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Abstract

Extensions to the Witwatersrand Basin have been widely examined, with many geophysical surveys being
carried out in the early 1990s. One of these areas is the Bethlehdrassuplocated on the south eastern
edge of the Witwatersrand basin.

The aim of he study is to integrate old geophysical datasets to create a 3D geological and a 3D gravity
forward model of the Bethlehem Sulbasin. A rei interpretation of the Bethlehem sbhsin was done

using the latest geophysical software and techniques. Tdyealio investigates the cause of the Bethlehem
gravity high. The outcome of this study provides a more constrained interpretation of the structure of the

Bethlehem suthasin and its relationship to the Witwatersrand Basin.

The resultant 3D gravity modehows the Bethlehem Subbasin is structurally controlled by north
northwest trending horsts and grabens of granite and West Rand Group rocks respectively. These grabens
preserve largacale West Rand Group sediments of the Witwatersrand SupergrouporEhand graben
structures creates a change in density from low density granite to high density West Rand Group, causing
the gravity high seen in the Bethlehem area.

Four major structures were interpreted in the seismic and gravity data. These &d Eb&ult B, C, D
and E. Normal faults B and C trending north northwest create a granite ridge underlying the Karoo

Supergroup. Normal faults D and E create a smaller granite ridge overlain by West Rand Group sediments.

This study investigates the &tyi to integrate existing 2D datasets into a 3D space and the significance of

viewing data in a 3D environment to better understand and constrain lithological structures and boundaries.
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Introduction

The WitwatersrandBasin hosts one of the greategild-bearing conpmerate units inthe world
Understanding the structure and extent of the Witwatersrand basin became essential for exploration
throughout the 20Century.However this was complicated by the fact thadshof the asin was buried
beneath younger rocks of the Ventersdorp, Transvaal and Karoo Supsr@rguie 1.1) During this

golden age the mairabin as wélas possible extensions to thesn were explored and depending on their
mining potential the aeewas either explored further for geological and structural information or left
unexploredde Beer, 201Fretorius, 2003)

The north western margin of the Witwatersrand basingsrost exposed section of thesim whereas the
interior region, seans of the western margin and the southwestern margin are overlain by younger
sedimentsThese areasave mapped using magnetic, gravity and reflection seismic geophysical techniques.
To determinethe presence of gold bearingyaga at depth mining compias used the density contrasts
between the stratgravity was used to show the density contrast between the less dense Central Rand
Group quartzites compared to the overlying more dense Ventersdorp lavas. Maggettibilityshowed

a contrast of thetsongly magnetized ferruginous shales of the West Rand Group sediments compared to
the less magnetized basement rocks and overlying Central Rand Group sediments. What Veaktahe
discovery of the West Witwataend Goldfield by DrR. Krahmann(Krahmann, 1936; Roux et al., 1967;
Wilsher, 1987).

In the early 1988 the 2D reflection seismic method was used to explore for gold and base metal deposits
in hard rock environments. The 2D reflection method was capable of mappiegletailedleeply buried

strata compared td¢ gravity and magnetic method&us a new era of exploration began. The gold
bearing strata of the Witwatersrapakin are usually less than 1 m thick and do not have a large impedance
contrast within the rock layer consisting maiofyquartzite. However the reflection seismic method uses

the contrast of overlying and underlying reefs known as marker horizons. Another importance of the
reflection seismic method is to create structural maps. Structures such as horst and grabiees, aydcl
anticlines could determine if a reef was brought closer to surface and possible to mine. South Deep is an

example of a mine discovered through the reflection seismic ma®watk et al., 196)¢

At the same time as the 2D reflection seismic epgtlon was growing, advanced techniques which could
enhance images of magnetic and gravity dateewntroduced (de Bee?015). The reinterpretation of

airborne magnetic and gravity surveys which were flown 10 to 20 years earlier, led to the discovery of



magnetic and gravity anomalies on the south eastern edge of the Witwatbesiandagneticanomalies
situated around the town of Bethlehem were indicative of West Rand Group magnetic sediments found in
the main Witwatersrantasin. Corner and Wilshed $89) and Corner et al(1986) suggested that the
gravity anomaliesaround the town of Bethlehemepresented small basins of Witwatersrand sediments
separated by basement granite due to its alternating high and low readings. In light of new information
mining companies such as Anglo American carried out several 2D reflection seismic surveys around the
south westen margin of the Witwatersrandabin as well adrilling of deep boreholes (>2 kmHowever
investigation showed limited mining potential and e¥sh into the structure angeology of these

anomalies wakeft unresolved.

In this study a compilation dforehole 2D reflection seismigmages gravity andmagneticdatais used to
investigate the Bethlehem region and the gravity anomaly known &ethkehem gravity high that sits
beneath extensive Karoo sediments (Cantuneau et al., 2005). A 3D tpawédydmodel of the Bethlehem
region is produced and interpreted in a modern structural environment to test ideas of the structural history
of the Bethlehem region and causes of the Bethlehem gravity high.
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Figure 0.1 Map (A) Locality map of the Bethlehem study area with reference to the map of South Africa (black outline), Kaapvaal
Craton (red outline), Karoo Basin (green outline) and Witwaterstaasin (yellow outline). The Witwatersrabdsin overlies the
KaapvaalCraton and is in turn overlain by the Karoo Basin. Map (B) shows a simplified geological map of the Witwatersrand
basin showing the main groups in the Baaimd the Karoo cover over the Witwatersrapasin Note that thesoutheastern
boundary is poorly acostrained as it is overlain by the Karoo Supergrorgafaftedfrom Pretorius, 2003 and Dankert and Hein,
2010).



1.1 Study area and history of the Bethleh8uai-basin

The Bethlehensub-basinis situated on the south eastern edge of the Witwaterbaairg in the Free State
Province, South Africa (Figuré.2). Geologically Bethlehem isitgsated on the Kaapvaal Crat@md
approximately 150 km southeastthe Vredefort structure. The area is also covered by Karoo sediments
which are Phanerozoic in agedarary in thickness from 500 m in the north to 1500 m in the south (Johnson
et al, 1991; SACS, 1980). The structure of theetBlehem gravity high and theféer study of the
Bethlehensub-basinhas been debated since the 1960
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Figure 0.2Map A- Locationand inspiration for the study of the Bethlehem anomisligp B- The Bouguer Gravity Map published

by Corneret al., (1986), showing the spatial relationship between the Witwaterbeailand the Bethkem gravity high outlined

by blackbox. These data inspired an era of exploration as the possibility of the Bethlehem region being part of the Witwatersrand
basin and gold bearing rocks weexplored.Map C - The magnetic mapmodified fromMcCarthy et al.,(2018) shows the
relationship of the Witwatersrand basin (yellow) and Bethlehem area outline in black box with the shape of the Bethlgyem grav
high outlined in blueThe Vredefort structure is shown on Map B and C.



