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Abstract: The South-Eastern Karoo Basin has several dolerite mtrusions that possibly mtroduced heat into the
basin and resulted m the large scale conversion of o1l to gas. To date, the geometry of these dolerites and
variations in electrical resistivity of the purported shale gas hosting Ecca Group is poorly documented despite
over 30 years of research in the area. In this study, we investigate the variations in resistivity of the Ecca Group,
estimate the average depths to magnetic signatures and produce gravity models that unravel the basin
architecture and how dolerite intrusions are interconnected at depth. The magnetic map shows some ring-like
or circular structures which coincide with dolerites that were mapped in the field. Depth slicing revealed that
the dolerites are pervasive in the study area, extending up to 5400 m. The Bouguer anomaly map shows gravity
values increasing from mland to coastal areas. The gravity models revealed that the dolerites form a network
of mtercomnected sills, dykes and inclined sheets at depth. The subsurface apparent resistivity of the Ecca
Group varies between 2 Om and 557000 OQm. The pseudosections show that the lower Ecca Group rocks are

generally characterised by low resistivity compared to the upper Ecca Group rocks.
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INTRODUCTION

One of the most noticeable features of the present
Karoo landscape is the numerous dolerite sills and
ring-complexes. These structures usually
sub-circular saucer-like shape, the rims of which are

show a

mostly seen as topographic highs and form ning-like
structures on satellite images (Svensen et al., 2007). The
Main Karoo Basin has several delerite mtrusions, thus,
providing a special opportunity to study the forms and
nature of dolerite intrusions. But on the other hand it has
seriously restricted the depth of investigation in many
situations (Van Zijl, 2006a). The geographical distribution
these
South-Eastern Karoo Basin are the major tectonic style
that possibly controls the geomorphology and drainage
system of the basin (Chevallier et al., 2001 ; Woodford and
Chevallier, 2002). Tn the North, highly resistive rocks of
the Kaapvaal Craton underlain the basin and the basm is
bounded by the Cape Supergroup in the far South
(Van Zijl, 2006b). Tts thickness gradually increases
towards the south until the Karoo trough 1s reached in the
extreme Southern portion of the basin where thicknesses
of the Karoo sequence 1s about 12 ki (Smith, 1995).

and geometries dolerite 1intrusions m the

The Karoo Basin’s rocks potentially host majority of
South Africa’s onshore fossil fuel reserve. Petroleum
exploration in the Karoo Basin is presently focused on the
shale gas, coal-bed methane gas and biogemc gas of the
Ecca Group and if viable it will be the main alternate
source of energy in South Africa. Previous studies on the
group mainly deals with the stratigraphy, sedunentary
facies, depositional environment, electrical resistivity and
petroleum potential of the basin (Kingsley 1981; Smith,
1995; De Wit and Ranscme, 1992, De Wit, 2011; Smith
et al., 1993; Johnson et al., 1996, 2006, Catuneanu ef ai.,
1998, 2005; Chevalier ef al., 2001; Van Zyl 2006a, b, Geel et
al., 2013, 2015, Baiyegunhi and Gwavava, 2016, 2017). Van
Zijl (2006a) documented that several deep structural
studies m the Karco Basin were carried out by the Council
for Scientific and Industrial Research (CSIR) by means of
direct current resistivity sounding and profiling using the
Schlumberger array (Kunetz, 1966) between the period of
1966 and 1980. These surveys were said to have been
carried out at the request of the Southern O1l Exploration
Corporation (SOEKOR) and the Water Research
Commission (WRC), respectively. In the
investigation, the deep Electrical Sounding (ES) method
was used as a complement to the seismic reflection
method, especially in areas where results were seriously
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affected by the presence of the extensive network of
dolerite intrusions. In the WRC studies, ES was used as
one of the geophysical methods to study the groundwater
potential and deep structure along the Doormberg Fault
zone, marking the boundary between the Kaapvaal Craton
(situated in the North) and the Namacua-Natal mobile belt
(located in the South) (De beer and Meyer, 1983
Hartnady et al., 1985). The results from both studies show
that the very conductive carbonaceous Whitehill
Formation of the Hecca Group acts as an electrical
basement to deep soundings. Further than its limit in the
South and East tlus basement is lighly resistive
consisting of igneous and metamorphic rocks of the
Kaapvaal Craton and the Namaqua-Natal Metamorphic
Belt, respectively. The average sediment resistivity above
the whitelull formation m their study area was
documented to have increased with depth in the absence
of dolerites, perhaps due to weathering effects. As
documented by Hunter and Reid (1987), the
Carbomiferous-Permian Karoo sediments were mtruded by
the Turassic Karoo volcanics (183 Ma) as a result of
prolonged magmatic activity which covers almost the
whole of the Southern African subcontiment during one
of the phases in the break-up of the Gondwana. This
resulted in one of the four major preserved continental
flood basalts in the world (White, 1997). To date, the
geometry of these Karco dolerites are still not well
understood and the lateral and vertical variation in
electrical resistivity of the HEcca Group is still poorly
documented. Tn this study we mapped and modelled the
dolerite mtrusions that could have impacted the shale
reservolr in order to better understand their geometry
within the Main Karoo Basin. The Ecca Group formations
outcrop in the study area and are part of the targeted area
for petroleum exploration in South Africa. Hence, we
mvestigate and reveal the variation in electrical resistivity
of the Ecca Group as well delineate and estimate the
average depths of magnetic anomalous bodies within the
ared.

Geological setting: The Karoo supergroup is the most
extensive and thick phanerozoic deposits in Africa and are
well-preserved throughout Southern Africa (Fig. 1). The
deposition and amassing of the Karoo successions in
Southern Africa was in response to the Pangean
first-order cycle of supercontinent gathering and
subsequent break-up (Catuneanu et al., 2002). Therefore,
the Karco Basin represents episodes of subsidence and
sedimentation within the interior of Gondwana
(Tankard et af., 2009, 2012) with depocentres changing
from a passive continental margin in the early paleozoic to
a landlocked foreland basin during the permo-triassic

(Smith et al., 1993). Up to now there is still controversy
surrounding the development of the Karco Basin. Several
models have postulated for the development of the basin.
Recently, the geological interpretation of the evolution of
the Karoo Basin vary from a retro-arc foreland basin that
developed due to shallow angle subduction of the
palaeo-pacific  plate undermneath the Gondwana
supercontinent (Catuneamnu et af., 2002; Catuneanu 2004,
Johnson et al., 2006), a transtensional foreland basin
formed as a result of subsidence and tiltng in a
strike-slip regime (Tankard et al, 2009, 2012) to a
thin-skinmed fold belt that formed as a result of collisional
tectonics and distant subduction (Lindeque ef al.,
2011; Pangaro and Ramos, 2012).

