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Abstract

This study undertook tonvestigate he geochemistry ofthe potential sources ofinorganic
groundwater contamination frona spentUCGchamber The Eskom Majuba UCG pilot plant in South
Africa was the main study area for this reseaflio core drills that intercepted the spent gesactor
retrieved residue products (ash, char anelat affected host roc. Geochemical and mineralogical
characterization ofUCG residue products was done to establish therganic groundwater
contamination riskQEMSCAN and XRD results indicated that most of the primary mineral phases were
transformed into high temperature phases. Above averageléeeé high temperature minerals
mullite, cordierite, tridymite and cristobalite were detected in the roof of thersgpgCG chamber.
Pyrite transformed into pyrrhotite as recorded by the inverse relationship in the profiles of these
sulphide minerals. In generatlhe results established that char and rocks in the vicinity of the
gasification chamber contained relativelgwer 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 gexactor more environmentally sustainable, as lower
total sulphur equates to less risk of acid rock draindest of the sulphur is converted to,H during

the gasification process and transported with the syngas to the surface, where it can be removed and
captured as elemental sulphur.

The second objectivef the study dealt with the waterock interaction in the spent ge@actor. The
assessment of the watenck geochemistry was conducted through leaching tests under different
geachemical environments. This task was achieved by subjecting different seatithresgecreactor

to leaching by the following mediums: deionized water, hydrogen peroxide and sulphuric acid.
Elements showed a pHependent solubility as seen by the general negative correlation factor for
each element. The water elution tests (no pHiffer), 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 rgiriline 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 UCéageo if acidic conditions
developed. Chemical dissociation of carbonates and silicates phases failed to buffer or counter the
acidity by consuming thaydroniumthat is responsible for the low pHi.is therefore recommended

that a drop in pH below #h mine wateraround aspent UCG geteactor must becountered by acid
neutralization strategies such as lime injection to avoid development of acid mine drainage.

The mine water elution wastilizedto assess the leaching dynamics under field conditions as water
rock interactions were sub@ed 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 VThe following elementeowevershowed general increase in concentratiwith
increase in temperature: B, K, @Gmd SQ. The distribution coefficient was used to assdissociation

of elements between the mine water and the solid surfaces of the UCG residue pracioctaminant
migration was confirmed with the heat affecteoof releasinghe most metals into solution at 25 °C
while the highestoncentrationsof metalsmobilized into solution at 70 “@manated fromboth the

XV



roof and char sampleAluminium and Fe were the main nomobile elements across all sections of
the gecreactor 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 afbrigac¢h into water
phase were Sr, V, Co, Mn, Cu, B Bhd 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 geseactor from both dénized water and mine water eluates, which indicates that
temperature plays a role in dissolving this element from the organic surfaces.

Acid baseaccounting was used agpeaedictive tool to assess the acid producing capatitihe spent
georeactor. TheNNP (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 generationcpoed Utilizing both NNP and

NAG test for potential acid generation of samples provides a more reliable evaluation technigue than
either test used alone. NNP characterized around 13% of samples as acid generating with only 7.5%
as nonacid generating. N& classified 26 samples (49%) as high acid generating while only 13 (24.5%)
was charaterized as notacid generatingln general, acid generation is a possibility in a spent geo
reactors however, UCG operations are usually at very deep locations (>20Camdbg¢there might not

be sources of oxygen at this depths, for theidation of sulphide mineraldHowever, oxygenated

water can be introduced into the chamber during quenching or through drainage of shallow aquifers
via hydraulic connections with the spegeo-reactor.

The risk to groundwater contamination from UCG activities was assessed in terms of the- source
pathwayreceptor model. The spent gaeactor was identified as the source, as it houses the residue
material that contain toxic species as detenmil by the mineralogical assessment and leaching tests.
The pathway was divided into two; (1) a borehole intercepting the spentrgactor which provided

a vertical pathway from the coal seam aquifer to the overlying aquifers. (2) tbeaim groundwater
pathway (lateral extent) that was assessed by monthly groundwater data from the coal seam aquifer
taken from monitoring boreholes and compared with backgroumab!s isotope and hydrochemistry
results show that the shallow aquifer and the deep aquifer ao¢ 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 confirm that there was no groundwater mixing in these aquifefsere was
stratification in all the boreholes (monitoring and verificatioaysessedin terms of EC and
temperature The stratification in EC showdtht the quality of water that is sitting on togf 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 wihot be uniform throughout the hydraulic connection. Better
water quality will preferentially be at the shallow levels witlww quality water concentrated at the
bottom. Time series data displayed the chemical evolution of the coal seam aquifer. This resul
showedno evidence of inorganic contamination from UCG activities. In most ,dasewater from

the verification boreholes was @wer salinitythan background and monitoring boreholes. This is due

to surface water that wamjectedinto the UCG cawtduring quenching. The groundwatehemistry

in the geereactor showed a general trend dégenerating to background levels.
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1 Introduction

1.1 Background information

Underground coal gasification (UCG) isuagonventionalmining method that converts in situ coal

into fuel gas using high temperature conversreactions. 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 Figurel-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 anethhydrogenand carbon
monoxide collectively referred to as synthetic gas. The ggsapeghrough production wellsto the

surface where a number of gas scrubbing plants are installed to achieve the desired gas that can be
used for electricity productio. 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 swfaavironmental impact than conventional coal mining

as most of the waste handling and coal processing is elimiriatedn et al., 2014)in traditional coal
mining techniques, coal is mined and transported to the point of use where it is stockpiled befor
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 envirortateisk 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 actirshad et al., 2018b{Carbon capture and
sequestration techalogy can be incorporated into UCG by utilizing the cavity as a Carbon dioxide
storage chamber hence further reducing the environmental effects from UCG acftfi@kiato et al.,

2013)

Underground coal gasification offers a number of environmental soistito coal exploitation,
however groundwater contamination remains the main environmental éisk I LJdza G 'y R { 4|
HaMME fANERISTI | v R . RepdrtgaddrodridiaterpoliMtiprohave been documented
from the UCG test site in Hoe Creekandproduct gas comprising of phenols and condensed vapours
penetrated the overlying hydraulic units due to high pressures in the UCG rélmotan et al., 2014)
Contaminants can migrate and penetrate the surrounding rocks as a result of an outwardrpress
from the gasification zonelt is widely accepted that operating the gasification zone at a pressure
lower than the hydrostatic pressure in the immediate aqusfeill cause all groundwater movement
towards the gasification zon@mran et al., 2014)This ensures that no outward pressure is exerted in
the aquifess and hence containing the organic products within the gasification zone where there is
constant decomposition andemoval via the production wells. However, most of the inorganic
contaminants emain in the cavity as ash and clfhiu 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 dasi products leading to
groundwater pollutionBhutto et al., 2013)
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Figurel-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 studiescontain 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. e 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 Synthess of literature

LY HAMH GKS {2dziK ! TNAOIY 3I20SNYYSyid NBfSFASR |
2030 with the aim of improving the economy and living conditions of its citizens. The resultant
document was called the National Developmélan (NDP), which charts the way forward for the
O2dzy i NEQa RSQOSt2LIYSyid AyOtdzZRAYy3a 2y AadadzsSa 2F Sy
{2dziK ! TNAOFQa SySNH& RSYlFYyR& Aa (GKS LydS3aINIGS
government gzette in 209. The IEP is a forwatdoking energy strategghat aimsto deliver policy
development and secure energy infrastructure.

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

dThere is potential to increaske efficiency of coal conversion, and any new coal power investments
should incorporate the latest technology. As the existing fleet of oldficedl power stations is
replaced, significant reductions in carbon emissions could be achieved. Cleatechmalbgies will
be supported through research and development and technology transfer agreements in ultra



supercritical coal power plants, fluidisedd combustionynderground coal gasificationintegrated
gasification combined cycle plants, and carloapture and storage, among oth&bs

There is clear support for UCG technology from the South African government as the integrated energy
plan (IEP2019also states:

dMore funding should be targeted at lo#grm research focus areas in clean coal technologies such
as CCS andCGas these will be essential in ensuring that South Africa continues to exploit its
indigenous minerals responsibly and sustainably. Exploraticietermine the extent of recoverable
shale gas should be pursued and this needs to be supported by an enabling legal and regulatory
frameworkd ¢

The legal and regulatory framework was spearheaded by the Minister of Water and Sanitation in
October 2015, polished 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 witermment 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 incorreoperational mechanisms during the gasification stage, there

is a knowledge gap in literature on inorganic contamination from residue produ¢tsi NX¢R+eR) |

' yR { G ZOTh&s knBwledge is key for governing authorities to regulate UCG projents go
forward.

