploited from remote sensing in order to extract linear featuheselwere downloaded for free

from Glovis (Global Visualization View), USGS website. The scenes have already been
processed witlsystematic correction (Level 1G) due to processing constraints. The systematic
correction (Level 1G) provides radiometric angbmetric accuracy. Different scenes covering

the three neotectonic belts (south, east and north) plus the central inactive zone were used for
lineament extractiomsing ENVI 4.8. Enhancement of images was done in different stages as

follows:
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1) Linear interative stretching
2) Smoothing using Median filter 3xand

3) Edge detection using Sobel filter

Images were processed using the Sobel operator witkeditable kernels. Gereferenced
processed images were then exported to Arc Map for lineament edititey. éditing the

lineaments, rose diagrams were produced using Rose Plot 2.2 developed by Mattner (2009).

Satellite images fothe threeneotectonic belts were downloaded for lineament study and in an
attempt to find possible neotectonic faults. Two possitldotectonic strikslip faults were found

in the northern neotectonic belt near Matatiele. TM images were used; these were complemented
by SPOT data due to the fact that a great part of the Eastern Cape is covered by rocks of the
Karoo Basin. Th Karoobasin is characterised by a thick soil cover. SPOT data imageries are
found to better depict structures that cannot be seen on other types of satellite images. This has
led to the discovery of another fault, which is characterised as a neotectonic daalti #ne

Mangaloaneng village 40 km south of Matatiele.

3.2.1 Ancillary data and Normalized Difference Vegetation Index

Some satellite scenes were then chosen due their lineament density for further Digital Elevation
Models and Normalized Difference Vaggon Index (NDVI) in regions where the major focus

is directed towards groundwater exploration. DEMs from GLOVIS were downloaded with
satellite images that have already been processed as SRTM version 4.1 to provide seamless
continuous topography surface® the GLOVIS areas with no data in the original SRTM, data

were filled using thenterpolation method deribed by Reuter et al. (2007). These DEMs were

then reprocessed using ArcMap 9.3 at the standard deviation method level 2 in order to enhance
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visualization. The aim of using the DEMs was to compare them with the NDVI output map in

the regions of interest foné possibility of positioningotential high yield wedlin the future.

3.2.2 Ancillary data and flow

In order to have an idea concerning tivater flow direction, samples of Digital Elevation

Models from each neotectonic belt were selected with associated grids; the southern neotectonic
belt with grid 3327, the eastern neotectonic belt with grid 3228, and the northern neotectonic belt
with grid 3028. The Digital Elevation Model acquired from the National -Gpatial

| nformation in the Western Cape (www.cdsm. govVv
coordinates in WGS84 datum, Hartebeestoek 94 reference system. Samples of each of these
grids werevisualizedusing the Surfer 10 software in order to depict the possible predominant
water flow direction and to see the elevation in meters; first, the surface topography was plotted,
followed by the contour lines and finally the vector gradiefitey were then overlaid in order

to produce a graphic representation in 8Dly the grid 3327 was chosen for illustration because

of the important structure (Easterafie Great Lineament) hosted within it

3.3 Mapping

The mapping was conducted in theldi mainly in the neotectonic domaiaf the Eastern Cape
Province. In the south both the Grahamstown kaolin deposit and the Eastern Cape great
lineament were considered. The Grahamstown kaolin deposit is controlled by neotectonic
structures; the great lineament hosts some seismic epicanttes considered to be neotectonic
domain. In the east, emphasis was on remote sensing beca(€eskeeSwaziland)Amatole
Swaziland uplift took place in the Quaternémgethemwith the Griqualandlransvaal uplift. Part

of the Griqualandlransvaal upft was also mapped in the Augrabies Falls near Upingtdhe
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Western Provincéo highlight the neotectonic activity marked by exposure of potholes because
of the Quaternary uplift. The neotectonic belt near the LesBtuth African borde(Kokstad

Koffiefontein seismic beltivas mapped during the collection of geophysical data.

3.4 Examination of vertical 2Beismic data

Some areas in the east coast (onshore and offshore) were selected for the study of structures
bel ow the Eart hos usedufor thss pwpose Siere acquired bydSODEKOR
(PetroSA) . During data processing, the ampl.i
3.5DB/sec. The velocity was analysed using the NMO (Normal Moveout Correction). The NMO

is defined as the time differencettveen travel time at a given offset and at zero offset. The shot

point interval was 200 m and the polarity convention was done with a compression wave at the
seismometer that was given a negative number on tape, this polarity was retained throughout the
processing to yield a downswing on display. A time variant deconvolution was applied using 7

filters/trace of 76 Ms.

35 Current neotectonic stress

It was decided that the current stress regime should be deduced from kaolin deposit outcrops,
because thesmutcrops are Quaternary in age. Good exposures of outcrop are found along the N2
road around the area of Grahamstown. To determine the neotectonic stress factor, fractures and
faults were measured, and all measurements were then computed usifigris@nsoftware to

depict the orientation of compressional and extensional stress and the focal mechanism solution.
Fault kinematic and earthquake focal mechanism analysis for reconstruction of tectonic stress
(past and present), an@acreasingly used in neotectoc and seismotectonic insggations

(Delvaux and Spener2003). For stress inversion derived from the kaolin deposit, brittle
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fractures (faults and fractures) were considered using the classical right dihedron method and the

iterative rotational optimigeon.

3.6 Scanningelectronmicroscopy x-ray diffraction,x-ray fluorescence, artdansmitted electron
microscopy

According to the degree of alteration and structural features from the Grahamstown kaolin, the
outcrop was divided into two parts: the eashe, which is more fractured and weathered with
more developed kaolinised material, and the western part with less fractures and less weathered
material. Mcroscopic studies within the Dwyka tillite, which is the parent rock that was
weathered to produdde kaolin, have revealed the presence of extensional micro fractures that
cannot be seen at a macroscopic scale. However, breccias of granite and quartzite clearly show
extensional fractures at a mascopic scale, suggesting thmaeccias fracture moreasily than

the matrix in the Dwyka tillite. Thin sections were used to study the alteration and kaolinization.
The study of the degree of alteration for comparison was done by sampling three different areas;
these are zone 1 (fresh rock), zone 2 (a rdwek ts being weathered) and zone 3 (a more
weathered zondjom the kaolin deposifThe samples from these three zones were analysed for
XRD peakpatterns. The samples were first crushed to fine powder at the Fort Hare University
Geology Departmentind then analysed at Ithemba Labs in the Western Cape using the Bruker
D8. Eleven samples wemdsocollected in a zone showing a slight change from a fresh rock to a
comparatively weathered rock at ornmeter intervad, the geochemicalanalysis was then
conducted at the Council for Geoscience in Pretdnidhe case ofmajor element analysishe
milled sample (<75 ¢ 9 Crownrforiatdeastonevhmw to palcalateehd i n
H,O contentlt was then roasted at 100G for no less than tiee 3 hours to oxidise Feand S

and to determine the loss of ignition (L.O.l.). Glass disks were prepared by &udigg
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roasted sample and 9 g flux consisting of 35% LiB@d 64.71% LiB,O; at 1000 °C. The glass
disks and wax pellets were analyd®gda PANalytical Axios Xray fluorescence spectrometer

equipped with a 4 kKW Rh tube.

