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1 INTRODUCTION
1.1 Preface

Worldwide, there is a continued increase in environmental awareness such as the
reduction of natural resources and their impact on the environment. An increase in the
world population, results in more pressure on governments and countries to supply in the
populations basic needs. A major need is energy. In South Africa, coal is the main
contributor to fulfil the energy and electricity demand. Mining of coal in South Africa is thus
unavoidable to supply in this demand especially with the infrastructure that is already
available at this moment in time and also for the near future. The nature of the impact of
mining includes concerns over land and water resource use, pollutant emissions, waste
generation and public health and safety.

1.2 Objectives

Coal mining will continue extensively in the future to fulfil in the demand for energy needs,
especially for the production of electricity. There is currently only one existing mine in the
Waterberg Coalfield, but the establishment of new mines in this area will materialise in the
next 2-10 years. The newly build Medupi power station close to the Grootegeluk mine will
demand more coal from the area.

Mining disturbes the ore and waste rock from their original in situ conditions and are
transported to other components. Within these other components, the rock is exposed to
new, geochemically different conditions that lead to new reactions such as accelerated
physical and chemical weathering. This can have effects on the drainage chemistry. In
general, coal mining generates proportionally less waste rock and tailings than metal
mining (Bell et al., 1992), because the target material is visually obvious and often occurs
as discrete, easily mined strata. On the other hand, because annual tonnages in coal
mining are typically much greater than metal mining, equivalent tonnages of wastes are
produced.

This thesis outlines the research conducted on new exploration geological samples
collected in the Waterberg Coalfield to determine the geological units most likely at risk to
produce AMD upon oxidation as well as the environmental geochemical risk due to
elments that can be leached from the exposed rock and mine products. Coal samples
were only collected from the Sasol cores. In the other samples, the coal was removed by
the company for coal analyses. With mining, the coal will go to the beneficiation or coal
processing plant. Static Acid Base accounting, leaching and kinetic tests (humidity cell
test) were used to determine the risk. The effect of the different mining waste products at
the Exxaro’s Grootegeluk mine in the Waterberg area was also tested. The risk of leachate
from natural sources containing a base potential to counteract the acid leachate produced,
are also compared to determine the risk to the environment. Air is also polluted due to the
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mining and power station activities. Although it is discussed in the work, no particular
analyses were done on air pollution. The chemical elments that are present in the coal
products will play an importan role in the composition of the pollutants in the air. No
tests/analyses were done in this study on the organic consituents that are also produced
due to the spontaneous combustion although the products/contaminants are mentioned.
The area where the study for this thesis was done is indicated on the map in the following
Figure 1.
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Figure 1: Location of the Waterberg coalfield with the Grootegeluk mine.

Coal plays a vital role in South Africa’s energy-economy. New coal mines will start mining
operations to foresee in the demand of power stations and therefore meet the local
electricity and energy need. The impact of these mining activities on the environment is
realised and the best pro-active way must be followed to minimise any negative
environmental effects. This can only be done if all relevant information is available and
understood by environmentalists and engineers.

1.3 General background coal energy

Coal is the major fuel used for generating electricity around the world. In 2013 coal was
used to generate over 40% of the world's electricity (World Coal Association, 2015). Coal
is an important mining product in South Africa since it contributes to 87% of the country’s
electricity production (Inside mining, 2014a).
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Table 1: Sources of electricity production in South Africa (Inside mining, 2014a).

Installed Capacity MWe %
Coal-fired 41632 86.78
Nuclear 1931 4.03
Hydroelectric and pumped storage 2000 4.17
Gas turbines 2409 5.02
Total 47972 | 100.00

Projects planned for future extension of electricity production leans by 71% towards coal
fired power stations (Table 2). Continuous mining of coal in South Africa is thus necessary
to supply in the growing energy demands.

Table 2: Future projects for electricity production in South Africa (Inside mining, 2014a).

Future projects MWe %
Coal-fired 9600 70.94
Pumped storage 2832 20.93
Wind farm 1100 8.13
Total 13532 100

According to the World Coal Association (WCA) the total world coal production reached a
record level of 7822.8 Mt in 2013, increasing by 0.4% from 2012. Approximately 15% (over
1.2 billion ton) of worldwide coal production is currently used by the steel industry and
roughly 70% of total global steel production is dependent on coal (WCA, 2015).

Since 2003, South Africa’s coal production has remained fairly stagnant at levels of around
240million tons a year, posting only small increases. This stagnation has been attributed to
depleted coal mines in the Witbank, Ermelo and Highveld coalfields, in the Mpumalanga
Province, as well as operational and technological constraints that coal miners have been
facing (Creamer Media’s Mining Weekly, 2010). South Africa is a significant participant in
the global coal markets, but has moved down from being the fourth largest coal producer
in 2001 and sixth in 2008 to number seven in 2013. This was due to a higher production by
other countries (Table 3). Yet, South Africa’s coal industry is noteworthy in a number of
respects: it is a relatively low cost producer (along with Indonesia and Colombia), has the
world’s largest coal export terminal (91 Mtpa) in Richards Bay, and is positioned
conveniently between the Atlantic and Pacific coal markets. It is also a potential swing
producer, able to export competitively to either Europe or the East (Eberhard 2011). The
top ten coal producers in the world for 2013 are listed in Table 3.
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Table 3: Top ten coal producers in 2013 (WCA, 2015).

Country Million ton (2013)
PR China 3561 Mt
USA 904 Mt
India 613 Mt
Indonesia 489 Mt
Australia 459 Mt
Russia 347 Mt
South Africa 256 Mt
Germany 191 Mt
Poland 143 Mt
Kazakhstan 120 Mt

The five largest coal users - China, the USA, India, Russia and Japan - account for 76% of
total global coal use (WCA, 2015). The World Resources Institute has identified 1200 coal
plants in planning across 59 countries with a total of 1400 GW. Africa accounts for 13% of
the world’s population, but only 5% of the global energy consumption. The mining sector in
Africa is demanding 30% of the power in Africa and 42% in South Africa. South Africa
plans to increase its renewable energy footprint to 6000 MW by 2020 and to add a total of
9.6 GW of new capacity by 2030 (Inside mining May, 2014e). South Africa operates the
world’s only commercial coal to liquid (CTL) (synfuels) plants (Eberhard 2011) which is
operated by Sasol. Most of the coal mined by Sasol is used in this CTL process.

Global patterns of coal consumption have changed dramatically in recent years, as rapid
economic growth in Asia has increased the demand in that region. Whereas China
constituted only 17% of primary coal demand in 1980, its share rose to 43% by 2008 and it
has now emerged as the dominant consumer of coal internationally. Over the period 2000
— 2008 China’s coal demand increased by 1120Mtce and accounted for three quarters of
the total increase in coal demand over this period (IEA, 2010a). In 2013 China was the top
coal importer in the world with 327Mt (Table 4). South Africa is a hard-coal exporter as the
best coal is exported, while the poorer quality is burned in power stations specifically
designed to handle the lower calorific value and higher ash contents (Inside Mining,
2014f).

Table 4: Top coal exporters and importers in 2013 (WCA, 2015).

Total of . Total of .
Exporter which Steam Coking Importer which Steam | Coking
Indonesia 426Mt 423Mt 3Mt PR China 327Mt 250Mt 7TMt
Australia 336Mt 182Mt 154Mt Japan 196Mt 142Mt 54Mt
Russia 141Mt 118Mt 22Mt India 180Mt 142Mt 38Mt
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Total of . Total of .
Exporter which Steam Coking Importer which Steam | Coking
USA 107Mt 47Mt 60Mt South Korea 126Mt 95Mt 31Mt
Colombia 74Mt 73Mt 1Mt Chinese Taipei 68Mt 61Mt Mt
South Africa 72Mt 72Mt oMt Germany 51Mt 43Mt 8Mt
Canada 37Mt AMt 33Mt UK 50Mt 44Mt 6Mt

There are currently 13 power stations in South Africa of which three were previously
mothballed and later brought back. This was as a result of thehigher electricity demand
(Kotze 2015, Power Plants around the World, 2015). Matimba, one of the 13 power
stations, is located in the Waterberg Coalfield, Limpopo Province as well as the Medupi
Power Station (currently under construction); the others are all within the Mpumalanga
Province. Power plants are usually build near coal reserves and in South Africa these
plants are mostly located within moderately to severely strained water management areas
(Kotze 2015).

Both power stations in the Waterberg area will be using the direct-dry cooling technology
which drastically reduces water use compared to the wet recirculation cooling technology
(Kotze 2015). The two main technologies that have been used globally for coal combustion
are pulverised fuel and fluidised bed technologies. All of Eskom’s current coal fired power
plants, as well as the soon to be completed Medupi and the future Kusile power plants, are
pulverised fuel plants (Value Chain Overview, 2010).

From local and international experience, it is known that coal mining has a pronounced
impact on surface and groundwater quality. This fact plus the continuous mining of coal to
supply in energy demands will put pressure on future mining companies to limit the
environmental impact (Morin and Hutt, 2001). This can only be done once the risk of the
waste from the run of mine (ROM) is realised so that it can be utilised/stored in the best
way and therefore limit the risk to the environment. This can be conducted by carefully pre-
planned projects, implementing pollution control measures, monitoring the effects of
mining and rehabilitating mined areas.

South Africa is one of the top countries with a dependence on mining for its economic
growth and development. Acid and neutral mine drainage however are a threat to the
environment polluting water and soil. AMD can contain high levels of heavy metals and
sulphates and can thus cause water to be toxic due to soluble heavy metals. Not only does
it endanger plant and animal life, but it can cause sicknesses in humans like organ failure,
mental conditions, birth defects, and cancer. Even eating produce that has been irrigated
by this kind of toxic water as well as farm animals that have drunk from contaminated
water supply can be dangerous (Bird et al, 2008, Fuge et al, 1991, Helgen and Dauvis,
2000, Planet Earth Herald, 2015 & World Coal Association, 2015).
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One rapidly growing refinement is the incorporation of environmental maintenance into the
economics and engineering of mining. This is a reasonable consequence of increasing
environmental awareness and the increasing intensity and cumulative extent of mining.
This intense industrial activity around the world must be accompanied by environmental
protection or restoration (Morin and Hutt, 2001).

1.4 Thesis Structure

The thesis is structured as follows:
o Chapter 1 —Introduction.

e Chapter 2 - Deals with the importance of coal and coal mining to supply in the ever
growing demand of energy and environmental issues.

o Chapter 3 - Provides a general description of the area.

o Chapter 4 — Describes the position of the geological samples in the study area and
the collection of the samples.

o Chapter 5- Describes the methodologies used in the investigation.
e Chapter 6 — Geological results are discussed (XRD, XRF).

e Chapter 7 — Static ABA results are discussed.

e Chapter 8 — Kinetic results are discussed.

e Chapter 9 — Leach results are discussed.

e Chapter 10 — Environmental impact.

o Chapter 11 -Overall conclusions.

NOTE: Throughout this thesis, acidic leachate produced due to mining will be referred to
as Acid Mine Drainage (AMD). Acid Rock Drainage (ARD) will refer to situations where
leachate is acidic from rocks or geological formations due to natural circumstances where
there was no human interference.
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2 COAL
2.1 Introduction

To understand the risk of coal mining can have on the environment (human, water,
geological and animals), the background of what coal is, is important.

Coal is a combustible, sedimentary, organic rock, which is mainly composed of carbon,
hydrogenand oxygen. It is formed from vegetation that has been consolidated between
other rock strata and altered by the combined effects of pressure and heat over millions of
years while forming coal seams. The energy we receive from coal today comes from the
energy that plants absorbed from the sun, millions of years ago. All living plants store solar
energy through a process known as photosynthesis. When plants die, this energy is
usually released as the plants decay. Under conditions favourable for coal formation, the
decaying process is interrupted, preventing the release of the stored solar energy. The
energy is locked into the coal (WCA, 2015).

