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Abstract  

This study undertook to investigate the geochemistry of the potential sources of inorganic 

groundwater contamination from a spent UCG chamber. The Eskom Majuba UCG pilot plant in South 

Africa was the main study area for this research. Two core drills that intercepted the spent geo-reactor 

retrieved residue products (ash, char and heat affected host rocks). Geochemical and mineralogical 

characterization of UCG residue products was done to establish the inorganic groundwater 

contamination risk. QEMSCAN and XRD results indicated that most of the primary mineral phases were 

transformed into high temperature phases. Above average levels of high temperature minerals: 

mullite, cordierite, tridymite and cristobalite were detected in the roof of the spent UCG chamber. 

Pyrite transformed into pyrrhotite as recorded by the inverse relationship in the profiles of these 

sulphide minerals. In general, the results established that char and rocks in the vicinity of the 

gasification chamber contained relatively lower pyrite levels when compared with the original 

lithology. Total sulphur analysis of the char recorded comparatively lower sulphur levels as compared 

to natural coal and this rendered the spent geo-reactor more environmentally sustainable, as lower 

total sulphur equates to less risk of acid rock drainage. Most of the sulphur is converted to H2S during 

the gasification process and transported with the syngas to the surface, where it can be removed and 

captured as elemental sulphur. 

The second objective of the study dealt with the water-rock interaction in the spent geo-reactor. The 

assessment of the water-rock geochemistry was conducted through leaching tests under different 

geochemical environments. This task was achieved by subjecting different sections of the geo-reactor 

to leaching by the following mediums: deionized water, hydrogen peroxide and sulphuric acid. 

Elements showed a pH-dependent solubility as seen by the general negative correlation factor for 

each element. The water elution tests (no pH buffer), released the lowest concentrations of ionic 

species into solution and had an alkaline final pH in most cases. The water elution results were in the 

main, one or several orders of magnitude lower than the other elution tests results. The peroxide 

leaching results recorded lower pH levels as compared to the water elution results and consequently 

the solubility of elements increased. Peroxide elution induces full solution oxidation and this is the 

basis for acid rock drainage associated with coal mining. The decrease in pH is attributed to oxidation 

of sulphide minerals which acidify the solution thereby increasing the solubility of elements. Acid 

leaching was used to assess the leaching dynamics in the spent UCG geo-reactor if acidic conditions 

developed. Chemical dissociation of carbonates and silicates phases failed to buffer or counter the 

acidity by consuming the hydronium that is responsible for the low pH. It is therefore recommended 

that a drop in pH below 4 in mine water around a spent UCG geo-reactor must be countered by acid 

neutralization strategies such as lime injection to avoid development of acid mine drainage.   

The mine water elution was utilized to assess the leaching dynamics under field conditions as water-

rock interactions were subjected to experimental temperature of 25 and 70 °C, respectively. The 

following elements showed general decrease in concentration with increase in temperature Mn, Fe, 

Ni, Sr, Ca, M and V. The following elements however showed general increase in concentration with 

increase in temperature: B, K, Cu, and SO4. The distribution coefficient was used to assess dissociation 

of elements between the mine water and the solid surfaces of the UCG residue products. Contaminant 

migration was confirmed with the heat affected roof releasing the most metals into solution at 25 °C 

while the highest concentrations of metals mobilized into solution at 70 °C emanated from both the 
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roof and char samples. Aluminium and Fe were the main non-mobile elements across all sections of 

the geo-reactor and their relative mobility was not affected by change in experimental temperature. 

The semi mobile metals were Ba, Ni, Cu, Mn, V while metals with great affinity to leach into water 

phase were Sr, V, Co, Mn, Cu, B and Pb. The higher elution ability of Pb from char samples at higher 

temperatures is an environmental concern as generally this element was not mobilized from other 

sections of the geo-reactor from both deionized water and mine water eluates, which indicates that 

temperature plays a role in dissolving this element from the organic surfaces. 

Acid base accounting was used as a predictive tool to assess the acid producing capacity of the spent 

geo-reactor. The NNP (net neutralising potential) was calculated in terms of the difference between 

acid producing (AP) and neutralising potential (NP). The analysis utilized both the acid base accounting 

(ABA) and net acid generation (NAG) methods of acid generation prediction. Utilizing both NNP and 

NAG test for potential acid generation of samples provides a more reliable evaluation technique than 

either test used alone. NNP characterized around 13% of samples as acid generating with only 7.5% 

as non-acid generating. NAG classified 26 samples (49%) as high acid generating while only 13 (24.5%) 

was characterized as non-acid generating. In general, acid generation is a possibility in a spent geo-

reactors however, UCG operations are usually at very deep locations (>200 mbgl) and there might not 

be sources of oxygen at this depths, for the oxidation of sulphide minerals. However, oxygenated 

water can be introduced into the chamber during quenching or through drainage of shallow aquifers 

via hydraulic connections with the spent geo-reactor. 

The risk to groundwater contamination from UCG activities was assessed in terms of the source-

pathway-receptor model. The spent geo-reactor was identified as the source, as it houses the residue 

material that contain toxic species as determined by the mineralogical assessment and leaching tests. 

The pathway was divided into two; (1) a borehole intercepting the spent geo-reactor which provided 

a vertical pathway from the coal seam aquifer to the overlying aquifers. (2) the in-seam groundwater 

pathway (lateral extent) that was assessed by monthly groundwater data from the coal seam aquifer 

taken from monitoring boreholes and compared with background. Stable isotope and hydrochemistry 

results show that the shallow aquifer and the deep aquifer are not hydraulically connected and 

therefore it is unlikely that groundwater from the gasification zone would contaminate the shallow 

aquifer. The deep aquifer had a distinctive isotopic signature for stable isotopes from the shallower 

aquifers which confirms that there was no groundwater mixing in these aquifers. There was 

stratification in all the boreholes (monitoring and verification) assessed in terms of EC and 

temperature. The stratification in EC showed that the quality of water that is sitting on top of the well 

is better than that in the bottom. This trend suggest that in the event of fractures forming due to roof 

collapse or any other event that could possibly create a flow path between the cavity water and the 

shallower strata, the water quality will not be uniform throughout the hydraulic connection. Better 

water quality will preferentially be at the shallow levels with low quality water concentrated at the 

bottom. Time series data displayed the chemical evolution of the coal seam aquifer. The results 

showed no evidence of inorganic contamination from UCG activities. In most cases, the water from 

the verification boreholes was of lower salinity than background and monitoring boreholes. This is due 

to surface water that was injected into the UCG cavity during quenching. The groundwater chemistry 

in the geo-reactor showed a general trend of degenerating to background levels. 
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1 Introduction 

1.1 Background information 

Underground coal gasification (UCG) is an unconventional mining method that converts in situ coal 

into fuel gas using high temperature conversion reactions. This process uses a panel of injection and 

production wells drilled into the coal seam to achieve gasification and transportation of the gas to the 

surface (Figure 1-1). Oxidants in the form of a mixture of air/oxygen and steam are transported into 

the gasification zone via injection wells and take part in UCG reactions. The gasification process 

converts solid coal into a combustible gas composed mainly of methane, hydrogen and carbon 

monoxide, collectively referred to as synthetic gas. The gas escapes through production wells to the 

surface where a number of gas scrubbing plants are installed to achieve the desired gas that can be 

used for electricity production. The mass transfer of solid coal to gaseous phases leaves a cavity in the 

coal seam that gets partially filled with residue products (ash and char) and eventually groundwater 

once the gasifier is shutdown.    

Underground coal gasification has less surface environmental impact than conventional coal mining 

as most of the waste handling and coal processing is eliminated (Imran et al., 2014). In traditional coal 

mining techniques, coal is mined and transported to the point of use where it is stockpiled before 

processing. All these processes have unfavourable environment effects such as groundwater 

contamination, surface disturbance and atmospheric pollution. At the tail end of the coal value chain 

is the waste handling of ash which also adds to the environmental risk and cost. UCG technology has 

advantages that include improved health and safety of mining, reduction in coal processing and waste 

handling and less surface damage from mining activity (Pershad et al., 2018b). Carbon capture and 

sequestration technology can be incorporated into UCG by utilizing the cavity as a Carbon dioxide 

storage chamber hence further reducing the environmental effects from UCG activities (Bhutto et al., 

2013). 

Underground coal gasification offers a number of environmental solutions to coal exploitation, 

however groundwater contamination remains the main environmental risk όYŀǇǳǎǘŀ ŀƴŘ {ǘŀƵŎȊȅƪΣ 

нлммΣ {ǘǊǳƎŀƱŀ-²ƛƭŎȊŜƪ ŀƴŘ {ǘŀƵŎȊȅƪΣ нлмрύ. Reports of groundwater pollution have been documented 

from the UCG test site in Hoe Creek, where product gas comprising of phenols and condensed vapours 

penetrated the overlying hydraulic units due to high pressures in the UCG reactor (Imran et al., 2014). 

Contaminants can migrate and penetrate the surrounding rocks as a result of an outward pressure 

from the gasification zone. It is widely accepted that operating the gasification zone at a pressure 

lower than the hydrostatic pressure in the immediate aquifers will cause all groundwater movement 

towards the gasification zone (Imran et al., 2014). This ensures that no outward pressure is exerted in 

the aquifers and hence containing the organic products within the gasification zone where there is 

constant decomposition and removal via the production wells. However, most of the inorganic 

contaminants remain in the cavity as ash and char (Liu et al., 2007). These residue products interact 

with groundwater after the gasifier shutdown when the natural groundwater head rebounds and 

water starts to fill the cavity. Natural flow of groundwater will leach residue products leading to 

groundwater pollution (Bhutto et al., 2013).     
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Figure 1-1 Outline of UCG process with CCS adapted from (Roddy and Younger, 2010) 

Although considerable literature exists on the potential of groundwater contamination from UCG 

activities (Liu et al., 2007, Bhutto et al., 2013, Imran et al., 2014, Blinderman and Klimenko, 2018) 

however, these studies contain limited information on the geochemistry of residue products and 

leaching behaviour. The majority of existing literature only highlights the challenges associated with 

groundwater contamination without research that characterizes the impact that residue products 

have on groundwater. The impact on groundwater will be assessed in this study by determining the 

leaching dynamics of UCG residue products under site conditions and also under different chemical 

environments and hence making the results to have a world wide application. 

1.2 Synthesis of literature 

Lƴ нлмн ǘƘŜ {ƻǳǘƘ !ŦǊƛŎŀƴ ƎƻǾŜǊƴƳŜƴǘ ǊŜƭŜŀǎŜŘ ŀ ǊƻŀŘƳŀǇ ŦƻǊ ǘƘŜ ŎƻǳƴǘǊȅΩǎ Ǿƛǎƛƻƴ ƭŜŀŘƛƴƎ ǘƻ ǘƘŜ ȅŜŀǊ 

2030 with the aim of improving the economy and living conditions of its citizens. The resultant 

document was called the National Development Plan (NDP), which charts the way forward for the 

ŎƻǳƴǘǊȅΩǎ ŘŜǾŜƭƻǇƳŜƴǘ ƛƴŎƭǳŘƛƴƎ ƻƴ ƛǎǎǳŜǎ ƻŦ ŜƴŜǊƎȅ ǎŜŎǳǊƛǘȅΦ !ƴƻǘƘŜǊ ƪŜȅ ŘƻŎǳƳŜƴǘ ǘƘŀǘ ƭƻƻƪǎ ƛƴǘƻ 

{ƻǳǘƘ !ŦǊƛŎŀΩǎ ŜƴŜǊƎȅ ŘŜƳŀƴŘǎ ƛǎ ǘƘŜ LƴǘŜƎǊŀǘŜŘ 9ƴŜǊƎȅ tƭŀƴ όL9tύ ǿƘƛŎƘ ǿŀǎ ǇǳōƭƛǎƘŜŘ ƛƴ ǘƘŜ 

government gazette in 2019. The IEP is a forward-looking energy strategy that aims to deliver policy 

development and secure energy infrastructure.   

Under the section looking into innovative and cleaner coal technologies the NDP states: 

άThere is potential to increase the efficiency of coal conversion, and any new coal power investments 

should incorporate the latest technology. As the existing fleet of old coal-fired power stations is 

replaced, significant reductions in carbon emissions could be achieved. Cleaner coal technologies will 

be supported through research and development and technology transfer agreements in ultra-
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supercritical coal power plants, fluidised-bed combustion, underground coal gasification, integrated 

gasification combined cycle plants, and carbon capture and storage, among othersΦέ 

There is clear support for UCG technology from the South African government as the integrated energy 

plan (IEP) 2019 also states: 

άMore funding should be targeted at long-term research focus areas in clean coal technologies such 

as CCS and UCG as these will be essential in ensuring that South Africa continues to exploit its 

indigenous minerals responsibly and sustainably. Exploration to determine the extent of recoverable 

shale gas should be pursued and this needs to be supported by an enabling legal and regulatory 

frameworkΦέ 

The legal and regulatory framework was spearheaded by the Minister of Water and Sanitation in 

October 2015, published in the government gazette, a notice in terms of section 38(1) and (4) of the 

National Water Act, 1998 (Act No. 36 of 1998). UCG was declared a controlled activity and that paved 

the way for the technology to be employed in South Africa. Even with government support, one of the 

challenges for UCG technology going commercial is the number of unknowns regarding potential 

groundwater contamination. While there is general acceptance on sources of organic groundwater 

contaminants emanating from incorrect operational mechanisms during the gasification stage, there 

is a knowledge gap in literature on inorganic contamination from residue products ό{ǘǊǳƎŀƱŀ-Wilczek 

ŀƴŘ {ǘŀƵŎȊȅƪΣ нлмсύ. This knowledge is key for governing authorities to regulate UCG projects going 

forward.  

The main published research on ash and char from UCG is contained in studies from Poland (Kapusta 

ŀƴŘ {ǘŀƵŎȊȅƪΣ нлммΣ aƻŎŜƪ Ŝǘ ŀƭΦΣ нлмсΣ {ǘǊǳƎŀƱŀ-²ƛƭŎȊŜƪ ŀƴŘ {ǘŀƵŎȊȅƪΣ нлмсύ but the bulk of the 

studies are based on ex-situ gasification products. It is important to characterize in situ residue 

products since ex situ gasification of coal can produce different residue products as the operating 

conditions differ. This study will assess in situ UCG residue products from the Eskom UCG pilot plant 

in Majuba, South Africa. The research will further investigate the potential of acid generation from the 

gasification zone which is one of the major environmental concerns associated with coal mining. Acid 

rock drainage (ARD) involves oxidation of sulphide minerals that cause acidification of leachate and 

also increases the solubility of some environmentally toxic metals (As, Cd, Hg, Pb, Zn, etc)(Bouzahzah 

et al., 2015).  

