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Abstract

PlatinumGroup Element§é P G Ea@dschromiunare the main economic minerals thed found within

the Bushveld CompleXn particular, he Far Western Limbf the Bushveld Complex has not been
completely exploredas it is overlain by a thicQuaternary sedimentamyepositwhich masksthe
contacts between the differamderlyinglithological units.Chromiumoutcropswithin the Far Western
Limb have already been identified and minetie Tstudy aims to assess the feasibility of extended
geophysical surveys which will furthédentify the shallow subsurface lithologies and evaluate the
future mining potential in the areResults of this study show that the quaternary cover is approximately
eighty meters thick implying a shallow bedrock within ¢hFar Western LimbThis was used to
delineate a contact between thensvaal Supergroup and the Rustenburg Layered thaitevas lost
beneath the sedimentary cov&his shows thashallow geophysicahvestigatios and drilling can

prove useful in delineating the lithologikesing the chromium ores
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1 Introduction

There have been extensive studies conducted on the Bushveld Coduygew it being the largest
known | ayered igneous intrusion and its | arge ¢
reservegCrowson., 200L Almosthal f of the worl|l dbés pl at iaotharm, chr

refractory minerals come directly from the Bushveld Complex.

The Bushveld Large Igneous Province (ca. 2.05 Ga), commonly known as the Bushveld Complex,
intruded into the Transvaal Supergroup in the form of fikshdhardtet al.,2012; Basson, 2019}t

consists of the Northern Limb, Southern Limb, Eastern Limb, Western Limb, and Far Western Limb.
The contacts between the Bushveld Complex and the Transvaal Supergroup can only be seen within the
Transvaal and Kanye Basirfsidure 1.).

The Palaegroterozoic Transvaal Supergroup (ca. 2.6506 Ga) was deposited onto the Kaapvaal
Craton (ca. 3.i72.6 Ga) while it was experiencing thermal subsidence to a point where it was below sea
level (Clendenin et al., 1989991, Erikssoret al., 1993, 1995; Bumby et al., 201Zhis subsidence
allowed for a shallow continental shelf to be established upon which the Transvaal Supergroup was
deposited. This volcargedimentary sequence is still preserved in the Transvaal (South Africa), Kanye
(Botswara), Bushveld (Southeast Botswana), and the Griqualand West (South Africa) structural basins
(Figure 1.) (Eriksson et al., 1995; Eriksson and Altermann, 1998)
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Figure 1.1: The Kaapvaal Craton (green outline) with the outcrops from the TranSugedrgroup (blue) basins (Griqualand
West Basin, Transvaal Basin, Bushveld Basia Kanye Basiand the Rustenburg Layered Suite (red) from Bushveld Large
Igneous Province marked.



The economic minerals (platinum, chromium and vanadiamefound in several economic layers in

the complexas the Bushveld Complex sills intruded possible magma miailogving for the cyclic
layering within the Rustenburg Layered Silteine, 1977; Kinnaird et al., 2002Fhromium ore from

the Bushveld Complex occurs in the Rustenburg Layered Suite. The chromiootanegrg within the
chromitite layers is enriched up to 30%. This is significantly higher than the average basaltic lava which
has0.0@®% chromium. The formation of the chronméilayers has not yet been identified although
several ideas do exiéinnaird et al., 2002)The thickesthromitite layers are approximatelymthick

and originate within the Critical Zone ofeRustenbuy Layered Suite.

The Far Western Limb does not draw much attention due to the absence of the major lithologies hosting
the platinum and chromium reserves, although it does host the chromitite layers from the Lower Critical
Zone within its centréEngelbrecht., 1985; 1990These chromitite layers are currently being mined
where they outcrop. To fully understand the extent of the chromitite in the Far Western Limb, the
subsurface lithologies and structures need to be identified.pfééents a challengiue to the vast
Quatrnary cover over the centre of the Far Western Lahiich limits the mappable contacts between

the lithological units and structures within the basiigre 1.3. Geophysical methods have proven
useful to describe the subsurface geology of the Far Western Limb, including théese20ndT'WT
vibroseis surveys that were previously acquired in the are2fRZRZ255, RZ256) (Tinker et al.,
2002)(Figure 1.3. An existingoutcrop along the rim of the Far Western Limb was used to correlate

lithologies tothe reflections seen on the seismic sections.
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The legacy 2D reflection seismic survey identified lithologies from the Pretoria Group, the
Chuniespoort Group, and the Black Reef Formation of the Transvaal Supergroup unconformably
overlying the Ventersdorp Supergroupdure 1.3. Within this seismic section, there is an unknown
lithological unit Figure 1.3 green arrowthatwas not identified. This is due to the lack of outcropping
lithologies along the centre of the seismic profile and due to the study mainly focusing on the deeper

structures.

One of theselegacy seismic lines (RZ254) wasreprocessed andeinterpreted in this study.
Reprocessing only focused on thavRvefirst break refraction tomographwhich provided a clearer
understanding of the shallow subsurface (first 100 m) lithologies within the centre of the Far Western

Limb and the unclassified lithological unit from the seismic secfiagufe 1.3 green arrol
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Figure 1.3: Interpreted 2D reflection seismic data (RB4) tending NortiSouth over the entire Far Western Limb (modified
after Tinker et al., 2002) with lithologies responsible for the reflections indicated.

Nearsurface geophysical studies (deégure 1.2red boxes for location) were conducted in 2018 to
identify the shallow subsurface in the Far Western Limb arap the pdential extension of the
chromitite from its outcrop towards tidorth of the study areas. The survey consisted of reflection

seismic DC resistivity, and magnetic methods.

Previously, only the refraction tomography was processed from the seismic data cdlediteglithe
course of thistudy, | will better characterise the subsurface in the Far Western Limb by processing the
new reflection seismic data (first 15 m) aiderpretingthe first break refraction tomography of the
legacy 2D reflection seismic dataprovide a clearer understanding of the shallow subsurface (first 100
m) lithologies within the centre of the Far Western Limb and the unclassified lithologicait uhé

centre of the seismic section.

Field samples were collected and analysed. The physical properties of these samples were measured

which allowedfor seismic, DC resistivity, and magnetic data modelling. Geochemical analysis of the
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samples was used to identify which lithological unit these samples belpagdagrovidd more

information on the shallow subsurface.

Integrating and interpreting these datasets will allow for the tectonic history of the Far Western Limb
to be further understoday identifying the undefined lithology seen on the seismic sectisnvell as
help with the planning of future exploration within the Far Western Limhaddition,it may posdly

presat the lateral extent of the Bushveld Complex metamorphism.

The understanding d@he geological history of the Bushveld Complex is vigal it potentially allows
for similar layered intrusions to be identified worldwideparticularthe outlier intrusions like the Far

Western Limkthatwere previously thought to not contain any economic minerals



2 Geological background

A few attempts have been made to constrain the geological history of the Far Western Limb, although
none have proven to be successful due to the inability to map and classifyliliblbgies present in

the area due to Quaternary cover. The lack of deep boreholes in the centre of the Limb that penetrate
the Transvaal Supergroup also makes it difficult to map and classify any of the shallow lithdlbgies.
existing boreholes that are within the Far Western Limb were sunk close to the outcropping Lower
Critical Zone and only revealed the thickness of the Rustenburg Layered Suite lith(itogjekbrecht,

1985.

In this study we investigate historic seismic data and two more recent geophysical surveys. These
surveys pass ovéthologiesof theTransvaaBupergroup, as well as the Bushveld Complex.|@tacy
reflection seismic line images the Ventersdorp Supergroup contact with the Transvaal Supergroup at a
maximum of 2 s depth. A dyke also mapped by magnetic data is thought to be part of the Marico
Hypabyssal SuitéEngelbrecht, 1990

2.1 Ventersdorp Supergroup

This volcanic sequence is suspected to be extruded unconformably over the Archean granite basement
(Tinker et al., 200Pwithin the Far Western Limb. It consists of predominantly three Graupasal

unit known as the Klipriviersberg Group which is a komatiitic flood basalt (2787 + 23#anénijder,

2017 U-Pb ID-TIMS, baddeleyite from the dolerite) unconformably overlain by the Platberg Group
(2709 = 4 Ma) Armstrong et al., 199lion probe UPb Zircon) which is a volcarsedimentary
sequence. This ishén overlain by the Pniel Group which is also a volesedimentary sequence
(Bumby et al., 202).



2.2 TransvaaSupergroup

As mentioned, the Transvaal Supergroup is still preserved in the Transvaal (South Africa), Kanye
(Botswana), Bushveld (Southeast Botswana), and the Griqualand West structura(thésinasn et

al., 1995; Eriksson and Altermann, 1998all of these basins have similar deposatthough the
nomenclature for lithologies within each basin is not standardized. As this study focuses on the Far
Western Limb of the Bushveld Complex, the Transvaal Supergroup basins that are ofsimezdbey

are all inthe proximity of the study areare the Kanye, Bushveld and the Transtaains

The basins that were created by the subsidence formed a shallow sea where the river channels drained
into and formed the beach and shallow water marine deposits (conglomerates, sandstones and
mudrocks)YHenry et al., 1990; Eriksson et al., 1995; Eriksson et al.,)aif@he Black Reef Formation

(2642 + 3 Ma) (Valravenand Martinj 1995 U-Pb zircon crystallization). This formation is considered

to be the erosional contact with the underlying Ventersdorp Super@teuapy et al., 1990; Clendenin

et al., 199; Eriksson et al., 1993; Eriksson et al., 2006

The uppermost mudrocks of the Black Reef Formagiafollowed unconformably by the Malmani
dolomites (2550 + 3 Ma)Barton et al., 1994U-Pb zircon dating) of the Chunniespoort Group which
represents a transgressive flat carbonate platf@iemdenin, 1989; Eriksson et al., 2006he Penge

Iron Formation (2431 + 31 Ma)\alravenand Martini, 1995 Pb-Pb zircon evaporation) consisting of

the banded ironstones known for their asbestos and mangane¢Beaariess, 1983; Eriksson et al.,

1995; Fanchi et gl2019 conformably overlies the Malmani dolomites and represents the chemical
sedimentation that occurred within the Transvaal basin. This also marks the end of the Chuniespoort
Group which has a minimum age of 2432 + 31 (Maendall et al., 1990 It was unconformably
followed by the Duitchsland Formation (2424 + 24 Maagmussen et al., 2Q1SHRIMP U-Pb zircon)

which consists of the carbonaceous mudrocks, limestones, dolomites, conglomerates, diamictites and
lavas which are said to represent the firgressive stage of the Transvaal epeiric(§¢andeninet

al., 1988; Fanchi et al., 2009

The last group of the Transvaal Supergroup is the Pretoria Group (maximum age of 2316 + 7 Ma
(Hannah et al., 2004The grouplies unconformably over the Duitchsland Formatwamich formed

due tothe uplift of the basin that allowed for the deposition of a shallow marine to muddy tidal flats
facies. The Pretoria Group consists of sandstones, mudstones, conglomerates, diamictites and carbonate
beds(Eriksson et al., 1991Amongst these sediments, there are also various volcanic sequences which

can be foundvithin the stratigraphyEriksson et al., 1995



The Pretoria Group begins with the Rooihoogte Formation consisting of quartzites, mudrocks and
breccia. This is conformably overlain by the Timeball Hill Formation (2250 + 14/15W)€o et al.,

2006 SHRIMP UPb detrital zircon) which consists of mudrocks and quartzites. It contains the Lower
Mudrocks which host the lavas of the Bushy Bend Lava Member (2316 +(Fa)ah et al., 2004

Re/Os dating of Bushy Bend Lavas) overlain by the Quartzite Member and finally the Upper Mudrocks
which contain some dictite. The Boshoek Formation conformably overlies the Timeball Hill
Formation and consists of conglomerates and sandstones. Each of these formations represents a period
of glacial activity as they all contain diamictitéBeukes, 1987; Eriksson et al., 1991, 1P9he
diamictitesarecharacterized by a periglacial basin deposit starting with a shallowfblisimed by a

deep basin (which includes turbidites and some fluvial deltaic deposits) and finally a periglacial till and

fan deposit respectilye(Eriksson et al., 1995

The volcanics consist of the Bushy Bend Lavas and conformably overlying the Boshoek Formation is
the Hekpoort Formation consisting of basaltic andesites (2224 + 21\¥&)a(/en and Martini, 1995
wholerock Rb/Sr isochron).

The Hekpoort andesites have localized pyroclastic sedimentary inténaggisderlie the alluvial fans
and deltaic sequence (sandstones and conglomerates) of the Dwaalheuwel Fowmétioalso

contairs some diamictite.