3.7 Magnetic, electromagnetic, and radiometric studies

The northern neotectonic belt of the Eastern Cape Prowiueeto the remarkable seismic belt

that runs from th east coast to Koffienfontein and the presence of many hot springs
considered as an arearefnarkableneotectonics. On the ground of this fact it was suggested that
this neotectonic belt be characterized using geophysics (Electromagnetic, Magnetic and
Radiometric measurements). Magnetic field data were acquired in the walking mode using a
Geometrics Proto Processor Magnetometer-859) set to operate in the Julian calendar at a
cycle time of 1.5 sec, with a resolution of 0.1nT and an accuracy of 0.5 nT, at temperatures
between-20 and 56C, and a gradient tolerance of 1000 nT/mefdére magnetic maparound

the hot spring (Polile Tshisa, Aliwal North hot spring, and Badfontein hot spieigproduced

using the Geosoft 7.3 first at a grid cell size ofih order to see the data acquisition lines, then
the grid cell size was changed to tdso that a gemalized complete image can be visualized

making it easier to depict a preliminary interpretation.

The electromagnetic profiling was used around three hot springs (Polile Tshisa near Matatiele,
Aliwal hot spring and the Badsfontein hot spring). Electroreignmeasurements are mainly
used to depict fissured zones, and were conducted using the GeonriggdtMd conductivity
meter.The data acquisition was not eadye to accessibility problems. In the area of the hot
spring of Polile Tshisa, for instanceguses have been built and big gullies, difficult to cross,

were great bstacles. ie Aliwal hot spring is being used as a spa and is enclosed, measurements
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could be taken from outside, but only at short distances bechesedility is fenced. The
Badontein hot spring is located on a farm and authorization to work for long periods was not

granted, hence only a few measurements were taken.

For electromagnetic measurementd,0am, 20m and 40m coil separation cable was used . At
Polile Tshisa the condticity was measured both in horizontal and vertical dipole modes,
wheras at Aliwal North and Béohtein the conductivity was measured using only the
horizontal dipole mode. These measurements were then plotted against the station intervals for
each coil sparation cable on a binary diagram in order to obtain a profile. At Polile Tshisa the
electromagnetic survey was done in gmutheashorthwest, northeastouthwestand south

north directions while at Aliwal North and Bddntein it was done in theoutreastnorthwest
direction. These survey lines were set in order to possibly cross cut the fault that host the hot

springs.

A gamma ray spectrometry survey was carried out in order to characterize three of the seven hot
springs in the seismic belt, namelplife Tshisa, Aliwal North, and Bé&euhtein. Uranium,
potassium, thorium were collectusing a RSL25 spectrometalong two parallel lines close to

each of the hot springs at aboait2 m station spacing. The portable -B&% gammaray
spectrometer hasBluetooth connectivity providing wireless connection to a Bluetooth equipped
external GPS receiver conceived to operate with 1024 channel spectra with an energy response
of 30 to 3000 keV, at an internal sampling of 20/sec&atliometric data (uranium, f@ssium

and thorium in ppm) for the three hot sggsnwere plotted using Surfer 1Dhree types of ratios

were also used and plotted, namely U/K, U/Th, and K/Th in order tessegionrelated to the

three elements.
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4. THE EASTERN CAPE NEOTECTONIC BELTS, REMOTE SENSING AND
GROUNDWATER TARGETS.

4.1 Introduction

Remote sensinghrough the study of satellite images, is used in many disciplines as a cost
effective tool, particularly in groundwategas,and oil exploration. Herman et al. (1986); Guo
and Groll, (1995) used surface linear features to search for reserves in natural oil and gas fields.

Mohamed, (2010) indicated that the surface lineaments are in parallelism with the subsurface

basement fauItOIgen (2004) stated that Earth scientists haven lieterested in linear features

on the earthdés crust since the early period
l ineaments are traces on the earthds surface
and Hayes (1993) pointed out tHammeaments are the terrain surface expression of fractures,
jointing and other linear geological phenomena that occur anywheretffreterrain surface

down to possibly great depths. Among other elements that can be used to recognizeefaults
offsets & layers so that units (and age) that are different become juxtaposed, abrupt topographic
discontinuities of landforms, depressions along the fault trace, scarps oawctifsdden shifts

of drainage cowes. According to Salama et §1993) geologicainterpretation derived from

remote sensing has been extensively used for the purpaise idéntification of lineaments of
fractured zones alonghich theflow of groundwater may take plack has also been usdolr

landforms investigations suitable fgroundwater prospecting particularly in hard rocks.

Satellite images provide quick and useful baseline informatiahe parameters controlling the
occurrence and movement of groundwater like geology, lithology/ structural, geomorphology,

soils, land useand lineaments (e.g. Mogaji et al., 20114l-Bakri and AtJahmany(2013)
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highlightedthatexploration of groundwater in countries with scarce water resources requires the
implementation of effective tools that save time and moiégy alsoindicaed tha remote
sensing and GIS provided efficient tools for mapping promising sitesgfoundwater
exploration.

From the magpof the seismic epicentres (Figure2land Figures.39) and the hot springs (Figure

2.5), it is clear thathe northern part of the primce is strictly speakinga neotectonic zonét is
howeveralso clearfrom the works of Hill (1988) that reactivation took place in the Cape Fold
Belt in the southern neotectonic bhelthesehot springs are probably controlled by faults
Andersen and Ainslie (1994) for instance confirmed the presence of an active fault with related
to thermal springs NNW of Pietersburthus confirming that hot springs are controlled by

neotectonic faults.

