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ABSTRACT

We report on geochemical and petrophysical properties of shales from the Prince Albert, Whitehill and Collingham Formations of
the Lower Karoo Supergroup, near Jansenville in the Eastern Cape, close to the tectonic front of the Cape Fold Belt. Results are
based on two boreholes sited on a southerly dipping limb of a shallowly plunging syncline. Structural, sedimentological, lithological,
mineralogical, geochemical and petrophysical analyses provide detailed characteristics that have become the focus of interest for
potential shale gas occurrences.

The black shales of the Whitehill Formation are composed of quartz, illite, muscovite and chlorite, with lesser plagioclase and
accessary pyrite. The Collingham Formation rocks have the largest proportion of quartz, which gives this formation a higher
brittleness factor than that of the Prince Albert and Whitehill formations. Mercury porosimetry analyses yield average meso- and
macroporosity values of 0.83% for black shales of the Whitehill Formation, confirming that these sediments are tightly packed.
Layers of dolomite within the shales have porosities of 2.9%, and pores measuring 1.5 m wide.

The black shales of the Whitehill Formation have an average total organic carbon (TOC) content of 4.5 weight % whereas the
TOC content of shales in the Collingham and Prince Albert Formations is <1 weight %. The elemental composition and relatively
higher 8"”C and 8N stable isotope values suggest that the Whitehill Formation was deposited under anoxic conditions, which led
to the preservation of the mixed marine and terrestrial organic matter, whereas the Prince Albert and the Collingham Formations
were deposited under oxidizing conditions.

High maximum temperature values (Tmax average: 528°C), low overall hydrogen and oxygen index values (all from Rock Eval
analyses) and high reflectance measurements on bitumen (BR,= 4%) characterise these sedimentary rocks as over mature. As a
consequence, they display few hydrocarbon yields in pyrolysis and thermovaporization experiments, and offer a minor late-gas
potential.

The main characteristics of black shales in the study area indicate that their overmaturity with respect to hosting gas deposits
is attributed to the tectono-metamorphic overprinting during the Cape Orogeny (ca. 250 Ma, Hilbich, 1993; Hansma et al., 2015).

SOUTH AFRICAN JOURNAL OF GEOLOGY, 2015, VOLUME 118.3 PAGE 249-274
do0i:10.2113/gssajg.118.3.249



250 SHALE GAS POTENTIAL OF PERMIAN BLACK SHALES, LOWER KAROO SUPERGROUP

Rocks of the lower Karoo Supergroup outcropping within the area flanking the northern tectonic margin of the Cape Fold Belt

therefore have limited potential for hosting shale gas deposits. This finding has implications for estimates of potential shale gas

resources of the Karoo Basin.

Introduction

Shale gas is an unconventional resource originating in
organic-rich black shales. It has become a major
resource play in North and South America, China, and
European countries since recent advances in horizontal
well-drilling techniques, reservoir stimulation and
induced fracturing of rocks (fracking) have provided
advanced mechanisms to release gas held in “tight”
shales (e.g. Ratner and Tiemann, 2013; Cook et al., 2013;
CCA, 2014; Zoback and Arent, 2014). Discoveries of gas
in the main Karoo Basin in South Africa appear to be an
attractive option to meet the energy needs of the country
and alleviate the pressure of coping with rising
electricity costs. South Africa is 93% dependent on coal
as an energy resource and with carbon taxes being
implemented from 2015 (Macmullan, 2013), cleaner
burning gas could reduce CO, emissions, provided gas
leakage can be curtailed (e.g. Brandt et al., 2014), and
risks associated with potential damage to environment
and fresh ground water resources can be managed
successfully (e.g. Stern et al., 2014; Small et al., 2014;
Mauter et al., 2014). In addition, gas discoveries are
punted to bring about related industries, thus potentially
boosting economic growth through the provision of
work and opportunities for local communities.

The Karoo Basin is an attractive target area for
exploration of shale gas because of its extensive size,
appropriate host rocks and potentially large resources
of gas. Early estimates, based on a prospective area of
between 155 000 and 183 000 km’, were calculated to
contain ca. 500 trillion cubic feet (Tcf) potential reserves
as risked recoverable gas in place (e.g., Kuuskraa et al,,
2011). Subsequent studies suggested that these numbers
are over-optimistic and may rather fall within a
probabilistic range of ca. 14-172 Tcf (with a median of
ca. 50 Tfc; Decker and Marot, 2012; J. Decker, personal
communications, 2014; and PASA unpublished data).
Considering that Mossgas was built on ca. one Tcf
highlights the potential of the Karoo reservoirs
nonetheless.

However, two factors that influence the potential gas
content and the distribution of gas are: (i) proximity, to
the south, of the host rocks to the Cape Fold Belt (CFB),
and (iD) proximity, to the north, of the host rocks to
multiple dolerite intrusions, especially north of the
southern Africa escarpment.

In the first example deformation and metamorphism
of all strata occurring within the tectonic front of the CFB
may have expelled all (or most) of the gas during the
Cape Orogeny focused at about 250 Ma (with a possible
range of 276 and 248 Ma; Hiilbich, 1993; Hansma et al.,
2015). In the second case, contact metamorphism of gas-
bearing strata adjacent to the 183 to 182 Ma dolerite
intrusions (Svenson 2012; Burgess et al., 2015), related to

the ca. 183 Ma Karoo large Igneous Province (e.g.
Duncan at al., 1997), may have induced significant gas
loss due to thermal devolatisation (Svensen et al., 20006;
2007; 2008). For example, based on detailed core
analyses, Aarnes at al. (2010; 2011) calculate that
devolatilization during sill intrusions may have caused
2700 to 16200 gigatons of gas loss across the Karoo
Basin (South Africa). However, the effects of thermal
devolitisation are still difficult to quantify with
reasonable certainty, since the metamorphic aureole
thicknesses can vary from 30% to 200% of the
sill thickness, depending on host-rock temperature,
sill thickness and intrusion temperature. Indeed
Maré et al., (2014), used magnetic techniques on one
borehole to determine palaeo-temperatures in Ecca
Group shales intruded by dolerite sills and found that
the greatest thermal effects are limited to thin contact
aureoles, suggesting that significant volumes of
shale outside the contact aureole may potentially still
contain gas.

Considering the above factors, companies have taken
out concessions to explore for shale gas in the most
favourable region between the frontal ranges of the
CFB to the southern Karoo escarpment and northwards
thereof. With the South African Government’s cabinet
approval, exploration has commenced with a first phase
of desk-top studies, to be followed by geophysical
surveys and exploratory core drilling over the next
2 to 5 years (Twine and Jackson, 2012; Ensor, 2013).

The aim of this contribution is to address the
geoscientific suitability of black shales flanking the CFB
as a potential unconventional gas reservoir. The study
set out to provide subsurface geological, geophysical
and geochemical data of the lower Ecca Group
(Southern Karoo Basin) in an area between Jansenville
and Wolwefontein in the Eastern Cape Province
(Figure 1). This area was chosen because of rock
outcrops from the lower Ecca Group that are also affected
by the deformation of the CFB and are representative of
the general area within its tectonic front.

Two shallow boreholes were sited to retrieve fresh
core from the Ecca Group. Core samples were then
analysed for their mineralogical, geochemical and
petrophysical properties.