The Main Karoo Basin in South Africa is a large
sedimentary depository lying North of a fold belt (Cape
Fold Belt). As documented by Milani and de Wit (2008);
Lol et al. (2015), the basin thought to have formed
within the inland interior of Southwest Gondwana and
covers up to 700,000 km®. But it was more broad or wide
during the Permian (Aarnes et al, 2010), representing
about 117 Ma (300-183 Ma) of sedimentation
(Catuneanmu et al, 2005). As documented by
Johnson ef al. (2006), the basin comprises of the Dwyka,
Ecca, Beaufort and Stormberg Groups. The whole
sequence of deposition 18 covered by the basalt and
pyroclastic deposits of the Drakensberg Group (Fig. 2).
The outpourings of the pyroclastic deposits (basaltic
lava) reached most part of the Gondwana at about 183 Ma,
indicating the mitiation of Gondwana break-up. The
magma moved along fractures and got to the surface.
Crystallisation of the magma within these fractures
resulted in the dolerite dykes and sills which intrudes the
Karoo sedimentary sequence. The presence of numerous
dolerites in the basin fed the erupted lava and these sills
were linked to the break-up of Gondwana (Johnson ef af .,
1996).

The palacoenvironmental settings of the Karoo
succession revealed changing climatic conditions as
Gondwanaland drifted from high latitudes towards the
equator (Johnson et al., 1996, Tankard et al, 2009),
varying from glacial and fairly marine (Dwyka Group),
through marme and fluvial in the Ecca and Beaufort
Groups respectively, then to aechan in the overlying
Stormberg Group (Smith ef al., 1993). Several researchers
including Kingsley (1981 ) and Cole (1992) have proposed
that most of the Ecca and Beaufort Groups sediments in
the Southern part of the Karoo Basin were sourced from
the magmatic arc in the Permian time. Nonetheless, during
the Triassic, the quickly growing cape fold belt along the
Southern margin of the basin contributed meaningfully to
the basin fill and perhaps was the main source area for the
sediments of the Stormberg Group (Molteno and Elliot
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Fig. 1: Geological map of the study area. The map also shows the location of the Main Karoo Basin, subsidiary basimns
m Southern Africa and dolerite intrusions (Johnson ef al., 2006)

Formations). The interpretation documented by Kingsley ~ magmatic arc located South of Cape Fold Belt also serve

(1981) and Cole (1992) was contested by Johnson (1991) as an superfluous source area for the sediments of the
who envisaged that during the Trnassic, a Southern Stormberg Group.
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MATERIALS AND METHODS

Geophysical data and enhancement: Aeromagnetic and
gravity data were obtamed from Fugro Airborne Surveys
(FAS) and the Council for Geoscience South Africa
(CGR), respectively. Temporal magnetic variation and
IGRF were both removed from the magnetic data in order
to have signatures that are only due to the crustal
magnetic field. Likewise, the gravity data were reduced or
corrected to the Bouguer gravity values. The magnetic
data was Reduced To The Pole (RTP) and Geosoft Oasis
Monta; was used calculate radially averaged power
spectrum. Getech Getgrid was wed to compute the
magnetic depth slicing. The magnetic results are
displayed as geophysical maps.

Rock densities: Two hundred and eighty-nine rock
samples were collected from road-cut outcrops of several
formations of the Karoo and Cape Supergroups within the
study area. The samples range from diamictite, shale,
sandstone, mudstone, quartzite, limestone, chert, schist
and conglomerate. The densities of rocks were obtained
using the Archimede’s principle in the laboratory.

170 gravity modelling: The gravity profiles (A-E)
traversing the study area (Fig. 1) were modelled using the
GM-3YS in Geosoft Oasis Montaj. The GM-SY S software
works on the methods of Talwani et al. (1959) and utilizes
the algorithms described in Talwani and Heirtzler (1964),
Won and Bevis (1987) to calculate the gravity response.
Tt also allows the model to extend to infinity at both ends,
(1.e., £20000 km), hence elininating edge effects. The

modelled profiles were selected to cut across the
formations of the Karoo Supergroup as well as run parallel
and very close to the roads where rock samples were
taken for density measurement. The exact profile lengths
and distance to each formation (outcropping to the
surface) within and outside the area were measured on the
geological map (Fig. 1). Fifteen models were generated
and interpreted from the 5 profiles, 3 models per profile
using the lowest, average and highest density values.
Each model was created in GM-SYS by extracting Bouguer
gravity and elevation values along the selected profile.
More details on the modelling procedures can be found in
Baiyegunhi (2015), Baiyegunhi and Gwavava (2017). The
measured elevation, stratigraphic thickness and average
density of Karoo and Cape Supergroups rocks that
outcrop m the area were used to constrain the models. In
the study area, a Moho depth ranging between 44-50 and
40-45 km has been indicated by Tedla et al. (2011),
Stankiewicz and de Wit (2013), respectively. In this study,
the Moho depth was orgmally set at 35 km and
allowed to vary to about 55 kim during the process of
modelling. This was done to allow the model to compute
the best fit/possible depth for the Moho. The thicknesses
of the dolerites were extracted from Chevallier et al. (2001)
and used for modelling. Just as the Moho, at the start or
beginning of the modelling, the dolerites dykes and sills
were put in vertical and horizontal positions, respectively
and allow varying as modelling proceeds. The difference
in density between the basement rocks and dolerite
intrusions is very small such that for modelling purpose,
intrusions in the basement were taken to be part of the

basement. Thus, although, the intrusions appear to
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Table 1: Measured densities used for modelling

Variables Beaufort Ecca Dwyka Cape Dolerite Basement Below the Mcho (Mantle)

Lithology Sandstone/Mudstone Mudstone  Diamictite  Sandstone Dolerite Chert/ -
/Conglomerate Schist

No. of samples 85 76 20 42 36 30 -

Highest density (2/cm?) 2.77 2.78 2.68 2.72 2.83 2.82 3.40

Lowest density (g/cm?®) 2.27 2.35 2.59 2.63 2.7 2.72 3.14

Average density (g/cm®) 2.52 2.57 2.66 2.68 2.97 2.97 3.27

terminate at the top of the basement they do extend into
the basement. In order to test the sensitivity of the
models to density changes, the highest and lowest
density values in Table 1 were also used to get alternative
models for all the profiles. Since, a total of 15 models were
generated, only models that were generated using the
average densities are shown in this study. The other
models were only used to test the model’s sensitivity in
terms of varation in sedimentary layer thicknesses and
densities.