Coal formation began during the Carboniferous Period, known as the first coal age, which
spanned 360 million to 290 million years ago. The build-up of silt and other sediments,
together with movements in the earth's crust, known as tectonic movements, buried
swamps and peat bogs, often, to great depths. With burial, the plant material was
subjected to high temperatures and pressures. This caused physical and chemical
changes in the vegetation, transforming it into peat and then into coal. These processes
took place in the absense of oxygen and coal remains in a chemically reduced form (WCA,
2015).

The degree of change undergone by a coal as it matures from peat to lignite (stage one —
lowest rank of coal) to anthracite (stage four — highest rank of coal) is known as
coalification. Coalification has an important bearing on coal's physical and chemical
properties and is referred to as the 'rank’ of the coal. Ranking is determined by the degree
of transformation of the original plant material to carbon. The ranks of coals, from those
with the least carbon to those with the most carbon, are lignite, sub-bituminous, bituminous
and anthracite. In addition to carbon, coals contain hydrogen, oxygen, nitrogen and varying
amounts of sulphur. High-rank coals are high in carbon and therefore heat value, but low in
hydrogen and oxygen (Figure 2). Low-rank coals are low in carbon but high in hydrogen
and oxygen content (KCE, 2015 and WCA, 2015).
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Figure 2: Coalification indicating the ranking of coal (WCA, 2015).

2.1.1 Types of coal

The peat is initially converted into lignite or 'brown coal' - these are coal-types with low
organic maturity. In comparison to other coals, lignite is quite soft and its colour can range
from dark black to various shades of brown. Over many more millions of years, the
continuing effects of temperature and pressure produces further change in the lignite,
progressively increasing its organic maturity and transforming it into the range known as
'sub-bituminous' coals. Further chemical and physical changes occur until these coals
become harder and blacker, forming the 'bituminous' or 'hard coals'. Under the right
conditions, the progressive increase in the organic maturity can continue, finally forming
anthracite.

In addition to carbon, coals contain hydrogen, oxygen, nitrogen and varying amounts of
sulphur. High-rank coals are high in carbon and therefore heat value, but low in hydrogen
and oxygen. Low-rank coals are low in carbon but high in hydrogen and oxygen content
(WCA, 2015). For example, sulphur content may range from low (less than 1%), through
medium (1 to 3%), to high (greater than 3%), and ash yields may range from a low of
about 3% to a high of 49% (if ash yields are 50% or greater on a dry basis, the substance
is no longer called coal) or 65% for a composite coal seam (i.e. an ash content less than
65 % on a dry basis) (SANS 10320:2004; USGS, 2005). In the simplest terms, most coal
types can be characterized by the ash content (grade) or the heat (energy) content (SANS
10320:2004).
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An examination of the microscopically visible organic constituents of the coal (coal
macerals) forms an important part of coal petrology. Macerals are constituent grains in
coal, which are relatively homogenous and analogous to mineral forms in the study of
rocks. Three groups of macerals are commonly identified (Petrakis and Grady, 1980).

Liptinite: (derived from pollen and resins) - Originates from the remains of spores, resins,
algae and plant cuticles. Liptinite macerals display a relatively low reflectance of light.
Liptinite macerals are less present in coals of higher rank.

Inertinite: (derived from plant tissues) (unreactive) - Named after their limited reactivity on
coking, the materials that formed these macerals were subject to early oxidation during
coal formation and have the highest levels of reflectance. Inertinite macerals are relatively
abundant in South African coals.

Vitrinite: (derived from humus) (reactive) - These macerals originate from wood and bark,
and show greater reflectance than liptinite. The reflectance of its vitrinite macerals is held
to be among the most generally applicable measures of a coal’s rank.

The most modern classification systems use “mean vitrinite random reflectance” as the
prime indicator of rank to classify lignites, sub-bituminous coals, bituminous coals and
anthracites (low-rank, medium rank and high-rank coals, respectively). In the ISO draft
standard for classification of coals, “mean random vitrinite reflectance” is used to delineate
the medium and high-rank boundaries and the higher category of coal. Bed moisture (ash-
free basis) is the prime rank parameter for the two lowermost rank subdivisions of coal. In
order to classify further within the rank divisions stated, it is recommended the guidelines
of the ISO draft for classification of coal (ISO/DIS 11760) be followed. Information to date
indicates that South African coal resources are predominantly bituminous in rank, followed
by some anthracitic coals and negligible lignites (SANS 10320:2004).

In a comparison of coals in a global context, Southern African coals and those from other
Gondwana provinces (India, Australia, and South America) have been found to be
characteristically rich in minerals, relatively difficult to beneficiate, and highly variable in
rank (maturity) and organic-matter composition. This is illustrated on the map in Figure 3.
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11) PERMIAN

Southern Hemisphere - Gondwana coal
- formed in cold to cool temperate conditions in
Permiam times (280-300 million years ago)

Figure 3: Gondwana coal (Falcon and Ham, 1988).

These characteristics provide the major differences between the Carboniferous coals of
the northern hemisphere (ie the Laurasian region) and those found in the southern
hemisphere (the Gondwana region) (Falcon and Ham, 1988).

2.1.2 Why is coal so complex?

Coal is complex because of the wide variety of factors that determine the quality of coal.
These factors include:

(1) The plants, plant remains, and other organisms (such as bacteria) in the peat swamp;
(2) Biological and chemical processes and the degree of preservation of the plant matter;
(3) The geometry and location of the swamp;

(4) The mineral matter that accumulated with the plant material, or was introduced at some
later stage; and

(5) Coalification.

Coal constituents: The chemical make-up of coal is variable across all coal classifications
and is largely dependent on the origin of the organic material and geological conditions.
The chemical, physical or petrographic characteristics of coal are an integral consideration
in the trade and end-use (utilisation) of the coal product, whether it is raw coal or
beneficiated coal. The most important considerations are:

Fixed carbon: The fixed carbon content of coal provides the energy and metallurgical
reluctant ability for which coal is valued. The higher the fixed carbon, the higher the
calorific value. Carbon increases with increasing coal rank.
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Total carbon: Total carbon is the amount of fixed carbon plus any carbon present as
volatile constituents (e.g. carbon monoxide, methane, hydrocarbons, etc.). Total carbon is
always greater than fixed carbon and calorific value increases with increasing total carbon.

Ash: Ash is the total of non-combustible minerals contained within the coal. The presence
of ash reduces its calorific value and presents handling problems. Ash originates from
several sources, including the minerals contained in the original plant matter, mineral
matter laid down with the plant matter, or minerals infiltrated into the peat.

Hydrogen: Hydrogen in coal is associated with thevolatile matter. In metallurgical coals
the greater the H,content, the greater the yield of NH; in the coke ovengas which is then
used in fertiliser production. Hydrogencontent generally increases the calorific value of
coal, butis not related to coal rank, with hydrogen content rangingfrom 4.5% to 6.5% from
peats to bituminous coal.

Moisture: High moisture content in coal is associatedwith a lower calorific value.

Sulphur: Sulphur can occur in coal in three forms: sulphide minerals (such as pyrite),
organic sulphur andsulphate minerals. While sulphides increase the calorificvalue of the
coal, the presence of sulphur is undesirablein the use of coal as a fuel. The oxidation
products ofsulphur can result in corrosion of equipment and theirrelease leads to local air
pollution and acidificationeffects. Sulphur is also undesirable in metallurgicalapplications,
causing cracking when the steel is forged or rolled at elevated temperatures. Sulphur
content is notrelated to coal rank.

Oxygen: The oxygen content of coal reduces its calorificvalue. The lower the oxygen
content, the better the rank.

Nitrogen: Appears in coals at between 1 and 3%. The presence of inert nitrogen reduces
the calorific value of the coal, but does not relate to coal rank.

Phosphorus: Phosphorus is a coal constituent that is problematic in metallurgical
applications of coal as it reduces the ductility of steel, causing cracking at low
temperatures (Value chain, 2011 according to Anon, 2008).

South African coals are generally relatively low in sulphur content and high in ash content,
requiring washing(beneficiation) to remove these undesirable constituents for export
(World Energy Council, 2007). During beneficiation, only the pyritic sulphur can be reduced
significantly. The most common chemical analyses undertaken and properties of coal
include: proximate analysis, heat value, sulphur compounds, ultimate or elemental
analysis, ash constituent analysis and trace element/minor constituent analysis. The
physical properties of the coal are also important parameters to consider as they
determine the behaviour of coal products during combustion, and conversion.

2.2 Coal in South Africa

Coal mining in South Africa plays a significant role in the country’s economy as it is
responsible for nearly three quarters of Eskom’s fuel supply. The industry is also
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responsible for supplying the coal-to-liquids (CTL) industry, developed by the South
African fuel company, SASOL, who produces around 35% of the country’s liquid fuel (Coal
mining in SA, 2015).

The discovery of coal in the Kwazulu-Natal, Mpumalanga and Eastern Cape provinces was
first documented between 1838 and 1859. The first commercial exploitation of coal on a
reasonable scale took place in 1870 in the now dormant Molteno Coal field of the Eastern
Cape (Snyman, 1998). Mining in South Africa dates back to 1867 and mining from the
1880’s to 1910 gave South Africa its current shape (Munnik, 2010). A diamond found in the
Orange River initiated mining in South Africa. Not long after, gold was discovered and took
center stage. This led to an even bigger gold discovery at the rocky hills of the
Witwatersrand in Gauteng (Department of Energy, RSA 2015). A series of cartels initially
controlled the industry, including the Transvaal Coal Owners Association (TCOA), which
was formed in 1908 (Eberhard, 2011). Coal mining played a supportive role as provider of
energy to the growing gold mining industry and many collieries were historically and still
today, owned by gold mining companies (Munnik, 2010).

Coal is found in several areas throughout South Africa, and is associated with post-glacial
conditions of the early Permian period (approximately — 260 Ma, Figure 4). Coal seams are
found to be virtually horizontal throughout the main Karoo basin. Most of the coal formed in
the stable tectonic conditions along with sedimentation of sandstones and shales of the
Ecca Formation of the Karoo Supergroup (Snyman, 1998).They have been affected by
numerous igneous intrusions which have produced a great variation in rank (Schmidt,
2008).The distribution of Permian Karoo strata is relatively widespread in Southern Africa,
but the distribution of coal within these strata is far less common. Therefore, not all
potential Early Permian Karoo lithologies contain coal (Cairncross, 2001). On the legend
Ellisras refers to the Waterberg coalfield. Ellisras (Lephalale) is the main town in the area
where the Waterberg coalfield is situated.
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There are 19 official coalfields in South Africa (Jeffrey, 2005a). The Venda-Pafuri Coalfield
in the Eastern Soutpansberg is not indicated in Figure 4 and is to the east of the Tshipise
Coalfield.

There are two basic coal deposit types, which are representative of South African coal
deposits, i.e. multiple seam and thick interbedded seam deposit types. Multiple seam
coal deposit type is characterized by a discrete number of coal seams, typically between
0,5m and 7,0m in thickness, separated by inter-burden units of thickness generally
significantly exceeding the thickness of the individual coal seams. The coal seams in the
Witbank coalfield and Highveld coalfield in South Africa are characteristic of this coal
deposit type. Thick interbedded seam deposit type thick coal deposit type,
characterized by a succession of multiple, thinly interbedded coal and noncoal layers with
a total thickness of typically between 40m and 70m. The coal deposits of the Grootgeluk
formation in the Waterberg coalfield in South Africa are typical of this type (SANS
10320:2004).