Regional geology of the Karoo Basin

Karoo Basin

The Karoo Basin formed as a successor basin to the
early Palaecozoic Cape Basin along the south-western
margin of Gondwana. The origin of the Karoo Basin is
controversial. It has been interpreted as a retro-arc
foreland trough formed by shallow-angle, north-dipping
subduction of the palaeo-Pacific plate beneath
Gondwana supercontinent that led to the building of the
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Figure 1. (a) Regional geology of the Karoo Basin showing locality of study area and collective concession prospecting area. Note location
of seismic line surveyed by Lindeque et al.,(2011), relative to study area (SFT2). The exact location of the seismic line is from Prince Albert
to Slingerfontein in the Western Cape. (b) Seismic profiles and position of boreholes (KW-1/67 and SA-1/66) drilled by SOEKOR during oil
exploration in the 1960’s. Note that borehole SFI2 in the study area, is shown projected on to the seismic section. Interpretation of seismic

data by Lindeque et al.,(2011) shows numerous south-dipping thrust faults disrupting the strata of the Cape and Karoo Supergroups.
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Figure 2. Dolomite concretions documented near Mount Stuart

and Jansenville, in the Eastern Cape.

Cape Fold thrust belt (e.g. Lock, 1980; Catuneanu et al.,
2005; Johnson et al., 2006). In this model a volcanically
active source area is believed to be situated somewhere
north of the palaco-Pacific subduction zone, modeled as
a foredeep, forebulge and back-bulge flexural province
(Catuneanu et al., 2005).

Tankard et al. (2012) contested this model by
pointing out that there is no evidence for a nearby
magmatic arc and that the Karoo Basin fill does not
show evidence of on-lapping characteristics of a flexural
foreland basin. These authors proposed that the detailed
Karoo stratigraphy is linked to the behaviour of rigid
crustal blocks and their weak boundary fault zones
comprising the southern African lithosphere. Taking
these factors into consideration these authors interpreted
the Karoo Basin as a sinistral strike-slip orogen linked to
oblique reactivation of a southern Namaqua suture.
Boundary forces associated with the CFB created the late
Karoo foreland basin (De Wit and Ransome, 1992;
Tankard et al., 2012).

In an attempt to elucidate the nature and
configuration of the basement rocks below the Karoo
strata, Lindeque et al., (2007; 2011) carried out a long,
high resolution, near-vertical seismic reflection profile
through the Cape-Karoo Basin and the underlying
basement rocks (from Prince Albert to Slingerfontein in
the Western Karoo basin). The data from this seismic
survey (Figure 1) show the Karoo Basin to be ca. 5 km
deep at the frontal margin of the CFB, consistent with
earlier interpretations from well data (Rowsell and De
Swardt, 1976; Scheiber-Enslin et al., 2014a). This is in
sharp contrast to the 12 km as is generally accepted to
be the basin’s thickness at the southernmost margin of
the Karoo Basin (e.g. Cole, 1992; Cloetingh et al., 1992;
Johnson et al., 2006). However, the latter estimates are
all based on estimated strata thickness in the
southeastern part of the basin (e.g. Cole 1992; Johnson
et al., 20006). This is also the region where significant
repetition of strata has been documented across

numerous exposed, but mostly concealed thrusts,
despite the generally poor outcrop here (Booth and
Shone, 1999; 2002; Paton et al., 2006; Newton et al.,
2006; Booth and Goedhart, 2014), which have not yet
been included into a revision of the lithostratigrapahy, a
need advocated by Booth and Shone (1999, 2002) for
both the Cape and Karoo Supergroups in these areas.

There is therefore no robust evidence for substantial
thickening of foredeep sequences as modelled for a
retroarc foreland basin (e.g. Lock, 1980; Hilbich, 1993;
Johnson et al., 2006). The suggested northward
subduction model does not fit the deep seismic
reflection data, as there does not appear to be a deep
suture zone directly beneath the CFB and/or the Cape-
Karoo Basin sequences (Lindeque et al., 2011; Scheiber-
Enslin et al., 2014b). The Karoo Basin also does not bear
the lithostratigraphic similarities to a typical foreland
basin. It is therefore suggested that the frontal range of
the CFB and the Karoo Basin may represent a thin-
skinned Jura-type fold belt formed as a consequence of
collision and suturing south of the CFB, related to south-
dipping subduction to the south (Paton et al., 20006;
Lindeque et al., 2011).

Deposition of Karoo sedimentary rocks

The Karoo Basin archives about 170-160 million years of
sediment accumulation (from ca. 350 to 340 Ma to ca.
180 Ma) during the heydays of Gondwana (Isabell et al.,
2008; Milani and de Wit, 2008; Linol et al., 2015; McKay
et al., 2015). The Karoo Supergroup is stratigraphically
divided into several groups defined by their age and
contrasting sedimentological characteristics: Dwyka,
Ecca, Beaufort, Stormberg and the Drakensburg Groups
(Johnson et al., 20006).

After the deposition of the Cape Supergroup in the
Cape Basin, there was a period of uplift and erosion.
Ice sheets waxed and waned along the southern margin
of the Gondwana continent marking the period of
Dwyka glaciation that lasted between ca. 350 Ma and ca.
290 Ma (Bangert et al., 1999; Isabell et al., 2008; Milani
and de Wit, 2008; Tankard et al., 2012). During glaciation
an extensive shallow lake formed, fed by meltwater
during glacial retreats (interglacials), resulting in the
deposition of the Dwyka diamictites (Smith, 1990). Some
authors have inferred that the Dwyka diamictites and
lower Karoo were deposited in an open marine setting
(eg. Smith, 1990; Visser, 1992). Others have proposed a
lacustrine environment that persisted during the
deposition in the Whitehill Formation (Faure and Cole,
1999). This inter-continental lake was subsequently
terminated by a short marine transgression related to
eustatic sea level rise as a response to final deglaciation
(e.g. Milani and de Wit, 2008).

The first post-glacial sequence is the Prince Albert
Formation, which is dated at 289 to 288 Ma by U-Pb on
zircons from air-fall tuffs close to the boundary of the
Dwyka Group (Bangert et al., 1999; Tankard et al., 2012;
McKay et al., 2015). The Prince Albert Formation
contains dropstones near the base and consists mostly of
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mudstone, shales and some thin sandstone units
(Geel et al., 2013; Cole, 2005).

Homogenous black mudstones of the Whitehill
Formation overly the Prince Albert Formation and
comprise fine-grained, finely laminated black organic-
rich shales that weather white at surface due to pyrite
oxidation to gypsum (Geel, 2014; Wickens, 1994; Visser,
1992). Dolomite lenses and concretions are present
between layers of black shale (Figure 2). Contrary to the
massive Dwyka sequences, shale beds of the Whitehill
Formation are disharmonicially folded and commonly
interpreted as a regional ‘décollement’ surface (Kingsley,
1977; Lindeque et al., 2011).

The Whitehill Formation is overlain by thin bedded
turbidites, dark grey mudstones and tuff beds
(K-bentonite) of the Collingham Formation. Zircons
from the tuffs have been dated between ca. 276 and
270 Ma (e.g. Fildani et al., 2009; McKay et al., 2015).
The mudstones contain trace fossils such as Planolites
and other epichnial grooves. At the top of the formation
the mudstone grades into sandstone that contains plant
impressions (Glossopteris sp.) (Viljoen, 1994). Pyrite is
common in the lower half of this formation.

