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ABSTRACT

Recent interest in the shale gas potential in the main Karoo Basin of South Africa has focused attention mainly on the carbonaceous
Whitehill Formation (Ecca Group, Karoo Supergroup). To unravel the metamorphic effect of the Lower Jurassic Karoo igneous
intrusions on the Lower Permian Whitehill Formation, outcrop samples were taken at various distances (ranging from 1 to >30 m)
from the intrusive contacts of dolerite sills in the western part of the main Karoo Basin (Northern Cape, South Africa) and in
the Karasburg Basin (southern Namibia). Furthermore, to establish the baseline petrological and geochemical composition of the
Whitehill Formation, samples have also been collected at localities unaffected by dolerites in the southern main Karoo Basin.
Mineral assemblages from all sample localities plot within the chlorite zone and show very low grade metamorphism. Mineral
assemblages and illite crystallinity data indicate that the Whitehill Formation has undergone (a) anchizone metamorphism (250 to
300°C) in the southern main Karoo basin as well as in areas close to the dolerite intrusions, and (b) moderate burial diagenesis
(~180°C) in areas away from the immediate effect of dolerites in the Northern Cape and southern Namibia. Regional evaluation of
unconventional gas potential of the Karoo basins of southern Africa ought, therefore, to consider the subsurface thickness and

spacing of Karoo intrusive bodies within the target carbonaceous formations.

Introduction

Heightened global interest in the exploitation of
unconventional gas resources has concentrated
geoscientific attention on the understanding of the
evolution of carbon-based energy resources within
the Karoo basins of southern Africa (De Wit, 2011; Maré
et al., 2014; Scheiber-Enslin et al., 2014). Apart from the
Permian Karoo coal deposits, the highest total organic
catbon (TOC) content is found in the 280 =+
2.1 Ma old, Lower Permian Whitehill Formation
(Figures 1; 2), which comprises laminated carbonaceous
mudstones (siltstones and claystones). Previous authors
(e.g., Rowsell and de Swardt, 1976; Anderson and
McLachlan, 1979; Cole and McLachlan, 1991) suggested
that due to the high degree of burial diagenesis in the
southern part of the region and the adverse effects of
Early Jurassic (183 + 1 Ma - Duncan et al., 1997) Karoo
igneous intrusions, the conventional oil and gas within
the Karoo basins had low economic potential at the time
of their studies. With the exception of a few recent
studies (cf. Maré et al., 2014; Scheiber-Enslin et al., 2014
and summaries therein), the impact of the dolerite
intrusions on the unconventional gas potential of
the Karoo Basin remains poorly researched. Generally,
the effect of thermal stress on the country rocks by an
intruding magma is variable, and estimates on the
width of the thermal aureole range from twice
the thickness to less than half the thickness of the
intrusive body (Dow, 1977; Raymond and Murchison,

1988; Krynauw et al., 1994; Golab and Carr, 2004;
Bussio, 2012). The variability in estimating the size of the
thermally altered zone is attributed to the variability in
the thermal conductivities of country rocks, rates of heat
transfer, the effects of dehydration and evaporation
reactions in reducing the heat energy balance, as well as
the degree of organic matter maturation prior to igneous
intrusions (Galushkin, 1997; Wang, 2012; Bussio, 2012).
Currently, the literature is limited on the unconventional
dry-gas potential of highly mature shale reservoirs.
Although Price (1995), pointed out that significant
unconventional dry-gas resources within over-mature
(Ry >4%) carbonaceous shales, albeit uncommon, do
exist (e.g., Sacramento and West Texas Permian Val
Verde Basins), this study pre-dates the significant
expansion of shale gas production in the 2000s, and the
commercial prospectivity of such deposits. Indeed,
based on the current shale gas exploration experience,
which is still mostly limited to North America, it has
been suggested that commercial production is
economically unviable at R, maturities greater than 3.5%
(e.g., Zagorski et al., 2012). Furthermore, Laughrey et al.
(2011) showed that at graphite facies metamorphism
(Ry = 4%), kerogen-to-graphite conversion and
authigenic mineral overgroweighths (as well as
structural deformation) may well destroy the porosity
and self-sealing capacity of shale reservoirs.

The objective of this study is to identify the
thermal maturation effects of diagenesis and contact
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Figure 1. General geological map of South Africa, showing the extent of the main Karoo Basin. The Early Permian Whitebill Formation crops
out extensively along the southern and western portions of the basin as well as in the Karasburg Basin (southern Namibia). The blue dashed
lines show the Kiibler Index (expressed as 10 x A°20) contours within the main Karoo Basin Map modified after Rowsell and de Swardt

(1976) and Jobnson et al. (1996).

metamorphism by Jurassic dolerite intrusions on the
carbonaceous Permian Whitehill Formation based on
relatively fresh outcrop samples taken at variable
distances from dolerite intrusive contacts in western
South Africa and southern Namibia (Figure 1).
Using routine geological and analytical methods
(e.g., petrography, XRD, XREF, illite crystallinity), the
study also aims to assist in assessing the unconventional
hydrocarbon potential of the Lower Permian Whitehill
Formation.

Geological background

The Whitehill Formation is contained in the lower part
of the Permian Ecca Group, which forms part of the Late
Carboniferous-Early Jurassic Karoo Supergroup, and is
exposed in the study areas in western South Africa and
southern Namibia (Figures 1; 2). The lower Ecca Group
in this region (Figure 2) is a succession of conformable,
mainly argillaceous sedimentary rocks that were
deposited initially in a deep water setting characterized
by pelagic and mass movement sedimentation (Johnson,
1976; Visser and Loock, 1978; Kingsley, 1985; Cole and
Basson, 1991; Cole, 1992; Visser, 1993; Faure and Cole,

1999; Rubidge et al., 2000; Werner, 2006). This initial
deeper water phase was followed by the gradual
shallowing of the basin which resulted in sedimentation
on and near an open shelf and eventually shoreface
settings and deltas (ibid.). The formations of the lower
Ecca Group, namely the Prince Albert, Whitehill and
Collingham formations (Figure 2A) have consistent
lithologies throughout the study area and are thus
unambiguously traceable from southern Namibia to
Laingsburg in the southern main Karoo Basin
(Cole, 1992).

