
 

  

 

 

 

 

 

 

 

 

INFLUENCE OF DOLERITES ON COAL RANK, MATURITY AND TOTAL GAS 

CONTENT IN COAL BED METHANE PLAY, BOTSWANA 

 

 

 

 

 

 

 

 

 

by 

Muhammed Emin Bulguroglu  



  

ii 

 

A thesis submitted to the Faculty and the Board of Trustees of the Colorado School of 

Mines in partial fulfillment of the requirements for the degree of Master of Science (Geology).  

 

 

Golden, Colorado  

 

Date: ________________________ 

 

                                                           Signed:  ___________________________________  

                                  Muhammed Emin Bulguroglu 

 

                                               Signed:  ___________________________________  

                                                     Dr. Alexei V. Milkov  

                                                         Thesis Advisor  

Golden, Colorado  

 

Date: ________________________ 

 

                                                          Signed:  ___________________________________  

                                                                Dr. M. Stephen Enders                         

                                                                                                                Professor and Head 

                                                                        Department of Geology and Geological Engineering 

 

 



  

iii 

 

ABSTRACT 

 Coal bed methane (CBM) is the gas adsorbed into the solid matrix of the coal. 

Botswana’s energy has heavily been depending on coals. In order to explore CBM potential of 

Botswana, Kubu Energy Resources (a joint venture between Sasol and Origin Energy) drilled 

nine coreholes in three different license areas, which cover a total area of 3000 km2 in 2013. Due 

to extensive magmatic activity that happened about 180 million years ago, Botswana has 

abundant dolerite sills. 

In this thesis, I studied the subsurface geology of the Kubu’s license areas to understand 

the influence of dolerites on coal beds and CBM potential. I used well-logs to reveal lateral and 

vertical variations in lithology and created structure and isopach maps to understand variations in 

stratigraphy and structural setting. Coal rank, maturity and total gas content data were provided 

from Kubu Energy. I used the 1D basin modelling software Genesis (version 5.7) by Zetaware 

Inc. to build burial and thermal history models and to understand the thermal influence of 

dolerites on the surrounding sediments, coals and CBM.  

Thermal influence of sills depends on their thickness. Dolerite sills thicker than 15 m 

have thermal influence ratio 1:0.55 above the sill and 1:0.48 below the sill, i.e., they affect 

sediments at the distance about half of their own thickness. Dolerite sills thinner than 5 m have 

thermal influence ratio 1:5.2 above the sill and 1:6.1 below the sill, i.e., they affect sediments at 

the distances 5-6 times larger than their own thickness. Timing of the intrusion is also important. 

Less deposition time results in relatively higher maturity values in the surrounding sediments. 

Intrusions deposited almost instantaneously have the largest thermal effect on the surrounding 

sediments.   
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As expected, coal rank, maturity (vitrinite reflectance) and gas content increase towards 

the contacts of dolerite sills with surrounding rocks. In this study, non-heat affected samples 

display lower total gas content values than typical productive CBM plays in the U.S basins. 

However, heat-affected coals in Botswana have gas content in the range of typical productive 

CBM plays in the U.S basins.  
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CHAPTER 1 INTRODUCTION 

Since the beginning of coal mining, miners have always suspected the presence of gas 

hidden inside the coal seams. In the 19th century, they noticed that gas trapped in coal seams 

caused a range of safety issues. A methane gas explosion killed 13 miners in the Hendrik mine in 

Brunssum (Netherlands) on 13 July 1928. 103 miners died due to a methane gas explosion in the 

Armutcuk (Turkey) coal mines in March 1983 (Wikipedia). If miners do not take safety 

measures like ventilation, workers can be poisoned or worse they can accidently cause sparks 

leading to explosions. Back then, people always thought that this gas was only a hazard. 

However, in late 1970’s with leadership of the USA, scientists found that it is actually a quality 

methane gas, which can be a feasible unconventional gas resource. After this discovery, 

scientists investigated coal resources and determined the best places for coal-bed methane 

(CBM) extraction. Today, CBM helps the USA and the other countries to increase their gas 

production. The US Energy Information Administration assessed that the annual US CBM gas 

production started with 500 billion cubic feet in the 1990’s and the number reached almost 2,000 

billion cubic feet in 2008. After this peak point, CBM gas production started decreasing but in 

the year 2015 it was still 1,269 billion cubic feet (US Energy Information Administration, U.S 

Coalbed Methane Production report, 2018). 

Coal bed gas is the gas adsorbed into the solid matrix of the coal. It is composed of 

mostly methane. Hydrogen sulfide (H2S) content is very low (less than 0.5%) in coal bed gas, 

thus it is called sweet gas. Concentrations of heavier gases like ethane, propane and butane are 

generally lower than in other conventional and unconventional gas resources. The coal bed gas 

occasionally might contain up to a few percent carbon dioxide (CO2). Certain temperature and 
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pressure conditions must be present in order to produce coal bed gas (methane). Natural 

production or the pumping of water from the coal beds causes pressure drawdown within them. 

Then the produced gas is transferred to a compressor station and eventually into natural gas 

pipelines. Produced water can be used for irrigation purposes or sent to evaporation ponds as a 

byproduct. Initial production from CBM wells is generally characterized by a high production 

ratio of water to gas; however, further production results in a relative increase in the amount of 

produced gas.   

A massive magmatic event happened in Gondwana (the ancient mega-continent) 183 

million years ago and formed the Karoo-Ferrar Large Igneous Province (LIP). As a result of the 

tectonic deformation, Africa, South America, India, Australia and Antartica split and drifted 

apart. During this event, volcanism in the Southern Africa intensified and resulted in massive 

magma flows. As the magma came closer to the surface, it tried to leak through every weak spot. 

In Botswana, sedimentary rocks deposited 300 to 180 million years ago. These sedimentary 

rocks are easy for the magma to flow to go through. Some magma formed dykes, sub vertical 

sheet-like intrusions. However, most magma formed sills, tabular sheet intrusions between 

sedimentary layers. In addition, a great amount of the magma flow successfully went through to 

the surface and influenced today’s landscape of Botswana. 

In this study, I investigate the influence of dolerite sills on CBM play in Botswana. 

Dolerite is defined as a medium-grained mafic intrusive rock. If it intrudes between rock layers 

and cools off in there, a dolerite sill is created. Understanding of the magmatic bodies like sills, 

dykes, batholiths and laccoliths is crucial for studying the geology of Botswana because of their 

vast geographic abundance.  
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The distribution and abundance of coal deposits are related to the emergence of land 

plants. The evolution of first land plants corresponded to the Mississipian and Pennsylvanian 

eras. Thus, large coal deposits are aged Carboniferous and younger. Devonian coals are very rare 

and pre-Silurian true coals have never been found. In Botswana, coal layers are located inside of 

the Serowe and Morupule formations of Permian age. After the formation of coals, a substantial 

magmatic event and continental drift initiated during the early Jurassic period. Dolerite sills 

started to have an impact on sedimentary layers and coals.  

The influence of dolerites on coal beds and CBM is still debated in the literature. Some 

researches claim that dolerites deteriorate the gas content and cause the gas to burn out (Faiz et 

al., 2013). On the contrary, other researchers proposed that dolerites increase the gas maturity 

and act as a natural fracking mechanism (Gurba and Weber, 2001). This study aims to contribute 

some insights to this debate. 

1.1  Purpose and Objectives 

Unlike the USA, many other countries are not paying enough attention to CBM. They 

need to reexamine previously abandoned, weakly studied or unexplored coal resources in the 

aspect of CBM potential. This exploration can increase the gas production and eventually 

improve their economy. Botswana’s government took a step for this unconventional resource and 

let companies investigate the coal-bed methane potential of Botswana. This is a promising 

decision on their part because Botswana’s energy has heavily been depending on coals. The 

country does not have any known petroleum reserves and resources. On the other hand, coal 

reserves are estimated at 212 billion tons. Most of the coal mined in Botswana is used for 

electricity production, and the country imports oil and gas from other African countries (National 

Energy Policy for Botswana – final draft technical report, March 2009). 
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EIA estimated that the remaining U.S recoverable coal reserves totaled over 254 billion 

short tons as of January 1st, 2017 (U.S. Energy Information Administration, U.S Coal Reserves, 

release date 11/15/2017). This comparison shows that, with 9.8 million km2 total area, United 

States has similar coal reserves to those in Botswana, which has 581 thousands km2 total area. 

Coal is a vital energy resource for Botswana, and studies shall be conducted on the CBM 

potential of Botswana due to its ability to change the future of the country.  

In March 2009, Cornelius Tazviona Mzezewa prepared a report (T. Mzezewa, 2009, 

National Energy Policy for Botswana – Final Draft) as a consultant for the Government of the 

Republic of Botswana, Ministry of Minerals, Energy and Water Resources Energy Division. This 

report finally proved to the authorities that depending only on coal mining is not enough for 

Botswana’s people. Two million people live in Botswana but still 20% of them do not have 

access to electricity. Every kind of energy resources are needed for Botswana because energy 

shapes the economy and the social life of people. 

In the report prepared by Cornelius Tazviona Mzezewa, the assessment of the coalbed 

methane resource potential of Botswana resulted in roughly 35 trillion cubic feet (TCF). How 

much of it is recoverable is still unknown.  

1.2 Project Overview and Dataset 

Kubu Energy Resources (a joint venture between Sasol and Origin Energy) drilled nine 

coreholes in three different license areas in 2013. Collected data included core samples, gas 

content, gas composition, proximate analysis, isotopic composition of gas, adsorption isotherm 

data, gas saturation and maceral analysis.  

Due to limited time, Kubu Energy was not able to go through all the details about the 

influence of dolerites on coal bed methane because their main goal was discovering economic 
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recoverable gas in the licensed areas. They found that dolerite intrusions are present almost 

everywhere. They found gas inside of the coal but it was difficult for them to understand 

completely what kind of affect the dolerite intrusions have on coals.  

The CBM exploration in Botswana is in pioneering stages and only a few papers are 

available on this subject. Kubu Energy provided all the data they have such as the open hole logs 

and laboratory analyses. Kubu Energy employees have published four reports in the area. By 

using all the data available, this thesis study has been conducted to understand the influence of 

dolerites on CBM play. The study includes core descriptions, well-log analyses, coal rank 

analyses, gas content and composition analyses, 1D modeling of 9 coreholes in Genesis, burial 

and thermal history charts. It contributes to the discussion about the controversy of whether the 

intrusions are good or bad for gas quality, quantity and maturity. 

1.3 Study Area 

 

Figure 1.1 Map of Southern Africa showing the locations of Kubu Production License (PL) 

areas. 
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The study area is located in the eastern part of Botswana, South Africa (Figure 1.1). Kubu 

Energy’s three Production Licenses (PLs) are in the WGS84 UTM coordinate system 35S zone. 

The coordinates of coreholes’ latitudes ranges between 21.39° S and 21.75° S, longitudes ranges 

between 26.11° E and 26.81° E. Kubu Energy PLs cover an area of total 3000 km2. Each PL area 

of approximately 1000 km2.The study area is bounded by Mashoro city on the south and Sua Salt 

Pan on the north. Highways A14 and A30 can be used to reach the study area. There are no 

populated cities present in the area (Figure 1.2).  

 

Figure 1.2 Map of Botswana showing the location of Kubu PLs. 
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1.4 Previous Studies  

A number of oil and gas companies invested in coal bed methane exploration projects in 

South Africa since the mid-90’s. Anglo American successfully completed a 5-spot well 

development in the Waterberg area in 2004. City of Waterberg is located in near vicinity to 

Botswana, thus other companies started to investigate the potential of Botswana. Junior Potgieter 

and Neil Andersen prepared a report titled “An Evaluation of the Coalbed Methane Potential of 

the Central Kalahari Area of Botswana from a Geological Perspective” in July 2012. They 

investigated the regional geology of the Karoo Supergroup in Botswana and CBM history of 

Botswana. Using common risk segment mapping (CRS) approach, they identified areas of high 

potential for coalbed methane production. Their report marks the beginning of the study for 

Kubu Energy. 

In December 2013, Kubu Energy employees Mohinudeen Faiz, Eve Crozier and Amy 

Lee-King published another report titled “Influence of Coal Type, Rank and Thermal History on 

Gas Contents in the Kubu PLs, Botswana”. The report provided the dataset for this thesis. Kubu 

Energy drilled nine coreholes in their licensed PLs. They collected a variety of data including 

core samples, gas content, gas composition, proximate analyses, isotopic composition of gas, 

adsorption isotherm data, gas saturation and maceral analyses. The most interesting result of this 

study is that intrusions have massive impact on coal bed maturity. However, due to time 

limitations and having focused mainly on finding economic CBM resources, Faiz et al. (2013) 

did not thoroughly investigate the subject. The main objective of this thesis is to understand the 

influence of dolerites on coal beds by using data gathered from nine coreholes drilled by Kubu 

Energy.  
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Two more reports were prepared after the two studies by Potgieter and Andersen (2012) 

and Faiz et al. (2013). In February 2014, Kubu Energy employees Jacques Roon and Irfaan 

Parker prepared a report named stratigraphic reinterpretation of Kubu Energy resources 

Botswana coreholes 1 to 9.  They went into more detail about intrusions and corehole 

correlations. They also explained every single stratigraphic formation which is present in the 

area. This report is also one of the main resources for this thesis study. Kubu Energy prepared 

another report in April, 2014. Jacques Roon and Irfaan Parker worked together and published a 

report named an evaluation of the coal bed Methane potential of the Central Kalahari area of 

Botswana from a geological perspective. They used additional data which became available at 

that time and they created new Common Risk Segment (CRS) maps. All four reports and their 

datasets were provided for this thesis study by Kubu Energy.  

1.4.1 Result of Previous Studies 

The influence of dolerites on maturity in the study area was investigated by Faiz et al. 

(2013). According to the research, dolerite intrusions significantly affect maturity close to the 

contacts, but the influence of dolerites decreases rapidly with the distance from contacts. 