The outcomes of this study will provide key insights into the composition and evolution of UCG residue 

products and this information will be able to assist regulatory authorities in drafting regulations for 

environmental monitoring of UCG site in the future. With clear regulatory framework, regulators will 

be able to approve UCG projects. Rehabilitation of UCG sites can be planned efficiently with effective 

treatment as the leaching behaviour of residue products will be known. Furthermore, with 

appropriate characterization of residue products and leaching behaviour, UCG plants can modify their 

production processes to produce more environmentally friendly products. 

1.3 Problem statement 

The interaction of UCG residue products with groundwater has the potential for groundwater 

pollution in the surrounding aquifers. This is due the leaching of contaminants from the gasification 

zone into the local groundwater systems. Since groundwater is a valuable fresh water resource any 
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contamination becomes an environmental concern especially for regulatory authorities that are 

tasked with licencing activities such as UCG.  

1.4 Aim of study 

This research was part of the investigation into the gasification zoneΣ ǳǎƛƴƎ 9ǎƪƻƳΩǎ aŀƧǳōŀ UCG pilot 

plant as the main site of the study. The aim of the study is to investigate the geochemistry of the 

potential sources of groundwater contamination from the spent UCG chamber and their prospective 

chemical evolution. The objectives of the study can therefore be divided into two complementary 

sections:   

1. Characterization of the geochemistry of the potential sources of groundwater contamination 

from the spent UCG chamber.  

¶ This aim will be achieved by undertaking geochemical and mineralogical 

characterization of residue products of UCG (ash, char, heat affected host rock). These 

products represents source-terms of groundwater contamination from the 

gasification zone.  

2. Assessment of the chemical evolution of potential groundwater contaminants from the UCG 

chamber.  

¶ This will be determined through leaching tests under post gasification field conditions 

and expanded to different chemical environments for the results to have worldwide 

application.  

¶ Assessment of potential acid rock drainage from gasification products.  

¶ Field assessments relating to groundwater chemistry and evolution cycles.   

1.5 Study Limitations 

This research forms part of 9ǎƪƻƳΩǎ aŀƧǳba UCG pilot plant investigation into the gasification zone 

after the successful shutdown of gasifier 1. The Eskom UCG team commissioned two Ph D studies 

where one researched the organic portion of the spent UCG chamber and the other the inorganic. 

This study represents the latter and is therefore limited to the inorganic pollutants post-gasification, 

however the associated organic components of the UCG process on the geochemistry of the post-

gasification system will be assessed. The targeted coal seam was located at around 280 meter below 

surface and hence the study does not have surface geophysics data. This is due to the thick dolerite 

intrusions in the study area that eliminated most of the surface geophysical techniques, but borehole 

geophysical results and analysis will be presented. Some background information was unavailable as 

some of the tests done is this study were not done before the gasification stage (for example 

reflectance analysis of the pristine coal). This hence puts a limit in terms of comparison with pristine 

conditions.    

1.6 Thesis outline 

¶ Chapter 1 ς Introduction;   

¶ Chapter 2 ς Study location; 

¶ Chapter 3 ς Literature review; 

¶ Chapter 4 - Pyrometamorphism and mineralogical assessment of the spent gasifier; 

¶ Chapter 5 ς Petrographic and chemical analysis of coal relics from the spent geo-reactor; 
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¶ Chapter 6 ς Acid base accounting and Leaching dynamics of post gasification products; 

¶ Chapter 7 ς Qualitative hydrogeological assessment of aquifers surrounding an underground 

coal gasification site; 

¶ Chapter 8 ς Conclusions and recommendations; 

Appendices are included on a separate document included as a supplementary electronic disk. An 

online link to the appendices is also included below: 

https://drive.google.com/drive/folders/1Yl6IGwB1yyEKN7p_MaCcrS-njSPJjsgR?usp=sharing 

1.7 Summary 

Chapter 1 provides background information on the research..  The main aim of the study is to assess 

the potential sources of groundwater contamination from the UCG gasification zone and their 

potential chemical evolution. A detailed study of the geochemistry of the gasification zone and 

interaction with groundwater provides a good basis for an environmental risk assessment of UCG sites. 

The assessment of the chemical reaction of UCG relics in varying conditions provides for extensive 

application of knowledge that can be applied in other UCG facilities worldwide. Overall, this research 

aim to provide insights into the geochemical characterization of in situ UCG residue products which is 

an area that is lacking in literature. 

The next chapter is a detailed literature of the study area with special focus on the geological and 

hydrogeological aspects. This is important as UCG for an in situ based technology and therefore the 

hydrogeological conditions are paramount. The study site is located in Mpumalanga, South Africa, in 

the Majuba coalfield.   
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2 Site description  

2.1 Regional Geology  

The study site is found in the Majuba coalfield which forms part of the Vryheid formation of the Karoo 

Supergroup. Karoo Supergroup is the most extensive stratigraphic entity in south-central Africa and 

hosts all of the coal deposits found in this region (Figure 2-1). In South Africa it was formed in the Main 

Karoo Basin (MKB) which was part of the indigenous Gondwanan basins that originated through 

subduction, collision, compression and land deposition that occurred in the southern border of the 

supercontinent (Hancox and Götz, 2014). The MKB has an areal extend of around 550 000 Km2 and is 

characterized as a foreland basin with the Cape Fold Belt forming the southern boundary while 

overlapping onto the Archean Kaapvaal Craton in the north (Cadle et al., 1993).  

 

Figure 2-1 The dissemination of the Karoo basins in south-central Africa (Catuneanu et al., 2005) 

Sediments filled the basin for about 120 million years during the period of Late Carboniferous to 

middle Jurassic until immense igneous activity replaced sediment accretion. During this time the 

climate changed from glacial to cool-warm temperate and ultimately to dry desert with shifting rain, 

and this combined with changing tectonic settings affected the sedimentary filling of the basin 

(Catuneanu et al., 2005). This resulted in a sequential sedimentary arrangement of the Karoo 
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Supergroup with the Carboniferous Dwyka as the bottommost formation followed by Ecca, Beaufort 

and Stormberg Group (Table 2-1). This sedimentary deposition was capped by the 1.4 km thick basaltic 

lavas of the Drankensberg Group which correlate with the Early Jurassic disintegration of Gondwana 

and the opening of the South Atlantic ocean (Flint et al., 2011, Hancox and Götz, 2014). 

The Late Carboniferous to Early Permian Dwyka Group lies on a firm base of Precambrian glaciated 

bedrock in the Northern boundary of the MKB and in the east rests unconformably on the Namaqua-

Natal Metamorphic Belt while overlain unconformably on the Cape Supergroup in the south (Figure 

2-2) (Johnson et al., 1997). The Dwyka Group is thickest in the south and thins out towards the north 

and consists of tillite and other glacial associated rock forms (Lurie, 2008). Retreating and advancing 

ice sheets at the border of the basin deposited the sediments (Cadle et al., 1993). The glacial 

depositional environment have curved striated pavements in the rocks that illustrate the ice flow 

movement. The deposition of the Dwyka took place under varying tectonic conditions from the 

retroarc foreland arrangement of the MKB to the extensional basins towards the north (Catuneanu et 

al., 2005). This deposition was the precursor to the coal bearing formations of the Ecca group. 

Table 2-1 Simplified stratigraphy of the Karoo Basin of southern Africa (north-eastern), coal bearing strata highlighted in 
grey (Lurie, 2008). 

 PERIOD GROUP FORMATION / FACIES 

M
E

S
O

Z
O

IC 

JURASSIC DRAKENSBURG DRAKENSBURG 

STORMBERG CLARENS 

TRIASSIC ELLIOT FORMATION 

MOLTENO FORMATION 

UPPER BEAUFORT TARKASTAD SUBGROUP 

P
A

L
A

E
O

Z
O

IC 

P
E

R
M

IA
N 

UPPER 

 

MIDDLE 

 

LOWER 

LOWER BEAUFORT ADELAIDE SUBGROUP 

ECCA GROUP VOLKRUST/ GROOTEGELUK 

FORMATION 

VRYHEID FORMATION 

PIETERMARITZBURG 

FORMATION 

CARBONIFEROUS DWYKA GROUP Tillite (Diamictite) 

The Permian Ecca Group is made up of 16 formations which depict the lateral facies changes that 

define this geological unit (Johnson et al., 2006). The Group exhibits mostly continental deposition 

with plant fossils Glossopteris and Gangamopteris present amongst Ecca rocks, however short-lived 

marine intrusions are also evident (Lurie, 2008). Coal is predominantly found in the north-eastern 

Vryheid formation which is underlain by the Pietermaritzburg formation, Table 2-1. The 

Pietermaritzburg formation with a maximum thickness of 400 m represents shelf shales and overlies 

the Dwyka with a sharp contact in the northeast (Cadle et al., 1993, Johnson et al., 1997). It consists 

of upward coarsening dark grey laminated siltstones, mudrocks and subordinate sandstones (Hancox 

and Götz, 2014). The Pietermaritzburg formation thins out towards the north and outcrops mostly in 

the eastern boundary of the basin whilst underlying most of the Vryheid formation in the north-

eastern parts (Johnson et al., 2006).  
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Figure 2-2 North South Cross section of the Karoo basin adapter from (Johnson et al., 1997) 

The Vryheid formation has a maximum thickness of around 500 m and thins out in a siliciclastic wedge 

towards the south, west and northern parts (Johnson et al., 2006). In the north it lies directly on the 

pre-Karoo rocks or Dywka Group. The formation thins and pinches out in the south and south-west 

and has a gradational upper and lower contact with the shales of the Pietermaritzburg and Volkrust 

formations which consequently merge towards the south (Figure 2-3). The Vryheid formation denote 

deltaic, fluvial and shallow marine sediments that assembled in upper and lower delta plains and 

fluvial settings (de Oliveira and Cawthorn, 1999). Clastic sediment was initially deposited by deltaic 

systems upon which peat swamps developed, however this sediments were later modified by partial 

and total erosion by superimposed fluvial systems which sliced through already deposited deltaic 

sediment (Cairncross, 2001). The lithofacies contained within this formation form a vertical pattern of 

alternating sandstones, conglomerates, shales and the economic coal seams (Cadle et al., 1993).  

 

Figure 2-3 Schematic north-south section through the north-eastern part of the Ecca Group adapted from (Johnson et al., 
1997) 
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The lithofacies are primarily organized in coarsening-upward cycles that have a deltaic character, 

however thin fining-upward fluvial cycles intervenes towards the middle of the formation (Johnson et 

al., 1997, Cairncross, 2001). A complete succession of each of the five coarsening-upward sequences 

begins with fine-grained marine sediments and grades upwards into coarser delta front and delta 

plain-fluvial facies (Hancox and Götz, 2014). The fluvial cycles transition upwards from coarse grained 

subordinate sandstones to fine grained sediments and coal seams (Figure 2-4). The sequence is 

laterally repetitive and its formation is attributed to braided streams or meandering rivers while the 

coal seams evolved as peat swamps developed on wide abandoned alluvial plains in cool temperate 

climate (Cadle et al., 1993, Johnson et al., 1997). The coal of the Vryheid formation on average 

comprises of higher inertinite content than the northern hemisphere coals and this suggest that the 

peat swamps were exposed to microbial attack and high level of oxidation, however marine 

transgressions eventually ended peat creation periods (Cadle et al., 1993, Cairncross, 2001).   

The Vryheid formation is overlain by the mudrocks of the Volkrust formation which represent 

transgressive shelf sediments consisting mostly of mud deposited from suspension (Johnson et al., 

2006). The sedimentology of the Volkrust formation shows a coarsening-upward trend with coal 

occurring interbedded with mudstones (Hancox and Götz, 2014). The Beaufort Group superseded the 

Ecca and consists of mudstones with interbedded sandstones. It is the formation that outcrops over 

the most surface area of South Africa (Lurie, 2008). The formation can be lithostratigraphically divided 

into the lower Adelaide and upper Tarkastad Subgroups. The Late Triassic Molteno formation lies 

lithostratigraphically above the Beaufort Group and also hosts coal seams. These Molteno coals are 

thin, laterally impersistent vitrinite rich coal seams which formed within aerially restricted swamps 

under warm temperate climate (Cadle et al., 1993). The Drakensburg group capped the sedimentation 

of the MKB with some 1.4 Km basaltic lava intrusions. This was accompanied by dolerite sills and dykes 

that are considered feeders to the Drakensburg lavas (Lurie, 2008). The intrusive sills affected the 

mineability of the coal as they displaced some of the coal seams causing structural problems and in 

some cases devolatilised the coal (Hancox and Götz, 2014). The coal rank encountered is generally 

medium to high-volatile bituminous coal but anthracite have been encountered in the eastern 

sections of the MKB (Cairncross, 2001). 
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Figure 2-4 West-east section through Ecca Group in the northeastern part on MKB adapted from (Johnson et al., 1997) 

2.2 Ermelo coalfield  

The Ermelo coalfield is part of several coalfields that are part of the economic Vryheid formation. It 

lies east of the Highveld coalfield and towards the south of the Witbank coalfield (Figure 2-5). The 

coalfield has several collieries and hosts three coal fired power stations; Hendrina (2000 MW), Camden 

(1600 MW) and Majuba Power Station (4100 MW). The coalfield generally has thin coal seams which 

hosts Medium Rank C bituminous coal (Wagner et al., 2018). The placement of the coal seams is shown 

in (Figure 2-4) with the Eland on top and Targas as the bottom seam. 
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Figure 2-5 Coalfields of South Africa (Hancox and Götz, 2014) 

The Ermelo coalfield consists of a number of isolated blocks which are found in an area bounded by 

Carolina, Morgenzon, Charlestown, Dirkiesdorp and Hendrina (Figure 2-6). Surface outcrops in the 

coalfield is dominated by Permian Vryheid rocks and the intrusive Jurassic aged dolerites (Hancox and 

Götz, 2014). Eight dolerite sills have been identified in the coalfield and have preserved coal from 

denudation but in some cases have altered it by displacement or devolatilization  (Lurie, 2008). A 

number of collieries have developed in the area over the last few decades. In 1975, 3 Mt of coal was 

produced form three collieries and by 1985 ten collieries produced some 8 Mt, most of which came 

from the Usutu and Ermelo collieries (Snyman, 1998). In 2001 Ermelo coalfield contributed 7.2 Mt of 

the 222.551 Mt saleable production of coal from South Africa (Jeffrey, 2005). More recently, the 

Penumbra underground mine came into operation in 2011 with an average RoM production of 55,000 

tpm and has a gross coal reserve of about 68.3 Mt (Hancox and Götz, 2014). The Majuba colliery which 

is located northwest of the town of Volkrust was commissioned in early 1980s to supply 12 Mt annually 

to the adjacent Majuba Power Station but due to adverse geological conditions (uplift of coal seam by 

dolerite dyke) the mine was closed in 1993 (Snyman, 1998). Eskom is currently exploring underground 

coal gasification technology to exploit the coal reserves in the now defunct Majuba colliery.  
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Figure 2-6 Geographical extent of the Ermelo coalfield (Hancox and Götz, 2014). Study site located north east of the town 
Volksrust 

The coal seams encountered in the Ermelo coalfield are numbered either alphabetically or with names 

depending on the location (Table 2-2). They are correlated easier with seams of the Natal coalfields 

than the Witbank coalfields and fluctuate in various localities in quality, number and extent (Lurie, 

2008). Seam A is therefore correlated with Eland, B with Alfred, C with Gus, and eventually E with 

Targas.  