The difference in tectonic styles between the main
Karoo Basin and the Karoo basins in Namibia is noted
by Catuneanu et al. (1998) and Stollhofen et al. (2000).
These studies show that during the Dwyka and lower
Ecca deposition, the Karoo basins of Namibia formed
under extension and are associated with rift basin
subsidence, whilst the main Karoo Basin in South Africa
formed under compression and is associated with
mainly flexural subsidence, characteristic of foreland
basins, although the tectonic setting of the basin remains
debated (cf. Tankard et al, 2012; recent summary in
Scheiber-Enslin et al., 2014). These basin-forming
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tectonic processes, together with regional climate
changes that resulted in the melting of the Permo-
Carboniferous ice caps, generated the accommodation
space of the Mesosaurus Inland Sea, which apparently
covered the southern portion of Gondwana at the time
(Figure 2B) (Stollhofen et al., 2000; Werner, 2006).

The Whitebill Formation

The white-weathering  Whitehill =~ Formation is
distinguished at outcrop-scale from the dark grey-
coloured lithologies in the underlying Prince Albert
Formation and overlying Collingham Formation
(Figure 2A) (Anderson and McLachlan, 1979).
The Whitehill Formation consists of pyritic, thinly
laminated carbonaceous shales (Figure 3A) that show
variation in silt content both laterally and vertically at
various scales, leading to the difference in weathering
colour and hardness (Figures 3B to E) (Cole and Basson,
1991). The Formation is also known for its ubiquitous
diagenetic carbonate, chert and phosphatic concretions,
which vary from spherical and ellipsoidal to tube-like
bodies within the shales (Figure 3F, G, H) (ibid.).
In weathered outcrops, the carbonaceous shales of the
Formation often, but now always, appear white
(especially from a distance) due to the diagenetic
alteration of the locally high sulphur (pyrite) content to
sulphates (e.g., gypsum) (ibid.).

Based on sedimentological and paleontological
evidence, the fine-grained, fissile, carbonaceous shales
in the Whitehill Formation accumulated in a few million
years within the low-energy, stratified, deep-water body
of the Mesosaurus Inland Sea of southwestern

Gondwana (Figure 2B) (Oelofsen, 1981; Cole and
McLachan, 1991; Visser, 1992; 1993). Within this stratified
water-body, the oxygenated surface waters enabled
primary productivity of planktonic algae, whereas
the reducing bottom waters preserved the organic
material received by the basin (plankton, land-derived
Glossopteris leaves, pollen, spores, etc.) (ibid.).
Biogeochemical transformations, through geological
time, ultimately resulted in the reported total organic
carbon (TOC) content of the Whitehill Formation which
ranges locally from 0.5 to 17% (average TOC: ~4.5%;
e.g., Oelofsen, 1987, p. 132; Cole and McLachlan, 1991,
p. 104).

The Formation shows lateral thickness variation
within the main Karoo Basin from a maximum
of 80 m thickness in the southwest to an average of
15 m thickness in the northeast, and its northeastern
limit runs roughly parallel to a line south of the
southwestern border of Lesotho with South Africa
(Figure 1) (Anderson and McLachlan, 1979; Cole and
McLachlan, 1991). In Namibia, the thickness of the
Formation decreases in a northerly direction from
40 m thick in the Karasburg Basin to approximately
8 m thick in the Aranos Basin (Figure 1) (Werner, 2006).
Body and trace fossil assemblages of the Whitehill
Formation permitted the biostratigraphic subdivision of
the unit in South Africa (Oelofsen, 1987), and assisted in
the detailed reconstruction of the Early Permian palaeo-
environments and regional correlations in southwest
Gondwana (Figure 2B). Among others, Oelofsen’s (1981,
1987) vertical fossil zonation within the Whitehill
Formation suggests fluctuations in oxygen and salinity

Whitehill Formation

Figure 2. (A) The chronostratigraphy of the Lower Permian Ecca Group (Karoo Supergroup) in the southern main Karoo Basin and Namibia

(modified after Rubidge, 2005). Radiometric dates are marked with black stars, shown in million years and taken from a: Bangert et al.,
1999; b: Werner, 20006; c: Fildani et al., 2007. Geological time scale based on 2013 ICS Time Chart. (B) Palaeogeographic map of southwest
Gondwana in the Early Permian and the approximate extent of the Mesosaurus Inland Sea (in blue) in which the Whitebill Formation and

its correlatives accumulated (e.g., Irati Formation of Brazil; Mangrullo Formation of Uruguay; the upper part of the Tubardo Formation

and the Tacaury Formation of Paraguay, the Black Rock member of the Falkland Islands and the upper part of the Vrybeid Formation in the
northeastern part of the main Karoo Basin — Oelofsen and Araiijo, 1983; Visser, 1992, 1993; Lopez-Gamundi et al., 1995; Jobnson et al.,
1997; Werner, 20006). Map modified after Faure and Cole (1999) and Werner (2000).
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Figure 3. (A) The Whitehill Formation near Laingsburg (Western Cape, South Africa) comprises very thinly bedded to laminated

carbonaceous shales. (B) Whitebill Formation (1 and 2) intruded by a Karoo dolerite sill (3) in the Karasburg Basin (southern Namibia,).