Hales and Gough (1962) suggested thatBethlehem gravity anomaly could be due to an intrusion similar

to that of the Bushveld Complex, due to itsitar wavelength and amplitudelowever the Bethlehem

gravity high has éarger wavelength compared to that seen in the Bushveld conpfext borehole data

and enhanced geophysical interpretation in later studies shows Witwatersrand type rocks in the Bethlehem
region(Ainslie, 1994 and Mcarthy et al., 201&orner et gl(1986@, 1986b and986 interpreted magnetic

and gravity data in theouthernregion of the Kaapvaal Craton. Thelentified the Bethlehem area as
possible outliers oWitwatersrand basin lithologyAs techniques for gravity imaging improv&dilsher,
(1987)interpreted gravity and magnetic data for the wholdefwitwatesrand BasinWilshersuggested

that the gravity anomaly surrounding Bethlehem is due to the uplift of denser intermediate and lower crustal
material, which has been brought close to surfébe.upward warping of lower crust occurred along an

axis called he Vredefort axisThe magnetic anomalies were susigel to be West Rand Group and
greenstone belt relicts which have been brought closer to surface. During this time extensive geophysical
studies were conducted around the Bethlehem reBiatherresearch from Corner et §1989), into the
relationship between the Vredefort structure amdWitwatersrandbasin, suggested similar model but

with possible mafic sills within the granulitic lower crust whichs beerwarped upwardsalong the
Vredefat axis contributing to the denser lower crust producing a gravity hgmslie et al. (989 who

also looked at gravity and magnetics over the Vredefort structure agreed with the Vredefort axis and that

the Bethlehem gravity high extends from the Vrededtructure in a south east direction.

A report by the Ainslie et al. (1994) provided an overview of the geophysical research conducted in the
Bethlehem area. This research was conducted to prioN@enation to mining company Anglo American.

At the tme Anglo Americanwere motivated to drill boreholes in excess of 2 km, due to the new
interpretations of gravity and magnetic data discussed previously. The aim of the report was to determine

if the Bethlehem region could become a gold and uranium produce

The south eastern edge of the Witwatersittaasin shows many differences to that of the rest of the main
Witwatersrand basin. Ainslie et al. ()9 proposed the Bethlehemtbsbasin & controlled by major fault
systems, which does not agree with thhedéfort axis model produced by Coreeil,(1986.

Ainslie et al.(19949 proposes that the Bethlehem region is structurally controlled byNNW trending
grabens and hatfrabens within the granite basement. These grabens preservedalg&Vitwatesrand
sediments. Added on to this areSNand EW trending faults creating a mosaic pattern only seen on the
south eastern edge of the Witwatersrbasin. However teir result showed littleconomicapotential for

mining and exploration in the Bethlehem region ceased.



The source of the Bethlehem gravity anomaly has remainebtardespite numerous geological and
geophysical studies. This dissertation presents a fully integoatethole gravity, sesmic and magnetic
geophysical dataset to produce a 3D geology and a 3D gravity model of the Bethlehem area. The result
shows consistent large scale faulting of baseeshiVitwatersrand rocks, with horst and graben structures

creatingridges of granite ahthick West Rand Grougrabengroducing the Bethlehem gravity high.

1.2Prospectus

A brief summary of chapters 2 8. Chapter 2presents ageologicaland structuraloverview of the
Witwatersrandasin As well asborehole data which provided a general stratigraphic irg&tion of the
Bethlehem regiorChapter Jresentborehole, seismic, magnetic and gravity gatavided for this study.
Chapter 4 describes thieeory of theseismic reflection method, gravityethod and magnetic method. This
includes a summary of the acquisition, processing and interpretation biedong thegeophysicaimethod
usedin the Bethlehem regioin Chapter 5 the results tfe seisnt, gravity and magnetic interpretation
are preseted Chapter 6 presents the 3D geological and gravity models. A final discussion to arplain
the BethlehemSub-basin is onnected to its surroundings, addition to cause of the Bethlehem gravity
high are presented i€hapter 7A summary of thediscussion and final conclusiare incorporated in
Chapter 8.



2 Geological setting

Understanding the geological setting of Bethlehem study arda an essential step in the interpretation
of seismic, gravity and magnetic datmalyses of baghole datawill allow a better understanding of
geological boundaries which aexpected in the Bethlehegtudy areaContrast in velocitydensityor
magnetic susceptibilitareused to determine what boundaries are expected to produce @ retilentor

for seismic data.

2.1Stratigraphy of the Witwatersramasin

The Witwatersrand dsin is a 50 000 kfmArchean basin situated centrally on the Kaapvaal Cratoa. T
basin formed between 3074 and 2714 Meer a period of 360 Ma (Robb and Meyet995). Tablel
outlines the satigraphy of the Witwatersrandabin producedrom previous literature. Thealsement
granite is overlain by the Dominion Group quartzite, conglomerate and volcanic lava units. The
Witwatersrandbasin overlies the Dominion Group and consigtghe Witwatersrand and Ventersdorp
Supergroups. The basin is overlain by the Transvaal and Karoo Supergroup

The Bethlehem region is situated on the south eastern edge of the Witwatersrand basin, covered by 1 km
thick Karoo Supengup sediments (seegfire 2.1).Only small portions of the dsin stratigraphy are
recorded irborehole data, which adiscussed ilChapters 3 and 4lhe borehole data consists Kdiroo
Supergroup sediments, Klipriviersberg Grouphaf Ventersdorp SupergroupgtCentral aniVest Rand

Groups of the Wivatersrand Supergroup and thesement. Only theseaups are discussed further as
detailed information about the Kaapvaal Craton and the basins withne iteadily availablén many

geology extbooks such as Johnson ef(2006) etc



Tablel Simplified stratigraphy of the Witwatersrabdsin and overlying Karoo Basin, The units identified from boreholes in the
Bethlehem study area are highlighted in blue (Johnson et al., Foémel andMinter, 2002; Catuneanu,2001

Supergroup Group Rock types Age (Ga) Tectonic
environment
Drakensberg
a Stormberg Breakup of
o 2 Gondwana
°c D Beaufort Shale 0.3071 0.18
g 2
a Ecca Sandstone Retroarc
Foreland system
Dwyka Tillite
s 3 -
< o Pretoria .
> 5 2 597 2.90 Intracratonic
c o) . And
g g Chuinespoort Extensional
=3
2 o Pniel
S 3
© = .
2 S Platberg 2.72i 2.63 Extensional
£ 3
@) > ..
> o0 Klipriviersberg Lava
Quartzite
2 o Central Rand 2.9071 2.85
© -]
o % Conglomerate Rectro- arc
§ g Shale And
o
g 3 West Rand 2.987 2.90 Foreland system
= Magnetic shale
g
Dominion 3.07 Extensional
Basement 3.601 3.20




The West Rand Group is a sequence of clastic and marine sediments, deposited b@8ie2®R2Ga
(Frimmel and Minter, 2002 It was deposited on a stable tectonic craton and is approximately 4.5 km thick
and covers an area of 42 000%(Frimmel et al.2005). The West Rand Group is divided into 3 subgroups,
the Hospital Hill, Goernment and Jeppestown Subgrotlipe lower most subgroupbtospital Hill and
Govermment subgroups are characterized mainly by shallow marine shplasizites and shak,
conglomerate and diamictitggrimmel and Minter 2002; Beach and Smith, 2007). The uppermost
subgroup, thdeppestowsubgroupgonsists mainly of quartzites and conglomerates.

The Central Rand Group is a sequence of quartzites, conglomeratesiremdhale units, eposited
betweer2.901 2.85Ga (Frimmel and Minter, 2002t was deposited in a braided river systehich then
combined to formalluvial fans. Over time these alluvial fans narrowed allowing fluvial sediments to move
from the basin margs into the center of the bagiWronkiewics and Condjel987 Moon and Whateley
1989. Gold was deposited in the coagierate units of the Central Rand Group. The Central Rand Group
is divided into the Johannesbuggbgroup and Turrfontein Subgroup.