4.2 Overview on some methods used in remotsisgrior enhancement

4.2.1 Stretching

This technique is used to enhance certain feanfragerestto be studied These features may
sometimes nabe visibleor can appear vaguely oretimagesNeawsuparp and Charusiri (2004)
on the other handhighlighted the factthat contrast stretching is known b® effective in

enhaning Landsat data, and that unstretchedguairan image appear to be very flat.

4.2.2 Filtering

This descriptive approach on filtering was taken from NASA online archivisrifg can be
used for smoothing, sharpening, removing noise, and edge detection. A filter is defined by a

kernel, which is a small array applied to each pixel and its neighbours within an @fisgethe
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centre of the kernel is aligned with the curr@ntel, and is square withnaodd number of

elements in each dimension.

4.2.2.1 Low pass filter

A low pass filter igrequentlyusedto smoothanimage by decreasing the disparity between pixel

values by averaging nearby pixels.

4.2.2.2 High pass filter

A high pass filtergenerallyused tosharp@ an image wherhe contrast is enhanced between

adjoining areas with little variation in brighir darkness.

4.2.2.3 Directional filtering

Directional filtering ismainly used for edge detection; an edge within an image is visible when a
large change (a steep gradient) occurs between adjacent pixel values. This change in values is

measured by the first derivatives (often referred to as slopes) of an image.

4.2.2.4 Laplacia filtering

Laplacian filtering is another method for edge detection; unlike the directional filtering, the
Laplacian filtering can be used to compute the second derivatives of an image, which measure
the rate at which the first derivatives change. Kerna&fl Laplacian filters usually contain

negative values in cross pattern

4.2.2.5 Gaussian filter
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The Gaussian filter operator is aD2convolution operator that is applied to blur images and
remove detail and noise. It uses a kernel that representshépe ®f a Gaussian hump.
Convolution is a simple mathematical operattbatis fundamental to many commaomage

processingperators.

4.2.2.6 Adaptive filter

Adaptive filter is designed to eliminate the problems faced with the Standard mediaitidter
difference between the two types of filters is thth the adaptive median filter, the size of the

window surrounding each pixel is variable {#iri et al., 2010).

4.2.2.7 Sobel filter

The Sobel operator performs aD2spatial gradient measurement on images (Vincent and
Foloruno, 2009). The Sobel edge detector uses a pair of 3x3 convolution masks, one estimating
gradient in the x direction, and the other estimating gradient in the gtidire The Sobel
detector is sensitive to noise pictures, andthsrefore recommended in massive data

communication.

4.2.2.8 Robert filter

A Robert filter is a notlinear edge detector filter similar to the Sobel. It is a special case filter
anduses a 2x2 approximation of the true Robert function a simplelimwensional differencing

method for edge sharpening and isolation.

4.2.3Rationing
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According to Shaoging and Lu (2008), rationing is the operation in which a pixel value of a time
image dvides the corresponding pixel of another time image; the ratio of corresponding pixels in
each band from two images of different periods needs to be calculated. Ratio can help accentuate
subtle differences as well as minimize unwanted information. Intergreatio images requires

knowledge of target reflectance illumination and ground conditions.

4.2.4 Principal component analysis (PCA)

Tsai et al.(2006) agreed that principal component analysis is the most commonly adopted
feature reduction technique iamote sensing image analysis. The principal component analysis
might not necessarilype an optimal method for feature extraction fofperspectraldata, for
target detection (Cheriyadot and Bruce, 200@)e principal component analysis is however
straichtforwardandeasy to use. It has been implemented in almost all available remote sensing
image processing and analysis packadtesan also be used to develop an appropriate feature

extraction system.

4.2.5 Hough transform

The Hough transform is anothemethod used in remote sensing for line extraction. It has
however the distinctdisadvantage of not detecting break lines, dmes itdistinguish the width

and kength of lines. Karnieli et a{1996)found that the Hough transform is an established tool

used tadiscover linear features in images. The Hough transform is designated to detect collinear
sets of edge pixels in an image by mapping these pixels into a parameter space defined in such a
way that collinear sets of pixels in the image give riseetakp in the Hough space (Ballard and

Brown, 1982).
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4.3 Lineament extraction procedure adopted for this study

4.3.1 Smoothing filter

This process entails the enhancement of satellite imagery before any lineament extraction can be
done. Apart from smoothinfilter, other processes that can be adopted to enhance satellite
imagery ardinear equalization enhancement, Gaussian emmaect, Square root enhancement.
However, of all these processé&sSTM imagesused in this studgeem to be better enhanced

when a smooth filter (3xRernelis applied.

Smoothing filters are also called lgpass filters because they let low frequency components
pass and reduce the high frequency component. The impulse response of a norrpaksow
filter implies that all the coefficients of the mask should be positive. One has to bear in mind that
low-pass filtering blurs the image and removpsckles of high frequency nois@n the other

hand, larger masks will definitely resultamoise blurmg effect. The parametric lopass filter

is given by a 3x3 kernel where the coefficients are determined by a factor b; when b is equal to 1

the parametric low filter is equal to a mean fileee equation below)

2 1 L& b g
i) E8 e vy
“TTTE b1y

4.3.2 Stretching

Gonzalez and Woods, (1992) indicated that an image pixel distribution can be mo#itbrgh

contrast image contains a wide distribution pixel count covering the entire amplitude range,
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whilst animagethat have a low contrast has pixel amplitudes cexfio a relatively narrow

range.

4.3.3 Convolution morphology (Sobel operator)

Before deciding on which filteto be used for automatic extraction of lineaments, satellite
images underwent different filters for testing, such as LaplaRabert,and Sobel. It was found
the Sobel operator was convenient; on the processed image ridges appear white, while valleys

appeadarker.