The Formation here displays two characteristic zones: a lower, brown-green weathering shale zone with higher silt content (1) and cliff-

Jforming habit (see close-up in C), and an upper, less resistant. white to bluish-grey weathering shale zone (2; see close-up in D). (E). Details

of the intrusive contact between the Whitehill Formation and the sill (hammer for scale in white circle). (F) Diagenetic carbonate concretions

are variable in shape (see close-up in G) and size, and abundant within the middle part of the Whitehill Formation in the Loeriesfontein

region (Northern Cape, South Africa). (H) Weathering of the localized, high sulphur content in the Whitehill Formation leads to characteristic

white and light yellow patches that contrast against the black carbonaceous shales.

levels, implying that the original distribution of the
organic matter in the sediments was also variable both
through time and space. Such changes in the syn-
sedimentary physico-chemical conditions have been
subsequently confirmed quantitatively by various
localized geochemical analyses (e.g., trace element
and chemical index of alteration studies — Cole and
McLachan, 1991; Faure and Cole, 1999; Rimmer, 2004;
Scheffler et al., 2006; Werner, 2006). Although, Visser
(1992) presented a lithofacies correlation of the Whitehill
Formation across the basin and proposed a boundary
between the facies of shallow and deeper water settings,
systematic mapping of the compositional changes
(mineralogy, geochemistry, organic content, etc.), within
the Whitehill Formation has not yet been undertaken on
a basinal scale.

Karoo dolerites

Lower Jurassic fine- or medium-grained mafic intrusions
(i.e., Karoo dolerites) are prolific throughout the Karoo
Supergroup and caused the compartmentalization,
fracturing and thermal alteration of the subsurface
geology especially in the post-Ecca successions
(e.g., Chevallier and Woodford, 1999; Chevallier et al.
2001; Maré et al., 2014; Scheiber-Enslin et al., 2014;
Senger et al., 2015). The individual dolerite intrusions
have been proposed to have composite geometries with
mostly irregular spacing by regional, low resolution or
very localized higher resolution geological and
geophysical studies (e.g., Cole and McLachlan, 1991;
Chevallier and Woodford, 1999; Chevallier et al., 2001;
Scheiber-Enslin et al., 2014; Senger et al., 2015). It is
noteworthy that to date, systematic, high resolution
subsurface studies of these Karoo dolerites are non-
existent in the western main Karoo Basin. For this part
of the Basin, data analysis by Svensen et al. (2015, their
Figure 7B) of a few Karoo drill cores shows that ~50%
of the dolerite sills are less than 30 m thick. Furthermore,
Svensen et al. (2015, their Figures 5 and 7B) also
suggests that most (~80%) of the sills in the Ecca
Group are less than 30 meters thick and widely spaced
(>100 m) in this region of the Karoo Basin.

Based on recent U-Pb zircon (and baddeleyite)
dating, Karoo sills have over-lapping ages of 183.0 +
0.5 Ma and 1823 + 0.6 Ma (Svensen et al., 2012).
These coherent ages are concordant with the widely
cited and accepted date of 183 + 1 Ma for the Karoo
Igneous Event (Duncan et al., 1997) and supports the

very rapid emplacement rate of the Karoo magmas
suggested by earlier authors (e.g., Duncan et al., 1997,
Marsh et al., 1997). Corroborated by magneto- and
geochemical stratigraphies, the rapid emplacement rate
of 0.78 km®/yr indicates that the estimated volume of
magma (367 000 km®) could have been emplaced in
0.47 million years (Hargraves et al., 1997; Marsh et al.,
1997; Svensen et al., 2012).

Methodology

A total of 15 pelitic rock samples were collected from
outcrops of the Whitehill Formation in western part of
South Africa and southern Namibia, at distances ranging
from 1 to well over 30 m from the contact with dolerites
(Figures 1, 4; Appendix 1). To constrain the mineralogy
as well as textures of the shale samples, electron
microprobe analyses and back-scatter electron imagery
(BSE) were performed on polished thin sections.
X-Ray Diffraction (XRD) was utilized for the
identification of minerals as well as the crystallinity
index of illite. X-Ray Fluorescence (XRF) was used for
the determination of the major and trace elements
in the samples. Furthermore, Bemlab laboratories
(www.bemlab.co.za) analysed the total organic carbon
(TOC) content of some selected samples. With the
exception of the latter, all analytical procedures were
conducted in the Department of Geological Sciences at
University of Cape Town, and the full dataset on all the
samples (e.g., GPS coordinates, mineralogy, XRF, XRD
and illite crystallinity) is available in Appendix 1.

Results

Petrography

Authigenic metamorphic minerals in our Whitehill
Formation samples were identified in the petrographic
studies in conjunction with textural observations
(Figures 5 to 8; Table 1; Appendix 1). These show that
the massive to cross-laminated and horizontally-
laminated sedimentary fabrics (e.g., Figures 7A and B;
8A), appear to be common in many of the samples,
regardless of their position relative to the dolerites
(Figure 5). However, samples that were closer than
1.5 m to the dolerites in the Karasburg Basin as well as
sample 17 that was bounded by two dolerite sills near
Calvinia are the exceptions to this, in that they displayed
a distinctive crystalline texture. While most shale
samples are horizontally laminated, indicating a low
energy, quiet water settling from suspension, ripple
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Figure 4. Sampled outcrops near Calvinia (Northern Cape, South Africa) showing the highly variable fabric of the Whitehill Formation
(1) adjacent to dolerite sills (2). (A) The pelitic rocks of the Whitehill Formation are usually harder and have a well-developed blocky jointing
pattern between closely spaced dolerite sills. (B) Even in close proximity (<0.5 m) to dolerite sills, the Whitebill Formation may retain its

distinctive black colour and primary lamination. (C) Alternatively, the highly mottled appearance suggests some form of thermal

metamorphism.