The mining method used is largely determined by the financial aspect, and is based on the
geological suitability of the reserve. By international standards, South Africa's coal
deposits are relatively shallow with thick seams, which make them easier and, usually,
cheaper to mine (Department of Energy, RSA 2015). A quarter of South Africa’s

28



bituminous coal is between 15-50 m below the surface and much of the remainder
between 50-200m below (Eberhard, 2011).

In South Africa, coal production consists of about 53% open cast mines (surface mining),
40% bord-and-pillar, 4% stoping and 3% longwall (underground mining) (Creamer Media,
2010; Eberhard, 2011; Coal mines in South Africa, 2015). Advances in surface mining
technology have allowed the amount of coal produced by one miner in an hour to triple
since 1978 (EIA, 2015b). The majority of South Africa’s coal mining operations are
grouped in the Mpumalanga Province (Creamer Media, 2010; Coal mines in South Africa,
2015).

Nonetheless, new coal mines will have to be developed as existing mines exhaust their
reserves (especially in the Withank Coalfield) and because Eskom and independent power
producers (IPP) (and perhaps Sasol) expand their production. Existing and abandoned
coal mines in South Africa are indicated on the map in Figure 5. The Waterberg coalfield is
also indicated as Ellisras on this map. The name of Ellisras has also been changed to
Lephalale.
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Figure 5: Coalfields with active and abandoned mines in South Africa (Vorster, 2003).

31% of all coal mines in South Africa can be found in the central Highveld while Witbank
and Ermelo feature 30% and 13, 8% respectively. Coal mines in South Africa can also be
found in: Waterberg, Sasolburg, South Rand, Utrecht, Kliprivier and the Soutpansberg
(Africa Mining 1Q, 2015).

Sulphur contents are generally between 0.6-0.7% in coal. Thermal coals used for domestic
power and synfuel production have much lower calorific and higher ash values and are
supplied mostly from screened ROM (although about a third of the coal supply for
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electricity production derives from the middlings fraction of coal washing (Eberhard, 2011).
Sulphur in coal can be in the form of of: Pyritic sulphur, sulphate sulphur, organic sulphur
or free sulphur. In the beneficiation process of the coal, parts of the sulphur end up in the
discards which have the potential to leach because of the exposure to oxidation
environmental conditions. These products eventually leach from the waste/discard dumps
ending up in soil, surface water or aquifers. The sulphur sitting in the coal going to the
power station will contribute to the SO, emissions. Eskom'’s coal-fired power stations use
conventional pulverised coal technology, with average thermal efficiencies of 33%. Coal
quality is poor with average calorific values of 4500kcal’kg (19MJ/kg), of which 29.5% is
ash and 0.8% sulphur. Coal quality has been deteriorating in recent years as a result of
coal suppliers reserving higher grades for more lucrative export markets. Electrostatic
precipitators are employed to reduce particulate emissions but none of the power stations
have flue-gas desulphurisation. Eskom currently emits 225Mt of CO, per annum
(Eberhard, 2011).

Over 80% of South Africa’s saleable coal is produced by five prominent coal mining
companies, namely: BHP Billiton's Energy Coal South Africa (BECSA), Anglo American
Thermal Coal, Xstrata Coal, Exxaro Resource and Sasol Mining. Of these major coal
mining companies, BHP Billiton is one of Eskom’s biggest suppliers, and one of the largest
suppliers to the seaborne energy coal market. Anglo American's coal business owns and
operates nine mines, and is currently working on several projects aimed at boosting output
to 90 million tons per annum. Of the top five coal mining companies, Xstrata Coal is South
Africa’s third largest coal exporter (Africa Mining 1Q 2015 & Overview of the South African
Coal Value Chain, 2011).

2.3 Coal in the Waterberg

The Waterberg coal reserves represent the only large area with proven coal resources still
remaining in South Africa. These resources have been targeted for large-scale mining in
the foreseeable future, subject to infrastructure and water constraints (Eberhard, 2011).
The Waterberg Coalfield has large reserves of high ash and low-calorific value coal
(Jeffrey, 2005a). Other coalfields in the Limpopo Province are also being explored, with a
focus on coking coal. Production in this area is expected to double in the next 5 years. The
Waterberg produces mainly washed steam coals as well as small quantities of coking and
metallurgical coals (Eberhard, 2011).

Grootegeluk Mine is the only major opencast coal mine in the area and has been active
since 1980 (Figure 6). This mine falls within the district of Lephalale. Two of four
tenements held under a mining right that the Department of Mineral Rights (DMR) granted
Sekoko Coal, will almost double the coal production from 2.1 billion ton to 3.9, and is
planned to start mining within the next 2 years. The coal will also be mined by way of the
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opencast method (terrace mining). Once mining starts, waste material will be dumped
outside the pit footprint (Inside mining, 2014b).

Figure 6: Opencast mine in the study area courtesy of the Grootegeluk mine (Vermeulen et al
2009).

The Grootegeluk Open Pit Mine is located to the south of the Daarby Fault (Figure 7). The
type of mining performed at this mine requires blasting and mechanical excavation on
individual benches (truck and shovel). The mined pit is currently at zone 3, located about
100-120m below surface. The Grootegeluk Mine has the largest coal washing facility in the
world where 8000 tonnes per hour run-of-mine coal are upgraded. Clean coal production
at Grootegeluk Mine is 18.8 million tons per year (Exxaro, 2015) of which most of the coal
product (14.8 Mt) is power station coal, 1.5 Mtpa metallurgical coal and 2.5 Mtpa semi-soft
coaking coal (Exxaro, 2015).

The raw coal is of high ash content and large coal beneficiation plants are needed to meet
the production targets. This is the main reason why since 1980, six plants have been
erected at Grootegeluk Mine to produce higher quantity coal. The position of the
Grootegeluk Mine and the processing plant situated just to the right of the Daarby Fault on
the deep coal area can be seen in the aerial photograph.
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Figure 7: The Grootegeluk pit (blue), processing plant (right insert), discard dumps (D2-D6) and
slime dams (Sd1, 2 and 5) (Google map & Mac Donald 2015).

Grootegeluk is currently supplying the Matimba Power Station which was commissioned in
1991. Once the Medupi (4788MW) Power Station is completed, it will also receive coal
from the surrounding active mines in the Waterberg coalfield. Medupi will be the largest
dry-cooled coal-fired power station in the world (Power Technology, 2012). As per Eskom’s
request, the top coal zone is to be kept separate from the bottom coal zone. The coal-
guality data indicates that a full wash will be required for the top zone while a partial wash
will suffice from the bottom zone (Inside mining, 2014b).

The Grootegeluk Medupi Expansion Project (GMEP) has been provided with a spreader to
supply coal to the Medupi Power Station. This expansion project is one of the largest in
Southern Africa and upon completion, Grootgeluk will be the largest coal operation in the
world, producing some 35Mtpa of power station-, coking- and steam coal. The spreader
with an overall reach of 100m and a spreading capacity of 6000tph is the largest of its type
in Southern Africa (Inside mining, 2014d).

In the Waterberg Coalfield ash contents can vary, but are high and can range up to 65%.
Export grade coals generally require washing so that their ash content does not exceed
15%. Heating values of exported coals of around 6200kcal/kg (26MJ/kg) were common,
but average values are declining and some export coals are now around 5900kcal/kg
(24.7MJ/kg) (Eberhard, 2011). Semi-soft coking coal is present in an upper 60m thick
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sequence of intercalated mudstone and coal bands (Grootegeluk Formation) and steam
coal is found in a lower 55m thick portion of discrete seams (Vryheid Formation). This high
ash coal requires washing before being supplied to Eskom’s power plants (typically 60%
down to 35% ash). To receive different quality coals, washing would be required for
exports. Mining utilises the open pit truck and shovel method with bench heights ranging
from 4 to 20m. The Grootegeluk Mine (originally established by the state to supply product
to Iscor’s steel plants) has the world’s largest coal beneficiation complex where 7600 tons
per hour of ROM coal is upgraded in six different plants. The yield of blend coking coal
from the upper mining benches is only at about 10%, while the yield of middlings steam
coal is around 40%.

Lephalale is defined by the Limpopo Growth and Development Strategy as a coal mining
and petrochemical cluster. The local economy is dominated by the Grootegeluk coal mine
and the Matimba Power Station. The Local Economic Development Strategy of Lephalale
Municipality’s Vision for 2015 is:

e to increase coal production to more tha 100 million tonnes per annum
¢ have a petrochemical industry established for 160 000 barrels per day
e double the population from 120 000 to 240 000 (EIA, 2015a)

2.4 Mining and Processing

Grootegeluk Mine commenced in 1980 to produce a blend of coking coal for steelworkers'
coke ovens (Kumba Resources, 2012). Thermal coal was produced as a co-product in the
washing plant (GG1) and is stored and used at Matimba Power Station. GG2 (second
washing plant) was specially constructed to produce power station thermal coal. This was
done in order to enhance and retrieve the full tonnage of thermal coal for the Matimba
Power Station. The raw coal consists of finely inter-bedded layers of sandstone and shale
and thus needs to be crushed in order to liberate the coal. The various mined benches for
the specific purposes are illustrated in Figure 8.
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Figure 8: Simplified material flow diagram. The coal bearing Upper and Middle Ecca are processed
in the various processing plants. Each mined bench consists of a specific quality coal liberated
based on the specific use of the coal (Modified from Roux, 2011; Dreyer 1999).

Various mining spoils or mining waste is produced during different processes of the mining
operation. The three main types of waste produced by the Grootegeluk Colliery include
overburden (that needs to be stripped to reach the coal layers during open cast mining),
interburden (consists of material between coal layers that are not viable to mine) and coal
discards from beneficiation plants. Due to their high carbon content, the plant discards
have a high propensity towards spontaneous combustion. The inter-burden material is
prone to spontaneous combustion because of its carbonaceous nature. The major problem
associated with such a large quantity of waste is the safe storage and disposal in such a
way that will prevent the occurrence of spontaneous combustion.

The discard materials that need to be handled are mixtures of discards from various plants
and waste from benches both with unknown properties. The lack of detailed knowledge on
material properties complicates the design of a “safe” heap.

2.5 Coal Mineralogy

The most common minerals in coal (i.e. illite clay, pyrite, quartz, and calcite) are made up
of these common elements (in rough order of decreasing abundance): oxygen, aluminium,
silicon, iron, sulphur, and calcium. These minerals (Table 5) and other less common
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minerals usually contain the bulk of the trace elements present in coal. Minerals in coal
commonly occur as single crystals or clusters of crystals. These minerals are intermixed
with organic matter or fill void spaces in the coal. The sizes of mineral grains range from
submicroscopic to a few centimetres.

Table 5: Major minerals found in coal and their elemental compositions (USGS 2005).

Major Mineral Constituents (In general order of abundance)

Mineral name Chemical composition
Quartz SiO,
Clay Minerals:
Kaolinite Al,Si>O5(0OH),
llite KAI4(AISi;O4) (OH),
Montmorillonite (1/2 Ca,Na)o; (Al,Mg,Fe), [(Si,Al)4 Oy ]» (OH)4. NH,O
Chlorite (Mg,Al,Fe)1,[(Si,Al)s O] (OH)16
Pyrite FeS,
Calcite CaCoO;
Siderite FeCOg;

Although a lot is known about the minerals in coal, much remains to be learned about their
occurrence, abundance, origin, and compaosition. For example, the type of clay mineral in a
coal, whether montmorillonite or illite, determines how a coal will react when burned.
Montmorillonite may or may not break down (dissociate) into its constituent parts when
coal is burned; if it does dissociate, upon cooling, it can recombine with other elements or
minerals to form mineral deposits on the inside surfaces of furnaces and boilers. This
process (called "slagging” or “fouling”) produces barriers to heat exchange in the affected
equipment, which can substantially reduce its efficiency and require costly repairs (USGS,
2005).

lllite, with its simpler composition, does however not cause such problems under normal
furnace operating conditions. Where these two clay minerals and others occur, their
relative abundances, relationships to other minerals and exact compositions are subjects
for continued research in coal quality (USGS, 2005). The elements found in coal are colour
highlighted according to abundance in Figure 9.

