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A B S T R A C T   

Shale gas potential of the Whitehill Formation (Permian), Karoo Basin, South Africa is strongly influenced by 
widespread Jurassic igneous intrusions. A high-resolution organic petrographic and geochemical study is re-
ported here on two stratigraphic sections, the objective being to gain insights into the chemical structure and 
alteration of oil-prone sedimentary organic matter during contact metamorphism. One section unaffected by 
intrusion served as background, while the other section was intruded by two laterally continuous dolerite sills 
with an average thickness of 10.7 and 9.3 m, preferentially emplaced at the upper and lower contacts of the 
formation, respectively. Heat flow from the sills caused TOC and S2 values from programmed pyrolysis to decline 
over a distance of 8.7 m from 3.2 to 0.15% and 4.65 to 0.11 mg HC/g TOC, respectively, and cause the 
reflectance of vitrinite and solid bitumen to increase from 2.03 to 5.82% and 1.58 to 7.87%. 

Organic matter in the background samples is dominated by solid bitumen, a secondary thermal conversion 
product of oil-generative Type II kerogen. In the sill-hosting section, the thermal aureoles can be recognized by 
systematic changes to the optical texture and chemical structure and composition of solid bitumen. Solid bitumen 
particles develop anisotropy approaching the sills and become transformed into coke and pyrolytic carbon. 
δ13Corg values become less negative by up to 3.13‰ VPDB. These data suggest significant devolatilization of 
organic matter to methane and destruction of petroleum generation and retention potential in the contact 
aureole of the sills. The trend of these datasets, coupled with the presence of several sills and their laterally 
extensive nature throughout much of the study area suggests that the intrusions have been significant in 
increasing methane generation on a basinal scale. Together, this study indicates that the complementary 
application of combined light and electron microscopy (CLEM), programmed pyrolysis, and isotope ratio mass 
spectrometry (IRMS) is suitable for a comprehensive characterization of organic matter alteration through the 
maturation continuum. Results also show that contact metamorphic alteration of organic matter by intrusions 
produced structural and compositional changes that are distinctive from those expected from geological burial 
maturation where graphite is the end-product.   

1. Introduction 

Organic maturation level is a fundamentally important consideration 
when evaluating the prospectivity of both conventional and unconven-
tional petroleum systems (Tissot and Welte, 1984; Ross and Bustin, 

2009; Mastalerz et al., 2018; Hackley et al., 2021; Liu et al., 2022). In 
shale-gas resource plays, where the quantity of gas in place depends on 
both the direct conversion of initial oil-prone organic matter to gas 
(primary cracking to gas) and secondary cracking of retained oil to gas, 
organic maturity determines the degree to which the total hydrocarbon 
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generation potential has been realized (Jarvie et al., 2007; Suárez-Ruiz 
et al., 2012; Mastalerz et al., 2018; Hackley et al., 2021; Teng et al., 
2022). The development of nanoporosity within organic matter is also 
directly related to maturation (e.g., Loucks et al., 2012; Han et al., 2017; 
Dong and Harris, 2020; Teng et al., 2022). The organic nanopores are 
not only the main oil and gas storage sites in shales because of their large 
surface area and organic affinity but their high degree of connectivity 
also provides preferred migration pathways for the production of the 
stored hydrocarbon (e.g., Cardott et al., 2015; Mastalerz et al., 2018; 
Hackley et al., 2020; Liu et al., 2022). Thus, documenting the changes to 

quantity, structure, and chemical composition of organic matter in 
shales during maturation is of great significance for the evaluation of 
shales as oil and gas reservoirs. 

The changes in the structure of dispersed organic macerals in shales 
with maturation remain poorly documented and understood, largely 
because of the inability of available tools to independently distinguish 
organic matter types petrographically (e.g., Katz and Arango, 2018; 
Mastalerz et al., 2018; Misch et al., 2019; Hackley et al., 2020, 2021; Liu 
et al., 2022). Current knowledge on the petrographic characterization of 
dispersed organic matter, including the structural and chemical changes 

Fig. 1. A: Map of southwestern Gondwanan basins and their magmatic provinces and thrust belts during the Permian (modified from Faure and Cole, 1999). B: Map 
of southern Karoo Basin showing thermal maturity regions (MR; modified from Cole and McLachlan, 1991, 1994; de Kock et al., 2017), semi-continuous outcrop belt, 
and thickness distribution of the Whitehill Formation (after Chukwuma et al., 2018), boreholes, and the study location. C: Cross-section of the annotated points (A, B, 
C, D) in B, showing the geology of the study area and distribution of dolerite sills. 
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affecting oil-generative sedimentary organic matter during its conver-
sion to oil and gas, has been most recently summarized by Hackley et al. 
(2021) and Liu et al. (2022). According to these studies, correlative 
microscopy (i.e., a combination of reflected-light and electron micro-
scopy) offers an effective petrographic technique to distinguish organic 
matter types in shales (e.g., Mastalerz et al., 2018; Misch et al., 2019; 
Hackley et al., 2020). This promising method has been combined with 
laboratory-based cracking experiments to characterize organic matter 
alteration during maturation and to relate the changes to hydrocarbon 
generation, expulsion, and retention in shales (e.g., Vandenbroucke and 
Largeau, 2007; Bernard et al., 2012; Hackley et al., 2020, 2021; Teng 
et al., 2022). 

The primary control on organic maturation is temperature, which 
typically results from increasing burial depth within sedimentary basins 
(e.g., Tissot and Welte, 1978; Radke et al., 1997). The accompanying 
formation of oil and gas is further controlled by non-isothermal reaction 
kinetics because temperature changes as a function of time under 
geological conditions (Espitalié et al., 1985; Yang and Horsfield, 2016). 
Temperature history depends on basin type and tectonic evolution with 
typical heating rates ranging between 0.5 and 5.0 K/My (e.g., Yang and 
Horsfield, 2016). However, the thermal evolution of some sedimentary 
basins is also dictated by igneous activity, including the intrusion of 
magmatic bodies, which are emplaced with much higher temperatures 
compared to their host rocks. Thus, igneous intrusions have profound 
effects on the temperature history of such basins, including the matu-
ration of organic matter especially in the vicinity of the intrusions (e.g., 
Svensen et al., 2007; Wang and Manga, 2015; Mastalerz et al., 2018; 
Spacapan et al., 2018; Goodarzi et al., 2019; Rabbel et al., 2021). 
Heating rates up to twelve orders of magnitude higher have been re-
ported where shales and coals have undergone maturation by contact 
metamorphism (e.g., Yang and Horsfield, 2016). Spacapan et al. (2018), 
and Goodarzi et al. (2019) have also shown that short-term but signifi-
cantly higher intrusion-induced heating of oil-prone sedimentary 
organic matter produces structural and compositional characteristics 
that differ from those from burial-induced geological maturation. 

Sedimentary basins in which igneous intrusions played a key role in 
thermal maturation include the Neuquén Basin (Argentina), Sverdrup 
Basin (Arctic Canada), Illinois Basin (USA), and Central Midland Valley 
(Scotland) (Svensen et al., 2007; Wang and Manga, 2015; Mastalerz 
et al., 2018; Goodarzi et al., 2019; Rabbel et al., 2021). The Karoo Basin 
of South Africa (Fig. 1) is another prime example and one where shale 
gas development is underway, as it may contain up to 390 trillion cubic 
feet (the equivalent of 11 trillion cubic meters) of resources (de Kock 
et al., 2017). Potential shale reservoirs were preferentially intruded by 
mid-Jurassic dolerite sills and dikes (Rowsell and De Swart, 1976; 
Svensen et al., 2007; Aarnes et al., 2011; de Kock et al., 2017). A wealth 
of work has evaluated the effect of these igneous intrusions in compli-
cating the structural and thermal history of the basin and their impli-
cations for the Karoo shale hydrocarbon system (e.g., Aarnes et al., 
2011; de Kock et al., 2017; Adeniyi et al., 2018; Nengovhela et al., 
2021). These studies have mostly addressed the broad aspects of the 
impact of intrusions on the thermal and structural histories of the basin 
and are based largely on the mineralogical and associated chemical 
transformation of inorganic components. In terms of the organic matter, 
de Kock et al. (2017) described thermal devolatilization of the source 
rock reservoirs in the vicinity of dolerite sills using Rock-Eval/TOC 
(total organic carbon) data and desorbed gas volumes. However, the 
effect of the intrusions on the petrographic structure and chemical 
compositions of the organic matter and their implication for resource 
potential (gas content) of the basin is still a matter of debate. 

The current study seeks to extend the knowledge of the effect of 
intrusions on the petrographic and geochemical evolution of oil- 
generative sedimentary organic matter in the principal gas shale reser-
voir unit in the basin, namely the Lower Permian Whitehill Formation. It 
aims to generate new insights into the thermal conversion of initial oil- 
prone sedimentary organic matter to petroleum, as well as migration 

and retention processes in response to heat flow from magmatic bodies. 
The outcomes are intended to inform new and refine existing predictive 
models of the impact of igneous intrusions on hydrocarbon generation 
and expulsion. The study is also designed to improve the methodology 
for the characterization of dispersed organic matter in shales, and ulti-
mately the search for and development of unconventional shale re-
sources in the Karoo Basin and other similar basins impacted by volcanic 
activities. The specific objectives were to: (1) characterize the petro-
graphic and geochemical evolution of oil-prone sedimentary organic 
matter in response to heat flow from magmatic emplacement, including 
changes to the optical texture, morphology, and chemical composition 
of hydrocarbon products; and (2) evaluate the effect of rapid thermal 
stress on the petroleum system of the Karoo shale reservoirs with a focus 
on gas retention. A combined analytical approach, consisting of light 
and electron microscopy (CLEM), programmed pyrolysis, and isotope 
ratio mass spectrometry (IRMS) was employed to determine organic 
abundances, identify maceral types, and characterize thermal conver-
sion (secondary) products, such as volatile oil, solid bitumen, natural 
coke (carbon residue from short-term heating of organic matter), and 
pyrolytic carbon (vapor-deposited carbon from high-temperature 
cracking of methane). 