The Strubenkop mudrocks overlie the Dwaalhewveeiation andepresent a shallower basin deposit
with minor tuffs. Overlying this is the Daspoort sandstones (2236 + 13 Ma)go et al., 2006
SHRIMP U-Pb detrital zircon) which represent both a distal fan deposit together with a braided fluvial
deposit(Eriksson et al., 1991, 1993; Eriksson et al., 3995

The Daspoort Formation is conformably overlain by the Silverton Formation which consists of
predominantly shales and has an overlying sandstone lens as a cap. It hosts the Boven Shale Member,
the MachadodorpVolcanic Member, the Lydenburg Shale Member and some carbonates all
conformably overlying one another. This formation is characterized by a deep basin suspension deposit

with some pyroclastics within the bagiriksson et al., 1991, 1993; Eriksson et al., 2995

The overlying Magaliesburg Formation sandstones (2193 = 2qQWkg)eo efal., 2006 SHRIMP U
Pb detrital zircon) which have intermittent lenses of mudrock represent an environment where there

may beafluvial reworking of the shoreline deposits.

The final formation of the Pretoria Group is the Rayton Formation which consists of the Vermont,

Lakenvlei, Nederhorst, Steenkampsberg and Houtenbek Members. This formation is represented



potentially by a fan, fawlelta, delta and lacustrine sedimentation as it has interbedded mudrocks and
tuffaceous mudstones within a sandstone deposit which recrystallizedguéotaite Eriksson et al.,
1991, 1993; Eriksson et al., 1995; Eriksson et al., 1998

Lithologies from the Transvaal Supergroup which are present in the Far Western Limb with their
correlating deposits from respective sudsins are listed ifable 2.1 Many of the lithological units
have been exposed to different geological and structural events that affect the thickness of the lithology

that outcrops at the surface.



Table2.1: Stratigraphic column of the prominent lithologies in the Far Western (Aninstrong et al., 199Eriksson et al., 1993Maré et al., 2006Bumby et al., 201,ZFanchi et al., 201&nd

all references within). The Ventersdorp Supergroup through to the Magaliesburg Formation of the Transvaal Supergroupesas thepgtudy area using 2D vibroseis sur(@ysker et al.,

2002 while most of the remaining lithological units were mapped in out(fogelbrecht, 1985, 1990; Eriksson et al., 1993, 1995 and)1998

Corresponding . . .
. . ) g Corresponding unit in the Southeast Botswana Bushveld Basin
Units from the South African Stratigraphy Western Transvaal Basin d}((egr?sgsBlgstirr:e deposit
thickness (meters) Y
. . Formation . .
Supergroup Group Formation Members Lithology Formation Formation Group Supergroup
Vaalwa_ter Feldspathic 475
Formation
Kransb
erg Claremont Quartzarenites 125
Formation Palla Sandstone
Sub
Group | Sandriviersberg Quartzitic
i - : 1250
Formation sublitharenites
] Waterberg
Waterber N » 3 Rama;lobakg Siltstone 2.06 Ga
g(ca. Fasvoe' op Quartzitic 300:600 ormation _
~2.06Ga ormation sublitharenites Masma Sandstorfeormation
- Matlab Lokgalo Siltstone Formation
to ~1.88
G as Sub
a) Group
. . Mannyelanong Hills Formatior
Sk||padl_<op Arkosic litharenites 450600 Mannyelanqng Hills ~1973 Ma (UPb baddeleyite
Formation >130 Formation o
crystallization)
Nylstro | Alma Formation Arenaceous beds <3000
om - - ) Otse
Wilge River Upper Woodland§ormatior?
Sub . . 50-1000
Formation Quartzites and shales
Group Ot se Group
/Swaershoek
Bushveld Large Igneous Province intrusion
Rooiberg Fragment Smelterskop ang Sandstones and Shalg ?
Leeuwpoort
Transvaal Pretoria Rayton Mudrocks
Superarou Group Upper Formation Houtenbek Sandstones <200 Upper
(ga % 65 (maximu | Pretoria (Central Limestones Lomugau Lower Woodlands Formation Segwagwa Transvaal
Ip 2 Oé Ga) m age of | Group | Transvaal basin) Tuffaceous mudrocks Supergroup
' 2316 7 Steenkampsberg Sandstones
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Ma
(Hannah
etal.,

2004

Sandstones
Nederhorst Mudrocks and
tuffaceous mudrocks
Lakenvlei Sandstones
Mudrocks and
Vermont
tuffaceous mudrocks

Magaliesberg

Sandstones and

(2193 + 20 Ma) flapeo et al., 2006 mudrocks 150- 430 Monotoholwane Sengoma Quartzite
SHRIMP U-Pb detrital zircon)
Carbonate 117- 167
Lydenburg Shale 500- 1328
Member
Silverton v l\lllacha?\;l)dorg Absent Gatsepane Sengoma Avrgillite
olcanic Member sen
Mudrocks
Boven Shale Member 0-5
Daspoort Mogapinyana
(2236 + 13 Ma) flapeo et al., 2006 Sandstone 65- 120 thsi gme Ditlhojana Quartzite
SHRIMP U-Pb detrital zircon) P
Strubenkop Mudrocks 50- 360
Diamictite and
Dwaalheuwel or conglomerate Droogedal 1570
Droogedal S
andstone Tsatsu
Hekpoort
2224 + 21 Ma (wholgock . . N .
Rbi Sr isochronWalraven and Basaltic andesite 190--890 Ditlhojana Volcanic
Martini, 1995
Diamictite,
Boshoek conglomerate and 35--70 Tlaameng
sandstone
Ditlhojana Shale
Upper Mudrocks | ;01 Mudrocks: 200 430 :
Diamictite - .
. . Klapperkop which :\rlucldmes_s to the west
Timeball Hill 0 diamictite Ditlhojana

(2250+ 14/15 Ma) (apeo et al.,
2006 SHRIMP UPbdetrital zircon)

Quartzite Member

Quartzite: 90 620which
thickens westwards

Sckwane Quartzite

Lower
Transvaal
Supergroup
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Lower Mudrocks

Bushy Bend Lava
MemberLavas (2316 +
7Ma) Hannah et al.,
2004 Re/Os dating of
Bushy Bend Lavas)

Lower Mudrocks: 160 460

which thickens westwards

Lephale
Polo Ground Quartzite|
Member Quartzite: 0°' 1
Rooihoogte Mudrock Mudrocks: 0i 150
Bevets Conglomerate Breccia: 17 232
(Breccia)
Duitchsland (2424 + 24 MajR@ssmussen et al., 2013 . Kgwakgwe chert
SHRIMP U-Pb zircon) Muddy flats deposit 1100 breccia Ramotswa
Chuniespoort Penge Iron (2431 + 31 Ma) Masoke
(2642 + (Walraven., 1995Pb-Pb zircon Iron formation Up to 640 Taupone
3 Ma) Bumby et al., evaporation) Masoke DoIoFr)nite
2012 Malmani Magobane Group
(2432 Malmani Dolomites (2550 +
+ Subarou 3 Ma) Barton et Dolomites 1200 _ Maholoba
31 Ma) (Trendall et group al., 1991 U-Pb Ramonnedi ]
al., 1990 zircon dating) Ramotswa dolomites
Black Reef Formation correlated to the 200 Black Reef Black Reef Formation
Vryburg Formation dated at ~2642 + 3 M&lapeo et al., 2006 Formation
400 clastic Bothaville
Pniel Volcanosedimentary Formation Mogofg r,lj(az)?M *
750m Allanridge flood basalts
Ventersdor Platberg (2709 + 4
0 Ma) (Armstrong et Volcanosedimentary 51800 Nnywane Kanye Volcanics Lobatse
al., 1991 ion probe
U-Pb Zircon)
Kllprlv_frzsl:,)vle;g)] (2787 Komatiitic basalt 1500 to 2000 Kanye Volcanic
Archean Granite Basement
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2.2.1 Tectonics of the Pretoria Group

The tectonic setting for the deposition of tAeetoria Group is associated potentially with a fault
controlled graben basifriksson et al., 1991, 1993; Schreiber et al., ) @#lis said to be related to
the ThabazimbMurchison lineament, the Barbeton greenstone belt an&ulgarbustfault system
(Eriksson et al., 1995This was followed by various glacial deposits within a shallow closed basin
deposi (Eriksson et al., 1991, 1903The Silverton Formation may represent a time where there was
the subsidence of the basin related to the fzaitrolled basin deposit. After this, there was tectonic
instability which created many stdasins within th&Vestern andastern Transvaslasinsvhich were
potentially separated by the intruding Rooiberg magmas of the Bushveld Cqmplexorecht 1988;
Schreiber et al., 1992; Eriksson et al., 1993

Of these different subasin deposits, there is the Woodlands Formation in the west, the Vermont to
Houtenbekformationin the east, and the Rayton Formatidarth-Northeast of Pretoria which are

suggested to all correlate to one aeotfEriksson et al., 1998

A clear understanding of these deposits is required as they are the maivhigtitwill be investigated

in this studyin particular the Rayton Formation of the South African stratigraphy and the Woodlands
Formation of the Botswana stratigraplsincethese two deposits border one another within the Far
Western Limb.The Rayton Formation (Pretoria Group of the Transvaal Supergroup) is an example of
a lithological unit that may be present in the Far Western Limb and imaged on seismiitlda&y

little outcrop. Understanding the corresponding lithological units between the wiiffertgbasins can
allow for easier identification of the shallow subsurface lithologies in the study area.
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2.2.2 Correlation between the Transvaal Basin, the Southeast Bushveld Basin and the Kanye
Basin

Within the Far Western Limb, the Magaliesburg Quartzites border the entire Far Western Limb through
the Dwarsberg, the Enzelsburg and the Tshwenyasmentains(Engelbrecht, 1985; Eriksson et al.,

1999. These quartzites are predominantly strikingneastwestdirectioncreating mountains that dip

in various directions within the basin. The southern rim of these mountain8°dipsards thelorth

while the northern rims dip25° towards thesouth (Engelbrecht, 1985 This correlates with the
Sengoma Quartzites on the eastern side of Botswana which is suggested to be structurally more
complex. The Far Western Limb is characterized by a flat topography with traces of quartzites, shales,
mafic sills, dykes and some mardalcsilicate lithologiegEngelbrecht, 1990; Eriksson et al., 1298

The quartzites and shales have not been accurately allocated to any of the formations within the Pretoria
Group and are suggested to potentially represent the lithologies from the YWisoBtarmation of the
Southleast Bushveld Basin and the Vermont, the Lakenveli and the Nedeftwnsttions of the

Transvaal Basi(Hartzer, 199h

Another opinion is that these quartzites and shales belong to the Magaliesberg and &ireation
where there could have been thrust faulting in the @egelbrecht, 1985which would have caused
the repetition within the sequene@dthough currently there is no major evidence from geophysical and
satellite data to provthis (Eriksson et al., 1998 Therefore, the lithologies have been attributed to
folding that was followed by the later deposits of the Woodlands FormationNjagstliesberg
deposis).

Within the flatlying area in the Far Western Limb there are metamorphosed carbonate rocks known as
the Kalkfonteinoutcrop Eriksson et al., 1998This is suggested to be a localized metamorphosed unit
within the Woodlands Formation (Rayton Formation).

Woodlands Formation

The Woodlands Formatiors suggested to be the unknown lithological unit in the shallow subsurface

of the legacy seismic line RZ54 (Tinker et al., 200R Eriksson(1999 compared the Woodlands
Formation in Lobatse Botswana (Southeast Botswana) to the deposits within the Pretoria Group. It
showed that the sandstones were of similar composition although the siltstones varied completely. The
thickness of this formation was guested at first to be up to 1200thick (Key, 1983. Due to the
tectonic behaviourin the area, gravity slidingnay have contributed to the thickness being
overestimatedeaving the formation of having a potentlmbximum thickness of 120 (fEriksson et

al., 1993.
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The Woodlands Formation itself is split up into the Lower Woodlands Formation which incorporates a
sequence of alternating mudrocks and -fyngined quartzites. The Upper Woodlands Formation is
uniquely found in Botswana within the OtBamotswa Basin. linconformablyKey 1983; Crokett,

1969; Eriksson et al., 19p8éverlies the siltstones of the Lower Woodlands Formation and comprises a
chaotic slump deposit with shatguartzitic pebbles and boulder hosted within an andesitic matrix with
300 m of it beig penetrated by the various borehaléied in the aredEriksson et al., 1995; 1908

The current understanding is that the Lower Woodlands Formation correlates to the Upper Pretoria
Group (Rayton Formationwith the Upper Woodlands Formation being a younger deposit formed
within an unstable tectonic environment and approximately BustReddiberg in age (ca. 2050 Ma)
(Eriksson et al., 1998Specifically, the Upper Woodlands Formation is part of the Otse Basin deposits
together with the Otse Group from the Southeast Botswana Bushvetd(Basiey et al., 1994

In the Otse Basin these deposits are suggested to be older than the Waterberg Group (ca. ~2.06 Ga to
~1.88 Ga) as they are unconformably overlain by the red arkosic and lithic sandstones of the
Mannyelanong Hill Formation (correlated with the Skilpad Fdiomain the Transvaal Basin) which

also forms part of the Waterberg Group of the Botswana stratigraphy.