Vitrinite Reflectance (VR) values can reach up to 5-6% near intrusions and decrease to 0.4-0.6% 

away from the intrusions. The thermal effect of the intrusive events is confined to a few meters 

on both sides of the intrusion (Faiz et al., 2013, Page 19).  

Several components of CBM exploration were investigated (Faiz et al., 2013). Coal type, 

coal rank, basin modelling, gas generation, gas desorption, gas storage capacity and methane 

saturation are some of the topics of the report. Due to diversity of analyses and limited time, the 

influence of dolerites on maturity was not investigated in detail. VR values rapidly increase 

towards to contacts and decrease away from the contact (Faiz et al., 2013). This thesis takes 
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another step forward to investigate the influence of dolerites on coals. Using the same dataset 

that was used by Faiz et al. (2013), I will further investigate the idea of the influence of 

intrusions on maturity. A plot was created to show VR against depth for heat affected and non-

heat affected coal samples (Figure 1.3). Non-heat affected VR values are generally around 0.5% 

and heat affected VR values vary from 0.7% to 5.5%. The relationship between VR values and 

distance from contact cannot be understood from this plot. However, it can be seen from the plot 

that VR heat affected values are not related to the depth, they are likely related to the intrusions 

(Figure 1.3).  

 

Figure 1.3 Depth vs mean maximum vitrinite reflectance trends for thermally metamorphosed 

(heat affected) by dolerite intrusions and non-heat affected (hence influenced by regional 

geothermal gradient only) (Faiz et al., 2013). 
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CHAPTER 2 GEOLOGICAL SETTING 

2.1 Regional Geology of Karoo Basin 

 

Figure 2.1 Map of southern Africa showing the locations of Karoo Basins and Kubu PLs in the 

Central Kalahari Basin (Faiz et al., 2013). 
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Karoo means “desert”, and in the Southern Africa this name is used for areas close to 

desert and semi-desert. Karoo Basin is one of the largest basins in Africa. It divides into main 

Karoo Basin and Central Kalahari Karoo Basin. Central Kalahari Karoo Basin bounded with 

Makgadikgadi Lineament, Kalahari Lineament and Zoetfontein Fault. Three PLs are located in 

the eastern part of the Central Kalahari Karoo Basin (Figure 2.1). 

After the break-up of supercontinent Gondwana, today’s Southern Africa started to 

shape. A rift developed about 510 million years ago, separating Southern Africa from the 

Falkland Plateau. A sedimentary succession known as the Cape Supergroup, with an average 

thickness of 8 km, accumulated on the floor of this rift valley. Closure of the rift valley started 

330 million years ago during the Mississippian Period and resulted from the development of a 

subduction zone along the southern margin of Gondwana (McCarthy and Rubidge, 2005). 

The Karoo Supergroup was formed in massive inland basin starting 320 million years 

ago. As Gondwana started to drift northwards, the basin evolved into an inland sea with 

extensive swampy deltas along its northern shorelines. The conditions were perfect to form peat 

in these swamps and this peat eventually turned into large deposits of coal, which are scattered 

throughout Botswana. 

Finally, about 180 million years ago, volcanic activity took place on a massive scale. 

Flat-topped hills (called Karoo Koppies) are a result of erosion-resistant dolerite sills (Figure 

2.2). Dolerite sills are solidified lava forced under high pressure between the horizontal strata of 

the sedimentary rocks that make up most of the Karoo’s geology (Figure 2.3). Since the 

magmatic activity took place, Southern Africa has undergone a prolonged period of erosion, 

exposing the older softer rocks, except where they were protected by a cap of dolerite. McCarthy 
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and Rubidge (2005) wrote a book named the story of earth and life. This book helped me better 

understand the geological history of Southern Africa. 

 

Figure 2.2 Flat topped hills of Botswana showing Dolerite sills (http://za.geoview.info). 

 

Figure 2.3 Flat topped hills of Botswana (http://za.geoview.info). 
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Figure 2.4 Geological map of the eastern Botswana showing the Kubu Production License (PLs) (https://esdac.jrc.ec.europa.eu) 
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Almost the entire licensed area surface is covered with Stormberg series basalts with 

subordinate sandstones and limestones. In the western part, most of the surface is covered with 

undifferentiated sand and subordinate gravels, marls, calcretes, silcretes that range in age from 

Tertiary to recent. In the eastern part of the study area, rocks are older than in the western part 

(on surface). Surface rocks are gradually changing from sandstones and subordinate shales and 

marlstones to predominantly carbonaceous mudstones towards east, arkoses and subordinate 

shales and coal seams (named Karroo system and aged Late Carboniferous to Jurassic). On the 

eastern side of these successions, older rocks with intruded igneous rocks are present. 

2.2 Karoo Magmatic Event 

The theory of continental drift has revolutionized earth sciences. Pangea was a 

supercontinent that split into two supercontinents, Laurasia and Gondwana around 180 Ma ago. 

 

Figure 2.5 The evolution of continental drift (https://www.worldatlas.com). 

https://www.worldatlas.com/
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The Gondwana supercontinent included the land masses from Africa, South America, 

Antarctica, India and Australia. The fragmentation of Gondwana began in the late Jurassic. 

Antartica, Australia and India separated from Africa leading to the formation of Indian Ocean. 

South America separated from Africa during the Early Cretaceous (Figure 2.5). It was a very 

long process and it took a long time for continents to reach today’s configuration. Naturally, 

these continental drifts are very powerful processes. Some of them resulted in massive igneous 

activities that resulted in Large Igneous Provinces (LIPs) of different types (Sheth, 2007).  

 

Figure 2.6 Large igneous provinces (LIPs) around the world (https://earthquake.usgs.gov). 

Karoo Ferrar Large Igenous Province is the reason for having intense igneous activities 

such as sill and dyke intrusions found in Botswana today (Figure 2.6). In order to understand the 

influence of dolerite sills correctly, Karoo Ferrar LIP must be examined carefully (Sheth, 2007). 

Activities in the Karoo Ferrar LIP gained strength during the Jurassic time, about 183 million 

https://earthquake.usgs.gov/
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years ago. It covered about 3 million km2 area and extended over a distance of 6000 km. It 

started several dyke swarms around the area. One of them is Okavango Dyke Swarm. It consists 

of a group of Proterozoic and Jurassic dykes, trending east-southeast across Botswana, spanning 

a region nearly 2000 km long. The Jurassic dykes and sills were formed approximately 179 

million years ago. Their rock type are mostly dolerite containing clinopyroxene, plagioclase, and 

olivine with grain sizes ranging from fine to medium.  

2.3 General Stratigraphy of Study Area 

 

Figure 2.7 Simplified lithostratigraphy of Waterberg, Central Kalahari and Main Karoo Basins 

(Potgieter and Andersen, 2012). Central Kalahari (Smith, 1984) is shown with the bold rectangle. 
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Different names have been given to the formations through the years. Smith’s (1984) 

Central Kalahari stratigraphic column was chosen to name formations penetrated in nine 

coreholes (Figure 2.7). Each formation is explained individually and well log correlations are 

made with this information. Isopach (thickness) maps and depth to top of formation maps are 

made with software Petra. The top of the formations are picked partially from the well logs and 

the rest is taken from the core description files created by the Kubu Energy employees.  The 

rainbow color scheme and the minimum curvature method are used for every map. 

2.3.1 Dukwi Formation 

Dukwi Formation in the study area is the time equivalent of the Dwyka Formation in 

South Africa. The formation is of Carboniferous age and it represents the earliest and lowest 

portion of the Karoo Supergroup of sedimentary rocks. During the deposition of Dukwi 

Formation, glaciers took an important part and formed deposits known as tillite, which are 

unsorted glacial sediments. The Dukwi Formation also contains some amount of varved shale 

and diamictite. The Dukwi Formation was only encountered in coreholes 134C6 and 135C9 with 

thicknesses about 3 meters. The base of the formation also marks the end of drilling (bottom of 

the coreholes). Thus, it is not possible to determine the total thickness of this formation. 

2.3.2 Kamotaka Formation 

Kamotaka Formation is one of the oldest in the Ecca group. Makoro Formation was not 

encountered in the coreholes, and thus Kamotaka Formation accepted as the base formation for 

Morupule and Serowe formations, which are the main coal bearing formations. Kamotaka 

Formation is an arkosic medium-to-coarse grained quartzo-feldspathic micaceous sandstone with 

minor mudstone lenses (Roon and Parker, 2014). It is a marker formation for the end of 

carbonaceous units. For this reason, coreholes mostly stopped after drilling through Kamotaka 
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Formation. The maximum stratigraphic thickness of the Kamotaka Formation including dolerites 

was encountered as 42.85 m in corehole 135C9. The isopach map shows that thickness increases 

towards south of the study the area. Besides 136C1, 134C7 and 135C9 coreholes (Figure 2.8), 

Kamotaka Formation is very thin. Depth to top of Kamotaka map shows structural influence in 

the middle of study area (Figure 2.9). There is a syncline between 134C6 and 134C8 coreholes. 

Another syncline is present between the coreholes 135C9 and 136C3. Between these two 

synclines, there is an anticline in the middle of the western portion of the study area.  

 

Figure 2.8 Kamotaka Formation isopach map including dolerite intrusions. 

 

Figure 2.9 Depth to Top of Kamotaka Formation. 
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2.3.3 Morupule Formation 

Morupule Formation mostly contains carbonaceous mudstone, siltstone, coal and minor 

sandstone (Roon and Parker, 2014). Three important coal zones are present in the Morupule 

Formation and these zones are the main targets for CBM exploration. The maximum thickness of 

the Morupule Formation excluding dolerite intrusions was encountered in corehole 136C2 with 

86.41 m. These intrusions result in exaggerated thickness values for some of the formations. The 

average thickness of the Morupule Formation excluding dolerite sills is 63.6 m. On the isopach 

map of Morupule Formation excluding the dolerite sills, the thickest parts are located on the 

north-eastern and south-western corners whereas the thinnest parts are found in north-western 

and south-eastern portions. Similar to the structure map of the Kamotaka Formation, two 

synclines and one anticline in between are observed (Figure 2.11).  

 

Figure 2.10 Morupule Formation isopach map with dolerites. 
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Figure 2.11 Depth to top of the Morupule Formation. 

 

 

Figure 2.12 Dolerite isopach total thickness map in every corehole. 

 

The dolerite sills in the area are observed to thicken towards north-east and south-west 

and they become thinner towards north-west and south-east. The thickest total dolerite thickness 

is 73.43 m in the corehole 134C8. The average total thickness of dolerite in nine coreholes is 

36.07 m (Figure 2.12). 
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2.3.4 Serowe Formation 

Serowe Formation is the second coal bearing formation in the area and it contains one 

coal zone named Upper Marker Horizon (UMH). The formation is the youngest member of Ecca 

Group and it mostly consists of mudstones, siltstones and coals. The characteristic Serowe 

Formation bright seams (S1 and S2) usually present in Botswana but they are not present in 

Kubu’s PLs (Hancox, 2016). The thickest Serowe Formation without dolerites is observed in 

corehole 136C1 with a thickness of 22 m. The average thickness of the formation is 15.7 m 

without dolerite intrusions. However, Serowe isopach map with dolerites shows that the thickest 

Serowe formation with dolerites in corehole 135C4 is 54.6 meters (Figure 2.13). The formation 

thickens towards the north-central part of the study area, and thins out radially outwards.  

 

Figure 2.13 Serowe Formation isopach map with dolerites. 
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2.3.5 Tlhabala Formation 

Tlhhabala Formation is better known as Beauford mudstones in South Africa. It mostly 

consist of mudstones with red oxidation marks to dark green to grey near the base of the 

Formation (Roon and Parker, 2014). The average thickness of the formation is 87 m. The 

Tlhabala formation does not have coal layers and thus it is not targeted as a CBM resource. It 

represents the transition between the Triassic and the Permian eras, and it has the second highest 

average thickness for a formation in the coreholes. This formation thickens towards the western 

and central portions of PLs, and thins substantially towards eastern part (Figure 2.14). Although, 

the formation has similar structural features as the Kamotaka and Morupule formations, minor 

differences are present including a possible change in the depocenter.  

 

Figure 2.14 Tlhabala Formation isopach map. 
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2.3.6 Mosolotsane Formation 

The Mosolotsane Formation consists mostly of mudstones, siltstones and minor 

sandstones, and it generally can be recognized with its characteristic red to dark orange color. 

Corehole 136C3 contains the thickest Mosolotsane (106 m). The average thickness of the 

formation is 70.6 m. In other lithostratigraphic definitions, the Mosolotsane Formation underlays 

the Ntane Formation with a conformable contact, which results in difficulties of separating them 

from each other. However, in the licensed area, it is easy to see the contact between them 

because sediment grain character is rapidly changing. The formation is thickest at the north-

eastern edge. The thinnest portions can be found towards the western parts of licenses as well as 

the south-eastern corner of the study area (Figure 2.15).  

 

Figure 2.15 Mosolotsane Formation isopach map. 
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2.3.7 Ntane Formation 

The Ntane Formation is the main aquifer in Botswana. It consists mainly of pale yellow 

to light red colored, well-sorted sandstones with minor mudstones (Roon and Parker, 2014). 

Ntane Formation is not related to the any coal zone. Thus it is not targeted in this study. It is Late 

Triassic age and equivalent to Clarens Formation in other parts of Southern Africa. The thickest 

Ntane Formation is present in corehole 135C7 with a thickness of 133 m. The average thickness 

of the formation is 92 m and it is the thickest formation in the coreholes. Every hole penetrates 

Ntane Formation and it is fairly consistent with minimum 58 m thickness. The formation 

thickens in western and south-eastern directions, and thins towards north-eastern and south-

western parts of the study areas (Figure 2.16). 