Electrical resistivity: Electrical resistivity survey was
carried out to investigate lateral and vertical variations in
subsurface resistivity of the Ecca Group and also to
detect bodies of anomalous electrical conductivity. Sites
for the swveys were selected in areas where the Ecca
Group formations which are the targeted geologic
formations for shale gas exploration are exposed to the
surface. The survey began with Horizontal Resistivity
Profiling (HRP) using the Wenner array configuration. A
current electrode spacing of AB = 27 m (a = 9 m) was
chosen for the HRP swvey such that the lower Ecca
Group formations with a small outcrop thickness of about
28 m would be sampled, i.e., at least one measurement with
AB fully within the outcrop. Thirt-two resistivity profiles
of various lengths were carried out alongside the roads.
In addition, a total of 37 VES sites were carried out in the
area. The VES current electrode spacing were chosen
such that there were 6 logarithmically spaced mtervals in
a decade resulting in AB spacing ranging from 3-200 m
(1.e., AB/2 =1.5-100 m). The potential electrode spacing
(MN) was 1| m throughout the soundings (i.e.,
MN/2 = 0.5 m). An appropriate geometric factor was
applied to the recorded measurements of the potential
difference AV and current I to calculate the apparent
resistivity (p,) of the subswrface for the HRP and VES
data. Profiles of the HRP data were generated in Geosoft
Oasis Montaj Software (Version 8.2.0.4) to display the
lateral resistivity vanations of the geologic formations. On
the other hand, the VES data were initially inverted
using the Software IPI2ZWIN (Version 2.1) developed by
Alexey Bobachev, Moscow State University, Russia. This
software iteratively generates a model that has a least
Root-Mean Square (RMS) error between the calculated
resistivity of the model and the actual field data (observed
curve). When this was achieved, the observed geoelectric

properties are considered to represent the subsurface
geology and the iterated results were accepted and saved
as RESZDINV file format that can be read m RESZDINY
inversion software. Several single site modelled data
exported from the IPI2ZWIN were combmed mto a
pseudosection and further modelled n RESZDINV to
generate a 2-D Model for the subsurface. In this study,
the original model is iterated until the RMS value falls
below the desired threshold which is less than 5%
threshold. After this is achieved, the iterative process is
stopped and the results saved as the final model. The
HRP data is displayed as either a single profile or several
profiles are used to generate profiling contour map
(isoapparent  resistivity map), then interpreted
quantitatively. The VES single site data are displayed
as sounding cuwves which are obtained by plotting
graphs of log apparent resistivity (p,) versus log of
half electrode spacing (AB/2). Fuwthermore, the
apparent resistivity data for several sites are plotted
as pseudosections in order to give an approximate
picture of the true subsurface resistivity distribution.
Thus qualitative interpretation is done in the case of VES
data to determine the thickness, nature and lateral
variations of the geological formations. A number of VES
curves are published for comparison (Telford ef af.,
1990). These curves include simple curves for 2-5 layer
cases and this aid the interpretation of the geoelectric
models.

RESULTS AND DISCUSSION

Magnetic result: Three main magnetic anomalies are
present in Fig. 3. The first anomaly which coincides with
the Beattie Magnetic Anomaly (BMA) depicts that the
anomaly 18 part of the BMA and extends from West of
Somerset Hast to the North of Fort Beaufort. This anomaly
with the highest magnetic value of approximately 906 nT
is thought to be as a result of a buried body underground
that 1s rich in magnetic minerals. In addition, the centre or
middle of the anomaly divides into two, suggesting that
the bedy splits mto two, nonetheless 1t still runs m the
Northeast-Southwest  direction.  Another magnetic
anomaly 15 present North-East of Butterworth (Fig. 3).
This anomaly is of quite small with highest magnetic value
of up to 240 nT. The anomaly could be as a result of
dolerites with accompanying faulting that are visible
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North and North-East of Fort Beaufort (Fig 3). The third
anomaly has a shape that looks like a bean, thus, 1t 13 refer
to as “bean shape anomaly”. The anomaly extends from
North of Cookhouse (Long. 26E; Lat. 33°S) to North-East
of Peddie (Long. 27°E; Lat. 33°S) and has maximum
magnetic value of about 120 nT. The prominent magnetic
signatures (ring and linear shaped signatures), particularly
on the Northern and Eastern side of Fort Beaufort are
believed to be due to highly magnetic Karoo dolerite
ntrusions.

Indian Ocean
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m
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Power spectrum and depth slicing: The power spectrum
was calculated to estuimate the average depth to
magnetic sources. The approximated magnetic depth
(h = Slope/-4m) of about 700 m and up to 15, 100 m were
calculated (after subtracting the flight height) from the
slope as the depth to the upper part (top) of the shallow
and deep seated magnetic sources, respectively (Fig. 4).
The anomaly amplitude reactions or responses at specific
depths were noted by comparing the depth slices (Fig. 5).
Consequently, the appearance and disappearance of
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Fig. 3: Reduced to the Pole (RTP) magnetic residual anomaly map. The black arrows point to circular or ring structures
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anomalous signatures at a specific depth were known.
Depth slices 1-3 revealed structural patterns that overlap
with dolerites on the geological map of the area. Depth
slices 1-3 also show that the mapped mtrusions (dolerites)
have responses that are noticeable until a depth of
approximately 5400 m (Fig. 5). By comparing depth slice 4
and other depth slices, depth slice 4 revealed only little or
no anomalies that are due or can be linked to the mapped
dolerite intrusions. A dolerite sill with a circular or ring
structure was observed in the Northern part of the map
(Fig. 5). This ring structure becomes stronger and more
visible as the depth mcreases to about 5400 m but
disappears on depth slice 4 which depicts magnetic
signatures at a depth of 15600 m.

Gravity: The Bouguer gravity anomaly map depicted in
Fig. 6 shows gravity values increasing from around -141
m@Gal in Graaff-Reinet and Somerset East areas (inland) up
to approximately 60 mGal far South of Peddie, Butterworth
and Humansdorp {coastal areas). The main gravity highs
observed far South of Peddie, Butterworth and
Humansdorp (coastal areas) are thought to be of long
wavelength. This 1s perhaps as a result of deeper source
(s) like the Moho that shallows Southward towards the
coast (Fig. 7). The low gravity values in inland areas
(around Graaff-Reinet and Somerset East) are of short
wavelength, perhaps resulting from shallow source
bodies; e.g., Karoo dolerite intrusions.

Dry density: The observed gravity value depends on the
time, latitude, elevation/height, topography and rock
densities. Thus, these effects must be removed except the
last one (rock densities), so that, only effects of
geological features remain. The densities of the rock
samples were calculated and presented in Table 1. The
average densities measured for the formations range
between 2.3-2.8 g/cm’. These values falls within the range
documented by Van der Voort (2001) that investigated the
rocks of the Main Karoo Basin. The density values for
rocks below the Moho were extracted from Cook et al.
(2010), Mjelde et al. (2013), Thybo and Artemieva (2013).

2%, D gravity profile models: The 24 D gravity models are
presented in Fig. 7a-e. The modelled gravity profiles starts
in the Karco Basin and ends at the coast (Fig. 7).
Figure 7a, b shows the gravity modelling of profiles A-A’
and B-B’ that passes through an area of relatively low
gravity values mn the map (Fig. 6). The miumum and
maximum gravity values along these profiles are about
-138 and -20 mGal, respectively. In the models, the layers,
both the Cape and Karoo Supergroups have been
intruded by dolerites (about 180 Ma) and show
undulations which are inferred to be due to deformation.
Evidence of faulting (lateral displacement) is also
observed in the models. The Cenozoic deposits and the
Uitenhage and Zululand Groups are present along profile
A-A" and B-B’ and therr thicknesses also varies due to
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deformation. Figure 7c-¢ shows the gravity modelling
results of profiles C-C°, D-D’ and E-E’ that have
increasing of gravity values from the NW-SE direction of
the map (Fig. €). The thickness of sediments in the Karoo
and Cape Supergroups varies or differs along these
profiles as a result of deformation as shown in the models.
The sedimentary sequence of the Karoo Basin is intruded
by dolerites with associated faulting as depicted in
models (Fig. 7c-e). The mntrusions (dolerites) that outcrop
on the surface are observed in the model and they extend

to depths that cuts through the Karoo and Cape
Supergroup in the form of sills and dykes (Fig. 7¢-¢). The
dykes acted or behave as feeders to the sills that are
outcropping on the surface.