2. Geological setting 

The South African shale gas is hosted in the Lower Permian organic- 
rich Ecca Shale in the southern half of the Karoo Basin (Fig. 1). The basin 
is interpreted as a compressional retroarc foreland system that devel-
oped during the shallow-angle subduction of the paleo-Pacific plate 
beneath the Gondwana supercontinent. Karoo-aged sediments are also 
found in other continents that were once part of the Gondwanaland, 
including South America, Australia, Antarctica, Falkland Islands, and 
India (Fig. 1A), as well as in subbasins within southern Africa (Anderson 
and Schwyzer, 1977; Faure and Cole, 1999; Johnson et al., 2006). 
Sedimentation in the basin started in the Late Carboniferous at c. 300 Ma 
and continued until the initial stages of the breakup of Gondwana in the 
Jurassic at c. 183 Ma (Johnson et al., 2006; Geel et al., 2015; de Kock 
et al., 2017). Although the sedimentary fill of the Karoo Basin accu-
mulated under the influence of climatic and tectonic controls, climate 
provides an overall trend for the sedimentation. The earliest deposits 
were glacial sediments (Dwyka Group) and sandstones and shales of the 
Ecca Group, which reflect a general shift from cold to semi-arid condi-
tions during the Late Carboniferous to Early Permian when Gondwana 
was located at high southern latitudes and covered by a thick ice sheet 
(Johnson et al., 2006). Progressively warmer climates with fluctuating 
precipitation as Gondwana drifted towards more temperate climates 
during the rest of the Karoo times are represented by the deposition of 
the interbedded sand- and mudstones of the Beaufort and Stromberg 
groups (Johnson et al., 2006; Geel et al., 2015). 

Karoo sedimentation was terminated by extensional tectonics asso-
ciated with the initial stages of Gondwana fragmentation and coeval 
extrusion of basaltic lavas of the Karoo Large Igneous Province, repre-
sented by the ca. 1.4 km thick Drakensberg Group (Duncan et al., 1997; 
de Kock et al., 2017). The intrusions of dolerite sills and dikes into the 
Karoo sedimentary sequence represent the roots and feeders of the 
Drakensberg Group. The Jurassic volcanic activity, which was con-
nected to the breakup of the Gondwana supercontinent and the forma-
tion of the South Atlantic (Johnson et al., 2006), was also widespread in 
other southwest Gondwanan basins, including the Parana Basin in Brazil 
(e.g., Triguis and Arano, 1995). The Karoo dolerite sills and dikes occur 
throughout the basin, except south of the so-called dolerite line 
(Fig. 1B). However, they preferentially intruded the organic-rich units, 
which are represented in the southern part of the basin by the Lower 
Ecca shales and in the northern part by the coal-bearing Vryheid For-
mation, because of the low competence of these organic-rich units. The 
Karoo dolerites broadly fall under the basic group (tholeiitic basalts to 
basaltic andesites) and comprise mainly plagioclase, pyroxene, and 
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olivine (Jourdan et al., 2006); however, more evolved sills are locally 
present (Neumann et al., 2011). 

During the Cretaceous, large-scale sediment exhumation occurred in 
the southern part of South Africa, coeval with the development of large 
rift onshore and offshore basins, which was associated with the breakup 
of the Gondwana supercontinent and opening of the South Atlantic 
(Macdonald et al., 2003; Tinker et al., 2008). It is estimated that up to 5 
km of sediment was eroded from the Cape fold-thrust Belt and up to 
6–7.5 km from the Karoo Supergroup during two pulses of exhumation 
in the early and mid to late-Cretaceous (Tinker et al., 2008). 

Three major organic maturity provinces occur in the basin as pre-
sented in Fig. 1B (Rowsell and De Swart, 1976; Cole and McLachlan, 
1991, 1994; Geel et al., 2015; de Kock et al., 2017):  

1. The southern part of the basin located roughly south of latitude 31◦

30′ S is considered thermally overmature, with local features of 
incipient metamorphism caused by deep sediment burial and 

associated high temperature from the down-warp that resulted from 
the formation of Cape fold-and-thrust belt.  

2. The central part of the basin lying roughly between latitude 31◦ 30′

and 30◦S is overmature with respect to oil generation, consistent 
with the preservation of dry gas. There are no indications of meta-
morphism, except in the contact aureoles of igneous intrusions. The 
maturity stage of this region reflects the combined effect of deep 
burial and thermal stress from igneous intrusions.  

3. The area north of latitude 30◦S is in the peak oil stage, consistent 
with the preservation of oil and wet gas, apart from the contact 
aureole zones of intrusions. 

Several oil and gas shows were recorded in various areas of the basin, 
particularly in areas north of latitude 30◦S (e.g., Rowsell and De Swart, 
1976; Cole and McLachlan, 1991; de Kock et al., 2017). However, their 
origin (whether due to the thermal impact of intrusions or burial- 
induced maturation) is unclear because maximum sediment burial and 
the emplacement of magmas are nearly synchronous within the second 

Fig. 2. A. Outcrop image taken with DJI Mavic 2 Pro drone showing two laterally continuous dolerite sills that preferentially intruded the upper and lower contacts 
of the Whitehill Formation in Loeriesfontein (− 31◦16′01′′, 19◦42′58′′). B: The upper sill is up to 16.42 m and consists of two stacked intrusions, which can be 
distinguished based on horizontal contacts and change in the plane of their cooling joints. C: Shale layers in contact with the lower sill are folded. D: Outcrop of the 
Whitehill Formation in Loeriesfontein (− 31◦06′46′′, 19◦28′51′′), showing the characteristic change in lithology of the shale in contact with the dolerite sill. E: Hand- 
specimen of coked shale near the contact with the upper sill at A. F: Outcrop image showing chaotic vertical and horizontal fractures rooted in the aureole zone of the 
upper sill and filled with solid bitumen, pyrolytic carbon, and calcite, running parallel to bedding in the Whitehill Formation. G: A relatively unweathered outcrop of 
the Whitehill Formation unaffected by intrusion at − 30◦56′50′′, 19◦25′40′′. H: Close-up image of hand specimen of black thinly laminated Whitehill shale at G. 
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and third thermal maturity regions (Fig. 1B). 

3. Samples and analytical methods 

3.1. Shale samples and sill distribution 

The material for the present study was collected from two equivalent 
stratigraphic sections of the Whitehill Formation in the Loeriesfontein 
area (Figs. 1B, C, 2). In addition to excellent laterally continuous 
exposure of relatively unweathered rock, this location enables sampling 
to document the petrographic effects of igneous intrusions on the evo-
lution of oil-prone sedimentary organic matter, and thence the shale 
resource system. Several aspects of this location are noteworthy: firstly, 
Oelofsen (1981) has shown that sedimentary facies and biozones within 
the formation are fully represented in this area of the basin. Further-
more, like other dolerite-impacted areas in the basin, small (up to 12.7 
km2) dolerite-free areas, called pans (Cole and McLachlan, 1994) are 
present in this locality. Thus, one of the sampled sections is unaffected 
by intrusion and serves in this analysis as background. The non-presence 
of intrusions in this section is also confirmed by the absence of brown 
dolerite boulders, which results from weathering of dolerites and is 
omnipresent in areas where previous intrusions have been removed. 
Also, two water boreholes located some 9 km from the sampled location 
(Fig. 1C) drilled in 2020 to a depth of 178 m to the Dwyka Group did not 
intercept any intrusion. The second stratigraphic section was intruded 
by two dolerite sills with average thicknesses of 10.7 and 9.3 m 
emplaced at the upper and lower contacts of the formation, respectively 
(Figs. 1C, 2). The two sills are laterally persistent throughout the study 
area and are also intercepted by boreholes G39980 (− 31◦30′16′′, 
19◦41′45′′) and G39856 (− 31◦29′22′′, 19◦54′15′′), some 41 km south-
east of the study location. The dolerite sills can be identified by their 
sharp contact with the host shales, reddish to dark brown color, and 
spheroidal weathering (Fig. 2A-D). The two sills are undulating and 
display similarity in both orientation and geometry, thickening and 
tapering at the same locations. In places, the upper sill bifurcates into 
several thin (0.18–1.77 m thick) closely spaced sills. 

Previous studies of organic matter in the formation in adjoining areas 
of the basin with no sills are at peak oil maturity stage with vitrinite 
reflectance of 0.7–0.9% and still contains remnants of primary organic 
matter (Cole and McLachlan, 1991; Aarnes et al., 2011; Chukwuma 
et al., 2021), thereby allowing the impact of the sills on precursor- 
product relationships to be assessed. The effect of varying sill thick-
nesses and vertical heterogeneities can also be evaluated. 

High-resolution sampling (5–25 cm intervals) was carried out across 
the complete vertical transect of the formation in two locations. The first 
location (LOER1; − 30◦56′50′′, 19◦25′40′′) is within the area with no 
intrusions, and the second (LOER2; − 31◦06′46′′, 19◦28′51′′) is intruded 
by the two sills. Sampling was done using a STIHL E-Z Core Rock Drill 
fitted with a Pomeroy 40 × 2.5 cm. Hand specimens were also collected 
where possible. The samples are crisp black and laminated (Fig. 2H) and 
give out a strong hydrocarbon stench when broken. Some exuded oil in 
form of droplets on the surface of the polished whole-rock. Also, the 
similarities of their TOC content to those from previous studies (e.g., 
Rowsell and De Swart, 1976; Cole and McLachlan, 1991; Geel et al., 
2015; Chukwuma, 2017), as well as those from the recently drilled 
boreholes confirm the unweathered nature of the samples. The samples 
are given a five-digit code that represents their stratigraphic section and 
height from the base of the shale. For example, 14,088 is sampled from 
the first stratigraphic section (LOER1) at 40.88 m from the base of the 
formation. 

3.2. Analytical methods 

3.2.1. Correlative reflected-light and scanning electron microscopy (CLEM) 
Organic petrographic analysis was performed to identify macerals 

and to measure the reflectance of vitrinite (%Ro) and solid bitumen (% 

BRo) according to the ASTM Test Method for dispersed organic matter in 
sedimentary rocks (ASTM D7708–14), which recommends 30 mea-
surements. Samples were set in epoxy resin under vacuum for 24 h, and 
the blocks were subsequently ground with 400 and 600 grit papers and 
polished with 1.0 and 0.06 μm alumina cloth, ensuring a scratch-free 
surface using a Struers Tegraforce automatic polisher following ISO 
7404:2. Analyses were performed on a Zeiss AxioImager reflected-light 
petrographic microscope at ×500 under non-polarized white light (LED 
source) and immersion oil at a wavelength of 546 nm, and Hilgers 
Diskus Fossil software. The reflectance system was calibrated using 
3.24% CZ (Cubic-zirconia) and 0.900% YAG (Yttrium-aluminium- 
garnet) reflectance standards under white non-polarized light and im-
mersion oil (ISO 7404:5 and ASTM D7708–14). To enhance observation 
of the anisotropy of the organic components, the particles were also 
observed under cross-polarizers with a retarder plate (quarter-wave 
lambda plate) at ×1000. Maceral recognition and differentiation are 
primarily based on the reflectance, internal texture, morphology, inter- 
grain relationship, and other optical properties of macerals, and 
following standard organic petrology methods (Taylor et al., 1998; 
Suárez-Ruiz et al., 2012; ASTM, 2014). A subset of samples (n = 14) was 
crushed to about 1.0 mm (maximum size) and solvent-extracted with an 
azeotropic mixture of dichloromethane-methanol (93:7 v/v) using the 
method of Radke et al. (1986) for approximately 72 h and the residues 
were also examined after drying, the aim being to evaluate the solubility 
of the organic matter. 