 

Figure 2.16 Ntane Formation isopach map. 
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2.3.8 Stormberg Formation 

The Stormberg lavas consist mainly of Jurassic basalts, but this formation also contains 

sedimentary layers and lenses in some areas. This is because some sedimentary rocks were 

deposited between cooled lava flows. Stormberg formation is also related to the tectonic events 

occurred after the breakup of the Gondwana supercontinent. The unit’s maximum thickness was 

encountered as 105 m in corehole 135C4. The average thickness of the formation is 49 m. 

Corehole 135C4 intersects at least six different lava flows. Calcite and chlorite-filled amygdules 

are present on the top of every lava flow (Roon and Parker, 2014). Stormberg Formation was not 

encountered in coreholes 134C6, 135C5 and 136C2. The thickness of the formation increase 

towards south and south-west with extrusive basalt flow forming a dome shape in the central part 

of the study area (Figure 2.17).  

 

Figure 2.17 Stromberg Formation isopach map. 
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2.3.9 The Kalahari Group 

Sediments of the Kalahari Group are the youngest in the study area, and generally have a 

couple of meters thickness in every corehole. After drilling the overburden rocks, aeolian sands 

with minor evaporative layers were encountered and named as the Kalahari Group. A minor 

fresh surface aquifer may be encountered at the contact with the Stormberg Group. This aquifer 

was not encountered in any of the Kubu coreholes. Well preserved calcretised roots and stems 

were found at 4 coreholes within a Calcrete layer while excavating sumps needed for drilling. 

(Roon and Parker, 2014). These soft and mostly unconsolidated sands collapse into the 

coreholes, which makes it difficult to sample this formation. The Kalahari Group thickens 

towards west, whereas the formation is eroded in coreholes 136C2, 135C4 and 136C3 (Figure 

2.18). 

 

Figure 2.18 Kalahari Formation isopach map. 
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2.4 Well Log Interpretation and Correlation 

Open hole well-logs have been used for lithology identification as well as well-log 

correlations to better understand the geologic extent of the formations. The well-log data have 

been provided by Kubu Energy geologist Junior Potgieter. I used Petra software to analyze the 

well-logs and create a subsurface model.  In order to identify the lithology and pick tops of 

formations, gamma-ray, resistivity and density (CNL) logs with 0.01 m sample rate have been 

used. Coal beds in the Serowe and Morupule formations have been identified by their low 

density values (<1.5 g/cc), relatively high gamma-ray readings and increased resistivity values. 

Dolerite sills have a specific character with gamma-ray values <50 API as well as intensely 

increased resistivity (~1500 ohm.m) and density readings (~ 3 g/cc), which makes it fairly easy 

to pick dolerite zones. Three different scenarios on well-logs were investigated. The first 

scenario included correlation between two wells (136C1 and 134C6) which do not have dolerite 

intrusions (Figure 2.19). The second scenario included correlation between two wells (136C2 

and 134C8) which have the thickest dolerite sill in the coreholes (Figure 2.20). Log scale for the 

resistivity had to be enhanced (from 100 to 2000 ohm.m) in order to better display intervals with 

sill. The third and final scenario included correlation of two wells (135C5 and 135C9) with 

multiple dolerite sills with diverse thicknesses (Figure 2.21). The third scenario better depicted 

the complexity of the area, because it also revealed the presence of dolerite sills with thicknesses 

nearly negligible which are also incorporated in this study. A generalized structural cross-section 

including all of the wells have been prepared to better visualize the behavior of the formations 

throughout the study area (Figure 2.22). However, one has to keep in mind that wells are not 

spaced closely enough to create a detailed subsurface model.  
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Figure 2.19 Well log interpretation for coreholes 136C1 and 134C6. 
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Figure 2.20 Well log interpretation for coreholes 136C2 and 134C8. 
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Figure 2.21 Well log interpretation for  coreholes 135C5 and 135C9. 
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Figure 2.22 Well log cross section for nine coreholes in the PLs. 
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2.5 Coal Zones 

 

Figure 2.23 Schematic stratigraphic column showing that four coal zones occur within the 

Serowe and Morupule Formations (Potgieter and Andersen, 2012). 

Both Serowe and Morupule formations are Permian age. There are four coal zones based 

on their gas content, thickness and occurrence (Figure 2.23). Morupule Formation has the most 

important coal zones, which are investigated in detail in this study. 
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The distribution of coal deposits is closely related to the evolution of land plants, which 

first appeared in Silurian times about 400 million years ago. They became abundant during the 

Carboniferous times, and most coals are found in rocks from Carboniferous times onwards. In 

Botswana, the Serowe Formation is of late Permian age and the Morupule Formation is of early 

Permian age. 

2.5.1 Zone 1 (Z1) 

Zone 1, Zone 2 and Zone 3 consist mainly of mudstones, carbonaceous mudstones and 

coal interbedded with minor siltstones. Zone 1 is the deepest coal zone and its thickness ranges 

from 0-20 m. It has higher gas content than the other coal zones. It is present in all coreholes 

except 134C8.   

2.5.2 Zone 2 (Z2) 

Zone 2 is the middle coal zone with thickness of 0-33 m. It is identified as predominantly 

barcoded coal. It has moderate gas content and permeability, and was encountered in all holes 

except 134C8 (Potgieter and Andersen, 2012). 

2.5.3 Zone 3 (Z3) 

This zone is the uppermost coal zone in the coreholes. It is the thickest coal zone with 

average thickness of 10-40 m. It has moderate gas content (0.5 – 1.1 m3/t) and is present in all 

coreholes.  It consist of a number of barcoded sequences and discrete seams of up to 3m. 

2.5.4 Upper Marker Horizon (UMH) 

This zone is the shallowest coal zone in the area. It is the only coal zone in the Serowe 

Formation. The UMH is difficult to distinguish in the field due to its poor development. It 

generally has low gas content and permeability. Clean coal thickness ranges from 0-2.5 m in 

coreholes. This zone is not economic for CBM development and it is not discussed in this study. 
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CHAPTER 3 METHODOLOGY 

3.1 Coal Rank  

Coal classifications are important due to commercial purposes. Coals are generally used 

for power generation. The most common classification is based on rank, which means the 

coalification level of coal. Coals originate from plants which experienced burial and thermal 

stress with time. With further increasing temperature peat, which is the first form of coal, is 

converted to lignite, a very soft low-rank coal. With increasing temperature and pressure, lignite 

converts to subbituminous and then bituminous coal. These coals are economically important but 

there is a higher rank coal called anthracite. Anthracites are not as common as bituminous coals 

but they are more valuable because they have the highest amount of fixed carbon.  

3.2 Maturity and Burial History Modelling 

The process of organic matter transformation in sedimentary basins with increasing 

temperature is called maturation. With respect to petroleum generation, organic matter may be 

immature, mature or overmature. The reactions involved are irreversible. In order to describe the 

maturation process, different maturation parameters have been established among which vitrinite 

reflectance (VR) is most commonly used. Using incident light microscopy, three types of organic 

particles (i.e. maceral groups) are generally recognized: intertinite, vitrinite, and liptinite. 

Vitrinite is derived from parts of higher land plants rich in cellulose or lignin, e.g. wood (Littke, 

1998). 

As coal rank increases, the chemical composition of vitrinite changes and vitrinite 

becomes increasingly more reflective. Reflection of a beam of normal incident white light from 
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the surface of polished vitrinite is a function of the maturity of the maceral. VR is a measurement 

of the percentage of light reflected from the vitrinite maceral, calibrated against a material with a 

known reflectivity value expressed in percent (%). 

Kubu Energy hired Weatherford laboratories based in Brisbane, Australia to conduct VR 

analyses for samples were taken from nine coreholes. Fourty one samples were analyzed for 

maceral group composition. Weatherford laboraties measured the amount of vitrinite, liptine, 

intertinite and minerals. The mean maximum vitrinite reflectance values were calculated for the 

coal samples. A minimum of fifty readings were taken to determine a precise mean maximum 

reflectance value (Faiz, 2013).  

I used 1D basin modelling software Genesis (version 5.7) by Zetaware Inc. to build burial 

and thermal history models. ARCO Exploration and Production Technology, a division of 

Atlantic Richfield Company (ARCO), spent over 15 years of research to build Genesis. ARCO 

sponsored many research projects to support the development of Genesis. One of them was 

thesis research of Zhiyong He’s, who is currently Zetaware company employee. During the 

creation of Genesis models, I talked with Zhiyong He and he explained to me how to create 

igneous intrusions in Genesis, which is crucial because my thesis is focused on the influence of 

dolerite intrusions on coals. In addition, Steven Crews (the Senior Geological Advisor, 

Petroleum Systems, Apache Corporation), who is an expert in Genesis basin modelling, helped 

me improve my models and understand the working principles and algorithms of Genesis 

software. 

Corehole data was used to create a stratigraphic lithology in Genesis. Smith’s (1984) 

Central Kalahari Stratigraphic definition was used to define formations. Weatherford laboratories 

maceral analyses were used to build maturity plots for every corehole in the software.  
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3.3 Total Gas Content 

Total gas content analyses were conducted by Weatherford laboratories based in 

Brisbane, Australia. Samples from each corehole were selected and enclosed in aluminum 

canisters for gas content measurements using the slow desorption method according to the 

Australian Standards, AS 3980-1999 (Standards Association of Australia, 1999). The total gas 

content of the coal is the total of Q1 (lost gas component m3/t), Q2 (desorbed gas component 

m3/t ) and Q3 (crushed gas component m3/t) and is reported at standard temperature and pressure 

conditions (14.69 psi and 15o C) (Faiz et al., 2013). After Weatherford laboratories finished 

analyses, Mohinudeen Faiz, Eve Crozier and Amy Lee-King published the measurements in their 

report. I used their total gas content measurements in my thesis.  

Genesis software was used to investigate the influence of dolerites on total gas content. 

Although total gas content can not be modeled with Genesis, the software is still useful to 

display total gas content measurements with the vitrinite reflectance models. This way, I 

examined both the influence of dolerite on coals and the relationship between vitrinite 

reflectance and total gas content. Total gas content can be measured both in a freshly cut 

reservoir sample (core) and dry ash free (DAF) samples. Weatherford laboratories analyzed both 

kinds of total gas content and the percentage of moisture, ash, volatile matter and fixed carbon. I 

only used total gas contents, which are measured right after the cores were collected. The other 

components could be helpful, but using several different measurements can complicate the 

understanding of influence of dolerites on total gas content values. Also, values of dry ash free 

total gas content show the same trend as the normal total gas content, they are just somewhat 

higher. Thus, it is appropriate to use only normal total gas content values and make correlations 

with the vitrinite reflectance plots. 
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CHAPTER 4 ANALOG CBM PLAYS WITH DOLERITE INFLUENCE 

4.1 Gunnedah Basin, Australia 

According to research of Gurba and Weber (2001), dolerite sills have a positive effect on 

CBM development. Their study is very useful for comparison purposes because one corehole 

with two dolerite sills with the thicknesses of 39.3 m and 20.8 m in CBM exploration project 

were examined. VR values from samples present both above and below the sills were measured. 

Petrographic and chemical data, coal seam gas desorption data, and gas chemical analysis data 

were used. The intrusions do not have a large effect on gas quality (Gurba and Weber, 2001).  

 The general opinion about the subject is that intrusions cause gases to burn out and 

methane to fully expel, but methane volumes in the heat-affected zone still contain gas with 

approximately 95% methane. The thermal aureoles were investigated under the microscope and 

they have characteristic micropores and slits, which collectively may serve to enhance gas 

adsorption capacity, permeability, and gas desorption (Gurba and Weber, 2001). Not only 

intrusions are good for CBM exploration but also the sills may have acted as seals for gas 

accumulations during and for some time after the intrusion event. The support for this idea came 

from gas contents values measured below and above the sills. The gas contents values below 

each sill were substantially higher than above the sill (Gurba and Weber, 2001). This idea is 

important because my thesis aims to investigate both the influence of intrusion on maturity and 

on gas content. I tested the same theory in my thesis.  
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First, Gurba and Weber (2001) created plots of mean vitrinite reflectance against depth. 

Then, they used these plots to create plots of mean vitrinite reflectance against distance from the 

contacts (Figure 4.1). I created similar plots for sections both above the sill and below the sill to 

investigate potential differences. Background vitrinite reflectance values were not estimated by 

Gurba and Weber (2001) but as it can be seen from the plot, 0.8% VR was taken as a background 

(Figure 4.2). I calculated a background VR value for my models because I wanted to see where 

exactly the influence of dolerite sills ends. The ratio of influence is about 0.5 to 0.6 times the sill 

thickness (Gurba and Weber, 2001).  This ratio is important because there are not many studies 

done on this subject, and this ratio may improve exploration of CBM. The thermal effects of the 

intrusions in two cases extend below the sills for no more than half the intrusion thickness (0.4 to 

0.5 times the sill thickness) (Gurba and Weber, 2001). I made the same plots using the dataset 

from Botswana. While two dolerite sills in one corehole were tested by Gurba and Weber (2001), 

I have tested 13 dolerite sills with diverse thicknesses in 7 coreholes.  

Plots for total gas (Desorbed+Lost+Resdual) (m3/t) and CH4 (%, air-free) were created. 

Mean maximum vitrinite (telocollinite) reflectance, total gas content (including desorbed, lost 

and residual) and gas composition against depth in ACM Yannergee DDH 1 (Gurba and Weber, 

2001). They were compared with mean vitrinite reflectance values. The idea of reservoir seal is 

coming from these plots. As it can be seen from the plots that the total gas contents and CH4 

percentages below the sill are higher than above the sill for each sill (Figure 4.3). A similar 

approach is used for my thesis to test this idea.  
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Figure 4.1 Mean maximum vitrinite (telocollinite) reflectance and bireflectance against depth 

and alteration zones (A-G) due to dolerite sills in ACM Yannergee DDH 1. Open circles in 

reflectance profile indicate heat-affected coals (Gurba and Weber, 2001). 
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Figure 4.2 Relationship between the ratio of distance between the coal sample and the sill to 

thickness of the sill and mean maximum vitrinite reflectance (%Rvmax) in ACM Yannergee 

DDH 1. Open circles indicate heat-affected coal (Gurba and Weber, 2001). 
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Figure 4.3 Mean maximum vitrinite (telocollinite) reflectance, total gas content (including 

desorbed, lost and residual) and gas composition against depth in ACM Yannergee DDH 1 

(Gurba and Weber, 2001). 