Tectonic History

The lithologies within the Far Western Limb of the Bushveld Complex have been subjected te a three
fold deformation historyHartzer, 199h Here a 200 m lithological sequence potentially from the
Woodlands Formation has a similar dip and strike as the underlying Magaliesberg Formation
(Engelbrecht, 1985; Hartzer, 1995; Eriksson et al., 1998

The lithological units (Pretoria Group, inferred Woodlands Formation and the Marico Hypabyssal
Suite) in the area were first subjectedtotheastsouthwest shortening (F1), followed bynarthwest
southeast shortening (F2) and finally a tightening in the F1 direction {g)ether with this, there is
anapparent striksslip faulting which has extended into Eastern Botswana where the same deformation

occurred and resulted in the creation of a dome stru@itimezer 199%

The Mannyleanong Faulthich issimilar to the F3 faulting, exposes rocks from the younger Waterberg
Group. By unpopular opinigmjiven thatWaterberg Group rocks cannot be found on either side of the
fault, the fault postlates the Waterberg Groupriksson et al., 1998uggests through the restoration

of the Mannyleanong Fault, a sequence of interference folding can be observed.

15



The Upper Woodlands Formation correlates well with the rocks depositeMlansileanong faulting.

This again suggests that the Lower Woodlands Formation belongs to the uppermost Pretoria Group
(Rayton Formation) while the Upper Woodlands Formation belonged to aRyestria Group
depositional episodéEriksson et al., 1998 All of these lithologies together with the Marico
Hypabyssal Suitevere deformed during the pBushveld basiinversion except for the Nietverdiend

lobe (both described later). The Nietverdiend lobe includes the Rustenburg Layered Suite in the Far

Western Limbtogether with various other igneous intrusions.

In conclusion, the Lower Woodlands forms part of the Upper Pretoria Group with the Upper Woodlands
being a younger deposit formed within an unstable tectonic environment and approximately Bushveld
Rooiberg in age (ca. 2050 Ma) suggesting an unconformatitaat (Key 1983; Crokett, 1969;
Eriksson et al., 1998

Since the geology of the Far Western Limb is so complex; it may be possible that the equivalent of the
Upper Woodlands Formation (potentially Waterberg Group lithologies) may be present in the Far
Western Limb basin. This may be possilae the shallow subsurface lithologies of the Far Western
Limb have not been identified as yet due to the thick Quaternary deposit. The current geological maps
show very little evidence of the Rayton Formatiand this is possibly due to the thick Quaternary
cover as onlyninor outcrops of it can be found throughout the basin.

16



2.3 Waterberg Group

At the base of the Waterberg Group is the Nylstroom-Grdup. This unconformably overlies the
Bushveld Complex that intruded within and between the Transvaal Supergroup. The Nylstreom Sub
Group contains the Wilger River Formation overlain conformablyhbyAlma Formation. The Wilge
Formation consists of arenaceous beds which originate primarily from the Transvaal Supergroup
(Visserand de Villiers 1961, Jansen, 1982t is also distributed similarly to the Rooiberg Group
(Bilijon, 1976, Coertze et all977). The Swaershoek Formation is similar to the Wilge Formation and

is suggested to have been depositetiediately aftewith the Bushveld Granitg$/aré et al., 2006

Conformably overlying the Nylstroom Swfroup is the Matlabas St®Broup which conformably
contains the Skilpadkop Formation and the Aasvoélkop Formation which consist predominantly of
arkosic litharenites and quartzitic sublitharenites respectively. Tmayétanong Formation which is
an equivalent deposit in Botswana is dated at ~1973 Hidaqon et al., 2004J-Pb baddeleyite
crystallizatior). The final unit within the Waterberg Group is the KransbergGrdup which contains
the Sandrivierberg Formatiorgonformably overlain by theClaremont Formation and finally
conformably by the Vaalwater Formation. They consist of quartzitic sublitharenitetzaganites and

feldspathicarenitesrespectively.
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2.4 Bushveld Complex

The Bushveld Compleformedas a result of three magmatic events. The Vias the lavas of the
Rooiberg Group (2061 + 2 Ma)(alraven, 1997Pb evaporation age of zircons in rhyolitesnsisting
of two eventsa basaltic lava followed by a thicker flow of rhyolites. Tthien led to the intrusioof
the Rustenburg Layered Suite (2058.9 + 0.9 [Baiick et al., 2001U-Pb isotope from newly grown
titanite found in caksilicate xenolithy 2054.4 + 1.3 Macoates and Friedman, 20Q05-Pb zircon

from Merensky Reef) which is known for its economic minerals.

2.4.1 Rooiberg Group

This group forms the uppermost portion of the Transvaal Supergroup and is considered to be the most
silicic volcanic unit in the Transvaal Supergrobpt it is linked to and precedes the Bushveld Complex
(Erikssonet al.,1995; Lendhardet al 2012. It consists of the Dullstroom, Damwal, Kwaggasnek, and
Schrikkloofformations all conformably overlying one another respegtif@thweitzer et al., 1995

The Dullstroom Formation consists of the basaltic lavas dated 2037 + 924avhadr and Farrow, 1995
87Srf8Sr), the Damwal Formation consists of thaeite(2071 + 94 Ma) Buchanan et al., 200RKRb-Sr

dating), the Kwaggasnek Formation estimated to be 2057.3 Ma&.@Blarmer and Armstrong, 20p0
contains some shaleand tke Schrikkloof Formation contains thieyoliteswhich are also present in

each one of the formations.

The Rooiberg Group consists of a few kilometres of a lava flow which is said to have erupted from
fissural volcanism containing minor units of shales, tuff and greyw@ckist and French, 1983; Twist,

1985; Harmer and Farrow, 1995; Schweitzer et al., 1995; Hatton and Schweitz¢r,Th@3& minor

units represent the breaks in the volcanism that was taking place in the area where fluvial deposits took
over(Eriksson et al., 199 Schweitzer et al., 1995; Lendhagattal, 2019. The thickest deposit can be

found at Loskop Dam and is suggested to have formed due to a structural ééattansvaal ge
(Eriksson et al., 1996

These lavas were unconformably deposited onto the younger Transvaal Supergroup during its last
stages, which had been exposed to various forms of compressive deformation. The physical contact
between thdransvaabasin andrhe Rooiberg Group can bundto theSouthEastern parts of the
Rooiberg Group where the Dullstroom Formation lies unconformably over the Pretoria(Grauney

and Twist, 199). The remaining formations all overlie the Bushveld Complex as they were detached
during the intrusion of th8ushveld Complex. In some cases, the Kwaggasnek and the Schrikkloof
formations disconformably overlie the Smelterskop Formation of the Transvaal SupéRjoin#ods,

1987 and is referred to as the Rooibefgagment [(endhardtet al, 2012). Similarly, there is the
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Crocodile Fragment in the west and there are Dennilton, Makeckaan, and Marble Hall fragments in the
east (Hartzer, 199h The Rustenburg Layered Suiteermally altered the Kwaggasnek and the
Schrikkloof formationsas it intruded while the Lebowa Granite Suite had altered the entire Pretoria
Group @Buchanan, 2006

2.4.2 Rustenburg Layered Suite

The Rustenburg Layered Suitesigdivided into five zones: The Marginal Zo(Z), the Lower Zone
(LZ), the Critical ZongCZ), the Main ZongMZ) and the Upper Zon8JZ). The Critical Zone is
further subdivided into an Uppé@ritical Zone (UCZ)and Lower Critical Zon€LCZ) and hosts the

various chromitite layers=(gure 2.).

Zone Distribution of chromite layers

Upper Zone

Main Zone

Merensky Reef

G2
UG1

Upper
Critical Zone

MG4

MG 3
MG 2

Critical Zone

MG1

LG7

Lower LG6

Critical Zone

LGS

LG4

LG3
LG2

LG1

Lower Zone

Marginal Zone

Figure 2.1 Rustenburg Layered Suis¢ratigraphy with the occurrence of thaariouschromitite layers marked (Kinnaird et
al., 2002): Lower Group (LG), Middle Group (MG) and Upper Group (UG).
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The Marginal Zone mainly consists of norites but does contain gabbronorites andedigtants,
which are considered to be the xenoliths from the basal contact with the Transvaal Sug&rgnauipl

et al., 2002, Kinnaird, 2005, Kruger, 2005; Basson, 008e Marginal zone has a varying thickness
(400 m to 800 m) ants hardly present in the stratigraphyhe Lower Zondithologies found in the

limbs of the Bushveld Complex reach their maximum thickness at 1600 m. It can mostly be found in
theEasternWesterrandNorthern Limis where the thickneds controlledby localregional structures

and predominantly consists dfarzburgitespyroxenitesand dunite§Vi | j oen and Y$ch Tr man

The Critical Zone mainly occurs in the Western and Eastern Limbs and is subdivided into a Lower
Critical Zone and an Upper Critical ZofiBasson, 2010 The Lower Critical Zone is composed of
ultramafic rocks which consist of orthopyroxenite, harzburgite and chromite laydesthe Upper
Critical Zone containghromite layers, feldspathic orthopyroxenite, norite and anorthosite/troctolite
layers(Kinnaird et al., 2002, Kruger, 2005; Basson, 2019

The Main Zone is more than 4000 m thick and consists of gabbronorites, anorthosites and pyroxenites
which alsocontainsidentificationmarkers such as the Pyroxenite Marker and the Mottled Anorthosite
(Upper and Main]Eales and Cawthorn, 1996; Cawthorn and McKenna, 2006; Kinnaird). 2l

Upper Zone is made up of anorthosite, troctolite and ferrogabbro to dubiitais around 2000 rn
thicknessalsocontainingup to 25 magnetite laye(ginnaird et al., 200R

Given the vast extent of the Quaternary cover over the Far Western Limb, various geological mapping
expeditions have taken place and have revealed that within (and surrounding) the Far Western Limb
there are traces of the chromitites from the Lower Ctiioae (LG 1 to LG 5) which is surrounded by
various lithologies from the Pretoria Grogngelbrecht, 1985, 19%0Table 2.2summarises the

lithologies from the Bushveld Complex which are present in the Far Western Limb.
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Table2.2: Lithologies of the Rustenburg Layered Suite and Rooiberg Group in the Far Western Limb, with their thicknesses

based on borehole data. References within table

Intk;uswe Subdivision Member Lithologies Far We_stern Limb lithologies
ody thickness (meters)
Rustenburg ) -
Layered Upper Zone 2000
Suite Gabbronorites,
(2058.9 + Main Zone Anorthosites and E=Zyiii
0.8 Ma) Pyroxenites
Buick et o - orthopyroxenites, ~ 800
al(., 2001;U Czné'r?:l Low;ro(rfgtlcal Harzburgites and 300(Engelbrecht, 1985
Pb isotope Chromite layers >200(Engelbrecht, 1990
from newly Dunites,
grown Harzburgites and <1600
titanite Lower Zone Pyroxenites 1030(Engelbrecht, 1985)
found in containing 1050(Engelbrecht, 1990)
calcsilicate Chromite layers
xenoliths)
(2054.4 +
Bushveld 1.3 Ma) Norites
Complex (Scoates and Gabbrono’rites <800 m, mostly around 400
(~2.06 Ga) Friedmann, Marginal Zone d 814 (Engelbrecht, 1985
2008: UPb and 790(Engelbrecht, 1990
Zircon from Metasediments
Merensky
Reef)
Schrikkloof Rhyolite 200-3000
Kwaggasnek .
2057.3 + 3.8 MgHarmer and Rhg‘;‘fea“d 5001 2500
Armstrong, 200D
Rooiber Damwal .
| (2071 + 94/65 MajBuchanan Rh%‘ggﬁea”d 1000i 2500
et al., 2004 Rb-Sr dating)
Dullstroom
(2037 £ 92 Ma) larmer and | Basalt to Rhyolite| <2000
Farrow, 199587Srf5Sr)

The boreholes used to obtain the thicknesses of the Critical, Marginal and Lower Zones were all drilled
into outcrop andeasednce it reached the Transvaal Sequence. The outcrop of the Rustenburg Layered
Suite in the Far Western Limb together with various other igneous intrusions is also known as the
Nietverdiend Complex. Together with its immediate surroundiitgs also known as the Nietverdiend

basin.