Electrical resistivity: The Ecca Group formations outcrop
in the study area and are part of the targeted areas for
petroleum exploration in South Africa. Electrical resistivity
survey was carried out on the road-cut exposures of the
Ecca Group (Fig. 8) i order to mvestigate lateral and
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Horizontal Resistivity Profiling (HRP): The HRP single
profiles are presented in Fig. 9a-f. The maximum depth of
penetration of the HRP using Wemmer aray 15 1/3
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Fig. 8 Map of the study area showing HRP and VES points and direction. The HRP is horizontal resistivity profiling and

VES is vertical electrical sounding

(@ 150 a - Apparent resistivity along R344 to Adelaide
100 o . ol 3 Mudrock (Shale, mudstone, siltstone)
e &2 z - Sandstone
50 Ripon Formation
: Collingham Formation
| Whitehill Formation
Format?og —— 100 200 300 400 Prince albert Formation
utcrop I8 IR m oIEm L BN |
(b) 500 1 Apparent resistivity along N10 to
400 f al
300 Cookhouse
_ m—— Mudrock (Shale, mudstone, siltstone)
g 2004 N | . Sandstone
s 004 ee | mes apsmg " Ripon Formation
> 0. Collingham Formation
S Formatior? 100 200 300 400 Whitehill Formation
B outcr%p I N EEE | Em§I § WS n
B (0 30 Apparent resistivity along R67 to Fort
= 200 Beaufort
5 Mudrock (Shale, mudstone, siltstone)
g 100 ISandstone )
Z Frot brown Formation
Ripon Formation
-~ 0 200 400 600 800 1000 1200 Collingham Formation
FOIMALION gy Whiteﬁill Formation
outcrop LT (100 U1 B ImEEEEE ® ]
(d) 400 | - Apparent resistivity along N2 to Peddie
1 T Mudrock (Shale, mudstone, siltstone)
300 I % s Sandstone
200 - ln & F . Dolerite
H Wi W %z 1 A flm o Frot brown Formation
100 | ‘ A R Ripon Formation
o+ T Collingham Formation
FormaIior? 200 400 600 800 1000 hitehill Formation
OULCTOP @ T EEIEE IIE MESE = & - mEEE = Prince albert Formation

Fig. 9: Continue
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Fig. 9. Horizontal resistivity profiling survey on road-cut exposures of the Ecca Group showing lateral variation m the

apparent resistivity at a depth of about 9 m: a-f)

Graphs of apparent resistivity versus distance and g) Iso

apparent electrical resistivity map of the combined or all the profiles

of the maximum distance of cumrent -electrodes
(Frohlich et al., 1996). The current electrode spacing in the
HRP survey 1s 27 m (a = 9), thus, the depth of penetration
15 9 m. The measured apparent resistivities along Regional
roads R335 to Somerset East and R344 to Adelaide are
generally low, ranging between 9.1 and 135 QOm
(Fig. 9a, e). The result of HRP along Regional road R350 to
Bedford 1s shown m Fig. 9f. Along this profile (A-B), the
resistivity value increases from about 70 Om at the start
of the line to 500 Qm at a distance of about 240 m.
Thereafter, the resistivity value decreases to ~80 OQm at a
distance of about 300 m and slightly increases to ~130 {m
at the end of the line. The resistivity values measured
along Regional road R67 between Grahamstown and Fort
Beaufort (Ecca Pass) 1s characterized by heterogeneous
resistivity or generally undulate with mimimum and
maximum resistivity values of about 10 and 275 Qm,
respectively (Fig. 9c¢). The resistivity values along
National roads N10 to Cookhouse and N2 to Peddie
are fairly high, ranging from about 100 to ~200 Qm
(Fig 9d). The isoapparent resistivity map (combined
profiles map) 1s depicted in Fig. 9g. The map shows that
apparent resistivity of the subsurface varies laterally
between 2 and 500 Om in the study area. Since, current 15
conducted electrolytically by groundwater (in saturated
layers) and dielectrically by effective surface of minerals
(in dry layers) it 1s mferred that areas with low apparent

resistivity values are possibly due to buried rock or soil
with high clay and moisture and water content and vice
versa.

Vertical Electrical Sounding (VES)

Geoelectric models: The VES curves and the best fitting
models are depicted m (Fig. 10-15). The interpreted
geoelectric sections are presented in Table 2-7 mecluding
the inferred lithology and curve types. The gecelectric
sections depicted in Fig. 10-15, show four to five
layers  which the  topsoil,
mudstone, sandstone, consolidated shale and dolerite
intrusion. The topsoil is composed of dry sandy clay
with resistivity values ranging between 34 and 844
Qm. The thickness of this layer varies from 0.27-2.19
m bemng thimmest at VES 3 along Regional roads R335
to Somerset East and R350 to Bedford and thickest
at VES 13 along Regional road R67 to Fort Beaufort.
It 1s observed from the geoelectric sections that VES
1 and 2 along Regional road R335 to Somerset Hast,
VES 1 along National road N10 to Cookhouse and
VES 4 along Regional road R330 to Bedford are
characterized with low resistivity values varying between

subsurface include

34-77 Qm. These low resistivity values suggest that the
topsoil in these areas possibly has high clay and/or
moisture content. The wide range in the resistivity values
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1s possibly due to the different degree of compaction. The about 8 and 7009 Qm and 0.62-5.42 m, respectively. This
resistivity and thickness of the second layer varies from  layer is mostly inferred to be mudstone, although, in
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some places it has been replaced by weathered apparent resistivity of the second layer (at VES 2) along
sandstone. The second layer along Regional road R335 to Regional road R67 between Grahamstown and Fort
Somerset Hast 1s weathered dolerite mtrusion with — Beaufort is 8 Qm and it inferred to be clay. The resistivity
resistivity values of about 7009 Om. On the contrary, the and thickness of the third layer varies between land 31601
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Table 2: Summary of the interpretation of VES sites 1-4 obtained along somerset East section

Sounding site and location No. of lavers  Resistivity (Cm Thickness (m Depth (m Inferred litholo, Curve type
VES 1 5
25°41'42.01"E 1 176 0.9 0.9 Top soil HKH
33°10'20.55"8 2 60 1.11 2.01 Mudstone

3 2326 2.5 4.5 Sandstone

4 291 17.92 22.41 Consolidated shale

5 53057 w = Dolerite intasion
VES 2 s
25°40'45.10"E 1 34 0.64 0.64 Top soil AAK
33° 9'49.89"S 2 7009 1.37 2.01 Weathered dolerite intrusion