Table 2-2 coal seam correlations after (Snyman, 1998, Lurie, 2008) 

Highveld coalfield Ermelo coalfield Utrecht Coalfield 

North South 

No. 5 A Eland Eland 

No. 4A B Alfred Alfred 

No. 4 Upper C Gus Gus 

No. 4 Lower C-Lower Dundas Dundas 

No. 3 D Coking Coking 

No. 2 E Targas Targas 

The coal seams of the Ermelo coalfield are generally horizontal to marginally undulating and are 

separated by upward fining sedimentary sequence of  coarse-grained sandstones, siltstones and 

mudstones (Hancox and Götz, 2014). The general stratigraphic columns of Ermelo are shown in Figure 

2-7 with various localities displayed from the coalfield. The overall coal quality is better than that of 

the Highveld and Witbank coalfield even though dolerite dykes and sills have devolatilized some of 

the coal seams (Wagner et al., 2018). The Gus seam is the most important economic deposit in the 

coalfield whilst Eland, Coking (D) and Targas are too thin for any economic importance (Hancox and 

Götz, 2014). The coalfield currently produces steam and beneficiated export coal with average coal 
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qualities of: CV = 22.57 MJ/Kg, ash = 26.74%, IM = 3.11%, VM = 23.64%, FC = 46.72% and TS = 1.65% 

(Wagner et al., 2018). Table 2-3 provides the summary of each seam from the Ermelo coalfield. 

 

Figure 2-7 Simplified stratigraphic columns in the Ermelo coalfield (former Eastern Transvaal coalfield), adapted from 
(Snyman, 1998). The Amersfoort statigraphic column is the one that is relevant to the study area. 

The Amersfoort stratigraphic column in Figure 2-7 shows the A seam divided into Alfred and Fritz coal 

seams respectively. The two seams can occur within 1 ς 5 cm of each other separated by sediments. 

The economically important Gus seam is also found in close proximity (centimetres) of the Alfred and 
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Dundas seams. The position of the coal seams vary throughout the coal seam and in the Majuba area 

the coal seams can be displaced by over 70 m due to the dolerite sills (de Oliveira and Cawthorn, 1999). 

Table 2-3 Description of Ermelo coal seam (raw coal analysis), summarised from (Snyman, 1998, Jeffrey, 2005, Lurie, 2008, 
Hancox and Götz, 2014, Wagner et al., 2018) 

Seam Description  

Eland Between 0 ς 1.5 m in thickness, not economic. Eroded in most part of the coalfield and 

becomes shaly in the south. Raw coal qualities in Sheepmoor area: CV = 27.27 MJ/Kg, 

Ash = 11.93%, IM = 0.39%, VM = 3.85%, and TS = 0.39%. 

Alfred 2 ς 4 m thick, low quality dull coal with alternating bands of poor and fair coal. In places 

Alfred seam (B seam) may be split into three separate plies; B1, B and BX. CV = 23.31 

MJ/Kg, Ash = 24.86%, FC = 48.98%, IM = 0.39%, VM = 23.42%, and TS = 2.5%. 

Gus This is the most important economic seam throughout the Ermelo coalfield. It is has 

sandstone, siltstone or mudstone that split the seam into partings of varying thickness. 

Seam is well developed over the whole coalfield and attains thickness of 0.7 ς 4 m. CV = 

22.28 MJ/Kg, Ash = 24.96%, FC = 46.59%, IM = 3.36%, VM = 23.34%, and TS = 1.3%. 

Dundas Thin seam (0.5 ς 2 m) and not developed over the whole coalfield. It is of little economic 

significance when considered alone but has opencast potential when explored with 

other seams. CV = 24 MJ/Kg, Ash = 24.79%, FC = 45.75%, IM = 2.86%, VM = 23.34%, and 

TS = 1.47%. 

Coking Well developed in the north where it attains thickness on over 3 m, but economic 

potential drops southwards as it converts torbanitic and/or shaly. CV = 22.68 MJ/Kg, Ash 

= 26.74%, FC = 45.36%, IM = 1.65%, VM = 24.57%. 

Targas  0.3 ς 1.3 m thick and of good quality where developed. 

2.3 Majuba colliery  

The Majuba colliery is located in Mpumalanga Province to the south of the town Amersfoot (Figure 

2-8). It was commissioned in the early 1980s by Eskom and Rand Coal to supply 12 Mtpa of coal to the 

3600 MW Majuba Power Station over a 40 year period (de Oliveira and Cawthorn, 1999). The reserve 

was estimated at 1 billion tons from the Gus seam that was located at depths of around 250 to 420 m 

below surface. This was determined from over 400 drill holes in an area of around 32 000 hectares 

(Chapman and Cairncross, 1992). Recent estimations by (Pershad et al., 2018a) put the resource 

estimate at 8 billion tons, mostly being classified as undeveloped. 

The stratigraphic sequence of the Majuba colliery is given in Figure 2-7 under the Amersfoot column 

which shows the economic Vryheid formation. A detailed geological study of the coalfield is given by 

(de Oliveira and Cawthorn, 1999) where the base of the stratigraphic sequence begins with a pink-

coloured granitic gneiss comprising of quartz, microcline, plagioclase and biotite, and is capped by a 

layered ultramafic intrusion which represent Pre-Karoo rocks. The Dwyka rocks overly the Pre-Karoo 

rocks with a total thickness of between a few centimetres to 36 m and consists of tillite, varved 

mudstone, fine-grained massive sandstones and conglomerates (Snyman, 1998, de Oliveira and 

Cawthorn, 1999). The Ecca group overlies the Dywka and has the Pietermarizburg formation at the 

base. The Pietermarizburg formation in Majuba consists of a massive dark shaley siltstone of around 

20 m thick and underlies the Vryheid formation with a gradational contact (Pershad et al., 2018a). The 
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Vryheid formation overlies the Pietermarizburg formation, also with gradational contact and hosts all 

the coal seams in the Majuba colliery.  

 

Figure 2-8 Simplified geological map of the Majuba colliery and surrounding area, adapted from (de Oliveira and Cawthorn, 
1999) 

The coal zone comprises of a few thin (5 ς 20 cm) horizontally discontinuous bright coal seams below 

the Gus seam (de Oliveira and Cawthorn, 1999). Figure 2-7 depicts Targas, Coking and Dundas as the 

coal seams found underneath Gus seam, with Dundas just a few meters below. The Gus seam 

fluctuates in thickness from 1.8 to 4.5 m and consists of a lower bright layer (20 to 80 cm), a middle 

dull layer (over 1 m) and a bright upper layer (30cm) (de Oliveira and Cawthorn, 1999). The floor of 

the Gus seam is a laminated carbonaceous siltstone and the roof a coarse grained sandstone taken as 

an abrasive fluvial channel but varies horizontally to a laminated siltstone  and finer grained sandstone 

which represents interchanneled zones (Pershad et al., 2018a). Alfred coal seam is encountered above 

the Gus seam and varies in thickness from 10 cm to 1.5 m (de Oliveira and Cawthorn, 1999). This seam 
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is laterally impersistent, meaning it is horizontally discontinuous and it is not found throughout the 

coalfield. Where it is developed, the Gus-Alfred parting changes in thickness from a few centimetres 

to over 10 m (Chapman and Cairncross, 1992). A sedimentary sequence dominated by sandstones 

which fines upwards is prevalent above the Alfred for 30 ς 50 m until two thin bright coal seams (Fritz 

and Eland) are intercepted and are generally less than 2 m apart (Chapman and Cairncross, 1992). Fritz 

and Eland are on average 40 and 55 cm thick respectively, and are found to be laterally continuous 

and hence play a key role as markers in the coalfield (de Oliveira and Cawthorn, 1999).  

Altogether the sedimentary sequences in the coal zone fine upwards, beginning with coarse grained 

sandstones and granulestones at the base of each unit, grading upwards into finer-grained sandstones 

or siltstones eventually being capped by coal formation in some places (Chapman and Cairncross, 

1992). There is no coal seams encountered above the Eland and the sequence becomes gradually fine 

grained and siltstone dominated which suggests that at some point it progressively passes into the 

Volksrust formation (Chapman and Cairncross, 1992). The Volksrust formation exists in Majuba in 

dispersed remnants observed in surface outcrops (Figure 2-8) and preserved between dolerite sills in 

core drills and generally consists of dark grey sandy siltstones with a uniform grain-size (de Oliveira 

and Cawthorn, 1999).  The sedimentary sequence is intruded and disturbed by the Jurassic dolerite 

units.   

2.3.1 Dolerite intrusions 

Intrusions of dolerite dykes and sills are regular developments throughout the Karoo Supergroup 

(Lurie, 2008). These intrusions were controlled by lithostatic pressure and happened along cracks and 

fissures caused by tension (Pershad et al., 2018a). In the Majuba area (de Oliveira and Cawthorn, 1999) 

identified four different groups of dolerite intrusions, T1 to T4, as shown in Figure 2-9 and described 

in Table 2-4. The morphology of these intrusive rocks are classified as near horizontal sheets, 

transgressive sills and near vertical dikes (Pershad et al., 2018a). T1 and T2 are relatively flat with the 

former having the upper contact eroded due to proximity to the surface. T2 is a porphyritic 

homogenous dolerite that is defined by highly altered zone at the base contact due to primary 

minerals transforming to secondary minerals under hydrothermal action (de Oliveira and Cawthorn, 

1999). This causes the dolerite to crumble when exposed to the atmosphere and can be classified as 

ŀ άǎǳƎŀǊȅέ ŘƻƭŜǊƛǘŜΦ  
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Figure 2-9 Cross section across the Majuba colleiry showing the Gus seam elevation due to transgressive dolerite intrusion 
that resulted in the area divided into blocks (de Oliveira and Cawthorn, 1999) 

T3 and T4 are transgressive with T3 responsible for lifting the sedimentary package by some 70 m as 

seen in the west block relative to the east block section (Figure 2-9). The dolerite intrusions have left 

the sedimentary package structurally and metamorphically disrupted which resulted in a complex 

network within the coal bearing Vryheid formation (Pershad et al., 2018a). These intrusions also 

devolatilized the coal and in some instances formed natural coke negatively affecting its strength close 

to the contact zones with the dolerite (Snyman, 1998). This subsequently affected mining in the 

Majuba Colliery where the original plan of mining the Gus seam using long wall mining method had to 

be changed to bord and pillar mining but the adverse nature and structural complexity of the dolerite 

intrusions caused all underground mining to be abandoned with only 611 000 tonnes produced 

(Hancox and Götz, 2014). Mining through a dolerite that cuts a coal seam results in high mining costs 

and reduced production because of inaccessible and devolatilized coal. It is therefore imperative to 

delineate as accurately as possible the thickness and structure of the dolerite intrusions for mine 

planning purposes (Snyman, 1998).  
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Table 2-4 Summary of characteristic features of the dolerites in Majuba colliery after (de Oliveira and Cawthorn, 1999) 

Dolerite  Description Morphology and 

average thickness 

T1 Medium-grained and dark grey with calcite and quartz veins 

running through the rock. Major mineral is plagioclase (± 

55%), clinopyroxenes (± 30%), orthopyroxene (± 10%) and 

minor olivine, apatite and oxides. 

Relatively planar  

> 50 m thick 

T2 Porphyritic and highly altered dolerite with a propensity to 

crumble when exposed to atmospheric conditions. Major 

mineral is plagioclase (± 65%), clinopyroxenes (± 15%), 

orthopyroxene (± 15%) and rare olivine and oxides. Ophitic 

to subophitic texture. 

Relatively planar 

70 m thick 

T3 Light grey to olive green porphyritic rock with a 

characteristic plagioclase glomeroporphyritic texture. 

Transgressive 

62 m thick 

T4 Seldom recovered intact and is generally crumbly 

disintegrated material due to fast alteration.  

Transgressive 

8 m thick 

2.4 Majuba underground coal gasification (UCG) site characterization 

2.4.1 Background  

The Majuba UCG plant was piloted by the South African state owned company Eskom Holdings SOC 

Ltd (Eskom) in 2007. Eskom generates approximately 90% of electricity is South Africa utilizing a 

mixture of primary sources of energy including coal, nuclear, hydro, diesel and wind to produce a 

combined total capacity of about 42 810 megawatts (Pershad et al., 2018a). Most of the electricity is 

generated from coal with about 36 441 megawatts generated by coal fired power stations. UCG is one 

of a few clean coal technologies that Eskom is developing in order to meet the energy mix envisaged 

in the Integrated Energy Plan (IRP) set out by the South African government (DOE, 2016). Dr. Mark van 

der Riet pioneered the Eskom UCG research in 2002 as part of the Research, Testing and Development 

όw¢ϧ5ύ ƻŦ 9ǎƪƻƳΩǎ {ǳǎǘŀƛƴŀōƛƭƛǘȅ 5ƛǾƛǎƛƻƴΦ 9ǎƪƻƳ ǎƻǳǊŎŜŘ ŀƴŘ ŘŜǾŜƭƻǇŜŘ ¦/D ŜȄǇŜǊǘise from 

technology provider Ergo Exergy Technologies Inc. (Canada) (Pershad et al., 2018a). Initial groundwork 

began around 2001 and a pilot plant was successfully commissioned at Majuba coalfield in January 

2007 with product gas being co-fired into the nearby Majuba Power station by October 2010. The 

Majuba pilot plant was successfully operated through to September 2011 when decommissioning 

commenced with the shutdown of the gasifier (G1). The gasifier was formally declared shutdown in 

June 2015 (Pershad et al., 2018a).  An areal view of the site is given in Figure 2-10. 