The Venterdorp Supergroug2.72i 2.63 Ga (rimmel and Minter, 2002underliesthe Transvaal
Supergroup in themain Witwatersrandbasin The lower VentersdorfBupergroupcomprises the
Klipriviersberg Group onsisting of basaltic lavas and the Platberg Group consisting of boulders,
amygdaloidal lava fragments, quartzite, shale and chert units. The upper VentStggEngrougomprises
the Pniel Group.The VentersdorpSupergroupshows an undulating topography caused by the
compressionalectonic environment at the timén the Bethlehem regiowe encounter a thilayer of the

Klipriviersberg Group, which overliesie Central Rand Groypecorded in borehole data.

The Karoo Supergroup deposited betw@&0 and0.18 Ga is defined by base oflacial deposits known

as the Dywka Grouverlying the Dwyka Group, is a sedimentary sequence consstBeaufort, Ecca

and Stormberg Groups. The topmosbgp of the Karoo Supergroup occurred during the breakup of Pangea
and basaltic lava extruded forming the Drakensberg Gisegs-igure2.1). There is an extensive network

of dolerite sills, dykes and sheets forming pdithe Karoo Igneous Province (Duncan and Marsh, 2016).
This dolerite intrusion occurred over a short period of time, dating betweeén1I@Ma around the same

time as the Drakensberg lava.
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Witwatersrandoasin (yellow outline)Location of 13 boreholes (white triangles) and 10 seismic lines (black dotted lines) used for
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2.2Structural ®tting

The main Witwatersrandbasinhas gone through several stages of deformation which can be observed in
distinct lithostratigraphic unitsFrimmel (2014) suggested @position of the Dominion Group volcanics
was the result ofontinentakifting at 3.09 Ga to 3.07 Ga

The West Rand Group sedimemere deposited in a passive margin through transgression and regression
cycles, which formed during the period 2. 99 Ga to 2.9(B&akert and Hein, 2010phnson et al., 2006).

The West Ran&roupdepositionterminated with the Asazavent described bylanzi et al.(2013) which
uplifted and tilted the West Rand Group sediments syn to post erdsierAsazi event resulted iacal
faulting and block tiltingAn angular unconformityasalso formedvith theoverlyingCentral Rad Group
(Dankert and HeirR010;Manzi et al., 2013).

Synchronous with thdeposition of th&Central Rand Group.9071 2.85 Ga (Frimmel and Minter, 200B)

the Umzawami event described by Dankert and Hein (2010). The Umzawariwessa compressive
deformation eventrimmel (2A.4) describes this dbe formation of a retroarc, creating a fold thrust belt
formation West Wits Line, Welkomand Klerksdorp Goldfieldsare areas which identifiedorth to
northwest trendindolds with thrust, reverse and flexuralip faults in the Ceamal Rand GroupNorth to
northeast folds in the Central Ra@doup were identified in West Wits Line and West and Central Rand
Goldfields(Dankert and Hein, 2010).

Following the Unzawami everand end to rectroarc developmemgjor continental riftingresultedin
volcanism of the KlipriviersberGroup (2.731 2.72 Ga)across the Kaapvaal Craton. Further extensional
collapse associated with the sedimentation of the Platberg Group shows major graben formation and listric
faulting of existing structureg his major continental rift system creatit-, second and third order

faults such as the Barault, a north northeast trending listric faulhis extensional event is descrildad

Manzi et al., (2013) as the Hlukaféatberg Evenat 2.70 to 2.64 &

During the period 2.2 Ga to 2.0 Ga several events took .plamgkert and Hein (2010) described the
depositon of the Transvaal Supergraufss well asseveral structural indicators during this tisuch as

the Bushveld Complex intrusion (2.05 Gayldahe Vredefort Impact (2.02 Ga).

The deposition of the Karoo Supergroup occurred 1.7 billion years after deposition of the Pretoria Group.

During this time the Pilanesberg Complex Dyke swarm occurred 4t 1.B Ga which isdescribed by

10



Dankert and He&i (2010). The Karoo dykes are spread throughout the Witwatensaaivthnd werdeedes

to the flood basalts that cap the Karoo Supergroup.

2.3Geological setting of the Bethlehem study area

The Bethlehem region is situated on the border of the Witwatersssimumap and approximately 150 km
south west of the centef the Vredefort impaadfFigure 2.2) The size of the Bethlehestudy area i400

km x 100km. What is known of the geology beatd the Karoo cover is based on a few boreholes and
magnetic, gravity and seismic dafis data is discussed in ChaptefTBe most notable feature of the
Bethlehem region is the Bethlehemagty high. This is one of the modistinguished gravity anortias

on the Kaapvaal craton.
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Figure 2.2 Map Ai Bethlehem area in comparison to South Africa, Karoo Basin, Witwatersrand Basin and Vredefort structure.
Map Bi The Bethlehem area, with a gravity backdr8hows the town of Bethlehem (black)dseismic lines and boreholes.
Bethlehem anomaly Pink area (Modified from Council of Geoscience)
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Thelocation of the Bethlehem Sulbasin and Bouguer gravity anomaly has brought much complexity to
the origin and strcture of this region and its anomalies. Wilsher (1987), Catar(1989) and Ainsliest
al. (1994) present the most detailed theories of the structure of the Bethlehem region mainly interpreted

from gravity and magnetic datkescribe in Gapter 1

Corner and Wilshe(1989 describe the Vredefort axis as a northwest trending structural axis, located along
the crest of the Bethlehem gravity high and extending through the Vredefort dome. Corner and Wilsher,
(1989 attributes the Vredefort axi® compession from the southwest of the Witwatersrand basin
producing a northwest fold structure.

The latest research frooorner et al(2017) interprets the BethlehemuBi basin to be separated from the

main Witwatersrand basin by the Bloemfontein arch. €oatso describes major successions of Transvaal
and WitwatersrandBasin rocks extending from Bloemfontein west of Bethlehem possible into the
Bethlehem area. Boreholes close to the Bethlehem area containing Transvaal Supergroup seelinents
also interpeted by McCarthy et a{2018. However, the boreholes provided for this study do not show any

Transvaal sediments.

Ainslie, (1994 describes the Bethlehem area as a complex fault system that does not agree with the
Vredefort axisteory. Ainslie interpried twomajor faultsystemsn the Bethlehem region and soundng

areas as follows; (Dindley fault, which appears to follow a patterrr@spect to the Vredefort dome and

has displaced severaldmeters of preKaroo sediments. This caused granit@nderlie the Karoo strata

and allow for preservation of large blocks of Witwatersrand sedim@)t$he Bethlehem fault system

shows a number of fractures visible in Karoo Strata which correlate to faults in the granite basement mapped

with magnetic datal'hese faults also appear radial to the Vredefort dome.

12



3 Data sets

Datasets used for thssudy ardorehole, gravity, and magnetitata, provided by thedincil of Geosciece
and2D reflection seismic dagarovided by Angl&old Ashanti Understanding the limits afach dataset
wereimportant in making sure the integrity of the data and interpretati@iekept to a high standard.

The graity map of Bethlehem shown irigure 3.1 will be used as a backdrop for all data.

13
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Figure 3.1 Map (A)Location map for the Bethlehem gravity anomaly in relation to the Kaapvaal Craton (red line), Witwatersrand
basin (yellow line) and Karoo Basin (green line). Map (B) showsittia used to constrain the Bethlehem regiod black dot
represents town of Bethlehe section of the Bouguer gravity map of South Africa that covers the Bettgamyrarea 10
Reflection seismic lines (blaclottedlines) with the town of Bethleherm the center andborehole data (white trianglesYhe
boreholes linked with ablackline were used to create a noittsouthprofile to determine a general understanding of the geology
beneath the Karoo cover.
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3.1Borehole data

Borehole data was provided hige Council for Geoscience (CGS). Boreholes were drilled by Anglo
American and Goldfields during the 80s ands9bhirteenBoreholes closest to the Bethlehstndyarea

and seismic lines are shown infile2.