3 31601 8.01 10 Dolerite intasion

4 280000 8.69 18.7 Dolerite intasion

5 3851 oo o Sandstone
VES 3 4
25°39'21.50"E 1 37 0.27 0.27 Top soil KH
33° 8'51.18"8 2 164 542 5.69 Weathered sandstone

3 44 9.01 14.7 Mudstone

4 38628 w = Dolerite intasion
VES 4 4
25°37'51.11"E 1 301 1.06 1.06 Top soil HK
33° 84178 2 142 1.53 2.59 Weathered sandstone

3 1915 19 21.6 Sandstone

4 73 = = Consolidated shale
Table 3: Summary of the interpretation of VES sites 1-4 obtained along Cookhouse section
Sounding site and location No. of lavers  Resistivity (Qm) Thickness (m) Depth (m) Inferred lithology Curve type
VES 1 4
25°52'40.96"E 1 77 0.61 0.61 Top soil HA
33° 84.41"8 2 30 4.72 5.33 Mudstone

3 77 5.64 11 Weathered sandstone

4 1452 oo o Consolidated shale
VES 2 s
25°52'36.58"E 1 106 0.9 0.9 Top soil HAA
33° 7'50.35"8 2 66 3.6 4.5 Mudstone

3 149 5.54 10 Weathered sandstone

4 1214 43.2 53.2 Consolidated shale

5 3221 w = Randstone
VES 3 5
25°52'34.9"E 1 106 0.9 0.9 Top soil HAA
33°07'38.7"S 2 66 34 4.3 Mudstone

3 150 6.2 10.5 Weathered sandstone

4 1218 44.5 55 Consolidated shale

5 3300 oo o Sandstone
VES 4 4
25°52'32.0"E 1 125 0.76 0.76 Top soil HA
33°0729.1"8 2 75 1.37 2.13 Mudstone

3 406 10.5 12.6 Randstone

4 1472 = = Consolidated shale
Table 4: Summary of the interpretation of VES sites 1-41 obtained along Bdford section
Sounding site and location MNo. of layers  Resistivity (Cm) Thickness (in) Depth (m) Interred lithology Curve type
VES 1 4
26°21'42.95"E 1 126 0.76 0.76 Top soil HA
33°11'53.56"8 2 74 1.32 2.08 Mudstone

3 398 10.3 12.4 Randstone

4 1465 w = Consolidated shale
VES 2 s
26°21'32.40"E 1 256 0.9 0.9 Top soil KHA
33°11'46.02"8 2 1112 1.11 2.01 Sandstone

3 218 248 4.49 Consolidated shale

4 3031 46.6 51.1 Sandstone

5 240000 oo o Dolerite intrusion
VES 3 4
26°21'33.91"E 1 37 0.27 0.27 Top soil KH
33°11'34.36"8 2 164 5.42 5.69 Weathered sandstone

3 44 9.01 14.7 Mudstone

4 38628 w = Dolerite intasion
VES 4 5
26°21'41.23"E 1 334 0.9 0.9 Top soil KHA
33°11'26.96"8 2 485 1.17 2.07 Weathered sandstone

3 a3 2.68 4.75 Mudstone

4 13254 6.15 10.9 Weathered dolerite intrsion

5 59401 o o Dolerite intrusion
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Table 5: Summary of the interpretation of VES sites 1-4 obtained along Adelaide section

Sounding site and location MNo. of lavers  Resistivity (€m) Thickness (in) Depth (m) Interred lithology Curve type
VES 1 5
26°24'23.2"E 1 196 0.92 0.92 Top soil HKH
33°12'04.6"S 2 50 1.09 2.01 Mudstone

3 17797 8.14 10.2 Dolerite intrusion

4 443 12.4 22.5 Consolidated shale

5 461 w = Randstone
VES 2 5
26°24"204"E 1 162 0.92 0.92 Top soil HKH
33°11'58.9"S 2 52 1.09 2.01 Mudstone

3 17797 7.8 9.81 Dolerite intrusion

4 443 153 25.1 Consolidated shale

5 480 w = Randstone
VES 3 4
26°24'12.64"E 1 205 0.9 0.9 Top soil HA
33°11'51.01"8 2 25 0.62 1.52 Mudstone

3 4152 13.14 14.66 Sandstone

4 35 oo o Mudstone
VES 4 4
26°24'50.18"E 1 2009 0.9 0.9 Top soil HK
33°11'43.53"8 2 25 0.73 1.63 Mudstone

3 4152 13.1 14.8 Sandstone

4 36 o o Mudstone
Table 6: Summary of the interpretation of VES sites 1-12 obtained along Ecca Pass section
Sounding site and location No. of lavers  Resistivity (Qm) Thickness (m) Depth (m) Inferred lithology Curve type
VES 1 s
26°3T38.3"E 1 146 0.39 0.39 Top soil QHA
33°12'59.7"8 2 62 2.09 2.48 Mudstone

3 26 231 4.79 Consolidated shale

4 6403 6.1 10.9 Weathered dolerite intrusion

5 30661 oo o Dolerite intrusion
VES 2 4
26°3738.1"E 1 139 0.43 0.43 Top soil QH
33°12'58.1"8 2 8 2.44 2.87 Clays

3 1 2.4 5.27 Clays/tuff

4 2079 oo o Sandstone
VES 3 s
26°3734.0"E 1 89 0.9 0.9 Top soil KHA
33°12'554" 2 6ll 1.17 2.07 Sandstone

3 45 8.82 10.9 Mudstone

4 577 14.1 25 Consolidated shale

5 10618 oo o Dolerite intrusion
VES 4 s
26°3720.2"E 1 284 0.9 0.9 Top soil HAK
33°12'46.8"S 2 51 1.17 2.07 Mudstone

3 131 2.68 4.74 Consolidated shale

4 556996 2047 25.21 Dolerite intrusion

5 139503 oo o Dolerite intrusion
VES 5 s
26°3720.3"E 1 78 0.9 0.9 Top soil HKH
33°12'41.0"8 2 45 1.4 2.3 Mudstone

3 151 3.57 5.87 Weathered sandstone

4 89 9.13 15 Mudstone

5 852 oo o Consolidated shale
VES 6 s
26°37214"E 1 400 0.84 0.84 Top soil HAK
33°12'38.3"8 2 274 1.01 1.85 Consolidated shale

3 356 2.82 4.67 Randstone

4 1438 4.98 9.65 Consolidated shale

5 1322 oo o Sandstone
VES 7 s
26°37'19.8"E 1 92 1.05 1.05 Top soil HAA
33°12'37.1"8 2 17 0.98 2.03 Clays

3 340 0.39 242 Randstone

4 29164 12.6 15 Dolerite intasion

5 29165 oo o Dolerite intrusion
VE 8 4
26°3720.0"E 1 153 1.7 1.7 Top soil HA
33°12'28.1"8 2 30 1.33 3.03 Mudstone

3 175 15.33 18.36 Sandstone
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Table 6: Continue