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

FYyR {GFz20T &1z uwnmmiI 2A0 S§0 | lyiR® Hutitherbdld &F thg ( NbizMlc T
studies are based on esitu gasification prodets. 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 sulptmudeerals that cause acidification of leachate and

also increases the solubility of some environmentally toxic metals (As, Cd, Hg, Pb,(Bopett)zah

et al., 2015)

The outcomes of this study will provide key insights into theposition and evolutiomf UCGesidue
productsand this information will be able to assist regulatory authorities in drafting regulations for
environmental monitoring of UCG site in the future. With clear regulatory framewegulators will

be able to approve UCG projecBehabilitation 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 thei
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 groundwaternvedwable fresh water resource any



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 tevestigationmto the gasificationanez dza A y 3 9 aUC&Hvda al 2 dz
plant as the main site ahe study. The aim of the study is tovestigate the geochemistry dhe

potential sources of groundwater contamination frahe spentUCGchamberand ther prospective

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

sections:

1. Characterization athe geochemistry of theotential sources of groundwater contamination
from the spentUCGchamber
1 This aim will be achieved by undertaking geochemieald mineralogical
characterization of residue products of UCG (ash, char, heat affected host rock). These
products represents soureierms of groundwater contamination from the
gasification zone.
2. Assessmendf the chemical evolution opotential groundwaer contaminants from the UCG
chamber
1 This will be determined through leaching tests ungdest gasificatiorield conditions
and expanded talifferent chemical environment®r the results to have worldwide
application
1 Assessment of potential acid fodrainage from gasification products.
9 Field assessments relating to groundwater chemistry and evolution cycles.

1.5 Study Limitations

This research forms part 8f a 1 2 Y Qi U@Gpil8t gitant investigation ird the gasification zone

after the successfullmitdown of gasifier 1. The Eskom UCG team commissioned two Ph D studies
where one researched therganicportion of the spent UCG chamber and the other therganic

This study represents the latter and is therefore limited to ith@ganicpollutants post-gasification
however the associated organic components of the UCG process on the geochemistry of the post
gasification system will be assessé&te targeted coal seam was located at around 280 meter below
surface and hence the study does not have swfgeophysics 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¢ Introduction;

Chapter 2¢ Study location

Chapter X; Literature reviewy

Chapter 4 Pyrometamorphism and mineralogical assessment of the spent gasifier
Chapter &; Petrographic and chemical analysis of coal relics from the gpEmteactor,

=A =4 =4 4 =4



1 Chapter & Acid baseaccounting and Leaching dynamniaf post gasification products

1 Chapter 7 Qualitative hydrogeological assessment of aquifers surrounding an underground
coal gasification site

1 Chapter & Conclusions and recommertitans;

Appendices are included on a seai& document included as a supplementary electronic disk. An
online link to the appendices is also included below:

https://drive.google.com/drive/folders/1YI61GwB1yyEKN7p_MaggERJjsgR?usp=sharing
1.7 Summary

Chapter 1 provides background information or ttesearch. Themainaim of the study is t@ssess

the potential sources of groundwater contamination frofme UCG gasification zone and the
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 facilitaiwide.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 focukeogeological and
hydrogeological aspect3his is important as UCG fan in situ based technology and therefore the
hydrogeological conditions are paramouiihe study site is located in Mpumalanga, South Africa, in
the Majuba coalfield.



2 Site description

2.1 Regional Geology

Thestudy site is found in the Majuba coalfield which forms part of the Vryheid formation of the Karoo
SupergroupKaroo Supergrous the most extensive stratigraphic entity in sowthntral Africa and

hosts all of the coal deposits found in this regibig(re2-1). 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 depositiwet occurred in the southern border of the
supercontinent(Hancox and Goétz, 2014)he MKB has an areal extend of around 680 Kn3 and is
characterized as a foreland basin with the Cape Fold Belt forming the southern boundary while
overlapping onto théArchean Kaapvaal Craton in the no(@adle et al., 1993)
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Figure2-1 The dissemination of the Karoo basins in saghtral AfricalCatuneanu et al., 2005)

Sediments filled the basin for about 120 milligears 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 cewhrm temperate and ultimately to dry desert with shifting rain,
and thiscombined 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



Supergroup with the Carboniferous Dwyka as the bottommost formation follolmeEcca, Beaufort
and Stormberg Grouf éble2-1). This sedimentary deposition was capped by the 1.4 km thick basaltic
lavas of the Drankensberg Group which coteelaith the Early Jurassic disintegration of Gondwana
and the opening of the South Atlantic oce@int et al., 2011, Hancox and Goétz, 2014)

The Late Carboniferous to Early Permian Dwyka Group lies on a firm base of Precambrian glaciated
bedrock in the Mrthern boundary of the MKB and in the east rests unconformably oN#graaqua

Natal Metamorphic Belhile overlain unconformably on the Cape Supergroup in the sdtitfufe

2-2) (Johnson et al., 1997The Dwyka Group is thickest in the south and thins out towards the north
and consists of tillite and other glacial associated rock fdirasie, 2008)Retreating and advancing

ice sheets at the border of the basin depesitthe sedimentgCadle 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 ri@#tuneanu et

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

Table2-1 Simplified stratigraphy of the Karoo Basin of southern Africa (reatitern), coal bearing strata highlighted in
grey(Lurie, 2008)

PERIOD | GROUP FORMATIONFACIES
JURASSIC DRAKENSBURG DRAKENSBURG

% STORMBERG CLARENS

N | TRIASSIC ELLIOFORMATION

@ MOLTENO FORMATION

= UPPER BEAUFORT | TARKASTAD SUBGROUP

UPPER LOWER BEAUFORT | ADELAIDE SUBGROUP

z ECCA GROUP VOLKRUST/ GROOTEGELUK

8 S MIDDLE FORMATION

Q o VRYHEID FORMATION

Q a LOWER PIETERMARITZBURG

3 FORMATION

5 | 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 unitJohnson et al., 2006Yhe Group exhibits mostly continental deposition
with plant fossilsGlossopterisnd Gangamopterigresent amongst Ecca rocks, however sHioed
marine intrusions are also evidefiturie, 2008) Coal is predominantly found in the nor&astern
Vryheid formation which is underlain by the Pietermaritzburg formatiomable 2-1. The
Pietermaritzburg formation with a maximum thickness of 400 m represemff shales and overlies
the Dwyka with a sharp contact in the northegadle et al., 1993, Johnson et al., 19%/¢onsists

of upward coarsening dark grey laminated siltstones, mudrocks and subordinate sand$ianesx
and Gotz, 2014)The Pietermatzburg 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 partdJohnson et al., 2006)
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Figure2-2 North South Cross section of the Karoo basin adapter fflohmson 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 partdohnson et al., 2006)n the north it lies directly on the
pre-Karoo rocks or Dywka Group. The formation thins and pinches out in the south andvessith

and has a gradational upper and lower contact with the shales of the Pietermaritzburg and Volkrust
formations which consguently merge towards the soutlirigure2-3). 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} lastic sedient 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,@1) The lithofacies contained within this formation form a vertical pattern of
alternating sandstones, conglomerates, shales and the economic coal §€adis et al., 1993)
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Figure2-3 Schematic nortfsouth section through the norteastern part of the Ecca Group adapted fr@lohnson et al.,
1997)




The lithofacies are primarily organized in coarsenipward cycles that have a deltaic character,
however thin finingupward fluvial cycles intervenes towarthe middle of the formatiogJohnson et

al., 1997, Cairncross, 2008 complete succession of each of the five coarsenpwardsequences
begins with finegrained marine sediments and grades upwards into coarser delta frontdaha
plainfluvialfacies(Hancox and Gotz, 2014)he fluvial cycles transition upwards from coarse grained
subordinate sandstones to fine grained sediments and coal sekigaré2-4). The segence 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., ZP9The 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 eveually ended peat creation period€adle 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 suspddstomon et al.,

2006) The sedimentology of the Volkrust formation shows a coarsemivgard trend with coal
occurring interbedded with mudstondslancox and Goétz, 2014)he Beaufort Grougupersedd the

Ecca and consists of mudstones with interbedded samastolt is the formation that outcrops over

the most surface area of South Afrigaurie, 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 climat@Cadle et al., 1993The Drakensbumgroup 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 la{lagie, 2008) The intrusive sills affected the
mineability of the oal as they displaced some of the coal seams causing structural problems and in
some cases devolatilised the cqblancox and Gotz, 2014)he coal rank encountered is generally
medium to highvolatile bituminous coal but anthracite have been encounteradthie eastern
sections of the MKBCairncross, 2001)
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Figure2-4 Westeast section through Ecca Group in the northeastern part on MKB adapted from (Johnson et al., 1997)

2.2 Ermelo coalfield

The Ermelaoalfield 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 coalk@ddré2-5). 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 bituminocsal(Wagner et al., 2018 he placement of the coal seams is shown

in (Figure2-4) with the Eland on top and Targas as the bottom seam.
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Figure2-5 Coalfields of South Afrigddancox and Goétz, 2014)

The Ermelo coalfield consists of a number of isolated blocks which are found in an area bounded by
Carolina, Morgenzon, Charlestown, Dirkiesdorp and HendFRigu e2-6). Surface outcrops in the
coalfield is dominated by Permian Vryheid rocks and the intrusive Jurassic aged d¢ariesx and