These sequences are overlain by turbiditic
sandstones and minor mudstones of the Vischkuil,
Laingsburg and Ripon formations followed by basin
plain and prodelta mudstones and rhythmites of the
Fort Brown Formation and then increasingly by deltaic
sandstone and minor mudstone of the Waterford
Formation, culminating in terrestrial mudstone, siltstone
and sandstone of the Beaufort Group (Kingsley, 1981;
Smith et al., 1993; Rubidge et al., 2000; 2012; van der
Merwe et al., 2010). Tuffs in the Koonap, Middleton and
Balfour Formations of the Beaufort Group in the south-
eastern part of the basin have been dated at between
261 and 255 Ma (U-Pb zircon; Rubidge et al., 2013) and
in the Abrahamskraal Formation of the Beaufort Group
in the south-western part of the basin at between
276.4 and 260.6 Ma (U-Pb zircon; Lanci et al., 2013;
McKay et al., 2015). Thereafter, following northward
migration of the deformation front of the CFB
(e.g. Booth and Goedhart, 2014), there was uplift of the
basin with increasingly arid climate conditions (Smith
and Botha-Brink, 2014), terminating with aeolian
deposition of the upper Stormberg Group. The final
stages of Karoo deposition constitute widespread sand-
dune sequences of the Clarens Formation, which was
interrupted by the volcanism of the Drakensberg Group
that brought the Karoo depositional sequence in South
Africa to an end at ca. 183 Ma (Duncan et al., 1997).
In the early Jurassic (183 to 182 Ma) dolerite sills and
dykes of the Karoo Large Igneous Province intruded into
mainly the Ecca and Beaufort Groups (Svensen et al.,
2006; Aarnes et al., 2011; Burgess et al., 2015). Following
extensive upper Cretaceous erosion and exhumation of
southern Africa, these massive igneous intrusions
formed a regional escarpment flanking the southern
Karoo (Duncan et al., 1997; Tinker et al., 2008; Decker
et al., 2013).

The Cape Fold Belt

Prior to Gondwana break-up, the CFB formed part of the
greater Gondwanide orogenic belt that extended west
into South America and east through the Falkland
Islands and Antarctica as far as the eastern margin of
Australia (Veevers, 2004; Linol et al., 2015). The structural
style of the CFB includes both thin-skinned and thick-
skinned deformation and consists of anticlinoria
featuring overfolds, thrusts, en enchelon folds and faults,
flower structures and low angle and strike-slip step over
structures. Metamorphism of the CFB grades to
greenschist facies in the south and overprints proximal
Karoo lithologies in the north (Hilbich, 1993; Tankard
et al., 2012; Booth and Goedhart, 2014).

Field observations and location of drill sites

The study area (Figure 3, topocadastral sheet 3324BB;
Greystone; scale 1:50 000) was chosen after taking into
account the amount of outcrops of the lower Ecca
Group rocks and road access to the field area and
potential drill sites. Field mapping was carried out with
the use of air photos, from which geological and
structural data were transferred onto the topocadastral
sheet. Structural data obtained from the field determined
fold plunges and aided in siting two shallow boreholes
(SFT1= 100 m deep and SFT2= 300 m deep). Core was
sampled from drill hole SFT2 for detailed analyses. Core
from both boreholes is stored at AEON, Nelson Mandela
Metropolitan University (NMMU).

A total of 52 samples of core from the Prince Albert,
Whitehill and Collingham Formations were collected for
TOC/Rock Eval Pyrolysis. 16 samples from the 52 were
selected for the following analyses: X-ray fluorescence
(XRF), X-ray diffraction (XRD), Hg-intrusion porosimetry,
open pyrolysis and thermovaporation, vitrinite
reflectance, and C/N stable isotope analyses.

All analyses were completed at the Helmholtz
Centre, GFZ, Potsdam in Germany, over a period of
11 months, except for vitrinite reflectance measurements,
which were undertaken at Aachen University, Germany.

Results

Structural geology

A north-south cross section through the Greystone area
indicates that there are four mega- folds in the region,
annotated 1 to 4 in Figure 3. The folds are all open
except for the anticline at locality 2. Smaller parasitic
folds are seen throughout the area and in general the
folds plunge towards the southwest. Field observations
of the Whitehill Formation show that the shales are
highly folded when compared to the underlying Prince
Albert Formation and the overlying Collingham Formation.
A large fault strikes east to west along the limb of the
overturned anticline. Normal and reverse faults occur
throughout the area and are seen with increasing
frequency closer to the CFB front in the south. Rose
diagrams plotted for subareas of the Greystone 1:50 000
sheet show that main joint directions are prominently
north-northeast to south-southwest and westeast.
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Figure 3. Geological map and cross section (A-B) through the Greystone area. Four mega-folds (labelled 1 to 4) are indicated on the cross

section, as well as the location of boreboles SFT' 1 and 2. Stereograms on the map are of bedding, plotted as poles to planes, on equal area

nets. Note that the folds are mostly open and north vergent, with shallow plunges, with exception of anticline 2. Joint orientations are shown

as rose diagrams which show two dominant strike orientations, viz. northsouth and west-northwest.

A simplified litho-stratigraphic column (Figure 4) of
borehole SFT 2 was drawn using field data and core
logs, also indicating the horizons where the 16 samples
were taken.

Lithology

Witteberg and Dwyka Groups

Pale grey coloured quartzites and khaki colored shales
of the Late Palaecozoic Witteberg Group form a
prominent ridge in the southern part of the area,
whereas the overlying Dwyka, Ecca and Beaufort
Groups of the Karoo Supergroup occur in the remainder
of the study area (Figure 3). The Dwyka Group crops
out in the anticlinal hinges of the open folds in the
southern half of the area, and is composed of grey
compact diamictites containing clasts of variable size

and composition in a very-fine grained, grey coloured
clay matrix.

Ecca Group

Drillhole data show that the Prince Albert Formation in
this area is 59 m thick and has a gradational contact
with the underlying Dwyka Group. This Prince Albert
Formation consists mostly of an olive-grey mudrock.
Siltstones and shales are rhythmically interbedded with
the mudstones (Figure 5g). They are mostly horizontally
laminated, composed of tightly packed clay layers
(Figure Sh) that occasionally display water escape and
flame structures. Phosphate and carbonate lenses were
identified in the field and oxidized iron-rich bands are
found between mudstone layers. Tuff layers occur in the
lower half of the formation. Foraminifera (possibly a
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juvenile miliolid) were observed under scanning electron
microscope (SEM) and thin section analysis showed
recrystallization and alteration features.

The Whitehill Formation is some 27 m thick
(drillhole data), and forms a gradational contact with the
underlying Prince Albert Formation. The Whitehill
Formation consists mostly of black shale (Figure 5d).
The black shales are occasionally interlayered with grey,
fine-grained siltstone layers. Dolomite concretions occur
near the base of the formation. The dolomite contains
internal concentric laminations which sometimes follow
the external form or are intensely convoluted. At surface
the shales weather white due to an oxidation reaction
between pyrite (FeS,) and dolomite (CaMg(COs3),) to
form gypsum (CaSO,2H,0O) growing in veins, crystal
masses or desert roses. Pyrite within the shales also
creates oxidation staining and the weathered shales vary
in surface colouration (white, grey or pink). The Whitehill
shale comprises mostly clay minerals (e.g. illite,
muscovite and quartz). A bisicate pollen grain was
detected by SEM micrograph (Figure 5f). Thin section
analysis reveals framboidal and euhedral pyrite
(Figure 5e) and remnants of trace fossils (possibly
miliolid). SEM micrographs of the dolomite show a
greater degree of porosity than other rock types in this
formation.