OO0 J@ -rrvrrerrrreraratata e iia ettt (No dolerites)- - -
11: Illite, chlorite*, muscovite, albite, quartz

‘l‘TB: Illite, phengite, calcite*+, albite, muscovite, chlorite, quartz
16: Minehillite, muscovite 2M 1, albite, chlorite, quartz

a
2: Illite, microcline, albite, quartz, muscovite

@ Loeriesfontein
4o © Calvinia
3: Illite, albite, quartz, muscovite, phengite © Karasburg

Sampling distance in metres relative to sills

* _ detrital phyllosilicate
** _ possible hydrothermal alteration mineral

Figure 5. Mineral assemblages of some of the Whitehill Formation samples taken at variable distances relative to dolerite sills.
For details on the other samples, see Appendix 1.
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UCT COMP 2

Figure 6. Photomicrographs of Whitehill Formation samples taken <2.5 m away from a dolerite sill in the Karasburg Basin (southern
Namibia). (A) Sub-rounded Na-K feldspar (1) and quartz (2) grains in sample 4, taken 2.5 m below sill (in cross-polarised light).
(B) Highly birefringent white mica (1). alteration minerals (2) as well as the reaction rim around a feldspar (3) in sample 2 taken 1.5 m
Jrom sill (in cross-polarised light). (C) Vein containing quartz grains and a fine-grained matrix of muscovite and illite in a sample 3 taken
1 m below sill (in cross-polarised light). (D) Acicular (needle-like) groweighth of phengite over muscovite (1) in sample 3 also containing
Sfeldspar (2) and quartz (3) (back-scattered electron image). For location and other details of these samples, see Appendix 1.

Table 1. Texture and mineral composition of Whitehill Formation samples based on optical microscopy and XRD results (for details, see
Figures 5 to 8; Appendix 1). Dolerite sills do not occur at the Loeriesfontein study locality, thus the samples are assumed to be affected by
dolerites that are >30 m away from the sample sites. The samples from the Karasburg Basin and Calvinia are those that were taken <5 m

from a dolerite contact. Samples from Laingsburg and Loeriesfontein are combined as these sites were both lacking any dolerite intrusions.

Locality
Main Karoo Basin Karasburg Basin
Northern Cape, South Africa Southern Namibia

Loeriesfontein/Laingsburg Calvinia

Grain size Average 20 um 50 um 40 um
Range 10 to 30 um 20 to 80 um 30 to 60 um

Mineral Quartz, illite, chlorite*, muscovite*, Quartz, illite, phengite, Quartz, illite, phengite,
assemblages Na-K feldspar, organic carbon muscovite, albite, chlorite, calcite** albite, muscovite
Textures Sedimentary lamination due Sedimentary lamination preserved Authigenic mica alteration

to grain size variation in sample below the dolerite. of feldspar, crystalline

Sample above the dolerite has a texture proximal to dolerite

crystalline texture with growth

weight of authigenic micas

*detrital phyllosilicate **possible hydrothermal alteration mineral
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Figure 7. Photomicrographs of the Whitebill Formation samples taken >30 m away from any dolerite sills near Loeriesfontein (Northern

Cape, South Africa). (A) Sedimentary lamination (dashed lines) shown by lath-shaped detrital grains of mainly quartz (1) and mica (2)

(in plane-polarised light; sample 11). (B) Highly carbonaceous, ripple cross-laminated (1) and horizontally-laminated (2) sandy siltstone

(back-scattered electron image; sample 11). Part of the image has been duplicated at the right (hence the instrumental conditions label is

repeated), so as to annotate the sedimentary structures. (C) Carbonaceous shale with quartz (1) and a possible shell fragment (2) (in plane-
polarised light; sample 12). (D) close up of 2 in (C) (cross-polarised light). For location and other details of these samples, see Appendix 1.

cross-laminated silty very fine sandstones (Figure 7B)
suggests gentle currents over the depositional surface.
The presence of such primary sedimentary features,
even in samples taken <5 m from dolerites (e.g., samples
2, 4, 16), indicates that the pressures and temperatures
in the study area were not uniformly sufficient to replace
the primary sedimentary fabrics neither in the south, by
deep burial diagenesis and tectonic deformation near
the main fold-and-thrust zone of the Cape Fold Belt, nor
in the north, due to contact metamorphism and
moderate burial diagenesis. The presence of primary
sedimentary fabric in our Laingsburg samples is
consistent with accounts of other Ecca Group
sedimentary units in the southern main Karoo Basin
(e.g., Byrnes, 2013) which were shown by Frimmel et al.
(2001) to have been exposed to lowermost greenschist
facies conditions during the formation of the Cape Fold
Belt (Cape orogeny).

Illite crystallinity
In this study, the Kubler index (KD was used as a rough
geothermometer. The Kubler index is a type of illite
crystallinity index (Eberl and Velde, 1989), which is the
value given to the width of the 10A (001) illite peak at
half its maximum height in XRD reflection (Kiibler, 1964,
1967). The values obtained during analysis of the (001)
illite peak were calibrated to the crystallinity index
standard (CIS) as proposed by Warr and Rice (1994).
The Kubler index values need to be interpreted
with caution, because they only allow for the
semi-quantitative determination of the degree of
metamorphism in very low-grade pelitic rocks (Eberl
and Velde, 1989; Fagereng and Cooper, 2010).
In mudstones, the metastable clay minerals have a
reaction sequence that comprises three stages: the
diagenetic zone, the anchizone and the epizone, which
have corresponding vitrinite reflectance values of
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Figure 8. Photomicrographs of the Whitehill Formation samples 16 (shown in A, B, C) and 17 (shown in D, E, F) taken 3 m and 3.3 m away
Jfrom a dolerite sill, respectively (Calvinia area, Northern Cape, South Africa). (A) Sedimentary lamination indicated by lath-shaped detrital
grains (e.g., albite: 1) and possible preferred orientation of authigenic muscovite (2) sub-parallel to lamination (dashed line for weak
Joliation?) (back-scattered electron image). (B) Fibrous quartz vein in sample 16 (in cross-polarised light). (C) Sericitisation (1) of
pre-existing mineral grains (in cross-polarised light). (D) Incipient hornfels texture in sample 17 containing diffuse clots of quartz-albite-
muscovite (1) and phengite-muscovite (2) assemblages (back-scattered electron image). (E) Radial growth of authigenic micas
(in cross-polarised light). (F) Mica lath with straight extinction (in cross-polarised light. For location and other details of these samples,
see Appendix 1.
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Figure 9. Plot of illite crystallinity (KI or Kiibler index) versus the
sampling distance relative to the dolerites. Sample 17 from Calvinia
is made up of multiple chips over a distance of 1 m, hence the suffix
/1 and /3. Metapelitic zone boundaries from Warr and Rice (1994).
For location and other details of these samples, see Appendix 1.