Mineralisations and occurrence of the chromitite

The chromitite mineralisation is found in layers within the Critical zones of the Rustenburg Layered
Suite. These chromitite layers are accompanied with significant levels of Platinum Grade Elements
(PGE) but have variable thicknesses and are discontinlibesnineralisation has been subdivided into

3 categoriesnamely: the Lower Group (LG), the Middle Group (MG) and the Upper Group (UG)
(Figure2)(Vi | j oen and PBchTr mann, 1998
The LG consists of 7 layers found within the feldspathic pyroxenite which are labelled with increasing

order from the base upwards. The LG 6 layer is the thickest of these layers and is commonly known as
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the Steelpoort sea® ¢ h Tr ma n n ).€The LG 1 to LG 4ll&y&s3are distinguishable from the
higher chromitites as they are associated with @iietton andvon Gruenewaldt, 19899 The MG

mainly consists of four layers depending on the thickness of each layer. It is found at the contact between
the Lower Critical Zone and the Upper Critical Zone with the MG 1 and MG 2 found below the first
anorthosite while the MG 3 and MG 4 are fdwabove. Within the UG, there are two layers namely the

UG 1 and & 2, with the UG 3 and UG 3a found only in the eastern portion of the Bushveld Complex
(Kinnaird et al., 200R TheUG2 is one of the largest deposits of PGEs in the w#tilchaird, 200).

The Rustenburg Layered Suite includes two cyclic units within the Critical Zone which are the
Merensky Reef and the Bastard Wituger and Marsh, 1982The Merensky Reef is considered to be
the contact between the Critical Zone and the Main Zone and is characterized by the greatest

concentration of chromitite and consists of thin persistent Igi(@nsaird et al., 200R

The lower layers of chromitite tend to have the highest concentratiansiof, with the LG 6 having

461 47%, the MG chromitites 4% 46% and the UG 43% i0 (Vi | j oen and %chTr ma:
Together with the chromitite enrichment, there is also PGE and minor sulphide enrichments within the

lower chromitite layers. The ratio between the sum of the Pt, Rh, and Pd to the sum of Ru, Ir and Os is
used to identify the different chromitite minegaiions. The chromitites hosted within the harzburgite
pyroxenite cycles generally have a Cr:Fe ratios greater than 1.8 although have a low PGE content (<
1000 ppb) with the ratio less than 1. The chromitites which are hosted within the pyroxenites, norite

and anorthosite cycles have Cr:Fe ratio less than 1.5 and have a higher PGE content |58@0q@pb

and Teigler, 1994
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2.5 Intrusions (Nietverdiend Complex)

The Nietverdiend Complex is within the Far Western Limb and can be considered as one of the unique
intrusions within the area. Along with the Rustenburg Layered Suitepnsists of the Marico
Hypabyssal Suite (MHS) which is said to have intruded before the Rustenburg Layered Suite
(Engelbrecht, 1990The maximum thickness of the overburden at the time of intrusion was constrained
between 1 and 2 knfRoberts, 1970 suggesting the presence of only the Transvaal sedimentary
sequence. The MHS consists ofssdnd dykes which intruded the Transvaal sediments and is overlain
by warped lithologies of the Rustenburg Layegedte Engelbrecht, 1983 The sills have a tholeiitic
basaltic composition which is chemicalhporitic and amphibolitic accompanied by similar dykes
(Engelbrecht, 1990

The noritic sillscan be found in close proximity to the contact betweerRtstenburg Layered Suite
and the Transvaal Supergroujs thenoritic sills become hydrated, they are suggested to form the
amphiboliticsills (Engelbrecht, 1990 The MHS is chemicalland mineralogicallidistinct from the
Marginal Zone of the Bushveldomplex Engelbrecht, 1990with the noritic sills shown to potentially
belong to the parental magma of the Rustenburg Layered(&uitelbrecht, 1990
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2.5.1 Structural controls on the Nietverdiend Basin

The Nietverdiend basin, whidncludes the Nietverdiend Comples structurally controlled by the
Dwarsberg mountain range to therth, together with théenzelsburgand Tshwenyane mountains to
thesouth

The basin itself is surrounded by the metasedimentary floor rocks suggested to originate from the
Pretoria Group. To the east of this basin, there is an anticlinal flexure along which the Marico River
flows. The surrounding rocks here are argillites fréva Silverton Formation and are capped by the
guartzites from the Magaliesberg Formatiangelbrecht, 1990This cap forms the hill at Zelikatskjop

and Piet Zyn KopKigure 2.2. These two hills are suggested to be part of a ridge within the basin. Since
there is no evidence for stress or deformation, gravity sliditrgkett, 197) is accepted as the

mechanism for the location of these lithologies and origin of the fold structures.
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Figure 2.2: Geological map of the Far Western Limb showing the outcropping Rustenburg Layered Suite lithologies and
Nietverdiend Basinand the existing boreholes that have been dri(lgetendots)and existing chromite layers (red lines)
(after Engelbrecht, 1985).
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When the magma intruded into the basin, fold structures influenced the eristingouthtrend of

the mafic magma deposits and the hills were responsible for the embayments which formed. Minor
folding and multiple easwest trending faults are found to offset the chromite lay&rsife 2.3 with

some fracture filling attributes to the sefietamorphism of the mafic minerals during cooling
(Engelbrecht, 1990

The Goudini Complex together with the Roode Kopjies Put are the two lateBpsisteld Complex)
intrusive suites within the basin. The Roode Kopjies Put is a plutonicvhilg the Goudini Complex

is said to be a volcanic intrusion that is the deepest portion and centre of the magmas for the Bushveld
Complex(Biesheuvel, 1970
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2.6 Lithologies in the study area

From borehole data within the study aré&y(re 2.2 Bhl and Bh2, there areestimates of lithology
thicknessesThe existing rocks of the Rustenburg Layered Suite within the study area consist of 790 m
of cyclic olivine melanonorites, gabbroic melanonorites and norites from the Marginal\doich

have a general increase in anorthite contgmiards Engelbrecht, 1985; 1990The underlying rocks

here consist of the pyroxewerdieritebiotite hornfelses from the Transvaal Supergroup.

There are 1050 m of cyclic dunites, harzburgites and bronzitites from the Lower Zone which overlie
the Marginal Zone in the basin. At the contact there is a 50 m transitional zone which consists of olivine
norite, norites and bronzitites followed by a eyeinit of harzburgite dunite and bronzitite which are
extremely weathered at the outcrops such that there are traces of opal, serpentine, magnesite and
haematit§ Engelbrecht, 1985; 1990

There are 300 m of cyclic chromitites, dunitearzburgites and bronzitites from the Critical Zoimat
are also found within the bas{ingelbracht, 1995 The remaining lithologies in the study area are
suggested to belong to the Transvaal Supergroup. A local geologicaFmgae (2.3 with the study

areas shows the different lithological units that have been mapped in close vicinity to the study areas.
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Regional physical property data made available by the Council for Geosciences South Africa shows the
properties of some of the Rustenburg Layered Suite lithologies that have been collebted?.3

below shows the results of some of the physical properties that were tested.

Table2.3: Physical property data for lithologies from the Rustenburg Layered Suite obtained from the Council for Geosciences

South Africa

Samples Density (g/cm”3)| P-wave Velocity
Chromite 3.906- 4.182 4827- 5274
Harzburgite 3.276 6532
Pyroxenite 3.266- 3.295 6100- 6547
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3 Geophysical Theory

The seismic, resistivity and magnetics methods were all used to collect the geophysical data in this
study. Understanding the basic theory for each of these methods is vital to understand the data that are
acquired. This chapter describes the basic baokgr@and theory for each of these geophysical

methods.

3.1 Seismicmethod

Seismic surveying ian active geophysicatethod that islependendn the acoustic impedance contrast
and the wave propagation through the subsurfaeéord et al., 1990, p. 136A simplification of a
seismic wavas asinusoidal wavéMilson and Eriksen, 2011, p. 2L This allows for the wave toave
properties such ascaestatrough, an amplitude, a frequency and a waveleytintentionally setting
thefrequency and the wavelength of the waxrech is dependent on the soufeiland, 1940, p. 25

the velodty of it through the medium can be determindigh frequencies produce shorter wavelengths
resulting in a higher resolution of the shallow subsurface. Similarly, low frequencies produce longer
wavelengthgsresulting in a higher resolution of the deep subsurface. The depth of investigation for the
seismic survey determines the type of seismic source that must be used.

Particles that are concurrently in phase within homogeneous subsurface mediwilli create a
wavefront (Milson and Eriksen, 2011, p. 2LIThe direction of the wave is perpendicular to the
wavefront (similar to an equipotential surface) and isdalray.The pathsof these raysrerecorded

through the use of seismic receivers (geophones).

A materi al 6s affettthe waves pragduceddgaurtel thatsmpaciss surface(Telford
et al., 1990, p. 190Theparticleswithin the material @ subjected to a stregsmusinga changeo their
shapeas the wave passes. They theturn to their original shapmnce the wave has passéthterials
with these properties have Hookean behaviblere therelationshp between the sain and the stss
are linear as described eguation 1(Burger et al., 1992, p. JWhenthe material experienceganstant
compression or tension along one axis

» O- (1

Here, isthestresE i s t he Yoandigtestramo dul us

Equation 2 describes tlsbange in the lengths of the sides of the matéhal elasticity) and is known
as the elongation coefficie(Burger et al., 1992, p. Y2Dobrin, 1976, p. 26(Heiland, 1940, p. 493
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¥

(2)

Here- is the elongationy is the length in the deformed or final state arid the length in the initial

state.

Poi s s o (Bargerata tl999, p. JHeiland, 1940, p. 49FTelford et al., 1990, p. 13 8escribes
the atio between thelongation in each direction as in equation 3
‘ —0Mi 'Q ™ (3)

where i s the Poissonbdbs ratio.

Theincompressibility of an isotropic material (its ability to change its volume when it experiences a
change in pressures known as théulk modulus coefficienind is described bsquation 4(Burger et

al., 1992, p. 1p(Dobrin, 1976, p. 26(Heiland, 1940, p. 443 Telford et al., 1990, p. 133
y

0 (4

where is the bulk modulusp is the final volume is the initial volume and0 is the change in

pressure on the material.

The ability of amaterialto shear when it experiencesteear stresgs known as the rigidity modulus
(Equation 5XBurger et al., 1992, p. Y8Dobrin, 1976, p. 2P

0 — (5)

where Ois the rigidity modulus, is the shear stress ahds the shear strain.

The elastic capabilities of a materiate described by these coefficiemthich can betested in a

laboratory.

The transmission of wavélsrough thanaterial can be described by usthg various elastic properties
(Milson and Eriksen, 2011, p. 2)LThis allows for different types of waves to be identifiddoack
andforth motion among the particles within aediumis created by the Longitudinal wave-\{Rve)
along the direction of propagati¢nobrin, 1976, p. 3p(Milson and Eriksen, 2011, p. 2L This creates
dilations and compressiobgtween the particless the wave propagates through the mediliefford
et al.,, 1990, p. 197 Particles within a medium shear pass one another ato9the direction of

propagation under the influence of a Transverse wawea{®) (Dobrin, 1976, p. 3p(Milson and
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Eriksen, 2011, p. 2)1This slows down the velocity of the wave. Longitudinal and Transverse waves

are also named body wes (Telford et al., 1990, p. 137

There are two types of surface waves that can be considered when working with homogenous waves.
These are the Raleigh waves and Love waves. Raleigh waves cause particles to move in an elliptical
manner within the vertical plane of the direction of propagafheylose their effectiveness as they
propagate downwards into the surfaaad their velocity changes witithe wavelength of the wave
(Milson and Eriksen, 2011, p. 211 ove waves cause the particles within the medium to move parallel

to the surfacand perpendicular to the direction of propagaitelford et al., 1990, p. 13.7Air waves

are faster than the surface waves and travel from the source to the geophone through the air.

3.1.1 Wave velocities

Elastic coefficients and the density) of a materiahreused to calculate the wave velocit{&sirger et
al., 1992, p. 1B Equation 6 shows the wave velocity for the Longitudinal w&Pevaves)(Milson
and Eriksen, 201, p. 212.

[0) (6)

Equation 7 shows the wave velocity for ffirmnsverse waves {8aves).

S — (7)

Equation 8 shows the ratio between the two.

— — (8)

The Transverse wav@selocity is zero when the rigidity modulus coefficient is zero. This shows

Transverse waves do not move through liquids.

Huygens principle, Fer mat 6s principle and Snel

inhomogeneous surface is surveyed.