This study is most interested in the strucsuaad geology below the Karoo Supergroup, borehole data was
used to interpret dolerite sills in the Karoo Supergroup and as a constraint on the depth of reflectors in the
seismic interpretation (Figure 3.2) and (Figure 3.3).

Limitations to the borehole tlacollected for this study are as follows: The boreholes are clutngether

in the north easterand south westergsections of the Bethlehem study afégure 3.). There are no
boreholes on the eastern side of the gravity anomaly. This means thaestiones of the Bethlehem region

do not have any borehole data to correlate with the seismic sections or gravity profiles. Most boreholes do
not go deeper than 2100 m and the Karoo Sediments range from 1 km to 1.7 kn2)(Table
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Table2 Borehole database used to help constrain either the top or base of each lithology in the Bethlehem region (Karoo Si®rgmaaorp Supergroup, Witwatersrand
Supergroup and Granite basement). Coordinatesconverted relative to the WGS84 ellipsoid, Grey blocks represent a lithology that was not seen in the borehole due to the
borehole not going deep enough or the specific lithology ib@iogpresent in that borehole.

Borehole t[))c?::hole HTM%S LEJTM3SS (Enlqe)vation ngc?o ;r/g?mtersdorp \B;gfmfersdorp TWOitpwatersran -I(;?gnite Egrdeho?;
drilled (m) (m) (m) (m) (m)
L 1 4003246 B2Y1992 | 60570068 | 6875037.365 | 1648 | 1103.35 | 1103.35 | 15553 | 1555.3
2 | 2003296 | 7231959 | 635469.168 | 694128222 | 1615 | 822.05
3 | 4003297 | 11181959 617674781 | 6912273.699 | 1660 | 947.01
4 | 403g581| 0191 | 617365926 | 6867847.027 | 1477 | 1320.21 1320.21
5 | 4038501 3131989 | 616767.077 | 6869260.67 | 1735 | 1436.71 1436.71
6 | 4038503| V171991 1 611793033 | 6863202.029 | 1729 | 1284.9 | 12849  |222422 | 222422
7| s038504| 3211993 | 606753432 | 685002157 | 1657 | 1697.31 | 1697.31 | 2653 2653 3603.65
8 | 4038595 | VL6987 | 60679.404 | 6864047.99 | 1628 | 1234.87 | 1234.87
9 | 4038506 | 3/26/1992 | 606117132 | 6860340.606 | 1725 | 1303.79 | 1303.79 | 1964.54 | 1964.54 3135.35
101 4062235| 3/26/1959 | 639631397 | 6920479.003 | 1598 | 866.42
111 406a826| H8/199% | 634697.800 | 6850537.034 | 1799 | 1713.19
121 4213050| 1212711959 650505417 | 6937430.823 | 1667 | 845
131 4213051 | D291959 | ge6002.506 | 6943127.734 | 1565 | 781.2
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Figure 3.2 North - south profile through the western side of the Bethlesteiay areashowing 7out of 13 wdk. The wells were
numbered in @ble2 and gravity map showing the location of boreholes with the dotted line representing the profile shown above.
Each lithdogy is represeted by a different colouKaroo (green), Ventersdorp (orange), Central Ragdllpw), West Rand

(brown) and lasement (pink). Stratigraphic boundaries are marked with a dotted line were possible as some boreholes do not have
enough informaon. Blue dotted line represents 1 km above sea kevadpresents where seismic sections begin.
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Figure 3.3 Borehole data of Karoo Supergroup showing dolerite sills in red. The Borehole data showte dillsrirange in
thickness from 10 m to 200 m. These boreholes were used to constrain the dolerite sills interpreted in the seismic sections.
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3.2Seismic data

Vibroseis reflection seismic data wetellected betweethe 1980s and1990s by Angldsold Ashanti
(Pretorius, 1994). The aim was to determine (1) the extent of the Witwatersrand basin and if gold bearing
strata discovered in the main Witwatersrand basidimentscontinued to the edge of the bas{g)
Exploration of uranium deposit$he study inclued investigation into the structure of the Bethlehem
gravity anomaly and structure below the Karoo. However, no economically minable resources were

discovered and all these investigations were shut down by 1995.

To interpret the Bethlehem geology andistures beneath the Karoo surface, as well as dolerite sills within
the Karoo sediments, 10 seismic lines where interpreted, stretching approximately 10fbgsntlae
Bethlehem anomaly seéglire 3.1. The acquisition parameters used for recordirsg the&smic lines are
shown in Table3, and the proessing parameters are shown in Tabl€he processing parameters for these
data ardaken from (Pretorius et.aR003) as no record could be obtained for this specific set of seismic

lines.

Limitations tointerpreting the 2D reflection seismic lines aréodlews: (1) No velocity data werenllected

in the area that is known of and therefore the time to depth conversion was an approximation using a
constant velocity of 3000 misThe constant velocity tinte depth conversion meant deeper horizons were
difficult to correlte with borehole data. Tabieshows velocities of each different layer taken from
literature mainly based in the main Karoo basin. (2) Few deep boreholes (Table 3.1) used to constrain the
horizons and continuity across each seismic line, meant many parts of the seismic horizons had to be picked
without borehole dat®espite these limitations the dataset provides us with a unique look into the lithology

and structural information beneattetBethlehem region which has had very little exploration thus far.
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Seismic acquisition parameters

Instruments

Vibrators

Recording instrument
No. of Channels
Geophones

Vibrator Quality Control system

Sweep Parameters

Sweep Length

Sweeps peYibroseis Pattern
Frequencies

Listening period

Sample rate

Geometric Parameters

Field spread

Station interval

Vibroseis Pattern interval
Common Mid Point interval
Vibroseis pattern

Receiver pattern

Fold of cover

4 x Failing Y1100
27000 Ib each
SN368/I/0CS
120

SM4

Vigil/Valid

24 s

3

107 61 Hz linear up
6s

2ms

Split straddle
297525x-25-2975 m
50 m

50 m

25m

50 m linear

50 m linear

30

Table3 Summary of the acquisition parameters used for the 2D seismic data between 1990 and 1993 (Pretorius, 1994).
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Table4 Summary of the processing parameters used for the 2D seismic data sets acquired in 1994 (Pretorius, 1994).

Steps | Processing Work flow
Demultiplex 7 including gain removal an
' minimumi phase conversion
2 Trace editing
3 Amplitude recovery
4 Sourcei domain deconvolution
Receiver T domain sort, &k filter and
° deconvolution
Trace normalization and sort into soul
° domain
7 Dip moveout
8 Common midpoint sort
9 NMO correction
10 Surface consistent gain correction
11 Residual statics correction
12 Stack
13 Migration
14 Frequency filter
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Table5 Velocity of each Stratigraphic group found in the Bethlehem region. This is a collection of velocities from literaturthadMissatersrand basin.

Supergroup Group Velocity (m/s) Reflection Reference
(P-wave) Coefficient
3200 De Wet and Hall, 1994
Karoo 3195 Pretorius et al., 1987
3000 Weder, 1994
This Study
o 6400 De Wet and Hall, 1994
Ventersdorp Klipriviersberg 6300 Weder, 1994
6230 Pretorius et al., 1987
-0.065 Pretorius et al., 1987
5779 Pretorius et al., 1987
Central Rand 5750 De Wet and Hall, 1994
5550 Weder, 1994
Witwatersrand .
+0.025 Pretorius et al., 1987
West Rand 5748 Pretorius et al., 1987
-0.032 Tinker, 2002
Basement 5693 Pretorius et al., 1987
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3.3Gravity data

The Gravity data set was provided I tCouncil for Geoscience. In 1994 the Counecglated a database
of Bouguer gravity dataThis is data whicthas beercontinuouslycollected and compiled since 1939
(Gordoni Welsh et al 1986). Most eadings were collected usihgCoste and Romberg geodetic gravity
meters. A grid spacing of 1 km was used for imaging, although the original data points were mainly focused

around main roads with various spacing.