2.00%, 3.00% and 4.00%, respectively. Warr (1996)
defined the anchizone as a transition between the
diagenetic zone with a KI (001) >0.42 A°20@ and
the metamorphic epizone with a KI (001) <0.25 A°20.
Unlike vitrinite reflectance (Ro) values, which are the
most commonly cited proxy for peak temperatures and
organic maturation, the KI values are not absolute
geothermometers providing quantitative information on
the peak temperatures. The latter, however, has a
negligible correlation with regard to geological time and
thus its applicability is also inadequate in isolation. It has
been shown that the temperature indicated by illite
crystallinity data is often lower than that indicated by
vitrinite reflectance due to the slow reaction rates of clay
minerals relative to temperature-sensitive organic-matter
(Teichmuller, 1987). More specifically, clay minerals do
not reflect thermodynamic equilibria, because the
intermediate compositions in diagenetic and low grade

metamorphic conditions are highly dependent on reaction
kinetics. Therefore, although mineral compositions cannot
be linked to particular P-T conditions, they can be
associated with an attained stage in the reaction
sequence (Merriman and Peacor, 1999).

In this study the use of Kiibler index rather than
vitrinite reflectance is preferred as the ability of the
source rock to produce tight-gas is not as much a
function of organic matter maturity as it is the
preservation of pore spaces in the source rock, primarily
in its the organic matter (Milliken et al., 2013). Note that
Rowsell and De Swart (1976) express Kiibler Index as
the width in millimetres of the 10A diffraction peak at
half its height, which is equivalent to 10 x A°20 value
used in this study.

Samples from the localities intruded by dolerites
(southern Namibia and Calvinia) are characterized by
low KI values and thus plot in the anchizone of Warr
and Rice (1994), suggesting significant recrystallization
(Figure 9; Appendix 1). A higher KI value is observed
the Calvinia sample 15, but its location furthest from the
sill contact (20 m) makes it comparable with those from
Loeriesfontein. Laingsburg also plots in the low
KI anchizone and would indicate recrystallization,
possibly due to the regional tectonic overprint
(Cape orogeny). Sample 14 from Loeriesfontein has an
perhaps reflecting a syn-
sedimentary crystalline detritus or a secondary overprint.

A further evaluation of the significance of KI is
displayed in Figure 10, where this estimate of illite
crystallinity is compared with the ratio of the (002) and
(001) XRD lines. While this ratio is primarily controlled
by the Al/(Mg+Fe) ratio in the octahedral sites of the
illite (Weaver, 1984, p. 81), it has been suggested
the KI data are more diagnostic of thermal
recrystallization in more Al-illites with (002)/(001)
ratios >0.3 (Fisch, 1983). Most of the analysed samples
satisfy this stipulation and thus confirm the relationship
between KI and distance (Figure 9). The trend in
increasing Al/(Mg+Fe) in illite with recrystallization and
thus metamorphic grade has also been reported in the
review by Weaver (1984, p. 82), and while some
rudimentary trend curve could perhaps be drawn
through the data in Figure 10, the significance of this is
still open to question given to low number of samples.
Two samples appear to deviate from the main grouping,
to lower (002)/(001) ratios suggestive of higher Mg+Fe,
and would thus be inconsistent with such a
metamorphic control. The results suggest rather that
illite crystallinity may not be controlled by chemical
composition. Finally, the illite crystallinity results show a
maximum temperature of =300°C, thereby indicating
a relatively low degree of metamorphism, both in terms
of contact phenomena (sill intrusion) and regional
tectonic overprint (Cape orogeny).

anomalously low KI,

Geochemistry
Variation in chemical composition of the Whitehill
Formation has been assessed in terms of possible effects
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Figure 10. Plot of illite crystallinity (KI or Kiibler index) versus the ratio of (002) to (001) illite peaks, essentially a measure of the Al/(Mg+Fe)
ratio in the octabedral site of the illite structure (Fisch, 1983). The (002)/(001) ratios are mainly >0.3, and thus support the thermal
significance of KI (Fisch, 1983). Metapelitic zone boundaries from Warr and Rice (1994). For location and other details of these samples,
see Appendix 1.
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Figure 11. Plot of Total Organic Carbon (TOC) in Whitehill Formation samples versus distance from the dolerite sill contact
(in metres). Samples from areas unaffected by dolerites (Loeriesfontein and Laingsburg) have been placed arbitrarily at

30 m, while those from Greystone (Geel et al., 2013) are at 35 m for sake of clarity.
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arbitrarily at 30 m, while those from Greystone (Geel et al., 2013) are at 35 m for sake of clarity.

from igneous intrusion using major and trace element
data determined on whole rock powders by XRF
(Appendix 1). The LOI (loss on ignition at 950°C) value
is a combination of TOC (organic carbon) and
H,O+ (chemically bound water), since no significant
carbonate was detected in any of the analysed samples;
the latter was confirmed by the negligible CaO contents
(<1%). In addition, the Fe content in all samples is very
low (<5 weight %) and thus gain on ignition by
oxidation of ferrous iron (e.g., due to modal pyrite)
is negligible.