Sounding site and location MNo. of lavers  Resistivity (€m) Thickness (in) Depth (m) Interred lithology Curve type
4 131020 w = Dolerite intasion
VES 9 3
26°3715.1"E 1 142 0.9 0.9 Top soil HAA
33°12'14.8"S 2 55 1.11 2.01 Mudstone
3 9189 2.48 4.49 Weathered dolerite intrusion
4 120000 182 227 Dolerite intasion
5 220000 w = Dolerite intasion
VES 10 3
26°3702.6"E 1 321 2.19 2.19 Top soil HAK
33°11'43.6"S 2 72 2.99 517 Mudstone
3 320 2.89 8.06 Consolidated shale
4 4912 11.6 19.66 Randstone
5 25 w = Mudstone
VES 11 4
26°36'43.8"E 1 153 1.7 1.7 Top soil HA
33°11'03.8"S 2 30 1.33 3.03 Mudstone
3 174 1533 18306 Sandstone
4 131020 w = Dolerite intasion
VES 12 3
26°36'46.4"E 1 343 0.46 0.46 Top soil HKQ
33°10'55.7"S 2 47 1.08 1.54 Mudstone
3 5894 2.57 4.12 Weathered dolerite intrusion
4 198 3.08 72 Consolidated shale
5 3 [ o Clays

Table 7: Summary of the interpretation of VES sites 1-10 obtained along Peddie section

Sounding site and location MNo. of lavers  Resistivity (€m) Thickness (in) Depth (m) Interred lithology Curve type
VES 1 5
26°55'48.0"E 1 844 0.99 0.99 Top soil QHA
33°15'45.2"S 2 182 0.66 1.65 Weathered sandstone

3 97 2.83 4.48 Mudstone

4 14819 6.41 10.89 Weathered dolerite intrusion

5 96198 w = Dolerite intasion
VES 2 5
26°55'19.6"E 1 469 0.9 0.9 Top soil KHA
33°15'42.9"S 2 551 14 23 Consolidated shale

3 254 3.57 5.87 Sandstone

4 317 9.13 15 Consolidated shale

5 1334 w = Randstone
VES 3 5
26°55'51.4"E 1 182 0.9 0.9 Top soil HAA
33°15'41.5"S 2 87 14 23 Mudstone

3 157 3.57 5.87 Weathered sandstone

4 30440 9.13 15 Dolerite intrusion

5 38102 oo o Dolerite intrusion
VES 4 s
26°55'53.0"E 1 107 0.9 0.9 Top soil HAA
33°15'40.3"S 2 35 14 23 Mudstone

3 752 3.57 5.87 Consolidated shale

4 1399 9.13 15 Sandstone

5 12499 w = Weathered dolerite intrsion
VES 5 5
26°5602.0"E 1 334 0.9 0.9 Top soil KHA
33°15'32.5"S 2 485 1.17 2.07 Sandstone

3 93 2.68 4.75 Mudstone

4 13254 6.15 10.9 Weathered dolerite intrusion

5 59401 w = Dolerite intasion
VES 6 4
26°56'03.6"E 1 433 0.78 0.78 Top soil QH
33°15'30.6"S 2 217 2.01 2.8 Sandstone

3 139 4.2 6.99 Consolidated shale

4 8303 oo o Weathered dolerite intrusion
VES 7 4
26°56'054"E 1 301 1.06 1.06 Top soil HK
33°15'29.3"8 2 140 1.46 2.52 Consolidated shale

3 1915 1521 17.73 Sandstone

4 73 oo o Weathered sandstone
VE 8 s
26°56'17T4"E 1 492 0.69 0.69 Top soil HAK
33°1527.7" 2 92 1.13 1.82 Weathered sandstone
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Sounding site and location MNo. of lavers  Resistivity (€m) Thickness (in)
3 19457 2.92
4 86890 20.26
5 41099

VES 9 5

26°56'33.9"E 1 432 0.82

33°15'26.4"S 2 162 3.54
3 20765 5.54
4 2176 7.64
5 94

VES 10 5

26°59'58.0"E 1 157 0.9

33°14'16.8"S 2 129 1.17
3 73 2.68
4 47239 21.44
5 19036

Depth (m)

4.74
25

0.82

4.35

1754

2.07
4.74
26.18

Interred lithology
Weathered dolerite intrsion
Dolerite intrasion
Dolerite intrusion

Top soil

Weathered sandstone
Dolerite intrusion
Randstone
Consolidated shale

Top soil

Weathered sandstone
Mudstone

Dolerite intrusion
Dolerite intrusion

Curve type

HKQ

QHK

@ VESl
=

Psz

0.

29

59

35

114

(b) 17.9
Z)85

VESZ

445 605 765 925 109

445 605 765 925 109

125
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125
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l
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Fig. 16: Pseudosection of the measured and calculated apparent resistivity data using a Schlumberger array on road-cut
exposures of the Ecca Group along Regional road R335 between Somerset East and Kirkwood
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Fig. 17: Pseudosection of the measured and calculated apparent resistivity data using a Schlumberger array on road-cut
exposures of the Ecca Group along National road N10 between Paterson and Coolchouse
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Om and 2.31-19 m, respectively. Tn most of the VES
points, based on the resistivity value this layer is
mnferred to be sandstone and is weathered i some
places, especially, along National road NI10 to
Cookhouse. However, in some of the VES points this
layer is also inferred to be dolerite intrusion,
mudstone, consolidated shale and clay/tuff. The 4th
and 5th layers have resistivity values ranging from
35-556996 and 3-240000 Qm, respectively. The
thickness of the fifth layer 1s not defined, since,
it is the last layer. Based on the resistivity values,
the inferred lithologies for these layers vary from
consolidated shale, dolerite intrusion, mudstone and
sandstone (Table 2-7). The cwves are predominantly
combmation of HA, HK, KH, QH, AAK, HAA,
HAK, HKH, HKQ, KHA and OQHA cwve-types
mndicating the presence of four and five layer subsurface
layers.

Apparent resistivity pseudosections: Apparent resistivity
pseudosections were created by combining resistivity
sounding data for several sites along the same line
(Fig. 16-21). The VES sites are not exactly co-linear and as
such it was assumed that there 1s no change in geology
over a small area. The inverse model (Fig. 16¢) of the data
obtained along Regional road R335 to Somerset East
shows a general mcrease in apparent resistivity with
depth. The 2-D resistivity structure delineated a low
resistive top layer with resistivity values of <20 (im,

typical of clays (top soil). This is followed by alayer
of resistivity values varying between 20 and 150 Qm
and 1s inferred to have a composition (resistivity
values) similar to mudstone and siltstone. The 3rd
layer has resistivity values varying between 150 and
200 Om and is interpreted to be weathered sandstones.
The resistivity of the 4th layer varies from 200 -2000 Om.
This layer 13 mferred to be consolidated shale as shown
in Table 2. At a depth of about 12 m and distance
between 157 and 269 m (Fig. 16¢), a more resistive body
tends to compress the overlying sedimentary units as it
attempts to get to the surface. This resistive body with
apparent resistivity of 2500 Qm 1is inferred to be dolerite
infrusion.