The successful performance and shutdown of the Majuba UCG pilot plant is a significant step towards 

full commercialization of UCG technology as this is the first UCG plant in Africa. The successful 

shutdown of G1 presented an opportunity to investigate some of the key environmental questions 

regarding groundwater contamination. The project has successfully embarked on a drilling exercise to 

recover residue samples from the gasification zone through what is termed verification drilling. 

Verification drilling is diamond core drilling from surface into the gasification zone with the aim of 

retrieving core samples. 
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Figure 2-10 An areal view of the Majuba UCG pilot plant, adapted from (Pershad et al., 2018a) 

The successful recovery of ash, char and heat-affected strata provides key insights into the 

geochemistry of the gasification chamber as these products are regarded as potential sources of 

groundwater contamination. The geological data from the extensive core and percussion drilling on 

site also provides an opportunity to generate a three dimensional (3-D) geological model of the site 

which will be used to assess the geological profile and geophysical analysis of the study area. 

2.4.2 Locality and site description 

The Majuba UCG pilot plant is located in Mpumalanga Province of South Africa, about 35 km north-

west of the town of Volkrust and 10 km south-west of the town of Amersfoort. The site is 5 km north-

east of the 3 600 MW Majuba Power Station (Figure 2-11). The two sites are linked by a gas pipeline 

that is designed to convey production gas from the UCG site to the boilers of the Power Station for 

electricity generation.  

The surface area is characterized by regular hills attributed to the erosion of the underlying dolerite 

sill. The site covers an area of around 60 ha on the eastern bank of the Witbankspruit River 

(Geelklipspruit in Figure 2-11). The drainage in the area is good and surface water flows through 

several sporadic streams. Annual rainfall is at an average of ӱ650 mm with the rainy season usually 

from October to March where 125 ς 150 mm of rain may fall in a single day (Pershad et al., 2018a). 

The surrounding area is used mainly for agricultural purposes such as sheep and cattle farming and to 

a lesser extent crop cultivation. The elevation varies between 1660 to 1744 meters above sea level 

(MASL) with river channels forming cliff features (Figure 2-12).  
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Figure 2-11 Location and surface drainage map of the study area 

 

Figure 2-12 Elevation map showing the topography profile of line A-B cutting through the Majuba UCG site 
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2.4.3 Geology 

The Majuba UCG pilot plant is located on the Roodekopjes farm where the intrusive Jurassic dolerite 

sills are widespread on the surface (Figure 2-13). The sills outcrop in most of the area forming complex 

networks that transgress the sedimentary package of the Pietermaritzburg, Vryheid and Volkrust 

formations. The Volkrust formation is also widespread and in the Majuba area is the youngest 

sedimentary formation outcropping in most areas. There are sporadic outcrops of the Vryheid 

formation while the Pietermaritzburg formation rarely outcrops. 

 

Figure 2-13 Geological map of the Majuba UCG site and surrounding areas 

Detailed geological sequence was discussed in section 2.2. The local stratigraphic column of the 

Majuba UCG site is presented in Figure 2-14.  
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Figure 2-14 Example of local geological stratigraphy of the Majuba UCG pilot site (Pershad et al., 2018a). 

The Basement rocks which form the pre-Karoo rocks are found at 400 m below the surface with Dwyka 

tillite overlying it with a thickness of around 50 m. The upward-coarsening trend of alternating 
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laminated siltstone and mudstone begins at around 350 m and it is capped by the coal zone with the 

economic Gus seam located at around 280 m below the surface. A few centimeters above the Gus is 

the Alfred seam, but it is horizontally discontinuous and therefore is not encountered throughout the 

Majuba UCG area. The sedimentary sequence continues upwards and is generally characterized by 

alternating laminated siltstone and coarse sandstones. Thin coal seams, namely Eland and Fritz, are 

encountered further up around 230 m below the surface. A dolerite sill (T2) is encountered around 

170 m and has a thickness of ӱ100 m. This dolerite sill is susceptible to crumbling when exposed to 

the atmosphere as seen in Figure 2-15. 

 

 

Figure 2-15 /ƻǊŜ ƻŦ ǘƘŜ ŘƻƭŜǊƛǘŜ ǎƛƭƭ ό¢нύ ŎǊǳƳōƭƛƴƎ ǿƘŜƴ ŜȄǇƻǎŜŘ ǘƻ ǘƘŜ ŀǘƳƻǎǇƘŜǊŜΣ άǎǳƎŀǊȅ ŘƻƭŜǊƛǘŜέ 

The sedimentary package is further transgressed by the T1 dolerite which at places spits into several 

transgressive units. The T1 dolerite is heavily weathered and allows flow of groundwater in its matrix.  

2.4.4 Geohydrology 

A number of distinct groundwater systems are present at the Majuba UCG site, as seen in (Figure 

2-17). The upper weathered (shallow) aquifer is low-yielding (hydraulic conductivity (K) range: 1.7 x 

10-1 ς 8.6 x 10-3 m/d) owing to its trivial thickness, but the water quality is good due to years of 

groundwater flow through the weathered strata. It is estimated that the shallow aquifer is present 

from surface level to around the depth of 70 m. It is underlain by the intermediate aquifer. Correlation 

between groundwater levels and topography is low, 41.4 %, and therefore groundwater flow does not 
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follow topography in the shallow aquifer (Figure 2-16), this is possibly due to groundwater flowing in 

weathered channels within the dolerite instead on vertical percolation that takes place in alluvium. 

Groundwater data for the shallow aquifer is included in appendix 2-A. 

 

Figure 2-16 Hydraulic head correlation  

Groundwater flow through the intermediate aquifer is mainly through fractures, cracks, and joints as 

the Karoo sediments are excessively cemented, which prevents any substantial infiltration of water. 

The aquifer can be divided into two zones ς the intermediate upper aquifer (IU) and the intermediate 

lower (IL) aquifer as seen in Figure 2-17. Groundwater flow in the intermediate lower aquifer is mainly 

ǘƘǊƻǳƎƘ ŎǊŀŎƪǎ ƛƴ ǘƘŜ ƭƻǿŜǊ ǇŀǊǘ ƻŦ ¢н ŘƻƭŜǊƛǘŜ ǿƘŜǊŜ ǘƘŜ ǎǘǊŀǘŀ Ŏŀƴ ōŜ ŘŜǎŎǊƛōŜŘ ŀǎ ŀ άǎǳƎŀǊȅ ŘƻƭŜǊƛǘŜέΦ 

The coal seam aquifer is at a depth of around 280 m and is underlain by the Dwyka sediments. The 

groundwater in the coal seam aquifer is of poor quality and can generally be classified as saline water 

(K ӱ1.0 x 10-3 ς 1.0 x 10-5 m/d) (Love et al, 2014). The groundwater monitoring network had been 

placed in such a way that all the aquifers are monitored (Figure 2-17).   
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Figure 2-17 Geohydrological conceptual model of the Majuba UCG site (Love et al., 2014)
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2.5 Summary 

The study area host vast amounts of coal that was originally earmarked for the 3600 MW Majuba 

Power Station. The coalfield failed to supply coal due to adverse geological conditions that made 

conventional mining techniques ineffective. The Majuba Underground coal gasification project 

endeavoured to exploit the economic Gus seam and has successfully fired gas into one of the boilers 

at Majuba Power Station from Gasifier 1. The decommissioning of Gasifier 1 provides an opportunity 

to undertake research into the impact of UCG on groundwater, which is the immediate environment 

that is in contact with the UCG cavity. The question of groundwater contamination from UCG is one 

that most government authority are seized with and if sufficiently dealt with can enable UCG 

technology to finally go commercial as pilot studies have been undertaken in most areas around the 

world however uncertainty around groundwater contamination still remains unanswered. 

The literature review in the next chapter takes an in-depth assessment of available resources on UCG 

technology, especially on the mineralogical changes that the process induces on the coal and 

surrounding rocks. These mineralogical changes are the potential source of groundwater 

contamination and needs to be understood at length in order to assess the risk to aquifer 

contamination. A general review of relevant concepts relating to this study will also be considered and 

gaps in the literature acknowledged.   
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3 Literature review 

3.1 Introduction  

Underground coal gasification (UCG) is an unconventional mining method that permits coal resources 

to be exploited using high temperature conversion reactions (Perkins, 2018a). An injection well and a 

production well are drilled into the coal seam and an airflow connection is then created between the 

two wells before gasification commences. hydro-fracking, Reverse Combustion Linking (RCL), Forward 

Combustion Linking (FCL), electro-linking, in-seam linking and explosive are various linking methods 

utilized in UCG  (Bhutto et al., 2013). Gasification of the solid coal is initiated by feeding of oxidants 

(air/oxygen) into the gasification zone via an injection well, with the subsequent transportation of the 

produced gases to the surface via the production well (Figure 3-1). The gasification process converts 

in situ solid coal into gaseous phases (synthetic gas) composed mainly of methane, hydrogen, and 

carbon monoxide. The mass transfer of solid coal to gaseous phases creates a channel or cavity in the 

coal seam which gets partly filled with residue products that include ash and char.    

The gasification channel can be separated into three regions: the oxidation zone, the reduction zone, 

and the dry distillation zone (Figure 3-1). The oxidation zone is dominated by heat generating chemical 

reactions that involve coal and oxygen. The reduction zone is characterized by an environment 

deficient in oxygen, which leads to the gasification chamber having a zonal coal progression. The 

separation depends on key chemical reactions, temperature (related to coal composition), and gas 

composition occurring in each zone (Bhutto et al., 2013). The main reactions involved in coal 

gasification zones are drying, pyrolysis, gasification, and combustion (Figure 3-2, Table 3-1). The UCG 

process begins with heating of wet coal and the moisture is evaporated at around 100°C (R1), with 

pyrolysis occurring at much higher temperatures of between 350 - 600°C (Perkins, 2018b). Pyrolysis is 

the thermal breakdown of volatile compounds at elevated temperatures (Wagner et al., 2018). At the 

pyrolysis stage (R2), volatile gases are driven out of the coal and enter the gasification channel, leaving 

behind char. Bituminous coal can contain up to 45% by mass volatile matter while lignite and 

subbituminous coal as high as 50% (Bockhorn, 2018). The chemical reactions (R3 to R7) occur at the 

surface of the coal, and the secondary reactions (R8 to R10) occur in the gaseous phase. The gasification 

chamber is, therefore, exposed to different chemical and physical processes, leading to a zonal coal 

profile due to progressive heating that results in different gaseous products (Figure 3-2).  
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Figure 3-1 Partitioning of the gasification channel into three zones  (Pershad et al., 2018b) 

Table 3-1: Chemical reactions during UCG (Perkins, 2018b) 

Reactions Stoichiometry ɲI° 298 (MJ/Kmol) 

R1 Evaporation ²ŜǘŎƻŀƭ Ҧ 5ǊȅŎƻŀƭ Ҍ I2O +20 

R2 Pyrolysis 5ǊȅŎƻŀƭ Ҧ /ƘŀǊ Ҍ ±ƻƭŀǘƛƭŜǎ Ҍ ¢ŀǊ 

 

0 

R3 Char combustion / Ҍ ѹ hн Ҧ /h -111 

R4 Char combustion C + O2 Ҧ /h2 -393 

R5 Steam gasification C + H2h Ҧ I2 + CO +131 

R6 Boudouard reaction C + CO2 Ҧ н/h +172 

R7 Hydrogasification C + 2H2 Ҧ /I4 -75 

R8 Combustion H2 + ½ O2 Ҧ I2O -242 

R9 Combustion CO + ½ O2 Ҧ /h2 -283 

R10 Combustion CH4 + 202 Ҧ /h2 + 2H2O -802 
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An understanding of the chemical, mineralogical, and petrographic properties of the coal, char, and 

ash (minerals) from the UCG gasification zone is fundamental to a number of investigations needed to 

assess the effectiveness of the process, and to quantify future risk. For example, post-gasification, the 

ash (containing sulphur and other potentially toxic minerals and elements) and char (potentially 

containing heavy molecular weight products such as uncracked or partially cracks hydrocarbons)  in 

the UCG cavity may eventually be leached by the rebounding groundwater into the surrounding 

aquifers, potentially resulting in groundwater contamination. Furthermore, the cavity can contain 

elevated levels of CO2 gas that are free to interact with the incoming groundwater and hence influence 

the geochemical reactions. Carbon dioxide is soluble in water and produces CO2(aq) which 

subsequently reacts with water to form other inorganic carbon compounds including carbonic acid 

(Deutsch, 1997), which can lower the pH of the groundwater. The petrographic assessment of the char 

can be used to determine the temperature the gasification zone experienced during the UCG process, 

hence determining the efficiency of the process.    

 

Figure 3-2: Overall illustration of the coal zone of a UCG cavity (Perkins, 2018a)  

3.2 Pyrometamorphism 

Underground coal gasification utilizes high temperature conversion reactions to alter deep coal seams 

into a synthetic gas that can be utilized for electricity production. The in situ gasification of coal at 

temperatures in excess of 1000 °C, results in thermal alterations to the sedimentary strata above the 

coal seam (Kühnel et al., 1993). The term pyrometamorphism or combustion metamorphism is 

generally used when coal, oil, or gas burns with enough energy to bake or fuse the surrounding rocks 

(Kristensen et al., 2019). Thermal alterations to the neighbouring rocks occur over a series of time and 

space (Figure 3-3). The rocks initially become hardened and yellow due to oxidation of iron, and 

continued heating turns the yellowish colours darker, to more concentrated shades of orange and red, 

in response to fluctuations in temperature and oxygen supply which affects surrounding areas in the 

range of a few centimetres to meters in diameter (Grapes, 2011). The majority of the thermal 

reactions in argillaceous rocks are endothermic and therefore the energy needed for commencing and 

completing the thermal transformations of minerals must come from the UCG process (Kühnel et al., 

1993). As temperatures continue to increase, the surrounding rocks undergo sintering and 
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recrystallize to produce glazed surfaces while the coal itself turn into ash made up of non-combustible 

material such as quartz, illite, feldspar, pyrite, kaolinite and carbonates (calcite, siderite, ankerite) that 

ƳŜƭǘ ŦǊƻƳ ǘƘŜ ƘŜŀǘ ƻŦ ŎƻƳōǳǎǘƛƻƴ ǘƻ ŦƻǊƳ άǇƻƻƭǎέ ƻŦ ǎƭŀƎ ƻǊ ǇŀǊŀƭŀǾŀ (Grapes, 2011).  