Gotz, 2014) Eight dolerite sills have ba identified in the coalfield and have preserved coal from
denudation but in some cases have altered it by displacement or devolatilizgtiarie, 2008) A
number of collieries have developed in the area over the last few decades. In 1975, 3 Mtwéasoal
produced form three collieries and by 1985 ten collieries produced some 8 Mt, most of which came
from the Usutu and Ermelo collieri¢Snyman, 1998)n 2001 Ermelo coalfield contributed 7.2 Mt of

the 222.551 Mtsaleable production of coal from Soutlirida (Jeffrey, 2005)More recently, the
Penumbra underground mine came into operation in 2011 aittaverage RoM production of 55,000

tpm and hasa gross coal reserve of abdd®.3 Mt(Hancox and Gotz, 2014he Majubaolliery 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 cond{tipii&t of coal seam by
dolerite dykeXhe mine was closehil993(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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Figure2-6 Geographical extent of the Ermeloatiteld (Hancox and Gotz, 201&tudy 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 locationT@ble2-2). They are correlated easier with seams of the Natal coalfields
than the Witbank coalfields and fluctuate in various localities in quality, number and eitené,

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

Table2-2 coal seam correlations aftéBnyman, 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 GLower Dundas Dundas

No. 3 D Coking Coking

No. 2 E Targas Targas

The coal seams of the Ermelo coalfield are generally horizémtalarginally undulatingand are
separated by upward fining sedimentary sequence adarsegrained sandstonessiltstones and
mudstonegHancox and Go6tz, 2014)he general stratigraphic columns of Ermelo are shoviAigare

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 seamgWagne 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 impdq(itercmx and

Gotz, 2014) The coalfield currently produces steam and beneficiated exportwithlaverage coal
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gualities 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., 2018Yable2-3 provides the sumrary of each seam from the Ermelo coalfield.
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Figure2-7 Simplified stratigraphic columns in the Ermelo coalfield (former Eastern Transvaal coalfield), adapted from
(Snyman, 1998 he Amersfoort statigraphimolumn is the one that is relevant to the study area

The Amersfodt stratigraphic column ifrigure2-7 shows the A seam divided into Alfred and Fritz coal
seams respectively. The two seams can occur witlgrs tm of each other separated by sediments.
The economically important Gus seam is &sod 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 dolerit@silBliveira and Cawthorn, 199

Table2-3 Description of Ermelo coal seam (raw coal analysis), summarised$myman, 1998, Jeffrey, 2005, Lurie, 2008,
Hancox and Goétz, 2014, Wagner et al., 2018)

Seam Description

Eland Between O¢ 1.5 m in thickness, not economic. Eroded in most part of the coalfield
becomes shaly in the south. Raw coal qualities in Sheepmoor area: CV = 27.27
Ash =11.93%, IM = 0.39%, VM = 3.85%, and TS = 0.39%.

Alfred 2 ¢ 4 m thick, low quatly dull coal with alternating bands of poor and fair coal. In pla
Alfred seam (B seam) may be split into three separate plies; B1, B and BX. CV
MJ/Kg, Ash = 24.86%, FC = 48.98%, IM = 0.39%, VM = 23.42%, and TS = 2.5%.

Gus This is the most imptant economic seam throughout the Ermelo coalfield. It is
sandstone, siltstone or mudstoribat split the seam into partings of varying thickne
Seam is well developed over the whole coalfield and attains thickness #hY. CV =
22.28 MJ/Kg, As= 24.96%, FC = 46.59%, IM = 3.36%, VM = 23.34%, and TS = 1.

Dundas | Thin seam (0.§ 2 m) and not developed over the whole coalfield. It is of little econo
significance when considered alone but has opencast potential when explored
other seamsCV = 24 MJ/Kg, Ash = 24.79%, FC = 45.75%, IM = 2.86%, VM = 23.]
TS =1.4%

Coking | Well developed in the north where it attains thickness on over 3 m, but econ
potential drops southwards as it converts torbanitic and/or shaly. CV = 22.68 MEK
= 26.74%, FC = 45.36%, IM = 1.65%, VM = 24.57%.

Targas | 0.3¢ 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 Amerkfgotg

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 pe(aelOliveira and Cawthorn, 1999)he reseve

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 aroup@D3Rctares
(Chapman and Cairncross, 199Recent estimations bgPershad et al., 2018gjut the resource
estimate at 8 billion tons, mostly being classified as undeveloped.

The stratigraphic sequence of the Majuba colliery is givdfignre2-7 under the Amersfoot column
which shows the economic Vryheid formation. A detailed geological study of the coalfield is given by
(de Oliveira and Cawthorn, 199@here the base of the stratigraphic sequence begins with a-pink
coloured granitic gniss comprising of quartz, microcline, plagioclase and biotite, and is capped by a
layered ultramafic intrusion which represent Faroo rocks. The Dwyka rocks overly the-lRaeoo

rocks with a total thickness of between a few centimetres to 36 m and swnef tillite, varved
mudstone, finegrained massive sandstones and conglomerdtsyman, 1998, de Oliveira and
Cawthorn, 1999)The Ecca group overlies the Dywka and has the Pietermarizburg formation at the
base. The Pietermarizburg formation in Majulzmnsists of a massive dark shaley siltstone of around
20 m thick and underlies the Vryheid formation with a gradational cor{letshad et al., 2018ajhe
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Vryheid formation overlies the Pietermarizburg formation, also with gradational contact and hiosts a
the coal seams in the Majuba colliery.

BALFOUR

WARDEN

MUDST ONE/SANDSTONE
&=t ESTCOURT - ADELAIDE FM.

—_— - LIMIT OF HIGHVELD COALFIELD

SANDSTONE/SHALE/COAL
VRYHEID FM. _—————— LIMIT OF E. TRANSVAAL COALF[ELD

— — MI’ i FIE
SHALE LIMIT OF UTRECHT COALFIELD

ARy
e VOLKSRUST FM.

= + = LIMIT OF KLIP RIVER COALFIELD

e SHALE  smeee=——- LIMIT OF VRYHEID COALFIELD
it PIETERMARITZBURG FM.

MAIN ROADS

V DOLERITE
| TOWNS/CITIES

“'1 UNNAMED POTASSIC GRANITE/
g GRANODIORITE

MAJUBA COLLIERY PROPERTY OUTLINE

Figure2-8 Simplified geological map of the Majuba colliery and surrounding area, adapted from (de Oliveira and Cawthorn,
1999)

The coal zone comprises of a few thirg(&0 cm) horizontally discontinuous bright coal seams below

the Gus seanfde Oliveira and Cawthorn, 199%igure2-7 depicts Targasokingand 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 mand a bright upper layer (30cnije Oliveira and Cawthorn, 1999)he 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 siltsémukfiner grained sandstone

which represents interchanneled zon@%ershad et al., 2018a)lfred coal seam is encountered above

the Gus seam and varies in thickness from 10 cm to {der®liveira and Cawthorn, 1999his seam
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is laterally impersistentmeaning it is horizontally discontinuous and it is not found throughout the
coalfield. Where it is developed, the GAlred parting changes in thickness from a few centimetres
to over 10 m(Chapman and Cairncross, 1998)sedimentary sequence dominateg sandstones
which fines upwards is prevalent above the Alfred fogc®D m until two thin bright coal seams (Fritz
and Eland) are intercepted and are generally less than 2 m @phaapman and Cairncross, 1992jtz
and Eland are on average 40 anddsb thick respectively, and are found to be laterally continuous
and hence play a key role as markers in the coalfgdOliveira 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 inteyfisi@ed sandstones

or siltstones eventually being capped by coal formation in some pl@lespman and Cairncross,
1992) There is no coal seams encountered above the Elandhensketguence becomes gradually fine
grained and siltstone dominated which suggests that at some point it progressively passes into the
Volksrust formation(Chapman and Cairncross, 1992he Volksrust formation exists in Majuba in
dispersed remnants obserdédn surface outcropd{gure2-8) and preserved between dolerite sills in
core drills and generally consists of dark grey sandy siltstones with a uniformsgrafde Oiveira

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 intrgions were controlled by lithostatic pressure and happened along cracks and
fissures caused by tensi¢Rershad et al., 2018dh the Majuba areéde Oliveira and Cawthorn, 1999)
identified four different groups of dolerite intrusions, T1 to T4, as showkigure2-9 and described

in Table 2-4. The morphology of these intrusive rocks are classified as near horizontal sheets,
transgressive sills and near vertical dik@ershad et al., 2018a)1 and T2 are relatively flat with the
former having the upper contact eroded due to proximity to the surface. T2 isrphpritic
homogenous dolerite thais defined by highly alteredone at the base contact due to primary
minerals transforming to secondary minerals under hydrothermal adti@Oliveira and Cawthorn,
1999) This causes the dolerite to crumble when exposed to the atmosphere and can be classified as
I aadaAl NEé¢ R2f SNAGSO
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Figure2-9 Cross section across the Majuba colleiry showieg@us 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 weisblock relative to the east block sectioRigure2-9). The dolerite intrusions have left

the sedimentary package structurally and metamorphically disruptbiCh resulted in a complex
network within the coal bearing Vryheid formatidiPershad et al., 2018aYhese intrusions also
devolatilized the coal and in some instances formed natural coke negatively affecting its strength close
to the contact zones wittihe 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 compdéxitg dolerite
intrusions caused all underground mining to be abandoned with only0601tonnes produced
(Hancox and Gotz, 2014lining through a dolerite that cuts a coal seam results in high mining costs
and reduced production because of inaccessibid devolatilized coal. It is therefore imperative to
delineate as accurately as possible the thickness and structure of the dolerite intrusions for mine
planning purposeéSnyman, 1998)
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Table2-4 Summary bcharacteristic 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 ve Relatively planar
running through the rock. Major mineral is plagioclase > 50 m thick
55%), clinopyroxenes (+ 30%), orthopyroxene (+ 10%)
minor olivine, apatite and oxides.