In older parts of the data set, barometerere used to measure elevation and weravaitconstrained
Thesepoorly constrained measurements can raaudin error of between 25 mgal in the graviy data
(Leaman, 1984Hales and Gough, 1960). For this study a more accurate higher resohtdosetlis not
available The resolution of the gravity data set was taken into account during the forward modelling
processDuring forward modelling the densities used for each lithology were taken from literature results

for the main Witwatersranioasinand modified Table6 outlines the densities used.
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Table6 Density of each stratigraphic group found in the Bethlehem region. This is a collection of densities from literaturbedkbsgatersrand basin.

Density used

Supergroup Density . No of ] o
Lithology Reference for this study | Reason for changein this study
Group (glcmd) samples
(kg/m)
2.38 Sandstone 15 Jones, 2003
2.54 Mudstone 25 Jones, 2003 Increase inconsideration of
Karoo 2.55 Sediments Maré, 2012 2.% dolerites present from boreholg
data.
2.96 Dolerite 9 Jones, 2003
Ventersdorp | Klipriviersberg 2.88 Lava 40 Jones, 2003 2.88 e
2.89 Basalt 5 Maré, 2012 Within range
2.69 quartzite/conglomerate 308 Jones, 2003 Used lower densitieas less
Central Rand 2.63 quartzite 285 Maré, 2012 2.61 quartzite conglomerate observe
Witwatersrand 2.61 ferruginiousshale 2 Maré, 2012 in boreholes
West Rand 2.95 Iron rich shale 2 Maré, 2012 291 -
2.01 quartzite 2 Maré, 2012 Within range
Basement 2.65 Gra}nitoids. (Vredefort) 71 Henkel and,ReimoId, 199¢ 267 Within range
2.67 Granite/gneiss (Vredefort) 1 Maré, 2012
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Figure 3.4 Bouguer Gravity map of South Africa with Bethlehem study area outlined in blag&bmse) Bouguer gravity map
of Bethlehem study area (belov@eismic lines (dotted lines) and boreholes (white triangles) are overlain ofModgied from
Council of Gescience).
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3.4Magnetic data

The Council of Geoscience collected and compiled the regional aeromagneticdlaiagghe 1980s and
1990s. Data was collected using the Cesuapor magnetometers. The dataset was flown at a flight height
of 1007 150 m at a line spacing of 1 km and sample spacing ofh.60he Council of Geoscience has
compiled data for most of southernrigh and has gridded the data at 1 km grid spacing (Stettkr,
2000).

The imitations of using aeromagnetic data wétlarge line spacing (1 kngre as followsit is not suited

for quantitative and calculated small scale interpretations. It is duéted for qualitative, large scale
interpretations such as, magnetic lineaments, boundaries and lithology differences. For this study magnetic
data is used to determine dolerite sills within the Karoars&mats which are observedliorehole data see

Figure 35.
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Figure 3.5 Map of magnetic data in the Bethlehem area showing, outline of Bethlehem greritgly (solid black lingyseismic
lines (dotted black linegnd borehole location@vhite triangles)town of Bethlehertblack dot)
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4 Methodology

To achieve a constrained 3D geologicabdel and 3D gravity model of the Bethlehem region a
multidisciplinary geophysical approach was used. This study involved the following procedures: borehole
analysis, magetic interpretation, 2D reflection seisnsiectionanalysis, 2D forward modelling of gravity

profiles and 3D geological and gravity modelling.

In this chapter we outline the process taken for each method to create the 3D geological model and 3D
gravity model, indicating at what points these methadsgrated with each other, seige 4.1. We
summarize the background theory behind the 2D reflection seismic method and provide detailed outline on
the method used during the interpretation process ofihmi sections. We then outline the method used

for the magnetic qualitative interpretation. The background theory of thiéygdava is also discussed in

detail on the 2D and 3D forward modelling method.
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Figure 4.1 Flow chart outlining the process for each borehole, magnetic, 2D seismic and gravity data sets used in this study to a
3D geological model and 3D gravity model. Arrows are used to show the order of each step in the ptbadmnalatasets were
integrated and used as constraints for a more accurate interpretation.
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4.1Seismic reflection method

4.1.1 Background

There are a number of methods used in mapping the subsurface which have been very successful in
determining mineral bodies and geological boundarfé® seismic reflection method provides high
resolution imaging of subsurface struetsi and lithological undaries The reflection seismic method
estimates the physical properties of the earthos
the principles of seismology (Musset and Khan, 200®is method has become a key tool in determining
structures at depth while still maintaining high resolution. Currently 3D seismic is the leading method in
mine planning and deep exploration (Pretorius etl@b4; Salisbury and Snyder, 2007; Malehmir et al.

2012)

4.1.2 Survey design

Snel | 6s Lsahe bettawier and ipdihea wave will take when it crosses an interface between two
mediuns with different refractionindices(Kearey et al 2002). The reflection seismiechnique is based

on thisprinciple. During a reflection s&inic survey an energy sae (e.gexplosive or Vibroseis system)
produces a compressional wave which travels through the subsurface. When this compressional wave
interacts with an interfadeetweertwo mediums with different physical properties, it will either refract and
continte through the media or reflect back to the surface. These reflected waveeasured using

geophones which are placed on gineund

To observe and image a reflector, two factoecansidered. The acoustic impedance contrast between 2
rock types andhe geometry (Salisbury and Snyder, 200Exach geological layer has an acoustic
impedance. The difference in acoustic impedance contrast between each layer is used to determine the
energy of a reflection from a boundary. It is calculated using the tyelwil density of the rock layer and
is defined by:

®w=0z" 1)
where () is theacoustic impedancey) is the velocity and”() is the density of the rock (Veeken, 2007).
The acoustic impedance contrast between two geological layers will determine if a reflection from the
geological interface is strong enough to be observed. The applies for a reflection from any structure
(e.g. faults) and its surrounding medium. A strong reflertglies a high acoustic impedance contrast
between rocks and therefore better interpretations can be made. Whepeas,reflectoimplies a low

acoustic impedance contrast (Salisbury and Snyder, 2007).
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A reflection is strong enough to be observed if the impedance contrast between two layers is°2.5 x 10
g/cn?. This isequivalent toa reflection coefficient of 0.06. The reflection coefficienCjRs defined by

the difference between two rock types having a dehditgnd” 2 and velocityo1 andv2.

Y6 )

The second factor that will determine how well the seismic technique can map the subsurface at a specific
depth and resolution is the geometry, which involves the size and depth of the reflector or structure being
surveyel. The vertical resolution limit describes the smallest interval at which you can identify the top and
bottom of a horian or deposit at certain deptAsis is also known as the tuning thickness. The horizontal
resolution limit describes the ability toddtify the diameter of a deposit at depth.

The tuning thickness is used to estimate the minimum thickness for which a tabular deposit can be
determined. The tuning thickness also known as the vertical resolution limit or Rayleigh limis and
defined aghe interval of constructive interference between seismic waves reflecting off the top and bottom
of the deposit or horizon. The tuning thickness (t) is expressed as the average velocity of the rocks (v)

divided by 4 times the dominant frequency (f) of shevey.