All points on a wavefront act as point sour@sexplained by Huygens principle. The constructive and
destructive interfaces of all the point sources along the initial wavefront create a second&gnivave
(Dobrin, 1976, p. 90 Fer mat 6 s princi ple explains that the p
points isproportional to the lowegtavel time between the two points. Beeprinciples are used to

further understand how the waves reflect eefcactwhentheyinteract with a surface.
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3.1.2 Reflection

A planar, horizontal boundary which has a change in the acoustic impedance (a product of seismic
velocity and densitycreates a reflectioand refractiorof an incident wavéhat is moving at a constant
velocity. The angleat which the incident wave interacts with the boundary is known as the angle of
incidence (angle between the normal of the surface and the incident(vaWei)d et al., 1990, p. 12

The reflection of the incident wave off the boundary creates an angle of reflection (angle between the
normal of the boundary anlie reflected waveAn assumption is made reflectionseismicghat every
wavewhichis recorded at the surfacie a reflected wave where the angle of incidence is equal to the
angle of reflectionThis creates a peak travel time for the wéBerger et al., 1992, p. 2%blue path

in Figure 3.). Measuring the time that these waves reach the surface provides more information about

the depth of the subsurface boundary.

sSource
Geophone

Air wave

\j

Direct wave

Ground roll

Reflected wave

>

Head wave’

Refracted wave 2

Figure 3.1: General gismic wave pathas theypropagat through the subsurfag®urger et at., 1992, p. 36).

3.1.3 Refractions

The angle of refraction is the angle between the normal of the boundary and the refractéthigave
differs from the angle of reflectiomwhen theincident wave intexcts withthe boundarydontaininga
seismic velocity variation(Milson and Eriksen, 2011, p. 2)L5

Equation 9 describes the critical angle as the angle at which the refracted wave propagates along the
boundary (green path #igure 3.) (Milson and Eriksen, 2011, p. 213§ the incident wave exceeds

this angle, there would be no refraction as a result of total internal refleBtiomef et al., 1992, p. 2.7

- (9)
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Here the seismic velocities of each layerdefined a® andO . If there is a sharp discontinuity in the

subsurface, the observed waves begin to diffract

Equation 10 shows Snell és Law which describes
refractiongBurger et al., 1992, p. 2&Telford et al., 1990, p. 132

i Q% G

T %)f (10)

The anglsshown between thefractedand thancidentray with the normal to the surface are described
as— and— Incident Longitudinal and Transverse waves on a boundary will result in both reflected

and refracted Longitudinal and Transverse waves being produced.

3.1.4 Seismic surveys

The arrival times of the different seismic waves are recorded using a geophone when energy is entered
into the surface. The velocity of the seismic waves depend on the acoustic impedance of the subsurface
which causes tma to either speed up or slow down as they propagate through the medium. This would
cause the different waves§igure 3.) to be recorded at different time intervaigyure 3.2shows a time

vs distance plot that would be created as the geophones along a survey line record the seismic waves
that have travelled from the sourd&r waves travel through the aulirect waves travel along the
surface the top layer of the subsurfad®sts the ground roll waveswhile the interface between the
subsurface layers hosts thead wave

50

Air wave

40

Reflected wave

Ground roll

Head wave

Time (ms)

20

Direct wave

T 1
0 20 40 60
Distance (m)

Figure 3.2: Plot showing the recorded arrival timesdifferentseismic waves (Burger et al., 1992, p. 38).
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3.2 ResistivityMethod

This resistivity geophysical rathod is an active geophysid¢athniquethatis rooted within Ohms law
(Milson and Eriksen, 2011, p. 109Ohms lawexplains the proportional relationship betwebgn
potentialmeasureaver a resistor to the current flowing through it, while the resistance of the resistor
is constant throughoyiTelford et al., 1990, p. 53ZDobrin, 1976, p. 560 The resistance is influenced

by the geometry of the materi#dl wire which has a small diameter and a longer length tragher
resistance as compared to a wire with a larger diameteshamtir lengthOhms law does not consider

the dimensions of the wire which is not suitable for geophysical survéyigprompts one to consider

the resistivity Equation 11describes theasistivity as the ability thinderthe flow of electrical current
(Dobrin, 1976, p. 560

o= (11)

Here the resistivity’() has units of Ohm.m, the resistance of the wRdg in Ohms, the crossectional
area of the wireA) is in square meters, and the length of the wifeig in meters. This equation
considers the dimensions of the wire. A high resistance is correlated with a high resistivity while a low

resistance implies a low resistivity.

Properties such as, conductivity, porosity, permeability, temperature of the subsnttice presence

of metallic ores and groundwater (containing dissolved salli®ws different rock types to have
different resistivitiegMilson and Eriksen, 2011, p. 1R Fracturing within the rocks and its ability to

host fluids is another factor that influences a rock's resistivity. This is dependent on the cotuditions
whichthe rocks are exposed. Igneous rocks naturally occur with lower porosity, low coitgartol

low permeability which allows them to have the highest resistivities. Fracturing within the igneous
rocks allows them to obtain a reasonably lower resistivity. Sedimentary rocks have high porosity and
permeability. Ground water seepage into thdrsedtary rocks allows the electrical current to flow

more easilycreating a loweresistivity.

3.2.1 Field measurements

Specific configurations of current and potential electrodes are used to determine the resistivity of the
rock layers within the subsurface. This configuration used is dependent on the depth of investigation
for the geophysical survey. The Wenneig(re 3.3, Schlumberger and DipclBipole Array are the

three most relevant configurations.
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C1 (source) P1 P2 C2 (sink)
L

< A > <>
D

Figure 3.3: Electrode configuration for a Wenner array. Current source (C1), current sink (C2) and potential electrodes (P1
and P2) with their specified spacings-A and the density of the subsurface (p) (Burger et al., 1992, p. 278).

Single point source

Current is injected into theubsurface through a single current electrod®ating a single point current
source Figure 3.4. Air has an infinite resistivity therefore the current is restricted to flowing
downwards into the subsurface. The current distribution is ggeat flows radially from the point
source. Arequipotential surface propagating from the point source in a hemispherical pattern is created
(Telford et al., 1990, p. 523 Current paths are determined as they flow perpendicular to the

equipotential surfaces.

C1 (source)

Equipotential surface

Figure 3.4: Current paths (black arrows) identified from the equipotential surfaces (Burger et al., 1992, p. 271).

Two current electrodes

A current source injects the current into the medihile a current sink records the current once it has
passed through the medium. Equation 12 is used to calculate the potential created by the current source
and current sinkTelford et al., 1990, p. 533

®w  — (12)

Whered is the distance between the two electrodes, the origin which is situated in the middle of the two
electrodesepresergthe x andz with the zaxis being negative upwardsigure 3.5. Piis the position

anywhere below the surface a@nés the assumed resistivity of the surfé§Berger et al., 1992, p. 2).2
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Figure 3.5: Two current electrodes survey setup (Burger et al., 1992, p.RI'%.the measurement point,rl and r2 are the
radial distances from the electrodes to the measurement point with d the horizontal distance between the two current

electordes.

An equipotential surface is created after the potential is calculated for each point within the subsurface
by connecting the points with equal potential. This is done with the assumption that the subsurface is
homogenousHigure 3.4. Once the equipotential surface has been estalligie current pathHjgure

3.6) can be obtained.

The current is confined to a specific depth which is controlled by the distance between the current
electrodes. Burgefl992 uses a simple calculation to described the confines of the current which is
restricted to a homogenous and isotropic medium. Herephtie distance between the two current
electrodes contains 50 &6 the curreniwhile 75 % of the current is confined to a depth equal to the

distance between the current electrodes.

C1 (source) C2 (sink)

S
R
I

N s

%}3.»‘@

Equipotential surface

urrent path

80%

Figure 3.6: Current paths and equipotential surfaces determined for a current source and curreatidkawn to scale
(Burger et al., 1992, p. 277).

35



Two current and two potential electrodes

Figure 3.3shows two potential electrodes which are placed between the two current electrodes. The
resistivity between the electrodes can be determined by measuring the potential from each potential
electrode at a given point once the current has been injectatérgoound. Equation 13 describes the
resistivity” (units: Ohm.m)Telford et al., 1990, p. 534

— ——— (13)

A through toD is themeasuredlistances between respective electrodes, (correspondingute 33),

while V is the potential difference ar@s the current.

If the potential difference from each electrode, the current injected into the subsurface and the spacing
between the electrodes are known, the resistivity can be found. This assumes that the resistivity is
constant and does not consider the variatioriraoccur due to natural exposure. Equation 14 shows

the change in the pot efgure2)(Telfog¥thl., T9900pnbIPL 1 t o P2

Yo & o — — — — (14)

3.2.2 Layering in the subsurface

The Earth has natural variations in physical properties between the subsurface layers. The single layered
Earth is not aeasonable simplificatiori=(gure 3.7A). It is therefore important to understand how the
variations in the physical properties within the subsurface layers will affect the measurements that are
being made.

Current paths behave differently at the interface between subsurface layers that have different
resistivities. The current distributig®Burger et al., 1992, p. 2B@an be found by understanding the
resistivities of the subsurface laye@urrent flowing fom a high to a low resistivity layer causes the
current paths to defleot shiftaway from the normal to the interfa¢edqure 3.7B). Additionally, when

the currentis flowing from a lov to a higher resistivity layer, the current paths deflect towards the
normal to the interface-(gure 3.7C). This results in the current paths being more closely spaced and

parallel in a lower resistivity layer.

Equation 15 shows ¢hrelationship between the deflection and the resistivity of the |dgarger et

al., 1992, p. 284
shte Lo (19

—is the angle between the current path and the normal to the interface fatezdified layerwhile ”

is their resistivities
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C1 (source) pl=p2 C2 (sink)

a)
p1
current path
p2
C1 (source) pi<p2 C2 (sink)
b)
pi
p2
current path
C1 (source) p1=p2 C2 (sink)
c)
pl
p2 current path

Figure 3.7: The changes in the current paths caused by resistivity contegdtayers have equal resistivitigsl=p2), b) top
layer has a lower resistivityp(L<p2), ¢) Bottom layer has a loweesistivity (p1>p2). Not drawn to scale (Burger et al., 1992,
p. 286).

3.2.3 Apparent resistivity

The examples abové-iure 3.7, are for homogeneous surfaces. In realiigwever, the subsurface
layers are inhomogeneous and actual resistivity of a layer cannot be calculated. The resistivity that has

been discussed above is the apparent resist@®hgnges in theurrent density affecthe potential
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measuredetween the potential electrodes and the apparent resistivity with(@epter et al., 1992
(Dobrin, 1976, p. 577

In two-layer Earth scenarioshere the layers are homogens Eigure 3.7A), the apparent resistivity

is equivalent to the resistivity of the subsurface layers. In inhomogeneousfagses 8.7B and3.7

C) the apparent resistivity varies to the actual resistivity of the subsurface layers. Current paths that are
in close proximity to one anothkaveahigher current densityausing the measuragparent resistivity

to belargerthan the actual resistivity of the layer (top layeFigure 3.7B). Current paths that aneore

sparsely spaced hagelower current density causing threasuredpparent resistivity to bemaller

than the actual resistivity of the layer (top layeFigure 3.7C).

The apparent resistivity recorded is also dependent on the distance between the electrodes. Closely
spaced electrodes provide a higher resolution of the shallow subsurface as the current paths are
concentrated within the shallow subsurface layers. A laigetrode spacing allows the current paths

to penetrate the deeper subsurface layers providing more information about the deep subsurface. This
is still affected by the variations of the current density.

By increasing the distance between the electrodes from a central poamptrentesistivity measured

will change depending on the subsurface layering. This allows for boundaries between subsurface layers
and the resistivities of these layers to be identified. For example, an increasing apparent resistivity
suggests a higher resistivitayer, while a decreasing apparent resistivity suggests a lower resistivity
layer with depth.

The thickness of theubsurfacdayers affed the readingseven if there is a significant resistivity
contrast within a muliayered subsurface. &4t equipment can only account for 13 Otmmvhich

implies thatnarrow resistivity contrastre less likely to be mapped.

A vertical resistive contact is caused by rapid changes in the subsurface resistivity. This is asfa result
lithological contacts or from structural displacementsrirai@a of interestlt is important to use the

correct configuration to map the relevant contacts of intesisgshe subsurface can be poarlgpped

if the wrong configuration is implementethis is completed by using variotesistivity sounding and

profiling configurations To complete a resistivity sounding, the innermost electroaesiaally used

while the remainingelectrodes are inactive. Once a measurement is completdue next set of
electrodes used has a larger electrode spacing. This allows for a deeper measurement to be completed.

This provides a vertical profile of the subsurface resistivities.
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Resistivity profiling concentrates on mapping the lateral variations. The depth of investigation is
constant so the spacing between the electrodes remains the same. The different arrays are used to obtain
resistivity profiles and soundings.

3.2.4 Arrays

Multiple electrodes spread out over an area are used for each array. The electrodes are used as either
potential electrodes or current electrodes. Most of the electrodes remain inactive until their operation is

required.

Wenner array

The Wenner array is the most commonly used affayu(e 3.3. Here, two potential anivo current

electrodes (current source and current sink) arewibd constant electrode spacing.