T2 Porphyritic and highly altered dolerite with a propensity| Rehtively planar
crumble when exposed to atmospheric conditions. Mg 70 m thick
mineral is plagioclase (x 65%), clinopyroxenes (+ 1
orthopyroxene (x 15%) and rare olivine and oxides. Op
to subophitic texture.

T3 Light grey to olive green porphyritic rock with a Transgressive
characteristic plagioclase glomeroporphyritic texture. 62 m thick

T4 Seldom recovered intact and is generally crumbly Transgressive
disintegrated material due to fastiteration. 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)n 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 megawdRershad et al., 20H}. 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 Energyl#h (IRP) set out by the South African governn{®@E, 2016 Dr. Mark van

der Riet pioneered the Eskom UCG research in 2002 as part of the Research, Testing and Development
Owe¢g50 2F 9a12YQa {dzalilAylroAfAGe 5AQ0kékany d 941
technology provider Ergo Exergy Technologies Inc. (CafRelghad et al., 2018dhitial groundwork

began around 2001 and a pilot plant was successfully commissioned at Majuba coalfield in January
2007 with product gas being doed into the rearby 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 201%Pershackt al., 2018a) An areal view of the site is givenFigure2-10.

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. Theshicc
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 zonedigh what is termed verification drilling.
Verification drilling is diamond core drilling from surface into the gasification zone with the aim of
retrieving core samples.

18



Figure2-10 An areal view of the Bjuba UCG pilot plant, adapted frofifershad et al., 2018a)

The successful recovery of ash, char and {adi@icted 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 dimensiond))(8eological model of the site
which will be used to assess the geological profile and geagdiyanalysis of the study area.

2.4.2 Locality and site description

TheMajuba UCG pilot plant is located in Mpumalanga Province of South Africa, about 35 km north
west of the bwn of Volkrust and 18m southwest of the town of AmersfoorfThe site is 5 km nahnt

east of the3 600 MW Majuba Power StatioRigure2-11). The two sites are linked by a gas pipeline
that is designed to convey production gas from the UCG site to d¢ilerb of the Power Station for
electricity generation.

The surface area is characterized bgular hills attributed to the erosion of the underlying elidte

sill. The site covers an area of around 60 ha on the eastern bank of the WitbankBmerit
(Geelklipspruit inFigure2-11). The drainage in the area is good and surface water flows through
several sporadic streams. Annual rainfall is at an aveod§€50 mm with the rainy season usually

from October to March where 126150 mm of rain may fall in a single d@ershad et al., 2018a)

The surrounding area is used mainly for agricultural purposes such as sheep and cattle farming and to
a lesser extet crop cultivation. The elevation varies between 1660 to 1744 meters above sea level
(MASL) with river channels forming cliff featurEg(re2-12).
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Figure2-11 Location and surface drainage map of the study area
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Figure2-12 Elevation map showing the topography profile of linB Autting through the Majuba UCGes
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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 surfadédqure2-13). 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.

WA A Y%

i Legend
# MAJUBAUCG SITE

network of dolerite
sills /

Volkrust formation
Vryheid formation
Pietermaritzburg

. &r..s',AJUBA UCGSIE

Google Earth

Lie)

Figure2-13 Geological map of the Majuba UCG site amd@unding areas

Detailed geological sequence was discussed in se&ianThe local stratigraphic column of the
Majuba UCG site is presentedrigure2-14.
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Figure2-14 Example ofocal geological stratigraphy of the Majuba UCG pilot site (Pershad et al., 2018a).

The Basement rockghich form the preKaroo rocks are found at 400 m below the surface with Dwyka
tillite overlying it with a thickness of around 50 m. The upwemdrsening trend of alternating
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laminated siltstone and mudstone begins at around 350 m and it is capped lopaheone 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 sameecontinues 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 $100 m.This dolerite sill is susceptible to crumbling when exposed to

the atmosphere as seen Figure2-15.

Figure2-15/ 2 NB 2 F (K R2f SNAGS &aAtt o¢wm0 ONMzYof Ay3d 6KSy SELR&SR

The sedimentary package is further transgressed by the T1 dolerite which at places spits into several
transgressive units. The T1ldote is heavily weathered and allows flow of groundwater in its matrix.

2.4.4 Geohydrology

A number ofdistinct groundwater systems are present at the MauUCG site, as seen Fidure

2-17). The upper weathered (shallow) aquifer is giglding bydraulic conductivity (Kjange 1.7 x

10? ¢ 8.6 x 1@ m/d) owing to its trivial thickness, but the water quality is good due to years of
groundwater flow through the weatherestrata. It is estimated tht the shallow aquifers present

from surface level to around the depth @ m It is underlain by the intermediate aquiféorrelation
between groundwater levels and topography is low, 41.4 %, and therefore groundwater flow does not
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follow topography in the shallow aquifeFigure2-16), thisis 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
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Figure2-16 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 aguier can be divided into twaones the intermediate upper aquifeflU) and the intermediate

lower (IL) aquifer as seenhigure2-17. Groundwater flow in the intermedie lower aquifer is mainly
GKNRdzAK ON} Ola Ay (GKS f26SNJLINIG 2F ¢Hn R2tSNAGS
The coal seam aquifer is at a depth of around 280 m and is underlain by the Dwyka sediments. The
groundwater in the coaleam aquifer is of poor quality and can generally be classified as salire

(Ky1.0 x 1¢° ¢ 1.0 x 10° m/d) (Loveet al, 2014) The groundwater monitoring network had been

placed in such a way that all the aquifers are monitdfeidure2-17).
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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 ineffectivehe 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 undettake 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 [degith 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 ia-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 needgo 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

Undergroundcoal gasificatiofUCG) is an unconventiormainingmethodthat permitscoal resources

to be exploited using high temperature conversion reactiParkins, 2018aAninjection 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. hydracking, Reverse Combustion Linking (RCL), Forward
Combustion Linking (FCL), ele€linking, inrseam 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 subsedtamportation of the
produced gases to the surface via the production weilhjre3-1). The gasification process converts

in situsolid coal into gaseous phaségsynthetic gas)composed mainly of methane, hydrogen, and
carbon monaide.The mass transfer of solid coal to gaseous phasestes a channel or cavity the

coal seam which gets p#ytfilled with residue products that inclugesh and char

The gasificatin channel can be separated into three regions: the oxidation zone, the reduction zone,
and the dry distillation zond={gure3-1). The oxidation zone is dominated by hgaherating 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 progréssion.
separation depends on key chemical reactiptemperature (related to coal composition), and gas
composition occurring in each zor@hutto et al., 2013) The main reactions involved in coal
gasification zones are drying, pyrolysis, gasification, and combustiguré3-2, Table3-1). The UCG
process begins with heating of wet coal and the moisture is evaporated at around 1Q0°@itfiR
pyrolysis occurring at much higher temperatures of between-380°QPerkins, 208b). Pyrolysis is

the thermal breakdown of volatile compounds at elevated temperatuvéagner et al., 2018At the
pyrolysis stage @R volatile gases are driven out of the coal and enter the gasification channel, leaving
behind char. Bituminous coalkie contain up to 45% by mass volatile matter while lignite and
subbituminous coal as high as 5@Bockhorn, 2018)The chemical reactionsy(B® R/) occur at the
surface of the coal, and the secondary reactionddqMR) occur in the gaseous phase. Thaijcation
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 prodeasie3-2).
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Figure3-1 Partitioning of the gasification channel into three zor{@ershad et al., 2018b)

Table3-1: Chemical reactions during UQ®erkins, 2018b)

Reactions Stoichiometry N 1° 208 (MJ/Kmol)
R Evaporation 2S53i02Ft MG NEO2|+20
R Pyrolysis 5NEO2If TIh / KFENJ|O