 

4.2 Cape Verdi Rise, Eastern Atlantic 

Galushkin (1997) investigated DSDP 41-368 corehole near Cape Verdi Rise, eastern 

Atlantic. They creates plots of VR as function of distance from sill contacts. The timing of 

intrusion and the calculation of Ro were the main focus of the study. Different cooling times for 

the same intrusion were investigated. First sill that was investigated is a 15 m tholeiitic diabase 

intrusion. Observed and calculated values of VR and their relation with the distance from the 

contact were studied. A background VR value was not created for this plot but it can be seen that 

15 m sill has influence around 10-12 meters (65-80 % of the intrusion thickness) (Figure 4.4)  
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Previous studies that claimed that intrusions could considerably affect the maturity of 

host rocks up to a distance of 1-1.5 thicknesses of the intrusion were found inadequate. The limit 

of thermal influence of about 50-90% of the intrusion thickness was confirmed by geochemical 

and petrological studies of rocks in the vicinity of dikes and sills from many regions of the world 

(Galushkin, 1997). 

 

Figure 4.4 Resulting maturity aureoles computed in the model of intrusion in the shell show good 

agreement between observed and calculated values of Ro (solid line: above, dashed line: below 

sill) (Galushkin, 1997). 
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4.3 Midland Valley, Scotland 

A 118 meter thick sill from Midland Valley (Scotland) was investigated (Galushkin, 

1997). Sections above and the below the sill were separately examined. A background VR value 

was not determined for these plots but if I assume the background VR value as 0.5%, the plot for 

the section above the sill is not very useful because it does not have VR values below 1.0. The 

plot for the section below the sill is more useful, and I can see that the influence of the sill is 

around 90 meters (75-80% of the intrusion thickness). Another observation is the influence of sill 

is more significant above the sill than below the sill (Figure 4.5). 

 

Figure 4.5 Maturity aureoles above and below the 118 m sill from Midland Valley (Scotland) 

computed in the model of intrusion in the shell with good agreement between the observed (free 

symbols: Raymond and Murchison, 1989) and calculated (solid lines) values of Ro, and dashed 

lines demonstrate the corresponding results in the model of instantaneous intrusion (Galushkin, 

1997). 
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CHAPTER 5 MODELS AND RESULTS 

5.1 Coal Rank  

ASTM (1981) published a report that defined a coal rank classification system (Figure 

5.1). Dry, mineral-free basis fixed carbon and volatile matter percentages were used to determine 

coal rank. Although the values below the rank of high volatile A bituminous coal were not 

defined, I will use coal rank classification diagram (Figure 5.2), VR-based coal rank 

classification (Figure 5.3), and ASTM (1981) coal rank classification to determine coal rank in 

my study area. 

 

Figure 5.1 The classification of coal rank based on Fixed Carbon, Volatile Matter and Calorific 

Value by American Society for Testing and Materials (ASTM), modified from ASTM, 1981. 
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Proximate analyses were conducted by Weatherford Laboratories on coal samples taken 

from nine coreholes in Kubu Energy’s licensed area. Results of the analyses were published by 

Faiz et al. (2013), including calculated fixed carbon and volatile matter percentages. Heat-

affected coal samples show differences with non-heat affected coal samples. Using average fixed 

carbon and volatile matter percentages for all samples would be wrong because it would not 

affect the true rank of coal. Thus, heat affected and non-heat affected coal samples were 

separated from each other and investigated individually. I used VR models and total gas content 

values to determine heat affected samples. Samples, which have vitrinite reflectance values 

higher than 0.5% (background value) and total gas content values higher than 1.30 m3/t 

(background value) are considered as heat-affected. Heat-affected and non-heat affected coal 

samples tables were created for each coal zone and average percentages values were used 

(Tables 5.1 and 5.2).  

Table 5.1 Calculated Fixed Carbon and Volatile Matter percentages for coal zones UMH, Z1, Z2 

and Z3 from non-heat affected coal samples. 

NON-HEAT AFFECTED COAL SAMPLES 

Coal Zone Average Fixed Carbon (%) Average Volatile Matter (%) 

UMH 57.3 42.7 

Z1 69.1 30.9 

Z2 62.2 37.8 

Z3 58.7 41.3 
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Table 5.2. Calculated Fixed Carbon and Volatile Matter percentages for coal zones UMH, Z1, Z2 

and Z3 from heat-affected coal samples. 

HEAT AFFECTED COAL SAMPLES 

Coal Zone Average Fixed Carbon (%) Average Volatile Matter (%) 

UMH None None 

Z1 79.9 20.1 

Z2 68.9 31.1 

Z3 70.4 29.6 

 

Dolerite sills have a positive influence on coal rank. Average fixed carbon percentages 

are increasing from 69.1% to 79.9% for coal zone Z1, from 62.2% to 68.9% for coal zone Z2 and 

from 58.7% to 70.4% for coal zone Z3. Coal zone Z1 has the highest average fixed carbon 

percentage and the highest total gas content. Coal zones Z2 and Z3 have very close average fixed 

carbon percentages for both heat-affected and non-heat-affected coal samples. 

ASTM (1981) coal classification (Figure 5.1) is not very useful for non-heat affected coal 

samples because, except for coal zone Z1, every coal zone has lower average fixed carbon 

percentages than 69% and there is no information below 69% fixed carbon. Coal zone Z1 with 

non-heat affected coal samples has coal rank named High volatile A bituminous coal. Coal zones 

UMH, Z2 and Z3 must be examined with another coal rank classification diagram (Figure 5.2). 
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Figure 5.2 Diagram showing classification of coals by rank in the U.S. Rank is a measure of the 

progressive alteration in the series from lignite to anthracite. Higher rank coals are generally 

harder, contain less moisture and volatile matter, and have higher calorific values. Modified from 

Trumbull (1960). For a more detailed explanation of coal rank determination, see ASTM 

International (2002) (U.S. Department of the Interior, U.S. Geological Survey) 

(https://pubs.usgs.gov/circ/c1143/html/fig17.html). 
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Coal zone Z2 has 62.2% average fixed carbon for non-heat affected samples and the coal 

rank classification diagram shows that this coal zone should be named at least high-volatile C 

bituminous coal or subbituminous A coal. Coal zone Z3 has 58.2% average fixed carbon for non-

heat affected samples and the diagram shows it can be named subbituminous B coal or 

subbituminous C coal. Coal zone UMH has 57.32% average fixed carbon for non-heat affected 

samples and the diagram shows that it should be named subbituminous B coal or subbituminous 

C coal. 

Coal zone Z1 has 79.9% average fixed carbon for heat-affected samples and the coal rank 

classification diagram shows that this coal zone should be named low-volatile bituminous coal. 

This is very quality coal with at least gross calorific value 15,000 btu/lb. Coal zone Z2 has 68.9% 

average fixed carbon for heat affected samples and the diagram shows it can be named high-

volatile A bituminous coal or medium-volatile bituminous coal. Coal zone Z3 has 70.4% average 

fixed carbon for heat-affected samples and the diagram shows that it should be named medium-

volatile bituminous coal. Coal zone UMH does not have any heat-affected samples because it is 

the uppermost coal zone and there are no dolerite intrusions inside it.  

Diagram showing classification of coals by rank in the U.S. Rank is a measure of the 

progressive alteration in the series from lignite to anthracite. Higher rank coals are generally 

harder, contain less moisture and volatile matter, and have higher calorific values. Dolerite sills 

have very significant influence on coal rank, they basically cause coal rank to increase. Dolerite 

sills increase the average fixed carbon percentages by 9-12% and make the coals more mature 

and better quality. 
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Figure 5.3 Classification of coals by rank and indices of organic maturity. The chart is a 

composite modified from ASTM (1981). Theicmuller and Teichmuller (in Stach et al., 1982), 

Dow (1977) and Cameron (1989). 

 

Non-heat affected coal samples have around 0.5% to 0.6% VR values in coal zones 

UMH, Z2 and Z3. Classification of coals with VR plot shows that subbituminous A coal and 

high volatile C bituminous coal ranks are correct for non-heat affected coal samples from coal 

zones UMH, Z2 and Z3. The average vitrinite reflectance value for non-heat affected coal 

samples from coal zone Z1 is 0.81%, which also supports the rank name high volatile A 

bituminous. Vitrinite reflectance values from heat affected coal samples are too high for any kind 

of coal rank classification. 
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5.2 Maturity and Burial History Modelling  

Creating thermal and burial history models is important for understanding geological 

development of the study area. Having an area with abundance of dolerite sills and dykes makes 

surface evaluations more complicated. Igneous activity affects the coal bearing formations and, 

not surprisingly, the gas inside the coals. It is very useful to have a software that creates burial 

history, temperature and maturity models with the influence of igneous intrusions. Genesis 

allows users to build models with igneous intrusions.  

Certain information must be obtained in order to build burial history plots. Dolerite 

intrusions have ages of 183, 182, 181 and 180 Million years ago (Ma). The older intrusions are at 

the bottom and the younger intrusions are at the top of the Morupule, Serowe and Kamotaka 

formations. The name of the intrusions starting from older layer are Dolerite 1 (183 Ma), 

Dolerite 2, Dolerite 3, Dolerite 4. In reality, all dolerite intrusions are from the same event and 

have ages around 183 Ma, but in order to distinguish every single dolerite layer, one million year 

variation was entered in models. In order to have an instantaneous affect in models, the 

beginning and the ending age of intrusion are entered as the same. 

Igneous activity in Gondwana started 183 Million years ago and ended 153 Ma, and it is 

difficult to determine when it ended in Botswana, which is a relatively small part of Gondwana. 

Adeniyi et al. (2006) published an article titled “Cause and timing of the thermal over-maturation 

of hydrocarbon source rocks of the Ecca Group (Main Karoo Basin, South Africa)”. They 

concluded that “The correlation between the timing of the youngest mineral transformation 

processes and the KLIP represents strong evidence that source rocks of the Ecca Group 

experienced a thermal overprinting event ~180 Million years ago”. These researches are almost 
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certain that the massive igneous activity happened around 180 Million years ago in Botswana, 

and thus this age is used for dolerite intrusions in Genesis models. 

The thermal properties of the intrusion is another important component of model inputs. 

Dolerite intrusions temperature is entered as 1200 oC. Transient, fixed temperature at base 

lithosphere is used as a Thermal Model, 1330 oC is used for the base lithosphere temperature, 

and surface temperature is accepted as 20 oC (a constant value). Crust and Lithosphere Properties 

are described as shown in the figure below (Figure 5.4).  

 

Figure 5.4 Crust and lithosphere properties in Genesis models for corehole 136C2. 

It is not surprising to see abnormal values of vitrinite reflectance in places close to the 

intrusions. Researchers studied different cases on this subject, and they all accepted the influence 

of igneous activity on vitrinite reflectance. This study is no different. For example, in corehole 

135C5 measured VR values are as high as 5.33% and 5.44% (Figure 5.16). Dolerite sills are 

clearly increasing the VR values close to the igneous contact. 
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Since Weatherford Laboratories conducted the analyses, it is convenient to use their VR 

scheme (Figure 5.5). Dry Gas is the main target for coal bed methane exploration projects.  

 

Figure 5.5 Weatherford Laboratories vitrinite reflectance scheme. 

Corehole 136C1 is one of two coreholes, which do not have dolerite intrusions (Figure 

5.6). Four sample were taken from the Morupule Formation Coal Zone 3 and one sample was 

taken from the Serowe Formation Coal Zone UMH. Vitrinite reflectance values are between 

0.44% and 0.5% (Table 5.3). Based on the VR values, it appears that the coals are immature. 

Because there is no dolerite intrusions, Genesis model suggests that VR values will remain 

immature until the bottom of the hole. Corehole 136C1 is located in the far eastern part of PLs. 

The nearest two coreholes 136C2 and 136C3 are 30 km’s away from 136C1. Considering that 

the area has abundant dolerite sills, it is not possible to say that there are no dolerite intrusions 

close to corehole 136C1. Although this plot does not provide any information about the influence 

of dolerite intrusions, it supports that Genesis is well-calibrated and models look reasonable. 
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Table 5.3 Maceral group composition and mean maximum vitrinite reflectance values for the 

analyzed coal samples (Modified from Faiz et al., 2013). 