The calculation of the apparent resistivity for the Wenner amaythe setupre simplgTelford et al.,
1990, p. 53)Y. The Wenner array is bestited for shallow investigations as it is sensitive to near surface
variations This allows for miseto be interpreted as resistivity variations with depthich is why this
arrayis more reliable foresistivity profiling.

Schlumberger array

The Schlumberger arrayigure 3.§ has variations in the electrode spacirfggure 3.8shows he
relationshipbetween the spacing of tipotential and the curremiectrodes (2A > 5BCyvhere the

current electrodes have a larger distance to the midpoint (A) as compared to the potential electrodes (B
and C) As measurements are being made, the distance from the midpoint of the current electrodes is
increased. This is done until there is a null measurement recorded by the potential electrodes. At this
point,the distances from the midpoint to the potential electrodes (B and C) are indiesded et al.,
1990, p. 53Y.

Midpoint
C1 (Source) P1 | p2 C1 (sink)
< =< =
A
p —X%—> A
B C

Figure 3.8: Electrode configuration for a Schlumberger array. Current source (€fjent sink (C2) and potential electrodes
(P1 and P2) with their specified spacings@\and the density of the subsurface (p) (Burger et al., 1992, p. 318).
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The Schlumberger arrdaas a higher resolution than the Wenner array for resistivity sour(dingsn,
1976, p. 58] It also has a faster setup time. The reafacéshallowresolution is notomparable to

theWenner array although it is best suited for resistivity soundings.

Dipole-Dipole array

Detailed crossection of the subsurface are obtained using the DIpiglele array Figure3.9) (Burger

et al., 1992, p. 3)8The current and potential electrodes are placed on either end of the midpoint and a
specified distance (A)An apparent resistivity measurement istaten at themidpoint. A new
measuremeris completedat a new midpoint creatdry moving onlythe potential electrodes one step
away from the current electrodeBhis processcontinues until thesignal recorded at the potential
electrodes is too lowThe current electrodearethenmoved one step towards the potential electrodes
and theprocess is repeatadhtil a pseudecross section of the subsurfaisecreated The atual

resistivity of the subsurface layers can be calculated using various inversion softwares.

Midpoint
P1L P2 c1 c2
i i L
< > < =
A A
p

Figure3.9: Electrode configuration for a Dipol®ipole array. Current source (C1), current sink (C2) and potential electrodes
(P1 and P2) with their specified spacings (A) and the density of the subsurfaBer@ggr(et al., 1992, p. 318).

The DipoleDipolearray is eagto workwith, provides adetailed cross section of the subsurface and is
more sensitive to lateral changes in resistivity along a profile (best suited for resistivity profitiag)
electrode spacing is a key component for the Diibfmle array. If the electrode spacing is too large,

reliable measurements will not be made as the signal would be too weak.
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3.3 MagneticsMethod

Themagnetic susceptibilitgnd the ability for a rock to get magnetised is the basis of magnetic surveys.

It is a passive geophysical technig(idilson and Eriksen, 2011, p. h5The magnetianineralgrain

size, microstructure lattice structures, electron spins, concentrations of the magnetic atoms or ions,
orbital motions and mineral content are the properties that controhdgaetic susceptibilitpf the

rock (Dentith and Mudge, 20)5

331 The Earthds magnetic field

An el ectric current produced from the flow of t
magnetic field can be considered as a magnetic
pole(Dentith and Mudge, 20)5The magnetic declination is the angle between the axis of the magnetic

field and that of the Earth. Magnetic field linésgure 3.10 perpendicular to the surface that occur at

the poles are the stronggstile those parallel to the surface at the equator are the wedakdstn,

1976,p. 47yl ncl i nation is known as the angle of these

S

Figure 3.10: EarthGs magnetic field lines showing perpendicular field lines at the poles and, parallel field lines at the equator
(Dentith and Mudge, 2015).

3.3.2 Types ofmagnetism

The magnetic domains that are present in matggala result of the electron spilgguse the material

to have variablenagneticsusceptibilities as they interact with an external magnetic(fleltdord et al.,

1990, p. 73 Theparallel alignment of thelectron spingvithEar t héds magnetic field
material creasa weak positivanagnetic susceptibilitpnly visible in high resolution surveys. The

electron spinglign in the opposite directiontoh e Ear t hés magn etic material i el d i

creating a weak negativaagnetic susceptibilitynot measurable on high resolution survesth
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parallel and opposite alignments of the electron spins withe Ear t hdés ocovaigaet i ¢ f
ferromagnetic materiakcreating a highmagnetic susceptibility f these domains al i
external magnetic field. Ferromagnetic materalve the largest susceptibilitiésentith and Mudge,

2015.

Permanent/remanent magnetism and induced magnetism are two types of magnetism that some
materiab are able to host. The vector sum of the induced and the remanent magnetiasidered as

the overall magnetism of a mine(&lentith and Mudge, 20)5

Permanent or Remanent magnetism

A materialthat retains the orientation of its initial magnetisation caused by the presence of a strong
external magnetic field is considered to have a higlgnetic susceptibilityMagnetic minerals with a

high magnetic susceptibilitpccurringin a newly formed magmavilal i gn wi t h t he Eart
field at its time of formatior{Telford et al., 1990, p. J2The magnetic alignmenis retained as the

magma coolsThis process is known as permanent or remanent magneti§ateorientation of the

magnetic alignment varies as new magmas form due tb the Hiftihgmagnetic field. Changes in

the Earthés magnetic f i el d cxaldowsfdr ehanges i th&kmadgneticn t hi
alignment to occur as the rocks getmagnetised due to partial meltinbhe sum of the permanent
magnetisms is considered to be the overall remanent magnetism (natural remanent mdgreetisin)

and Mudge, 20156

Induced magnetism

An external magnetic field will magnetise a material that has a high magnetic suscefititdity: as

induced magnetisi(Telford et al., 1990, p. J2This differs frompermanent magnetisation iagial
magnetisation that it obtains is not retainkthgnetic domains exisig on the surface of the roatill
realign to the Ear ashhg sockenavesda aidiffegentmaggeticeotientalitvef i e | d
remaining domainsvithin the rockretain their original magnetisation. By this occurrence, rocks can

have both thénducedmagnetism angermanentnagnetism.

3.3.3 Magnetic surveys

I n magnetic surveys, the Earthés total magnetic
survey line.A high magnetic susceptibilityeaturewithin the subsurfacevill affect the resultant
magnetic fieldhat is recorded along the lifleigure 3.1). A larger magnetic intensity will be recorded

where the rockmagnet i c field Iines align with the Eart
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magnetic intensity will be recorded where the field lines oppose one another. Additionally, a higher

density of the magnetic field lines (at the poles) will create a higher magnetic response.

The responsé¢hat can beexpected at a latitude e26° (South Africa) if measurements of the total
magnetic field intensity were made over the magnetised sasisi@own inFigure 3.11

N S
O
'.4?_: C Tangent to the Earth's magnetic field
LE
c 27000
g 2
Eg
8= Subsurface
A=

—— Source

Figure 3.11: Amplitude response created by a magnetic survey that crosses a magnetidamiszkin South Africa. Not
drawn to scale, (Dentith and Mudge, 2015, p. 95).

334 Recording the Earthds magnetic field

The Earthds magnetic field strength can be recor
(Milson and Eriksen, 2011, p. ¥Zhe magnetometer contains a pretah fluid which aligns with a

magnetic field created by a current carrying coil that surrounds the container. When the magnetic field
stops, the prot@realign with theexistinggar t h6s magnetic field. The fr
as in Equation 16) at which the protons begin to pretedgpendendb n t he magni tude of
magnetic field. A proton procession magnetometer has a resolution of 0.1 nanotegtao(lvE)and

Hollos, 2009.

o —® —& (16)
This equation is described by tharmor frequencyd , proton magnetic mome(t , proton angular

momentuniQambient magnetic field®and the gyrometric raticO for protonsn® ¢ x L ¥ i

The scalar quantity of the Earthés magnetic fie
(Milson and Eriksen, 2011, p. Y ¥he cesium vapour is held in a glass cell through which a laser light

is transmitted. This laser light has a frequency and wavelength teqtivalentto that of the first
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absorption line of the cesium vapour. The electrnaiihin the cesium vapouabsorb the photons
causing thelecreas inthelightés intensity The electrons themove tohigher energy levekhich will
increase their intensity which is measurable wigthatoelectric cell.

A spin alignmenis created as the electrons move to a higher energy Theefrequencgat which these

spin alignments precess is tharmor frequency which varies with the ambient magnetic fialdican

be used talescribe the total magnetic fie{@eometrics, inc., 2004High shifts are requiredas the

initial precessions are small. A decrease in the intensity of the light registered by the photoelectric cell
activates an alternating current in the coil that is tuned to match the precession fregheneyl

allow the electrons to shift to a higher energy level that is measufidideallows the photons to be
absorbed by the electrons changing the figimtensity The precession frequendg then recorded
(usingequation 1pand theotal magnetic intensity isalculated Most cesium vapour magnetometers
have a resolution of 0.00I{SCINTREX., 201}.
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4 Methods

To achieve the aims and objectives of this stydhysical propertyand geophysical data analysis are
required. The methods used to acquire the bulk magnetic susceptibility, density, ultrasonic velocity and
resistivity data for the physicadropertyanalysis are described hetegether with the acquisition

parameters for the geophysical field data that are analysed.

4.1 Physicalpropertymeasurements

Through the petrographic analysis and physical propeegsurementsf the rock samples, the samples
can be classified stratigraphically. Thedhd Swave seismic velocities, the tintlomain resistivity,

density, and the bulk magnetic susceptibility, are the physical properties measured.

The seismic velocities and the densities will allow fmmerical simulations, i.e. computation of
synthetic seismograsnThe synthetic seismograms will aid in the interpretation of the seismic data by
identifying the lithologies responsible for the reflections in the 2018 reflection seismic data. In turn,
this 2018 seismic section and the refraction tomography of thedg#oyeeflection seismic data will
assist in constraining threearsubsurface geology.

Measuring the resistivities of the samples will allow for a better understanding of the lithologies
responsible for the various anomalies found on the resistivity data and go hand in hand with the

identification of the shallow stratigraphic units.

The regional magnetic data over the Far Western Limb shows that there are lineastasinding

positive magnetic anomalies that have not been attributed to any of the geological units in the area. The
positive magnetic anomalies could be related W afrthe structural phases that the Far Western Limb
experienced during its formation. Measuring the bulk magnetic susceptibility of the rock samples will
potentially allow for the identification of the lithological unit and structure responsible folirtba

positive magnetic anomaly.

To do the physical properties, the equipment listethine 4.1was used ahe Petrophysics Section of

the Analytical Services Unit, Council for Geoscience.
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Table 4.1: Outline of Physical Properties measured for samples collected in the study area. This includes what physical
property will be measured, how the data will be collected, the number of measurements that are required, and how the data
will be analysed.

) Physical Number of
Equipment How data are
property measurements How data areanalysed
used collected _
measured required
Agico MFK1-
FA , Use the data to create models i
_ _ _ Place sample in
multifunction | Bulk magnetic mag2dc to further understand th
) - the tube 10 N
kappabridge | susceptibility geometry of the positive magnet
o Run the program _
(susceptibility anomalies
meter)
Obtain Pwave
Proceq velocities. 10 _ -
_ Measure the Compared wittknown velocities
PUNDITPL- | Obtain Swave ) measurements o )
N respective _ _ to see which lithologies they
200 velocities. o per orientation
_ velocities in 3 match
(Ultrasonic Measure the | o X, Y,z
_ different directiong o
meter) anisotropy direction)
METTLER N
, Calculatedensities from the
TOLEDO MS Find the Measure the 10 ) .
_ _ weights. Use the density and P
DNY-54 density of the weight of the measurements .
o _ o wave velocity data to calculate tt
density kit samples in sample in air and| per sample o
_ _ acoustic impedance and create {
(density g/lcm? then in water o
synthetic seismograms
meter)
GDD
SAMPLE o Submerge the Use the data for forward
Finding the _ _
CORE I.P o sample in water 10 modelling and to further
resistivity of
TESTER | then measure the measurements understand the subsurface
_ _ the samples in _ ) . o
(time-domain oh time domain per sample lithologies imaged on the
m.m
resistivity resistivity resistivity data
meter)
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4.1.1 Preparing the samples for laboratamgasurements

To prepare the rock samples that were collected in the fildamples were first cut into 2 cm x 2 cm
x2 cm blocks. This was done through the use of a rock cuttinghsavaboratoryat the South African
Council for Geosciences. These samplese of sufficient size for the physical properties of the
samples to bemeasued. A total of 21 blocks were created from all the collected rock sayaplésheir
dimensions can be found in tA@pendix A However, the volumes for each sample were not exactly

8 am® as they were irregularly shaped, this may cause possible discrepancies between samples.