The polished sections were coated with a thin layer of evaporated 
carbon and examined with a Zeiss MERLIN field-emission scanning 
electron microscope (FE-SEM). The FE-SEM is linked with an Electron 
Dispersive Spectroscopy (EDS) instrument and equipped with: (1) sec-
ondary electron imaging (SE) operated using an accelerating voltage of 
5 kV, a sample current of 250 pA, and a working distance of 3 mm; (2) 
back-scattered electron (BSE) imaging operated using an accelerating 
voltage of 20 kV, a sample current of 11 nA, and a working distance 
around 9.5 mm; and (3) cathodoluminescence (CL) detectors. The FE- 
SEM was also operated under cryogenic settings, whereby samples 
held at cryogenic temperatures (− 180 ◦C) by freezing in a pool of liquid 
nitrogen were quickly transferred into the FE-SEM chamber. This tech-
nique minimizes interference between individual shale constituents and 
phases, allowing both phase imaging and detection of constituents as 
small as 10 nm (Desbois et al., 2013). The general distribution and 
abundance of organic materials were examined using a swath of ten 
images captured at 100–20 μm horizontal field width, machine magni-
fication of 3000-1500×, and pixel size of 5–20 nm/pixel using BSE/SE. 
Additional characterization and mineral component identification were 
made using BSE/CL/EDS with images captured at 20–2.0 μm horizontal 
field width at a magnification of 15,000-250,000× and pixel size be-
tween 20 and 2 nm/pixel. 

3.2.2. Organic geochemical analyses 
Samples for chemical analyses were ground to a powder (<70 μm) 

and decarbonated using HCl with 6 M concentration for 24 h at room 
temperature. The samples were then neutralized in deionized water by 
repeated washing until pH test was close to neutral (≥6.0), followed by 
drying in a vacuum oven at 30 ◦C. Programmed pyrolysis using a Rock- 
Eval 6 analyzer (Vinci Technologies, France) was performed to gain 
information about the TOC content, kerogen type, and maturity. The 
total carbon (TC) content was determined with a LECO CS-244 carbon/ 
sulfur analyzer. Rock-Eval programmed pyrolysis was performed in 
duplicate following standard procedures, including temperature settings 
and heating ramp (Espitalié et al., 1985) at the Indian Institute of 
Technology, Bombay. The calibration of the instrument was performed 
using the 55.000 IFP standard and analytical reproducibility was better 
than 0.2%. The 14 solvent-extracted sample powders were also 
analyzed. The initial temperature of the pyrolysis oven was maintained 
at 300 ◦C for 5 min and then raised to 600 ◦C at a rate of 25 ◦C/min. 

The oxidation phase of the pyrolysis experiments was conducted 
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with temperature conditions similar to the pyrolysis oven but was raised 
to a maximum of 850 ◦C. Maturity and source quality parameters 
derived from Rock-Eval pyrolysis (Table 1) include the following: (1) 
hydrogen index (HI, [S2/TOC] × 100, mg HC/g TOC), is the amount of 
hydrocarbons per gram TOC released from cracking kerogen and heavy 
hydrocarbons during temperature programmed pyrolysis at 300–600 ◦C, 
and thus represents the existing potential of source rocks to generate 
hydrocarbons. (2) Oxygen index (OI, [S3/TOC] × 100, mg CO2/g TOC), 
namely the amount of CO2 released from breaking carboxyl and other 
oxygen-containing compounds per gram TOC released at 300–390 ◦C. 
(3) Oil saturation index (OSI, S1 × 100/TOC, mg HC/g TOC), is the 
amount of free hydrocarbon per gram TOC released at 300 ◦C. (4) Tmax 
(◦C, temperature of the maximum S2 peak) is a measure of the thermal 
maturity an organic material has attained. 

A subset of the decarbonated samples was analyzed for the carbon 
isotope composition of total organic matter following the procedure of 
Könitzer et al. (2012), using a Thermo Finnigan Delta Plus XL isotope 
ratio mass spectrometer (IRMS) in continuous flow mode connected to a 
zero-blank autosampler Costech Elemental Analyzer (EA). Measure-
ments were conducted at the Stable Isotope Laboratory of Iowa State 
University and the Environmental Isotope Laboratory of the University 
of Waterloo. Approximately 30 mg of each sample was wrapped in a tin 
capsule and placed into the zero-blank autosampler, and then com-
busted in the EA. One full run comprised 49 positions (1 blank, 12 
standards, and 36 samples). Reference standards (caffeine [IAEA-600], 
IAEA-N2, cellulose (IAEA-CH-3), and acetanilide [laboratory stan-
dard]) were used for isotopic corrections and to assign the data to the 
appropriate isotopic scale. Elemental concentrations were calculated 
using reference standards and the sample gas intensities. Corrections 
were done using a regression method. The stable isotope compositions 
are reported in the conventional delta-notation against the Vienna 
Peedee belemnite (VPDB) standard. The combined uncertainty 
(analytical uncertainty and average correction factor) for δ13C is 
±0.06‰ (VPDB). 

4. Results 

4.1. Distribution of organic abundance and geochemical composition in 
the section with no sill 

The TOC content of 71 selected samples increases up-section from 
0.9% in the lower section to 17% in the upper section of the Whitehill 
Formation which is unaltered by intrusions (Fig. 3; Table 1). TOC values 
are positively skewed with peak (mode) at 8.60% and average values at 
8.49% (Fig. 3A). The HI and OI values range from 50 to 568 mg HC/g 
TOC (average of 228 mg HC/ g TOC) and 5 to 93 mg CO2/g TOC 
(average of 21 mg CO2/ g TOC), respectively. 

Based on the pseudo van Krevelen discriminant charts for HI versus 
OI and HI versus Tmax (Fig. 3B, C), the organic assemblage can be 
regarded generally as dominated by Type II and possibly Type I kerogen. 
The pyrolysis Tmax values show a rather wide variation, ranging between 
429 and 471 ◦C (average of 448 ◦C). Much lower values of 429 and 
431 ◦C were recorded in three samples of dolomite concretions with very 
low TOC and S2 values. Relative to the whole-rock, TOC content and S2 
values of the solvent-extracted residues show a decrease of up to 33 and 
27%, respectively (Table 1). Similarly, with the TOC content, the iso-
topic composition of organic matter (δ13Corg) is variable and shows a 
general up-section increase, ranging from − 24.7‰ at the base to 
− 15.5‰ VPDB at the top. Samples with high TOC contents typically 
show less negative δ13Corg values. Some of these geochemical results 
from the stratigraphic section with no intrusion have been reported in 
previous studies that evaluated the sedimentology and diagenetic vari-
ations of this shale formation (Chukwuma et al., 2021, 2022) and are re- 
presented here for comparison with the sill-hosting section. 

4.1.1. Petrographic composition of organic matter in the section with no sill 
As expected of this Type II kerogen-dominated lacustrine black shale, 

the petrographically-recognizable organic assemblage (macerals) is 
dominated by solid bitumen with lesser concentrations of vitrinite and 
inertinite. Solid bitumen as used here represents thermal conversion 
products of the original oil-prone organic matter in sediments (kerogen) 
and it is without reference for solubility in organic solvents (Hackley 
et al., 2020). Under reflected white light at 500× magnification, solid 
bitumen is recognized by its gray surface and semi-translucence with 
internal white reflections from embedded pyrite and clay-sized min-
erals, groundmass, pore-filling and anastomosing textures, embayment 
by authigenic minerals, and isotopic and granular textures (Figs. 4, 5). 

Solid bitumen occurs mostly as homogenous accumulations in the 
form of continuous bedding-plane parallel organic streaks that typically 
form elongated, anastomosing networks (> 200 μm in long dimension 
and > 20 μm in short dimension), which sometimes covered the entire 
length of the analyzed sections (Fig. 4A-E). This anastomosing solid 
bitumen network typically occurs in close textural association with clay- 
rich matrix and pyrite framboids and displays granular texture (Fig. 4A- 
E). In SEM-BSD images, solid bitumen networks are recognized by their 
dark gray appearance (Fig. 5). Solid bitumen networks can also take the 
form of a fracture-filling phase (Fig. 6A, B), where they completely or 
partially infill fractures. In places, a network of microcrystalline calcite- 
filled veins co-occurs with or adjacent to fracture-filling post-oil solid 
bitumen networks (Fig. 6C-D). Like solid bitumen, vitrinite appears gray 
under reflected white light, however, it is distinguished from solid 
bitumen by a higher and consistent reflectance and a more defined, 
blockier outline (Fig. 4G-K). Inertinite maceral is distinguished by sub-
stantially higher and variable reflectance and high relief (Fig. 4L). 

The mean random reflectance of vitrinite particles ranges from 1.23 
to 1.26%, with a standard deviation of 0.029–0.046% (Fig. 8A, C; 
Table 1), while the reflectance of solid bitumen ranges from 1.01 to 
1.06% with a standard deviation of 0.097–0.139% (Fig. 8B, D; Table 1). 
Vitrinite components were not identified in most of the samples from the 
lower section, and as such only solid bitumen reflectance was measured 
in those samples. 

4.2. The effects of igneous intrusions on organic matter 

The effect of the sills on their host shales can be recognized in the 
field by a change in lithology from well-laminated black shales (Fig. 2G, 
H) to a more indurated light gray equivalent (Fig. 2C, D). Shale layers 
directly adjacent to the sills (up to 3.09 and 1.18 m for the upper sill) are 
also characterized by significant loss of organic material and locally 
folded laminae (Fig. 2C). 

TOC values in the section of the WHF intruded by sills range from 
0.05 to 9.39% (Table 2), with a sharp decline towards the sills (Fig. 9A; 
Table 2). Compared to the section without intrusions, this represents a 
decline of up to 43%. Tmax values range from 456 to 609 ◦C, representing 
an increase of up to 29.3% relative to the section with no sill, however, 
these Tmax values are unreliable because of the low S2 values of the 
samples. The isotopic composition of solid bitumen (δ13Corg) ranges 
from − 18.16‰ to − 27.09‰ VPDB. The δ13Corg values systematically 
become more depleted within the contact zones of the sills, with a 
notable 3.1‰ depletion over a distance of about 12 m adjacent to the 
upper sill (Table 2). 

The mean reflectance of vitrinite and solid bitumen range from 2.03 
to 5.82% to 1.58–7.87%, respectively (Fig. 9B; Table 2). A strong posi-
tive correlation (R2 = 0.97) exists between %Ro and %BRo values 
(Fig. 3D), showing that both vitrinite and bitumen reflectance are sen-
sitive to extreme and rapid temperature changes. 