 

Figure 3-3 Modelled temperature distribution with convection associated with burning coal seam (Grapes, 2011) 

The coal seam experiences some of the highest temperatures especially at the burning coal face (1300 

°C) where sintering and melting of clastic material is limited to a small area (Figure 3-3). The consumed 

coal produces a cavity composed partly of burnt rubble and is therefore susceptible to collapse due to 

lack of support to the overburden. Extreme temperatures in the range of 1500 °C - 2100 °C are also 

experienced in openings of vents and faults, which partly induces fusion to the surrounding rocks 

(Quintero et al., 2009). The interaction of  underground coal fire and the roof has been modelled by 

(Wolf and Bruining, 2007).  

3.3 Sanidinite facies  

aŜǘŀƳƻǊǇƘƛǎƳ ƛƴ ƎŜƻƭƻƎȅ ƛǎ ǘƘŜ ƳƻŘƛŦƛŎŀǘƛƻƴǎ ǘƘŀǘ ŀ ǊƻŎƪ ŜȄǇŜǊƛŜƴŎŜǎ ŘǳŜ ǘƻ ŎƘŀƴƎŜǎ ƛƴ ǘƘŜ ǊƻŎƪΩǎ 

environment (i.e. temperature, pressure and fluid composition) without melting (Philpotts and Ague, 

2009). Metamorphism brings forth a wide range of mineralogical or textural changes in rocks, up to 

the temperatures of crustal melting (800 °C and above) and at pressures of around 4.0 GPa (Blatt et 

al., 1996). At high temperatures, melting of rocks commences and this can lead to overlapping of 

metamorphism with igneous activity in a process of partial melting known as anatexis (Frost and Frost, 

2014). There are various ways a rock can undergo metamorphism however the most common types 
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are contact, regional and dynamic metamorphism. The changes that take place in the country rocks 

during UCG can be classified as contact metamorphism as the heat that metamorphoses the 

surrounding rocks is localised and adjacent to the gasifier. The UCG process produces heat and makes 

the coal seam extremely hot with temperature in the region of 900 - 1450 °C (Bhutto et al., 2013). 

Changes observed in rocks can be described using metamorphic facies. The concept of metamorphic 

facies was pioneered by Norwegian geologist V.M. Goldschmidt (1911) and Finnish geologist Pentti 

Eskola (1915) to describe mineral assemblages in metamorphic rocks formed under corresponding 

temperatures and pressures (Blatt et al., 1996). Sanidinite facies represents high temperature-low 

pressure metamorphism which can be expected in the country rocks surrounding the UCG chamber 

(Figure 3-4). The sanidinite facies are distinct from other contact metamorphism in their compositions, 

crystal habit, textures and preservation of glass which is the effect of high temperature and chemical 

disequilibrium that is triggered by rapid heating and cooling which is shown by unique 

pyrometamorphic mineral assemblages (Grapes, 2011). The type of rocks and associated textures 

synonymous with high temperature contact metamorphism are presented in  Table 3-2. 

Table 3-2 Common pyrometamorphic rocks that result from natural fusion, adapted from (Grapes, 2011) 

Rock term Features  

Buchite A highly vitrified rock, formed from extreme heat of contact metamorphism. 
The term buchite implies the presence of glass (quenched melt) from which 
high temperature phases have crystallized 

Clinker Typically denotes hard, baked, fused, unmelted, reddish rocks that resemble 
burned paving brick. The rocks may also have a glassy surface due to 
extensive fusion (i.e. glassy clinker = known as scoria) 

Paralava/slag Normally black to dark grey pyrometamorphic rock with a vesicular, aphanitic 
texture and has the appearance of artificial slag or ropy basaltic lava. Formed 
from melted argillaceous rocks (sandstone, shale, marl) 

Sanidinite facies provide for distinctive and uncommon mineral groupings and displays features of 

paragenesis that show merging with igneous rocks whereby in buchites and paralavas, crystallization 

of high-temperature minerals has taken place from magma (Grapes, 2011). Other high temperature 

mineral assemblages have been documented in xenoliths in basic lavas and igneous intrusions at 

shallow crustal levels, in metamorphic aureoles around volcanic and hypabyssal groups of mafic to 

intermediate composition, and as chips in pyro-clastic rocks (de Souza et al., 2019).  
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Figure 3-4 Approximate pressures and temperatures for the main metamorphic facies, adapted from (Philpotts and Ague, 
2009). Sanidinite facies are high temperature low pressure metamorphism that can be expected also from the ensueing 
environment of a UCG process, producing distict mineral assemblage.  

3.4 Thermal effects  

3.4.1 Micro-cracking 

Increase in temperature on minerals leads to changes in the mineral structure and if the temperature 

is high enough melting can take place. Melting reactions usually comprise of a positive volume 

increase and rapid melting causes the development of high pressures  in the melt that leads to 

hydraulic fracturing and conveyance of the melt along these fractures (Grapes, 2011). These micro-

cracks are especially evident in quartz crystals in pyrometamorphic rocks (Figure 3-5). In UCG, clay 

minerals can be expected to release water from their crystal lattice when the temperature reaches 

their dehydration and dehydroxylation temperatures. The liberated water moves through pores and 

cracks from the thermally affected rocks in the direction of the thermal gradient and as pore pressure 

increases in the gasifier, the pressure pushing the water front ahead into cooler rocks cannot 

overcome the pore pressure leading to expansion of existing fractures and generation of new cracks 

(Kühnel et al., 1993). 
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Figure 3-5 Micro-cracking of quartz crystals, back-scattered electron image adapted from (Holness and Watt, 2001) 

The initial formation of mirco-cracks in pyrometamorphic events is associated with anisotropic 

ǘƘŜǊƳŀƭ ŜȄǇŀƴǎƛƻƴ ƭƛƴƪŜŘ ǿƛǘƘ ʰ-ʲ ƛƴǾŜǊǎƛƻƴ ƛƴ ǉǳŀǊǘȊ ǿƘƛŎƘ ƻŎŎǳǊǎ ŀǘ ŀǊƻǳƴŘ рфл ϲ/ ŀǘ слл ōŀǊǎΣ ŀƴŘ 

this leads to micro-cracks that cut across quartz and feldspar crystals (Grapes, 2011). Cracking and 

fracturing of minerals leads to spalling of the overburden and this is constructive to the expansion of 

the gasifier as it provides access for the injected oxygen and steam to the coal ahead of the ignition 

point (Kühnel et al., 1993). The penultimate stage of micro-cracking takes place with melting at quartz-

feldpar grain boundaries and cracks form along grain boundaries and continue inside the gains and 

outwards across neighbouring grains, and the final stage of cracking occurs during cooling and brings 

forth cracks that cut across or regenerates coagulated melt-filled fractures (Grapes, 2011). Micro-

cracking of mineral grain increases the overall porosity of the lithology and this can increase the 

interaction of groundwater with the rocks in the vicinity of the gasification zone. Results from 

Bloodwood Creek Panel 1 UCG project showed that most of the heat transfer was to the overburden 

with no detectable impacts of temperature in the underburden (Perkins, 2018b).  

3.4.2 Glass preservation and glass composition 

The heat of combustion is responsible for the transformation of rocks into amorphous (glass) melt in 

the UCG geo-reactor. Vitrification of clay minerals illite and smectite commences as the temperature 

of the geo-reactor reaches 800 °C and the initial droplets of melt are formed at grain boundaries 

(Kühnel et al., 1993). de Souza et al. (2019) suggested that melt generated by igneous 

pyrometamorphism generally quench and fill pores, micro-cracks and dilation structures in the host 

rock. Upon cooling the presence of glass in pyrometamorphic rocks can be explained with Figure 3-6. 

A supercooled liquid is stable at temperatures above the glass transformation range. If the cooling 

process is at a very fast rate, like during quenching, only glass forms from the melt. When cooling is 

slower, more crystals form as the melt goes through the glass transformation range. Glass only 

crystallises if held for a certain period of time above the glass transformation range, that is the 

temperature at which viscosity is around the order of 1013 tŀΩǎΣ ŀǘ ǘƘƛǎ ǾƛǎŎƻǎƛǘȅ Ǝƭŀǎǎ ŘŜǾƛǘǊƛŦȅ ŀǘ ŀ Ŧŀǎǘ 

rate of 10 ς 103 seconds (Grapes, 2011). At temperatures above 1350 °C much of the melt will cool 

down into glassy phases as cooling in the UCG reactor is rapid which preserves the glass and minimize 

the size of the crystals (Kühnel et al., 1993). Once glass has formed, its preservation in the contact 

aureole depends on whether fluid infiltration takes place during the cooling stage (Grapes, 2011). The 

residue from UCG is usually rich in glass coupled with high temperature crystals such as mullite 



 

34 
 

(Al6Si2O13) and cristobalite (SiO2) that form from the melt (Kühnel et al., 1993). Preservation of the 

melt as glass presents a new dynamic in the interaction of rocks and groundwater as some of the 

elements may be easy leached from glass as compared to mineral where they are bounded in chemical 

bounds within crystal lattices.  

 

Figure 3-6 The effect of temperature on the enthalpy (or volume) of a glass forming meld (Grapes, 2011) 

3.4.3 Columnar jointing 

Cooling cracks evolve from the boundaries of solidifying lava or intrusive dykes and usually spread 

inwards dividing the rock into prismatic columns (Budkewitsch and Robin, 1994). A columnar jointed 

rock mass is made up of polygonal cross sectional columns cut by numerous sets of joints in various 

directions (Fan et al., 2017). During heating, there is a possibility of development of contraction 

stresses which advance the evolution of columnar jointing during cooling of rocks below their 

softening point (Grapes, 2011). Columnar structures evolve by recurring, step-wise crack advances, 

creating cm to dm transverse bands on the column face (Budkewitsch and Robin, 1994). Larger 

columns develop in more massive, thickly bedded sandstones that contain more glass while smaller 

columns evolve in thin bedded sandstones whereas no columns form in siltstones or beds that have 

abundant mud pellets (Grapes, 2011).  

3.4.4 Dilation  

Sediments above a burning coal seam can open up or dilate due to the heat of combustion. The 

dilation is characterized by open cavities that afford space for vapour phase crystallization of high 

(sanidinite facies) and low temperature (hydrous) minerals (Grapes, 2011). An example of clay-rich 

siltstone dilation curve is displayed in Figure 3-7. The dilation increases constantly with temperature 
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ƛƴŎǊŜŀǎŜ ŦǊƻƳ ǘƘŜ ǎǘŀǊǘ ƻŦ ƘŜŀǘƛƴƎ ǳƴǘƛƭ ǘƘŜ ʰ-ʲ ǉǳŀǊǘȊ ƛƴǾŜǊǎƛƻƴ ŀǘ рут ϲ/Σ ǿƘŜǊŜ ŀ ǎƳŀƭƭ ǎƘŀǊǇ ƛƴŎǊŜŀǎŜ 

in dilation is observed. Vitrification at 900 °C does not impact the dilation behaviour however bloating 

(BL) at 1200 °C results in a sharp increase in dilation (Grapes, 2011). Dilation feature opens up 

geological strata whereby mineral interaction with groundwater post gasification will be expedited 

relative to rocks that do not have dilation features or vesicles.  

 

Figure 3-7 Dilation curve of siltstone (Dilation % vs temperature), solid line represents siltstone with clay matrix whilst dashed 
line represents siltstone with carbonate matrix, adapted from (Grapes, 2011) 

3.5 Pyrometamorphosed quartzofeldpathic rocks  

Pyrometamorphosed quartzofeldspathic rocks (sandstone, claystone, shale) and sediments (clay, 

sand-silt, glacial, till, diatomaceous earth), and their metamorphosed counterparts (phyllite, schist, 

gneiss), are distinguished by the presence of the following mineral assemblages: cristobalite-tridymite, 

mullite/silliminite, cordierite, clinopyroxene, orthopyroxene, sanidine-anorthoclase, plagioclase 

(oligoclase-anorthite), corundum, hercynite-rich spinel, magnetite, hermatite, ilmenite, sulphides and 

native metals (Grapes, 2011). The composition of quartzofeldspathic rocks can be expressed in terms 

of the mol % of silicate and oxides phases. Typical bulk composition of pyrometamorphosed rocks 

(sanidinite facies) are presented in a ternary system such as a FMAS diagram (Figure 3-8).  A ternary 

system displays phase relations in which the base is a symmetrical triangle that projects compositional 

differences in the system with each of the three sides consisting of a binary system (Frost and Frost, 

2014). In UCG, the addition of CO2 to the system from the burning of coal seam allows for the presence 

of ankerite, calcite, dolomite and siderite which interacts with sulphides (pyrite and pyrrhotite) to 

produce magnetite-hematite-bearing paralavas (Grapes, 2011). The predominantly reducing 

environment in UCG coupled with localized overheating enhances the metallization of ferruginous 

mineral phases and formation of ferroalloys (Kühnel et al., 1993).  

The mineral associations in buchites and paralavas can be expressed in terms of alkali-free ternary 

systems MgO-Al2O3-SiO2 (MAS), MgO-FeO-SiO2 (MFS) and FeO- Al2O3-SiO2 (FAS) as displayed in Figure 

3-9 (Mineral composition and notations (abbreviations) are given in Appendix 3-A). The other major 



 

36 
 

oxides that usually constitute quartzofeldspathic rocks are CaO and K2O and their respective ternary 

systems are displayed in Appendix 3-A. The line A-B in Figure 3-9 represents a pseudo-binary section 

within the MgO-Al2O3-SiO2 system between metatalk and metakaolin composition (i.e sections of 

crystals and melt) and hence represents compositional boundaries of tridymite, cordierite, mullite and 

orthopyroxene formation (Grapes, 2011). Typical mineralogy of buchites is illustrated by the expanded 

pseudo binary system of line A-B from Figure 3-9, and is presented in Figure 3-10. The system reveal 

that mullite, mullite-cordierite, mullite-tridymite, cordierite, cordierite-tridymite, tridymite and 

tridymite-orthopyroxene buchites can be produced at around the same temperature depending on 

the composition of the sedimentary protolith (Grapes, 2011). 