0 — 3
The horizontal reolution limit is determined by the width of the first Fresnel zone. This is the area where

reflected waves constructively interfere by less than half a wavelength. The width of the first Fresnel zone

is determined by the dominant wavelength and deptlepbsit (Salisbury and Snyder, 2007).

4.1.3 Seismic Interpretation

The seismic data were interpreted in HIS Kingdom Stitierpreting seismic data is dependent on the
vertical and horizontal resolution of the data and the geological constraints used (e.g. borehole and surface
data).

The seismic data in the Bethlehestudy areds legacy data but the quality is good enotgiproduce
continuous reflectors. Seismic horizons are the reflectoratbhaicked by the interpreterh@y are based

on continuity and strong seismic amplitudes. When picking a horizon in the amplitude based interpretation,
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the trough or peak is chosemased onhe polarity of the seismic datBy showing the change of the
acoustic impedance contrast between layers, the amplitude attribute indicates a change in lithology. The
amplitude display is one of the most common used attributes to interpreicssgstions and was the main
attribute used for picking horizons from the Bethlehem seismic sections. These horizons can represent a

lithological boundaries or structural events such as faults or unconformities.

Using all the concepts described above Bethlehem seismic sections were interpreted with the best
possible constraints and approximations possitith the available data. The next section will describe in
detail a justification for each of the horizons which were picked and the constraadts us

4.1.4Justification for lithological boundariesAll densitiesand velocities shown inable5

Karoo Contact

The Karoo Supergroup has a p and Vp range of 2.5 g/cm3 and 3000 3500 m/s. This is much lower

than the underlying rock groups witlpaand Vp range greater than 2.5 gi@nd 5000 m/s. This contrast

will produce a high RC and strong amplitude reflection. Within the Karoo Supergroup most of the layers
consist of sandstone (2.38 gRnand shale (2.54 g/cn This variation in p will prodce an acoustic
impedance contrast at each contact. The dolerite intrusions within the Karoo Supergroup will also produce
a strong reflectgras dolerites have a much higher velocity (6, 200 ,ne@nparedo that of he Karoo
Supergroup rocks in that ar€khe strength of the reflector may fluctuate according to the thickness of the
dolerite (Fatti 1970).

Ventersdorp Supergroup (Klipriviersberg lava) i Witwatersrand Supergroup (Central Rand Group)

The Ventersdorp Supergroup in the Bethlehem region certdighe Klipriviersberg Group with a Vp and

p of (6300 m/s and 2.89 g/énThe underlying lithology is the quartzite and conglomerate layers of the
Central Rand Group, with a Vp and p of (5700 m/s and 2.76*gfonthe quartzite layers. The drop in Vp

and p at the interface between the Klipriviersberg and Central Rand Group will produce a strong amplitude
reflection with a negative RC. The Klipriviersberg and Central Rand Groups individually are fairly
homogeneoutayers, with little change in p.nErebre transparent or weak reflectors will be seen within

each layer.

West Rand Group Contact
The Central Rand Group as previously stated consists of mostly quartzite and conglomerate layers and
minor shale and volcanic layers. The range in Vp and p foCdmtral Rand Group is (50005800 m/s

and 2.67i 2.87 g/cmd). The West Rand Group has a rock sequence consisting of shales, ironstones,
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guartzites, anglomerates and volcanic laydihe Vp average is (5750 m/s) and p range of (R.86L5

g/cn). This vaiation in density, will image the West Rand Group package as a series of closely spaced
reflections with varying amplitude. This will be contrasting to the homogeneous Central Rand Group. Due
to the Vp and p change, it will be possible to image the upcaiitly between the two groups as the

dominant quartzites of the Central Rand Group overlie the shale units of the West Rand Group.

Basement Contact

The basemerguite and greenstones have a Vp and p of 5693 m/s and 238 Atmarding to borehole

data the basement interface underlies the West Rand Group and the Karoo. The base of the West Rand
Group rocks hava very similar Vp and p to theabement rock and thereforaymot be imaged. However,

the lasement rock has a mdremogeneous layer compared to that of the West Rand Group package. This
contrast will define the appearance of a change in rock type but will not give the exaaifdep interface.

Where the Bsement rock underlies the Karoo lithology, the change iandpp will allow an interface to

be imaged.
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4.2Magnetic Method

As stated in Chapter 3 the magnetic databate used for a qualitative interpretatjaue to the large flight
and lire spacing. The magnetic data wigttegrated with borehole and seismic data to integuietritesin

the Bethlehem region.

4.2.1 Background

The magnetic method has been a major geophysical method used in determining the extent of the
Witwatersrand basin. Magnetic shales in the West Randp=sf the Witwatersrand Supergroup were used

asa marker to determine gold bearing strata found in thelying Central Rand Group. Theagnetic

method has also played a big part in determining dolerites in the Karoo Supdagdaer, 2015).

4.2.2 Magneticlnterpretation

Magnetic data wereased to understand the distribution of dolerites across the Bethlehem region. In doing
so a qualitative analysief magnetic anomalies could be done to determine which anomalies were
associated with dolerites and whiobuld be related to structures bendathKaroo or structures relates

the Bethlehem gravity high.

A qualitativeanalysis of doletes within the borehole data wersed to confirm the trend and distribution
of dolerites within a few seismic sectiomdich had a borehole that coincided with its location. IHS
Kingdom Suitenvas used to interpret seismic data to better understand geometry of subsurface dolerites. An

explanation of seismimterpretation is described ire&ion 4.1
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4.3Gravity Method

A brief summary outlining the principles of forward modelling is discussed in this section. These algorithms
were the main methods used in the software to create the 2D and 3D models of the Bethlehe@asgion.

Montaj was usetbr 2D forward modellingad PyGMIwas used for 3D forward modelling of gravity data.

4.3.1 Background

The gravity method is a widely used technique which detects lateral density contrast in subsurface rocks. It
can be used in small scale surveys, detecting minute density contsastadires of a few meters, as well

as large scale surveys, capable of identifying faults, intrusions and more (Mussett and Khan, 2000). Forward
modelling is made up of a three step process which are; (1) create an initial source body based on geological
and geophysical information, (2) calculate anomaly of created model and compare it to the observed
anomaly and (3) correct model making adjustment on all parameters to determine a suitable fit between

observed and calculated anomalies.

4.3.2 Forward Modelling Mé&éods

4.3.2.1Two and two and a half dimensional Talwani Methods

The Talwani algorithm describes a two dimensional body with a gravitational attraction, where at least one
dimension can be infinitely long. This would describe the real life situati@ndyke or fracture. As one
dimension is infinite, integration is only performed on the egesgtion, which has been simplified to
approximating the wavy outline as assided polygon. The Talwani et al. (1959) algorithm is widely used

in many2D forward nodelling programs (l§ure 4.2). The equation for the vertical component gravity, g

is given by:

N ¢O'B —atR | —  — 4)

—— and | © | a (%)

wherei is the distance from the polygon cornes ¥ to the point of calculation P, aré is the angle

between P and polygon corner, G is the gravitational constaif’aiscthe density contrast.
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Figure4.2 The geometry of a 2D source used to deterthied alwani method et al., (1958gorithm to describe the gravitational
anomaly created by the source. The top diagram shows the source has been elongated -axésthadythe bottom diagram
shows how the smooth outline of the cresstion is simplified to a-sided polygon. Diagrarmodified fromBlakely (1995).