 

Top Bottom Vitrinite Liptinite Inertinite Minerals

UMH 245.82 246.29 0.44 66.80 9.20 11.80 12.10

Z3 268.38 268.98 0.47 75.90 7.80 10.60 5.80

Z3 275.24 275.44 0.49 73.60 5.80 12.70 8.00

Z3 277.30 277.90 0.47 62.20 7.40 13.60 16.90

Z3 279.96 280.17 0.50 81.70 4.50 10.40 3.50

Z3 257.64 258.25 0.46 74.20 3.20 5.70 16.90

Z3 272.49 273.09 0.77 59.60 3.60 15.10 21.80

Z3 276.51 276.74 1.52 80.30 0.00 6.70 13.10

Z2 357.97 358.27 1.57 29.40 0.00 46.90 23.70

Z3 364.70 365.00 0.83 69.90 2.30 6.70 21.20

Z3 374.94 375.54 0.52 34.00 5.10 22.60 38.40

Z2 410.45 410.68 0.64 68.00 4.80 23.00 4.40

Z1 417.95 418.55 0.92 10.80 1.30 67.10 20.80

Z1 420.95 421.55 1.39 3.70 0.00 79.90 16.40

UMH 380.82 381.53 1.91 58.20 0.00 12.20 29.60

Z3 437.06 437.41 5.53 6.50 0.00 8.60 84.90

Z2 450.82 451.40 0.84 68.90 7.10 11.40 12.60

Z1 478.79 479.34 0.87 71.30 4.70 18.30 5.80

Z1 488.31 488.85 1.59 57.70 0.00 31.20 10.50

UMH 247.77 248.50 1.00 72.40 1.00 9.60 17.00

Z3 283.00 283.25 5.33 52.50 0.00 17.40 30.10

Z2 325.77 328.46 1.40 44.30 4.60 35.40 15.80

Z2 335.26 336.29 1.22 33.00 1.20 55.70 10.20

Z1 344.10 345.14 5.44 22.30 0.00 43.30 34.50

Z3 319.59 320.19 0.47 52.20 3.10 15.50 29.20

Z3 328.84 329.40 0.51 80.90 5.80 7.70 6.40

Z2 340.05 340.64 0.60 75.50 4.20 13.70 6.60

Z1 355.50 355.99 0.65 20.00 6.40 25.40 48.30

UMH 403.83 404.43 0.50 73.00 3.90 4.20 18.70

Z3 432.36 432.96 0.54 71.70 5.60 12.60 10.00

Z3 439.95 440.55 0.54 47.70 8.00 29.60 14.60

Z2 462.86 463.14 0.55 76.60 5.30 12.30 5.80

Z1 485.62 486.22 3.88 26.40 0.00 65.10 8.60

UMH 370.48 370.86 0.40 68.90 4.70 5.70 20.70

Z3 383.62 384.22 0.62 64.20 4.40 17.00 13.40

Z3 387.88 388.48 0.90 34.70 0.80 9.20 55.40

Z3 405.70 406.30 0.51 44.70 5.20 16.60 33.60

Z3 420.80 421.40 3.67 44.20 0.00 16.40 39.40

Z3 444.21 444.81 1.30 15.30 0.00 53.00 31.70

Z2 504.60 505.20 4.71 2.50 0.00 9.30 88.20

Z1 520.86 521.46 1.88 20.70 0.00 63.40 15.80

136 C1

136 C2

136 C3

Depth (m) Volume %
VR%Well Name Coal Zone

134 C7

134 C8

135 C9

135 C4

135 C5

134 C6
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Figure 5.6 Vitrinite Reflectance plot for corehole 136C1. 
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The plots created in Genesis have two most common maturity models: ARCO and LL. 

The models are based on different data sets. The LL model is based on the article by Sweeny and 

Burnham (1990). The ARCO model is based on data from Tertiary basins in China. While 

ARCO model gives VR values above 10%, LL model gives maximum VR values around 5%. 

The ARCO model looks more accurate than the LL model. It shows the peaks and troughs better. 

However, even better usage of these models would be using them both. The other four maturity 

models available in Genesis are shown on the Figure 5.8, and is can be seen from the plot they 

have similar characteristics.  

In order to make an Excel graph, values from different distances from dolerite sill and their 

VR values were taken from the Genesis model (Table 5.3). To understand where the influence 

ends, one model run with no intrusion and the background values were taken from the plot. 

Background VR value for above and below the sill is chosen as 0.5% for better visualization. 

Corehole 136C2 background vitrinite reflectance plot will serve as an example for all coreholes 

(Figure 5.7).  

Corehole 136C2 has the second thickest single dolerite intrusion among all coreholes 

(Figure 5.9). Dolerite intrusion (50.45 meters thick) was placed like a sill inside of the Morupule 

Formation. The dolerite is generally black, fine-grained, homogenous, massive, hard and brittle. 

Below the contact, mudstones are white, homogenous, massive, hard and probably baked. Three 

samples were taken from the Morupule Formation Coal Zone 3 and one from the Coal Zone 2. 

VR values vary from 0.46% to 1.57%. Two values close to the intrusions are 1.52% and 1.57% 

(the Dry Gas window) (Table 5.3). 
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Figure 5.7 Background vitrinite reflectance values from corehole 136C2. 
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Figure 5.8 Six different Vitrinite Reflectance models of corehole 136C2 in Genesis. 
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Figure 5.9 Vitrinite Reflectance plot for corehole 136C2. 
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Table 5.4 VR values taken from Genesis model at various depths above and below 50.45 m thick 

dolerite sill in corehole 136C2. 

 Vitrinite 

Reclectance %Ro 
 Vitrinite 

Reclectance %Ro 

Distance from contact 

(m) 
Above the sill 

Distance from contact 

(m) 
Below the sill 

0 16 0 16 

6.20 7.75 6.16 8.20 

12.40 2.61 12.31 2.86 

18.61 1.05 18.47 1.19 

24.82 0.58 24.59 0.64 

31.05 0.49 30.72 0.52 
  36.85 0.51 

 

 

 

Figure 5.10 Modeled Vitrinite Reflectance (VR, %) vs distance from contact (m) in corehole 

136C2 comparing above and below the sill. Background VR value for above and below the sill is 

chosen as 0.5%. 
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Modeled Vitrinite Reflectance (VR, %) vs distance from contact (m) in corehole 136C2 

comparing above and below the sill graph is created. Background VR value for above and below 

the sill is chosen as 0.5%The 50.45 meters thick dolerite sill has a thermal influence around 22 

meters (Figure 5.10). After 22 meters the influence of dolerite sill is absent. The ratio of the 

influence of dolerite sill is 1:0.44. VR values display almost the same decrease in sections above 

and below the sill.  

Table 5.5 VR values taken from Genesis model at various depths above 29.8 m thick dolerite sill 

in corehole 136C3. 

 Vitrinite Reclectance %Ro 

Distance from contact (m) Above the sill 

0 16 

5.93 12.16 

14.47 1.58 

23.03 0.61 

31.59 0.48 

 

Five samples were taken from the Morupule Formation in corehole 136C3. Two samples 

were from Z3, two from Z1 and one from Z2 Coal Zones. VR values are between 0.52% and 

1.39% (Table 5.3). 29.8 meters thick dolerite sill is present near the bottom of the hole (Figure 

5.11). The corehole was ended close to the intrusion, and thus it is unknown what is below the 

intrusion. If there is another thick dolerite sill present below, it can affect the rocks and their 

maturity above the sill. However, calculations are made to see the influence of sill with thickness 

of 29.8 meters. 
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Figure 5.11 Vitrinite Reflectance plot for corehole 136C3. 
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Figure 5.12 Modeled Vitrinite Reflectance (VR, %) vs distance from contact (m) in corehole 

136C3 above the sill. Background VR value for above and below the sill is chosen as 0.5%. 

 

Due to corehole ending below the sill, I cannot calculate the ratio of the influence of 

dolerite sills on maturity of rocks below the sill. 29.8 meters thick dolerite sill has influence 

around 16 meters above the sill (ratio 1:0.53) (Table 5.4) (Figure 5.12). VR value at depths ~360 

m is higher than suggested by the model. It looks like another dolerite sill is present near the 

corehole but it did not intersect with this hole. It is probably too close to this corehole but not 

inside it. 

Table 5.6 VR values taken from Genesis model at various depths above and below 5.14 m thick 

dolerite sill in corehole 135C4. 

 Vitrinite Reclectance %Ro 

Distance from contact (m) Above the sill 

0 16 

2.36 15.60 

19.76 0.51 

 

0

2

4

6

8

10

12

14

16

18

0 5 10 15 20 25 30 35 40

V
IT

R
IN

IT
E

 R
E

C
LE

C
T

A
N

C
E

 %

DISTANCE FROM CONTACT (M)

Background Above the sill



  

63 

 

 

Figure 5.13 Vitrinite Reflectance plot for corehole 135C4. 
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Table 5.7 VR values taken from Genesis model at various depths above and below 35.49 m thick 

dolerite sill in corehole 135C4. 

 Vitrinite Reclectance 

%Ro 
 Vitrinite Reclectance 

%Ro 

Distance from contact 

(m) 
Above the sill 

Distance from contact 

(m) 
Below the sill 

0 16 0 16 

6.38 5.20 19.85 0.53 

20.17 0.68   

37 0.45   

 

Corehole 135C4 has two dolerite sills with thicknesses of 35.49 m and 5.14 m (Figure 

5.13). The diversity of dataset allows me to test various theories. 136C2 and 136C3 have only 

one dolerite sill, and it is impossible to understand what is happening between the dolerites. 

However, corehole 135C4 has two dolerite sills with different thicknesses. One sample was 

taken from Serowe Formation Coal Zone UMH, and four samples were taken from Morupule 

Formation (two from Z1, one from Z2, one from Z3 Coal Zone). VR values vary between 0.84% 

and 5.53% (Table 5.3). Having measured VR value 5.53% on the line of Genesis model proves 

that the Genesis model is well-calibrated to see the influence of intrusions on maturation.  

Maturity profile below the Dolerite 2 sill is showing the same characteristics as in 

corehole 136C2. The 35.4 m thick dolerite sill affects the host rocks around 20 meters above the 

sill (ratio 1:0.56). Dolerite 2 sill has affect around 20 meters below the sill (1:0.56). Below the 

sill has a straight line because modelled VR values also decrease as a straight line (Figure 5.14).  

The Dolerite 1 sill (top of depth ~505 m) is 5.14 thick but its influence on maturity of the 

deeper section below the sill is unknown because the corehole has ended. The thermal influence 

of 5.14 m thick Dolerite 1 sill is around 20 meters above the sill (ratio of 1:3.9) (Figure 5.15). 

Dolerite sills smaller than 5 meters are defined here as thin dolerite sills. 
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Figure 5.14 Modeled Vitrinite Reflectance (VR, %) vs distance from contact (m) in corehole 

135C4 above and below Dolerite 2 sill. Background VR value for above and below the sill is 

chosen as 0.5%. 

 

 

Figure 5.15 Modeled Vitrinite Reflectance (VR, %) vs distance from contact (m) in corehole 

135C4 above Dolerite 1 sill. Background VR value for above and below the sill is chosen as 

0.5%. 
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Table 5.8 VR values taken from Genesis model at various depths above and below 29.26 m thick 

dolerite sill (Dolerite 1) in corehole 135C5. 

 Vitrinite Reclectance %Ro 

Distance from contact (m) Above the sill 

0 16 

20.52 0.56 

 

 

Table 5.9 VR values taken from Genesis model at various depths above and below 13.83 m thick 

dolerite sill (Dolerite 4) in corehole 135C5 

 Vitrinite Reclectance 

%Ro 
 Vitrinite Reclectance 

%Ro 

Distance from contact 

(m) 
Above the sill 

Distance from contact 

(m) 
Below the sill 

0 16 0 16 

3.34 6.20 6.80 0.80 

8.48 0.61   

 

 

Table 5.10 VR values taken from Genesis model at various depths above and below 2.91 m thick 

dolerite sill (Dolerite 2) in corehole 135C5. 

 

Vitrinite Reclectance 

%Ro  

Vitrinite Reclectance 

%Ro 

Distance from contact 

(m) Above the sill 

Distance from contact 

(m) Below the sill 

0 16 0 16 

8.19 0.46 19.56 0.56 

 

 

Table 5.11 VR values taken from Genesis model at various depths above and below 1.20 m thick 

dolerite sill (Dolerite 3) in corehole 135C5. 

 Vitrinite Reclectance 

%Ro 
 Vitrinite Reclectance 

%Ro 

Distance from contact 

(m) 
Above the sill 

Distance from contact 

(m) 
Below the sill 

0 16 0 16 

6.08 0.80 8.12 0.46 
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Figure 5.16 Vitrinite Reflectance plot for corehole 135C5. 
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Figure 5.17 Modeled Vitrinite Reflectance (VR, %) vs distance from contact (m) in corehole 

135C5 above the sill (Dolerite 1). Background VR value for above and below the sill is chosen 

as 0.5%. 

 

Corehole 135C5 has four dolerite sills with thicknesses of 29.26 m, 2.91 m, 1.20 m and 

13.83 m (Figure 5.16). Dolerite sills are close to each other, and they are affecting each other. 

VR values vary between 1.00% and 5.44% (Table 5.3). 

The 29.26 m thick dolerite sill is reaching the background VR value at 20 meters above 

the sill (ratio 1:0.66) (Figure 5.17). Sills thicker than 15 meters are showing almost the same 

thermal influence ratio from 1:0.5 to 1:0.7 and Dolerite 1 sill in corehole 135C5 is showing the 

same ratio. I do not know the influence of the sill on the section below Dolerite 1 sill due to the 

end of the hole, but I can estimate that it is around 20 meters. 

0

2

4

6

8

10

12

14

16

18

0 5 10 15 20 25 30 35 40

V
IT

R
IN

IT
E

 R
E

C
LE

C
T

A
N

C
E

 %

DISTANCE FROM CONTACT (M)

Background Above the sill



  

69 

 

 

Figure 5.18 Modeled Vitrinite Reflectance (VR, %) vs distance from contact (m) in corehole 

135C5 above and below the sill (Dolerite 4). Background VR value for above and below the sill 

is chosen as 0.5%. 

 

Dolerite 4 sill is on the top of the other sills and 13.83 m thick sill has thermal affect 

around 8 meters above the sill (ratio 1:0.57) and 7 meters below the sill (ratio 1:0.5) (Figure 

5.18). Because it is affected by another intrusion located below it, the section below Dolerite 4 

sill is examined only with two data points. It is important to separate intrusions from each other. 

Dolerite 4 sill is the thinnest sill of the thick sills (>15 meters) because I do not have any dolerite 

sill which has thickness between 5 meters and 13.83 meters. Two thin dolerite sills are 

investigated together to see the influence of thin dolerite sills. 
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Figure 5.19 Modeled Vitrinite Reflectance (VR, %) vs distance from contact (m) in corehole 

135C5 above and below the sill (Dolerite 2). Background VR value for above and below the sill 

is chosen as 0.5%. 