 

 

Figure 3-8 Sanidinite facies showing silicate-oxide minerals plotted in terms of  mol % [(Fe, Mn, Mg, Ca) O + TiO2 + P2O5] ς 
[(Al,Fe)2O3 + (Na,K)2O3] ς SiO2  (FMAS diagram). Adapted from (Grapes, 2011). 
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Figure 3-9 Amalgamated phase relations diagram of the atmospheric pressure systems: MgO-Al2O3-SiO2, MgO-FeO-SiO2, 
FeO- Al2O3-SiO2, Mineral composition and notations (abbreviations) are given in Appendix 3-A, adapted from (Grapes, 2011) 

The pressure-temperature stability fields of pyrometamorphed quartzofeldspathic sedimentary rocks 

are presented in the petrogenetic grid in Figure 3-11. Buchites and paralavas form over a wide range 

of temperatures with shared high temperature mineral assemblages. For example, at higher 

temperatures cristobalite usually forms and persists metastably in the temperature field of tridymite 

(as seen in paralavas), and at lower temperatures, quartz may occur even when the temperature is 

above the quartz-trimydite inversion point of 867 °C and continue metastably within the tridymite 

temperature range (Grapes, 2011). 

 

Figure 3-10 Phase diagram for the pseudo binary system of typical buchites produced from compositions between metatalk 
and metakaolin, adapted from (Grapes, 2011) 
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Figure 3-11 Petrogenetic grid of mineral assemblages for pyrometamorphosed quartzofeldspathic, adapted from(Grapes, 
2011) Mineral composition and notations (abbreviations) are given in Appendix 3-A. 

3.6 Mineral transformation and metastable mineral reactions 

Underground gasification of coal results in a cavity which can cause the overburden to collapse due to 

lack of support. The growth of the cavity can be a complex process but invariably involves spalling and 

intermediate-scale fracturing coupled with collapse activities (Camp, 2018). All of these actions results 

in a chaotic rubble-filled cavity characterized by pyrometamorphosed mineral assemblages. A cross 

section of the UCG cavity along with the reconstruction of the temperature profile in the gasifier is 

displayed in Figure 3-12. The thermal phase transformation associated with heating and cooling of an 

argillaceous overburden from UCG field test near Hanna, Wyoming, USA (Kühnel et al., 1993) are 

presented in Figure 3-13. 

 

Figure 3-12 Reconstruction of the temperature profile in the gasifier with the aid of high temperature mineral phases formed 
from argillaceous material in the overburden and phases in the coal seam, adapted from (Kühnel et al., 1993, Grapes, 2011) 
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Figure 3-13 Mineral transformations during heating of argillaceous overburden rocks and cooling of UCG products, (the same 
mineral codes from Figure 3-12 applies) adapted from (Kühnel et al., 1993, Grapes, 2011) 

Heating in the UCG chamber results in vitrification of illite as the temperature reached 800 °C (Figure 

3-13). As the temperature increases, more minerals begin to melt and at 1200 °C around 80% of the 

argillaceous rock will undergo vitrification, while at 1350 °C the rock will be totally molten (Kühnel et 

al., 1993). Mineral assemblages of completely melted (slag) rocks correspond largely to the products 

of crystallization of dry melts over a widespread range of compositions obtained from laboratory 

quenching experiments at atmospheric pressure (Grapes et al., 2009). The UCG chamber undergoes 

rapid cooling which preserves the glass and reduces the size of crystals with the residue products 

characterized by a range of dendritic, skeletal and hollow crystals which crystallize from the 

thermodynamically less stable glasses (Kühnel et al., 1993). Quartz are a major component of 

quartzofeldspathic rocks associated with coal seaƳǎ ŀƴŘ ŜȄƛǎǘǎ ŀǎ ǾŀǊƛƻǳǎ ǇƻƭȅƳƻǊǇƘǎ ƛƴŎƭǳŘƛƴƎ ʰ-

ǉǳŀǊǘȊΣ ʲ-quartz, tridymite and cristobalite. The high-pressure polymorph is coesite. The 

ǳƴǉǳŜƴŎƘŀōƭŜ ǘǊŀƴǎƛǘƛƻƴ ƻŦ ʰ-ǉǳŀǊǘȊ ǘƻ ʲ-quartz takes place at 573 °C (Figure 3-14) which is related to 

anisotropic thermal expansion that result in micro-cracks that cut across quartz grains (Nesse, 2000, 

Grapes, 2011). The quartz-tridymite inversion temperature is at 867 °C but metastable quartz can still 

persist even beyond this temperature, while cristobalite can exist metastably in the tridymite 

temperature range. Figure 3-13 shows that high temperature crystallization favours anorthite as the 

plagioclase that is stable at temperatures above 1200 °C. It can therefore be expected that 

pyrometamorphosed quartzofeldspathic rocks will be enriched in anorthite relative to K-feldspars. 

Mineral transformations in a gasification zone around a UCG geo-reactor are important as these 

secondary minerals are expected to interact with groundwater post gasification. There is lack of 

literature on high temperature mineral phases interaction with groundwater, which has the potential 

to negatively impacting on the environment. Other mineral transformations are given in the following 

sections. 
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Figure 3-14 Temperature-pressure diagram showing stability field of silica (SiO2) polymorphs, adapted from (Nesse, 2000) 

3.6.1 Pyrite and pyrrhotite transformation 

Iron sulphides such as pyrite (FeS2) occur in coal and associated sedimentary rocks as accessory 

minerals. Gondwana coals are by and large low in iron sulphide mineral content relative to the 

Laurasian coals (Wagner et al., 2018). In reducing environments, pyrite changes to pyrrhotite (Fe1-xS)  

which is a non-stoichmetric sulphide with a general formula Fe1-xS (where x < 0.125) by the following 

reaction (Grapes, 2011): 

ὊὩὛ ςὅὕ ὊὩ Ὓ ςὅὕ Ὓὕ  

The transformation of pyrite during combustion is schematically presented in Figure 3-15. The 

individual transformation of pyrite (a) produces a pyrrohotite outer shell with some of the pyrite 

preserved in the core. Fragmentation of the grain and subsequent oxidization results in magnetite 

formation. Further oxidation produces iron rich melt which eventually crystallizes and magnetite upon 

cooling. Pyrite occurs in a silicate matrix and (b) represents the transformation of pyrite associated 

with silicates. A pyrrhotite melt forms as the temperature reaches 1083 °C, which subsequently 

transforms to iron oxide melt during oxidation. Upon cooling the iron rich melt crystallizes as 

magnetite with the silicate glass preserved due to the fast cooling.  
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Figure 3-15 Pyrite transformation during combustion. Transformation of individual (isolated) grains of pyrite (a). pyrite with 
silicate (b) (Grapes, 2011) 

3.6.2 Al-silicates 

Clay minerals are the most abundant minerals found in coal globally, and in Southern African coals it 

constitutes up to 80 % of the mineral content (Wagner et al., 2018). Common clay minerals that occur 

in coal include kaolinite, illite and montmorillonite. The mineral transformation of kaolinite to 

metakaolin and subsequent crystallization of mullite and cristobalite is illustrated by the phase 

reactions below (Grapes, 2011):  

Loss of structural water at around 500 °C according to reaction: 

ὃὰὛὭὕ ὕὌ
ὑὥέὰὭὲὭὸὩ

ὃὰὛὭὕ
άὩὸὥὯὥέὰὭὲ

τὌὕ 

Condensation of metakaolin layers to form patterns of Al-Si spinel type phase between 925 °C ς 950 

°C according to reaction: 

ὃὰὛὭὕ
άὩὸὥὯὥέὰὭὲ

 
ὃὰὛὭὕ
ὛὴὭὲὩὰ

 
ὛὭὕ
ὛὭὰὭὧὥ

 

Transformation to 1:1 type mullite phase and cristobalite between 1015 °C ς 1100 °C, and to 3:2 

mullite and cristobalite at higher temperatures according to reaction:  

ὃὰὛὭὕ
ὛὴὭὲὩὰ

 
ὛὭὕ
ὛὭὰὭὧὥ

  
σὃὰὕȡςὛὭὕ
ὓόὰὰὭὸὩ

 
σȢυὛὭὕ

ὅὶὭίὸέὦὥὰὭὸὩ
 

The reactions above suggest that the thermal decomposition of Al-silicate is associated with a silica 

melt that can result in polymorphs of quartz such as cristobalite and tridymite depending on the 

temperature of formation. The Al2O3-SiO2 system is presented in Figure 3-16. In a UCG chamber where 

rapid cooling can be expected, the mineral grains of mullite, spinel or metakaolin can be expected to 
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be surrounded by a silica glass. Mullite is not a common Al-ǎƛƭƛŎŀǘŜ ƛƴ ǘƘŜ ŜŀǊǘƘΩǎ ŎǊǳǎǘ ŀƴŘ ǳǎǳŀƭƭȅ 

occurs in the sanidinite and corundum-sillimanite facies, at contact areas of super-heated volcanic 

intrusions, and in post volcanic hydrothermal formations (Brunauer et al., 2001). Sillimanite can also 

thermally transform to mullite by the following reaction (Grapes, 2011): 

Sillimanite = mullite + SiO2  

 

Figure 3-16 Temperature-pressure diagram of the Al2O3-SiO2 system showing phase equilibria, adapted from (Grapes, 2011) 

3.6.3 Carbonates and Fe-oxides 

Occurrence of carbonate minerals in Southern African coals is associated with hydrothermal fluid 

precipitation and occur as nodules, veins and cell filling of siderite, calcite, dolomite and ankerite 

(Wagner et al., 2018). Iron oxides and carbonates are minor constituents in quartzofeldspathic rocks 

relative to quartz and silicates, however, their thermal decomposition and role in crystallization of 

secondary minerals is important. The general decomposition reaction of carbonates is as follows:   

Ὑὅὕ Ὑὕ ὅὕ 

Where R can be any of the following divalent cations: Ca, Fe, Mg and Mn. An example of Siderite 

decomposition in reducing conditions is as follows: 

ὊὩὅὕ
ὛὭὨὩὶὭὸὩ

 
ὊὩὕ
ὡόίὭὸὩ

 ὅὕ 

The resultant oxide from the decomposition of carbonates can undergo further oxidation in oxidizing 

conditions as seen with wusite (FeO) (Grapes, 2011): 

ὊὩὕO 
ὊὩὕ

ὓὥὫὲὩὸὭὸὩ
ᴼ 

ὊὩὕ
ὌὩὶάὥὸὭὸὩ

 

Decomposition of siderite during combustion as individual grain and as grains in contact with silicates 

as in the case with coal/char is given in  Figure 3-17. Single siderite grains melt as wustite at around 

1370 °C with subsequent oxidation transforming it to magnetite and hematite which melt at around 
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1590 °C and 1560 °C, respectively (Grapes, 2011). In cases where wustite melt contacts silicates, iron 

glass (paralava) can be expected. 

 

Figure 3-17 Siderite decomposition during combustion, (a) single (excluded) siderite grain transformation, (b) siderite grains 
in contact with silicates (included) in char particle, adapted from (Grapes, 2011) 

3.7 UCG residue and implication on groundwater contamination  

Underground coal gasification (UCG) leads to the formation of ash, tars and void spaces in the coal 

seam (Bhutto et al., 2013). The mineral content of the coal is responsible for the composition of the 

ash generated by the gasification process. The mineral content of coal is classified into two groupings. 

The first group is the inherent (syngenetic) inorganic material which was originally contained in the 

plant matter responsible for the coalification process. This mineral content is found in coal as organo-

metallic complexes (siderite, pyrite and colloidal clays) or within the coal matrix as miniscule mineral 

grains (quartz, clays, feldspars, muscovite, apatite) that precipitated in situ or got introduced by water 

or wind action (Wagner et al., 2018).  The second group is the extrinsic (epigenetic) mineral material 

that was introduced to the coal after the hardening of the peat. These minerals occur as nodules that 

sometimes cut across bedding planes and intermittently disrupt original layers, and these include 

marcasite, pyrite, calcite and dolomite, and some trace elements (Wagner et al., 2018).   

During high temperature coal conversion (1200 ς 1400 °C), minerals contained in coal will undergo 

transformation into various phases and forms including amorphous glassy masses, round glassy 

cenospheres, mullite and a range of spinels (Wagner et al., 2018). All this inorganic material resulting 

from coal conversion is collectively referred to as ash and its composition is dependent on the 

mineralogy of coal and the gasification conditions. Iron, calcium, magnesium, phosphorus, potassium 

and sulphur are usually present in ash formed from syngenetic material while iron, calcium, 
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magnesium and sulphur are found in ash emanating from epigenetic material (Mishra et al., 2016). 

Overall, based on weight of the dry mass of fuel, coal is composed of major elements (organic portion 

with contents of the order of a few % by weight), ash-forming elements such as Al, Ca, Fe, Mg, K, Na 

and Si (in concentrations of around 1000 ppm to a few weight %) and trace elements including As, Hg, 

Cr, Cd, B, Se, Cl, Se, F and Pb (at concentration below 1000ppm) ό{ǘǊǳƎŀƱŀ-²ƛƭŎȊŜƪ ŀƴŘ {ǘŀƵŎȊȅƪΣ нлмрύ. 