The Collingham Formation, a grey mudstone, is
distinctly jointed, well layered and intercalated with tuff
in the field (Figure 5a). The mudstone facies varies
within the formation, in some cases exhibiting pencil
fracturing. The Collingham Formation is ca. 35 m thick,
and has a sharp contact with the underlying Whitehill
Formation, grading upwards into fine-grained sandstone
at the top of the formation, which contains imprints of
leafy plant material (Glossopteris?). Trace fossils, most
commonly Planolites and Scolicia, are seen on
the bedding surfaces of the mudstones. At the top of the
formation mudstone grades into sandstone that contains
plant and wood impressions (Glossopteris?). Under the
light microscope, the boundaries between clay minerals
and the tuffs can be observed (Figure 5b), and SEM
analysis revealed that framboidal pyrite occurs close to
the contact with the Whitehill Formation (Figure 5¢).

In the eastern Karoo Basin the Vischkuil and
Laingsburg formations do not occur (Johnson et al.,
2000). The Ripon Formation overlies the Collingham
Formation and is characterised by alternating layers of
mostly grey coloured sandstones, greywackes, mudstones,
siltstones and shales. The sandstones exhibit wavy
bedding, trough cross stratification, convolute laminations
and hummocky cross stratification, whereas shales
exhibit slump and dewatering structures common in
turbidites. Trace fossils (Scolicia?) and plant impressions
are common on mud and sandstone surfaces.

The Fort Brown Formation is composed of alternating
sandstones, siltstones and mudrocks (rthythmites). Most
beds are delaminated but occasional trough cross-beds
occur, as well as ripples, convoluted bedding and
occasional dewatering structures.

The Waterford Formation comprises sandstone of
variable colour, mudstone, siltstone and shale beds.
The sandstone particularly displays well developed ball
and pillow structures. Gastropod tracks, fish trails and
other trace fossils are common on rippled bed surfaces.

Beaufort Group

The lower Koonap Formation outcrops in the northern
portion of the study area and comprises lenticular
yellow-brown sandstones, grey sandstones, grey mudrocks
and maroon and grey-green siltstones. Sandstone units
make up less than one third of the sequence and display
laminated and cross-bedded features typical of fluvial
sediments.

Mineralogy

X-ray diffraction

X-ray diffraction (XRD) analyses showed the following

results averaged for minerals in the main rock types of

the lower Ecca Group:

e Prince Albert Formation: quartz (52%), illite (21%),
muscovite (23%), chlorite (4%) and pyrite (0.2%).
Sample GO011534 from the gradational contact
between the Dwyka Group and the Prince Albert
Formation has a mineralogical composition of: quartz
(53%), illite (21%), anorthite (8%), muscovite (15%),
chlorite (3%) and pyrite (0.2%).

e Whitehill Formation: quartz (32%), calcite (6%), albite
(7%), illite (16%), muscovite (15%), chlorite (8%),
pyrite (7%) and dolomite (9%). The mineralogical
composition of sample G011513 comprises mostly
dolomite. The weathering of pyrite, dolomite and
calcite contents caused the formation of gypsum.

e Collingham Formation: quartz (62%), calcite (2%),
albite (10%), muscovite (10%), chlorite (8%), biotite
(3%, illite (13%) and pyrite (0.3%).

Shales with a higher percentage of quartz and carbonate
tend to be more brittle, which responds to stimulation in
a form of greater density of fractures along which gas
can potentially flow into a well bore. If the shale is high
in clay it will respond by ductile deformation, forming
fewer fractures, limiting the ability to extract potential
gas (Jarvie et al., 2007; Wang and Gale, 2009; Wang and
Carr, 2012). The Whitehill Formation shales have high
quartz content and the presence of dolomite within the
shales also increases their brittleness factor.

Geochemistry

X-ray fluorescence

X-Ray fluorescence (XRF) data are normalised to
aluminium and plotted as compositional ratios (Figure 6)
SiO,/ALO; ratios are the highest in the Prince Albert and
the lowest in the Whitehill Formation. CaO and MgO
peaks occur at the base of the Whitehill Formation, which
corresponds with the occurrence of carbonate rock. The
dolomite sample also shows peaks in barium and
phosphorus, which suggests an increase in palaeo-
productivity (Brumsack, 2000; Baioumy and Ismael, 2010).
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Rb/K ratios may indicate changes in palaco-salinity
(Scheffler et al., 2006). In the Prince Albert and Whitehill
formations there is a steady increase to higher Rb/K
ratios, suggesting increasing marine conditions. V/Cr
and V/(Vi+Ni) ratios are indicators of palaco-redox
conditions (Scheffler et al., 2006; Hatch and Leventhal,
1992; Rimmer, 2004). This data suggests that marine
conditions and anoxic waters persisted during
deposition of the Whitehill Formation until they become
more brackish during the Collingham Formation.

Sulfur contents and Fe,O;/Al,O; ratios peak in the
Whitehill Formation (Figure 6). These data from the
Whitehill Formation plot in the “anoxic zone” in an iron-
sulfur-TOC (total organic carbon) ternary diagram. Data
points along the stoichiometric pyrite line (S=1.15 Fe)
suggest that all of the iron has been fixed as pyrite
(Figure 8). Samples below the line suggest that sulfur
occurs as oxide, e.g., barite, or bound to the organic
fraction.

Organic geochemistry

TOC/Rock Eval

The average (TOC) content of shale in the Prince
Albert Formation is 0.37 weight %, in the Whitehill
Formation 4.5 weight %, and in the Collingham
Formation 0.62 weight % (Figure 6). Rock Eval analyses

produce S1 and S2 hydrocarbons. S1 represents
hydrocarbons already produced and stored within the
pores and S2 represents hydrocarbons produced from
the thermal break-up of kerogen (Baceta and Nunez-
Betelu, 1994). S1 and S2 values from Rock Eval analysis
are low for all samples, reflecting low hydrocarbon yield
or potential. Tmax values from Rock Eval analysis range
between 460-572°C for the Prince Albert, Whitehill and
Collingham Formations, categorizing these sedimentary
rocks as late- to post-mature. A comparison for TOC
contents, HI (hydrogen index), OI (oxygen index) and
Tmax values is also shown in modified Van Krevelen
diagrams (Figure 7). Note that relatively high OI values
(suggesting derivation from terrestrial material) or low
Tmax values (suggesting immature conditions) are caused
by artificial mineral-matrix effect due to low TOC contents.

Stable isotope analysis (6 °N, 6°C)
The average 8“C values for the rocks of the lower Ecca
Group are:
e Prince Albert Formation:
-23%0 (ranges: -22.6%0 to -23.8%o),
e Whitehill Formation:
-20%o (ranges: -18.9%o to -24.7%0)
e Collingham Formation:
-21.4%o (ranges: -20.1%o to -22.4%o).
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According to White (2013) and Meyer (1994) such
values suggest an aquatic (mostly marine) organic
source for all three formations. This is, however, not
consistent with the C/N data. C/N ratios and 8°C %o
values, when plotted against each other, show that the
samples of the Prince Albert Formation fall entirely in
the marine algae zone, together with most of the
Collingham and some of the Whitehill Formation
samples. Three samples from the top of the Whitehill
Formation and one sample from the top of the
Collingham Formation do not fall in any definitive
zone. One sample of the Whitehill Formation falls
within the C; terrestrial plant zone. The Whitehill
Formation values that do not fall in any particular
zone all have C/N ratios 20 (Figure 9). These data
suggest that there is mixed organic matter (e.g. from
terrestrial and marine sources) in the Whitehill
Formation.

The 8N values for the Prince Albert Formation range
between 5.6 to 6.2%o, the Whitehill Formation between
7.7 to 10.1%o0, and the Collingham Formation between
4.7 to 7.3%o. All three ranges are indicative of a marine
source of organic matter (White, 2013). The Whitehill
Formation has the highest 8N values, which could be a
result of increased denitrification during periods of anoxia
(Hoelke, 2011).