 

Dolerite 2 sill is only 2.91 m thick and it is a perfect example to investigate thin dolerite 

sill sections. Contrary to thicker dolerite sills (>15 m), thin dolerite sills (<5 m) have the thermal 

influence ratio of 1:6 below the sill. 2.91 m thick dolerite sill has thermal influence of around 18 

m below itself. The section above sill is completely different than the section above it. 2.91 m 

thick dolerite sill has influence around 8 meters above the sill (ratio 1:2.74) (Figure 5.19). 

Dolerite 3 sill is only 1.20 m thick. The thermal influence of 1.20 m thick dolerite sill is 

reaching the background VR values around 8 m below the sill (ratio 1:6.66). Dolerite 3 sill has 

thermal influence around 6 meters above the sill (ratio 1:5) (Figure 5.20). I cannot determine the 

exact ratio for thin dolerite sills but we can assume it is over 1:3 ratio for both below and above 

the sill.  
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Figure 5.20 Modeled Vitrinite Reflectance (VR, %) vs distance from contact (m) in corehole 

135C5 above and below the sill (Dolerite 3). Background VR value for above and below the sill 

is chosen as 0.5%. 

 

It is an interesting observation, because, individually, thick dolerite sills should be more 

influential on the maturity of surrounding, but they are not. Instead, thin dolerite sills have 

relatively more influence on maturity of surrounding rocks than thicker dolerite sills. I will 

elaborate on these observations in the Conclusion section.  

134C6 is one of the coreholes that do not have dolerite intrusions (Figure 5.20). Four 

samples were taken from this corehole, one from Z1, one from Z2 and two from Z3 coal zones. 

VR values range between 0.47%-0.65%. Maturity model suggests mostly VR values <0.6% but 

the values increase rapidly towards the bottom of the hole. The reason for this increase might be 

another dolerite sill close to the corehole 134C6 but not penetrated by it.  Corehole 134C6 does 

not have significance maturity values but it can still be used to calibrate the background VR 

values on Genesis. 
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Figure 5.21 Vitrinite Reflectance plot for corehole 134C6. 
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Figure 5.22 Vitrinite Reflectance plot for corehole 134C7. 
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Table 5.12 VR values taken from Genesis model at various depths above and below 21.25 m 

thick dolerite sill in corehole 134C7. 

 Vitrinite Reclectance %Ro 

Distance from contact (m) Above the sill 

0 16 

8.7 14.49 

22.8 0.56 

 

Corehole 134C7 has one dolerite sill with the thickness of 21.25 m (Figure 5.22). Five 

samples were taken from the corehole, one from Z1, one from Z2, two from Z3 and one from 

UMH Coal zone. Vitrinite reflectance values vary from 0.50% to 3.88% (Table 5.3).  

 

Figure 5.23 Modeled Vitrinite Reflectance (VR, %) vs distance from contact (m) in corehole 

134C7 above the sill. Background VR value for above and below the sill is chosen as 0.5%. 
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Figure 5.24  Vitrinite Reflectance plot for corehole 134C8. 
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Corehole 134C7 is similar to corehole 136C3. Both of them have one dolerite sill near the 

bottom of the hole. We do not have any data below the intrusion, and thus only the section above 

the sill is examined. For 21.25 m thick dolerite sill, the thermal influence is expected (at ratio 

1:0.6) to be around 12.6 meters but the model clearly shows that rocks at 12.6 m depth above the 

sill have VR value ~7.0%. The line is reaching the background VR values at approximately 22 m 

depth above the sill. We can assume that this dolerite is thicker than penetrated 21.25 m thick. 

The actual thickness of the dolerite sill should be around 37 m, assuming the overall ratio of 

thick dolerite is 1:0.6 (Figure 5.23).  

Table 5.13 VR values taken from Genesis model at various depths above and below 73.43 m 

thick dolerite sill in corehole 134C8. 

 

Vitrinite Reclectance 

%Ro  

Vitrinite Reclectance 

%Ro 

Distance from contact 

(m) Above the sill 

Distance from contact 

(m) Below the sill 

0 16 0 16 

24.85 1.00777 16.15 6.50759 

  19.23 3.86493 

  22.3 2.43277 

 

Corehole 134C8 has one and the largest dolerite sill with the thickness of 73.43 m (Figure 

5.24). Three samples were taken from the corehole, two from Z3 and one from UMH Coal zone. 

All of the samples were taken from below the sill, thus there is no calibration point below the 

sill. The VR values vary between 0.40-0.90% (Table 5.3). The ARCO model shows better 

calibration with measured VR values than the LL model.  
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Figure 5.25 Modeled Vitrinite Reflectance (VR, %) vs distance from contact (m) in corehole 

134C8 above and below the sill. Background VR value for above and below the sill is chosen as 

0.5%. 

 

The 73.43 m thick dolerite sill has influence around 25 meter above the sill (ratio 1:0.34) 

(Figure 5.25). Although modelled vitrinite reflectance values are not reaching background values 

below the sill, the decreasing trend shows the thermal influence of dolerite sill around 25 meters 

below the sill. Generally, sections above the sill have higher VR values than sections below the 

sill for thick sills. 

Corehole 135C9 has three dolerite sills with the thicknesses of 16.86 m, 43.46 m and 1.61 

m (Figure 5.26). Five samples were taken from this corehole, one from Z1, one from Z2 and 

three from Z3 Coal zone. Vitrinite reflectance values are varying from 0.51% to 4.71% (Table 

5.3).  
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Figure 5.26 Vitrinite Reflectance plot for corehole 135C9. 
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Table 5.14 VR values taken from Genesis model at various depths above and below 16.86 m 

thick dolerite sill in corehole 135C9. 

 Vitrinite 

Reclectance %Ro 
 Vitrinite 

Reclectance %Ro 

Distance from 

contact (m) 
Above the sill 

Distance from 

contact (m) 
Below the sill 

0 16 0 16 

13.41 2.35 12.18 0.72 

 

Table 5.15 VR values taken from Genesis model at various depths above and below 43.46 m 

thick dolerite sill in corehole 135C9. 

 Vitrinite Reclectance 

%Ro 
 Vitrinite Reclectance 

%Ro 

Distance from contact 

(m) 
Above the sill 

Distance from contact 

(m) 
Below the sill 

0 16 0 16 

18.56 0.96 13.50 2.35 

 

 

Table 5.16 VR values taken from Genesis model at various depths above and below 1.61 m thick 

dolerite sill in corehole 135C9. 

 Vitrinite Reclectance 

%Ro 
 Vitrinite Reclectance 

%Ro 

Distance from contact 

(m) 
Above the sill 

Distance from contact 

(m) 
Below the sill 

0 16 0 16 

6.83 0.46 17.16 0.96 

 

Dolerite 1 sill in the corehole 135C9 has 16.86 m thickness. For 16.86 m thick dolerite, it 

has influence around 12 m ratio below the sill (1:0.71) (Figure 5.27). The influence of Dolerite 1 

sill is around 15 meters above the sill (ratio 1:0.88). Section above the sill has higher VR values 

than section below the sill. The 43.46 m thick Dolerite 2 sill has thermal influence around 18 m 

above the sill (ratio 1:0.41). Influence of Dolerite 2 sill is around 15 m below the sill (ratio 

1:0.34) (Figure 5.28). It is not proper to measure influence of dolerite sills in coreholes such as 

135C9, which has several dolerite sills affecting each other. 
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Figure 5.27 Modeled Vitrinite Reflectance (VR, %) vs distance from contact (m) in corehole 

135C9 above and below the sill (Dolerite 1). Background VR value for above and below the sill 

is chosen as 0.5%. 

 

 

Figure 5.28 Modeled Vitrinite Reflectance (VR, %) vs distance from contact (m) in corehole 

135C9 above and below the sill (Dolerite 2). Background VR value for above and below the sill 

is chosen as 0.5%. 
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Figure 5.29 Modeled Vitrinite Reflectance (VR, %) vs distance from contact (m) in corehole 

135C9 above and below the sill (Dolerite 3). Background VR value for above and below the sill 

is chosen as 0.5%. 

 

Plots are still showing the same characteristics as described above. Sedimentary section 

above the sill has higher VR values than below the sill for thick (>15 m) dolerite sills. In 

addition, thermal influence is much higher close to the intrusions.  

Dolerite 3 sill (1.61 m) in the corehole 135C9 shows the main characteristics of thin (<5 

m) dolerite sills. The section below the sill has higher VR values than the section above the sill. 

For 1.61 m thick dolerite sill, it has influence around 7 m (ratio 1:4.34) above sill and 17 m (ratio 

1:10.5) below sill (Figure 5.29). The ratio higher than (1:3) is the common ratio for thin dolerite 

sills (<5 m). The reason for thin dolerite sills having more influence than thick dolerite sills is 

examined in the Discussion and Conclusions parts below. 
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Corehole 136C2 was chosen for an experiment in Genesis software. Six different dolerite 

intrusion timings were created in Genesis (Figure 5.30). In the first one, the intrusion started at 

the same time and ended at the same time and was named “C2 Instantaneously.” In the second 

one, the intrusion started at 180 Ma and ended 1000 years later at 179.999 Ma. It was called “C2 

1000 years.” The others (“C2 2000 years”, “C2 3000 years”, “C2 4000 years”, “C2 5000 years”) 

were created using the same approach. The aim of this experiment was to understand the effect 

of timing of sill emplacement. “C2 Instantaneously” resulted in accurate model closely calibrated 

with measured VR values. VR values are decreasing with the increasing deposition time. While 

1000 years deposition time is sufficient for rock maturity values to reach gas window, 5000 years 

deposition time results in almost immature VR values. The model suggests that rapid intrusions 

are better for making more mature coals. This model also supports the idea that thin sills have 

more thermal influence than thick sills, because thin sills deposit in less time than thick sills. Of 

course, the other components are important in the process of formation of the sill, such as the 

viscosity of magma, the porosity and permeability of surrounding rocks etc. Still, it is reasonable 

to say that the less material means less deposition time.   

A similar modelling experiment was conducted on corehole 135C9 because it has four 

different sills with different thicknesses (Figure 5.31). The results are similar to the first 

experiment. “C9 Instantaneously” has results that are more accurate, and longer deposition time 

resulted in lower maturity. However, while the thick sill in the middle shows the same gradual 

decrease, the influence of thin sills in both above and below sections are gone after 1000 years.  I 

can say that if thin sills (<5 meters) are not deposited rapidly, they are not effective. It is clear 

from the plot that thick dolerite sill has an effect even with 1000 and 2000 years but the thin 

dolerite sills do not have any influence with 1000 years deposition time.  
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Figure 5.30 Corehole 136C2 showing different times of deposition of intrusion. 
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Figure 5.31 Corehole 135C9 showing different times of deposition of intrusion. 
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Brown et al. (2014) published a paper titled “Intracontinental deformation in southern 

Africa that during the Late Cretaceous”. This paper gives an idea about the structural events that 

happened in southern Africa. Wildman et al. (2015) investigated the structural events that 

happened in South Africa. Using their observations, I created a burial history plot with two major 

events (Figure 5.32). Although every corehole has a similar burial history, corehole 136C2 is 

chosen for demonstration. First uplift happened during the Triassic. In my model, 300 meters 

thick, sedimentary succession deposited around 220 million years ago and eroded around 215 

million years ago. The second uplift happened during the Jurassic. In my model, almost 1000 

meters thick sedimentary section deposited around 150 million years ago and eroded around 70 

million years ago.  

The Triassic structural event is not related to the dolerite intrusions, and thus it is not 

significant for the influence of dolerites on coals. On the other hand, Jurassic structural event 

happened after the dolerite intrusions were in place. During the Early Jurassic when the coals 

were at the shallower depths, dolerites started to intrude the coal-bearing formations. Burial 

history plot suggests that coals were at deep burial (around 1500 m) 150 million years ago. At 

that time, the conditions were different than at the start of the igneous activity. Plot shows an 

increase on the maturity towards to the dolerite contacts after the age of intrusion (180 million 

years ago). The Jurassic uplift may influence gas composition and generation, thus it must be 

examined carefully in future studies. This study aims to understand the influence of dolerites on 

maturity and gas content, and thus the detailed burial history is not investigated here.   
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Figure 5.32 Burial History plot of corehole 136C2. 
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5.3 Total Gas Content Analyses 

Total gas content measurements were taken from a freshly cut samples by Weatherford 

Laboratories. Nine core holes are investigated to understand both the influence of dolerites on 

total gas content and the relationship between modelled VR values and the total gas content. 

Tables showing the sample numbers, top and base depths, coal zone, total gas content and 

modelled VR values are created for each corehole. The unit for total gas content is m3/tonne. 158 

samples were taken from nine coreholes. The average total gas content is 1.06 m3/t.  

 

 

Figure 5.33 Total gas content (m3/t) values versus depth for heat-affected and non-heat-affected 

samples. 

 

Total gas content values vary between 0.19 m3/t and 1.31 m3/t for non-heat-affected 

samples and the average total gas content is 0.72 m3/t. However, total gas content values vary 

between 2.19 m3/t and 5.28 m3/t for heat-affected samples and average total gas content is 3.14 

m3/t. Total gas content values increase towards dolerite sill contacts (Figure 5.33). 
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Table 5.17 Total gas content measurements, modeled and measured VR values of corehole 

136C1. 

Sample 

Number 

Top 

(m) 

Base 

(m) 

Coal 

Zone 

Total Gas Content 

(m3/tonne) 

Modelled 

VR% 

 

Measured 

VR% 

CH-01 D001 242.4 242.89 UMH 0.78 0.42  

CH-01 D002 245.82 246.19 UMH 0.77 0.43 0.44 

CH-01 D003 259.05 259.35 Z3 1.22 0.43  

CH-01 D004 268.38 268.98 Z3 1.4 0.44 0.47 

CH-01 D005 275.24 275.44 Z3 1.4 0.44 0.49 

CH-01 D006 277.3 277.9 Z3 1.22 0.44 0.47 

CH-01 D007 277.9 278.25 Z3 1.24 0.44  

CH-01 D008 279.96 280.17 Z3 1.74 0.44 0.5 

CH-01 D009 285.66 285.96 Z2 1.38 0.45  

 

Nine samples were taken from the corehole 136C1 and total gas content values vary 

between 0.78 and 1.4 m3/t (Table 5.17). Six of the samples were taken from coal zone Z3 that 

has moderate total gas content values (0.5 m3/t – 1.1 m3/t). Samples from UMH coal zone show 

low total gas content values. Samples from coal zone Z2 and Z3 show moderate to high total gas 

content values. 