4.2 Approach

In the case ofemote sensing, SPOT data for the Eastern Cape were qexddicst because of
the thick soil cover in the Karodn theseinstancesyeological structures from SPOT imagery
can be easily depictedddditional study naterial such as Landstat TM downloadable from
Global Visualisation View Coveand Digital Elevation data from the National G&patial
Information (South Africa) were also used. Aerial phot@se also examined for this purpaose
All images howeverdo not have the same resolutionsFor instance features likethe
GrahamstowrQuaternarykaolin deposits that can be used in the study of neotectarecsot
easily depicted on aerial photographs. Thagbe identified ad appeaclearly visible (Figure

4.1)on Google Earth

The images first prprocessed by the USGS are displayed as RGB composites, bands 5, 4, and 3
with 1% linear stretch applied. Images were selected from the Global Land Survey (GLS 2010)
all the standard Landsat bands designated for easlorsénformation from the USGS indicates

that the Landsat Thematic Mapper (TM) images consist of seven spectral bands with a spatial
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resolution of 30 meters for bands 1 to 5 and 7. Spatial resolution for 6 (thermal infrared) is 120
meters, and is then respled to 30meter pixels. Thee are resampled to a pixel size of 240
meters from the origina28.5meterdata. The TM scene covers an areaproximatelyl83

(north south x170 km éast wegt The GLS 201(hasan advantagi thatit includes acorrected

terrain is georeferenced, and downloadable in Geotiff forfret of charge

Figure 4 1. Areas around Grahamstown showing kaolin deposits in white

4.3.4 Algorithm adopted for this study

An algorithm is asystematicprocedire used for calculation, data processing and automated
reasoning. Instructions in an algorithm descabreimber of weldefined successive stages that
will produce an output d@hefinal ending stateThe algorithm adopted in this study can be easily
understood in the below flow chgRigure 4.2) The satellite imagery downloaded free of charge
from GLOVIS (Global Visualisationwere processed using the software ENVI 4.8. The images
were exported to ArcGis 9.3 in order to edit lineaments. These largantan be seen on

different output maps.
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Figure 4 2: Flow chart showing the algorithm used to produce an output map
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4.3 Study areas

4.3.1 Basement in the Eastern Cape

The Eastern Cape Provincepsedominantlycovered by rocks athe Karoo Supergroup, from

the Dwyka tillite to the Clarens formation, with dolerite sills and dykes that intruded during the
opeaning of Gondwana. Harris et g11990) described the Karoo igneous province of southern
Africa and its continuation into eastnfarctica as the largest of the Gondwana magmatic
provinces consisting of thick sequences of volcanic anevsldanic rock. Alarge part of the
Karoo in the Eastern Cape Province lies over a basetoeststingof rocks of the Proterozoic
NatakNamaqua mbile belt in the central part, and just a small part in the north near the country
of Lesotho overlays the Archean Kaapvaal Crafbmthe south,the Cape Supergroup is the
predominant unit. The Kaapvaal Craton has greenstone belts (e.g. Barberton, Giyani
Murchinson, Pietersburg, Rhenostterkoppies, Bendelierkop complex, Kraaipan, Amalia,
Marydale, Nondweni, Dwalile, Assegaai, De Kraalen , Commondale, Muldersdrif),
(e.g.Anhaeusser and Wilson, 1981), granites and gneiss terrains (e.g. Makhutswi Gneiss,
Ancient Gneiss Complex, Granodiorite Suite, Tonalitic gneiss dpfNetspruit porphyritic
granitd. The NatalNamaqgua mobile belt hasctoniecmetamorphicsub provincege.g. Kheis,

Richtersveldand Bushmanland), (e.g. Joubert, 1986).

4.3.1 Regions of intest

As the Eastern Capées divided in three major neotectonic belts (south, east and north), a
lineament density study of thebelts was carried out separately in order to depict the most
affectedzoneby geological lineamentZones ofhigh-densitylineaments may be characterised

as zonsprone toneotectonics.
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It was decidedo methodically extract lineaments and all possible fanfitareascovering the
neotectonic zoneand the central inactive zon€he aim is to compare the active and inactive

zones in terms of density of lineaments.

4.3.2 Selection of pagtand rows

A detailed study of lineaments in the neotectonic zones, mainly the northern, eastern and
southen neotectonic zonewascarried outlt was alsdound necessary to study the cahtzone

around Queenstown where neotectonics is not very prominent. Selection of satellite images were
done according to paths and rows. For the zones of interest, the follamagyvere choosen:
170/081, 169/081, 168/081, 168/082, 169/082, 169/083,0830/171/083, 172/083 for the

neotectonic zones, and 170/082 the central inactive zondll theseareasare represented in

Figure 43.

Figure 4 3: Scenes in the Path/Row format for the Eastern Cape Province
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4 .3.3Lineament extraction

The lineament exaction was done in two stageSfter smoothing the image was exported to
ArcMap, and lineaments that could be easily depicted were editérk imageswere first
convoluted in ENVI with the Sobel Operator using a &dcpnt darkening witmon-editable

kernel, and reexported to ArcMap to complete the editing of lineaments. This method was

adopted for all thareas Figure 44 is an example ahe Sobel filter.

Figure 4 4: lllustration ofimage processed using the Sobel convolution from path/row 169/082

4.3.3.1 Path 170/ Row 081

Maged et al. (2009) indicated that histogram equalization is applied to Landsat TMs iimage

obtain high quality image visualizatioMarghany and Hashian (201@)entionedhat an image
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histogram is an analytical tool used to measure the amplitude distribution of pixels within an
image They also stated thattagh contrast image contains a wide distribution of pixel counts
covering the entire amplitude range, wdes a low contrast image has most of the pixel
amplitudes congregated in a relatively narrow rangeery time before convolution a

histogram for eaclareais created in order to decide whether the quality of the image is up to

standard.

To enhance theisualization, images were linearly stretchetcording to Marghany and

Hashim (2010), this quality of the image used to extract lineaments is highly improved because

of the amplitude distribution covering the entire range (Figuseight).
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Figure 4 5. On the left hand side, image before stretching; on the right hand side, an output
histogram showing amplitude distribution over the entire range.

The 170/08larea(Figure 46) is characterised by scattered lineaments, thdaghted in the

northern neotectonic zone with the presence of the Aliwal N&alfontein, and Polile Tshisa
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hot spring, no neotectonic fault could be perceived.rdguiresdeep airborne geophysical

investigatios to highlight the presence of deep stures below.