The elements with green bars were studied by the Environmental Protection Agency (EPA)
as potentially hazardous air pollutants (HAPs). Thirteen of the original elements with a
green bar were cleared when the EPA found that there was no compelling evidence that
they cause human health problems. Two elements from the original fifteen, mercury (Hg)
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and arsenic (As), indicated by a green bar across the centres of their boxes, are still under
study. Mercury is studied as a HAP while arsenic as a potential pollutant in groundwater
that flows through fly-ash and coal-mine spoil piles. Subsequently, in December 2000, the
EPA found that mercury emissions from coal-fired power plants require regulation; the
EPA have proposed regulations in 2003 and final rules were issued in 2004 (USGS, 2005).
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Figure 9: Periodic table of the elements. The 76 elements found in coal are highlighted by colours
with regard to their general abundance in coal, as follows: *blue, major elements (generally greater
than 1.0% in abundance); red, minor elements (generally greater than or equal to 0.01%); and
yellow, trace elements (generally less than 0.001%)(USGS 2005).

The environmental issues of coal are discussed in a following section.

2.6 Ash and Discard Production

When coal is burned, most of the mineral matter and trace elements generally form ash;
however, some minerals break down into gaseous compounds which go out the furnace's
flue. Pyrite, for example, breaks down into the individual elements iron and sulphur. Each
element then combines with oxygen to become, iron oxide and SO,respectively. Iron
oxide, a heavy solid, becomes part of the ash and SO,, after which a gas, is emitted as
part of the flue gas. Some trace elements also dissociate from their organic or mineral
hosts when coal is burned and follow separate paths. Most of these become part of the
ash, but a few of the more volatile elements, such as mercury and selenium, may be
emitted in the flue gas (USGS, 2005). Of coal consumed by Eskom in 2010, 36 Mt ash
were produced from 122.7 Mt coal (Value Chain, 2010). Two types of fly ash are produced
by coal combustion in large power plants. Class F is generally low in lime (CaO), usually
under 15%, and contains a greater combination of silica, alumina and iron (greater than
70%) than Class C fly ash. Class C fly ash normally comes from coals which may produce
an ash with higher lime (CaO) content — generally more than 15% often as high as 30%.
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Elevated CaO may give Class C unique self-hardening characteristics (Headwater
resources, 2015).

The mineral content of coal determines what kind of ash will be produced when it is
burned. The fusion temperature (melting point) of the ash dictates the design of furnaces
and boilers. In general, if the fusion temperature is relatively low, the molten ash is
collected at the bottom of the furnace as bottom ash, requiring one design; however, if the
fusion temperature is relatively high, the part of the ash that doesn't melt easily, called "fly
ash," is blown through the furnace or boiler with the flue gas. It is thereafter collected in
giant filter bags, or electrostatic precipitators, at the bottom of the flue stack, requiring a
different design. Coals that are relatively rich in iron-bearing minerals (such as pyrite or
siderite) have low fusion temperatures while coals relatively rich in aluminium-bearing
minerals (such as kaolinite or illite) tend to have high fusion temperatures. If an electric
generating or heating plant is designed to burn one type of coal, it must continue to be
supplied with a similar coal or undergo an extensive and costly redesign in order to adapt
to a different type of coal. Similarly, furnaces designed to use coal that produces high
amounts of heat will suffer severe losses in efficiency if they must accept coal that burns
with substantially less heat (USGS, 2005).

Coal preparation can be considered to occur in two distinct stages: screening (stage 1)
and washing (stage 2). In the screening stage, large foreign objects are first removed
(scalping), after which the ROM coal is crushed to reduce overall top size. This is followed
by screening to separate the coal into various size fractions, -either for direct sale or for
further processing by washing. Coal washing, also known as coal beneficiation, is
conducted to reduce the content of ash forming minerals, thus meeting product
specifications that cannot be achieved by screening alone. Coal is typically washed using
density separation techniques, due to the differences in density of the inorganic, ash-
forming minerals and the valuable carbon in the coal. A major portion of coal beneficiation
in South Africa is done to separate the coal into distinct products, a high value export
product and a lower value middlings product for local consumption. Coal cleaning reduces
the ash content of coal by over 50% resulting in less waste, lower sulphur dioxide (SO,)
emissions and improved thermal efficiencies which lead to lower CO, emissions. The
waste containing the ash-forming minerals is commonly termed discard (WCA, 2015 &
Value Chain, 2010).

A further by-product of coal washing or beneficiation is large quantities of discard or “duff”
coal. This presents both an environmental challenge as well as a potential resource for
power production using fluidised bed combustors. Although, as Lloyd (2000) notes, the
coal is referred to as discard for a reason: it is of poor quality (high ash and sulphur) and
volatiles diminish as stockpiles age.
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2.7 Environmental

2.7.1 Water quality

The largest water quality problem associated with coal mining is unquestionably acid mine
drainage (AMD). Acid mine drainage consists of three interrelated problems: first, the
pyrite in the rock gives rise to water with a low pH. Secondly, this acidic water in turn
mobilises heavy metals from the environment, in the mine and discard facilities. Thirdly,
the treatment of the water with calcium to raise the pH, makes the water more saline, a
problem that requires expensive and energy intensive reverse osmosis or similar
processes. It is very difficult, if not impossible, to avoid acid mine drainage. Once broken
up, rock is open to oxygen, which reacts with the pyrite in both the coal and the
surrounding rocks. Once water flows over this, acid mine drainage follows.

However, there can be other types of drainage from the mining area (Figure 10) — those
with pH’s of above 6, namely Neutral Mine Drainage (NMD) and Saline Drainage (SD)
(INAP, 2009) as also referred to as the GARD Guide.

Typical relation to drainage pH:

Saline Drainage

Acid Mine Drainage ____Neutral Mine Drainage

pH

2 3 4 5 5 7 8 9 10

Typical drainage characleristics;

Acid Rock Crainage Meutral Mine Crainage: Saline Crainage
v acid: pH = near neutralto alkalina pH |« neutral to alkame pH
» moderate o elevaad = low [ moderate metals + low metals. May have
metals bay have elovatad Zing, miodarate iron
= alevated sulphata cadmium, mandanese, + moderate sulphate,
- treat for acid neutralization | ANNMONY, arsenic or magnesium and calcium
and metal and sulphate salenium * treat for sulphate and
removal + low to moderate sulphate | sometimes metal remioval
= treat for metal and
someatimas sulphate removal

Figure 10: Types of mine drainage produced by sulphide oxidation (INAP, 2009).

Elements dissolved from the mining process (mine, ash, discards) can enter surface water
bodies or can leach to the aquifers below and/or adjacent to these mining activities.
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The spreading of elements throughout the different geological units and the exposure to
now oxidising conditions other than the inert conditions before mining will play a role in the
composition of the leachate from the different facilities at the mining and power facilities.

2.7.2 Air pollution from coal mining and coal use

Air contaminants released by coal-fired power stations primarily include particulates,
sulphur dioxide (SO,), nitrogen oxides (NOx) primarily as nitric oxide (NO) with smaller
guantities of nitrogen dioxide (NO,), carbon monoxide (CO), carbon dioxide (CO,), nitrous
oxide (N;O), and trace amounts of mercury. Mining operations are typically likely to
generate fugitive dust emissions (PM,s, PMyo and TSP) with small amounts of NOx, CO,
S0O,, methane and CO, being released during blasting operations (Golder, 2011). Power
generation is the main contributing source to SO2 and NO:2 emissions in the District,
contributing to 95% and 93% respectively (Walton and Ngcukana, 2009).

Prevailing winds are predominately from the north-east throughout the year and reduces
the probability of pollution sources situated south of the project by affecting the project’s
ambient air quality (Golder, 2011 and Walton and Ngcukana, 2009). Spontaneous
combustion of coal discard heaps releases toxic compounds including carbon monoxide,
carbon dioxide, methane, benzenes, toluene’s and xylenes, as well as sulphur, sulphur
compounds, arsenic, mercury and lead. Research identified these coal fire gas minerals as
having “the potential to affect the health of mine workers and communities living near the
coalfields (DEAT, 2006 and Walton and Ngcukana, 2009). The high carbon content of the
Waterberg discards promotes spontaneous combustion (Jeffrey, 2005).

The Mpumalanga Province has been declared as an air quality priority area due the coal
mining and power stations. This province currently has amongst the worst air quality in the
world which is largely due to coal mining activities, uncontrollable underground fires and
power-stations burning coal. Good quality coal is exported, leaving the lesser quality to be
burned by South African coalfired power stations, and adding to South Africa’s carbon
footprint and dirty emissions. Mpumalanga has long been seen as an area of bad air
guality and in the winter months, a temperature inversion layer traps pollutants in the lower
atmosphere (Munnik, 2010).

The most recent and by far the most comprehensive study of air pollution in Mpumalanga
notes that elevated pollutants are SO,, particulates (PM3, and PM.5), NOxes, Oz, benzene
and H,S. The study “anticipates” that thresholds for SO,, PM3,, NO,, O3 and benzene are
exceeded. Power generation, fuel combustion by industries and institutions, domestic fuel
burning and vehicles emissions contribute to these, while significant sources of benzene
include vehicle emissions, domestic coal burning and releases from the petro-chemical
complex at Secunda (Munnik, 2010). SOz concentrations in the Waterberg area were found to
infrequently exceed short term air quality limits atseveral monitoring stations. Given that short-
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term limits are exceeded due to the operations of the existing power station (Matimba) it is
likely that the addition of Medupi power station will increase the frequency of exceedance
downwind of the power stations. However, the Environmental Authorisation authorizing the
Medupi power station was issued with the condition that Medupi power station and the
Matimba power station should be fitted with SOx abatement technology, should monitoring in
populated areas indicate non-compliance with South African ambient air quality standards, in
order to ensure compliance with these standards. Predicted PMio concentrations were within
the South African daily and annual limits but exceeded the more stringent South African
National Standards (SANS) and European Union limit values in the vicinity (within 4 km) of the
existing ash dump (EIA, 2009).

The new legislation requires significant emission sources to be identified, quantified and
addressed, ambient air quality targets to be set, therefore providing access to information
and public consultation (NEMAQA, 2004). The sources of air pollution in the study area
are: (EIA, 2015a)

¢ Mining operations (Grootegeluk Colliery) — mainly fugitive dust emissions
e Matimba Power Station — main source of SO, emissions

e Matimba ADF — particulate matter

o Medupi Power Station

e Veld fires

e Domestic fuel burning at the surrounding township

e Agriculture

e Vehicle emisions

With the future expansion of coal mining and power stations in the area, air pollution will be
higher than present. The main pollutant of concern that may pose a health risk to
surrounding receptors is particulate matter (EIA, 2015a). With the discovery of palladium
deposits in the northern Waterberg, mining of this resource will place more pressure on the
protection of natural resources. Based on the preliminary economic assessment (PEA),
first production is planned for 2018 (Inside mining, 2014c). Hazardous air pollutants
between the Waterberg, Mpumalanga areas and the US and Global averages are
summarised in Table 6 . Some of the concentrations are higher than the global average.
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Table 6: Hazardous Air Pollutants, volatility and class distribution.