As shown in Fig. 9B, the reflectance profiles for both solid bitumen 
and vitrinite particles from the upper and lower sills are asymmetric. 
Samples underlying the upper sill display higher reflectance values than 
those that overlie the lower sill, resulting in a more extended profile than 
that of the lower sill. Fig. 9B also shows that the decrease in reflectance 
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Table 1 
Organic geochemical data measured across the stratigraphic section of a ca. 43 m thick outcrop of the Whitehill Formation in Loeriesfontein with no visible intrusion: Total organic carbon (TOC), total inorganic carbon 
(TIC), Rock-Eval/LECO TOC parameters (S1, S2, Tmax, HI, OI, OSI), carbon isotopes (d13C), and organic matter reflectance (vitrinite %Ro and solid bitumen %BRo).  

Depth 
(M) 

Lithofacies Rock-Eval/LECO TOC Isotope Composition Organic Reflectance 

Tmax 
(◦C) 

TIC (wt 
%) 

TOC 
(wt%) 

S1 
(mg/ 
g) 

S2 
(mg/g) 

S3 
(mg/ 
g) 

HI (S2/ 
TOC) 

OI (S3/ 
TOC) 

OSI 
(S1x100/ 
TOC) 

δ13Corg 

(‰) VPDB 
δ13Cdol 

(‰) VPDB 
δ13CCal 

(‰) VPDB 
Vitrinite (Ro) Solid bitumen 

(BRo) 

% n sd % n sd 

40.88 

Upper carbonaceous- 
argillaceous interval 

432 46.70 12.04 2.81 61.73 3.16 512.71 26.25 23.34 − 18.30 14.86 10.60 1.26 35 0.03 1.01 29 0.14 
40.88* 435  9.47 0.86 44.61 3.69 471.07 38.97 9.08          
40.60 457 46.13 13.32 1.93 50.05 3.77 375.75 28.30 14.49 − 17.97 13.44 10.60       
40.15 443 40.88 12.14 4.03 44.22 1.91 364.25 15.73 33.20 − 18.13 14.97 10.33       
39.40 443 41.33 14.48 2.95 37.04 1.44 255.80 9.94 20.37 − 16.84 14.40 10.51 1.23 57 0.05 1.01 31 0.10 
39.40* 447  10.51 1.04 23.11 1.53 219.89 14.56 9.90          
38.94 439 45.73 14.73 3.31 29.07 2.53 197.35 17.18 22.47 − 17.46 15.33 9.68       
38.60 451 37.62 16.57 1.88 27.71 1.72 167.23 10.38 11.35 − 15.51 14.86 11.80 1.23 41 0.04 1.02 37 0.14 
38.60* 453  11.19 0.62 16.08 1.74 143.70 15.55 5.54          
38.40 449 37.71 14.96 2.01 47.01 0.23 314.24 1.54 13.44 − 17.22 14.83 10.63       
37.19 435 33.50 12.66 1.79 39.97 2.76 315.72 21.80 14.14 − 19.46 14.50 12.05       
36.70 437 42.57 15.01 2.64 18.47 1.34 123.05 8.93 17.59 − 18.31 14.48 11.83       
36.40 449 40.42 14.69 1.98 48.59 0.93 330.77 6.33 13.48 − 18.76 14.86 13.16 1.26 51 0.04 1.06 33 0.14 
36.03 464 39.20 12.25 3.30 11.83 1.39 96.57 11.35 26.94 − 20.18 12.55 12.27       
36.03* 471  8.94 1.15 7.36 1.46 82.33 16.33 12.86          
35.88 432 42.10 14.02 2.43 28.61 1.44 204.07 10.27 17.33 − 19.06 14.42 12.80       
35.70 438 44.19 14.57 2.45 38.21 1.33 262.25 9.13 16.82 − 20.31 14.03 11.70       
35.35 454 42.38 13.94 2.83 20.31 1.51 145.70 10.83 20.30 − 20.11 14.31 12.31       
35.17 457 36.81 13.72 3.07 9.82 0.97 71.57 7.07 22.38 − 18.21 12.97 12.84       
35.17* 452  11.32 3.04 8.88 1.01 78.45 8.92 26.86          
35.17 438 41.48 14.03 3.04 26.60 1.30 189.59 9.27 21.67 − 18.37 13.92 12.70       
35.05 449 38.06 13.74 2.91 6.81 1.68 49.56 12.23 21.18 − 19.55 13.30 13.66       
34.80 451 37.33 12.80 3.04 10.03 1.77 78.36 13.83 23.75 − 19.59 12.70 13.97 1.22 33 0.07 1.04 38 0.18 
34.80* 454  8.95 1.76 6.82 1.73 76.20 19.33 19.66    1.26 29 0.05 1.09 27 0.15 
34.40 449 38.26 9.51 2.88 10.58 1.61 111.25 16.93 30.28 − 20.22 11.46 12.71       
34.05 447 36.16 10.94 2.29 11.47 1.79 104.84 16.36 20.93 − 20.09 12.90 14.03       
33.92 471 37.98 12.08 2.25 8.91 0.54 73.76 4.47 18.63 − 20.06 12.60 11.46       
33.90 455 32.40 12.04 3.04 22.04 1.61 183.06 13.37 25.25 − 20.31 12.41 13.81       
33.30 457 30.71 10.14 2.40 9.55 0.73 94.18 7.20 23.67 − 20.11 11.06 13.74       
32.60 443 32.56 8.38 2.46 15.41 1.12 183.89 13.37 29.36 − 20.44 10.10 13.72       
31.98 458 30.49 9.39 2.43 7.95 1.68 84.66 17.89 25.88 − 20.83 10.79 13.97       
30.85 451 31.13 9.27 2.03 9.75 0.91 105.18 9.82 21.90 − 20.42 9.93 14.09       
30.15B 457 27.17 8.21 1.98 10.52 0.83 128.14 10.11 24.12 − 20.64 9.90 14.05       
30.15 459 26.12 7.18 2.31 11.06 1.05 154.04 14.62 32.17 − 20.94 9.57 14.27       
30.15* 462  4.80 0.97 7.37 0.99 153.54 20.63 20.21          
29.40 431 25.81 7.11 2.19 7.48 1.58 105.20 22.22 30.80 − 21.09 9.42 13.80       
29.18 429 24.46 6.36 2.71 35.41 1.35 556.76 21.23 42.61 − 20.83 8.61 13.92       
28.20 461 22.03 5.95 2.68 29.01 1.47 487.56 24.71 45.04 − 21.11 8.53 13.64       
27.90 457 22.40 6.97 2.18 4.27 1.61 61.26 23.10 31.28 − 21.52 8.44 13.60       
27.18 

Middle carbonaceous 
(dolomitic) interval 

451 25.81 8.12 1.83 46.08 1.26 567.49 15.52 22.54 − 18.57 11.06 14.97 1.26 36 0.11 1.09 29 0.14 
27.18* 456  6.87 0.79 31.43 1.36 457.50 19.80 11.50    1.23 32 0.09 1.10 37 0.18 
26.22 462 24.64 7.70 1.70 14.48 1.33 188.05 17.27 22.08 − 18.86 8.51 16.27       
24.90 448 18.89 7.55 2.68 16.42 0.71 217.48 9.40 35.50 − 19.02 8.37 17.08       
22.35 438 16.12 6.65 2.01 12.61 0.49 189.62 7.37 30.23 − 19.35 8.46 15.54       
21.59 448 15.35 7.49 3.32 10.92 0.81 145.79 10.81 44.33 − 18.76 8.87 16.12       
21.59* 453  5.81 1.75 6.81 0.87 117.21 14.97 30.12          
18.90 457 17.71 5.66 2.51 19.98 1.40 353.00 24.73 44.35 − 20.64 8.33 16.02       
18.13 434 12.62 4.05 2.33 7.33 1.35 180.99 33.33 57.53 − 22.10 8.26 15.02       
16.61 442 8.70 3.78 2.94 21.04 1.61 556.61 42.59 77.78 − 21.09 8.2 14.54       

(continued on next page) 
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values of the organic particles away from the sills is gradual, and 
coupled with the absence of vitrinite particles in the lower section, 
renders it difficult to determine the exact thickness of the aureoles with 
precision based on organic reflectance. 

The organic assemblage in heat-impacted samples is dominated by 
solid bitumen that typically developed along with the continuous net-
works of initially homogenous organic matter in the form of bedding 
parallel steaks/stringers, similar to the section with no intrusions. Here, 
inertinite and vitrinite likewise constitute a minor fraction of the organic 
component. With decreasing distance to the sills, distinctive changes to 
the petrographic attributes of solid bitumen, including morphology, 
optical texture, and isotope composition, were recorded. Thus, the 
petrographic texture and morphology of the solid bitumen particles 
were used in combination with the trend of organic reflectance to track 
the effect of the individual sills on organic matter alteration and explore 
ramifications for shale gas occurrence. These details are reported in the 
sections that follow. 

4.2.1. Effects of the 10.7-m thick upper sill on the petrographic composition 
of organic matter 

The thermal effect of the 10.7 m thick sill that forms the upper 
contact of the Whitehill Formation is reflected in changes in optical 
texture and morphology of the solid bitumen from irregularly oriented, 
fine-medium homogeneous, and granular textures (Fig. 4A-F) to 
angular, medium-coarse anisotropic grains (Fig. 7A-D). The textural 
anisotropy and angularity of the heat-affected solid bitumen networks 
become more pronounced with decreasing distance to the sill (Fig. 7C, 
D). 

Moreover, in approaching the sill, petrographic observations show 
that the heat-affected solid bitumens become increasingly transformed 
into coke and pyrolytic carbon (Figs. 10, 11). The coke is recognized 
under reflected-light and oil-immersion by its mosaic texture, high 
anisotropy, presence of devolatilization pores, and high, variable coke 
reflectance, with average random reflectance ranging from 6.5 to 9% 
(Fig. 10D, G)- though values of up to 11.8% are also recorded, which are 
some of the attributes of intrusive-heat generated coke as listed in 
Goodarzi et al. (2019). The grain morphology and degree of anisotropy 
were further enhanced by observations made under cross-polars with a 
retarder plate (Figs. 10B, E, H, 11) and in SEM images (Fig. 10C, F, I). 
The size and number of devolatilization pores increase towards the sill, 
resulting in a dramatic increase in the mesoporosity of the coked shale 
(Fig. 10J-L). The textural attributes of the binder and filler components 
of the coke also show marked variability with decreasing distance to the 
sill (Fig. 11). 

Pyrolytic carbon is recognized by its strong reflectance, with average 
random reflectance ranging from 9.2 to 16%, and growth characteristics 
as pore-lining and laminated textural forms in close relation with coke 
(Fig. 11E, F). The abundance and anisotropy of the pyrolytic carbon also 
increase steadily towards the sill. 

Based on these observations, it was possible to subdivide the aureole 
into two subzones (Fig. 12): (1) an outer aureole zone of mild alteration 
where the solid bitumen networks become increasingly angular and 
anisotropic (Fig. 7A-D) but coke and pyrolytic carbon are absent; and (2) 
an inner aureole zone where the heat-affected solid bitumens are pro-
gressively converted into coke and pyrolytic carbon (Figs. 10, 11). 