Reduction in volatile content is indicated by the plot
of TOC versus distance from the sill contact (Figure 11),
with the Karasburg Basin (southern Namibia) samples
being the most affected (<2%). The Calvinia samples were
further from sill contacts and show less depletion
(average 5.2%). No sills are present at Loeriesfontein and
while the variation in TOC is marked, on average the
Whitehill Formation at this locality displays the highest
levels of organic carbon (~6.3%). The Laingsburg locality
is also free of intrusive sills but its more southerly
position places it in the zone of the Cape Fold Belt
(CFB), and its lower average TOC (3.6%) is probably a
regional metamorphic effect, similar to that reported
by Geel et al. (2013) in the Greystone area further east
in the CFB (average 4.5%). Judging from the range
in TOC observed at Loeriesfontein, which is probably
the least affected area in terms of igneous intrusion and
tectono-thermal effects, the original organic carbon
content of the Whitehill Formation was at least 15 to
20% in that region.

Possible open system behaviour of major oxides
(and some trace elements) in the thermal aureole is
assessed in Figure 12, where selected element ratios
(traditionally used to characterise sediment provenance
and depositional conditions) are plotted against distance
from the sill contact. The SiO,/Al,O; ratio is usually
taken as a proxy for quartz/clay or quartz/mica in the
original sediment, and has been shown to vary between
3 and 7 at Greystone, but this represents a 26 m interval
through the entire Whitehill Formation. If the chemical
variation is more subdued at the cm — m scale, the
fact that this spread is almost reproduced within a 5 m
section next to the dolerite sill contact would
perhaps suggest small-scale remobilisation of SiO, in
hydrothermal veinlets. Fe,Os/Al,O; ratios appear slightly
lower in the analysed samples, compared with the
results from the Greystone area. Again the range
displayed close to the sill contact is slightly wider than
that observed in the distal samples, perhaps suggesting
some open system behaviour of Fe. The behaviour of
CaO and MgO relative to AlL,Oj; is normally taken to
reflect modal carbonate and the very low ratios are
consistent with its absence in the analysed samples.
There is however a greater variation in the samples close
to the sill contact, particularly to higher values, and
would be consistent with small-scale development
and migration of carbonate. Behaviour of P,Os and
Ba indicate limited modification within the thermal
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Figure 13. (A) Plot of Total Organic Carbon (TOC) versus Sulfur
(S) in the Whitebill Formation samples analysed in this study
together with the higher S samples from Greystone (Geel et al., 2013)
which necessitates a log scale in order to highlight the differences.
Inset shows only the samples analysed in this study. (B) Plot of Fe
versus S illustrating the departure of the samples analysed in this
study from the pyrite control line (S:Fe = 1.15).

aureole, a feature shared by the other provenance
proxies V/(V+Ni), which is taken to reflect anoxic
conditions (Rimmer, 2004), and Rb/K indicating marine
salinity (Scheffler et al., 2006). In the case of V/Cr, two
samples from Calvinia have extremely low values, due
to the anomalously high Cr contents (>1000 ppm), but
the remainder are uniformly higher and consistent with
anoxia. To summarise, these geochemical proxies in the
samples close to the sills do not show significant
departures from those observed in samples remote from
dolerite contacts.

The behaviour of sulphur in the Whitehill samples
analysed in this study (Figure 13A) seems to depart from
that observed at the Greystone locality by Geel et al.
(2013). Firstly, the overall abundances are an order of
magnitude lower (Figure 13A), with a range between
near zero and only 0.7%, compared with 4 to 9% at
Greystone. Secondly, there is a positive correlation
between S and TOC (Figure 13B), which is not obvious
in the Greystone data. The difference is further
illustrated in the Fe-TOC-S plot in Figure 14, where

all the Whitehill data are compared. At Greystone, Geel
et al. (2013) interpret the compositional pattern as one
of pyrite control, where the majority of samples preserve
the limiting control of available Fe. In contrast,
the S-depleted nature of the samples analysed in the
present study is clearly shown by their compositions
plotting very close to the Fe — TOC border. Only one
sample has a relative S content sufficiently high so as to
plot in the same field as Greystone, and those that plot
near the TOC apex are ambiguous in the sense they
could conceivably follow the pyrite control line but
would demand extremely low primary Fe contents.
Finally, those samples with relatively high Fe and
plotting along the near zero S baseline are difficult to
explain in terms of primary compositions, since they
require an original sediment devoid of any marine
sulphate-bearing pore water (Dean and McArthur, 1989).
Rather they could be some product of S-depletion
associated with thermal metamorphism, since all but one
occur within 3 m of the sill contact.