The pseudosection shown m Fig. 17 is generated
from data obtained on road-cut exposure of the Fcca
Group along national road N10 to cookhouse. Up to a
depth of about 13 m, the sediments in the area are
characterized by low apparent resistivities, varying
between 30 and 3300 Qm (Fig. 17¢). The apparent
resistivity generally decreases in N-S direction along the
section or profile. Between the depth of about 2 and 5 m
and distance of about 280 and 305 m (Fig. 17¢), a more
resistive body ( »340 Qm; reddish colour) underlies a
pocket of less resistive unit and also outcrop to the
surface between the distance of 281 and 289 m. This
resistive body with apparent resistivity between 1200 and
3300 Qm is inferred to be either consolidated shale or
sandstone. Figure 18 and 19 show the 2-D resistivity

VES1 VES2 VES3 VES4
+ + ¥ *
@ 265 425 585 745 905 107 123 139 1585 171 187 203 219 235 251 267 283 299 315 m
2)0.5
2.9
%59
7.8
L
13.2" Measured apparent resistivity pseu ion
265 425 585 745 905 107 1.3 139 1:55 171 187 203 219 235 __251 299
(0) 05 [zt e s et T B R A L S BT

B‘f .
959
N78
§
13.2
Calculated apparent resistivity pseudosection (Iteraton 3, RMS error = 4.3%)
(0 %6.5 425 585 745 905 107 123 139 155 171 187 203
;- [
£43
g7.7
a)

.1
Inverse model resistivity section
L 0 1 | Jesboofon)  Josfmm)oofesy § ] ] |
335 59.2 104 185 = 326 575 1016 1794
Resistivity (Wm)

- ¥ vESmid point

219 251 267 283 299 315 m

Unit electrode spacing 1.0 |

Fig. 18: Pseudosection of the measured and calculated apparent resistivity data using a Schlumberger array on road-cut
exposures of the Ecca Group along Regional road R350 between Grahamstown and Bedford
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Fig. 19: Pseudosection of the measured and calculated apparent resistivity data using a Schlumberger array on road-cut

exposures of the Ecca Group along Regional road

R344 between Grahamstown and Adelaide
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Fig. 20: Pseudosection of the measured and calculated apparent resistivity data using a Schlumberger array on road-cut
exposures of the Ecca Group along Regional road R67 between Grahamstown and Fort Beaufort (Ecca Pass)

structures along Regional roads R350 to Bedford and
R344 to Adelaide. The inverse models for these sections
in Fig. 18¢ and 1% show a similar pattern or trend with
Fig. 16, thus, they are not described to avoid repetition.
The only noticeable difference in the model is that m Fig.
18¢, the inferred 3rd layer of resistivity values of 400-575
€m is exposed to the surface whereas in Fig. 16¢ and 19¢,
the layer 1s buried at shallow depth below the surface. The
mverse model in Fig. 20c¢ 18 characterized by low and

high resistivities with hgh resistivities (3500 {m)
predominating. The low resistive units with resistivity
varying from about 1-2000 Om occurred from the surface
down to a depth of approximately 20 m. These umnits
correspond to the Ecca Group rocks and based on their
resistivity values they are inferred to be top soil (clays),
mudstones and consolidated shale. Areas with apparent
resistivity values between 2000 and 5000 {m are thought
to be sandstenes. On the other hand, the more resistive
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Fig. 21: Pseudosection of the measured and calculated apparent resistivity data using a Schlumberger array on road-cut
exposures of the Ecca Group along National road N2 between Grahamstown and Peddie

unit (8) occurring at depth of about 20 m up to 104 m and
having resistivity values of >5000 Qm is inferred to be
dolerite intrusions. The inverse model (Fig. 21c) of the
data set obtained along national road N2 to Peddie shows
two low resistivity anomalies on either ends of the line
(<840 Qm). The anomalies have been interpreted as top
soil. Furthermore, Fig. 21c¢ also indicate high resistivity
values (>4000 Om) and this layer is inferred to be dolerite
mtrusions occurring at depth of about 16 up to 79 m
below the surface.

In the study area, the magnetic map revealed three
main magnetic zones or anomalies and these three
magnetic high zones are due to magnetic sources at depth
(Fig.3). The magnetic map shows some circular (in form of
aring) structures and lineaments which coincides with the
dolerites that were shown on the geological map. In
addition, some new dolerite intrusions are revealed by the
magnetic map. Chevallier ef af. (2001) documented that the
preferential erosion of the trapped sediments within the
structure, usually accentuate the rims of the ring
topographically. Thus, resulting in the overall appearance
of aring-like structure observed in the magnetic map and
first described around Queenstown by Du Toit (1920).
Based on the power spectrum result, the approximated
depth to the upper part (top) of the shallow and deep
seated magnetic sources are 700 and 15000 m,
respectively. Depth slicing revealed that the intrusions
(dolerites) are pervasive in the area, extending down to a
depth of about 5400 m. Thereafter, the magnetic

signatures from the dolerite mtrusions become weaker and
eventually disappear at a depth of about 16000 m. This
possibly indicates that the Karoo intrusions were
emplaced near the surface, existing at the targeted depth
for shale gas exploration. Knowledge of the geometry and
depth to the dolerite intrusions 1s very crucial to
successful exploration of the Karoo shale gas. However,
one cannot totally depend or rely on information from
depth slicing alone. The BMA is seen or present i depth
slices 1-4 and it becomes stronger and more visible with
depth, perhaps indicating that the sources is deep. The
BMA runs NE-SW of the study area and it is inferred to
be confined to the basement that underlies the Karoo
Basin. The source or sources of the BMA 1s very deep as
revealed by the models, perhaps located within the
underlying basement. This findings or assumption agrees
with the work of Pitts et al. (1992) and Weckmann et al.
(2007a, b). Based on the depth slicing results, the anomaly
that has the shape of bean (refer to as “bean shape
anomaly”) acts in a way that is comparable to the BMA.
Hence, the bean shape anomaly may have sources located
within the same depth range with the sources of the
BMA.

The Bouguer gravity anomaly map depicted in
Fig. 6 shows gravity values increasing from around -
141 mGal near Graaff-Reinet and Somerset East (inland) to
approximately 60 mGal far South of peddie, Butterworth
and Humansdorp (coastal areas). The low gravity values
inland are of short wavelength and probably resulting
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from shallow source bodies, maybe the Karoo dolerite
intrusions. Alternatively, the gravity highs, mostly along
the coast give indications that the dominant gravity
variation is of long wavelength, perhaps suggesting that
their source causative body 1s located very deep below
the surface (probably the Moho). These findings are
consistent with the works of Svensen et al. (2007) about
the causative bodies of gravity anomalies that occur on
the South-Eastern Karoo Basin. Based on the gravity
models it can be inferred that the long wavelength
variation in gravity is possibly due to deep source(s) like
the Moho that shallows upward towards the coastline
(Fig. 7). As observed in the model, the Moho 1s horizontal
at a depth of approximately 45 km inland and thereafter
shallows or slightly tilts upward to a depth of around 42
km in coastal areas. The obtained Moho depths falls
within the depth range of 42-45 km documented by
Tedla et al. (2011), Stankiewicz and de Wit (2013) for
mland sections. In addition, the models show a total
thickness (highest) of about 8 km for the formations that
make up the Karoo Supergroup.