The thickness of the aureole zone of this sill is 25.79 m, representing 
almost 2.5 x the thickness of the sill. The inner aureole zone containing 
coke and pyrolytic carbon is 9.19 m thick. The reflectance of vitrinite 
(Fig. 10B) increased from 1.09 to 1.73% outside the aureole to 
1.77–6.13%. Similarly, solid bitumen reflectance increased from 2.21 to 
2.65% outside the aureole to 2.44–7.95% in the sill contact zone. In 
approaching the sill and within the inner aureole, δ13Corg values 
decrease (become more negative) progressively from − 24.18 to 
− 27.12%, which represents a negative isotopic shift of 3.13‰ over a 
distance of 8.7 m within the inner aureole. The highest shift in δ13Corg 
values was recorded in the samples enriched in pyrolytic carbon-filled Ta
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veins, showing that the pyrolytic carbon is δ13Corg-depleted relative to 
adjacent organic matter. 

4.2.2. Effects of the 9.3-m thick lower sill on the petrographic evolution of 
organic matter 

The strata immediately surrounding the lower sill are lithified and 
brittle like those adjacent to the upper sill but do not display the obvious 
color change. The thermal effect of this sill can be observed over a dis-
tance of 14.7 m, which corresponds to just over 1.5 x the thickness of the 

sill. Over this distance, solid bitumen reflectance increased from 1.58 to 
6.16%. In approaching the sill, δ13Corg values decrease (become more 
negative) from − 23.86 to − 26.61%, representing a negative isotopic 
shift of 2.8‰ over a distance of 7 m. 

The heat-affected solid bitumen networks show petrographic and 
geochemical changes with decreasing distance to the sill, similar to 
those observed in the upper sill, which also allowed the aureole to be 
subdivided into an outer and inner aureole at 11.9 and 2.8 m, respec-
tively. However, in contrast to the upper aureole, only partial 

Fig. 3. A: Histogram of TOC values of the Whitehill Formation. The distribution of TOC values is positively skewed and consistent with a lognormal distribution. B: 
Modified van Krevelen HI vs OI kerogen type pyrogram. C: HI vs Tmax maturity pyrogram of the samples. Note that the least mature organic matter in the samples is 
in the peak-oil maturity window (Ro of 0.98%), suggesting that these Rock-Eval data do not strictly identify the type of organic matter initially present. D: Correlation 
between the reflectance of vitrinite and solid bitumen in the stratigraphic section of the formation intruded by dolerite sills. E: Stratigraphic distribution of lithofacies 
and total organic carbon content in a section of the Whitehill Formation with no igneous intrusion in Loeriesfontein. 
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transformation of solid bitumen to coke and pyrolytic carbon was 
observed, and the reactive organic components of the shale matrix did 
not completely bind the non-reactive phases as observed in the aureole 
of the upper sill. The uncoked solid bitumen particles show a change 
from homogeneous to anisotropic textures and high reflectance. The 

optical texture of the coke and pyrolytic carbon did not show marked 
changes with decreasing distance to the sill. The coke grains generally 
exhibit incipient mosaic texture (Fig. 10A-C), while the strongly aniso-
tropic folded coke grains and those with coarse circular and ribbon 
mosaic textures were not present here. 

Fig. 4. Images of macerals in the Whitehill Formation taken using a Zeiss Axio Imager M2S reflected light microscope under oil immersion. The macerals were 
distinguished based on reflectance, morphology, and texture. Solid bitumen is identified by its gray surface, internal reflections from embedded authigenic minerals 
(e.g., pyrite), embayment by mineral grains, granular and isotropic textures, and pore-filling and anastomosing textures. Vitrinite displays a blockier outline and 
consistent reflectance, while inertinite exhibits variable reflectance and relief. A-B: Reflected colored light micrographs of a solid bitumen network with a granular 
texture and anastomosing outline, typically covering the length of the analyzed sections. C: Photomicrograph was taken under cross polars with a retarder plate to 
enhance textural features of solid bitumen network. D: Reflected white light micrograph of anastomosing solid bitumen network in close textural relation with a 
clayey matrix. E: Same as D, taken under cross polars with a retarder plate. F: Photomicrograph taken under cross polars with lambda plate showing isotropic pore- 
filling solid bitumen. G-I: Reflected white light micrographs showing vitrinite with a blockier outline and consistent reflectance readings. J: Reflected white light 
micrograph showing solid bitumen and vitrinite. K: Same as J taken under cross polars with a retarder plate. L: Reflected white light micrograph showing iner-
tinite particle. 
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5. Discussion 

5.1. Origin and occurrence of thermal hydrocarbon products in the 
studied shale 

Organic matter in the sections of the Whitehill Formation studied 
here is dominated by solid bitumen. The predominance of solid bitumen 
in these late oil- to gas-mature (0.98–1.26%Ro) samples is consistent 
with previous organic petrographic studies of shales at similar matu-
rities, where solid bitumen is documented as the dominant organic 
fraction (e.g., Cardott et al., 2015; Harris et al., 2018b; Mastalerz et al., 
2018; Hackley et al., 2021; Horsfield et al., 2021; Liu et al., 2022; Teng 
et al., 2022). These authors interpret the reduced abundance or com-
plete absence of kerogen as the result of conversion to mobile petroleum 
and residual solid bitumen. 

The reduced TOC content (by up to 33%) and S2 values (average of 
27%) in the post-extraction residues relative to whole-rock samples 
recorded here is consistent with the interpretation that the solid bitumen 
phase consists of partially altered oil-prone Type II kerogen-rich organic 
matter and its maturation product. Thus, even though these samples are 
at peak- to late-oil generation state (%Ro of 1.23), a fraction of the 
organic matter could generate additional petroleum if subjected to 
increased maturity levels (Jarvie et al., 2007; Cardott et al., 2015; 

Mastalerz et al., 2018; Hackley et al., 2021; Liu et al., 2022). 
Organic networks similar to those observed in this shale unit have 

been described in other shales, albeit without using the solid bitumen 
terminology. Bernard et al. (2012) recognized both hydrogen-rich 
(aliphatic) bitumens (derived from thermally altered organic matter) 
and nanoporous aromatic-rich pyrobitumen (derived from secondary 
thermal cracking of generated oil) in the samples of the overmature 
(1.45%Ro) Posidonia Shale. The respective descriptions of these two 
bitumen phases correspond to the solid bitumen terminology used here. 
The existence of this organic network, coupled with the high TOC con-
tent and moderate HI values of the samples is, therefore, consistent with 
the Whitehill Formation containing Type II oil-prone sedimentary 
organic matter at the time of its deposition (Cole and McLachlan, 1991; 
Visser, 1997; Chukwuma and Bordy, 2016). 

5.2. The overall impact of igneous intrusions on organic matter 
maturation 

The lower abundance or absence of solid bitumen networks in the 
sill-bearing section of the Whitehill Formation relative to the section 
containing no sill suggests that heat from the sills enhanced the con-
version of original oil-prone organic matter to oil and the subsequent 
thermal cracking of that oil to gas. This observation is consistent with 

Fig. 5. Correlative reflected light (A, C) and SEM (B, D) micrographs of solid bitumen. A: Reflected white light micrographs of solid bitumen network in form of 
bedding-parallel stringers with a fine granular texture. B: SEM image of the same sample as A. C: Polarized white light with a retarder plate showing solid bitumen 
with isotropic pore-filling texture. D: SEM BSD image of the same sample as C. 
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the decrease of TOC and S2 values from peak values of 16.57% and 
61.73 mg HC g− 1 in the background samples to peak values of 9.39% 
and 8.07 mg HC g− 1 rock, respectively, in the sill-bearing section. 
Hence, heat flow from the two sills emplaced at the lower and upper 
contacts of the formation increased the maturity of the entire strati-
graphic section. Because only a few areas in the basin lack intrusions, 
these observations imply that the background organic maturity of this 
important formation in the basin was affected by the enhanced heat flow 
from the intrusions as predicted by Aarnes et al. (2011). Furthermore, 
within the aureoles, the hydrocarbon generation potential of the shales 
has been exhausted, as shown by low S2 values. As Tmax is dependent on 
S2 values, this parameter becomes unreliable and cannot be used to 
establish the exact thickness of the aureoles. 

5.3. Asymmetry of thermal aureole thicknesses 

The thickness of thermal aureole zones generally varies with the 
thickness of intrusions, such that thicker intrusions produce wider 
thermally altered zone (Aarnes et al., 2011; Baker et al., 2015; Wang and 
Manga, 2015; Spacapan et al., 2018; Goodarzi et al., 2019). However, 

the thickness of the aureole zone of the two sills examined in this study 
appears to be asymmetrical (Fig. 9B). The aureole below the upper sill is 
estimated at 2.5 times the thickness of the sill, while that of the lower sill 
is about 1.6 times. 

Spacapan et al. (2018) and Goodarzi et al. (2019) reported similar 
asymmetry of aureole thicknesses and interpreted it to represent the 
effect of successive events of magma emplacement, where the first 
magmatic event increased the background temperature of the host rock 
prior to the succeeding events (e.g., Hanson and Barton, 1989; Raymond 
and Murchison, 1989). The model of Aarnes et al. (2011) also demon-
strates how higher background temperatures resulting from early in-
trusions retard the cooling of subsequent intrusives due to lower thermal 
gradients between the sill and the host-rock aureole. Key observations 
such as the overall similarity in the physical aspects (color, texture, 
weathering attributes, and orientation) of the two sills over 10s of km 
(Fig. 2A, B) suggest synchronous emplacement. However, Fig. 2B shows 
that the upper sill consists of two stacked intrusions, which can be 
distinguished by horizontal contact and a slight change in the vertical 
planes of their cooling joints. Thus, the possibility of additive heat from 
multiple emplacement events cannot be overruled. 

Fig. 6. SEM photomicrographs showing optical texture and morphology of fracture-filling post-oil solid bitumen in sample 21,035 in the sill-bearing section of the 
Whitehill Formation. A: Bedding-parallel fracture-filling post-oil solid bitumen network. Notice the pervasive calcite mineralization adjacent to the solid bitumen- 
filled features, which suggests that the fluid for calcite mineralization was supplied by hydrocarbon generation. Note also that this post-oil solid bitumen contains 
nanopores at higher magnification. B: Close-up image of A showing the calcite veining adjacent to the solid-bitumen-filled fracture. Notice effects pyrite of disso-
lution. C: Close-up image of C showing the microcrystalline texture of the calcite. D: Calcite mineralization in the shale matrix away from the solid bitumen- 
filled fractures. 