Corehole 136C1 does not include a dolerite sill, thus it is useful to find out the 

background total gas content values in the zones (Figure 5.34). UMH coal zone background 

average total gas content value is 0.77 m3/t. Z2 coal zone background average total gas content 

value is 1.38 m3/t. Z3 coal zone background average total gas content value is 1.37 m3/t. Using 

these background total gas content values help me find out which total gas content values are 

influenced by dolerite sills.  

 



  

89 

 

 

Figure 5.34 Measured total gas content values (m3/t) displayed with the lithology for corehole 

136C1. 
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Table 5.18 Total gas content measurements, modeled and measured VR values of corehole 

136C2. 

Sample 

Number 

Top 

(m) 

Base 

(m) 

Coal 

Zone 

Measured Total Gas 

Content (m3/tonne) 

Modelled 

VR% 

 

Measured 

VR% 

CH-02-001 251.25 251.81 Z3 0.46 0.45  

CH-02-002 252.12 252.72 Z3 0.36 0.45  

CH-02-003 257.64 258.25 Z3 0.25 0.49 0.46 

CH-02-004 262.62 262.94 Z3 0.42 0.52  

CH-02-005 263.97 264.3 Z3 0.4 0.53  

CH-02-006 266.26 266.68 Z3 0.49 0.59  

CH-02-007 272.49 273.09 Z3 1.08 0.8 0.77 

CH-02-008 273.09 273.36 Z3 0.79 0.95  

CH-02-009 276.51 276.74 Z3 2.19 1.52 1.52 

CH-02-010 278.16 278.49 Z3 4.1 2.06  

CH-02-011 357.97 358.27 Z2 1.37 4.41 1.57 

CH-02-012 378.71 379.01 Z2 0.72 0.52  

 

Twelve samples were taken from corehole 136C2 and total gas content values vary 

between 0.25 m3/t and 4.1 m3/t (Table 5.18). Ten of the samples were taken from coal zone Z3 

whereas only two samples were taken from coal zone Z2. The background total gas content value 

for coal zone Z3 is chosen as 1.37 m3/t from corehole 136C1. The values below this number are 

not influenced by dolerite sills because we already have these values without any dolerite sills. 

Vitrinite reflectance model shows a good correlation with the total gas content values in corehole 

136C2 which has a 50.45 m thick dolerite sill (Figure 5.35). 
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Figure 5.35 Vitrinite reflectance model for corehole 136C2. Measured total gas content values 

(m3/t) are displayed as empty circles. 
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Figure 5.36 Total gas content vs distance from contact (m) in corehole 136C2 comparing above 

and below the sill. 

 

Total gas content vs distance from contact (m) plot clearly displays that total gas content 

values decrease with the increasing distance from the contact (Figure 5.36). Genesis does not 

model total gas content. Power trendline is used to better understand the trend of total gas 

content values both above and below the sill. Total gas content values between 0.2 m3/t - 1.5 m3/t 

are considered as background values and non-heat-affected samples (Figure 5.37). Two 

measured total gas content values, 4.1 m3/t and 2.19 m3/t, are considered to be heat- affected. 

50.45 m thick dolerite sill has influence on total gas content around 18 meters above the sill 

(0.35 times of dolerite sill thickness). R2 (coefficient of correlation) for above the sill Power 

trendline is 0.79 and for below the sill Power trendline, it is 1.0. This means that Power trendline 

curves have good correlation with data points. 
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Table 5.19 Total gas content measurements, modeled and measured VR values of corehole 

136C3. 

Sample 

Number 

Top 

(m) 

Base 

(m) 

Coal 

Zone 

Total Gas Content 

(m3/tonne) 

Modelled 

VR% 

Measured 

VR% 

CH-03-001 354.4 355 Z3 0.61 0.45  

CH-03-002 360.07 360.27 Z3 1.09 0.46  

CH-03-003 361.37 361.97 Z3 1.02 0.46  

CH-03-004 363.4 364 Z3 1.46 0.46  

CH-03-005 364.7 365 Z3 1.58 0.46 0.83 

CH-03-006 366.62 367.22 Z3 1.18 0.46  

CH-03-007 368.8 369.2 Z3 0.96 0.46  

CH-03-008 369.61 370.21 Z3 0.84 0.46  

CH-03-009 370.26 370.58 Z3 0.99 0.47  

CH-03-010 372.71 373.31 Z3 1.48 0.47  

CH-03-011 373.31 373.78 Z3 0.85 0.47  

CH-03-012 374.94 375.54 Z3 0.53 0.47 0.52 

CH-03-013 410.45 410.68 Z2 1.4 0.79 0.64 

CH-03-014 414.59 414.81 Z1 0.77 1.03  

CH-03-015 417.41 417.95 Z1 0.67 1.47  

CH-03-016 417.95 418.55 Z1 1.43 1.52 0.92 

CH-03-017 420.03 420.63 Z1 1.02 2.59  

CH-03-018 420.95 421.55 Z1 1.47 4.82 1.39 

CH-03-019 422.82 423.42 Z1 3.39 5.21  

CH-03-020 428.33 428.9 Z1 3.42 12.43  

 

Twenty samples were taken from corehole 136C3 and total gas content values vary 

between 0.53 m3/t and 3.42 m3/t (Table 5.19). Six of the samples were taken from coal zone Z1. I 

don’t have a background total gas content value for coal zone Z1 but since coal zone Z1 has 

higher total gas content values than the other coal zones, the background total gas content value 

for coal zone Z1 should be higher than 1.38 m3/t and possible around 1.50 m3/t. The average total 

gas content for coal zone Z3 is 1.04 m3/t in this corehole. I do not think that this corehole has 

heat-affected coals except for the last two samples (3.39 and 3.42 m3/t). It is clear that toward the 

contact total gas content values are increasing in corehole 136C3. 
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Figure 5.37 Total gas content and modeled vitrinite reflectance percentages of nine coreholes. 

 

Total gas content values of 32 samples and their depth equivalent modelled VR values 

from corehole 136C2 and 136C3 are displayed in Figure 5.37. Total gas content values increase 

with an increase in modelled VR values. There is a good correlation between total gas content 

values and modelled VR values because they both increase towards dolerite sill contacts. Non-

heat affected samples display background values for both total gas content (0.2 m3/t - 1.5 m3/t) 

and modelled VR values (0.5%) but heat-affected samples show an increase in both these 

parameters. 
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Table 5.20 Total gas content measurements and modelled and measured VR values of corehole 

135C4. 

Sample 

Number 

Top 

(m) 

Base 

(m) 

Coal 

Zone 

Total Gas Content 

(m3/tonne) 

Modelled 

VR% 

Measured 

VR% 

CH-04-D1 380.82 381.53 UMH 0.54 2.54 1.91 

CH-04-D2 383.11 383.71 UMH 0.46 4.14  

CH-04-D3 437.06 437.41 Z3 0.82 7.78 5.53 

CH-04-D4 446.44 446.69 Z3 1.5 1.23  

CH-04-D5 447.24 447.44 Z3 0.9 1.17  

CH-04-D6 450.62 450.82 Z2 0.7 0.53  

CH-04-D7 450.82 451.4 Z2 0.83 0.53 0.84 

CH-04-D8 451.92 452.17 Z2 0.97 0.52  

CH-04-D9 457.11 457.31 Z2 1.2 0.52  

CH-04-D10 459.9 460.02 Z2 2.95 0.51  

CH-04-D11 464.82 464.98 Z2 1.1 0.51  

CH-04-D12 465.72 465.97 Z2 1.24 0.51  

CH-04-D13 474.89 475.37 Z2 0.57 0.5  

CH-04-D14 478.31 478.67 Z1 1.02 0.5  

CH-04-D15 478.79 479.34 Z1 0.81 0.57 0.87 

CH-04-D16 483.82 484.13 Z1 0.98 0.69  

CH-04-D17 486.86 487.36 Z1 5.28 0.92  

CH-04-D18 488.31 488.85 Z1 1.42 0.98 1.59 

CH-04-D19 490.4 490.64 Z1 2.29 1.62  

CH-04-D20 496.44 496.54 Z1 2.76 5.05  

 

Twenty samples taken from corehole 135C4 have total gas content varying between 0.46 

m3/t and 5.28 m3/t (Table 5.20). Two dolerite sills are present, and total gas content values above 

and below the Dolerite 2 sill are not good enough to make an interpretation. Specifically, the 

section below Dolerite 2 sill is compromised with the influence from Dolerite 1 sill. Last four 

samples are clearly influenced by Dolerite 1 sill. Modeled VR values show good correlation with 

high total gas content values and moderate correlation with other values (Figure 5.38). 
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Figure 5.38 Vitrinite reflectance model for corehole 135C4. Measured total gas content values 

(m3/t) displayed as empty circles. 
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Table 5.21 Total gas content measurements, modeled and measured VR values of corehole 

135C5. 

Sample 

Number 

Top 

(m) 

Base 

(m) 

Coal 

Zone 

Total Gas Content 

(m3/tonne) 

Modelled 

VR% 

Measured 

VR% 

CH-05-D1 247.77 248.5 UMH 0.9 0.44 1.00 

CH-05-D2 283 283.25 Z3 0.83 9.63 5.33 

CH-05-D3 322.33 322.74 Z2 0.63 4.94  

CH-05-D4 322.74 323.34 Z2 0.65 4.81  

CH-05-D5 325.77 328.46 Z2 0.49 3.03 1.40 

CH-05-D6 331.74 332.7 Z2 0.56 0.89  

CH-05-D7 333.79 334.39 Z2 0.47 0.66  

CH-05-D8 334.39 334.69 Z2 0.52 0.61  

CH-05-D9 335.26 336.29 Z2 0.86 0.71 1.22 

CH-05-D10 338.15 338.62 Z1 1.05 1.01  

CH-05-D11 344.1 345.23 Z1 1.46 2.21 5.44 

CH-05-D12 353 353.27 Z1 0.33 12.51  

 

Twelve samples were taken from the corehole 135C5 and total gas content values vary 

between 0.33 m3/t and 1.46 m3/t (Table 5.21). Four dolerite sills are present and three of them do 

not have enough information to interpret the influence of dolerites on total gas content. One total 

gas content value (1.46 m3/t) is close to the background total gas content value of coal zone Z3. 

It can show the beginning of the influence of Dolerite 1 sill. There is one other sample present at 

depth 353 m very close to the contact but I do not think it is an accurate measurement. Almost all 

other samples are consistent with a trend of increasing total gas content towards the sill contact, 

but for this sample, it is quite the opposite. This sample is from almost the contact itself and it 

has high ash values. It is not my objective to analyze the ash values but I am very confident that 

the sample CH-05-D12 is not an accurate sample, thus I am not going to use it in future 

discussion. 
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Table 5.22 Total gas content measurements, modeled and measured VR values of corehole 

134C6. 

Sample 

Number 

Top 

(m) 

Base 

(m) 

Coal 

Zone 

Total Gas Content 

(m3/tonne) 

Modelled 

VR% 

Measured 

VR% 

CH-6-001 319.04 319.59 Z3 0.69 0.44  

CH-6-002 319.59 320.19 Z3 0.71 0.44 0.47 

CH-6-003 320.19 320.79 Z3 1.12 0.44  

CH-6-004 320.93 321.23 Z3 1.15 0.44  

CH-6-005 324 324.57 Z3 0.57 0.44  

CH-6-006 324.8 325.4 Z3 1.19 0.44  

CH-6-007 326.04 326.64 Z3 1.09 0.44  

CH-6-008 328.84 329.4 Z3 1.27 0.44 0.51 

CH-6-009 329.4 330 Z3 1.26 0.44  

CH-6-010 333.47 334.07 Z3 1.32 0.45  

CH-6-011 338.86 339.45 Z2 0.98 0.45  

CH-6-012 339.45 340.05 Z2 1.24 0.45  

CH-6-013 340.05 340.64 Z2 1.31 0.45 0.60 

CH-6-014 340.64 341.09 Z2 1.04 0.45  

CH-6-015 354.69 354.98 Z1 0.47 0.46  

CH-6-016 355.5 355.99 Z1 0.45 0.46 0.65 

 

Sixteen samples were taken from corehole 134C6 and total gas content values vary 

between 0.45 m3/t and 1.32 m3/t (Table 5.22). There is no dolerite sills present in the corehole 

134C6. Therefore, I cannot examine the influence of dolerites on the total gas content in this 

corehole. However, corehole 134C6 is useful (like corehole 136C1) to establish a background 

total gas content values for the study area. The average total gas content of first 14 samples is 

1.06 m3/t. Coal zones Z2 and Z3 display moderate total gas content. Last two samples have 

extremely low total gas content values even though they were taken from coal zone Z1 that has 

the highest total gas content values. I am suspicious about measurements in two deepest samples 

(354.69 m and 355.5 m). Except for these two samples, corehole 134C6 proves once again that 

the background total gas content values are between 1 m3/t -1.40 m3/t in the study area. 
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Table 5.23 Total gas content measurements, modeled and measured VR values of corehole 

134C7. 