It is important to note that highly mature sediments
have undergone both generation and expulsion of
hydrocarbons. Since the generation of hydrocarbons is
coupled to isotope fractionation, the interpretation of
the presented data must be treated with caution.

Analysis of thermal maturity

Open pyrolysis and thermovaporization

Due to the high maturity of the samples, many of the
chromatograms display peaks that are too small to be
measured with precision. Instead, bulk parameters were
calculated in open pyrolysis chromatograms: C1-C5,
C6-C14 and C15+. As a result, most of the samples
provide chromatograms that display low hydrocarbon
generation, with peaks mostly within the C1-C5 region
(Figure 10). Thermovaporization data were recorded by
measuring the combined C1-C5 peaks and any following
individual peaks: C6, Benzene and Toluene. Similar to
pyrolysis, thermovaporization yields few significant
peaks. According to this, no desorbable hydrocarbons
are retained in the rock matrix.

Vitrinite reflectance
No fluorescing macerals detected under
UV illumination, likely due to the overmaturity of the

were

rock samples. Reflected light microscopy, on the other

Paraffinic Oil
Low Wax

Paraffinic Oil
High Wax

P-N-A 0Oil
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P-N-A Oil
High Wax

Gas and
Condensate

80% n-C; ,,

100%C,-C,

80% n-C,,

Figure 10. Ternary diagram showing that all pyrolysis data from the study area are grouped in the C1-C5 category (based on Horsfield’s

Diagram 1989).
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hand, revealed that solid bitumen occurs in abundance
and their grey values were measured and correlated
with vitrinite reflectance. The reflectance measurements
from the solid bitumen for all samples are on average
~4% BR,, which classifies them as highly mature (Landis
and Castano, 1995, Schoenherr et al., 2007) (Figure 11).

6.34

Porosity

Hg-intrusion porosimetry

Mercury intrusion porosimetry shows that meso- and
macro-porosity is highest in the Whitehill Formation
shales (1.35%), and in particular in the dolomite units
(2.91%). SEM images show finely crystalline dolomite
with intracrystalline porosity (Figure 12). The Prince
Albert Formation has an average porosity of 0.53% and
the Collingham Formation an average of 0.40% porosity.

Ro%

Discussion and interpretation

The described general mineralogical and lithological
composition of the rocks is consistent with those of
previous investigators. Organic carbon content, thermal

Reflectance data: Collingham Fm.
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Figure 12. A sample of dolomite (GO11513) from the Whitehill Formation showing tightly packed and welded crystals of dolomite, with pores

of secondary nature (arrowed).

grains at the base of the formation near the contact with
the Whitehill Formation. The Collingham Formation has
the highest percentage of quartz (62%) relative to the lower
two formations. As a result, the brittleness factor of the
Collingham Formation is the highest. The TOC content
of the Collingham Formation is low (0.62 weight %) and
can be classified as type II kerogen. Similar to the
Whitehill Formation, TOC/Rock Eval data are obscured
by the effect of high thermal maturity, so determining
kerogen type from these data is dubious. 8"C and 8"N
stable isotope data, however, suggest that the organic
material is from an aquatic (marine) source, and when
comparing C/N versus 8"C , all samples fall within the
marine algae zone with the exception of one (sample
G011483) sampled near the top of the formation. Sample
G011483 plots within the Whitehill Formation data
range, suggesting mixed source of organic matter, which
is consistent with terrestrial plant fragments already seen
in the outcrop.

Palaeo-environmental conditions

Elemental ratios provide an indication of the oxic to
anoxic variability, salinity and productivity of the palaeco-
environment, but also about early diagenetic processes.
Data from XRF, XRD and 8"C and "N stable isotopes,
summarised in depth profile in Figure 6, are interpreted
as follows:

The Whitehill Formation is high in clay minerals and
relatively lower in silica content than the Collingham
and Prince Albert Formations. The general SiO,/Al,O;
ratio for shale is calculated to be between 2.01 and 4.04
(e.g., Campos Alvarez and Roser, 2006). Black shales of
the Whitehill Formation match this closely, with a range
of between 2.4 and 5.5. The ‘high’ SiO,/Al,O; value of
5.5 comes from one sample (G011491) near the contact
with the Collingham Formation.

The Ba/Al,O; ratio, a qualitative indicator of bio-
productivity (Brumsack, 2006), appears to be the highest
in the Collingham Formation and fluctuates within the
Whitehill Formation. However, the detailed interpretation
of the barite record in a sedimentary succession,
especially in TOC-rich rocks, requires further studies, as
barite also precipitates at the sulphate/ methane
transition zone overlying black shales (Arndt et al.,
2009). Importantly, the barite zone can move during
ongoing sedimentation and is dependent on variables
such as sedimentation rate (Arning et al., 2015).
Mineralized phosphorous can also be used to follow
ancient bio-productivity (e.g., Schoepfer et al., 2014);
however and due to the above discussed items, a
seen between Ba/AlLO; and
P,05/AL,0;, with the exception of the dolomite sample
(G011513). The phosphorous signal is the highest in the
Whitehill Formation possibly because phosphorous is

correlation is not
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regenerated in the reductive Fe-cycle (Brumsack, 2006)
that occurs in anoxic settings prevalent during the time
of the Whitehill Formation deposition. Despite the
detection of phosphate by XRF, phosphate minerals
were not detected in XRD due to low contents, but do
occur in the Whitehill Formation in other wells
(Chere, 2015). Moreover, phosphorous has probably
been absorbed into the clay minerals (Baioumy and
Ismael, 2010).

Rb/K ratios provide an indication of fluctuations
in palaeo-salinity of the basin. Rb/K values are higher in
marine shales (6*107) than those occurring in
non-marine environments (4*107) due to greater
concentration of Rb in ocean waters (Scheffler et al.,
2000). Rb/K ratios in the Prince Albert and the Whitehill
formations (>4*107) suggest a marine environment,
whilst the Collingham Formation (3.76*107 to 7.50*10)
appears to fluctuate between marine and brackish
conditions.

V/Cr ratios, similarly to Rb/K ratios, indicate a
change in sedimentary conditions. V/Cr ratios can be
used as a palaeo-redox indicator when it is found to
correlate with TOC values. V/Cr ratios below 2 indicate
oxic conditions during deposition, values between 2 and
4.25 represent a dysoxia, and ratios above 4.25 indicate
anoxia (Scheffler et al., 2006). High V/Cr ratios (coupled
with high Rb/K ratios) indicate that the Prince Albert
Formation was deposited in an anoxic body with saline
water. One deviation from this pattern is near the top of
the Prince Albert Formation (sample G011518) where a
rapid increase in Rb/K ratios is recorded. This is
accompanied by a decrease in the V/Cr ratios, indicating
a sudden influx of oxygenated water masses, possibly
due to turbidity current activity. V/Cr ratios, highest in
the Whitehill Formation, suggest an increase in anoxia
conditions during this time. A general decrease in V/Cr
ratios in shales of the Collingham Formation further
strengthens the suggestion that increasingly oxygenated
waters were present at that time. The above mentioned
ratios in the mudrock units suggest a shift in sedimentary
environmental conditions from the Prince Albert/
Whitehill formations to the Collingham Formation,
where deposition of sediments changed from the central
basin to more proximal regions. The progression to
more brackish waters also suggests a shift to a more arid
climate (Scheffler et al., 20006).