Rs Char combustion /b oy hH TIbh / h -111
Ry Char combustion C+QM /2h -393
R Steam gasification C+Hh TIh+ICO +131
Rs Boudouard reaction C+C@b H/ h +172
R, Hydrogasification C+2:HM /4l -75
R Combustion H+% QI O -242
R Combustion CO+%gh /I2h -283
Rio Combustion CH+2GIb />2Hh2HO -802
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Anunderstanding of the liemical mineralogicaland petrographigropertiesof the coal,char, and
ash(minerals)from the UCCgasification zoné fundamental to a number of investigations needed to
assess the effectiveness of the procemsd toquantify future risk. For examplgost-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)
the UCG caty may eventually be leached by the rebounding groundwater into the surrounding
aquifers potentially resulting irgroundwater contaminationFurthermore,the cavity can contain
elevated levels of C@as thatare free to interact with the incoming groundwater and hence influence
the geochemical reactions. Carbon dioxide is soluble in water and producgagi@vhich
subsequently reacts with water to form other inorganic carbon compounds including carbonic acid
(Deutsch, 1997whichcan lower the pH of the groundwateFhe petrographi assessment of the char

can be used taetermine the temperaturehe gasiication zoneexperienced during thelCGorocess
hence determiingthe efficiency of the process
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Figure3-2: Overall illustration of the coal zone of a UCG cdRigrkins, 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. ifhgitu gasification of coal at
temperatures in excess of 1000 °C, results in thermal alterations to the sedimentary strata above the
coal seam(Kuhnel et al., 1993)The term pyrometamgohism 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., 2019y hermal alterations to the neighbouring rocks occur over a series of time and
space Figure3-3). 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 aféectsunding areas in the
range of a few centimetres to meters in diamet@rapes, 2011)The majority of the thermal
reactions in argillaceous rocks are endothermic and therefore the energy needed for commencing and
completing the thermal transformationsf minerals must come from the UCG procésghnel 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-cbmdmustible

material such as quartz, illite, feldspar, pyrite, kaolinite and carbonates (calcite, siderite, ankerite) that
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Figure3-3 Modelled temperature distribution with convection associated with burning coal $é&aapes, 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 igdidto a small areaRjgure3-3). The consumed

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

lack of support tdhe overburden. Extreme temperatures in the range of 15002000 °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 thefrbas been modelled by
(Wolf and Bruining, 2007)

3.3 Sanidinite facies

aShlF Y2NLKAAY Ay 3AS2f 238
environment (i.e. temperature, pressure and fluid composition) without meliiftglpots and Ague,

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

A a

(KS Y2RATAOFGAZ2YA

the temperatures of crustal melting (800 °C and above) and at pressures of around 4Bl&Pet
al., 1996) At high temperatures, melting abcks commences and this can lead to overlapping of
metamorphism with igneous activity in a process of partial melting known as anéfexst and Frost,

2014) There are various ways a rock can undergo metamorphism however the most common types
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are confct, 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 pramgissgs heat and makes

the coal seam extremely hot with temperature in the region of 9A@50 °QBhutto et al., 2013)
Changes observed in rocks can be described using metamorphic facies. The concept of metamorphic
facies was pioneered by Norwegian gegpt V.M. Goldschmidt (1911) and Finnish geologist Pentti
Eskola (1915) to describe mineral assemblages in metamorphic rocks formed under corresponding
temperatures and pressurg®latt et al., 1996) Sanidinite facies represents high temperatioes
pressire metamorphism which can be expected in the country rocks surrounding the UCG chamber
(Figure3-4). The sanidinite facies are distinct from other contact metamorpliistineir 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 assemblagéSrapes, 2011) The type of rocks and associated textures
synonymous with high temperature contact metamorphism are presentetiahle3-2.

Table3-2 Common pyrometamorphic rocks that result from natural fusion, adapted (@napes, 2011)

Rock term Features

Buchite A highly vitrified rock, formed from extreme heat of contact metamorphit
The term buchitamplies the presence of glass (quenched melt) from wk
high temperature phases have crystallized

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

Paralavdslag Normally black to dark grggyrometamorphic rock with a vesicular, aphani
texture andhas the appearance of artificial slag or ropy basaltic leeaned
from meltedargillaceous rock(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 hightemperature minerals &s taken place from magni{&rapes, 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 obmafic t
intermediate composition, and as chips in pyalastic rockgde Souza et al., 2019)
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Figure3-4 Approximate pressures and temperatures for the main metamorphic familegpted 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 higisgures in the melt that leads to
hydraulic fracturing and conveyance of the melt along these fract(@eapes, 2011)These micro
cracks are especially evident in quartz crystals in pyrometamorphic rbiakaé¢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 potkes a
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 oftiegdractures and generation of new cracks
(Kahnel et al., 1993)
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Figure3-5 Micro-cracking of quartz crystalbackscatteredelectron image adapted froifHolness and Watt, 2001)

The initial formation ofmirco-cracks in pyrometamorphic events is associated with anisotropic
GKSNXYIf SELI yaA2AW ASNBIASR ANG K dif NIT 6 KAOK 2 00dzN&
this leads to micrecracks that cut across quartz and feldspar crydt@ispes, 20111 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 (Kiihnel et al., 1993 hepenultimate stage of micraracking 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 eoal brings

forth cracks that cut across or regenerates coagulated 4fildtl 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 rock#é 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 underburd@erkins, 2018b)

3.4.2 Glass preservation andags composition

The heat of combustion is responsible for the transformation of rocks into amorphous (glass) melt in
the UCG geoeactor. Vitrification of clay minerals illite and smectite commences as the temperature

of the geacreactor reaches 800 °C aride initial droplets of melt are formed at grain boundaries
(Kuhnel et al.,, 1993)de Souza et al. (2019uggested that melt generated by igneous
pyrometamorphism generally quench and fill porescro-cracks and dilation structures in the host

rock. Uponcooling the presence of glass in pyrometamorphic rocks can be explaine&igith 3-6.

A supercooled liquid is stable at temperatures above the glass transformatigyer 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 ped of time above the glass transformation range, that is the
temperature at which viscosity is around the order of*10l Q&> i GKA & @A aoO2arde
rate of 10¢ 10° seconds(Grapes, 2011)At temperatures above 1350 °C much of theltnwill cool

down into glassy phases as cooling in the UCG reactor is rapid which preserves the glass and minimize
the size of the crystalKihnel et al., 1993)0nce glass has formed, its preservation in the contact
aureole depends on whether fluid ittfation takes place during the cooling sta@&rapes, 2011)The

residue from UCG is usually rich in glass coupled with high temperature crystals such as mullite
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(AkSkOr3) and cristobalite(SiQ) that form from the melt(Kihnel 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.
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Figue 3-6 The effect of temperature on the enthalpy (or volume) of a glass forming(Gedges, 2011)
3.4.3 Columnar jointing

Cooling cracks evolve from the boundaries of solidifying lava or intrusive dykes ang spuedd
inwards dividing the rock into prismatic columfBudkewitsch and Robin, 1994 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, Here 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)®lumnar structuresevolveby recurring, stepwise crack advances,
creating cmto dm transverse bands on the column fa(udkewitsch and Robin, 1994)arger
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 siltstotesls that have
abundant mud pellet§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 crystallizatiagh of
(sanidinite facies) and low temperature (hydrous) mine(@sapes, 2011)An example of clasich
siltstone dilation curve is displayed fingure3-7. The dilatiom increases constantly with temperature
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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 dila@napes, 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
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Figure3-7 Dilation curve of siltstone (Dilation % vs temperature), solid line represents siltstone with clay matrix whilst dashed
line represents siltstone with carbonate matrix, adapted f(@rapes2011)

3.5 Pyrometamorphosed quartzofeldpathic rocks

Pyrometamorphosed quartzofeldspathic rocks (sandstone, claystone, shale) and sediments (clay,
sandsilt, glacial, till, diatomaceous earth), and their metamorphosed counterparts (phyllite, schist,
gneiss), ee distinguished by the presence of the following mineral assemblages: cristaipahjmite,
mullite/silliminite, cordierite, clinopyroxene, orthopyroxene, sanidiam@orthoclase, plagioclase
(oligoclaseanorthite), corundum, hercyniteich spinel, magnéte, hermatite, ilmenite, sulphides and
native metalgGrapes, 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 faciesyre presented in a ternary system such as a FMAS diadiigor€3-8). A ternary
system displays phase relations in which the base is a symmetrical triangle thatpogjerpositional
differences in the system with each of the three sides consisting of a binary sgStest and Frost,

2014) In UCG, the addition of G0 the system from the burning of coal seam allows for the presence

of ankerite, calcite, dolomite ahsiderite which interacts with sulphides (pyrite and pyrrhotite) to
produce magnetitehematite-bearing paralavas(Grapes, 2011) The predominantly reducing
environment in UCG coupled with localized overheating enhances the metallization of ferruginous
mineral phases and formation of ferroalloflstinnel et al., 1993)