-2
-23

-23

=29

=30
=30

Aliweal Morth

=30
-30

- ®  Aliwal North hot spring ‘ il
% , 2010 20 40 B0 &0 e — | @
—— Lineament
o —— ‘
26 26 27 28 28

Figure 4 6: Extracted lineaments from scene 170/081

The lineament extraction methodology used for this area, was also used for all the scenes that
were chosen in the neotectonic zan&sgure 45 (right) shows the amplitude distribution over
the entire rangéor all thescenesthe stretching was applied to all of them in order to enhance

the visualization
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4.3.3.2 Path 169, Row 081

This area in th@orthernneotectonic belis located near th&okstadKoffiefontein seismic belt
(previously known as th&enqu seismectonic belt near the border of Lesotho. The area is

also characterised by high altitudes that can reach 1600 m at some points.
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Figure 4 7. Map showng structures extracted from scene 169/081

This area has also the hot spring (Polile Tshisa). The faults (in blue) are probably neotectonic
with a leftlateral strikeslip component souttvest of Matatiele (Figure @). On the satellite

image it clearlyappears that new rivers areflgécted by the long fauyltthe short fault has
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beheaded the new riverBhe hot spring might be aligned in a fault system parallel to the strike
slip fault, or it is possibly related to an neotectonic fault that extendsAdwal North. Many
lineamentsoccurin the western part of the scene, correlating very well with the east part of the
previous scene (170/081). These faults are orientedN&Wand are good indication for

groundwater exploration. The satellite image showime strikeslip faults can be seen in the

Figure 48.

Figure 4 8: Map showing the neotectonic zone around Matatiele, the stijxéault (dark lines)
and the hot spring in red.

The water from this hot spring withp of 9.2 (alkaline)wells upfrom a very small diameter
mouth of @proximately 1cm (Figure @.left). Calcium carbonate precipitatasound the mouth
forms thewhitish travertineThe flowing waterformsa small stream that tends to follow a valley

(Figure 49 right). This water is used for domestic purposes by villagers around.
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Figure 4 9: The Polile Tshisa hot spring (left), the water from the hot spréfgshfor domestic
use (right).

A fault orientedN120° was depicted from SPOT data around the Mangaloaneng East village near

Matatiele Figure 410 left), its scarp is visible in Figure ¥ on theright.

B

galoaneng East

Figure 4 10: Neotectonic fault (left) located in the grid 3028 across the sandstone of the Molteno
Formation, the fault scarp can also be seen at the right (right).

Apart from few mudstones, the area is predominated by coarsesgrastonesihe faultingis
associated witlthe occurence of quartz veins @sscutting the jointed outcrop$he joints
oriented N24Bare parallel and are opened up on surface with an aperétireathvary from few

mmto 5cm. The quartz veins are almost perpendiculah®joints,strike N 320 and dip 35
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with N 5 as dip direction; sedimentary features like troegbss beddingre also remarkable.

All these structures can be seen in the Figure dett and right) The® sandstone outcrops have

a strike that varies from place to place, examples of these different strikes are illustrated in
Figure 4.2 (right: strike N205; dip 40) and Figure 4.2 (left: strike N 256; dip 30)
respectively. Tesesandstongcan be nameds conglomeratic sandst@igecause of the size of

their grainsthat can vary from 2 to Bim. They are whitish gregind can show at some places the

beginning of oxidation as can be seen in Figuré.4.1

Figure 4 11: (left) sandstone with some quartz veins perpendicular to the joints; (right) trough in
the same coarse grain sandstones.

Figure 4 12: (left) the sandstone (S361408/E02851267), and right$30.39829/E02867405
with different strike.
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Mineralogical aspect

Samples collected from thessandstoneswere analysedusing Electron Backscattered
Diffraction. Thesesandstones contain typical minerals such as quartz, feldspar and biotite.
Heavy minerks such as rutile, zircon are also present. This area has phosphorous and rare earth
minerals because of the presence of monazite, which is a phosphate mineral containing rare earth
metals, and apatite. Other minerals include magnetite, sphene and Heeitearite may come

from solutions because it is found in interstitial spaces, sometimes it is granular or elongated. All

these minerals can be seen in Figur&44114 and 4.5.
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Figure 4 13: a) Quartz and Biotite, puartz and Rutile, ¢) Quartz and Zircon, d) Quartz and
Monazite, e) Quartz and Apatite, f) Quartz and Monazite and Rutile
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K-feldspar

Magnetite
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Figure 4 14: a) Quartz and Monazite, b) QuartzReldspar and Zircon, ¢) Quartz;feldspar,
Magnetite and Monazite, d) Quartz, Rutile, Sphene, e) Quaiftel#spar, Magnetite, Sphene,
Zircon, f) Quartz, KFeldspar, Apatite, Magnetite, Zircon

Barite

Barite

\ K-Feldspar

Figure 4 15: a) Quartz ,Barite and Magnetite, b) Quartz and Barite filling the interstice, c)
Quartz, Interstitial Barite in ¥-eldspar, d) Barite.



61

4.3.3.3 Path 168, Row 081

This areanear Mount Ayliff is characterised by NASE trending lineamentywhich tend to be
grouped into two major classe3ne classin the west block and the other in the east block in a
NE-SW trend (Figure 44). Mount Ayliff is also located almost at the border of the KwaZulu
Natal Provinceand is alsacharacterised by high altitudes that can reach 1020 m. Like the area
of Matatiele,Mount Ayliff is also characterised bseismicity, which can only be induced by

stress accumulation because of higher topography.
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Figure 4 16: Map showing lineament extracted from scene 168/081
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4.3.3.4 Path 168, Row 082

This area around Port Saint Johns near the East coast is characterized by the presence of three
major features: lineaments, faults and dolerite dykes. This area is locatéldeneane where the
AmatoleSwaziland uplift axis took place in the Quaternary. Most lineaments and the few
remarkable dolerites are quasi oriented 1$&, except for the faults that trend in an almost NE

SW at the extreme coast (Figured.1
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Figure 4 17: Faults, lineaments and dolerites from scene 168/082
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4.3.3.5 Path 169, Row 082

This area is characterized by increaseensity oflineamentsalong the east coadt.is almost
similar to the area of Port Saint Johns, since this area is also located in the vicinity of the
Quaternary AmatokSwaziland axis otiplift. Dolerites and lineaments in this neotectonic zone
indicateplaces ofpotential high yieldaquifess, theincrease in lineament intensity along the coast
(Figure 4.B) might be the consequence of the reactivation along the Agulhas Falkland Fracture

Zone in the Indian Ocean combined with the uplift inland.
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Figure 4 18 Lineamentsxtracted from satellite image 169/082
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4.3.3.6 Path 169, Row 083

This area around the city of East London is characterised by the predefacdtsy lineaments,
dolerites.Faults and dolerites ateendng NE-SW, though few lineaments are oriented-S®/

(Figure 4.9). What seems to appear at first as lineaments as proper surface discontinuity at the
geological term sensu stricto, are onggative weathering of doleriteéBhis can be seen both on

the satellite image (Figure 20), and in a picture that ag taken on the N2 highway to

Butterworth from East London (Figure 4)2
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Figure 4 19: Lineaments extracted from scene 169/083
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Figure 4 20: Example of negative weathering of dolerites depietetineaments

e

Negative weathering of dolerite

NECTET

Figure 4 21: Example of negative weathering of dolerite seen as a lineament on satellite image
in Figure 420. Arrows point to the negative weathering of dolerites
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There is aconspicuousiegative weathering of dolerite illustratieg a very long linear structure.