During combustion and gasification of coal, elements undergo volatilization at different temperatures 

and stages of the coal decomposition process. These elements can also be released to the 

environment through condensation and subsequent deposition onto particulates (Llorens et al., 

2001)Φ Lƴ ǘƘŜ ¦/D ŎƘŀƳōŜǊ ŎƻƴŘŜƴǎŀǘƛƻƴ ƻŎŎǳǊǎ ƛƴ ǘƘŜ άŎƻƭŘŜǊέ ǇŀǊǘǎ ƻŦ ǘƘŜ ƎŀǎƛŦƛŜǊ ǿƘŜǊŜ ŜƭŜƳŜƴǘǎ 

in the synthetic gas can be deposited as droplets and hence be enriched on surfaces of char and ash 

in the geo-reactor. The enrichment behaviour can be described using the relative enrichment ratio 

(RER) factor (Meij, 1994): 

ὙὉὙ
ὩὰὩάὩὲὸ ὧέὲὧὩὲὸὶὥὸὭέὲ Ὥὲ ὥίὬ

ὩὰὩάὩὲὸ ὧέὲὧὩὲὸὶὥὸὭέὲ Ὥὲ ὧέὥὰ
 z
Ϸ ὥίὬ ὧέὲὸὩὲὸ Ὥὲ ὧέὥὰ

ρππ
 

{ǘǊǳƎŀƱŀ-Wilczeƪ ŀƴŘ {ǘŀƵŎȊȅƪ όнлмсύ ŎƭŀǎǎƛŦƛŜŘ ƳŀƧƻǊ ŀƴŘ ǘǊŀŎŜ ŜƭŜƳŜƴǘΩǎ ǊŜƭŀǘƛǾŜ ŜƴǊƛŎƘƳŜƴǘ 

behaviour during underground coal gasification of lignite and hard coal (Figure 3-18). The classification 

is as follows: 

¶ Group  I ς non-ǾƻƭŀǘƛƭŜ ŜƭŜƳŜƴǘǎ Σ w9w Ғ м 

¶ Group II ς semi-ǾƻƭŀǘƛƭŜ ŜƭŜƳŜƴǘǎ ǿƛǘƘ ǇƻǘŜƴǘƛŀƭ ƻŎŎǳǊǊŜƴŎŜ ƛƴ ǘƘŜ ŎƻƴŘŜƴǎŀǘŜΣ w9w  лΦт 

¶ Group III ς highly volatile elements, with limited capacity of condensing on the surface of 

subƳƛŎǊƻƴ ǇŀǊǘƛŎƭŜǎΣ w9w  мΦ  

 

Figure 3-18 Distribution of elements during underground coal gasification of hard coal and lignite ό{ǘǊǳƎŀƱŀ-Wilczek and 
{ǘŀƵŎȊȅƪΣ нлмсύ 

At the completion of the UCG process, the geo-reactor shuts down when the injection of oxidants is 

discontinued and the gasification zone ultimately cools down by natural influx of groundwater. The 

shutdown process can be expedited by injecting surface water into the gasification chamber. 

Ultimately the geo-reactor will be flooded with water which interacts with the residue products 

leading to possible leaching of environmentally toxic material. Leaching of coal ash generated from 
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surface gasifiers have has been explored quite extensively in a number of studies which show heavy 

metals and trace elements being leached at rates that pose an environment risk (Jones et al., 2012, 

Gupta et al., 2017, Zhao et al., 2018). There is however a lack of research into the leaching dynamics 

of residue products from UCG operations which poses a risk of contamination to the surrounding 

aquifers. UCG requires a multidisciplinary skill set ranging from mining to geoscience in order to plan, 

design, operate and rehabilitate a UCG geo-reactor (Pershad et al., 2018a). Post gasification, there is 

a need to establish if the cavity is environmentally neutral or a potential source of pollution to the 

surrounding aquifers. This information is especially important to regulatory authorities across the 

world who are tasked with regulating UCG and other technologies that are seen as clean coal 

applications.  

The potential of groundwater contamination from UCG operations has been previously highlighted by 

a number of authors (Liu et al., 2007, Imran et al., 2014). However, actual research into this risk is 

limited. Reference literature from recent studies show some attempt to addressing the risk of 

groundwater pollution from UCG όYŀǇǳǎǘŀ ŀƴŘ {ǘŀƵŎȊȅƪΣ нлммΣ YŀǇǳǎǘŀ Ŝǘ ŀƭΦΣ нлмоΣ YŀǇǳǎǘŀ ŀƴŘ 

{ǘŀƵŎȊȅƪΣ нлмрΣ {ƻǳƪǳǇ Ŝǘ ŀƭΦΣ нлмрΣ {ǘǊǳƎŀƱŀ-²ƛƭŎȊŜƪ ŀƴŘ {ǘŀƵŎȊȅƪΣ нлмрΣ {ǘǊǳƎŀƱŀ-Wilczek and 

{ǘŀƵŎȊȅƪΣ нлмсΣ ·ǳ Ŝǘ ŀƭΦΣ нлмсΣ WƛŀƴƎ Ŝǘ ŀƭΦΣ нлмуΣ ²ƛŀǘƻǿǎƪƛ Ŝǘ ŀƭΦΣ нлмуύ. However, these studies fall 

short of providing a definitive solution as most used ex-situ UCG products in their analysis to draw 

conclusions on an in-situ based process. In addition, the eluate used in most of the leaching tests was 

not representative of post UCG cavern conditions. All these inconsistencies do not help authorities in 

their regulatory duties as these tests fall short of representing UCG field conditions and thus a 

hindrance for the technology going commercial. Blinderman et al. (2018) stated that a lack of 

regulatory framework coupled with perceptions of environmental risk emanating from UCG 

ƻǇŜǊŀǘƛƻƴǎ Ƴǳǎǘ ōŜ ŀŘŘǊŜǎǎŜŘ ōŜŦƻǊŜ ǘƘŜ ǘŜŎƘƴƻƭƻƎȅ Ŏŀƴ Ǝƻ ŎƻƳƳŜǊŎƛŀƭΦ ¢ƘŜ ǎƛǘǳŀǘƛƻƴ ƛǎ ŀ άŎŀǘŎƘ ннέΣ 

as authorities require credible research into the environmental impact of UCG operations in order to 

regulate the sector, whilst UCG operators require licences for compliance in order to operate 

commercially. It is therefore imperative to provide research into the environmental impacts of UCG 

that regulators deem representative of risk factors. This study attempts to address the gaps in 

literature by analysing the in-situ sources of contamination from the UCG gasification zone and to 

determine the leaching dynamics. This will be done with appreciation of the post gasification field 

conditions that exist in UCG operations.  

Surface waste storage sites such as tailings dams and ash dumps are required by law to chemically 

profile waste and determine the leaching dynamics as part of the regulatory process. The UCG cavity 

is a form of waste storage site as it houses the residue products from the spent geochemical process. 

This waste interacts with groundwater and is subject to physiochemical transformations over time, 

and hence it is important to device an appropriate elution method that can assess the extent of toxicity 

and the long term effects of underground storage ό{ǘǊǳƎŀƱŀ-²ƛƭŎȊŜƪ ŀƴŘ {ǘŀƵŎȊȅƪΣ нлмрύ. There are a 

number of leaching tests that are available in literature and some common examples include: batch 

elution tests that utilize deionized water as the eluent and these tests are designed to provide data 

on the release of elements without any pH buffering, and column leach tests which provide useful 

information on the leachability pattern of elements under unrestrained pH conditions (Izquierdo and 

Querol, 2012). There are also standard leaching test used across the world with varying reagents, 

contact time and temperature among other parameters. These include the Toxicity Characteristic 

Leaching Procedure (TCLP), based on US EPA Method 1311, and the Synthetic Precipitation Leaching 

Procedure (SPLP), based on US EPA Method 1312. These leaching tests use an acidic eluent to 
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determine the hazardous profile of waste to be disposed on surface waste storage facilities. These 

standard methods are seen to represent the worst-case scenario, for example, the US EPA does not 

recommend TCLP for coal combustion products as it provides for inaccurate assessment for this type 

of material (Izquierdo and Querol, 2012). The geochemical environment in the post-reaction area of 

UCG is different from the atmospheric conditions that most surface waste is exposed to and hence 

there is a need to determine the leaching dynamics of the spent geo-reactor under field representative 

conditions. In literature, deionized water has been the most utilized leaching medium for elution tests 

on UCG type waste ό{ǘǊǳƎŀƱŀ-²ƛƭŎȊŜƪ ŀƴŘ {ǘŀƵŎȊȅƪΣ нлмрΣ {ǘǊǳƎŀƱŀ-²ƛƭŎȊŜƪ ŀƴŘ {ǘŀƵŎȊȅƪΣ нлмсύ. While 

these studies provide a good base in understanding post-process leaching dynamics, there is a need 

to test for oxidizing conditions according to the zonal character of the geo-reactor (Figure 3-1). There 

is also a need to cater for possible development of acidic conditions due to geochemical 

transformations of the residue especially given the inherent sulphide mineralization in coal that can 

cause acid rock drainage (ARD).  

3.8 UCG impact on groundwater 

The UCG process takes place within the targeted coal seam with the coal seam aquifer being 

consumed as part of geochemical reactions. The gasifier consumes water from the coal seam aquifer 

together with moisture within the overburden and underburden sections, which then produces a cone 

of depression in the coal seam aquifer (Pershad et al., 2018b). If there are faults/fractures that link 

the coal seam aquifer with overlying aquifers then water will be drained from the shallower aquifers 

as the fractures provide a hydraulic connection (Figure 3-19). The heat from the gasification process 

can also induce secondary fractures in the surrounding strata. Groundwater monitoring in a UCG 

facility should cover all the identified aquifers around the gasification zone, before, during and post 

gasification. The monitoring programme should be both qualitative and quantitative. The quantitative 

groundwater monitoring of the shallow aquifer can indicate if a change in groundwater levels drops 

and this might be an indicator that water drainage to the coal seam aquifer is taking place. The deeper 

aquifer systems may also be confined, leading to piezometric surface that equilibrates within the 

overlying aquifer. The confined nature of deep aquifers suggests that pollutants can be transported 

to overlying aquifers if hydraulic connections exists. The groundwater monitoring programme should 

therefore cover all the overlying aquifers, the coal seam aquifer and the underlying aquifers beneath 

the gasification zone. A detailed review of groundwater monitoring at UCG sites is given by (van Dyk 

et al., 2018) which also proposed the frequency of sampling depending on the period of UCG 

operations. 
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Figure 3-19 Conceptual hydrogeological model of a UCG plant adapted from (Pershad et al., 2018b) 
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Contamination to groundwater from UCG activities have been documented by a number of authors 

(Humenick and Mattox, 1978, Liu et al., 2007, Imran et al., 2014, Verma et al., 2014, Xu et al., 2016). 

Several studies across the world have piloted UCG technology, some with devastating groundwater 

contamination.  Table 3-3 highlights some of the cases of groundwater contamination from UCG 

activities. UCG sites across the world are summarized in Figure 3-20 .  

 

Figure 3-20 Worldwide UCG sites, adapted from (Yang et al., 2016) 
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Table 3-3 Some of the UCG sites that have reported groundwater contamination, summarized from (Imran et al., 2014, van 
Dyk et al., 2018) 

UCG site  Groundwater impact 

Hoe Creek I, Powder River 

Basin, Wyoming, USA 

UCG trails were conducted at shallow depths (55 m).  11 boreholes were 

drilled into the coal seam aquifer and water samples taken during and 

post gasification. Groundwater analyses data showed that ammonium, 

calcium, boron, bromide, lithium, magnesium, sulphate, potassium, 

cyanide, and phenols were five times greater relative to baseline 

conditions. The majority of the changes in concentrations occurred 

within 3 m of the gasification zone in all directions. 

Hoe Creek II / III UCG trials were conducted at high pressures which resulted in product 

gas comprising of phenols and condensable hydrocarbons exiting into 

the overlying aquifers. In Hoe Creek II, 14 boreholes were drilled into the 

gasification zone and the overlying aquifer. Groundwater samples were 

taken before, during and post gasification and the inorganic results 

showed similar increases in elements as seen in Hoe Creek I.  

Rocky Mountain 1 UCG test site 

in Hanna, Wyoming 

12 boreholes were drilled into the coal seam and overlying aquifer. 

Groundwater samples were taken before, during and post gasification 

and the inorganic results revealed the following: 

¶ Conductivity and temperature were higher in the coal seam 

aquifer and overlying aquifer relative to baseline 

¶ Aluminium concentrations increased nearly 100 times over 

background values during UCG operation, however reduced to 

baseline values post gasification 

¶ Other elements and compounds that increased throughout 

gasification were copper, boron, iron, lead, zinc, calcium, 

sulphate compounds and ammonia. 

¶ Sulphate and chloride ionic concentration declined in all wells 

Huntley UCG trial, New Zealand No negative effects on the groundwater quality in the Tauranga Group 

aquifer by neither depletion of groundwater or contamination. One of 

the monitoring wells experienced a spike in dissolved organic carbon 

(DOC) but this trend reverted to baseline values once the pressure was 

reduced. 

UCG test in Fairland, Tennessee Groundwater monitoring revealed that the following elements all 

increased in quantity during gasification: calcium, zinc, iron, hydrogen, 

magnesium, ammonium, manganese, sulphate, mercury, and boron. 

Kingaroy project, Australia The Queensland Department of Environment and Resource Management 

declared over the media the forced closure of operations, citing 

detection of traces of benzene above the reporting trigger levels in a 

monitoring well  near the plant and served Cougar Energy with an 

Environmental Protection Order that halted the development of the 

Kingaroy project.  
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Groundwater pollution from UCG activity can be managed if proper mechanism are put in place. The 

άŎƭŜŀƴ Ŏŀverƴ ŎƻƴŎŜǇǘέ Ƙŀǎ ōŜŜƴ ƛƳǇƭŜƳŜƴǘŜŘ in UCG sites like Rocky Mountain I and Chinchilla in 

which the gasifier is operated using the following notions (Perkins, 2018a): 

¶ Operating pressure is maintained below the neighbouring strata pressure during and post 

gasification in order to limit the escape of pyrolysis products and guarantee a positive flux of 

groundwater towards the gasifier. 

¶ Post gasification pyrolysis products are vented out from the cavity 

¶ Cavity temperatures are reduced by groundwater influx or surface water injection into the 

gasification zone upon shutdown of the gasifier to limit the release of more pyrolysis 

products.  

The clean cavern concept essentially generally covers the organic contaminant risk from UCG 

operation and does not address the inorganic sources. The organic sources can therefore be reduced 

by good operational processes while inorganic sources (ash, char, thermally altered overburden) 

remain in the gasification zone where they pose long term groundwater contamination risk. Potential 

environmental impacts from UCG operations are summarized in Figure 3-21. Under primary processes, 

post-process leaching of coal ash by groundwater and post-process leaching of the overburden will be 

the focus of this study. This study will therefore focus on the exposure medium of groundwater. This 

study will also include post-process leaching of char and the underburden in an effort to cover all 

sections of the spent geo-reactor that can be potential groundwater contaminant sources. 