4.1.2 Bulk magnetic susceptibility

The bulk magnetic susceptibility is measured using the AGICO MFK{Figure 4.) and the Safyr7
software Calibration of the equipment is required before the measurements can be taken. This begins
with theinstrumends calibrationandis followed by the holder calibration.

Figure4.1: AGICO MFKZXFA used to measure the bulk magnetic susceptibility of the samples. Sample (red arrow) within the
holder (blue arrow).

To measurghe bulk magnetic susceptibility, the magnetic field intensity is set to 200 A/m, the
measuring mode is set to measure the Individual Measurements Mode (bulk susceptibility) and

the operating frequency is set to 976 Hz.

Once completed, the normalization mode for the bulk susceptibility measurement is set to
volume normalized since the dimensions of each sample is known.

The equi pment meas ur ewhichtishhen used to ahitain thewlaneeid i b i | |
s us c e p t through the fojowirg formulén equation 17:

Il —1l (17)
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where \§ is the nominal volume of 10 émand V is the actual volume of the sample.

Each sample can then be placed within the holder in-tiesgtion. Once completed a new
measurement is initiated where the sample name and the calculated volume are added on the
computer linked to the instrument.

The measurements are set to 10 measurements per siatiphed by saving the data into its

respective file. This is then repeated for each sample.

4.1.3 Density

To measure the bulk density, the samples were dried in the ovenHou#at 110 °CMeasurements

were made once the samples returned to ambient tempefaiuneasure the density of the sample the
METTLER TOLEDO MSDNY-54 density kitwas used Figure 4.2. A glass beaker contaimg a

known fluid (distilled water)s fitted with aprecision thermometer attached to it. The beaker is placed

on a platform situated over the bracket which holds the universal basket in which the samples were
placed.

The weight of the sample was measured in air and then in water for the density to be calculated. This
was done by following several steps described below:

The equipment first needs to balibratedbefore any measurements can be made. Known weights

are placed onto the basket and the value for each one is recorded. This allows for the accuracy of
the equipment to be monitored.

Next, the density of the liquid in the water needs to be found. To do this, the temperature of the
liquid (usually distilled water) is measured, followed by a correlation with a density table for
distilled water, which gives the density of the liquid whisithen entered into the system. Once
completed, the equipment is zeroed. The sample of interest is then placed onto the universal basket
(Figure 4.2 A andits weightin air is recorded once the value stabilizes. The equipment struggled

on certain measurements to stabilize the values and this might result in discrepancies between
samples.

The sample is then placed into the universal baskgtile 4.2 B and the measurement is taken

once more while the sample is now immersed into the liquid.

The system records the results into an excel spreadsheet and the process is then repeated for the

next sample.
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Figure 4.2: Measuring the weight in air and water of SamgIg08A using the METTLER TOLEDO D8IY-54 density kit
A) Sample on top of the universal basket measuring its weight in air, B) sample inside the universal basket measuring its
weight in distilled water.

Once these measuremewnisrecompletedequation 18 is used to provide the density of the sample.

o (18)

whereq i s the density of the sample, A is the weig
i n theoilsi gthied,dejn s i t yisthedengithoéair ati0.q002g/dm and |

4.1.4 Ultrasonic velocity analysis

To measurehe ultrasonic velocities of the samplé®e Procg Pundit Pl-200 was used. This piece of
equipment provides the-Rnd Swave velocities for each of the samples. It consists of a Pundit
TouchscreenHigure 4.3 A, transducers and calibration rods with their respective connecting cables.
To measureghe Rwave velocities, the 150 kHz transducéfgy(ire 4.3 B were chosenwhile for the
S-wave velocities the 250 KHz transducers were usegli(e 4.3 Q.

Figure 4.3: The Proceg Pundit PL-200 used to measure seismic velocities: A) Touchscreen, B) 150 kHz Transducers and
calibration rod used to calibrate the transducer C) 250 kHz Transducers and calibration rods used to calibrate the transducer
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The following steps were followed:

Since each sample is a block, measurements were made in all three directions (X, y and z). The
setup of the Procep Pundit 00 requires that the measurement mode be set to the pulse velocity,
the voltage of the transmitter to be 100 V, and the transmnidsei be continuous. The gain, file
name, and distance (length of the side) are adjusted accordingly for each sample. The first step is
to zero the instrumenHere the calibration rod is placed between the transducers and the velocity
recorded is compared to its actual velocity. Only when the values match, can the experiment
continue. To make the measuremelgsiid soap is placed between the sample and the transducers
as a contact medium

The first arrival for the Rvave is picked automatically by the software while $heaves first

arrival is picked manually.

The software automatically calculates the respective velocities once the first arrivals are confirmed.
Each samplevasmeasued in each direction a total of ten times.

The measurements are recorded and saved onto the system umtiettmynloaded later onto the

computer.

Possible problems causing discrepancies:

Not having enough soap on the samples causes the samples to be in direct contact with the
transducers which causes the velocities to be much lower.

When holding the transducers to the samples, if they are pressed too little or too much into the

samples the velocities are affected.

The irregular shape of the samples can cause the velocities to be affaitésidue to air between

the transducer and sample slowing down the wave, or misalignment of transducers due to

nonparallesample edges.

The system automatically picks the first arrival on the seismogram. -T¥ee/& velocities were

picked by hand.

Multiple seismicP-and S-wave velocities measurements in the x, y and z orientadibows for the
anisotropy of each sample to be collectdue formula for calculating the seismic anisotropghiswn
by equation 19Shithigona et al., 20)8

(19)

where Wmax Vpmin @Nd VhmeaniS €quivalent to the maximuminimum and mearP-wave velocity in

each sample collectetespectivelyThe same was done for tBevave measurements.
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4.1.5 Resistivity

To measurdhe time domain resistivity of the samples @BD SAMPLE CORE I.P TESTER (time

domain resistivity meter) was useddure 4.4.

Figure4.4: GDD SAMPLE CORE I.P TESTER used to measure the resistivity of the samples. This consists of the Archer field

computer (blue arrow), the SCIP tester model TDLV (red arrow), the transmitting cable (purple arrow), the receiving cable
(green arrows), and finallyhe computer connected to represent the data visually.

The following steps were carried out:
Once the SAMPLE CORE |.P TESTER is switched on and all the necessary cables are

connected irequires calibration Known resistors are placed between the transmitting and
receiving terminals and the resistivity is recorded. This helps in monitoring the accuracy of the
equipment. Each sample was prepared by submerging them inovateight. To stop the
samples from drying out quickly, they were wrapped in a rubber Eaperé 4.9 for it to retain

its moisture.

Figure 4.5: Rock samples wrapped with roanductive tape to retain the moisture.

For each sample, X x Y is used as the area therefore the sample is placed watkishetical

between the two terminals.
To make the measurements, the transmitting terminal is set to a constant voltage of 12 V and

each sample is labelled accordingly in the system.
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A total of 6 stacks is used and the data is then saved to the computer.

Possible problems causing discrepancies.

Samples drying out too quickly before measurements are completed.

Terminals could touch whilmeasurements are being completed.
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4.2 Geophysical surveys

This section describes the different acquisition parameters for the geophysical methods that were

employed in this study.

4.2.1 Survey study areas

The two study areas shownfingure 1.2are where the surveys took pladde magnetic survey lines
are represented by the numbered red inesrea 1 shown irfrigure 46. Seismic line 1is represented
by the blue lineand theresistivity line 1is represented by thgellow line. There are outcropping
lithologiesoutlines by theyreen lineNorth of the survey lines where samples were collectdenée
represented by thaack linein the area runsorthrwestbouth-east. This is why the surveyed area was

restricted and why the lines terminate against the fence.

Survey Area 1 5, SRy P I_.Megend _
- . ' lagnetic survey lines

Resistivity survey lines

Seismic survey lines

Figure 4.6: Area 1 with the magnetic lindsed lines), the seismic line 1 (blue line), and the resistivity line 1 (yellow line)
marked. A wirdence (black line) and outcrop (green line) are also marked (Google Earth Image).

Area 2 Figure 47) contains resistivity profiletange resistivity line 2 andlarkgreen, resistivity line

3) and seismic profiledight green seismic line 2 and purple, seismic line 3)isTdrea does not contain
any outcroppingunits but due to the agricultural digging (pink box), some of the rock samples were
exposed and therefore recovered.
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Survey Area 2 > ~ Legend

W Resistivity survey line 2
W Resistivity survey line 3

M Seismic survey line 2

[ Seismic survey line 3

Ak

Figure 4.7: Area 2 with the resistivity profile®(angeand dark green lines, resistivity lines 2 and 3 respectively) and the
seismic lineslight greenand purple lines, seismic lines 2 and 3 respectivély)k blockin the figureindicates where the
rock samples were collected (Google Earth Image).

4.2.2 Seismic data acquisition

Equipment tilised for the seismic data acquisition consisted of faight 14 Hz uniaxial vertical
geophones connected to a take cableTwo Geometric Geods(32 bit)were utilised, each connected

to 24 geophones, a power source and acquisition laptop for all the seismic lines and was located at the
seismic station (centre of the profil@igure 48). The geometry was set on the laptop with the seismic

data acquisition software

Figure 4.8: Surveylayoutalong seismic profile $howing theveight drop(blue arrow), seismic statioat the centre of the
profile (red arrow), and theseismic profile with geophonégellow arrow).
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Theenergysourcesised wereghe 9 kg sledgehammefFi¢ure 49) and the accelerated weight di@3

kg). A metal base plat€80 x30 x 2.5 crf) wasutilisedfor both thesledgehammer and tlaecelerated
weight drop A sampling interval 00.5 ms samplingvas usedo record the dataith atotal recording
length of 500 ms.

Figure 4.9: Geophonegred arrow), sledgehammer source (blue arrow), metal plate (yellow arrow), and theutkable
(orange arrowiitilised during seismic data acquisition

A summary of the acquisition parameters for the seismic lines that were collected in this survey can be
found inTable 4.2
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Table4.2: Data acquisition parameters for seismic lines

ltem Parameters
Line 1 (Area ) 2 (Area 2) 3 (Area 2)
Orientation WNW-ESE WNW-ESE N-S
Geophones type 14 Hz
Geometry Split spread
Seismograph Geometric Geode (32)
Source Weight drog23 kg) | Sledgehamme® kg) | Sledgehamme(9 kg)
Record length (ms) 500
Sampling interval (ms] 0.5
Vertical stacks 4 4 4
Receiver number 48 48 48
Receiver spacing (m) 2 2 2
Number of shots 26 50 50
Shotspacing (m) 4 2 2
Profile length (m) 94 94 94
Min/Max offset (m) -4/96 -2/96 -2/96
CMP fold 12 24 24

4.2.3 Resistivity data acquisition

Resistivity data acquisition included steel electrodeg(re 410 A) and thefully automated ARES
Resistivity meterKigure 410 B). Electrodesfound in themulticoretake-out cable) werdixed to steel
rodsthatwereplacedinto the groundThe ARESresistivity meter was connectedan externabattery
andthe multicore cablesneasurements wetleentaken.
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Figure4.10: A) Electrodedixed to the steel rod®lue arrow) B) Resistivity meteqfARES)green arrow)with the multicore
take-outelectrodecable and thexternalbattery (red arrow).

Three electrical resistivity lines were used in this study. The parameters of the lines can be found in
Table 4.3below.

Table4.3: Resistivity dta acquisition parameters for the resistivity lines.

Line 1 (Areal) 2 (Area 2) 3 (Area 2)
Profile length 150 m 100 m 100 m
Number of electrodes 31 48 48
Electrode spacing 5m 2m 2m

4.2.4 Magnetic data acquisition

The Cesium vapour walk magnetometeig(ire 411) wasused to acquirhe magnetic data while the
Proton Precession magnetometer was used as a base station. A total of twelve magnetic lines were
acquired with the Cesium vapour walk magnetometer ranging between 200 m and 350 m with an

average line spacing of 50 m. The linégrand North-South
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Figure4.11: Caesium vapour walk magnetometer used for the magnetics data acquisition.

4.3 Seismic data processing

The profile for seismic line 1 (Area 1) can be seehRigure 46 and seismic lines 2 and 3 (Area 2) can
be seen irFigure 47. During data collection, airwave padding was added such that the effects of the

airwaves were minimised. This entails that the models all start at hefonvthe ground level.

Refraction seismic processing

The refraction tomography was primarily created to understand the velocities and thicknesses of the
nearsurface lithologies. The first arrivals were picked using ReflexW software while the Tomoplus
software was used to process and invert the refraction tomography. Tpatihaycontain six 50 cm

cells as padding which means that the data statsmtin the tomography.