Discussion

The variations in metamorphic mineral assemblages are
routinely used to define subsurface P-T conditions
through the geological evolution of pelitic rocks
(Frey, 1987; Yardley, 1989). Notwithstanding the limited
samples and results of this pilot study, the palaeo-
temperature range for the Whitehill Formation, based on
the Kiibler index (KI) values can be constrained further
by the mineral assemblages present in the Whitehill

Fe

m Laingsburg
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© Karasburg
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Figure 14. Plot of Fe — TOC — S after Dean and McArthur (1989),
showing the compositions of the samples analysed in the current
study, together with the results from the Greystone area (Geel et al.,
2013). Pyrite Line = all Fe in sample occurs in pyrite. Marine
Line = average TOC/S ratio in young marine organic-rich shales.
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Formation that are close to the dolerites (Figures 5 to 10;
Appendix 1). Dehydration reactions are primarily
dependant on the rate of heat input into the system, and
therefore assuming a contact aureole temperature of
~500°C, the reaction, leading to incipient recrystallisation
of the sedimentary fabric, could be completed in
~200 years (Walther and Wood, 1984). Minerals such as
chlorite and phengitic muscovite as well as the lack of
authigenic biotite are indicative of a maximum
subsurface temperature of =300°C, i.e. chlorite zone
conditions (Yardley, 1989). These chlorite zone (lower
greenschist facies) mineral assemblages in our samples
(Figures 5 and 7; Tables 1 and 2) are significant in
constraining the contact metamorphic aureole thickness.
The limited duration of heating, however, could have
inhibited the formation of potentially higher-grade
minerals. Nevertheless, based on the average across the
samples with recrystallisation features, the maximum
temperature of =300°C necessary for the formation of
very-low grade minerals, is indicative of the localised
long-term effective temperature induced by the dolerite
intrusions. This is observed by the distinction between
samples 16 and 17, collected close to the dolerite in
Calvinia as well as the samples 10 and 11 taken 60 km
north of Calvinia, at Loeriesfontein a sampling locality free
of outcropping dolerites (Figures 9, 10). Assuming that
burial metamorphism has a regional effect, similar
metamorphic signatures would be expected at these
nearby localities in the northwestern Karoo Basin, yet the
Loeriesfontein samples show a much lower degree of
metamorphism (i.e., diagenetic zone).

During burial diagenesis of pelitic sediments, the
transformation of clay minerals is primarily affected by
temperature; hence this is the key physical factor
affecting illite crystallinity (Kibler, 1964, 1967; Warr,
1996; rodo , 1999; Fagereng and Cooper, 2010). It is
most likely that the entire Whitehill Formation
experienced burial diagenesis prior to any subsequent
thermal perturbations brought about by orogenic
(i.e., Cape Fold Belt) or igneous (i.e., Karoo dolerites)
events. Loeriesfontein is the most northerly situated
locality of the main Karoo Basin and thus is the least
likely to have experienced effects of the southern Cape
Fold Belt. Furthermore, tectonism responsible for
the syntaxis and the north-striking folds that occur in the
Western Cape from Ceres to Clanwilliam does not
appear to extend to Calvinia, let alone Loeriesfontein.
However this latter locality is situated on the western
edge of the Karoo dolerite province (Svensen et al.,
2015) and contact thermal effects may be anticipated.
The highest TOC-bearing Whitehill Formation samples at
Loeriesfontein also display the highest KI and thus
represent to closest approach to a pre-metamorphic
(= burial diagenetic) signature, considered to be <180°C
or the base of the “oil-window” (cf. Quigley and
MacKenzie, 1988). Elevated inferred temperatures
produced by contact thermal metamorphism are
recorded at Calvinia and in the Karasburg Basin
(southern Namibia), having the lowest KI and TOC

values, which correspond to a temperature below the
anchizone-epizone transition, generally accepted to be
<300°C (Merriman and Peacor, 1999). Inferred
temperatures at Laingsburg are interpreted to be the
product of orogenic regional metamorphism under sub-
greenschist facies conditions (~280°C).

These results signify a decrease in the degree of
thermal pertubation, from sub-greenschist alteration in
the south to burial diagenetic conditions in the north,
within the main Karoo Basin, which correlates well with
previously published results (Rowsell and de Swardt,
1976; Cole and McLachlan, 1991; Frimmel et al., 2001).
Earlier regional studies (e.g., Rowsell and de Swardt,
1976) sampled and averaged various Karoo
mudstones in a range of burial depths and did not
sample the far northwestern main Karoo Basin, hence
the high KI values of Loeriesfontein samples cannot
be related to the regional trends. The marked variation
in the illite crystallinity values samples from near
Calvinia (Figures 9, 10) could be explained by the
potential insulation and increased temperature
generated by the two parallel dolerites that allowed for
a greater period of heating, and therefore
recrystallization of illite in samples 17-1 and 17-3 relative
to sample 16.

Our investigation of geochemical patterns in
proximity to dolerite sills has not produced results
indicative of significant open system behaviour
(Figures 11 to 14). Most of the compositional variation
observed in +/- 5 m contact profiles can equally be
explained by facies changes inherent in the sedimentary
record, subject to provenance and depositional
conditions.

Volatile components such as TOC and H,0O" do
however appear to be reduced in the thermal
metamorphic aureole, as witnessed in southern Namibia
and Calvinia, but also as a consequence of regional
metamorphism in the Cape Fold Belt, such as at
Laingsburg and Greystone. Primary TOC levels in the
Whitehill Formation are therefore inferred to have been
significantly higher than the average ~4.5% commonly
cited for the unit (see Geological Background), but may
only be preserved very locally in areas unaffected by
dolerite intrusion or orogeny, such as Loeriesfontein.
Even at this latter locality, the distribution of dolerite
sills is highly irregular, with heavily intruded strata
occurring a few km away. Orogenically induced
devolatization is likely to be quite pervasive, but our
study indicates the possible preservation of high
TOC zones within the Whitehill Formation throughout
the Karoo dolerite province. Strata that are >30 m away
from dolerite contacts may represent a useful guide in
this context.