The mineral associations in buchites and paralavas can be expressed in terms -Gfeglkalinary
systems MgeALO:-SiQ (MAS), Mg@FeOSiQ (MFS) and Fe@\LO:-SiQ (FAS) as displayedfingure
3-9 (Mineral composition and notations (abbreviations) are given in Append)x Bhe other major
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oxides that usually constitute quartzofeldspathic rocks are @aDKO and their respective ternary
systems are displayed in AppendiA3The line B inFigure3-9 represents a pseudbinary section
within the MgOALO:-SiQ system between metatalk and metakaolin composition (i.e sections of
crystals and melt) and hence represents compositional boungafieridymite, cordierite, mullite and
orthopyroxene formatior{(Grapes, 2011)l'ypical mineralogy of buchites is illustrated by the expanded
pseudo binary system of lineB\fromFigure3-9, and is presented ikigure3-10. The system reveal
that mullite, mullitecordierite, mullitetridymite, cordierite, cordieriteridymite, tridymite and
tridymite-orthopyroxene buchites can be produced at around the same temperature depending on
the composition of the sedimentary protolifGGrapes, 2011)
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Figure3-8 Sanidinite facieshowing silicateoxide minerals plotted in terms of mol[@ee, Mn, Mg, Ca) O + TiO2 + P2Q5]
[(Al,Fe)203 + (Na,K)2G3%i02 (FMAS diagramdapted from(Grapes, 2011)
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Figure3-9 Amalgamated phase relations diagram of the atmospheric pressure systemsAM@ESIQ, MgOFeQSIQ,
FeO ALOs-SiQ, Mineral composition and notations (abbreviations) are given in Apperdijadapted from{Grapes, 2011)

The pressurgemperature staHity fields of pyrometamorphed quartzofeldspathic sedimentary rocks
are presented in the petrogenetic grid Figure3-11. Buchites and paralavas former 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 temperasymguartz may occur even when the temperature is
above the quartzrimydite inversion point of 867 °C and continue metastably within the tridymite

temperature ranggGrapes, 2011)
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Figure3-10 Phase diagranfor the pseudo binary system of typical buchites produced from compositions between metatalk

and metakaolin, adapted frorfGrapes, 2011)

37



20

=

2

o

%

s 1.5+ %\

& €

5 &
™
I
=

1.0

&
-
73
(7]
@
T
o.

£
o
1

Cd| Mul

0.0

T T U

11 I00 1200 1300
Temperature (°C)

Figure3-11 Petrogenetic grid of mineral assemblagesggrometamorphosed quartzofeldspathic, adapted f(@repes,
2011)Mineral composition and notations (abbreviations) are given in Apperdix 3

3.6 Mineral transformation and metastable mineral reactions

Underground gasification of coal results in a cavity wharn 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 activiti€amp, 2018)All of these actions results

in a chaotic rubbldilled 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 irFigure3-12. The thermal phase transformation associated with heating and cooling of an

argillaceous overburden from UCG field test near Hanna, Wyoming(KiB#el et al., 1993re
presented inFigure3-13.
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Figure3-12 Reconstruction of the temperature profile in the gasifier with the aid of high temperature mineral phased for
from argillaceous material in the overburden and phases in the coal seam, adapte(Kiibrrel et al., 1993, Grapes, 2011)
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Figure3-13Mineral transformations during heating of argillaceous overburderks and cooling of UCG products, (the same
mineral codes fronfrigure3-12 applies) adapted fronfKihnel et al., 1993, Grapes, 2011)

Heating in the UCG chamber results in vitrification of illite as the temperature reached g@igure (
3-13). As the temperature increases, more minerals begin to mvedt at 1200 °C around 80% of the
argillaceous rock will undergo vitrification, while at 1350 °C the rock will be totally miigmel et

al., 1993) Mineral assemblages cbmpletelymelted (slag) rocksorrespond largelyo the products

of crystallizatbn of dry mels overa widespread range of cquositions obtained fromaboratory
guenching experiments at atmospheric press(@apes et al., 2009TheUCGchamber undergoes

rapid coolingwhich preserves the glass améduces the size of crystals withethresidue products
characterized by a range of dendritic, skeletal and hollow crystals which crystallize from the
thermodynamically less stable glass@€ihnel et al., 1993)Quartz are a major component of
quartzofeldspathic rockassociated with coal s&a3 | yR SEAaG& | a @I NA 2 dza
j dzI NJXiqlakz, tridymite and cristobalite. The higliessure polymorph is coesite. The
dzy |j dzZSy OK I 6 f S-lj dz2NINJIFduartd tRkes/place Bt 573 °Eidure3-14) which is related to
anisotropic thermal expansion that result in miectacks that cut across quartz graiifdesse, 2000,
Grapes, 2011)The quartzridymite inversion temperature is at 867 °C but metdse quartz can still
persist even beyond this temperature, while cristobalite can exist metastably in the tridymite
temperature rangeFigure3-13 shows that high temgrature crystallization favours anorthite as the
plagioclase that is stable at temperatures above 1200 °C. It can therefore be expected that
pyrometamorphosedjuartzofeldspathic rockwill be enriched in anorthite relative to-f€ldspars.
Mineral transformations in a gasification zone around a UCG-mgattor 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, whahthe potential

to negatively impacting on the environment. Other mineral transformations are given in the following
sections.
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Figure3-14 Temperaturepressure diagram showing stability field of silica §50lymorphs, adapted froifNesse, 2000)

3.6.1 Pyrite and pyrrhotite transformation

Iron sulphides such as pyrite (Ee8ccur in coal and associated sedimentary rocks as accessory
minerals. Gadwana coals are by and large low in iron sulphide mineral content relative to the
Laurasian coal@Vagner et al., 2018)n reducing environments, pyrite changes to pyrrhotite, (5¢
which is a norstoichmetric sulphide with a general formula:F8 (vhere x < 0.125) by the following
reaction(Grapes, 2011)

O ¢d60 O0Q Y ¢60 Y

The transformation of pyrite during combustion is schematically presenteBigare 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 resufigginetite
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 formssathe 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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Figure3-15 Pyrite transformation during combustion. Transformation of individual (isolated) grains of pyrite (a). pyrite with
silicate (bYGrapes, 2011)

3.6.2 Alsilicates

Claymineralsare the most abundant mineralfound in coal globally, and in Southern African coals it
constitutes up to 80 % of the mineral contdli¥agner et al., 2018Common 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 belowGrapes, 2011)

Loss of structural water at around 500 °C according to reaction:
0odYQ 00 0 aY0 06
0 GE &L b @I QD E a0
Condensation of metakaolin layers to form patterns eSAspinel type phase between 925¢ 950
°C according to reaction:
0 dvYQ 0 dY'0 "Y'QO
A'QO OQME aYNEQE QW Qd Qu ®
Transformation to 1:1 fye mullite phase and cristobalite between 1015 1100 °C, and to 3:2
mullite and cristobalite at higher temperaturescording to reaction:
0 aYQ "YQO 00 a) g o® Y
YN QE QWQA QoA 6 & a Qo BT Qi D RO
The reactions above suggest that the thermal decomposition -sflidhte is associated with a silica
melt that can result in polymorphs of quartz such as cristobalite and tridymite depending on the

temperature of formation. Th&LOs-SiQ system igpresented inFigure3-16. 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 bya silica glasdMullite is not acommon A A f A OF GS Ay GKS SI NIKQ:
occurs in the sanidiniteand corundurssillimanite facies, at contact areas of sujperated volcanic

intrusions, and in post volcanic hydrothermal formatigBsunauer etal., 2001) Sillimanite can also

thermally transform to mullite by the following reacti¢@rapes, 2011)

Sillimanite = mullite + S;O

Pressure (kb)

800 1000 1200 1400
Temperature(°C)

Figure3-16 Temperaturepressure diagram of the Ak-SiQ system shoing phase equilibria, adapted frof@rapes, 2011)
3.6.3 Carbonates and Faxides

Occurrence of carbonate minerals in Southern African coals is associated with hydrothermal fluid
precipitation and occur as nodules, veins and cell filling of siderite, calcitemndel and ankerite
(Wagner et al., 2018)ron 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 importanth@ general decomposition reaction of carbonates is as follows:

Y& YO 60

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:
"0Q0 0 "0QL &0
YOI QoI Qo Q
The resultant oxide from the decomposition of carbonates can undergo further oxidation in oxidizing
conditions as seen with wusite (Fe(@rapes, 2011)
008 , OB o OB
D WQE QO @WOR & Ho QO Q
Decomposition of siderite during combustion as individual grain and as grains in contact with silicates

as in the case with coal/char is givenkigure3-17. Single slerite grains melt as wustite at around
1370 °C with subsequent oxidation transforming it to magnetite and hematite which melt at around

42



1590 °C and 1560 °C, respectivi@yapes, 2011)n cases where wustite melt contacts silicates, iron
glass (paralavajan be expected.
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Figure3-17 Siderite decomposition during combustida) single (excluded) siderite grain transformation, (b) siderite grains
in contact with silicates (included) in char particle, adddrem (Grapes, 2011)