Reflection seismic section

The seismic sections were processed using ReflexW.

4.3.1 Reflection seismic processing for seismic line 1

The raw shot gathers for line 1 (Area Ejqure 4.12 show some noise that was incurred in the far
offsets for each shot. The major reflections within the data areeustssarily clear as they have a

smaller amplitude than the surface waves within the data.
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Figure 4.12: Raw shot gathers of seismic line 1 (Arealdwing the far offset noise present in the data.

The seismic source for this survey wa8&@ accelerated weight dropThis has a dominant frequency
around 65 HzKigure 4.13 which will need to be enhanced through further data procefsiagoetter

identification of the reflections within the raw shot gathers.
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Figure4.13: Frequency spectrum of the raw shot gathers for lisedwing the dominant frequency at 65 Hz

Figure 4.14shows the interpreted seismic events that are clear on the ragagieats. Within the raw

shot gathers there are the direct waves (D), refracted waves (R1 and R2), potential reflections (R) and
the surface waves (air waves (A) and the ground roll (G)). The direct waves occur within the first 10 m
of the shot gathers amdve a velocity ranging from 600 to 1000 m/s. The refracted waves (R1 and R2)
can be found from 10 m to 52 m from the shot and have velocities of208lMand 4506500 m/s.

The surface waves (air wave and ground roll) fall within a range of 270 to 45@u# to the padding

that the raw data has, the air waves are not very clear within the shot gathers. The reflections are also

not entirely clear in the raw shot gathers.
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Figure 4.14: Interpreted raw shot gathers for line 1, D is the direct wave, R1 and R2 are the refracted waves, A is the air
wave, G is the ground roll and R is the potential reflections in the data.

Table 4.4represents the pigack processing steps that are taken to produce the seismic $mrction
seismic line 1 followed bifigure 4.15vhich shows the shot gathers for each step.
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Table4.4: Pre-stack processing steps that are taken to produce the seismic section for seismic line 1.

Processing step

Justification

Parameters

Top mute

From the raw shot gathers and observation
during the data collection, the area was wind
and had loose soil which caused some of th
geophones to have less contact with the grou
This created the noisy traces seen in the fa
offsets of the raw shot gathers. The top mute
applied in order to remove this surface noise

Frequency contenemains unaffected.

Scaled window

To increase the amplitude of the shallow
reflections and correct for the spherical
divergence effects. The raw shot gathers shq
that the major reflections are well within this
window and are enhanced through this proce

Frequency contertecomes 40 to 150 Hz

0-300 ms(Figure 4.15 B.

Deconvolution

This step helps to remove the multiples withi
the data and the effect of source receiver
coupling. The amplitudes of the multiples hay
been reduced.

Frequency conteritecomes 30 to 250 Hz

Predictive deconvolution of O t
150 ms with the 60 ms filter
length and a 10 % lagrigure
4.15 Q.

Bandpass frequency

This removes the dominant surface waves wit
the data which occur at the lower frequencies
is clear at this point that thieflections that were
initially picked out exist and have been reveal
by decreasing the noise caused by the surfa
waves in these data.

Frequency conteritecomes 50 to 250 Hz

The best filter used was & 3

order Butterworth bandpass

from 80 to 220 HZFigure 4.15
D).

Top mute

This was employed again in order to remove &
noise that has been enhanced in the data.

Frequency contememains unaffected

f-k filter

To remove the remaining low frequency signa
the data

Frequency contertecomes 60 to 250 Hz

A velocity filter is used ranging
from 600 ms to 1000000 ms
with a Hanning "2taper with a
taper width of 5 for the f and K
domains.

Top mute

This was employed again in order to remove ¢
artefacts that havieeen enhanced in the datal
from the £k filter.

Frequency contememains unaffected

Shot gathers with-k filtering
and top mutéFigure 4.15
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The AGC was used to enhance the late arrivi
events in thelata and a time cut was used tg

. . remove the chance of overinterpreting the da
Automatic gain control . .
(AGC) and time cut. . 100 ms AGC W|.ndow and timg
Frequency contememains unaffected on 60 tq cut of 120 mgFigure 4.15 I

250 Hz. AGC enhanced all of the noise in th
first 100 ms creating spikes in the frequency
spectrum.

The first reflection was ~ 100(
m/s (20 and 25 ms) while the
second reflection haswelocity
of ~ 3000 m/s and was (35 an
40 ms)(Figure 4.15 G

The velocities were carefully picked for each
Velocity analysis reflection within the data.

Frequency contememains unaffected.
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Figure 4.15: Pre-stack processing steps applied to seismic line 1: A) Raw shot gathers; B) Shot gathers after top mute and
scaled window; C) Shot gather after predictive deconvolution; D Shot gathers after bandpass filtering; E) Shot gathers after
f-k filtering and top mute; F) Shot gathers after automatic gain control and time cut; G) Velocity analysisstacirehot

gathes. D is the direct wave, R1 and R2 are the refracted waves, A is the air wave, G is the ground roll and R is the reflections
in the data.
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Table 4.5representsiestacking angboststack processing of seismic line 1.

Table4.5: Stack and posstack processing steps for seismic line 1.

Processing step

Justification

Parameters

NMO correction/
Stacking

The velocity model was used to correct the
normal moveout of the reflections within the
shot gathers. Once completed, the commo
midpoints for thelata arehen stacked to creal
the stacked section.

Frequency contememains unaffected

To avoid stretching of the data
after the NMO corrections, a 44
% stretch mute was applied to t
data with the correctiofFigure
4.16 A).

Bandpass frequency

Applied to enhance the existing data within t
targeted frequency range and remove any n
that the data inherited due to stacking.

Frequency conteritecomes 50 to 150 Hz

Filter created to preserve the
frequency fronb0 to 150 Hz
(Figure 4.16 B.

Static correction

To correct for any surface inherited delays |
the shot gathers.

Frequency contememains unaffected

(Figure 4.16 Q.

Migration

Kirchoff migration applied to the stacked
section to remove the effect of dipping strat

Frequency contememains unaffected

Stacking velocity of 2000 m/s

which is an average of ale
velocities picked up in the

tomography(Figure 4.16 D.

Time-depth conversior

To convert the seismic section to depth to all
for comparisons between the data collecte

Frequency contememains unaffected

This was also completed using
constant stacking velocity of
2000 m/qFigure 4.16 [k

Bandpass

To remove any unwanted signal from the da
Frequency contememains unaffected

The 3¢ order Butterworth
bandpass filter was appli¢a
preserve the frequency betweg
50 and 150 Hz so only the

original signal ign the data

Automatic gain control

Applied so the reflections within the seismig
section become enhanced.
Frequency contememains unaffected

20 ms intervals

Bandpass

Applied to directly enhance only signal in th
data from the weight drop.

Frequency conteriiecomes 65 to 130 Hz. Th

final frequency spectrum for line 1 shows th
the frequency for the weight drop is
significantly enhanced and preserved

A final 3 order Butterworth

bandpass filteto preserve the

frequency front5 to 130 Hz
(Figure 4.16 I
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Figure 4.16aisplays thestack angost stack processing steps for seismic line 1
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Figure 4.16: Stack anghoststack processing steps applied to seismic line 1: A) NMO correction and stacking; B) Bandpass
frequency filtering; C) Static correction; D) Migration; E) Tirdepth conversion; F) Final seismic section for seismic line 1.
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Figure 4.17: Frequency spectrum of shot gathers for seismic line 1: Original frequency (red line); After top mute and scaled
window processing (blue line). Thequency conterafter this processing is from 40 150 Hz, compared to the previous 30

to 200 Hz After predictive deconvolution (orange liné)e frequency that got enhanced is from 30 to 250fter bandpass
filtering (green line) this filter preserved the frequencies from 50 to 250Adter top mute andk filtering (purple line) the
frequency thahas been preserved is that from 60 to 250 Aer top mute and automatic gain control (pink linénal
frequency spectrum shows that the frequency for the weight drop is significantly enhanced and preserved (light blue line).

4.3.2 Reflection seismic processing for seismic line 2

The raw shot gathers seismic lineR2glre 4.18 show some noise that was incurred in the far offsets
for each shot. The major reflections within the data are not necessarily clear as they have a smaller
amplitude than the surface waves within the data.

Distance (m)

20

Time (ms)

Figure4.18 Raw shot gathers of seismic linst®wing the noise in the far offsets

Thefrequency conterwithin the raw data is from 25 Hz to 200 Hzdure 4.19. Theseismic source
for this survey was a 9 kg hammer hitting a metal plaites has alominant frequency around 60 Hz
which will need to be enhanced through further data processing better identification of the
reflections within the raw shot gathers.
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Figure 4.19: Frequency spectrum of the raw shot gathers for line 2.

Figure 4.20shows the interpreted seismic events that are clear on the raw shot gathers. Within the raw
shot gathers there are ttlieect waves (D), refracted waves (R1 and R2), potential reflections (R), the
surface waves (air waves (A) and the ground roll (G)). The direct waves occur within the first 10 m of
the shot gathers and have a velocity ranging from 350 to 400 m/s. Tieefraves (R1 and R2) can

be found from 10 m and 52 m from the shot and have velocities ofIIRliDand 180@500 m/s. The
reflections are not entirely clear in the raw shot gathers. Surface waves (air wave and ground roll) fall
within a range of 270 t850 m/s. Due to the padding that the raw data has, the air waves are not very

clear within the shot gathers.
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Figure 4.20: Interpreted raw shot gathers for line 2, D is the direct wave, R1 and R2 areftheted waves, A is the air
wave, G is the ground roll and R is the potential reflections in the data.

Table 4.6represents the pigack processing steps that are taken to produce the seismic $gction

seismic line 2 followed b¥rigure 4.21which shows the shot gathers for each step.
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Table4.6: Pre-stack processing steps that are taken to produce the seismic section for seisinic line

Processing
step

Justification

Parameters

Top mute

From the rawshot gathers and observations duri
the data collection, the area was windy and ha
loose soil which caused some of the geophone
have less contact with the ground. This created
noisy traces seen in the far offsets of the raw s
gathers. The tomute was applied in order to
remove this surface noise.

Frequency content remains unaffected.

Scaled
window

To increase the amplitude of the shallow
reflections and correct for the spherical diverger
effects. The raw shot gathers show thatnttagor
reflections are well within this window and are
enhanced through this process.

Frequency content becomes 20 to 150 Hz

0-300 ms Figure 4.21 B.

Deconvoluti
on

This step helps to remove the multiples within t
data and the effect of soun@xeiver coupling. The
amplitudes of the multiples have been reduce

Frequency content becomes 30 to 200 Hz

Deconvolution of 50 to 150 ms with th
60 ms filter length and a 5 % lagigure
4.21 Q.

Bandpass
frequency

This removes the dominastirface waves within
the data which occur at the lower frequencies. |
clear at this point that the reflections that werg¢
initially picked out exist and have been revealed
decreasing the noise caused by the surface way
these data.

Frequency content becomes 50 to 150 Hz

The best filter used was & 8rder
Butterworth bandpass to preserve th
frequency from 50 to 150 HEigure

4.21 D).

Top mute

This was employed again in order to remove a
noise that has been enhanced in the data.

Frequency content remains unaffected

f-k filter

To remove the remaining low frequency signal
the data

Frequency content becomes 60 to 200 Hz

A velocity filter is used ranging from
300 ms to 1000000 ms with a Hannin
A2 taper with a tapewidth of 5 for the f

and k domains.

Top mute

This was employed again in order to remove a
artefacts that have been enhanced in the data f
the £k filter.

Frequency content remains unaffected

Shot gathers with-Kk filtering and top
mute Figure 4.21
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The AGC was used to enhance the late arrivin

Automatic events in the data and a time cut was used {(
gain control remove the chance of overinterpreting the dati 100 ms AGC window and time cut of
(AGC) and 150 ms.

time cut. | Frequency content remains unaffected on 60 to
Hz. AGC enhanced all of the noise in the first 1
ms creating spikes in the frequency spectrum

The first reflection was ~ 800 m/s (2(

Velocity The velocities were carefully picked for each| and 30 ms) while the second reflectig

analvsis reflection within the data. has a velocity of ~ 1000 m/s and (40 4
y 50 ms). The third reflection has a
Frequencycontent remains unaffected. velocity of ~ 20083000 m/s (50 and 7(

ms) (Figure 4.21 .
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Figure 4.21: Pre-stack processing steps applied to seismic line 2: A) Raw shot gathers; B) Shot gathers after top mute and
scaled window; C) Shot gather after deconvolution; D) Shot gathers after bandpass filtering; E) Shot gathekdilé&sng

and top mute; FVelocity analysis of pretack shot gathers after automatic gain control and time cut. D is the direct wave,
R1 and R2 are the refracted waves, A is the air wave, G is the ground roll and R is the reflections in the data.
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