Another interesting geochemical result of the present
study is the seemingly very depleted sulphur contents.
In contrast to the Greystone area studied by Geel et al.
(2013), our study localities have less than 1% sulphur
content and are difficult to explain. If it is a primary
feature, then it represents some syn-depositional process
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that restricted the amount of sulphate in the pore waters,
perhaps indicative of a non-marine environment. This is
not consistent with the salinity proxy, the Rb/K ratio.
There is a rough positive correlation between TOC and
total sulphur, but comparison with Greystone data
indicates an order of magnitude lower sulphur for a
given TOC. Alternatively the low sulphur may have been
caused by a secondary effect, where original diagenetic
pyrite (or organically hosted S) was altered and/or
weathered to allow the release of oxidised sulphur.
Abundant field evidence for the mobility of S in the
surface outcrops (yellow effluorescence, white gypsum
effluorescence, fetid odours) would be consistent with
this. Should this low S feature be an inherent property
of the Whitehill Formation, and not a result of surface
weathering (e.g., the Greystone study was based on drill
core), then maybe these alternative localities could be
considered a low sulphur hydrocarbon resource.

Hydrocarbon potential

To date, geological consensus (e.g., Rowsell and
de Swardt, 1976; Anderson and McLachlan, 1979) holds
that the Whitehill Formation has undergone at least
strong burial diagenetic metamorphism, and therefore it
is within the “over-mature” metagenesis stage with
respect to hydrocarbon generation. Tight-gas production
relies on the ability of the source rocks to retain some of
the produced hydrocarbon in pore spaces within the
rock, most of all in its organic matter (Milliken et al.,
2013). In the case of pelites, the conversion of organic
matter into graphite, as well as the metamorphic micro-
recrystallisation and subsequent destruction of pore
spaces, are two potential inhibitors to the preservation
of reservoir quality methane within the Whitehill
Formation (Laughrey et al., 2011). Graphitisation
commonly occurs in metapelitic rocks as a result of
regional or contact metamorphism at a temperature
range of 350 to 600°C and at pressures of ~0.4 GPa
(Teichmiiller, 1987; Luque et al., 1998). Similarly, Stoll
and Nover (2001) reported the generation of graphite
within a shear stressed environment at 354 to 514°C and
100 to 170 MPa, respectively. Therefore, the conversion
of organic matter to graphite, and concurrent loss of
light hydrocarbons, is reported to take place at
temperatures >350°C and pressures >100 MPa (Stoll and
Nover, 2001).

More recently, Maré et al. (2014), using magnetic
fabric as a geothermometric proxy, showed that the
re-magnetization of the Karoo host rocks does not
exceed distances more than half the sill thicknesses, and
thus suggest that preservation of hydrocarbons between
the widely spaced Karoo intrusions is possible in the
western main Karoo Basin. Considering that Svensen
et al. (2015) document that most sills (~80%) in the Ecca
Group are less than 30 m thick and are widely spaced
(>100 m) in the western main Karoo Basin, where the
observed thickness of the Whitehill Formation is ~70 m,
a reasonable preservation potential for hydrocarbons
within the shales of the Formation may be expected.

However, these expectations need to be balanced
against the following: (1) the dolerite sills appear to
have preferentially intruded the Whitehill Formation
(D. Cole, personal communication), and (2) the
Whitehill reservoir has been possibly depressurised due
to its shallow subsurface position in the westernmost
Karoo Basin (J. Decker personal communication).
Consequently, for the delineation of potential shale-gas
preservation zones in the Lower Permian Whitehill
Formation and for the characterization of the geological
parameters of the overlying Karoo rocks, the systematic
quantification of the effect of Jurassic Karoo dolerite
intrusions on the host rocks in outcrops and cores is
essential on a regional scale. Furthermore, there is a
great need for the assessment of the subsurface
3-D geometries of the Karoo dolerite complex not only
via integrated geophysical surveys (e.g., Scheiber-Enslin
et al, 2014), but also though quantitative surface
imaging and basic geological mapping methods
(e.g., determining the spacing, thickness and attitude of
the dolerites in outcrops by integrating photogeologic
imaging, GIS and traditional field work).

Conclusion

In this pilot study, petrographic and geochemical data
are used to estimate the geothermal effect of Jurassic
Karoo dolerite intrusions on the hydrocarbon potential
of the Permian Whitehill Formation in western South
Africa and southern Namibia. We confirm that the
Whitehill Formation in the southern main Karoo Basin
has undergone very low grade metamorphism, i.e. lower
anchizone, as a result of deep burial diagenesis and
thermal effect of the Cape orogeny, as indicated by illite
crystallinity values of 0.37 A°20. The degree of burial
diagenesis decreases further north as substantiated by
KI(001) values >0.5 A°20 north of 31°S. However,
dolerite intrusions have in some places metamorphosed
the Whitehill Formation shales to very low grades,
validated by illite crystallinity values of ~0.35 A°20.
Additionally, the effect of multiple dolerite intrusions has
been seen to greatly enhance the degree of local
metamorphism suggested by the crystalline textures
developed within the Whitehill Formation shales.
Chlorite zone mineral assemblages, generally regarded
to occur at temperatures =300°C, concur with the very
low grade metamorphism suggested by the illite
crystallinity values (Kiibler, 1964; Frey, 1987; Yardley
1989; Cole and McLachlan, 1991).

In summary, the results from the assessment of the
illite crystallinity, geochemical signatures and mineral
assemblages of selected Whitehill Formation samples in
this pilot study suggest that potential hydrocarbon
preservation within the Formation might be possible
beyond the contact aureole of the dolerite sills. Finally,
this pilot study also highlights the acute need not only
for the systematic quantification of the effect of Jurassic
Karoo dolerites in outcrops and cores, but also for the
assessment of the subsurface thickness and spacing of
the Karoo intrusive bodies, via integrated quantitative
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surface imaging, field work and subsurface geophysical
surveys, thereby assisting with delineation of potential
shale-gas preservation zones in the Lower Permian
Whitehill Formation.
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Appendix Figure 1. XRD results: Whitehill Formation samples (continued)
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Appendix Figure 1. XRD results: Whitehill Formation samples (continued)
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Appendix Figure 1. XRD results: Whitehill Formation samples (continued)
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