Concentration ] \% Th As Cd Pb Se Cl F Hg
(ppm or mg/kg)
Waterberg upper Ecca
(Bergh et al, 2014) 4.7 96 9.3 11 0.2 76 1.3 50 302 0.37
Waterberg Grootegeluk
(Wagner et al, 2012) 3.9 97 6.1 109 0.2 41 1.2 1.10
Waterberg (Grootegeluk)
(Faure et al, 1996) 8.0 85 38 6.0 89 2.0
Witbank 4 Seam
(Bergh et al, 2008) 2.6 39 8.9 5.5 0.3 15 0.8 27 297 0.29
Highveld 4 Seam
(Wagner et al, 2005) 33 3.1 0.4 7 1.0 0.2
Witbank 2 Seam
(Caimcross et al, 1990) 4.0 27 15 4.6 0.6 10 0.9 0.12
USA mean
(Finkelman, USGS Resources) 2.1 22 3.2 24 0.4 11 28 614 98 0.17
Global Average
Zhang et al 2004*, Yudovich, 1.2 25 3.1 5.0 0.6 25 3.0 380 88* 0.12
2009
Volatility least volatile most volatile
Class Class | Class Il Class llI
L Volatilised &

equally distributed . . . .

Distribution between bottom Enriched in fly ash, emitted fully in

ash & fly ash

depleted in bottom ash

vapour phase, not
enriched in fly ash

Trace elements emitted from coal-burning power plants have been shown to cause severe
health problems. A summary of health risks in different areas are summarised in Table 7.
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Table 7: Health risks, source and elements due to coal and combustion products.

Country/area Source Element/Product Health risk Reference

China Domestic coal Mercury humans Zhou & Liu 1985

China Mining Slag Thallium humans animals Zhou & Liu 1985

China ’(A:\(Snrr]nbustion Selenium selenosis Zheng, 1992

China & _ Coal _ Arsenic hearing !oss & B_encko & Symon, 1977 -
Czechoslovakia combustion arsenonis Finkelman et al 1999

respiratory problems

Coal dust and Chamber of Mines, 2007

Worldwide Coal dust silica - all br_eathlng & Du Toit, 2010
organisms

Mpumalanga & Coal Ce(\)?tilciﬁte_matter respiratory tract EIA, 2009 - Munnik, 2010

Waterberg combustion 202 ' diseases Terblanche et al, 1994 -

. Coal . .

United states combustion Mercury humans animals Finkelman et al 1999

respiratory problems .
. Coal dust and . Chamber of Mines, 2007

Worldwide Coal dust silica - all br_eathlng & Du Toit, 2010

organisms

Subsequently, an awareness of potential financial liabilities for remediation and third party
liability have evolved and has increasingly been debated by organs of state, business
leaders and industries themselves.

The application of lessons from other mining areas is appropriate for discussion here. The
fact that new extraction options such as in-situ coal gasification are considered in addition
to more traditional mining options brings additional uncertainties to the fore. Although
several factors, in addition to the effect on water resources, should be considered when
selecting a mining method, the long-term effect on water quality calls for a careful
consideration of alternatives. It is desirable that both developers and regulators be aware
of the long-term liabilities and costs associated with different mining methods. The
Waterberg coal resources are situated in a relatively dry area and in view of the low rainfall
and limited surface water resources, the necessary level of safeguard measures to ensure
the quantity and quality of existing water resources is unclear. As a result of the area being
unique in its setting and local conditions for a South African coal field, experience from
other areas cannot necessarily be extrapolated directly.

There are essentially two broad approaches to reducing emissions from coal:

1. Using coal in a more efficient way e.g. by increasing combustion efficiency in power, or
by using Underground Coal Gasification (UCG) to gas for synthesis or power generation.

2. Capturing and storing emissions from processes that use coal with Carbon Capture &
Storage (CCS). A survey of world practice leaves an impression that countries are looking
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more towards CCS than to combustion efficiency to decarbonise their economies in the
future (Overview of the South African Coal Value Chain, 2011).

There are other proposed methods to use coal i.e. CBM and UCG. The methods are
shortly summarised but no results from the Waterberg CBM pilot plant regarding
environmental geochemistry are discussed in this study.

2.7.2.1 Coalbed methane (CBM)

CBM is produced by extracting the water in the coal seam, which reduces the water
pressure (hydrostatic pressure) and enables the gas to be released (desorbed) from the
coal. It then migrates through the coal seam to the gas well after which it rises to the
surface.

The gas extraction process is further enhanced by hydraulic stimulation known as
“fraccing”. Fraccing involves the fracturing of the coal seam at pre-determined intervals.
Fractures are then opened up by high pressure injections of a fine-grained inert sand
suspended in a fraccing fluid. The fraccing fluid is then pumped out of the well and gas
production begins once the hydrostatic pressure has reached the correct level. The
fraccing fluid may require treatment and can be re-used on site or disposed of. The water
management approach varies from site to site (WCA, 2015).

South African coal deposits are considered to have generally low methane gas content
and low permeability, which casts doubt on the viability of coalbed methane extraction
(Creedy et al., 2001, UNFCCC, 2000). The CBM resource in South Africa has been
estimated at 0.14 —0.28 trillion m?® (Global Methane Initiative, 2010).

2.7.2.2 Underground coal gasification (UCG)

Underground coal gasification (UCG) is a technology first proposed in the 1800’s, whereby
coal is ignited underground with a controlled flow of oxidant gas (such as air, enriched air,
oxygen/steam or carbon dioxide/oxygen mixtures) and water. This converts the coal into
synthetic gas (syngas) comprising hydrogen, carbon monoxide, methane and carbon
dioxide, in proportions dependant on the exact conditions (Ergo Exergy, 2010; Eskom,
2009a). Syngas can be used directly as a fuel, fired with other fuels such as natural gas or
coal, can powergas turbines for electricity generation (most efficiently using IGCC
technology) or be used as a chemical feedstock for the production of synthetic natural gas,
liquid fuels or chemicals by the same processes currently applied by Sasol (which currently
gasifies coal for this purpose, but does this aboveground after mining the coal intact)
(Eskom, 2009a; PWC, 2008). The ash remaining after gasification is left below the surface.
The technique therefore enables the high efficiency extraction of energy and chemical
value from the coal without the need for conventional mining operations, stockpiling,
reclaiming and transportation nor the generation of mining wastes from overburden,
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discard and ash. Furthermore, the much-reduced underground infrastructure and
elimination of below ground personnel make UCG applicable to many deposits,
whichwould otherwise be unsafe, un-mineable or sub-economic (Eskom, 2009a; PWC,
2008). The shorter coal value chain from resource-in-the-ground to end-product enables
UCG to produce lower cost energy than with conventional mining. Due to the absence of
personnel below the surface, this type of operation also has advantages in terms of safety.
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3 STUDY AREA
3.1 Location of the Area

The study area is located within the Limpopo Province of South Africa (Figure 11). The
Limpopo Province is the northern most province in the country and borders with Botswana,
Zimbabwe and Mozambique. The Waterberg Coalfield is an extensive deposit of coal in
the Ellisras Basin. Coal was found in the Ellisras Basin in 1920, but for many years little
was done to explore the resource since at the time it was considered to be too remote to
justify development (Fourie et al., 2006; Oberholster, 2010). Only after World War I,
prospection continued and the Grootegeluk Mine was established in 1980. This mine is still
operational today. The Waterberg Coalfield is about 85 kilometres from east to west and
about 40 kilometres from north to south (Firestone Energy, 2009). The coalfield continues
into the Botswana Coalfield which is called the Mmamabula Coalfield, and also hosts coal
of economic significance (Mgojo, 2012). The Waterberg Coalfield lies within the Limpopo
Water Management area.
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Figure 11: Map of South Africa showing the position of the Waterberg area in the Limpopo Province.

The study area is located between the towns of Ellisras (Lephalale) to the east and
Steenbokpan to the west. It stretches up all the way to the Limpopo River forming the
border with Botswana to the north.
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3.2 Climate

The area is in a semi-arid rainfall region that is characterised by cool, dry winters (May to
August) and warm, wet summers (October to March) with April and September being
transition months.

The mean annual temperature ranges between 16°C in the south, to more than 22°C in
the north. The maximum temperature is reached in January while the minimum
temperatures are on average recorded in July. The average maximum ranges from 33 °C
in January to 23.4 °C in June. The average daily minimum ranges from 20.4 °C in January
to 6.7 °C in June.

The study area has a very dry winter with summer rainfall and the rainfall is very low and
concentrated between October and March. The mean annual rainfall for the area is 435
mm (Figure 12 and Figure 13) and the mean annual evaporation ranges from 1800— 2000
mm.

Mean annual rainfall over Limpopo
'S
23'S
Study area u'S
2%'S
0- t)_ 20 10 1% Ztal
e 8t K€ X'E MNE X'E

Figure 12: Mean annual rainfall in the study area (regional) (https://www.researchgate).
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Figure 13: Mean annual precipitation (435mm) in the Waterberg Coalfield from 1973 — 2014 (L
Roux, 2015).

The annual groundwater recharge potential is regarded as low. Based on the studies
conducted in the area (Vegter, 1995, DWAF, 1996 Groundwater harvest potential Map,
GCS, 2006), the estimated average groundwater recharge is 1.43% of the annual
precipitation. This equates to a range of 4.3 - 6.2 mm recharge per annum and lies within
the mean annual recharge range estimated by Vegter (1995) for the area of between 1 —
10 mm per annum (Groundwater Resources of the Republic of South Africa, Sheet 2,
1995). Prevailing winds are predominately from a north-east direction throughout the year
(Golder, 2011).

3.3 Geological Setting

The coal-bearing rocks belong to the Karoo Supergroup and were deposited between 260
and 190Ma ago. They formed as a large graben structure bounded by the following basin
edge faults:

 Older basin rocks (the Zoetfontein Fault) that belong to the Limpopo mobile belt in the
north.

« With the Waterberg (quartzitic sandstones, conglomerates and grits) Group
(Eenzaamheid and Ellisras Faults) in the south.

* As well as post Karoo faults (Daarby Fault) that disrupts coal seams.
These geological settings are indicated in Figure 14.
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Figure 14: Geological map of the Waterberg coal fields (Vermeulen, 2006).

The formation of the basin was controlled by structures that were formed and reactivated
over time (Daarby Fault) and formed the basis for the block faulting that occurs throughout
the basin. The geological structures are discussed in detail with figures in this document in
“Geology of the Waterberg Coalfield”.

3.4 Stratigraphy

The area covered constitutes mainly of the following geological terrains:

» The Limpopo Mobile Belt, a highly metamorphosed gneiss which is 2700Ma (Kramer et
al., 2006).

* The Ellisras Basin which consist of the Waterberg Group (Barker et al., 2006) and the
Karoo Supergroup (Johnson et al., 2006) and contains the coal. Most of the basin is in the
Grootegeluk Formation (110m thick in the south).

* Recent cover is from the weathering of gneiss of the Limpopo Mobile Belt and the Karoo
rock in the north; but from Waterberg sandstones in the south.
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* Intrusive rocks of which the most important of these rocks are those that cut through the
coal-bearing rocks and disrupt the seams. They occur less frequently in the Ellisras Basin
(Johnson et al., 2006).