The targeted Karoo formation for onshore petroleum
exploration is the Ecca Group and the targeted exploration
depth range from 3-5 km. As revealed by the models, the
modelled dolerite intrusions extends to a depth of about
5400 m and form a network of interconnected sills, dykes
and inclined sheets, resulting in a complex structure of the
Main Karoo Basin. These findings are consistent with the
works of Chevallier and Woodford (1999) and they
proposed that the dolerite dykes feed into the inclined
sheets then propagate into an external sill and finally into
an internal sill. Furthermore, these dolerites that outcrop
in the area are mterconnected or mtersected at depth as
revealed in the gravity models. The dolerite intrusions
could have affected the quality of the petroleum resources
and again poses more danger to fracturing (fracking) the
Karoo for petroleum resources, especially, shale gas. The
illustration of dolerite intrusions shown by the models is
similar to the models documented by Chevallier ef al.
(2001) which show a network of dolerite intrusions in the
subsurface slicing through the Karoo sediments. Enslin
and Stiphanic (2015) documented that with good
knowledge of the distribution and geometry of the Karoo
dolentes, the next step for companies exploring the Karoo
for shale gas is to drill several deep wells to intersect the
carbonaceous shale in dolerite free and dolerite prominent
areas. This will help to better understand changes in shale
rock properties (1e., depth, thickness, organic carbon
content, porosity and mineralogy) and the effects of
dolerites on the shales maturity.

The carbonaceous shales of the lower Ecca Group
formations are thought to be a good source and reservoir
rocks for petroleum exploration in South Africa. In the
study area, VES 1 in (Fig. 16-19)and VES 1 and 2 in Fig. 20
and 21 were carried out on exposure of the lower Ecca
Group formations these areas are characterised by low
resistivity values compared to other areas along the same
section. However, in Fig. 16 and 17, the area between the
distance of 180 and 220 m in the Ripon and Fort Brown
Formations (upper Ecca Group) have lower resistivity
values than the lower Ecca Group formations. These areas
outcrop to the surface along sections and
correspond to the carbonaceous shale of the Ripon

SOINC

Formation. Different factors have been used to explain the
low resistivity or high conductivity of the Ecca shales;
these include increased pyrite content (Duba ez al. 1994),
enrichment m graphite (Pous et af. 2004) and enrichment
in organic matter (Branch et al., 2007). Nevertheless it is
important to note that in the Main Karoo Basin, the
Whitelull geophysical
(magnetotelluric) marker that is potentially important for
shale gas exploration (Weckmamn ef af. 2007a, b). With
the exception of the Cookhouse section, all the measured

formation 18 an extensive

sections have been intruded by dolerites. The apparent
lack of dolerites in the area could led one to suggest that
this part of the basin would be the best place to carry out
shale gas exploration, as the Ecca Group formations have
been least affected by dolerites. However, more research
like collecting high resolution aeromagnetic and seismic
data would aid better mapping of the geometry of
dolerites closer to the shale reservoir. The effect of the
network of dolerite intrusions on sounding curves
depends on its form, dimensions, density of intrusions
within it and their mode of occurrence. The general forms
of these dolerite mtrusions are sills, inclined sheets and
dykes within a matrix of sediments. Due to the hardness
and high resistivity of dolerite intrusions they are likely to
introduce a technical difficulty in the drilling stage of the
hydraulic fracturing process which will in turn reduce the
recovery factor and lower the tecnically recoverable
sources.

Generally, dolerite intrusions (mostly sills) are
impermeable and act as barriers for fluid migration. As
documented mn Baiyegunhi (2015), the lower Ecca Group
is organically enriched with TOC of the Prince Albert,
Whitehill and Collingham Formations reaching up to 6.35,
7.3 and 0.93 wt.%, respectively. During the intrusion of
dolerites, temperatures at the (contact
metamorphism) may have likely exceeded 1000°C,

contact

resulting in thermal cracking of organic matter and
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devolatization of water bearing minerals (Aarnes et al.,
2010). The extent to which these dolerites (i.e., dykes)
thermally cracked the lower Ecca shales will be important
in the quantification of the natural gas that remains in the
carbonaceous shale. Observations from borehole studies
by Svensen et al. (2007), Aarnes et al. (2011) and
Baiyegunhu (2015) revealed that carbonaceous shales of
the lower Ecca Group at contact with dolerites appeared
to be pale grey rather than the characteristic dark grey to
black colour. In addition, the organic geochemistry results
documented by Baiyegunhi (2015) showed that the Ecca
shales have lower TOC (wt. %) content in areas that are
mtruded by dolerites or close to dolerite intrusions.
Several researchers (Rowsell and De Swardt, 1976,
Svensen ef al., 2007, Aammes et al, 2011) have
documented that rapid heating from multiple dolerite
mtrusions could be directly related to the sharp decrease
in organic carbon content and increase in vitrinite
reflectance in the host rocks of the lower Ecca Group.

CONCLUSION

This study have shown the efficacy of integrated
geophysical studies and how existing aeromagnetic and
gravity data over the South-Eastern Karoo Basin allow for
a more continuous picture of the geometry of dolerites
within the main Karoo Basin. The targeted depth for
unconventional shale gas exploration in the basin falls
between 3000-5000 m the ground surface. As observed on
the magnetic map, the magnetic signatures from the
dolerite intrusions become broader up to the depth of
5400 m and eventually disappear at a depth of about 15600
m. This possibly indicates that the Karoo intrusions were
emplaced near the surface, existing at the targeted depth
for shale gas exploration. The Bouguer anomaly map give
indications that the dominant gravity variation is of long
wavelength, thus, it could be as a result of deep source(s)
like the Moho that shallows southward towards the coast.
Based on the gravity models and magnetic depth slices it
can be inferred that the mapped intrusions (dolerites) are
interconnected at depth, extending from the surface down
to a depth of approximately 5400 m. The subsurface
apparent resistivity of the Ecca Group varies between 2
and 557000 Qm. The pseudosections exhibit gradational
change in resistivity with depth, indicating the different
rock units. Also, the pseudosections revealed that the
lower Heca Group is generally characterised by low
resistivity values compared to the upper Ecca Group.
These low resistivities are thought to be as a result of
high organmic matter and pyrite contents i the lower Ecca
shales. Generally, the geophysical results have revealed
the basin architecture and extensive network of dolerite
intrusions throughout the study area which has drawn

attention to fracking operations. With the exception of the
cookhouse section, all the measured sections have been
intruded by dolerites. Due to the hardness and high
resistivity of the dolerite mtrusions they are likely to
introduce a technical difficulty in the drilling stage of the
hydraulic fracturing process which will in turn reduce the
recovery factor. Indeed, the datasets used in this study
provide a foundation on which new knowledge can be
built.
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