35



4.3.22 Rectangular prism method

The rectangular prism method usesiraple shape like a rectangular prism which hksavn solution to
determine thgravitational effecof an object This simple shape can heed to build up a complex source

and determine its 3D gravitational effect by summing the isoluf each rectangular prismidiere 4.3).

A complete derivation for the rectangular prism method can be found in Blakely (1995). Below is a short
summary folbwing this derivation. The gravitational anomaly due to a point source P is given by:

ol

"q0 Y "0 =00 (4.6)

where P has a density and volume, P is located at the origin a distance r away, U is the gravitational
potential and G is the gravitational constant.

° P(x,y,z)

y2X1

X2

Figure4.3 The geometry of a 3D rectangular prism method, approximat®dimensional mass. Diagram modified from Blakely
(1995).
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For a rectangul ar prism with a constant density

equation (4.6) is given by:
"Q Oa — Q@& 4.7)
After integrating over the volume, the analytic solution is:
M OB B B ‘ 40O ©0e&E ol lC o oI o (4.8)

where G is the gravitational constant and
Y W 0« and ‘ p p p (4.9)
By summing the results of equation (4.8) with a corresponding density for each prism, the vertical

gravitational attraction can be calculated. This method may not be the most practical as it makes
unnecessary calculations for boundanvhere two side by side prisms have the same density (Blake, 1995).

4.3.3 Gravity Interpretation

The gravity dataset provided by CGS had a 1 km line spacing. To provide a more localized interpretation
that would not be affected by regional gravity pattenngery deep structures a residual gravity map was
created and used for the 2D and 3D forward maodeisis study Oasis Montaj asused to calculate the

residual Bouguer gravity map.

To enhance features closer to surface a residual gravity map wasl@edtused for 2D and 3D forward
modelling Generally features closer to surface or smaller ia s&@ve shorter wave lengths compared to
deeper larger anomali¢slusset and Khan, 20D0A regional gravity mapvas produced bygalculatinga

3 x 3 Hanningfilter on the original Bouguer gravity maphe regionalgravity map showshe long
wavelength pattesof the original Bouguer gravity maphis regional gravitymap washensubtracted
from the original Bouguer gravity map which produced a residual Bougravity map The residual
Bouguer gravity map shows features closer to surface and shorter wavelength anevhalresyere
previously hidden due to the longer wavelength regional patberimg astronger feature. Figueke4shows

a comparison of theriginal Bouguer gravity map and residual Bouguer gravity map as well as the

calculated regional Bouguer gravity map.
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A crustal thickness map shows thid@ckening of the crust over the area of Bethlehefe crustal
thicknesgs werecollected by the SouthAfrican Seismic Experiment (SASE), during the period 1997
1999 (Carlsoret al, 1996 and Jamext al.,, 2003). These ttions were spaced00 kmapart.The crustal
thickness map of the Bethlehem region is gridding ardusthtion point. Therefore theustal thickness

datawasonly used as an observation and not for any quantitative interpretation.

A 2D profile X-Y (Figure 4.5 of the regional Bouguer gravity data was modeled. This is npodsénts a

2D forward model of theipper crustljower crustand mantleThis 2D forward modethows the regional
Bouguergravity does not affeche upper crust in which borehole, seismic and gravity interpretations were
madefor this study The 2D forward model shovessmooth upwarpf the lower crustwhereas thenantle

shows a slightly more undulating surface. The densities and constraints used for the forward model is taken
from Jameset al. (2003 and Niu and Jameg$2002. These models and densities were closest to the
Bethlehem region

28°00" 29°00 28°00’ 29°00"

Figure 4.4 Map Ai original Bouguer gravitynap, Map B residual Bouguer @vity map, Map G calculated regional Bouguer
gravity map and Map D crustal thickness map, overlain with borehole data (white triangles and sdisesc(black lines).
Profile line X - Y (black) used for forward modelling in figure 4.5.
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Figure 4.5 Profile X-Y showingtheremova of regional gravity dataAbove image shovRrofile X-Y of the originalgravity data

(green line) compared teegional gravity datgblue line) and residual gravity data (red line). The residual gravity map was used
for 2D and 3D forward modellinfpr this study

The theory and methagresented above were used in software and interprettidatato determine a

well constrainedgonsistent 2D and 3D moded the Bethlehem ared@he results are presented in Chapter

5.
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5 Results

The seismic and 2D gravity forward model resultspresented belowA final illustration is presentedo
combine the fault interpretations from seismic and gravity data (Figure 5.17 and Figure 5.18).

5.1SeismicResults

12 Seismic lines were interpreted for the Bethlehem study BEneaseismic sectioremedescribed in terms
of the 4major contacts which include; Kar@upergroupVentersdorfsupergroupCentral Rand Grqu
West Rand Group and basemeérttese contacts are used to constrairRibdorwardgravity models and

to define and constrain the 3D dmgical model

Magnetic and borehole data is included in the seismic interpretation to show where boreholes coincide with
seismic datgFigure 5.1) These boreholes were used to determine the doleritendtli;n the Karoo
Supergroup.The seismic sections can be divided into two areas; the south western region which has
majority of the seismic sections and cross over seismic lines that allow for a more constrained interpretation.
The north eastern region which has few seismic sectodsboreholesvhich made constraining the

interpretation difficult.

The seismic results area presented as the south western region and north easte/ degmiption of

how each lithology was interpreted in these regions is giwéich isfollowed by the figures of each
seismic section in that region. A description of individual seismic sectam®e found in Appendix A.

The gravity map (fgure 5.1) is used as the base maptifie seismic line locations becatise Bethlehem
gravity high can be &sl as a referendecation,as well as correlation to gravity structuseich can be

made with the seismic interpretatiorhe magnetic map shows features close to surface and was used to

correlate locations of sillwith seismic sectionffigure 5.1)
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Figure 5.1 Location map of seismic lines interpreted for this study overlaid on the residual gravityeftaprd magnetic map
(right) of the Bethlehem region. Seismic lines are centered on the td®ethdéhemMost of the lines end at the town, crossing
one side of the anomaly except for EB310 which runs across the anomaly. EB310 is also split into 3 parts A, B and Bol€se bore
are represented by green triangles. The south western region andeastdrn regionare separatedby dashed line

5.1.1 Seismic results of south western region

In the south western region thfe Bethlehenstudy aredhe seismic sections cover a large area with a fair
amount of detailFigures 5.2 5.9 shows each seismigcton with and without interpretatior2 seismic
sections(EB334 and EB 337¢rosscut several other seismic sections which creates a well constrained
interpretation inthe south western regiorBorehole data weresed to constrain depth of reflectors.
Howeer, the constant velocity depth conversion meant depth recorded in boreholes may not be the same
as the seismic section depth

Two faults were interpreted the south western region which alescribed as follows.

Fault Bi Interpreted in EB330, EB33nd EB31(Figure 5.2, 5.3 and 5.4s a north northwest trending
normal fault, dipping towards the west. Fault B uplifts the granite to the east and truncates the West Rand
Group to the west of the fault.

Fault Ci Interpreted in EB31QFigure 5.4)s anorth northwest trending normal fault, dipping towards the

east. Fault C uplifts the granite to the west of the fault and truncates the West Rand Group to the east of the

fault.
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The kmasement granite suite is distinguished in the seismic sections nyogdeous layer of reflectons
mentioned in Gapter 4No boreholes in the south western region intdrééest Rand Group and basement.
Therefore the West Rand Groiipbasement boundary is only defined by the change in amplitude of
reflectors from closgl packed strong reflectors to a homogeneous seismic package. This boundary is not
as constrained as the Karoo, Ventersdorp or Central Rand inteffhedsasement is at a depth of 5 km in

the south western region agdadually shallows towards the easowh in EB330, EB332, EB310 and
EB335.In seismic section EB310 the granite has been uplifted by normal faults Btarie ®eneath the

Karoo to form a ridge trending north northweaftithin the granite layer strong reflectors are obsgatea

depth of 55 km. These strong reflectors aisible in sections EB330, EB332, EB310 and EBaB4at the

same depth.