This type offeature can only be initiated if there is a zone of weakness below the earth surface.
Dolerite dyke emplacemesiin the Karoo Basin are unequinaly a consequence of the opening

of the GondwanaExtensionalfractures were generated and the doleritic magma emplaced itself
within the fractureso form what are known today as the Karoo dolerite dykes. This is to say that
if there was a negative whating of dolerites, this negativesathering is a subsequent event.
negative weathering can only occur where there is already a preexisting zone of weakness (fault
or fracture beeaththe Earth surface)Vater carpermeateand wedter little by littlethe dolerite

on the surface. T&negative weathering coulalsocertainly result from the Quaternary uplift

near the east coast, or from reactivation offshore along segments of the Agulhas Falkland
Fracture Zone. Dingle and Robinson &89 for instance highlighted that the reactivation
probably caused the large slumps on the continental margin of South Africa, the slump lobes

being positive features on the continental rise.

4.3.3.7 Path 170, Row 083

This area, locateth the southern neotectonic be#,characterised by a big lineament extending
from east to west. If more lineaments were observed in the two previous scenes, it clearly
appears that théurther the examined area ifar from the coast, the less the intensity of
lineaments (Figure 42. The big lineament intersects both the Fort Beaufort and the
Grahamstown fractures, these two intersections are gqousskibilities for groundwater
exploration.Moreover, the Grahamstown area receives more rains that can continually recharge
the aquifers. Thevidence of more rain and groundwater flow is unequivocally the occurrence of
the kaolin deposits. Kaolin deposits derived from the weathering of the Dwyka Group tillite of

the Karoo Supergroup as will be discussed in Chapter 6.
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Figure 4 22: Structures extracted from scene 170/083

4.3.3.8 Path 171, Row 083

In Figure 4.3 most lineaments seem to occur more in the sautich is near the south coast.

The lineament density appears low in this region. Of importance in this scene is that it is located
in the southern neotectonic belt known for the KaBgwianskloof fault, which was reactivated
during the QuaternaryGoedtart and Booth, 2009) mentioned thas fault is a deegeated

(>10km) crustalscale zone of weakness
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Figure 4 23: Structures extracted from scene 171/083

4.3.3.9 Path 172, Row 083

Two types of lineaments in terms of direction can be singled out, the first type showing a ESE
WNW trending mostlyto the right, which appears to be predominant, and the second one

showing a WSWENE trend, which is minor (Figure 412

4.3.3.10 Path 17GRow 082

This aredocated north of the southern neotectonic tseltery poor as far as lineament density is

concerned (Figure 452 No realneotectonicss presentln terms ofa nuclear wastetorage it
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can be considergebtlecause there is timuch zoms of weakness that can allow watepéomeate

and contaminate the groundwater below.
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Figure 4 24: Lineaments extracted from scene 172/083



70

25 26 26 27 27

=30
-30

=31
31

-3
-3

Clueenstown

232
.32

232
=32

—
™ ™ o ™ s = S

—— Lineament 210 0 20 40 =] a0 __...‘l
25 26 26 7 27

Figure 4 25: Lineaments extracted from scene 170/082

4.4 General trend of lineaments

The lineament trends for then areasin the three neotectonics belts were deduiceArcMap

using Rose Plot 4.(Mifferent notable orientations were categorized using different colours in
order to have the major predamant trend The predominant trenthn be considered f@ossible

future groundwater exploratioit. looks like that the general trend of lineaments in the Eastern
Cape Province is oriented N\BE. This trend may be related to the occurrence of the great
compressional horizontal stress (Wegener Stress Anomaly), which is also oriented in the same

direction.All rose diagrams for the three neotectonic belts can be seen in Figéra 4nd b.
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Figure 4 26: a) Rose plots dared from the lineament maps in selected scenes
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Figure 4.2@b) Rose plots derived from the lineament maps irséhected scenes

From the rose plots, it was found that the scenes (169/081, 170/081, 169/083, 170/083, 172/083,
169/082) areharacterised by a ufiiequency of angle interval between 111 and 140 degrees in
the ten examined scenes. Six of the ten scenes show tlus tne@d, which is to be taken into
account during groundwater exploration. Histograms in Figuré ihdicate tha five scenes,

three in the northern neotectonic belt (170/081, 169/081 and 168/081) and two in the eastern
neotectonic zone (169/082 and 169/083) have high lineament debegycan surmisthat a
geomorphologigénduced neotectonics would generate maredments than a seismically active

zone. Kumanan (2001) found in India that lineament density maxima zones and lineament
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intersections were buffered out as possible neotectonic zones. In thdirsamethought no
considerable high density of lineamevds depicted from the Queenstown area (scene 170/082).

The histograms of all these lineaments can be seen in Figura dritl Figure 42b.
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Figure 4 27: a) Histograms deduced from lineament maps in the Easternn@afextonic belts.
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Figure 4.Z: b) Histograms deduced from lineament maps in the Eastern Cape neotectonic belts.

4.5 Normalizedlifferencevegetatiorindex (NDVI)

The NDVI can in most of the casbs associatedvith the study and exploration of groundwater

exploration It normally indicates the degree of live green vegetation. Live green vegetation can

be the surface expression thie presence of considerable amainf water below thesarth

surface. The high amounf water is definitelyrelated to fractures and faults, and to a certain

extent togood catchmentsThe water is stored and accumulateshe catchments by flowing

along the fractures and faults assimilated to lineamérite NDVI is calculated from the

individual measurements as follows:

5 00 oNIR- Red)

(NIR+ Red)
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Red and NIR stand for the spectral reflectance measurements acquired in the red and near
infrared regions, respectively. The NDVI varies itself betwde®d and +1.0. Healthy vegetar

absorbs most of the visible light that hits it, and reflects a large portion of the near infrared light.
Unhealthy or sparse vegetation reflects more visible light and less near infrared light. Dark areas

have low chlorophyll and light areas have more.