V/(V+ND ratios are used to determine palaeo-redox
conditions and degrees of palaeo-productivity. V and Ni
become highly enriched in sediment when algal matter
encounters anaerobic conditions, shortly after, or during
deposition (Brumsack, 2006). V/(V+Ni) values increase
with increasing TOC content as a result of their diffusion
into sediments under a slow sedimentation rate (Arthur
and Sageman, 1994). V/(V+Ni) ratios for organic matter
of around 0.84 indicate euxinic (anaerobic) conditions,
between 0.54 and 0.84 for anoxic conditions, and
between 0.46 and 0.60 for dysoxic (low in oxygen)
conditions (Hatch and Leventhal, 1992). The V/(V+Ni)
ratios within the Whitehill Formation are predominantly

above 0.5, which indicates that it accumulated under
anoxic conditions (Rimmer, 2004). The ratios indicate
that the Prince Albert Formation accumulated primarily
under euxinic conditions, and the Collingham Formation
under more oxic conditions possibly due to rapid
turbiditic input from shallower waters. One exception
noted near the top of the Prince Albert Formation
(G011518) shows a significant drop in V/(V+Ni) ratios
(coincident with a reduction in the V/Cr ratio).
This indicates an increase in the oxygen input at this
horizon, probably due to short oxygenation of the
bottom water during deposition.

Carbon-sulfur-iron relationships can also be used to
determine the palaeo-redox conditions. Fe and S
concentrations remain relatively stable, with only TOC
being variable under conditions of thermal diagenesis
(Ross and Bustin, 2009). Sedimentary rocks of the
Whitehill Formation plot close to the anoxic zone, based
on Ternary relationships between TOC-S-Fe to
distinguish anoxic, dysoxic and oxic environments
(Figure 8) (Ross and Bustin, 2009).

8"C and 8"N values shed light on the origin of the
organic matter. In the case of the Whitehill Formation,
stable carbon isotope values suggest a marine source,
(based on interpretations by White, 2013), and elevated
values of 8N probably reflect denitrification, resulting
from anoxic conditions (c.f. Hoelke, 2011).

Sulfides, predominantly in the form of pyrite
framboids and larger euhedral cubic crystals occur in all
three of the formations, but dominantly in the Whitehill
Formation. They are interpreted to be both authigenic
and diagenetic in origin, suggesting prolonged sulfate
reduction processes in the mudrock units. Additionally,
the presence of framboidal pyrite of uniform grain size
indicates microbial activity, and, coupled with elevated
concentrations of barium and phosphorous in carbonate
rocks, suggests an anoxic bottom water caused by high
palaeoproductivity during which pyrite already formed
in the water column.

Dolomite concretions and lenses near the base of the
Whitehill Formation are laminated and exhibit a physical
texture that resembles microbial mats and/or
stomatolite-like features. In thin section the dolomite has
an aphanitic texture and under the SEM spherical ‘holes’
are enclosed within the dolomite crystals. These may be
moulds from remnant bacteria and have consequently
enhanced the porosity, but not the permeability.
According to Perri and Tucker (2013), stromatolites have
almost complete dolomite mineralogy, and they propose
that sulphate-reducing bacteria caused the precipitation
of dolomite from microbial mats. Dolomites of the
Whitehill Formation may have such an origin, but
this interpretation was not verified in this study. If this
interpretation was applied here then carbonate rocks
would have an origin in shallow, pre-tidal environments
— a setting that does not conform to a proposed inland
anoxic ocean. Dolomite precipitation is, however, well-
known from sulfate reduction in TOC-rich sediments
(Macquaker et al., 2014).
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Table 1. The Whitehill shale compared with the Barnett and Marcellus shales (data from Bruner and Smosna (2011), Hoelke J (2011) and

Decker and Marot (2012)).

Property Barnett
(Mississippian shale

Fort Worth Basin, USA)

Appalachian Basin USA)

Whitehill

(Permian Shale, South Eastern

Marcellus
(Devonian Shale,

Karoo Basin, Greystone area,

RSA)

Mineral (%)

Quartz 35 to 50 10 to 60 13 to 55

Clays (illite) 10 to 50 10 to 35 5to 29

Calcite, dolomite, siderite 0 to 30 3 to 50 3 to 62

Feldspars 7 0to 4 0to 24

Pyrite 5 5to 13 1to 16

Phosphate, gypsum trace trace trace

Mica 0 5 to 30 3 to 22

Porosity (%) 3t006 31006 2.90 (including dolomite), 0.83
(excluding dolomite)

Vitrinite reflectance (R,) 1.2 (max 1.9) 1.6 (max 3.5) 4

Tmax 465°C 475°C 563°C

TOC (%) 2106 1 to 10 0.7 to 8.15

Kerogen type Type II (minor admixture Type II (mixture of type II)  Mixture of type II and type III

of type TID
Estimated size of shale-gas play 23 310 km? 129 499 km? 155000km? to 183 000km?
Thickness of formation 107m 15m ~28m

Estimated Potential yield 2.5 bef to 40tef

50 to 900tcf between 32tcf and 485tcf

Data from this study suggest that the palaeo-
depositional environment was marine during the
deposition of sediments that comprise the Prince Albert
and Whitehill Formation. This interpretation is, however,
in contrast with interpretations by Faure and Cole (1999)
for the Whitehill Formation in the Kimberley area, who
propose that the depositional environment was
lacustrine with fresh to brackish water, based on stable
isotope data from "C, *'S and O, and C(./S ratios.

Thermal maturity

Samples of core analysed in this study occur in the CFB
front - a region where the Karoo Supergroup strata are
deformed by internal shortening, folding and faulting.
In the study area rocks of the lower Karoo Supergroup
crop out some 100 km south of the northernmost
deformation front of the fold belt, and 5 km north of
strata of the Cape Supergroup. The Whitehill Formation
in particular is highly deformed, often with a distinct
cleavage, is veined, and has been interpreted as a
“décollement” zone (Lindeque et al., 2007; Kingsley,
1981). Quartz-calcite precipitation in veins during the
Cape Orogeny may record the deformation that took
place at the CFB tectonic front. In the region between
Prince Albert and Laingsburg in the Western Cape,
quartz-calcite geothermometry of the veins in the Prince
Albert Formation reveal trapping temperatures between
230 to 260°C at 2 to 3 kbar. The research in this area
suggests devolatilization during low grade (up to lower
greenschist) metamorphism (Egle, 1996 and Egle et al.,
1998; Craddock et al., 2008). Core samples from the
Greystone area analysed in this study show similar
extensive calcite veining along bedding planes,

cleavages and joint fractures of the Prince Albert
Formation and it can be expected that they share similar
trapping temperatures.

It can be assumed that the maturation of the Ecca
Group in the Greystone study area has been brought
about through tectonic burial and metamorphism of the
CFB. This is revealed via data from Rock Eval pyrolysis,
vitrinite reflectance, thermovaporization and open
pyrolysis techniques:

Vitrinite reflectance testing showed that no original
macerals could be identified in the samples; instead,
solid bitumen was discovered. Bitumen reflectance
values were found to be high, with an average BR, of
4%, which indicates that the rocks are over-mature. The
presence of solid bitumen is an indicator of hydrocarbon
generation and migration within the rock and is a by-
product that forms when oil thermally cracks to form
light hydrocarbons. Due to high temperatures, bitumen
corresponds to very low HI values (<80mg HC/g TOC)
and high Tmax values (>460 °C) (Schoenherr et al.,
2007). In a study by Branch et al., (2007) vitrinite
reflectance was performed on four samples from Soekor
hole SA 1/66 located some 100 km from the CFB
tectonic front. One sample from the Whitehill Formation
was found to contain solid bitumen. The remaining
three samples were taken from the Prince Albert
Formation and were found to contain graphitic particles
as well as vitrinite.