 

 

 

 

 

 

 

 

 

 

 

3.9 Summary 

The aim of the study is to determine the potential sources of groundwater contamination from UCG 

gasification zone and the prospective chemical evolution. The sources of groundwater contamination 

Figure 3-21 Potential environmental impacts from UCG operations, adapted from (Perkins, 2018a) 
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are ash, char and the thermally altered surrounding rocks. The mineral transformation that occur 

within these rocks are important as the secondary minerals are the ones which will be interacting with 

groundwater post gasification. In some cases there may even be amorphous species instead of 

minerals due to the rapid cooling in the gasification chamber. The leaching dynamics of all of these 

UCG products need to be assessed in order to address the question of groundwater contamination. 

Standard leaching tests may not be appropriate for UCG waste as most of these tests were designed 

for surface stored waste and not aquifer bound waste. There is therefore a need to assess UCG waste 

in a way that can address the concern of regulatory authorities taking into account the environment 

in which this waste exist and the leaching medium its exposed to. This study undertakes to develop a 

comprehensive leaching testing that takes into account field condition for UCG waste. This research 

will also undertake to provide predictive mechanisms relevant for UCG type waste.  

The next chapter looks at the gasification zone using the Majuba UCG site for samples collection and 

assessments.  
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4 Pyrometamorphism and mineralogical assessment of the spent 

gasifier 

4.1 Introduction 

The underground coal gasification process inherently produces sufficient heat that bake, fuse and 

even melt rocks surrounding the gasifier. Burning coal sites are areas associated with substantial 

mineral transformation due to the high temperature alteration to the sedimentary rocks and the coal 

itself (Ciesielczuk et al., 2015). These secondary minerals are potential sources of aquifer 

contamination post gasification, due to the leaching action of the rebounding groundwater as it enters 

the spent geo-reactor and leaches remnants of UCG. The relics of the gasification process include the 

ash, char and altered overburden and underburden. Post gasification, groundwater is the only medium 

that can enter the chamber and carry contaminants to secondary environments. There is therefore a 

clear need to study the mineralogy of the spent UCG chamber in order to assess the risk to 

groundwater pollution emanating from UCG activities. 

Contamination generated from the UCG chamber will be in the form of dissolved elements in 

groundwater. Potentially toxic elements exists in mineral phases or amorphous material that form 

part of the coal and the rocks around a spent geo-reactor. The aim of this chapter is to assess the 

mineral phases of different types of material contained in a spent UCG chamber. This section of the 

study aims to address the first objective of the research, which is the characterization of the potential 

sources of inorganic groundwater contamination from a spent UCG chamber. 

4.2 Methodology 

Two boreholes (G1VH2 and G1VH3) were core drilled to intercept the gasification chamber at the 

Majuba UCG pilot plant (Figure 4-1). These boreholes were labelled verification boreholes as they 

were drilled with the purpose of verifying the extent of the gasification process. For example, G1VH2 

represents: G1 = Gasifier 1, V = Verification, H = Hole and 2 means is the second borehole drilled. Two 

additional boreholes (G1VH4 aƴŘ Dм±Iсύ ǿŜǊŜ ŎƻǊŜ ŘǊƛƭƭŜŘ άƻŦŦ ŎŀǾƛǘȅέ ǘƻ ǊŜǘǊƛŜǾŜ ǎŀƳǇƭŜǎ ŦǊƻƳ 

regions unaffected by gasification. The conceptual model of the position of the boreholes in relation 

to the geo-reactor is shown in (Figure 4-1). The core drills were sampled by cutting out small portions 

of around 30 mm blocks that were prepared for QEMSCAN (Quantitative Evaluation of Minerals by 

Scanning Electron Microscopy) analysis. QEMSCAN analysis and sample preparation was done at 

Eskom Research, Testing and Development centre in Rosherville, South Africa.  
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Figure 4-1 Conceptual model of the spent geo-reactor with position of verification boreholes, modified from (Pershad et al., 
2018a). Distance between off cavity boreholes (VH6 and VH4) and the cavity intercepting boreholes are presented in Appendix 
3-B. 

QEMSCAN (FEI Quanta 650F SEM) is an automated scanning electron microscope with three energy 

dispersive X-ray spectrometers and computer software for data assemblage and image processing 

(Nazari et al., 2017). QEMSCAN can be used to determine the mineral and phase proportions of any 

particulate material. A full account of the operation of QEMSCAN is given by (Goodall et al., 2005). 

Samples taken from drill cores targeted sections of the overburden, gasification zone (Gus seam), ash 

and the underburden. Sampling depths are presented in Table 4-1. An example of sampling for core 

drills G1VH3 and G1VH2 are presented in Figure 4-2 and Figure 4-3, respectively. The same sample 

numbers will be used throughout this document. Visibly cracked sections and alteration spots were 

also targeted as the thermal effects of gasification were not expected to be uniform. Thermal effects 

above a burning coal seam are not disseminated evenly and are possibly linked with regions of higher 

permeability through which hot gases exit to produce fused chimneys (Figure 3-3).  

Samples were prepared for QEMSCAN analysis by inserting them into individual sample holders and 

immersing them in carnauba wax (Figure 4-4). The samples were then placed in a pressure pot set at 

2 bars for 6 to 12 hours. This was done to reduce bubbling that typically occurs with unpressurised 

curing. Once curing was completed samples were then taken out of the pressure container and 

removed from the mould for polishing. The samples were polished using ς Struers TegraPol-21. 

Polishing was done at a force of 10N/60N with a rotation speed of 300rpm. The samples were then 

carbon coated using K950x turbo evaporator. Samples were placed upwards and carbon coated in a 

vacuum. Carbon coating was done to avoid samples getting charged in the chamber when struck by 

the electron beam. The samples were then transferred to the QEMSCAN machine for analysis. 
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Figure 4-2 Core sampling of VH3, the same sample numbers will be used throughout this document 

 

Figure 4-3 Core sampling of VH2, the same sample numbers will be used throughout this document 
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Table 4-1 Sampling depth with relation to the gasification zone (Gus seam), the sample numbers and same colour coding 
will be used throughout this entire document. The cavity intercepting boreholes (VH3 and VH2) were sampled more 
ŜȄǘŜƴǎƛǾŜƭȅ ǘƘŀƴ ǘƘŜ ƻŦŦ ŎŀǾƛǘȅ ōƻǊŜƘƻƭŜ ǎƛƴŎŜ ǘƘŜȅ ǇǊŜǎŜƴǘŜŘ άƴŜǿέ ƳŀŎǊƻ ƘŜŀǘ ŀŦŦŜŎǘŜŘ ŦŜŀǘǳǊŜǎ ǘƘŀǘ ŀǊŜ ǘƘŜ ǎǳōƧŜŎǘ ƻŦ 
this study, while VH4 had pristine sedimentary lithology that has been studies extensively in previous Karoo studies.  

Core Sample 
ID 

Depth 
(m) 

Lithology Relation 
to Gus 

G1VH2 MA 289 Medium grained micaceous , grey sandstone, reddish tint ("heat affected") Floor 

G1VH2 MB 288.5 Carbonaceous black , shale ,micaceous in places with reddish tint Floor 

G1VH2 MC 288.5 Coal, heat affected, bright banded Floor 

G1VH2 MC1 287.6 Grey  siltstones, micaceous/brittle Floor 

G1VH2 MC2 287.1 Grey micaceous siltstones Floor 

G1VH2 MD 286.5 Micaceous, grey siltstones"shaley" Floor 

G1VH2 ME 283 Ash and altered sandstones from "UCG cavity" Gus 

G1VH2 MF 282.5 Light Grey laminated siltstones/shales, heat affected with dark green discolouration Roof 

G1VH2 MG 282 White laminated sandstones, medium grained/micaceous Roof 

G1VH2 MH 279.6 White  sandstones, coarse grained Roof 

G1VH3 S0.1 276.1 Sandstone Roof 

G1VH3 S0.2 277.34 Sandstone Roof 

G1VH3 S0.3 278.14 Sandstone Roof 

G1VH3 S1 278.64 Sandstone Roof 

G1VH3 S2 278.92 Sandstone Roof 

G1VH3 S3 279.12 Sandstone Roof 

G1VH3 S4 279.40 Sandstone Roof 

G1VH3 4.1 279.9 Sandstone Roof 

G1VH3 S5 280.24 Sandstone, slaggy Roof 

G1VH3 5.1 280.45 scoria Roof 

G1VH3 S6 280.80 scoria Roof 

G1VH3 6.1 280.90 scoria Roof 

G1VH3 6.2 281.12 scoria Roof 

G1VH3 S7 281.21 Buchite Roof 

G1VH3 S7.1 281.3 Buchite Roof 

G1VH3 S7.2 281.64 Buchite Roof 

G1VH3 S8 281.68 Buchite Roof 

G1VH3 S9 281.71 Ash Gus 

G1VH3 S10 280.80 Char Gus 

G1VH3 S11 282.08 Char Gus 

G1VH3 S12 282.18 Char Gus 

G1VH3 S13 282.30 Char Gus 

G1VH3 S14 282.60 Char Gus 

G1VH3 S15 282.84 Char Gus 

G1VH3 S16 282.87 Char Gus 

G1VH3 S17 283.62 Char Gus 

G1VH3 S18 283.89 Char Gus 

G1VH3 S19 284.12 Carbonaceous black  shale  Floor 

G1VH3 S20 284.5 Carbonaceous black  shale Floor 

G1VH3 S21 285.1 Carbonaceous black  shale Floor 

G1VH3 S22 285.5 Carbonaceous black  shale Floor 

G1VH3 S23 287.59 Carbonaceous black  shale Floor 

G1VH4 T1 274.30 Interlaminated Sandstone and siltstones coarsening downward Roof 

G1VH4 T2 275.00 Sandstone Roof 

G1VH4 T3 276.50 Sandstone Roof 

G1VH4 T4 277.40 Sandstone Roof 

G1VH4 T5 282.00 Interlaminated Sandstone and siltstones carbonaceous Floor 

G1VH4 T6 290.00 Interlaminated Sandstone and siltstones carbonaceous Floor 

G1VH6 T7 290.50 Interlaminated Sandstone and siltstones carbonaceous Floor 

G1VH6 T8 276.50 Sandstone Roof 

G1VH6 T9 277.50 Sandstone Roof 

 

The QEMSCAN is fitted with a field emission gun (FEG) electron source with an accelerating voltage 

and beam current. Scanning electron microscope electron beam is situated at predefined points across 

a particle. At each point a 1000 count X-ray spectrum is acquired in 3 milliseconds and the elemental 

proportions are used to identify the mineral phase at each point. Selected samples were also analysed 
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for mineral phases using for X-Ray diffraction (XRD) at the University of Johannesburg. XRD was 

utilized as a complementary method to QEMSCAN. 

 

 

Figure 4-4 Sample preparation for QEMSCAN analysis, block samples are put in 30 mm diameter sample holders and carnauba 
wax is added (right). The mixed sample was placed in a pressure vessel set at 2 bars for 5 to 12 hours (left) 

4.3 Results 

Some of the QEMSCAN false colour images (simply referred to as QEMSCAN image) presented in this 

section have been cropped and are not at the true scale. The full-scale images with the average modal 

proportions and colour key for mineral identification are presented in Appendix 4 -E. 

4.3.1 Visual assessment of retrieved cores 

The drill core of the Gus coal seam section for the off-cavity borehole, G1VH4, is displayed in Figure 

4-5. The Gus coal seam was encountered at 277.81 mbgl and a total of 4.42 m of the coal was 

recovered. The Gus seam in the Majuba coalfield fluctuates in thickness between 1.8 to 4.5 m (de 

Oliveira and Cawthorn, 1999) and therefore the retrieved coal corresponds with the upper limit, hence 

pointing to full recovery of the seam. The overburden contained medium to coarse-grained sandstone 

alternating with siltstone. Detailed lithology logs are included in Appendix 4-A. The overburden and 

underburden of G1VH4 had no visible signs of heat exposure and hence confirmed the status of an 
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άƻŦŦ-ŎŀǾƛǘȅέ ōƻǊŜƘƻƭŜΦ Dм±Iп ǿƛƭƭ ōŜ ǳǘƛƭƛȊŜŘ ŀǎ ŀ ǊŜŦŜǊŜƴŎŜ ōƻǊŜƘƻƭŜ ǊŜǇǊŜǎŜƴǘƛƴƎ ǇǊƛǎǘƛƴŜ 

mineralogical assemblages in the study area. G1VH4 is approximately 98 m from G1VH2 (Appendix 3). 

 

Figure 4-5 Gus seam section of the drill core of G1VH4, the coal seam starts at 277.81 mbg (black core section) 

The Gus coal seam sections of the drill cores from the two boreholes, G1VH2 and G1VH3, intercepting 

the gasification zone are displayed in Figure 4-6 and Figure 4-7 respectively. G1VH2 core drill did not 

recover any remnants of coal from the targeted Gus seam position however breccia and ash like 

particles were recovered from the bottommost part of the overburden. During drilling there was a 

core loss of around 4 meters at the position of the Gus seam before recovery of the carbonaceous 

shale floor (Appendix 4-A). The overburden did not show any visible signs of slagging or gas release 

vesicles however there was a small degree of fracturing along bedding planes on the coarse-grained 

arkosic sandstone. The carbonaceous shale floor showed horizontal orientation fragmentation and 

this may be due to the platy mica minerals that were visible in this formation which induce flat 

disintegration in rocks.   
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Figure 4-6 Gus seam section of the drill core of G1VH2, the coal seam not recovered and bottom of overburden shown by 
the 283.47 mbg (blue marker). Carbonaceous shale (coal seam floor) begins after the blue marker  

G1VH3 drill core retrieved around 2 m of devolatilized coal (char) with the overburden containing an 

ash layer and an extremely heat-affected sandstone with vast amount of visible vesicles (Figure 4-7). 

Two meters of the overburden above the char contact showed the most macroscopic 

pyrometamorphism features. Grapes (2011) showed an example of buchites developing within a 

ƳŀȄƛƳǳƳ ƻŦ н ƳΣ ƳƻǊŜ ƎŜƴŜǊŀƭƭȅ  рл ŎƳΣ ƻŦ ŀ ǎŀƴŘǎǘƻƴŜ-dolerite contact in the Sterkspruit Valley in 

South Africa. Selected sections of the overburden with distinct pyrometamorphosed attributes are 

described in Table 4-2. 

 
Figure 4-7 Gus seam section of the drill core of G1VH3, the ash layer at 281.7 mbg is the bottommost part of the 
overburden and represents the overburden-char contact. 
























































































































































































