The eastern neotectonic betan also beconsideed very important in terms oheotectonic
activity because of high lineamedensities.The high density of lineaments consequence of
what can be called morphotectonic induced neotectonids.is only true whenit is referred to
the Quaternaryuplift along the Amatolé&Sswaziland axisThe NDVI is applied only to this zone
for the purpose of groundwater exploration. Four se€éh&8/081, 168/082, 169/082, 169/083)
were chosen, these scenes can be complemeittedne scene in the northern neotectonic belt
located in theKokstadKoffiefontein seismidoelt. The NDVI was computed on band 3 and Near

Infrared band using ENVI 4.8 software according to the following band math expression:

"Qa € @ro o

. 6 s ,,
3 )"Q(e(oo 0o

In this equation, B4 represents the Near Infrared band and B3 the visible band (Red). Images
were then intengted in terms of colour differentiation, lighter areas being representatives of
more chlorophyll, and accortjly potential goodcatchments. Darlareas being representatives

of possible poor catchments or areas not affected by fractures and faults, mainly in the
neotectonic zones. Scenes chosen for NDVI are those that were depicted as being more affected
by high-density lineamentgnainly Path/Row: 169/081; 168/082; 169/082 and 168/083. All the

output mapsvith the NDVIcan be seen in Figure 8,24.29, 430and 4.3.
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Figure 4 28 NDVI from the scene 169/081, the darkish area in Lesaitttbwest and soutlvest of Matatiele is poor in vegetation.
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Figure 4 29: NDVI from the scene 169/082, potential groundwater resources where light colour is predominant.
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Figure 4 30: NDVI from the scene 168/082, there is good indication for groundwater resources
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Figure 4 31: NDVI from the scene 169/083, good potential for groundwatérghlighted.
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The Port Saint Johns arfiast London NDVI resudtshow high leved of chlorophyll, and
accordingly dense vegetation. Though the Eastern Cape Province seems todrgdséima high
level of chlorophyll seemtthe East London scarno is confirmed by the dense vegetation seen

in Figure 4.2 a, b, ¢, and dThisis also indicatie of highdensitylineamentsas was previously

highlighted.

Figure 4 32 a, b, c and d: Some sceneriethateast coast in the vicinity of the city of East
London showing dense vegetation, possibly related to lineaments and faults.

4.6 Digital elevation models (DEMSs)
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The previous alected sceneare the same used above for the study of normalized difference
vegetation index.SRTM 90 m Digital Elevation version 4.Hisplaying these four scenes

downloadedrom Glovis/lUSGS present the following enhancements:

Improved ocean mask used, which includeme small islands previously lost in the cut
data;

- Single no data line of pixels along meridians fixed,;

- All Geotiffs with 6000 x 6000 pixelsand

- For Geotiff format files the projection definition is the .tfw (ESRI TIFF World) and a .hdr

file that reportPR0OJ. 4 equivalent projection definitions.

The DEMs datavasprocessed in ArcMap 9.3 with a standard deviation stretching method level
2 in order to improve the resolutiohhese four scenes aa#l characterized by high density of

lineaments, one in th@orthern neotectonic balnhdthree in the eastern neotectonic belt.

A digital elevation model in the neotectonic zonespeciallyin the chosen scenes can be used
specifically for predicting possible catchments using high and low topography. Inethefar
Matatiele(Figure 4.3) the violet colourcodeis related tdahe high elevatiomvhile light brown to
yellow areas are good indicators of water recharge. The siifkéults seen before (FigureBi.
southeast of the hot sprimgar Matatieleean beconsideed asflowpath for groundwaterThey
are located immediately east of the high topography. Sirieslineamentghatappear south of
Matatiele (Figure 4.7), are locatpdeciselyin zones of low topography as indicated by an arrow
in Figure 4.3 (Latitude: -30.776; Longitude: 977). When usedfor potentially high yield

wells, boreholes can lakilled around these coordinates in a radius of approximately 20 km.



82

75 1000
Nlometex@"

Figure 4 34: DEM from the scene 168/082



83

The area south of Port Saint Johns (Figur@hhsa remarkable presence of lineamerfiom

Figure 4.3, it is obvious that potentially productive boreholes can be positioned within a radius
of 15 km from the ocean to the continent. The only problem that might arise in the coastal area is
the strong interdmn between fresh and seawatéhe Isinuka spring (Figure @a) near Port

Saint Johns ianillustration of this interaction
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Figure 4 35: DEM from the scene 169/083

The area around East London (FigureS}#.i83 characterized by faulis the southwith many
lineamentgo thenorth depicted from remote sensing analy#is for the Port Saint Johns area,
boreholes can be placketween25 and40 km from the coast depending the characteristics
of chosen lod#on. The Mthatha area has lineaments throughout the easét ikcappearghat
this area was most affected by the Cenozoic u@ibundwater exploration can alsake place

here due to the presence of some remarkable dolerite dykekich are considede as
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groundwater localiseraNith the same logic of considering new catchments, boreholebecan
positioned within a radius of 40 km from the coast (Figur&)4l3neaments occurring in the
major catchments in all these neotectonic areas play an impatahbor targeting groundwater.
From all the chosen scarnos the one thatcontairs the area oMthathaappearsto be very
promisingfor additionalhigh potentialbboreholesMany springs occur in the region of Mthatha.