3.7 UCG residue and implication on groundwater contamination

Undergrowund coal gasification (UCG) leads to the formatiomast, tarsand void space in the coal
seam(Bhutto et al., 2013)The mineral content of the coal is responsilie 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 responsild for the coalification process. This mineral content is found in coal as ergano
metallic complexes (siderite, pyrite and colloidal clays) or within the coal matrix as miniscule mineral
grains (quartz, clays, feldspars, muscovite, apatite) that precigitatsituor 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 cutacross bedding planes and intermittently disrupt original layers, and these include
marcasite, pyrite, calcite and dolomite, and some trace elem@magner et al., 2018)

During high temperature coal conversion (1200400 °C), minerals contained inadavill undergo
transformation into various phases and forms including amorphous glassy masses, round glassy
cenospheres, mullite and a range of spin®igagner et al., 2018All this inorganic material resulting

from coal conversion is collectivetgferred to as ash and its composition is dependent on the
mineralogy of coal and the gasification conditiolmen, calcium, magnesium, phosphorus, potassium

and sulphurare usually present in ash formed from syngenetic material whia, calcium,

43



magnesium and sulphuare found in ash emanating from epigenetic matefMishra 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), @ehmingelements 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 10@gpi)N#Hz8 £ OF S1 +FyR .{ G 201

During combstion 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 particulftésens et al.,

2001 Ly GKS !/ D OKIYOSNI O2yRSyalidAzy 200dz2NB Ay
in the synthetic gas can be deposited as droplets and hence be enriched on surfaces of char and ash

in the georeactor. The enrichment beh#wur can be described using the relative enrichment ratio

(RER) factaiMeij, 1994)
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behaviour during underground coal gasification of lignite and hard Egglie3-18). The tassification
is as follows:
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Fig/ure3—l§ Pistribution of elements during underground coal gasification of hard coal and ligritéi Na¥#rek and
{GFZ20l 1% HAmMcCO

At the completion of the UCG processetbeoreactor 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 bexpeditad by injecting surface water into the gasification chamber.
Ultimately the geereactor 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 imdewof studies which show heavy
metals and trace elements being leached at rates that pose an environmeridois&s et al., 2012,
Gupta et al., 2017, Zhao et al., 2018here is however a lack of research into the leaching dynamics
of residue productdrom 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 geactor (Pershad et al., 2018dyost 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 witlregulating 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 authorgLiu et al., 2007, Imran et al., 2014jowever, actuatesearch into this risk is

limited. Reference literature from recent studies show some attempt to addressing the risk of
groundwater pollution from UC@ Y I LJdza Gl yR {GF 201 &1 wanmmI YI L
{1201 @12 HnmpI { AdPdfIOESE1 It R § i b FBILzEKaBddzH N mp =
{GFZ01 @812 HnanmcX -dz SG |t ®X H A mEGwevWitheseStudiegifalll  dX ¢
short of providing a definitive solution as most usedsitu UCG products in their analysis doaw

conclusions on aim-situbased process. laddition, the eluate used in most of the leaching tests was

not representative of post UC&uwern conditions. All these inconsistencies do help authorities in

their regulatory duties as these tests fall short of representing UCG field conditions and thus a
hindrance for the technology going commerciBlinderman et al. (20183tated that a lack of

regulatory framework coupled with perceptis of environmental risk emanating from UCG
2LISNF GA2ya& Ydzad 06S | RRNBaaSR 0ST2NB GKS G(SOKy2f 2
as authorities require credible research into the environmental impact of UCG operations in order to
regulate he 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 factofhis study attemptdo addressthe gaps in

literature by analysing thin-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 op¢ians.

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 t&due 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{ ( N#HzAt OF S1 | YR .There&ed 8 1 X H
number of leaching tests that are available in literature and some common examples include: batch
elution tests that utilize deionized water as the eluendahese 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 conditjaugiierdo 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 Pcedure (TCLPhased on US EPA Method 1311, andSkathetic Pregitation 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 wecase 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(lzquierdo and Querol, 2012yhe geochemical environment in the pastaction area of

UCG is ifferent from the atmospheric conditions that most surface waste is exposed to and hence
there is a need to determine the leaching dynamics of the spentgactor under field representative
conditions. In literature, deionized water has been the modiagtil leaching medium for elution tests
onUCGtypewaste { (4 N#HzEt OF S1 FyR { G Z0t & S1H hyRZ WEild RIGARDIZ
these studies provide a good base in understanding-postess leaching dynamics, there is a need

to test for oxidking conditions according to the zonal character of the-getor Figure3-1). There

is also a need to cater for possible development of acidic conditions due to gewmeie
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 bein
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 aquif@ershad et al., 2Bb). 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 connectifiig(ire3-19). 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 zoefare, 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 indicatohat 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 pollutantsecaantsported

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 revi@izgroundwater monitoring at UCG sites is giver(\@n Dyk

et al., 2018)which also proposed the frequency of sampling depending on the period of UCG
operations.
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Figure3-19 Conceptuahydrogeological 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., 2014p&/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 summariz&gjumre3-20.

£ = Russia
g .
\ L - First UCG project might
Poland = = take place in Chukotka
grlllall:k?t:g;?r? ‘: \\‘ ‘- . HUGE2 project and active Ukr’ame ‘
kasgba ' development in Silesia DTEK's coal resources
Y ». £ ] Basin coal evaluated

Hungary

Mecsek Hills project

UK

More than 25 licenses
have been issued

Canada
Pilot project
completed in
Manville

China
15 UCG trials

Bulgaria
Feasibility study
completed for

India
Dobruja coal seam Another two coal
blocks have been
USA identified for UCG
Possible pilots in

Pakistan
Thar project to start
production by 2018

Wyoming and
North Dakota South Africa

Mpumalanga,
Secunda,
Sub-Saharan and
Theunissen projects

Uzbekistan

World’s only commercial Australia )
UCG project

Pilot projects
decommissioned

Figure3-20 Worldwide UCG sites, adapted fr¢ifang et al., 2016)
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Table3-3 Some of the UCG sites that have repodeslindwater contaminationsummarizedrom (Imran et al., 2014, van
Dyk et al., 2018)

UCG site Groundwater impact
Hoe Creek |, Powder River UCG trails were conducted at shallow depths (55 m). 11 boreholes v
Basin, Wyoming, USA drilled into the coal seam aquifer and water samples taken during an

post gasification. fdundwater analyses data showed that ammonium,
calcium, boron, bromide, lithium, magnesium, sulphate, potassium,
cyanide, and phenols were five timgeeaterrelative to baseline
conditions. The majority of the changes in concentrations occurred
within 3 m of the gasification zone in all directions.

Hoe Creek Il /111 UCG trials were conducted at high pressures which resulted in produ
gas comprising of phets and condensable hydrocarbons exiting into
the overlying aquifers. In Hoe Creek Il, 14 boreholes were drilled into
gasification zone and the overlying aquifer. Groundwater samples we
taken before, during and post gasification and the inorganialtes
showed similar increases in elements as seen in Hoe Creek |.

Rocky Mountain 1 UCG test sif 12 boreholes were drillethto the coal seam and overlying aquifer.
in Hanna, Wyoming Groundwater samples were taken before, during and post gasificatio
and the inorganic results revealed the following:

1 Conductivity and temperature were higher in the coal seam
aquifer and overlying aquifer relaBvto baseline

I Aluminium concentrations increased nearly 100 times over
background values during UCG operation, however reduced
baseline values post gasification

9 Other elements and compounds that increased throughout
gasification were copper, boron, irpkead, zinc, calcium,
sulphate compounds and ammonia.

1 Sulphate and chloride ionic concentration declined in all well

Huntley UCG trial, New Zealan No negative effects on the groundwater quality in the Tauranga Grou
aquifer by neither depletion of graadwater or contamination. One of

the monitoring wells experienced a spike in dissolved organic carbon
(DOChut this trend reverted to baseline values once the pressure wa
reduced.

UCG test in Fairland, Tenness{ Groundwater monitoring revealed that tHellowing elements all
increased in quantity during gasification: calcium, zinc, iron, hydroget
magnesium, ammonium, manganese, sulphate, mercury, and boron.

Kingaroy project, Australia The QueenslanBepartmentof Environmentand Resource Managemer|
dedared 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 plantand served Cougar Energyttwan
Environmental Protection @er that halted the developmentf the
Kingaroy project.
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Groundwater pollution from UCG activity can be managed if proper mechaisiput in place. The
GOf Svery OBy OSLIi¢ KI & inUEGsites hk¥ RICKS Mdtiptaing &hd Chinchilla in
which the gasifier is operated using the following notigRsrkins, 2018a)

1 Operating pressure is maintained below the neighbouring strata pressure during and post
gasification in order to limit the esipe of pyrolysis products and guarantee a positive flux of
groundwater towards the gasifier.