K. Chukwuma et al.                                                                                                                                                                                                                            



InternationalJournalofCoalGeology269(2023)104219

13

Table 2 
Organic geochemical data measured across the stratigraphic section of a ca. 54 m thick outcrop of the Whitehill Formation in Loeriesfontein intruded by two dolerite sills: total organic carbon (TOC), total inorganic carbon 
(TIC), Rock-Eval/LECO TOC parameters (S1, S2, Tmax, HI, OI, OSI), carbon isotopes (d13C), and organic matter reflectance (vitrinite %Ro and solid bitumen %BRo).  

Depth 
(M) 

Distance 
from sill 

Zone of Alteration Rock-Eval/LECO TOC Isotope Composition Organic Reflectance 

Tmax 
(◦C) 

TOC 
(wt%) 

S1 
(mg/g) 

S2 
(mg/g) 

S3 
(mg/g) 

HI (S2/ 
TOC) 

OI (S3/ 
TOC) 

OSI 
(S1x100/ 
TOC) 

δ13Corg (‰) 
VPDB 

δ13CCal (‰) 
VPDB 

Vitrinite (Ro) Solid bitumen 
(BRo) 

% n sd % n sd 

10.7 m thick upper dolerite sill 
53.04 3.04 

Upper aureole zone (with coke 
and pyrolytic carbon) 

608 0.05 0.07 0.10 0.13 200.00 260.00 140.00 − 26.53 − 9.73       
52.88 3.20 609 0.13 0.07 0.15 0.30 115.38 230.77 53.85 − 27.09 − 9.51    7.92 17 1.12 
52.55 3.53 602 0.15 0.06 0.11 0.32 73.33 213.33 40.00  − 11.29    7.87 53 0.29 
51.60 4.48 607 0.29 0.05 0.16 0.23 55.17 79.31 17.24 − 26.46 − 11.26    7.95 31 0.35 
51.25 4.83 595 0.18 0.04 0.13 0.08 72.22 44.44 22.22 − 26.88 − 10.33    7.81 35 0.29 
50.73 5.35 593 0.12 0.04 0.17 0.08 141.67 66.67 33.33      7.74 26 0.33 
50.00 6.08 604 0.39 0.08 0.16 0.33 41.03 84.62 20.51 − 27.12 − 9.60    6.83 12 0.17 
49.63 6.45 598 0.13 0.05 0.11 0.31 84.62 238.46 38.46 − 25.57 − 10.45    6.72 49 0.53 
48.12 7.96 577 0.72 0.04 0.49 0.51 68.06 70.83 5.56         
48.40 7.68 602 0.69 0.15 0.43 0.12 62.32 17.39 21.74 − 25.05 − 9.61    6.67 61 0.30 
47.09 8.99 583 0.72 0.18 0.64 0.20 88.89 27.78 25.00 − 24.79 − 10.05    6.25 49 0.09 
46.70 9.38 594 0.93 0.21 1.02 0.40 109.68 43.01 22.58 − 24.81 − 9.19       
46.40 9.68 607 1.46 0.40 0.71 0.30 48.63 20.55 27.40 − 23.55 − 9.16    5.42 25 0.15 
46.03 10.05 549 1.67 0.40 0.71 0.30 42.51 17.96 23.95  − 8.27       
45.38 10.70 532 2.11 0.11 0.48 0.17 22.75 8.06 5.21         
44.80 11.28 526 2.50 0.60 0.81 0.43 32.40 17.20 24.00 − 22.64 − 8.84 5.82 32 0.28 4.56 36 0.31 
44.12 11.96 501 3.27 0.83 1.14 0.19 34.86 5.81 25.38 − 24.04 − 8.70    4.13 36 0.29 
43.85 12.23 481 3.20 3.50 4.65 1.51 145.31 47.19 109.38 − 24.18 − 8.01 5.19 28 0.35 3.87 58 0.16 
42.97 13.11 

Lower aureole zone (angular 
solid bitumen, incipient coke) 

485 2.90 2.40 4.13 0.82 142.41 28.28 82.76 − 23.96  4.42 29 0.23 3.19 33 0.37 
42.40 13.68 502 4.14 1.17 3.35 0.32 80.92 7.73 28.26         
42.18 13.90 463 4.40 2.60 3.15 0.27 71.59 6.14 59.09 − 21.14        
41.70 14.38 463 4.78 1.71 2.35 0.52 49.16 10.88 35.77 − 21.89 − 7.84 3.98 34 0.19 2.55 37 0.34 
38.80 17.28 494 5.51 2.80 2.37 0.63 43.01 11.43 50.82 − 19.94  3.22 29 0.19 2.36 41 0.41 
36.35 19.73 487 5.83 2.85 6.14 0.41 105.32 7.03 48.89         
34.42 21.66 469 7.71 2.41 5.94 0.84 77.04 10.89 31.26 − 20.57 − 7.79       
34.05 22.03 494 7.63 3.39 8.07 1.71 105.77 22.41 44.43 − 21.03 − 7.32 3.10 37 0.18 2.06 32 0.27 
33.92 22.16 471 6.81 4.25 7.26 0.54 106.61 7.93 62.41 − 20.06 − 8.10       
33.76 22.32 485 7.04 3.04 4.78 1.61 67.90 22.87 43.18 − 20.44        
33.25 22.83  491 6.43 2.42 6.29 0.73 97.82 11.35 37.64 − 20.63  2.83 28 0.14 1.92 37 0.31 
32.60 23.48 

Heat unaltered zone 

483 5.75 2.80 3.63 1.12 63.13 19.48 48.70 − 21.17        
31.85 24.23 471 9.39 2.21 5.44 1.17 57.93 12.46 23.54 − 20.88 − 7.37 2.69 36 0.23 1.87 41 0.35 
31.44 24.64 477 6.58 7.83 6.14 0.58 93.31 8.81 119.00  − 7.59       
30.75 25.33 469 4.17 4.86 5.52 0.86 132.37 20.62 116.55  − 8.04       
30.15 25.93 479 5.91 2.17 0.54 1.05 9.14 17.77 36.72 − 20.60 − 7.83 2.59 31 0.18 1.74 50 0.28 
29.81 26.27 472 4.80 3.52 4.43 0.99 92.29 20.63 73.33         
29.40 26.68 461 6.94 2.91 6.32 1.05 91.07 15.13 41.93 − 21.11        
29.12 26.96 469 6.11 2.71 3.18 1.37 52.05 22.42 44.35 − 20.78        
28.20 27.88 471 5.95 1.96 4.01 1.71 67.39 28.74 32.94 − 19.72  2.29 28 0.31 1.68 31 0.33 
27.77 28.31 474 4.97 2.15 4.29 1.71 86.32 34.41 43.26 − 21.02        
27.35 28.73 461 6.05 1.83 6.19 1.68 102.31 27.77 30.25   2.05 32 0.24 1.61 29 0.27 
27.12 28.96 456 5.33 0.79 3.79 1.25 71.11 23.45 14.82   2.03 27 0.26 1.59 21 0.28 
26.42 26.42 462 4.07 1.70 4.84 1.38 118.92 33.91 41.77 − 18.16 − 8.03 2.09 28 0.31 1.58 31 0.33 
24.90 24.90 458 4.58 2.68 6.33 0.76 138.21 16.59 58.52 − 19.48 − 7.78 2.27 37 0.17 1.59 27 0.27 
22.35 22.35 467 4.83 2.01 2.61 0.43 54.04 8.90 41.61 − 19.50 − 7.55       
21.60 21.60 468 5.10 3.32 4.70 0.81 92.16 15.88 65.10 − 18.86 − 8.61       
20.18 20.18 463 5.81 1.75 3.66 0.87 62.99 14.97 30.12   2.30 35 0.24 1.61 27 0.25 
19.90 19.90 477 5.66 2.51 5.87 1.40 103.71 24.73 44.35 − 20.49 − 8.02 2.38 28 0.31 1.68 31 0.33 
18.55 18.55 474 4.05 2.33 3.33 1.35 82.22 33.33 57.53  − 8.36 2.41 29 0.21 1.76 34 0.28 

(continued on next page) 
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Table 2 (continued ) 

Depth 
(M) 

Distance 
from sill 

Zone of Alteration Rock-Eval/LECO TOC Isotope Composition Organic Reflectance 

Tmax 
(◦C) 

TOC 
(wt%) 

S1 
(mg/g) 

S2 
(mg/g) 

S3 
(mg/g) 

HI (S2/ 
TOC) 

OI (S3/ 
TOC) 

OSI 
(S1x100/ 
TOC) 

δ13Corg (‰) 
VPDB 

δ13CCal (‰) 
VPDB 

Vitrinite (Ro) Solid bitumen 
(BRo) 

% n sd % n sd 

17.80 17.80 472 3.78 2.94 5.61 1.61 148.41 42.59 77.78 − 21.04 − 9.74       
17.25 17.25 474 3.65 1.38 3.14 0.87 86.03 23.84 37.81 − 22.80 − 9.13       
16.12 16.12 477 3.82 1.08 3.07 0.39 80.37 10.21 28.27 − 22.52 − 9.10 2.64 28 0.21 1.81 43 0.27 
16.68 16.68 481 3.01 0.47 1.96 0.41 65.12 13.62 15.61         
15.90 15.90 489 1.97 1.42 3.35 0.89 170.05 45.18 72.08 − 24.31 − 10.32 2.88 27 0.21 1.87 43 0.27 
14.60 14.60 

Aureole zone (with dispersed 
coke and pyrolytic carbon) 

487 2.78 1.06 1.86 1.70 66.91 61.15 38.13 − 23.80 − 9.69 3.11 32 0.36 2.18 27 0.30 
13.85 13.85 483 2.82 0.72 1.26 1.97 44.68 69.86 25.53   3.32 24 0.42 2.39 29 0.29 
12.50 12.50 481 2.66 1.28 3.19 1.74 119.92 65.41 48.12 − 22.93 − 10.53    3.16 28 0.18 
11.80 11.80 482 1.96 1.62 1.83 1.35 93.37 68.88 82.65         
11.40 11.40 479 1.15 1.28 2.74 1.77 238.26 153.91 111.30 − 22.97 − 9.73       
10.90 10.90 496 1.65 0.81 2.21 1.71 133.94 103.64 49.09      4.03 28 0.18 
10.35 10.35 511 0.85 0.07 0.10 0.53 11.76 62.35 8.24      4.27 43 0.23 
9.63 9.63 509 1.03 0.07 0.15 0.30 14.56 29.13 6.80 − 23.86 − 9.84       
7.50 7.50 502 0.55 0.06 0.11 0.32 20.00 58.18 10.91      4.82 31 0.24 
6.89 6.89 507 0.44 0.05 0.16 0.23 36.36 52.27 11.36         
5.50 5.50 505 0.48 0.04 0.13 0.18 27.08 37.50 8.33 − 24.88 − 10.31       
4.10 4.10 543 0.27 0.04 0.17 0.18 62.96 66.67 14.81 − 25.73 − 10.58    5.03 49 0.15 
2.60 2.60 604 0.39 0.08 0.16 0.21 41.03 53.85 20.51 − 25.94        
1.87 1.87 578 0.22 0.07 0.10 0.13 45.45 59.09 31.82      6.14 14 0.09 
1.35 1.35 609 0.13 0.07 0.15 0.13 115.38 100.00 53.85 − 26.07     5.97 23 0.19 
0.55 0.55 602 0.15 0.06 0.11 0.22 73.33 146.67 40.00 − 25.84 − 10.75    6.16 21 0.20 
0.24 0.24 606 0.14 0.05 0.14 0.23 100.00 164.29 35.71 − 26.61 − 10.71       
0.12 0.12 595 0.08 0.04 0.13 0.08 162.50 100.00 50.00         
0.08 0.08 609 0.05 0.03 0.10 0.06 200.00 120.00 60.00 − 26.36        
9.3 m thick lower dolerite sill 