Rock Eval pyrolysis in this study showed very low HI
values (<80mg HC/g TOC) for all formations (lowest
values were seen in the Whitehill Formation). A possible
reason for such low values is that oil that is released
from kerogen may have been adsorbed onto the surface
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of the clay minerals. This would reduce the S2 peak, and
as a consequence reduce the HI values. This effect has
been seen in illite and montmorillonite (Hartwig, 2009).
The low HI values of the Whitehill Formation are
likely therefore to be due to a combination of high
clay content, high sulfur content, and the presence of
solid bitumen.

The Tmax values for the Prince Albert, Whitehill and
Collingham Formations range from 460 to 572 °C, which
characterises the sedimentary rocks as late- mature to
post-mature. Only a few samples yielded Tmax values
that classify them as immature. The latter occurs mostly
in the Collingham Formation, with one sample from the
gradational contact with the lower Dwyka Group.
On the Van Krevelen plot these data are coincident with
the bitumen reflectance data that shows these rocks
can be grouped into the over-mature zone and in the
dry gas window.

Pyrolysis-GC and thermovaporization analysis show
poor hydrocarbon generation and detected mostly short
chain hydrocarbons within the Cl1 to C5 range.
In Pyrolysis-GC only one sample from each of the
Whitehill and Collingham Formations produced
hydrocarbons from all three ranges (C1 to C5, C6 to C14,
C15+). In thermovaporization analysis only one sample
from the Whitehill Formation produced peaks of C1 to
C5, CO6, benzene and toluene. This overall poor
hydrocarbon generation is also a reflection of highly
over-mature rocks.

The lower Ecca Group as a potential shale gas reservoir

Exploitable gas-bearing shales generally have the
following characteristics: 1) high organic richness,
2) secondary cracking of kerogen and retention of oil,
3) retention of oil for cracking to gas by adsorption,
4) porosity resulting from decomposition of organic
matter, 5) mineral induced brittleness. The Whitehill
Formation complies with most of these characteristics
and is therefore the most favourable formation of the
lower Ecca Group that has the potential to host viable
gas deposits. The Whitehill Formation, with its high TOC
content (4.5 weight %), was deposited under suitable
anoxic quiescent bottom water conditions to allow for
the preservation of organic matter. The presence of solid
bitumen suggests that thermal cracking processes took
place, probably as a result of thermal overprinting
during the Cape Orogeny. The mineralogy of the shale
suggests suitable brittleness due to high quartz, calcite
and dolomite content. Although this study does not
provide more information on organic porosity, nor
the adsorption qualities of the shale, it is clear that the
samples evaluated are highly affected by their location
relative to the CFB. The position of the study area within
the CFB and the shallow depth of the borehole (100 to
300 m) have affected the ability of the shale to retain
gas. The fact that very little hydrocarbons remain in
these rocks indicates that most of the gas, which
potentially may have been generated, was lost

during thermal overprinting. In future samples

should be collected from greater depths in the basin
(2 to 4 km depths) and farther away from the influence
of the CFB, to test the retention potential of gas within
these shales.

A chart comparing the characterisitics of the Karoo
Basin with those of two well-known shale gas yielding
basins in the USA, i.e. the Mississippian Barnett Shale
(Fort Worth Basin) and the Devonian shales of the
Marcellus Basin, is shown in Table 1. The Barnett and
Marcellus shales were used for comparison due to the
large amount of information available from these basins.
The Whitehill Formation is very similar to these well-
known examples when comparing thermal maturity,
quartz content (favourable for hydraulic fracturing),
TOC content and the mixture of type II and type III
kerogen. Shales of the Whitehill Formation are,
however, more mature than those of the Marcellus Basin
(where this is well away from the tectonic front of the
Appalachians) and the Barnett shales, probably as a
result of their position close to the tectonic front of the
CFB. One exception is that shales of the Whitehill
Formation have lower porosity values then those of
the USA examples. This, however, could be a function
of the fact that mercury intrusion only measures the
meso- and macro-porosity and if micro-pores were
included, the porosity figures may yield higher values.

The abovementioned characteristics of shales of the
Whitehill Formation suggest that they have the potential
for holding significant amounts of gas.

Assessing the shale-gas potential of the Karoo
Basin
The following parameters are considered to be essential
by limiting factors in the calculation of hydrocarbon
reserves of the Whitehill Formation in the Karoo Basin:
the maturity of sedimentary rocks, the thickness and
depth of the formation; and thickness of dolerite
intrusions. The database used in the calculations was
extracted from this study, as well as from boreholes
drilled during 1965 by Soekor (Petroleum Agency of
South Africa (PASA), see Rowsell and De Swart, 1976,
Cole 2014). Dolerite thicknesses were obtained from
published 1:250 000 geological maps (Toerien, 1991).
Based on recent studies in the area (Weckmann
et al., 2007; Tinker et al., 2008 and Lindeque et al., 2007,
2011) two cross sections, extending from Loxton to
George through the middle part of the Karoo basin,
were constructed in order to calculate the depth
configuration of the Karoo Supergroup. The first section
(Figure 13a) is a compilation of geological and
geophysical data from Tinker et al. (2008) and Lindeque
et al. (2007; 2011), whereas the second section
(Figure 13b) shows an interpretation using data from
Tinker et al., (2008) and magnetotelluric (MT) data
from Weckmann et al. (2007). Cross section Figure 13b
is drawn using MT1 data from a north-south profile
between Prince Albert and Fraserburg and MT4 data,
which is projected westerly along strike from the north-
south profile centred on Jansenville.
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Based on the abovementioned data, a map was
constructed (Figure 14) that summarizes the shale
parameters and the areal extent most favourable to
explore for gas in the Karoo. It is assumed that the gas
present is methane, and until hydraulic fracturing is
undertaken and actual yields and gas composition
ascertained, our calculated figures are to be interpreted
with caution. The area is delineated on its southern side
by two lines just north of Beaufort West and Graaf-
Reinet and on towards East London according to vitrinite
reflectance data (R, 3 and R,>3.5). This reflects the
tectonic front of the CFB. Its northern extremity is
delineated by the 30 metre isopach of the Whitehill
Formation. The prospective area thus defined measures
92 170 km® to 78 726 km®. Using an average thickness
of 30 m for the Whitehill Formation, a porosity value of
1.57%, a gas recovery value of 30% and a 50% success
factor (Decker, personal communication, 2014), the
recoverable reserves amount to 19 to 23 tcf of available
free gas. This calculation does not include the adsorbed
gas or micro-porosity, which would result in a higher
estimate of gas present in the Whitehill Formation. Cole
(2014) similarly calculated a possible resource of 18.5 tcf
based, however, on a smaller prospective area;
Ry<3.5 and assuming dolerite intrusions in less than 20%
of the succession.

Conclusions

Samples of fresh core from boreholes drilled through

lower Ecca Group rocks near Jansenville, analysed for

their petrographic, geochemical and petro-physical
properties, indicate the following:

e That the shales of the Prince Albert and Whitehill
formations were deposited in an anoxic environment,
in contrast to those of the overlying Collingham
Formation, which formed in shallower oxygenated
conditions.

e That the palaco-environmental setting for the basin
was likely marine, becoming increasingly lacustrine,
with fresh to brackish conditions prevailing by the
Collingham Formation with deposition of mixed
(terrestrial and marine) organic matter.

e That the Whitehill Formation in particular is rich in TOC,
and thus a favourable source unit for potential gas.