Sample 

Number 

Top 

(m) 

Base 

(m) 

Coal 

Zone 

Total Gas Content 

(m3/tonne) 

Modelled 

VR% 

Measured 

VR% 

CH-7-001 403.47 403.83 UMH 0.2 0.46  

CH-7-002 403.83 404.43 UMH 0.19 0.46 0.50 

CH-7-003 415.22 415.82 Z3 0.28 0.46  

CH-7-004 416.7 417.3 Z3 0.38 0.47  

CH-7-005 417.3 417.9 Z3 0.38 0.47  

CH-7-006 418.04 418.47 Z3 0.47 0.47  

CH-7-007 418.87 419.25 Z3 0.37 0.47  

CH-7-008 423.08 423.68 Z3 0.36 0.47  

CH-7-009 423.68 424.28 Z3 0.32 0.47  

CH-7-010 428.23 428.72 Z3 0.27 0.47  

CH-7-011 432.36 432.96 Z3 0.41 0.48 0.54 

CH-7-012 432.96 433.56 Z3 0.43 0.48  

CH-7-013 433.92 434.52 Z3 0.35 0.48  

CH-7-014 438.75 439.35 Z3 0.36 0.48  

CH-7-015 439.35 439.95 Z3 0.42 0.49  

CH-7-016 439.95 440.55 Z3 0.39 0.49 0.54 

CH-7-017 451.38 451.75 Z2 0.63 0.49  

CH-7-018 456.37 456.93 Z2 0.61 0.5  

CH-7-019 456.93 457.5 Z2 0.55 0.51  

CH-7-020 460.24 460.7 Z2 0.59 0.52  

CH-7-021 462.86 463.14 Z2 0.72 0.52 0.55 

CH-7-022 469.69 470.29 Z2 0.32 0.53  

CH-7-023 473.55 474.15 Z2 0.29 0.55  

CH-7-024 481.69 482.29 Z1 0.55 1.38  

CH-7-025 485.62 486.22 Z1 2.59 4.28 3.88 

 

Twenty five samples were taken from corehole 134C7 and total gas content values vary 

between 0.19 m3/t and 2.59 m3/t (Table 5.23). There is 21.25 m thick dolerite sill present at the 

base of the corehole, and the actual total thickness of the dolerite is unknown. 

 Total gas content values are extremely low except for one sample. They are even lower 

than the background total gas content values accepted for this study. One reason for that might 

be the location of corehole 134C7. Because both coreholes 134C7 and 134C8 are showing very 

low total gas content values and they are both located in the eastern part of study area far from 
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the other coreholes. There might be other reasons for having such low total gas content values, 

which needs to be investigated in future studies. Sample CH-7-025 is clearly affected by dolerite 

intrusion.  

Table 5.24 Total gas content measurements, modeled and measured VR values of corehole 

134C8. 

Sample 

Number 

Top 

(m) 

Base 

(m) 

Coal 

Zone 

Total Gas Content 

(m3/tonne) 

Modelled 

VR% 

Measured 

VR% 

CH-8-001 369.88 370.48 UMH 0.43 0.56  

CH-8-002 370.48 370.86 UMH 0.29 0.57 0.40 

CH-8-003 381.07 381.37 UMH 0.4 0.79  

CH-8-004 383.02 383.62 Z3 1.19 0.8  

CH-8-005 383.62 384.22 Z3 0.36 0.8 0.62 

CH-8-006 384.25 384.88 Z3 0.49 0.86  

CH-8-007 384.88 385.48 Z3 0.55 0.87  

CH-8-008 385.48 386.08 Z3 0.55 0.88  

CH-8-009 386.08 386.68 Z3 0.72 0.89  

CH-8-010 386.68 387.28 Z3 0.45 0.9  

CH-8-011 387.28 387.63 Z3 0.79 0.9  

CH-8-012 387.88 388.48 Z3 1.54 0.91 0.90 

CH-8-013 388.48 388.88 Z3 0.58 0.92  

 

Thirteen samples taken from corehole 134C8 have total gas content values varying 

between 0.29 and 1.54 m3/t (Table 5.24). There is 73.43 m thick dolerite sill present in the 

corehole 134C8. Except for the first three samples, all samples were taken from coal zone Z3. 

Total gas content values increase towards the dolerite sill contact, these values are still relatively 

low (Figure 5.39). Only one sample (CH-8-012 from 387.88 m) appears to be affected by the 

dolerite sill. The deepest sample (388.38 m) shows lower total gas content value than the sample 

above it, which is not logical. The reason for that might be a sampling error or local differences 

in the area.  
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Figure 5.39 Measured total gas content values (m3/t) displayed with the lithology for corehole 

134C8. 
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Figure 5.40 Total gas content vs distance from the contact (m) in corehole 134C8 above the sill. 

 

The study conducted for corehole 136C2 was also done for corehole 134C8. Plot displays 

the same pattern, which is a decrease of total gas content values with the increasing distance 

from contact. The maximum total gas content value is 1.54 m3/t. Although the total gas content 

values are increasing towards to contact, I think they still represent background values for this 

area. There are no samples analyzed between 0 to 25 meters distance from the dolerite sill 

contact. I think we would see the heat-affected samples if Kubu Energy took samples near the 

dolerite sill contact.  
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Table 5.25 Total gas content measurements, modeled and measured VR values of corehole 

135C9. 

Sample 

Number 

Top 

(m) 

Base 

(m) 

Coal 

Zone 

Total Gas Content 

(m3/tonne) 

Modelled 

VR% 

Measured 

VR% 

CH-9-001 397.85 398.45 Z3 0.449 0.44  

CH-9-002 405.7 406.3 Z3 0.483 0.45 0.51 

CH-9-003 406.39 406.99 Z3 0.394 0.46  

CH-9-004 410.52 411.12 Z3 4.709 0.46  

CH-9-005 416.42 417.02 Z3 1.365 1.82  

CH-9-006 417.02 417.62 Z3 2.714 2.45  

CH-9-007 417.9 418.5 Z3 2.849 4.32  

CH-9-008 420.8 421.4 Z3 2.419 14 3.67 

CH-9-009 421.8 422.4 Z3 1.648 12.8  

CH-9-010 422.44 423.04 Z3 1.958 11.6  

CH-9-011 424.07 424.67 Z3 1.946 7.6  

CH-9-012 424.92 425.52 Z3 0.895 6.3  

CH-9-013 427 427.6 Z3 2.586 5.2  

CH-9-014 428.75 429.35 Z3 0.727 4.47  

CH-9-015 429.8 430.4 Z3 1.088 4.15  

CH-9-016 430.96 431.56 Z3 0.993 3.92  

CH-9-017 439.48 439.78 Z3 1.21 0.97  

CH-9-018 444.21 444.81 Z3 0.874 2.28 1.30 

CH-9-019 446.12 446.72 Z3 0.715 2.95  

CH-9-020 446.72 447.32 Z3 1.179 3.02  

CH-9-021 450.22 450.82 Z3 0.661 6.15  

CH-9-022 451.02 451.62 Z3 1.395 7.02  

CH-9-023 452.03 452.63 Z3 0.327 8.2  

CH-9-024 453.78 454.38 Z3 0.807 9.2  

CH-9-025 454.4 455 Z3 1.038 10.2  

CH-9-026 502.9 503.5 Z2 1.299 7.01  

CH-9-027 504 504.6 Z2 0.96 5.03  

CH-9-028 504.6 505.2 Z2 0.975 4.46 4.71 

CH-9-029 512.12 512.72 Z2 2.934 2.46  

CH-9-030 519.98 520.58 Z1 1.687 6.85  

CH-9-031 520.86 521.46 Z1 1.424 8.02 1.88 

 

Thirty-one samples were taken from corehole 135C9 and total gas content values vary 

between 0.327 and 4.709 m3/t (Table 5.25). Three dolerite sills are present in the corehole 

135C9. The thermal influence of Dolerite 2 sill on total gas content is compromised with other 

two dolerite sills located below and above and thus, it is not proper to examine it (Figure 5.41).  
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Figure 5.41 Measured total gas content values (m3/t) displayed with the lithology for corehole 

135C9. 
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CHAPTER 6 CONCLUSIONS 

1. Dolerite sills thicker than 15 m are grouped and investigated together. Some of them are 

excluded because of influence from other intrusions. Average dolerite thermal influence ratio 

is 1:0.55 above the sill and 1:0.48 below the sill. This means that 20 meters thick dolerite sill 

has about 11 meters thermal influence on the above sedimentary section and 10 meters on the 

below sedimentary section. The maximum vitrinite reflectance (VR) values are always 

relatively higher in the section above than the section below the sills.  

2. Dolerite sills thinner than 5 m are grouped and investigated together. Dolerite sills thinner 

than 5 m have the average dolerite thermal influence ratio 1:5.2 above the sill. This means that 

two meters thick dolerite sill is thermally affecting at least 10 meters above the sill. Thermal 

influence on the section below is even larger. 2 meters thick dolerite sill is affecting at least 12 

meters (ratio 1:6.1) of sedimentary rock below it. The maximum VR values in the section 

below the sill are always larger than the VR values above the sills. This is absolutely the 

opposite of the situation for thick sills.  

3. Almost every interpretation plot is supporting one of the above findings. However, some plots 

are more complex than others. When those complex plots are carefully investigated, it appears 

that another sill is affecting the maturity of rocks. If one intrusion comes closer to another 

intrusion’s influence area, thermal influences of two sills add up. If there is enough space 

between the dolerite sills, this affect is not very obvious, but if the space between the dolerite 

sills is small, they are clearly affecting each other. 

4. Not every sill intrusion has the same thermal influence. Thickness of the sills is an important 

factor. The sills thicker than 15 meters do not have too much influence on the surrounding 
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rocks. The reason for that may be the length of the deposition time of the sills. 50 meters thick 

dolerite sill takes relatively longer time to deposit, and the effect of heat might be lost with the 

time. The sills thinner than 5 meters have huge influence on surrounding rocks. This finding 

supports the idea of timing. Because one meters thick dolerite sill deposition happens almost 

instantaneously, it releases much heat to the surrounding rocks. It affects the surrounding 

rocks at distances three or more times more than its own thickness. 

Table 6.1 Summary of the influence of dolerites on coals with the ratios for thin and thick sills. 

INFLUENCE OF DOLERITES 

ON MATURITY 
Thin (<5 meters) sills  Thick (>15 meters) sills  

Above the sill Average Ratio 1:5.2 Avarage Ratio 1:0.55 

Below the sill Average Ratio 1:6.1 Average Ratio 1:0.48 

Relationship between section 

above the sill and below the sill 

Section below the sill has 

higher maximum VR 

values than above the sill 

Section above the sill 

has higher maximum 

VR values than below 

the sill 

 

Between 5 and 15 meters thick dolerites are not investigated in this project due to the lack of 

such dolerite sills in the study area. 

5. Timing of the intrusion is important. Less deposition time results in relatively higher VR 

values. The most influence of dolerites on maturity occurs when the intrusion happens almost 

instantaneously. Timing of the intrusions should be investigated in more details in future 

studies.  

6. Investigating the influence of dolerite sills on total gas content values is more difficult than 

investigating the influence of dolerite sills on maturity. I was able to create maturity models 

for coreholes; however, I do not have Genesis models for total gas content. I observed that 
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total gas content values are acting similarly to maturity values. The values increase towards 

the contact and decrease with the increasing distance from contact.  

7. One of the aims of the study was to test the seal theory of Gurba and Weber (2001). They 

proposed that total gas content values are higher below the sill than above the sill. They 

believed that dolerite sills act like seals during the intrusion or at some time after the intrusion. 

I could not test this theory because the number of available measured total gas content values 

is not sufficient to fully investigate the situations both above and below the sill. In my 

opinion, dolerite sills are not acting like seals. In my total gas content plots, I have moderate 

to high total gas content values above the sills, and total gas content values below the sills are 

generally either same as in the section above or lower than in the section above the sill. I 

conclude that dolerite sills have very positive influence on total gas content but I do not think 

that dolerite sills are acting as seals. In order to investigate this theory, coreholes must be very 

close to each other and have the same dolerite sills in them. Also, total gas content values 

must be taken more often from sections both above and below the sill. 

8. The average total gas content for non-heat-affected samples is 0.72 m3/t and the average total 

gas content for heat-affected samples is 3.14 m3/t. Typical gas content in the U.S basins with 

CBM production is between 0.1 m3/t to 25 m3/t. Typical gas content in San Juan Basin coals is 

between 3 m3/t and 25 m3/t, and Powder River Basin coals typically have gas content between 

0.1 m3/t and 3.9 m3/t (Thakur et al., 2014). In this study, non-heat affected samples display 

lower total gas content values than typical productive CBM plays in the U.S basins. However, 

heat-affected coals in Botswana have gas content in the range of typical productive CBM 

plays in the U.S basins.  
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CHAPTER 7 RECOMMENDATIONS 

1. Spaces between coreholes must be decreased with new coreholes. 20-50 km well spacing only 

allows to study regional geology. Dolerite sills present in different coreholes are likely not be 

the same dolerite sills. Most probably, their time of emplacement also was different. This 

makes everything more complicated and difficult to investigate. In future CBM exploration 

projects in Botswana, one promising corehole location should be selected and new coreholes 

should be drilled near it (200 m – 1000 m away). This way, the same dolerite sill can be 

examined and its influence on gas content can be better understood. 

2. Core samples located close to dolerite sill contacts must be taken with an extreme caution. 

This is because core samples can easily be taken from cindered areas close to dolerite sill 

contacts which can possible have high ash contents and highly altered zones. Influence of 

dolerites is very important, but in order to truly understand that influence, the core samples 

which have very high VR values and total gas content values must be analyzed very carefully. 

3. Coreholes should not be ended within dolerite layers. Thicknesses of dolerite sills are very 

diverse. In this study dolerite sill thicknesses ranges between 1.61 m and 73.43 m. Coreholes 

136C3, 135C4, 135C7, 134C7 has ended in the middle of dolerite sills. The targeted 

Morupule formation could possibly exist below the dolerite sills in these coreholes. This area 

has abundant dolerite sills, it is crucial to understand their influence on the CBM play.  

4. Students who have interest pursuing this research further should investigate gas composition, 

proximate analysis, isotopic composition of gas, adsorption isotherm data, gas saturation and 

maceral analysis. These analyses were done by Weatherford Laboratories and the data can be 

requested from Kubu Energy company. 
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