Note that Tmax is unreliable if S2 values are <0.2 mg/g. 
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Another factor used to explain the asymmetry of aureole sizes is 
variability in the thermal conductivity of the host rocks (e.g., Raymond 
and Murchison, 1989; Nunn and Lin, 2002; Schimmelmann et al., 2009). 
Shales are known to be inherently heterogeneous, with individual for-
mations composed of detrital silt and clay content, carbonate, biogenic 
silica, and organic carbon concentrations in stratigraphically variable 

proportions (e.g., Bohacs et al., 2013; Harris et al., 2018a). As a result, 
properties such as rock strength, porosity, and permeability tend to vary 
stratigraphically in shales (Harris et al., 2011). Thus, the thermal con-
ductivity of individual shales, which depends on such factors as lithol-
ogy, sediment consolidation, and water content, tends to vary, ranging 
from 0.7 to 1.2 Wm− 1 ◦C (Nunn and Lin, 2002). 

Fig. 7. A-D: Reflected white light and oil immersion photomicrographs showing the optical texture and morphology of heat-affected organic matter in the sill- 
bearing section of the Whitehill Formation. A-B: Shale matrix showing solid bitumen networks displaying angular outline. C-D: Dispersed heat-affected angular 
solid bitumen particles showing textural anisotropy. E-F: SEM images showing nanoporous solid bitumen. E: Heat-unaffected solid bitumen showing dual nanopore 
networks comprising larger oval pores and slit pores. F: Intrusive heat-affected solid bitumen network with drastically reduced to absent larger oval pores but 
dominated by slit pores at the scale of the SEM. 
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The Whitehill Formation displays significant stratigraphic variability 
and has been subdivided into sub-units based on sedimentary features, 
including grain size and relative quartz, carbonate, clay minerals, and 
organic matter abundances (Cole and McLachlan, 1991; Visser, 1997; 
Chukwuma and Bordy, 2016). Marked increases in organic matter and 
clay content are documented in the upper section which has been shown 
to have resulted in higher water content relative to the lower section 
during the early burial stage of this formation (Chukwuma et al., 2021, 
2022). The combination of these factors is likely to have resulted in 
variable thermal conductivity. We speculate that either additive heat 
flow from sequential emplacements or the increased abundance of both 
organic matter and clay minerals in the upper lithofacies would have 

caused the contact zones of the upper sill to remain at elevated tem-
peratures for longer periods, thus resulting in the observed thicker 
aureole. 

5.4. The fate of organic carbon during sill-induced maturation 

The maturation of oil-prone sedimentary organic matter is domi-
nantly a cracking and aromatization process, in which hydrogen and 
heteroelements are preferentially liberated as volatiles, and carbon is 
retained with graphite as the ultimate end product (Van Krevelen, 1993; 
Killops and Killops, 2005; Peters et al., 2005). The development of an 
increasingly granular texture in the naturally mature post-oil solid 

Fig. 8. Histogram showing the mean random reflectance of vitrinite (A, C) and solid bitumen (B, D) in the sections of the Whitehill Formation with no sill. A, C: Mean 
random vitrinite reflectance shows a consistent reading of 1.26%, with a standard deviation ranging from 0.029 to 0.046%. B, D: Mean random reflection of solid 
bitumen range from 1.01 to 1.06%, with standard deviation ranging from 0.097 to 0.139%. 
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Fig. 9. A. Effect of upper and lower sill intrusions on the 
stratigraphic distribution of organic geochemical and 
petrographic composition of the Whitehill Formation (see 
Fig. 12 for interpretation). B: Vitrinite and solid bitumen 
reflectance measured across the stratigraphic section of 
the Whitehill Formation relative to the two sills to eval-
uate the effect of the latter on organic maturity. Relative to 
the thickness of the sills, the reflectance profiles of the 
upper sill are significantly higher and more extended than 
those of the lower sill, which implies asymmetrical 
aureoles.   
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bitumen with an increasing level of maturity observed outside the 
contact zones of the intrusions represents a better ordering of the mo-
lecular structure for graphitizing carbon. 

The conversion of organic matter into coke and pyrolytic carbon 
within the contact aureole of the sills suggests that instead of carbon 
graphitization with increasing temperature, the heat from intrusions 

promoted the development of increased anisotropic, non-graphitized 
carbon. Volatiles were generated from the section intruded by sills, 
indicated by the pervasive presence of pyrolytic carbon and devolatili-
zation pores in the coke grains (e.g., Aarnes et al., 2011; Goodarzi et al., 
2019). This contrasts with the petrographic character of organic matter 
in the non-intruded section, although non-graphitized carbon is present 

Fig. 10. A-I: Reflected light and oil immersion (A, B, D, E, G, H) and backscattered SEM (C, F, I, J, K, L) micrographs showing the differences in texture and 
morphology of coke grains in the sill-hosting section of the Whitehill Formation. A: Reflected white light micrograph of coke with incipient mosaic texture. B: The 
same sample as A, taken under cross polars with a retarder plate. C: SEM BSD of the same sample as A. D-I: Coke in the aureole of the upper sill show marked textural 
variability and increased anisotropy with decreasing distance to the sill. D: Reflected white light micrograph of coke exhibiting coarse circular to increasingly ribbon 
mosaic textures. E: The same sample as D, taken under cross polars with lambda plate. F: SEM Inlens of the same sample as D showing devolatilization pores and high 
coke porosity. G: Reflected white light micrograph of anisotropic coke in the shale layers adjacent to the upper sill, exhibiting increased ribbon mosaic texture. H: The 
same sample as G, taken under cross polars with lambda plate to enhance textural anisotropy. I: SEM micrograph of the same sample as G showing larger devo-
latilization pores and higher coke porosity. J-L: SEM micrographs show a systematic increase in the number and size of devolatilization pores in the coked shale with 
decreasing distance from the sill with J being the farthest and L closest to the upper sill. %CRo = coke reflectance. 
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in both sections. Because the initial organic matter was primarily Type II 
kerogen, the volatiles generated within the contact zone of the sills 
would be primarily methane (CH4), and to a lesser extent, carbon di-
oxide (CO2) (Tissot and Welte, 1984; Aarnes et al., 2011; Mahlstedt and 
Horsfield, 2012; Peters et al., 2005). 

Several studies have evaluated the fate of the volatiles generated 
from organic-rich shales by igneous intrusions (e.g., Svensen et al., 
2007; Aarnes et al., 2011; de Kock et al., 2017). Aarnes et al., 2011) 
observed that the buildup of pressure from petroleum generation by the 
intrusions caused large-scale emplacement-related fracturing of the host 
shales, most of which are rooted within the contact aureoles of the sills. 
These structures can serve as preferred pathways for the escape of vol-
atile matter and heat to the atmosphere (Svensen et al., 2007; Aarnes 
et al., 2011; Senger et al., 2017) or as barriers to fluid flow depending on 
their network properties (Rabbel et al., 2021). 

The isotopic composition of organic matter and petrographic ob-
servations suggest that a significant fraction of the volatiles was re- 
deposited within the shales. 12C is preferentially fractionated into vol-
atiles and pyrolysates during organic matter cracking in the contact 
zone, increasing δ13C values of the residual organic matter (Faure, 1986; 
Whiticar, 1996; Rimmer et al., 2005; Schimmelmann et al., 2009; 
Rahman et al., 2017). Thus, it is expected that the δ13C values of the 

residual organic material would become less negative in values with 
decreasing distance to the sills. However, the trend of δ13C values is a 
general shift towards more negative values approaching the aureoles, 
with a decrease of 3.13‰ over a distance of 8.7 m recorded towards the 
upper sill (Fig. 9A, Table 2). 

An explanation for the isotopic trend observed within the aureoles is 
the trapping and redeposition of generated volatiles in form of pyrolytic 
carbon and associated organic alkylation reactions. Models of intrusion- 
sediment interactions recognize two stages (e.g., Podwysocki and 
Dutcher, 1971; Aarnes et al., 2011; Wang and Manga, 2015; Rabbel 
et al., 2021): An initial thermal phase, which is dominated by 
temperature-driven metamorphic reactions and fluid generation 
(resulting from the rapid generation of hydrocarbon and mineral 
dehydration), and a subsequent cooling phase dominated by fluid 
overpressure-driven shale fracturing and outward-directed fluid migra-
tion (Goodarzi et al., 2019; Rabbel et al., 2021). Thus, these models 
suggest a clear temporal sequence of fluid generation in a high- 
temperature environment followed by hydrofracturing and fluid 
migration in a cooler environment. However, the presence of vein-filling 
pyrolytic carbon with strong anisotropic texture (Figs. 11G, 12E-F) 
within the metamorphic aureoles suggests shale fracturing and fluid 
migration occurred at very high temperatures. Our observations tend to 

Fig. 11. Reflected light micrographs 
taken under oil immersion and cross- 
polars showing further relation between 
the binder and filler phases as well as 
pyrolytic carbon with decreasing distance 
to the sill, enhanced with a retarder plate. 
With decreasing distance to the sill, both 
the binder and filler components become 
increasingly anisotropic. A: Coke with 
medium circular mosaic texture, 
becoming increasingly ribbon towards the 
left, and dominated by isotropy of both 
binder and filler components. Observe 
porosity (Po). B: Coke is dominated by 
coarse circular and to a lesser extent 
coarse ribbon mosaic textures, isotropic 
filler, and anisotropic binder phase. C: 
Coke with coarse ribbon mosaic texture 
and anisotropic filler and binder phases. 
D: Coke with coarse ribbon mosaic texture 
and strongly anisotropic filler and binder 
phases. Observe large porosity (Po). E: 
Laminated, pore-lining anisotropic pyro-
lytic carbon. Insert is taken under cross- 
polars with a retarder plate. F: Lami-
nated pyrolytic carbon with strong 
anisotropy. %CRo = coke reflectance.   
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agree with the suggestion of Rabbel et al. (2021) that both the high- 
temperature chemical reactions and overpressure-driven fracturing 
and fluid migration occur almost simultaneously and that an immediate 
causal relationship exists between these processes. Thus, the flow of 
incipient hydrocarbon and other hydrothermal fluids from adjacent 
layers into aureoles likely occurred prior to significant cooling of the 
high-temperature environment, thereby allowing the methane to crack 
and become re-deposited in the form of pyrolytic carbon (Eq. (1); g =
gas, s = solid) (Whiticar, 1996; Rimmer et al., 2005; Cooper et al., 2007; 
Schimmelmann et al., 2009; Rahman et al., 2017). It follows that the 
shales themselves may have served as a sink for generated volatiles in 
the form of pyrolytic carbon near the sill contacts: 