The West Rand Group was defined by a package of closely spaced, strong internal reflectors, due to the
shale and quartzite layering within thgeup. This is described in chapter Zhis type of package was
observed clearly in sections EB310C, 38, EB334. However, not all seismic sections show this
distinguishing reflector packagkn these cases such as EB332, WB491 and EB331, cross cuttingseism
sections anthe closesboreholesvere used to approximate t@entral Rand Group West Rand Group

interface.

The second difficulty is interpretirthe base of the West Rand Grotlipere is no distinct reflector to mark

this interface, duetotree di ment ary/ fel sic base of t he West Ran
granite. However the granite basement poedua homogeneous packageseismic sections and this was

used as the boundary between the West Rand Group and granite basemense€hisn seismic sections

EB330 and EB310. The WdakandGroup thickness ranges from 2 km to 5 iknthesouth western region

The base of the West Rand Group is at a depth of 5 km and is tilted towards the east observed in section
EB322 and EB310ATheWest Rand Group continues to shallow toward the east where it truncates the
Central Rand Group and Ventersd@ppergroupcreatinga lithological contact change. This contact is
observed in section EB332, EB310, EB330, EB334, EB335 and EB83fie soutlof the region sismic

sections EB331 and WB1 show théVest Rand Group underlying the ia Supergroupt a thickness

of 2 km. The boundary for the West Ra@doup in seismic sectionH331 and WB491 have the least
constraint of all the seismic sectiofi® the east of the region theeat Rand Group is truncated laufts

B and C on the west and east respectively, as the basement has been uplifted to underlie the Karoo.
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The Central Rand GrotpWest Rand Group interfaeeas difficult to constrain. Withhie exception of one
borehole, there was no interception of the boundary between Central Rand and West Rand or the base of

the Witwatersrand Supergroup in the borehole data.

The Central Rand Group is only interpreted in the south western regismiSsectons EB322, EB337,
EB334 and EB335hows the Central Rand tilting upwards towardsibreh east, where it isuncated by

the Karoo.The thickness of the Central Rand Groupges from 1 to 2.5 knwhere t is pinched out and
truncated by the West Ra@&toup The truncation of the Central Rand Group is confirmed in boreholes 9
and 6 on seismic secti@B310 which show€entral RindGroupunderlying Ventersdorfupergroupn
borehole 9 and West Rand Group underlying Venters8apgegroupin borehole 6.

The Ventersdorp Witwatersrand contact is fairly sparse and only appears on the western and southern
ends of seismic sections EB330, EB322, EB310, and EB335. Boreholes 9 and 7 show the base of the
VentersdorpSupergroupanging from approximately 2000 t@ 2500 m from surface which corresponds

to sections EB332 and EB335 respectively.tha south western regiaie VentersdorgSupergroup
unconformably overlies the West Rand Group in sections EB310, EB335. The Vent&wggergroups
otherwise overlying the Central Rand Group and is tilted upwards in an easterly directiom,itwhe
truncated by the Karodhis is shown in sectiorisB31Q EB335 and EB334.

The base of the Karoo is clearly imaged on adirei& sections due tositow velocity and densityompared

to the underlying layers. The depth of the interface across the south western section is betweein 1000 m
1500 m. The Karoo interface is fairly horizontal, truncating all underling layeadingan angular contact

with the Ventersdorp Supergroup, Central Rand Group, West Rand Group and ba3&esmtangular
contacts are clearlyisible in seismic section EB33here the VentersdoipCentral Rand Grouiterface

and Central Rand GroupNest Rand Groumterfaceare tuncated by the Karoo interface.

Within the Karoo Supergroup borehole data wased to determine the location and structure of dolerite

sills on seismic sections EB310 and EB337. Boreholes 9, 6, 4 and 5 are positioned along seismic section
E310. These boreholes show 2 dolerite sillslepths of approximately 600 and 1 kmwith varying
thicknesgsof 40 mi 180 m and 40 m to 100 m respectively. Seismid@e&B337 has one borehole with

a dolerite intrusion at depth of 500 nand thickness of 100 m.
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Figure 5.2 Gravity map (A) shows location of the seismic IBeismic section EB330 with no interpretatiBy &nd interpretation
(C). There are no boreholes close to this seismic Faelt B uplift granite and tilts West Rand Group.
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Figure 5.3 Gravity map (A) shows location of seismic section EBZ&2smic section EB33R&ith no interpretation (B) and
interpretation (G. This line was separated into A and B. There are no boreholes close to this seismic li
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Figure5.4 Gravity map (A) and magnetic map (B) shows location of seismic line and borehole for EBi8ffic section EB310 C and B with no interpretat@raqd interpretation

(D).This line was split into 3 partsection EB310 C and B on the south western side and EB310 A on the north eastern side. Boreholes 9 and 6 go deeparabamthar&
shown in the interpreted seismic section. Boreholes 9, 6, 4 and 5 also show dolédtearaishown in (E)
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Figure 5.5 Gravity map (A) shows the location of seismic section and borelS@esnic section EB335 with no interpretation (B)
and interpretation (C). Borehole 7 whicdverlies seismic section EB335 is shown in (C).
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Figure 5.6 Gravity map (A) and magnetic map (B) shows the location of seismic section and boreholes. Boreholel whiclseigniesection EB337 with no interpretation (C)
and interpretation (D)Seismic section EB335 is shown in (D). Borehole 1 also shows dolerite intrusions and is shown in image (E).
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Figure 5.7 Gravity map(A) shows the location of seismic section and boreh8&smic section EB334 with no interpretation (B)
and interpretation (C). Borehole 6 which overlies seismic section EB334 is shown in (C).
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Figure 5.8 Gravity map (A) shows location of seismic liBeismic sectiolVB491with no interpretation (B) and interpretation
(C). There are no boreholes close to this seismic line.
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Figure 5.9 Gravity map (A) shws location of seismic lin&eismic section EB23with no interpretation (B) and interpretation
(C). Borehole 11 is shown in interpreted seismic section (B).
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5.1.2 Seismic results of north eastern region

The north eastern region has only 3 seismic sectiooavier a large area, with very few boreholes. There
are no cross cutting seismic lines to constrain reflectors and all boreholes near the seismic sections are less
than 1 km deepexcept for boreholes 2 and 3 which show the basement granite suite ugdédyitaroo.

With this in mind the seismic sections were interpreted with care when picking reflectors.

Seismic section EB310A was interpreted to have a thin layer of the West Rand Group underlying the Karoo.
This was constrained by the continuationhef West Rath Group eastwards in line EB3&ich slightly
overlaps section EB310A very thin layer oWest Rand Group was sérved in seismic sections EB311
TheWest Rand Group basement interfade not clear and an undulating surface was interptetstow

the West Rand Group wastrabcontinuous thickness.
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Figure 5.10 Gravity map (A) shows location of seismic liBeismic section EB310#ith no interpretation (B) and interpretation
(C). There are no boreholes near his section.
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Figure 5.11 Gravity map (A) shows location of seismic liBeismic section EB311 with no interprétat(B) and interpretation
(C). Boreholes near this seismic line do not go deeper than the Karoo and are not shown.
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