9 Post gasification pyrolysis products are vented out from the cavity

1 Cavity temperatures are reduced by groundwater influx or surface water injection into the
gasfication zone upon shutdown of the gasifier to limit the release of more pyrolysis
products.

The cleancavern concept essentially generally covers the organic contaminant risk from UCG
operation and does not address the inorganic sources. The organicesocan thereforde 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 UGgperations are summarized Figure3-21. Under primary processes,
post-process leaching of coal ash by groundwater and-postess 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 pogprocess leaching of char and the underburden in an effort to cover all
sections of the spent gereactor that can be potential groundwater contaminant sources.

Primary Processes Secondary Processes Exposure Media
Escape of Pyrolysis of coal Air
- product gases - = upsection — L=
¥
Reaction of minerals - Surface Soils
Condensation of with a.c;g gas
»! pyrolysis products upsecuan
in cavity
ucG _ Surface Water
Operations
Post-process ¥
#| leaching of coal =
ash by groundwater -
> Subsurface

Formations

Post-process
- leaching of
oversburden

Groundwater

L4

Figure3-21 Potential environmental impacfsom UCG operations, adapted frdferkins, 2018a)

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 evolutitve. Jources of groundwater ntamination
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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 cagbsre 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 laching 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 ¢akito 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 mvide predictive mechanismelevantfor 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 tempédtae 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 geareactor and leaches remnants of UCG. The relics of the gasification process include the
ash, char and altereaverburdenand underburden. Post gasificatiompgndwater is the only mgium

that can enter the chamber and carry contaminantsézonday environmens. 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 th&CG chamber will b& the form of dissoved elements in
groundwater Potentially toxic elements exists in mineral phasgsamorphous materiathat form
part of the coal and the rockaround a spent geoeactor. The aim of this chapter is to assess the
mineral phases of different types of matakicontained in apentUCG chamber. This section of the
study aims to address the first objective of ttesearch which is thecharacterizatiorof the potential
sources of inorganicgroundwater contamination frona spentUCG chamber.

4.2 Methodology

Two boreholes (G1VH2 an@1VH3) were core drilled to intercept the gasification chamber at the
Majuba UCG pilot plant-{gure4-1). These boreholes were labelled verificatiboreholes 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 meaaséctnd borehole drilled’'wo
additional boreholes (G1IVH4&R Dmzl c0 6SNBE O2NB RNAfft SR a27F¥
regions unaffected by gasification. The conceptual model of the position of the boreholes in relation

to the georeactor is shown inKigure4-1). The core drills were sampled by cutting out small portions

of around 30 mm blocks that were prepared for QEMSCMi(titative Evaluation of Minerals by
Scanning Electron Microscopgnalysis. QEMSCAN analysid aample preparation was done at
Eskom Research, Testing and Development centre in Rosherville, South Africa.
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a || Total drilling
fluid loss
Sandstone 260m

Coal seam
Coal seam AVE THICKNESS 4.5m
AVE THICKNESS 4.5m

“Confined"” aquifer “Saline”

BOC +/- 286.5m |

Basement: Siltstone and mudstone with dolerite
more than 50m below the coal

Not to Scale

Figure4-1 Conceptual model of the spent gezactor with position of verification boreholesodified from(Pershad et al.,

2018a) Distance between off cavity boreholes (VH6 and VH4) and the cavity intercepting boreholes are presented in Appendix
3-B.

QEMSCANFEI Quanta 650F SEM) is an automated scanning electron microscope with three energy
dispersive Xray spectrometers andomputer software for data assemblage and image processing
(Nazari et al., 2017QEMSCABan beused to determine the mineral and phase proportiafsaany
particulate material A full account of the operation of QEMSCAN is give(Gmpodall et al., 2005)
Samples taken from drill cores targeted sections of the overburden, gasification zone (Gus seam), ash
and the underburden. Sampling depths are presentediahle4-1. An example of sampling for core

drills G1VH3 and G1VH2 are presenteéfigure4-2 and Figure4-3, respectively. The same sample
numbers will be used throughout this document. Visibly cracked sections and alteration spots were
also targeted as the thermal effes 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 chimrieigsi(e3-3).

Samples were prepared for QEMSCAN analysis by inserting them into individual sample holders and
immersing them ircarnauba waxFigure4-4). 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 samplegenthen taken out of the pressure container and
removed from the mould for polishing. The samples were polished usiBtruers TegraPdll.
Polishing was done at a force of 10N/60N with a rotation speed of 300rpm. The samples were then
carbon coated using950x turbo evaporator. Samples were placed upwards and carbon coated in a
vacuum.Carbon coating was done to avoid samples getting chairgélte chamber when struck by

the electron beamThe samples were then transferred to the QEMSCAN machine fosinaly
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Figure4-2 Core sampling of VH3, the same sample numbers will be used throughout this document

Figure4-3 Core sampling of VH2, the same sample numbers will be used throughout this document
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Table4-1 Sampling depth with relation to the gasification zone (Gus setm)sample numbers and same colour coding

will be used throughout this entire documerithe cavity intercepting borehole¥d3and VH2) wersamped more

SEGSyargSte

Ky GKS 2FF OFr@grite o02NBK2fS aayos

iKSea

this study, while VH4 hagristine sedimentary lithology that has been studies extensively in previous Karoo studies.

Core Sample | Depth | Lithology Relation
ID (m) 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 silisnes Floor
G1VH2 MD 286.5 | Micaceous, grey siltenes"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 discolouratiq Roof
G1VH2 MG 282 White laminated sadstones,medium grained/micaceous Roof
G1VH2 MH 279.6 | White sandstones, coarse grained Roof
G1VH3 0.1 276.1 | Sandstone Roof
G1VH3 0.2 277.34 | Sandstone Roof
G1VH3 .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, slagy 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 arsdltstones carbonaceous Floor
G1VH6 T8 276.50 | Sandstone Roof
G1VH6 T9 277.50 | Sandstone Roof

LINS & Sy

The QEMSCAN is fitted with a field emission gun (FEG) electron source with an accelerating voltage

and beam current.canning electron microscope electron be&situatedat predefined points across
a particle. At each point a 1000 countay spectrums acquired in 3 milliseconds artaet elemental

proportions ae used to identify the minergdhase at each poinSelected samples were also analysed
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for mineral phases using for-Ray diffraction (XRD) at the University of Johannesburg. XRD was
utilized as a complementary method to QEMSCAN.

Figured4-4 Sample preparation for QEMSCAN analysis, block samples are put in 30 mm diameter sample haderawzral
waxis added (right)The mixed sample was placed in a pressure vessel set at 2 bars for 5 to 12efftpurs

4.3 Results

Some of theQEMSCAN false looir images (simply referred to as QEMSCAN image) presented in this
section have been cropped and are not at the true scale. Thedalé images with the average modal
proportions and colour key for mineral identification are presented in Appeneix 4

4.3.1 Visual assessment of retrieved cores

The drill core of the Gus coal seam section for thecaffity borehole, G1VH4, is displayed-igure

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 searim the Majuba coalfieldluctuates in thicknesbetween1.8 to 4.5 m(de
Oliveira and Cawthorn, 199@nd therefore the retrieved coal corresponds with the upper limit, hence
pointing to full recovery of the seam. The overburden contained medium to cameseed sandstone
alternating with siltstone. Detailed lithology logs are indddn Appendix 4A. The overburden and
underburden ofG1VH4had no visible signs of heat exposure and hence confirmed the status of an
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mineralogical assemblagesthre study areaG1VH4 is approximately 98 m fraB1VHZ Appendix 3.

Figure4-5 Gus seam section of the drill core of G1VH4, the coal seam starts at 277.81 mbg (black core section)

The Gus coal seam sectgof the drill cores from the two boreholeS1VH2 an@1VH3intercepting

the gasification zone are displayedHrigure4-6 and Figure4-7 respectively. G1VH2 core drill did not
recover any remnants of coal from the targeted Gus seam position however breccia and ash like
particles were recovereérom 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-A). The overburden did not show any visible signs of slaggiggs release
vesicles however there was a small degree of fracturing along bedding planes on thegraanse
arkosic sandstone. The carbonaceous shale floor showed horizontal orientation fragmentation and
this may be due to the platy mica minerals thaere visible in this formation which induce flat
disintegration in rocks.
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Figure4-6 Gus seam section of the drill core of G1VH2, the coal seam not recovered and bottom of overburden shown by
the 283.47mbg (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 heaffected sandstone with vast amouat visible vesicles~gure4-7).

Two meters of the overburden above the char contact showed the most macroscopic
pyrometamorphism featuresGrapes (201) showed an example of buchites developing within a
YFEEAYdZY 2F H YZI Y2NB 385 yddlalitefcdntact in thepSterksprvitval@yfin | & |y
South Africa. Selected sections of the overburden with distinct pyrometamorphosed attributes are
descibed inTable4-2.

Figure4-7 Gus seam section of the drill core of G1VH3, the ash layer at 281.i8 thieghottommost part of the
overburden and represents the overburelgrar contact.
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