3.5 Geology of the Waterberg Coalfield

There are two main coal-bearing Formations in the Waterberg; The upper Grootegeluk
Formation (previously the Volksrust Formation) which ranges in depth from 60 to 110 m in
the south and the lower Vryheid Formation (Figure 15), a more carbonaceous and
interbedded sequence, at approximately 55 m in thickness (Jeffrey, 2005). The lower and
upper delta-plains, back-barriers and fluvial environments, are generally associated with
peat formation, and have laterally extensive coal seams preferentially accumulating in
fluvial environments. The coals from the Karoo Basin are generally, inertinite-rich with high
ash content. However, it has been found by Johnson et al., (2006) that there is an increase
in vitrinite content and a decrease in ash content within seams moving from west to east
across the coalfields of South Africa. Rapid subsidence coincides with high sedimentation
rates which resulted in coals that are “thin, laterally impresistent, vitrinite rich and shaly”.
According to Snyman (1998), a generally accepted setting for the formation of peat in the
Ellisras (Lephalale) area is a floodplain setting with meandering rivers. The repeated
flooding together with the creation of crevasses, contributed to the rapid alteration of
mudstone and coal in the Grootegeluk Formation. The Grootegeluk Formation which is
present in the study area is the predominant formation from which coal is mined.
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Figure 15: The stratigraphic units of the Dwyka, Ecca and Beaufort Groups in the Waterberg Basin
(Modified from Faure et al., 1996).
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The coalfield is composed of areas with full successions of coal where all the coal bearing
strata of the Grootegeluk Formation is present. The Grootegeluk Formation is partly
weathered away (i.e. not all the coal bearing strata is present and weathering can be
present at different stratigraphic levels in the formation). Other parts consist of all the coal
strata of the Grootegeluk Formation (Upper Ecca) but were absent due to weathering and
only the Vryheid (previously Volksrust) Formation (Middle Ecca) is present. The distribution
of the full succession, middle Ecca and weathered areas are indicated on the map in
Figure 16.
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Figure 16: The weathered zones and major faults in the study area (Vermeulen et al, 2009).

The Ecca Group comprises of a lower arenaceous portion and a more argillaceous upper
portion with numerous coal seams. At the time of deposition, a fluvial deltaic environment
that covered a large part of South Africa existed. At Grootegeluk, the Ecca group is divided
into Upper, Middle and Lower Ecca. The Upper and Middle Ecca are currently mined with
coal layers divided into 11 zones (Figure 18) with a total thickness of 111 m. The Upper
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and Middle Ecca are separated by an interbed of finely laminated carbonaceous shale to
coaly shale of 2.6 m in thickness.

In general, there appears to be an upwards decrease of coal to mudstone ratio present
within certain zones. The Grootegeluk Formation (mudstone, carbonaceous shale, coal)
has a distinctive upper coal unit with well-developed thick coal layers alternating with well-
developed mudstone layers. Towards the bottom of the succession both coal and
mudstone layers alternate more frequently and are thinner.

Originally the Ecca Group coals of the Waterberg Basin were divided into zones 1, 2, 3,
4A, 4, 5A, 5B, 5C, 6A, 6B, 6C and 7 numbered from the bottom up (De Jager, 1976). The
Grootegeluk Coal Mine (GCM) has currently changed the division into eleven coal zones
which are now in existence. According to De Jager (1976) zones 1, 2, 3, 4A and 4 of the
Vryheid Formation consist of predominantly dull coal seams. The coal from these zones
are suitable for power generation as a raw coal that does not have to be beneficiated and
thus very little plant discards will be produced. Zones 5-11 assigned to the overlaying
Grootegeluk Formation have intercalated bright coal and a mud layer (Figure 15). The
complex layering of the coal with the mudstone and sanstones of a full succession at the
Grootegeluk mine can be seen in the following figure (Figure 17).
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Figure 17: Exploration core in the full succession indication the complexity of the layering of the
coal.

The Waterberg Coalfield is thus divided into 11 coal-bearing zone coal seams (Figure 18).
Benches 1-5 from the upper zone (Grootegeluk Formation) and 6-11 (poor quality coal) is
found in the lower zone (Vryheid Formation). The benches from the Grootegeluk
Formation typically contain bright coals at the base and grade upwards into shale. The
GCM (Grootegeluk Coal Mine) (at present the only operating coal mine in the Waterberg

52



Coalfield) benches 2, 3 and 4 yield a coking coal on beneficiation. Bench 5 produces a
thermal grade coal (high phosphorus) and benches 6-11 are dull coals, highly interbedded
with mudstone and carbonaceous mudstone. The presence of fine mudstone intercalations
in the Waterberg Coalfield causes higher beneficiation of the coals (Jeffrey, 2005).
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Figure 18: Stratigraphic column with the lithological units for the Grootegeluk Formation in the
Waterberg Coalfield. OVB- overburden and ITB- interburden (Dreyer, 1999).

3.6 Structural geology

The Waterberg Coalfield is bounded by the Eenzaamheid and Zoetfontein Faults on the
southern and northern margins, and extend approximately 80 km east-west and 40 km
north-south. The post-Karoo Daarby Fault, with a displacement of 200 to 400 m, divides
the coalfield into a shallower western area and a deeper north-eastern area. Smaller faults
that are mostly unmapped subdivide the coalfield into blocks (Jeffrey, 2005). Due to the
presence of the Daarby Fault, the coal seams are located at deeper depths to the east and
north/east. The coal seams in the west are shallower and can be extracted by opencast
mining. Vermeulen et al., (2011) describes the three main categories identified by Dreyer
(1999) according to the weathered geology (Figure 19).

The categories are illustrated in the following figure. The full successions of coal are
indicated where all the coal bearing strata of the Grootegeluk Formation is present. The
Grootegeluk Formation is partly weathered away, i.e. not all the coal bearing strata is
present and weathering can be present at different stratigraphic levels in the Grootegeluk
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Formation. The coal strata of the Grootegeluk Formation are absent due to weathering and
the Volksrust Formation (Middle Ecca) is therefore all that can be observed (Figure 19).
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Figure 19: A generalised geological map of the Waterberg Basin. Coal is open-cast mined at the
GCM which is approximately 25km west of Ellisras (Modified from Snyman, 1998 and Bester,
2009).

The Daarby Fault with its north east then north west trend is a combination of two faults
that have the same throw and throw directions. The Daarby Fault has a downthrow of
360m to the north and dips at an angle of between 50° and 60°. The fault brings the
upthrown Beaufort and Ecca Groups in the south into contact with downthrown Letaba,
Clarens and Red Bed Formations in the north (Johnstone, 1989). The Eenzaamheid Fault
is located south of the Daarby Fault with a 250m throw to the north at a near vertical angle.
The upthrown Waterberg Group on the southern side is in contact with the downthrown
Beaufort and Ecca Groups on the northern side of the fault.

In between the Daarby and Eenzaamheid Faults there are associated smaller faults
present (Figure 20). The associated faults have varying strikes, throws and throw
directions. The most important geohydrologicalaspect of the faulting is the increase in rock
permeablility for both the Beaufort and Ecca Groups.
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Figure 20: Structural geology of the major ------ faults; Daarby, Eenzaamheid and Zoetfontein and

minor - - - faulting (after Roux, 2004).

3.7 Water Use and Management

Water quality in South African coalmines is an important consideration for the long-term
management of mining impacts (Hodgson et al., 2001). Aspects of water management and
protection in South Africa have changed considerably in the last few years, with the
promulgation of laws like the New National Water Act (Act No 36, 1998) which focuses on
sustainability and equality. These principles take into account:

The basic human needs of present and future generations.
The need to protect water resources;
The need to share water resources with other countries;

The need to promote social and economic development through the use of water;
and

The need to establish suitable institutions in order to achieve the purpose of the
Act.

As part of the impact of these laws aspects such as waste discharge costs and the polluter
pays principle have become important focuses of water management on the South African
collieries (Postma and Schwab, 2002).

The Matimba Power Station which was commissioned in 1991 and situated at the
Grootegeluk Coal Mine, is air cooled for use in arid areas where water is limited. The water
consumption of the different cooling technologies used by Eskom, are summarised in
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Table 8 (Value Chain, 2010). This indicates the 13-16 x lower volume of water used by
Matimba vs water cooled power stations.

Table 8: Specific freshwater requirements for cooling technologies at power stations (Value Chain,
2010).

Type of power station Specific water consumption (litre
/KWh sent out)

Wet cooled coal-fired 19-21

Dry cooled coal-fired 0.12-0.16

Nuclear 0.05

Previous hydrocensuses conducted show that groundwater in the area is mainly used for
domestic supply, limited watering of gardens and for livestock and game watering and that
sufficient quantities cannot be pumped for crop irrigation purposes since the borehole yields
from the regional aquifers are relatively low. Groundwater at Grootegeluk Coal Mine is
abstracted through dewatering boreholes and used in the beneficiation plants, for dust
suppression on haul roads and within the open pit mine. The majority of the area surrounding
Grootegeluk Coal Mine is utilised for cattle and game farming. No crop cultivation (either
dry land or irrigation) occurs due to the sandy soils and relatively low rainfall. The
surrounding landowners are heavily reliant on groundwater (boreholes) since surface
water is only available for a short period after rainfall events (Exxaro Coal, 2014).

Groundwater flow near the Grootegeluk Mine indicates that the mine is influencing the
surrounding aquifers. The addition of new open pit mines is understood to alter the flow
direction of groundwater. During the creation of the open pits, the topography is changed
and directly affects the groundwater flow (Figure 21) (Bester, 2009).
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Figure 21: North/south and west/east cross-sections of the study area.

Water levels south of the Daarby Fault surrounding the open pit show a steady decline in
regional piezometric levels. This decline is due to the continual dewatering of the open pit
and the decline from an 890 mamsl before mining operations, to 840 mamsl at the then
open pit (Johnstone, 1989; Golder, 2013). Pre-mining groundwater flow directions were
towards the Mokolo and Limpopo Rivers as they are the primary receptors in the area
(ERM, 2012). Further declines in groundwater levels around the pit can be expected. The
newly created depression will divert water into the pit and in extreme situations reverse the
groundwater flow (Vermeulen et al, 2009) (Figure 22). Water flowing towards the pit can be
seen in the flow vectors at the present mine pit. This same scenario with the groundwater
elevation and flow direction towards to pit was reported in the Environmental Resource
Management report (2012).
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Figure 22: Topographic contour map of the study area showing flow vectors and the Daarby fault
(Vermeulen et al, 2009).

Conversely, water levels north of the Daarby Fault show a steady increase in the regional
piezometric level of one or two meters per year. This increase is only after the summer
rainfall events, but there appears to be a continuous recharge throughout the year which
could indicate that recharge could be from other sources. Johnstone (1989) estimated the
amount of process water and water from the open pit (introduced to the area north of the
Daarby Fault) at approximately 2000 m® per day. The waste dump has permeabilities that
are 100 times that of the adjacent soils of the dumps.

The major contrast between the water levels north and south of the Daarby Fault suggests
two aquifer units on each side, with little if any hydraulic connection between the two. The
different water levels on opposite sides of the fault again indicate the impermeability of the
fault.
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3.8 Effect of Mining on Surface and Groundwater

The area has no dominant surface water features that are permanent in the Waterberg
Coalfield. The surface water can only be seen in rainy seasons, as it appears as water
pools. Changes in the surface water have been noted in the pit bottom sump as well as the
seepage from the exposed faces of the sump (Roux, 2011). The challenge of
contamination is more prominent in the wet seasons, when the exposed faces of the pit
and its oxidation products are washed. The oxidation products have contributed mainly to
the increase in total dissolved salts, electrical conductivity and the sulphate concentration
which contributes to the acidification of the water.