Petrophysical analyses further indicate that properties
such as brittleness and porosity of the Whitehill
Formation, although not as suitable as the under- and
over-lying formations, would facilitate hydraulic
fracturing and extraction of gas from these rocks.

The presence of bitumen, as well as the very small
proportions of hydrocarbons in the shales, show that
rocks in the study area are over-mature, and do not
contain any significant quantities of natural gas.

Characteristic properties of the Whitehill Formation
as a suitable shale gas host compare favourably with
those of currently exploited gas fields in the United
States. The Whitehill Formation therefore, in the context
of the Karoo Basin, remains an attractive target as a

potentially suitable shale gas resource, but only if
explored in the region away from the influence of the
Cape Fold Belt.
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Appendix-Methodology

Thin section microscopy

Thin section analysis was undertaken using a Zeiss
Axiophot polarizing microscope with an attached
AxioCam digital camera, which is connected via fiber-
optic cable that allows for fast imager transfer. Samples
were examined for rock textures, grain size, mineral
identification, mineral assemblages, sedimentary
structures, biogenic structures and palacontology

Scanning-Electron Microscopy (SEM)

SEM was carried out with the Ultra 55 Plus (Carl Zeiss
SMT), which has a tungsten-zircon field-emission
filament, an acceleration voltage of 0.02 to 30 kV,
resolution of 1.0 nm at 15 kV, probe current of 4 pA-20
pA, Inlens SE and in-column BSE detectors (EsB), ET-SE
detector, angle selective BSE detector (AsB), ultraDry
SDD (EDS) detector and a panchromatic (imaging)
CL detector. SEM was carried out on freshly broken,
Au-covered samples to observe the internal structure,
intergranular porosity, micro-textures and to determine
elements (i.e. identify mineral constituents).

X-Ray Diffraction (XRD)

Two grams of dried powdered sampled material is
packed into metal discs and inserted in the Bruker-axs
D5000. Programs used for data analysis are Eva and
Autoquan. Eva can identify minerals by comparing the
generated peaks to peaks from existing mineral
information in a database.

X-Ray fluorescence (XRF)

XRF analyses powdered samples which were melted in
Pt-Au and set into glass discs. Analyses were performed
using PANalytical AXIOS Advanced containing an
end-window Rhodium-X-ray tube SST-MAX with 4 kW
output and LiF analyser crystal. The resulting data
were interpreted using the computer program ModAn.
It is assumed that the sulfur content in the samples is
associated with pyrite, therefore sulfur and its associated
iron is subtracted and results are recalculated to 100%.
The bulk sulfur content is calculated using a carbon
sulfur determinator (ELTRA CS 2000 Carbon Sulfur
Determinator).

TOC/Rock Eval analysis

Total organic carbon (TOC) contents were analyzed
using a LECO™ CNS-2000 elemental analyser, and
Rock-Eval parameters using a Rock-Eval 6 instrument.
Rock-Eval pyrolysis technique is used to identify the
hydrocarbon release of organic rich sedimentary rocks,
which helps to characterise the maturity and type of
the organic matter within the rock. Rock Eval
measures the hydrogen/carbon ratio (H/C) and the
oxygen/carbon ratio (O/C). These ratios are related
to the hydrogen index and the oxygen index, the
HI wvalues representing hydrogen richness and
the OI values representing oxygen richness (Martin
et al., 2008).

Vitrinite reflectance

Vitrinite reflectance is used as a parameter to measure
thermal maturity in rocks. Vitrinite Reflectance was
performed at RWTH Aachen University using a Zeiss
microphotometric system which was calibrated with
Zeiss yttrium-aluminium-garnet standard (R=0.900),
using a 50x objective lens under immersion oil
(n.~1.518). Reflectance is measured by the amount of
light reflected from the samples and is recorded as
R,. 100 particles were assessed per sample. Results are
generated as vitrinite reflectance histograms. Jacob
(1989) and Landis and Castano (1995) showed that
there is a positive linear correlation between
vitrinite reflectance (VR,) and bitumen reflectance (BR,).
As a result BR, can be converted to VR, which
allows bitumen to be used in maturation studies in a
sample where vitrinite is lacking (Schoenherr
et. al., 2007).

Stable isotope analysis (6°N, 6"C)

Ratios of stable carbon and nitrogen isotopes are
fractionated during primary productivity of organic
matter and may differentiate between terrestrial and
marine organic matter in sedimentary rocks. 8“C values
between -23 and -34%o indicate terrestrial plants and
marine organic matter is typically between -22 and -
20%0. 8N values of 4 + 5% are typical of terrestrial
plants and 7 + 5 for marine plants (White, 2013).
Degrees of fractionation may vary and the use of C/N
ratios against 8"C values will better help discriminate
between organic matter sources. The N and TOC
content and the §°N,, and f)BCO,g isotopic composition
were measured using the NC2500 Carlo Erba
elemental analyzer coupled with a ConFlowlIl interface
on a DeltaplusXL mass spectrometer (ThermoFischer
Scientific). Samples were loaded in capsules and burned
with excess oxygen in the elemental analyzer.
The released gases are flashed by a helium carrier-gas
flow into the IRMS. The isotopic composition (§) is
determined by calculating the difference between the
isotopic ratios (R) of the samples relative to an
international standard (1).

6(%0)=[RW£1€7W] X 1000 1))

sample

The ratio and standard for carbon is C/**C and VPDB
(Vienna PeeDee Belemnite), and for nitrogen it is
BN/¥N and air.

Open pyrolysis and thermovaporization

Open pyrolysis and thermovaporization are used to
evaluate source rock potential by differentiating remnant
hydrocarbons and hydrocarbons that it still may
generate. Samples were prepared for open pyrolysis and
thermovaporization respectively. For open system
pyrolysis between 13 to 23 mg (more sample material is
needed in samples with low TOC content) of powdered
sample material is required. The powdered material is
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inserted into a glass tube (26 mm long, 3 mm in
diameter) and closed off at either end of the tube with
purified quartz wool. The sample is analysed by a
microscaled sealed vessel (MSSV) Pyrolysis injector
system with an Agilent GC 6890A interface. The sample
is then heated in a flow of helium up to 300°C during
which pre-existing hydrocarbons are released.
The sample is then further pyrolyzed by heating it at
50°C/min from 300°C to 600°C producing further
hydrocarbons by ‘cracking’ of the kerogen at 600°C.
The quantification of the individual compounds and the
totals were conducted by external quantification with an
n-butane standard. Hydrocarbon peaks are identified
using reference chromatograms. For thermovaporization
20 to 30 mg of freshly crushed sample is placed in a
glass tube, sealed with quartz powder and the opening
of the tube is sealed by a hydrogen flame. The sample
is heated up to 300°C, after which the tube is crushed

and the hydrocarbons are moved to a cryogenic trap
(liquid nitrogen). Thereafter the hydrocarbons move
into a capillary column where they are separated
and their retention times recorded similarly to the
pyrolysis method.

Hg-intrusion porosimetry

The measurement of porosimetry by mercury intrusion
describes the pore size, volume, distribution, density of
the material and the specific surface area of the sample
(Giesche, 2006). The samples were carefully broken to
ensure that no artificial surfaces could seal the pores and
10 to 15 g of sample material was dried in an oven prior
to mercury intrusion at 50°C for ~22 hours. The samples
are placed in a dilatometer and placed in the WS 2000
Porosimeter. Mercury is inserted and pressure applied.
The change in mercury level is recorded and porosity
calculated with computer software.
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