Springscan bendicative of movements along fautlse tothe flow of water
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Figure 4 36: DEM from the scene 169/082

Examples of geomorphological landform from DEMs

Digital Elevation Models can be used sopporthydrological application. Bta acquired from
the South African National GeBpatial Information Centréor the three neotectonic belts were
processed using Surfer 10. A small comparative study between these three neotectonic belts were

done onlyon the basis of surface topograpi®@nly one illustration was used from grid 3327
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Thisillustration of surface topography model can be seen in Figuve 4 &ppears in this figure

a conspicuous lineament oriented amsstsampled fromgrid 3327block D. This remarkable

and striking feature can be called the Eastern Cape Great Lineament (ECGL).This is the second
important structure in the southern neotectonic belt. The other structure is the- Kango

Bavianskooffault, which was reactivated in the Quatempafhis linear featurecan be easily

tracked few kilometers west of Grahamstown on the road to Bedfbisigreat lineamd isalso

highlighted in Figure 42
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Figure 4 37: DEM from grid 327 block D. (the first legend on the left is for the altitude, and

the second legend on the right is for the gradient vectors.
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Other blocksgn grid 3327wereexaminedjt was foundthat the altitude does not exceésD m.
From a hydrological point ofiew, if the gradient vectors are considered, the flow direction from

the surface topography is mostly oriented -@astt(seebluearrows in Figure 438.

In the eastern neotectonic zone, DEMs from grid 3228 were also considered in order to see what
thesurface topography and theadrage pattern should look likik was foundrom these models

that the elevation increase reaches 1020 m above sea level with a varied geomorphic surface.
This might be a consequence of the uplift that took place in the Gienoz this can be a result

of dolerite dykes that have resisted the erosional processes to form these outstanding and
conspicuous morphologies at such an altitude. However the hypothesis of uplifoisefhv

more. It must be noted that in the easterroteetonic belt, altitudes are not uniform and vary
considerably 190 m, to 500 m, 700 m and 1020.nThe vector gradients indicate that the

surface water would, in general, flowaneastwest trend

Samples of Digital Elevation Model in the northeotectonic belt near the country of Lesotho
were taken from the grid 3028. The vector gradients have a mostiywestsand nortfsouth
orientaton. This orientation of vector gradients in a sort esstwest trend would be an
important factor to considdor future hydrogeological works for flow directiolt.was observed

also that in the northern neotectonic belt can reach 2000 meters

The Eastern Cape great lineament, a neotectonic domaffigure 4.37 and Figure 4.3)

Digital elevation models of th&astern Cape Provinceomplemented the satellite imagery
examination.In Figure 4.22 there appears a conspicuous linear feature north of the town of
GrahamstownThis linear featur@raverseghe province and stretches from east to west. Field

observationandicate that this linear feature is similar to a graben, and is loeateohdthe
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contactof the CapeKaroo Supergroup. It was observed NW of the town of Grahamstown at

latitudeS 33.17215 and longitude 026. 32628.

Though it generally strikes in anstavest direction, the recorded strike was N °LZThe space
between the two surfasef the normal faults, which are part of thbenlike featureis almost
200 meters. One surface of the fault ha®utcrop of quartzite of the Witteberg Group (Figure

4.33 left). The grabedike feature can also be seen in Figure84rght).

Figure 4 38: (left), One surface fault of the graben with quartzite of the Witteberg Group, Cape
Supergroup; right) the graben morphology

This graben forming the major lineament of the Eastern Cape Province has some seismic
epicentresThese epicentres can be followed all the way frometist coast to thieorder of the
Easern and Western Cape Provinces (Figurg9¥.This indicats that ths lineament is a
neotectonic domajnand its shape is undoubtedly a good catchmarga. These seismic
epicenters indicate possible reactivations, which is good for groundwateririgrg@ome
extensional fractures were found on a quartzite outdrbpstrike of theseextensional fractures

is, astonishinglythe samalirection ofthe graben itself (N12Q Their developmenarepossibly
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concomitant withthe extensional movement responsible for the graben formation, gratiee

related to extensional normal faulting that triggers earthquakes in and around Grahamstown
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Figure 4 39: Digital elevation model of the Eastern Cape Province, the great lineament has
seismic epicenters within it.

Thes extensional fractusecan be seen in Figured. (left). In placeshese fractures are filled

with quartz veins, either in the quartzite or in some quagptrdlites (Figure4.40right).

TE
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This great lineament, which is a neotectonic domfaasat some @ces indications of ongoing
movement due to the occurrence of horizontal extensional fractures filled with fibrous calcite
(Figure 441 left) or quartz. The fibrous calcite vein fillingdicatesthat the extension direction

is perpendicular to the veinal. In Figure 441 (right), the open space above the vein possibly
indicates a neotectonic horizontal compressional stress acting in the area. The proposed graben
like structurein this regional lineamens evidenced by a diglip movemenindicatedby the

occurrence of slickelines on a surface of siltstongigure 4.2).

Extensional fractures

o4 o

| Quartz vein |

= N P=

Fibrous calcite| &

B

Figure 4 41: (left) Fibrous calcite vein filling perpendicular to the direction of extension; (right),
horizontal fracture with an opening space above the calcite vein



IR

| Sliken lines |

Figure 4 42: Dip-slip movement indicated by the occurrence of slicken lines on a surface of
siltstone

4.7 Drainage and rainfall

Woodford and Chevallier (2002)bservedthat in the Eastern Cape one can have peripheral
drainage, with the highest gradient rivers flowing from the escarpment to the coast intthe eas
This flow pattern characterises the eastern neotectonidrbéiite Eastern Cape. Figure 3.4

displaysall the rivers ofthe Eastern Cape Province

In the area ofcenariol69/081 in the northern neotectonic belt south of the country of Lesotho,
there seemito be two major trerglof river flow; one inaneastwest directionmostly consisting

of tributary rivers and the othem a NW-SE direction mostly consisting ahain rivers These
rivers are highlighted iredin Figure 443. Woodford and Chevallig2002) noted that rainfall is
the cause of the highest river flow in the east Karoo, this is in agreemarthe/iNDVI results

as shown above.
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Figure 4 43: Rivers of the country of South Africa (source: CGS, South Africa)

4.8 Summary

In the exploration and charact&iion of potentially high yield aquifers, remote sensias
always played an important pamrimarily because it can be used todinhe maximum
lineament densityThis can in turn, be correlated with the strike; which is useful in the
exploration of groundwater. Most of the lineaments that were depicted tesimote sensing
have a predominant NV8E orientation. Théiggestlineament(ECGL) is an important feature

to be reckoned with in the Eastern Cape as far as wotkdeia groundwater is concernddhis,
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becauseof the alignment of seismic epicentersatdd to earthquakes, which can reactivate the
structures to allowhe movement of groundwater. The eastern neotectonic beé gk density

of lineamens, which makes it anothé@mportant neotectonic domain of the Province.




































































































































































































































































































































































































