The impact of the mines will only be felt “down-stream” towards the town of Steenbokpan
and only on the western side of the Daarby Fault. The areas east of the fault will be
unaffected by the mines with regards to surface runoff. Due to the location of the pits in the
elevated areas, an increased influx of water into the pits during periods of high
precipitation will occur. In an exaggerated three-dimensional (3D) view of the contour map,
some changes in elevation can be seen, although none of these are extreme (Figure 23).
When compared to the rest of the study are, towards the south lies a very deep area which
indicates the open pit at the Grootegeluk Mine. The open pit has an impact on the surface
of the study area and the addition of more open pits in the area will increase the impact. In
order for the pit(s) to have a large enough impact on the topography to change the flow
directions of surface runoff, there would need to be many pits of great size present in close
proximity to one another. The elevation of the Grootegeluk Coal Mine varies from 900 —
922m above sea level. The area is generally flat and featureless, with the exception of
Nelsonskop (922m) to the east of the mine. The Waterberg mountain range is located
100km to the south, which has an elevation of 3600m above sea level. Mining activities at
Grootegeluk Coal Mine have influenced the topography of the area in terms of the
following created surface features (Golder Associates, 2013; Exxaro Coal, 2014):

e The open pit, which is approximately 120m deep and 852ha in extent and
advancing at a rate of 80m to 100m per year;

e The various discard dumps, which cover approximately 1 000ha at heights varying
between 40m and 80m;

¢ Run of mine (ROM) stockpiles;

e Infrastructure such as the plant, offices, and workshops which are as high as
approximately 50m and occupy approximately 10ha; and

e The existing slimes dams 1 and 2 which cover approximately 100ha with a height of
about 45m.

¢ In addition to this, there is the fly ash dump of the power station.
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Grootegeluk Mine

Figure 23: Exaggerated 3D view of the study area topography (Vermeulen et al, 2009).

It is not known how many additional mines are planned for the study area, but in all
likelihood it is doubtful that there will be such a large number of pits that they will change
the surface topography to such a dramatic extent that they will alter the flow direction of
surface runoff.

A contour map of the depth of the water levels combined with a map of the surface
topography (green map) of the area is displayed in Figure 24. This indicates that the water
levels mirror the topography.
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Figure 24: Topography and water level contour maps (Vermeulen et al, 2009).

The areas off higher elevation serve as recharge zones for the lower lying areas of the
study area. Excavation of large open pits in the study area will have an influence on the
flow of groundwater in the area west of the Daarby Fault. The area outlined in red (Figure
25) indicates the location of the Grootegeluk Mine. Bearing in mind that the image is
exaggerated, groundwater will flow in the direction of the pit (Figure 22) as indicated by the
flow vectors.
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Figure 25: Exaggerated 3D view of the study area topography (side view) (Vermeulen et al, 2009).

Figure 25 indicates that the surface water would move towards the Grootegeluk pit from
the north-west and away from the pit in the south-east. The pre-mining groundwater flow
directions were towards the Mokolo and Limpopo Rivers as they are the primary receptors
in the project area. Due to mine dewatering that started around 1980, groundwater flow is
currently mainly towards the Grootegeluk Coal Mine open pit in the area around the pit
west and south of the Daarby Fault (Golder, 2012).

The slope analysis in the mining area is less than 8% (Figure 26). The Mokolo River is
approximately 810 m above sea level, while the mine is approximately 900m above mean
sea level. This results in an almost negligible gradient of 90:21000 m or 0.0043% and thus
there is no defined flow of water and runoff from the area is slow. Surface water is found
only after a rainfall event, and due to the relative flat topography and sandy soil cover,
most of the rainwater seeps into the groundwater aquifer. Small shallow pans or
depressions occur in the veld where runoff may temporarily collect (Exxaro, 2014). No
natural drainage channels occur on the mine area, except for Sandloopspruit which is
located approximately 1 km north of the mine’s slimes dams. Due to the flat topography,
highly permeable sands and the absence of any surface water drainage courses, the mine
has no direct impact on the surface hydrology of the Mogol Catchment (Golder Associates,
2013).
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Figure 26: Slope analysis (Status quo report 2010).

In conclusion, because of the flat topography and the low rainfall, there will be little inflow

of runoff into the pit(s).

Surface water contamination occurs as the result of overflow, spillage or excess water
which is due to process problems or natural events that channel from the plant area via the
storm water drainage system to the slimes handling facility. The type of contamination that
will therefore occur in the surface water bodies will be similar to that of groundwater, with
the exception of hydrocarbon contamination that will occur as the result of oil spillages

from the mining fleet.

The aquifers in the geological formations are summarised in the following table, indicating

low yielding values (EIA, 2006).

Table 9: Geological formations in the region and aquifer yields at boreholes (EIA, 2006).

Formation/Group

Description

Clarens Formation

Argillaceous and arenaceous rocks
Intergranular and fractured aquifers
Borehole yields 0.1 - 0.5 /s

Ecca Group (Grootegeluk)

Upper and middle Ecca
Fractured aquifers
Borehole yields 0.5 — 2.0 I/s

Ecca Group (Swartrant)

Lower Ecca
Intergranular and fractured aquifers
Borehole yields 0.5 — 2.0 I/s

Dwyka Group

Predominantly arenaceous rocks
Fractured aquifers
Borehole yields 0.5 — 2.0 I/s

Waterberg Group

Predominantly arenaceous rocks
Fractured aquifers
Borehole yields 0.5 — 2.0 I/s

63



3.9 Water Quality

Most of the Grootegeluk Mine’s infrastructure is situated north of the Daarby Fault. The
mining operation has caused a raise in water levels of the water in the aquifers on the
north eastern side of the Daarby Fault and changed the groundwater chemistry in this
compartment (aquifers). The water dams, washing areas, slimes dams and storm water
dams were unlined which caused the seepage to move to the aquifers. This contributed
greatly to the change in the water chemistry and water level. Elevated concentrations of
cations and anions occur mostly in the vicinity of the Waste Dumps, Tailings Storage
Facilities and the Matimba Ash dump. Pyrite is one of the most important sulphides found
in waste rock of mines as well as Grootegeluk. Oxidation of pyrite (FeS,) leads to the
formation of sulphuric acid (H,SO,) dissolving heavy metals because of the lower pH, and
leads to higher sulphate levels and total dissolved solids.

Deteriorating conditions were observed at most of the sampling points over the past 10
years. The sulphate (SO,4) concentrations are most indicative of the impact mining related
activities as well as power station related activities had on the groundwater environment
since mining activities started in the Grootegeluk area in 1980 (Bester, 2009; Golder,
2013).

The areas towards the south east around the Grootegeluk mine indicate elevated EC
levels (Figure 27) and in some of the boreholes elevated sulphate values. These elevated
values are associated with the activities at the mine (Vermeulen et al, 2009).
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Figure 27: Size distribution for EC values of boreholes and evaporation ponds at the Grootegeluk
mine (Vermeulen et al, 2009).

In the mining compartment, the water level is lowered (Bester, 2009; Golder, 2013) due to
abstraction. The infrastructure layout is indicated in the following map in
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Figure 28: Infrastructure layout at the Grootegeluk Coal Mine (Golder, EMPR, 2013).
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The areas/footprints and products at the mining site are summarised in Table 10. The
volumes of coal mine products stored on the area with deep coal to the north of the Daarby
fault are enormous and thus the influences on the natural water levels on this northern side
of the Daarby fault.

Table 10: Facilities at the Grootegeluk mine site (Golder, 2012).

Facility area (ha) height (m) product
Dump 1l &2 Overburden
Dump 3 786 413 Over & interburden
Dump 4 &5 709 82.0 coarse coal discards
Dump 6 88 34.6 Interburden
Renoster dump A 84 22.0 Overburden
Renoster dump B 5 9.0 Overburden
Kidney Stockpile Temp storage of coarse discards for dump 4&5
Tyre Dump 15.6 12.7 coal, overburden, slimes.
GG1 - GG6 Stockpiles 60 coal products
GG7 & GG8 71.4 coal products
Veldt stockpiles ma)iolr?r?eooo coal proggﬁz r];?jr market
Slimes Dams 1&2 61.4 37.4 slimes
Slimes 3 30.2 5.8 Reclamation
Slimes 5 145 3.1 Reclamation
Facility area m2 depth m capacity m3
Mamba dam 21800 51 73000
Bosbok dam 32120 6.0 110000
Oliphantskop dam 31600 2.5 79000
Water Pollution Slimes sump no values

no values - will
In-Pit Storage vary as mine

progress
Voeltjie Dam - clean water 22900 2.2 50380
Storm water dam 42000 1.2 50520
Concrete dam 255 0.7 1782
Char Plant 6800 2 12828
Sewage treatment new 182 500/annum
Sewage treatment old 62 000/annum

A comparison between the groundwater entering the open pit and the groundwater from
the Beaufort/Ecca aquifer shows high total dissolved solids (particularly sulphate,
magnesium and calcium). The impermeable Daarby Fault results in most of the
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groundwater that enters the pit to originate from the Beaufort/Ecca sediments. The high
values of calcium, magnesium and sulphate salts are presumed to be mobilised by
percolating rain water that dissolves salts from joints and fractures. Along with the lowering
of the water levels, the previously saturated Ecca sediments are exposed to oxygen which
increases the precipitation of salts along fractures and bedding planes. Rain water
migrates to the groundwater through these fractures, resulting in the dissolution of salts
and an increase in the total dissolved solid content of the groundwater as well as being the
cause for the difference in water quality (Vermeulen et al, 2009).

The Matimba Fly Ash Dump is situated on the Zwartwater farm. This area has higher EC
values than the surrounding study area and the major difference is attributed to the
following reasons (Bester, 2009):

e The boreholes south of the Eenzaamheid Fault marks the transition from Karoo
rocks north of the fault, into Waterberg Group rocks south of the fault.

e The Waterberg Group sandstones generally have a lower salt content than the
Karoo Group (Dreyer, 2014). Accordingly it is possible that the salts from the rocks
have leached into the groundwater, resulting in the higher EC values of the Karoo
(Figure 29).

Anthropogenic causes can be attributed to the farm location (fly-ash dump for the Matimba
Power Station) and the possibility of salts leaching from dumps into the farm boreholes.
The boreholes are hosted within the Waterberg Group rocks in the shallow aquifer. The
salts will enter the upper weathered aquifer during periods of high recharge and move
through the unweathered aquifer. The boreholes drilled into the Waterberg Group have
higher EC values and is thought to be affected by the position of the boreholes that have
been drilled into a dyke. When compared to the boreholes drilled into the Karoo rocks, a
major contributor to this change is the location which is situated close to the ash dump and
is contaminated by the leachate that is moving downward from the dump.

There are some boreholes in the Karoo rocks that have a high EC. This does not
specifically have to do with contamination, but with the depth of the borehole which has
been noted at 420m and situated south of the Daarby Fault, far from mine infrastructure.
The water quality of the study area and the surrounding area is summarised in Figure 29.
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Figure 29: Summary of the water quality in the study and surrounding area (Modified from Bester, 2009).
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3.10Geohydrology

The groundwater potential of the formations is limited due to the low permeability, storage
and transmissivity. The Eenzaamheid Fault forms the southern boundary within the study
area. This boundary separates the area into two distinct geological units, the Karoo
Supergroup to the north of the fault, and the Mokolian Supergroup to the south of the fault.
The Environmental Impact Assessment Report that was done in the Lephalale area (EIA,
2006) reported no artesian boreholes or large-scale groundwater abstraction, even along
numerous faults in this area. In the Grootegeluk mining area, as in the largest portion of
South Africa, only secondary, fractured rock aquifers occur (Golder, 2012).

Geological structures normally enhance the groundwater potential by increasing the
permeability and transmissivity of the host rock. The fractured fault zones (eg.
Eenzaamheid Fault) within the study area are possible areas of increased groundwater
potential. However, based on observations made during his study, Bester (2009) believes
the Eenzaamheid and Daarby Faults are impermeable and the variation in water levels
seen at the drilled boreholes supports the impermeable nature of the faults. Bester (2009)
also assumes that the three main faults in the study area (Eenzaamheid, Daarby and
Zoetfontein Faults) serve as no flow boundaries, with deeper water levels on the western
side of the Daarby Fault compared to the eastern side. The faults themselves, do however
act as zones with higher transmissivity.

There are two distinct types of aquifers found in the groundwater system of the geological
formations of the Waterberg Coalfields. The two aquifers in the area are associated with
an upper weathered (sandy) material groundwater system and an underlying competent
and fractured rock material groundwater system.