CH4(g)→C(s) + 2H2 (g) (1) 

With regard to alkylation reactions and isotopic exchange, Williams 
et al. (1988) have shown that alkylcyclohexanes and alkylbenzenes can 
be produced by such reactions in the presence of kerogen. The transfer of 
methyl groups from alkyldibenzothiophenes (4 positions, adjacent to the 
sulfur atom) to alkylaromatics in petroleum has also been demonstrated 
(Filley et al., 1997). Dissolved hydrocarbon gases may be involved in the 
alkylation process because the carbon in methane is isotopically very 
light, and alkylation would not need to be volumetrically extensive in 
order to bring about a lighter bulk isotopic composition. Some evidence 
for alkylation and isotope exchange has already been described (Sackett, 
1993; Voigtmann et al., 1994), although the role played by alkylation, 
and the possible involvement of sulfur-species and macromolecular 
matrices will need further consideration (Fabuss et al., 1965; Williams 

Fig. 12. Model interpretation of the effect of higher temperatures from sill emplacement on the petrographic and geochemical composition of organic matter in the 
Whitehill Formation. With decreasing distance to the sills, the optical texture of solid bitumen particles changed from isotropic to anisotropic and become pro-
gressively transformed into coke and pyrolytic carbon. These attributes allowed the aureole zone of the sills to be subdivided into an inner aureole zone with a 
notable presence of coke and pyrolytic carbon and an outer aureole zone with no coke and pyrolytic carbon. Within the inner contact zone of the upper sill, the 
optical texture and anisotropy of the coke and pyrolytic carbon also show distinctive changes with proximity to the sill. In approaching the sills, the isotopic 
composition of organic matter shows a progressive decrease (more negative values), which is interpreted to represent the migration of volatiles from the extremely 
altered shale layers adjacent to the sills and sequent cracking of both in-situ and migrated volatiles to pyrolytic carbon. 
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et al., 1988). 
The development of anisotropic coke grains requires rapid exposure 

of oil-mature organic matter to a geological temperature of 350–450 ◦C, 
based on both experimental and field data (e.g., Taylor et al., 1998; 
Teichmuller and Teichmuller, 2002; Rimmer et al., 2005). Under labo-
ratory conditions, a much higher temperature of up to 800 ◦C is required 
(e.g., Schimmelmann et al., 2009; Goodarzi et al., 2019). Although coke 
formation is partly governed by kinetics and could form at somewhat 
lower temperatures over longer periods (e.g., Banergie et al., 1986; 
Wang et al., 2022), the highly anisotropic texture of these coke grains 
suggests formation at high-temperature conditions. 

Another piece of evidence for the generation of methane is the 
absence or sharp decrease in the abundance of organic material in the 
extremely altered strata immediately surrounding the sills. This obser-
vation indicates that the conversion of residual organic carbon to 
gaseous products operated effectively within the contact zone of the 
sills. This carbon-consuming reaction and generation of volatile prod-
ucts are promoted by supercritical H2O-dominated fluids, which typi-
cally occur at elevated temperatures (Eq. (2); [s = solid, l = liquid, g =
gas]) (Aarnes et al., 2011). Thus, these observations suggest that the 
organic matter in the contact zone of the sills attained the peak tem-
peratures as predicted by thermal models (e.g., Teichmuller and 
Teichmuller, 2002; Aarnes et al., 2011; Wang and Manga, 2015): 

2C(s) + 2H2O(l)→CH4 (g) +CO2 (g) (2)  

5.5. Impact of intrusions on the hydrocarbon system of the basin 

Studies have shown that the high heat flow from igneous intrusions 
can affect all elements of both conventional and unconventional petro-
leum systems: source rock, reservoir, expulsion, migration pathways, 
seal, and the timely combination of all factors (e.g., Thomaz Filho et al., 
2008; Aarnes et al., 2011; Goodarzi et al., 2019; Rabbel et al., 2021). In 
terms of the unconventional hydrocarbon system, igneous intrusions are 
generally considered unfavorable for resource potential as the organic 
matter in the contact zone has lost its capacity to generate hydrocarbon 
and the generated petroleum fluids have migrated out of the contact 
areas via emplacement-induced structures and fracture networks in the 
host shale and the intrusions. However, some studies (e.g., Spacapan 
et al., 2018; Goodarzi et al., 2019) contradict these general assumptions 
and present clear examples where gas content around sills is signifi-
cantly higher than the background. 

The results of petrographic and geochemical analyses presented here 
directly indicate that the high heat flow from the intrusions has 
destroyed the hydrocarbon generation potential in the highly meta-
morphosed aureole surrounding the sills. In particular, the decreased 
abundance of residual organic matter and its conversion to natural coke 
and pyrolytic carbon indicate that the organic matter in the contact zone 
of the sills has become metamorphosed and has lost its potential to 
generate hydrocarbons. Also, at the scale of the SEM, we document a 
reduced population of microporosity in the contact zone relative to the 
background (Fig. 7E, F). As methane adsorption capacity is typically 
associated with microporosity, this implies a reduced potential for 
adsorbed gas. Notwithstanding the loss of generation potential and 
reduced adsorption capacity in the contact zone, the effect of intrusions 
on the petroleum system of the organic-rich shale unit studied here is an 
overall positive one. 

As organic maturation level is the main contributor to both shale 
porosity and permeability, the higher hydrocarbon generation potential 
of the sill-hosting section implies a higher potential for hydrocarbon 
storage and transmissibility. Also, the significant increase in meso-
porosity in the contact zone, resulting from devolatilization pores in the 
coked shales, implies an increased storage capacity for free gas, which 
has been shown to be linked to the larger pores. Combined with the 
sealing capacity of the sills, these characteristics of the shales make their 
contact zone a good reservoir for free gas. The retention of free gas 

within the contact zone of the sill-hosting shales has been documented in 
several areas of the basin, but particularly in the study locality where 
this gas has been escaping from this shale unit where the equivalent of 
the upper sill was breached in a borehole at a depth of about 220 m for 
some 30 years (Macey et al., 2011). This gas has also been encountered 
recently in several water boreholes and windpumps at depth of 167 to 
213 m in Loeriesfontein, and in some instances, the gas flow vigorously 
for several weeks. Thus, these observations indicate that igneous in-
trusions directly influence the distribution of meso- and microporosity in 
the reservoir shale and maybe be responsible for a significant variation 
of gas content on a basin-scale. Also, the variability of meso- and 
microporosity in the sill-hosting shales will also influence their capacity 
of other fluids, and by extension has significant implications for other 
geofluid systems, such as CO2 sequestration. However detailed under-
standing of these modifications and their implication for fluid storage 
requires a comprehensive understanding of the fracture network prop-
erties of the shales. 

Additionally, the presence of vein-filling pyrolytic carbon in the 
aureole zone of the sills is an important discovery because it provides 
direct evidence for the formation of overpressure-induced hydraulic 
fractures and hydrocarbon fluid migration under high-temperature 
conditions. Although our thermal proxies are qualitative and cannot 
determine the exact temperature, the observed textural anisotropy of the 
pyrolytic carbon grains suggests that formation at temperatures of 
several hundred degrees. This observation is important because existing 
models of intrusion-sediment interactions tend to favor the idea that 
shale fracturing and fluid migration occur after the intrusion has cooled 
significantly and fluid pressure gradients have reversed from inward to 
outward-directed (e.g., Podwysocki and Dutcher, 1971; Aarnes et al., 
2011; Wang and Manga, 2015; Rabbel et al., 2021). This observation has 
implications for the timing of fluid flow and migration pathways, 
including the role played by fracture networks in both the shales and the 
intrusions themselves as preferred pathways for fluid flow and/or bar-
riers to flow (Rabbel et al., 2021). 

6. Conclusions 

This study evaluated the effects of igneous intrusions on the thermal 
evolution of oil-prone sedimentary organic matter and their implication 
for the development of shale resources in the Lower Permian Whitehill 
Formation, which is the principal reservoir shale in the Karoo Basin of 
South Africa. Results of organic petrographic and geochemical analyses 
indicate that organic matter in this shale formation is dominated by 
secondary hydrocarbons, comprising texturally homogenous, reflective 
pre-oil solid bitumen and nanoporous granular post-oil solid bitumen 
networks, which are derived from initial oil-prone sedimentary organic 
matter. Two sections are compared, one with two laterally continuous 
intrusive sills and a second without intrusions. 

A comparison of the stratigraphic sections with and without sills 
indicates that the igneous intrusions, caused the TOC and S2 values to 
decline from a maximum of 17% to 10% and 62 mg HC/g TOC to 6.3 mg 
HC/g TOC. The reflectance of vitrinite and solid bitumen increased by a 
maximum of 1.26% to 6.13% and 3.03% to 7.95%, respectively. Results 
also indicate that the thermal aureole zone of the sills can be recognized 
by changes to the optical texture and morphology of the solid bitumen 
networks, as well as the isotopic composition of their constituent's 
micron-sized organic components. In approaching the sills, solid 
bitumen develops increasingly higher optical anisotropy and angularity, 
becomes increasingly converted into coke and pyrolytic carbon, and 
progressively depleted isotopically with δ13Corg values becoming more 
negative by up to 3.13‰. 

We also document that the aureole size of the two sills in the strat-
igraphic section of the shale examined is asymmetrical, with that of the 
upper aureole being 241% of the sill thickness while the lower aureole 
sill is 151%. Lithofacies variability, particularly differences in organic 
and clay mineral content of the intruded shale, may have caused its 
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thermal conductivity to vary and possibly accounts for this observation. 
The presence of highly anisotropic coke grains and pyrolytic carbon in 
the contact aureole of the sills is visual evidence for a substantial 
devolatilization of organic matter. Data also suggest that a fraction of 
gas that was generated was redeposited within the shales in the form of 
pyrolytic carbon. While elevated temperatures from the intrusions have 
destroyed petroleum generation and retention potential within the 
contact zone of the sills, the significant decrease of TOC and S2 values in 
the sill-bearing section relative to the background, suggests that intru-
sive heat may have improved methane generation. Moreover, our data 
indicate that overpressure-induced shale fracturing and hydrocarbon 
fluid migration can occur under high-temperature conditions, and prior 
to the cooling of the intrusions. This improved understanding of the role 
played by igneous intrusions in the generation and migration of methane 
will contribute to the search for and development of shale resources in 
the Karoo Basin and other similar basins. 
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