The annual rainfall that eventually reaches the groundwater table is about 1-2% and the
calculated evaporation (1800-2000mm/a) is higher than the average rainfall in the area
(285-560 mm/a). This seasonal variation is also reproduced in the borehole yields and the
influence is so strong, that for the rainy season the yields can be around 1-3 /s, but
decrease remarkably during the dry seasons. In some areas the upper aquifer will be
completely dry during the dry season.

The water levels of the Lower and Middle Ecca are higher than in the Upper Ecca which
suggests confined aquifer conditions (Roux, 2004). The general depth to groundwater level
ranges between 20 and 40mbgl. Normally the groundwater level contours reflect the
topographical contours at a moderate gradient. This however differs in the areas where
there is large scale of external impacts on the groundwater environment during the
lowering of the groundwater level through mine dewatering, and where the geology and
aquifer interactions are not excessively complex.
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A cone of depression has formed around the mining pit due to in-pit abstraction of water to
keep the pit dry. The modelled cone extends for approximately 8.0 km in a westerly
direction from the exposed pit faces (Synergistics, 2006), but according to Roux (2004), it
is estimated that the zone of influence of the cone of depression is restricted to 3.5 km. In
the area to the north east of the Daarby fault, it is estimated that the average pre-mining
groundwater table was approximately 20 to 30m below surface (Synergistics, 2006).
Artificial recharge beause of seepage has caused groundwater levels to increase from
approximately 30 m below the surface to one or two metres below the surface.
Groundwater mounding has occurred because of this seepage from unlined water storage
dams, slimes dams, water spills in and around the processing complex, as well as from
stormwater ponding around the mining waste and process discard facilities. The natural
flow direction of groundwater from this area is in a south-easterly direction, which has
further promoted the migration of the mounding to the south. Based on existing
groundwater modelling, the areas of groundwater depression (south) and mounding (north)
are indicated in Figure 1Figure 30 (Environmental Scoping Report, 2014).
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Figure 30: Predicted groundwater levels around Grootegeluk Coal Mine (Environmental Scoping Report, 2014).
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3.11 Environmental contamination

Contaminants (biological, physical, chemical or radiological) are substances (normally
absent in the environment) which, in sufficient concentration, can adversely affect living
organisms through water, air, soil and/or food. Some contaminants may be harmful if
consumed/inhaled at certain levels (EPA, 2015). In this study air and water contamination
will be discussed.

At the coal mined in the Waterberg coalfield, the source of the environmental
contamination starts with the mining of the coal product. Overburden is removed to
expose the coal. The coal is then transported to the coal processing and beneficiation
plants where the different types of coal are separated — power plant, coking or
metallurgical coal. These coal products are stored at different stock piles and are moved
within a certain time from these storing facilities. Inbetween the coal layers are the
interburden layers which have to be removed to obtain the coal product. The pit walls are
now also exposed to oxidation. At the coal processing and benefeciation plant where the
coal is washed, discard coal (non-usable) is a product from this washing process. The
overburden, interburden and discards are stored in dumps. The water used to wash the
coal, contains fines/slurry and this product is pumped to slimes dams. Once the mine
footprint is large enough, backfilling of the dump products takes place into the pit area. In
this mining process up to the coal product, all of the disturbed geological formations are
now exposed to oxidation (oxygen and water). The influence from the abovementioned
facilities will be to the underlying rock formations leading to the aquifers influencing the
groundwater. Dust from the mining activities will influence the quality of the air. At the
power plant, the coal is used to generate electricity and fly ash is a by-product stored
nearby the power plant. The fly ash is concentrated with metals. Leacing from the fly ash
dump will influence the underlying aquifers, the very arid climate The combustion of the
coal gives off organics and particulate matter that are exposed into the air.

The matter (metals, organics) captured in the original source before mining, will influence
to what extend the environmental impact or source for environmental impact will be. Case
studies and research indicate that there are environmental (air, soil and water) impacts at
existing and closed mining facilities. Environmental management at mines has changed
(bettered) with time to limit these impacts. (example: lining of waste facilities, better
treatment options of effluent, better air filters, better consctruction of dumps to limit
spontanious combustion).

Oxidation of the over-, interburden and coal products, can lead to mine drainage (acidic to
neutral). The extend will depend on the ratio of acid:neutralising products in the original
products to be excavated to obtain the coal. This study was to determine the risk of the
future to be mined areas towards AMD and the release of leachable products (metals) and
thus the environmental geochemical risk from the different areas to be mined.
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METHODOLOGY
3.12 Sample Collection

Four companies (Sekoko, Sasol, Resgen and Exxaro) had recently drilled exploration
boreholes. These exploration boreholes were drilled to obtain information on the quality of
the different coal layers and for their future mining in the Waterberg coalfield. Geological
samples were collected from these cores for the use in ABA analysis to determine whether
the rocks found in the different layers in the study area will generate acid upon oxidation
and also to determine the water and acid leachable elements/metals in all the samples.
ABA analysis also predicted the base potential that different rock types have; this potential
counters the acid generation. In total, 828 samples were collected from different lithological
units within the coal-bearing Ecca Formation. The various samples cover a wide range in
the study area, including the different respective depths of weathering (Middle Ecca, full
succession coal and weathered in parts). The areas belonging to the different mining
companies as well as the position of the boreholes are indicated in (Figure 31).
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Figure 31: Location of companies in the study are where samples were collected: 1 — Resgen, 2 —
Sasol, 3 — Grootgeluk, 4 - Sekoko.
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The study area was further divided into three main categories according to weathered
geology (Figure 31). They are:
e Areas that contain the full succession of geology

e Areas that have been weathered down to the middle Ecca

e Areas that have been

There is a significant variation in the level to which the geology has been eroded and thus
also the depth of the coal which varies greatly in the study area. From the information
gathered, it is clear that there are large volumes of coal that can be economically extracted
from the Waterberg Coalfield.

Kinetic tests were done on 63 of the samples — in some cases to get answers on some of
the static results falling in the 20kg/tonne unsure region outcome of having neither an acid
or neutralising outcome after static aba testing.

3.12.1 Borehole samples

An example of core collected from the various companies is shown in Figure 32. Sekoko
and Sasol provided borehole material with different diameters that was pulverized for
analytical purposes. Borehole core (6 cm diameter) from Sekoko was handpicked from the
remaining interburden that was left over after the coal seams had been removed. The
borehole core (12 cm diameter) from Sasol was complete with the coal seams still in place.
Pulverised samples from Resgen were then further pulverised for laboratory use. The chip
samples from Exarro's Grootegeluk Coal Mine (GCM) consisted of overburden in one
meter intervals in the respected areas. The extent of boreholes from Sekoko ranged from
Om to 146.75 m in depth. Sasol has the deepest borehole range of 0 to 196.4 m in depth,
while the overburden material from Grootegeluk covers the top few meters at the sample
positions.
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Figure 32: Core sample from exploration borehole near the GCM, with large pyrite hosted within the
coal.

Figure 33 portrays the distribution of the samples over the study area, as well as the
respective successions the samples are located within. Based on the levels of weathering,
the area is divided into three general areas. All the borehole samples collected were
already drilled by the mining companies and no borehole was drilled particularly for this
study.
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Figure 33: The three major faults with the weathered zones (Bester 2009) and the boreholes samples (blue).
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3.12.2 Ash samples

The Matimba Power Station disposes of ash produced during the power generation
process on surface fly ash dumps to the south of this station. Fly ash is conveyed from the
power station to the ash dump site. The ash is dumped on heaps by a speader, which
allows the disposed ash to be placed at specific sites. Dust is controlled by sprinklers that
keep the ash heaps wet, and suppresses the formation of dust. Fly ash was collected from
the conveyor belt (A) and the dump (B) on the 27" of November 2013 (Figure 34).

Figure 34: The fresh ash dump, A) the conveyor belt feeds ash to the dump, B) the ash spreader
deposits the ash at the specific points of the dump, C) sprinklers along the edge of the heaps
suppresses dust originating from the ash dump.

3.12.3 Composite samples

The ROM coal from GCM in the Upper Ecca contains a large amount of intercalated shale
(55-65% ash content), and must be beneficiated to produce coal products. The
intercalated shale and mudstone produce a typical coal yield of +50% with the remainder
classified as plant discard. The mining and beneficiation process therefore leads to a
substantial amount of material that can potentially produce AMD.

The beneficiation process of the coal is product specific and was subjected to the gravity
separation which is either single or double wash. The double wash plant produces a low
ash coal (£10% ash) which is used as blend coking coal and middling products (£35% ash)
in power generation. These products operate at a relative density of 1.80g/cc. In contrast,
a single wash plant produces only power station coal and operates at a higher relative
density of 1.90g/cc. The newer plants at Grootegeluk operate at relative densities of
+2.10g/cc during beneficiation.



The composite samples received from Exxaro Mine consisted of processing plant discard
from the Grootegeluk Mine. The composites ranged over the different densities at which
the coal is separated as well from the various zones, depending on which succession the
material was originally mined from.

A complete list of samples, received and analysed by the Institute for Groundwater studies
from the various companies (Sasol, Exxaro, Resgen and Sekoko), are summarised in
Table 41 (Appendix). The table includes the number of samples and the succession to
which the boreholes were sampled. Based on the depths of weathering, the samples are
grouped into different categories and thereafter discussed.
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4 ACID-BASE ACCOUNTING (ABA) TESTS AND ANALYSIS

In order to assess the various acid and base producing potentials of the material sampled
from various sections in the study area, ABA tests were performed. These tests consist of
two parts, static and kinetic tests. The static test provides a rough indication of the acid
generation potentials of the various lithological units. The kinetic test is done over a period
of 20 weeks and helps to establish which of the samples are prone to produce acid by
exposing it to water and oxygen and to establish the rate of constituent leaching.

4.1 Introduction to Static ABA

Acid base accounting analyses (ABA) are a first-order classification procedure only, during
which the acid-neutralising and acid-generating potential of rock samples are determined
and the difference, also known as the net neutralising potential (NNP), can be calculated.
Different methods of conducting ABA test work will lead to different sets of sample data for
evaluation. The method only indicates the overall balance of acidification potential (AP)
and neutralisation potential (NP) and is in its most basic form, merely a screening process.
Accordingly, it provides no information on the rate (kinetic rate) at which acid generation or
neutralisation will take place and due to its limitations, ABA procedures are known as
Static Procedures (Brady et al, 1994, Cruywagen, 1999, GARD Guide, 2009, Usher et al.,
2002, Ziemkewicz and Meek, 1994). A given potential of a rock or coal sample to generate
or neutralise acid is determined by its mineralogical composition. It is not only the
guantitative mineralogical composition, but also includes individual mineral grain size,
shape, texture, and spatial relationship with other grains in the rock (GARD Guide 2009 &
Usher et al., 2002).

ABA can only yield a "worst case scenario” value for potential acid production and a "worst
case", "most likely case", or "best case" value for potential neutralisation (Usher et al.,
2002). The neutralisation potential is a measurement of the sum of the total carbonates,
alkaline earth’s and bases available to neutralise acidity and therefore represents the most

favourable condition.

The values resulting from these calculations, expressed as calcium carbonate equivalent,
are compared in order to compute a net acid-producing or neutralising potential. Material
exhibiting a net acid production potential of 5 tons/1000 tons of overburden material or
more as calcium carbonate equivalent, is classed as toxic or potentially toxic (Sobek et al,
1978, Hunter, 1997b). Studies have shown that “the application of the Acid-Base
accounting methods to overburden handling and placement throughout the USA and
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Canada has generally been effective in eliminating or reducing adverse water quality
impacts”.

4.1.1 The primary adva