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ABSTRACT

The increase in the demand and market price of gold has led to reprocessing of gold
tailings in many parts of the world. Mines are recently closing down due to depletion
of resources and increasing mining costs leading to the reprocessing of old tailings
dams. The cost of rehabilitation is high, and therefore a more convenient way of
rehabilitation is required. The most convenient strategy identified here was to
reprocess tailings for gold and use waste rocks as construction materials. The
tailings residues (waste remaining after reprocessing) will be relocated to a more
convenient place to avoid pollution. Gold reprocessing from tailings dams has gained
momentum in South Africa especially in the Witwatersrand Basin where there are
large volumes of tailings. Gold is being reprocessed from tailings in this area using

hydraulic monitors.

This study focused on the evaluation of gold and heavy metals within the tailings at
Consolidated Murchison Mine tailings in Gravelotte, Limpopo province. Augering was
conducted over the tailings up to a depth of 8 m along four sampling Profiles. The
first profile had two sampling points, the second profile with three sampling points,
the third and fourth profiles consisted of four and five sampling points respectively.
Samples were collected at 1 m interval, therefore a total of 112 samples were
collected and analysed for heavy metals using X-Ray Fluorescence spectrometry

and 84 samples were analysed for gold using fire assaying.

Tailings sampling was accompanied with tailings logging, taking note of colour,
texture and moisture content. Based on this, the oxidation status of the tailings dam
was determined. Oxidation zone of this tailings dam was mainly from top down to a
depth of 3 m. The transitional zone was not identified, hence after the oxidation
zone, the rest was unoxidized zone. This study established that gold was erratically
distributed within the tailings dam with the lowest and highest values of 200 mg/kg
and 1880 mg/kg respectively and the average was 670 mg/kg. The tonnage of
tailings within the dam was found to be 13 280 310 tons with a total gold amount of 8
897. 81 kg. At the current world market, this interprets to US$ 306 932 396.00 (R 4
281 706 924.20). It was concluded that this tailings dam is economically viable for
reprocessing, although previous studies have indicated that it is not possible to
extract gold from tailings dams completely. The heavy metal content of Pb, Ni and Cr

were found to be high with average values of (ppm); 5631.5, 2062.6 and 1345

iv
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respectively. The metals with the lowest values were Cd, Co and Cu, averaging
(ppm); 0.01 ppm, 19.8 ppm and 42.1 ppm respectively. Heavy metal content in soil
around the tailings dam was gradually decreasing with distance from the tailings

dam.

Waste rocks have been used in some parts of the world as sub-base material for
engineering construction, hence in this study, a total of 6 waste rock samples were
collected using grab sampling method for geostatistical investigation. Such samples
were subjected to various geotechnical tests which included particle size distribution
analysis (sieve analysis), Atterberg limit tests and laboratory compaction test to
determine their suitability for construction. The waste rock material was found to be
suitable for road construction as it was classified under Group A-1-a using the
AASHTO classification system. The material consisted mainly of rock fragments,
gravel and sand material with minor silt/clay. In general, Consolidated Murchison
mine waste was found to be suitable for road construction.

Keywords: Tailings dams, gold reprocessing, heavy metals, waste rock, engineering
construction
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CHAPTER ONE: INTRODUCTION
1.1 Background

The Murchison Greenstone Belt (MGB) is one of the Archaean greenstone belts
situated on the Kaapvaal Craton of Southern Africa known for producing gold and
antimony. Gold was discovered in the early 1900s where mining activities began
(Willson and Viljoen, 1986). Geologically, the belt is located on the northeast section
of the Kaapvaal Craton which is approximately 200 km north of the Barberton

Greenstone Belt (BGB) and about 40 km away from the Limpopo Belt.

The price of gold has been increasing over the past years in the world market and
thus tailings material that was considered as waste in the past can now be valuable
(Viljoen, 2009). Reprocessing of tailings dams has gained momentum because of
the low operational costs and low labour requirements involved. Reprocessing of
tailings dams also lead to rehabilitation of such dams through relocating tailings
residues into a more convenient place or using tailings residues as construction
material. It is important to ascertain the values of gold within the tailings before
reprocessing to determine the economic potential of such tailings.

Tailings are associated with environmental problems such as Acid Mine Drainage
(AMD) (Xinyi, 2012). Tailings contain heavy metals and sulphides which end up in
the environment through wind erosion, soil erosion or being carried by water either
through runoff or infiltration and bioaccumulate in food chain. This means that both
plants, animals and human beings are affected by such heavy metal pollution. It is
also important to identify a more convenient area were tailings residues will be
relocated/deposited after reprocessing for gold to avoid such environmental impacts.
Waste rock rocks are used for construction purpose to minimize the large volumes of

waste from underground operations.

Gold and antimony have been mined at Gravelotte by Consolidated Murchison
Mining Company for more than 80 years, living large volumes of tailings and waste
rock in place. No work has been done on the tailings dam and waste rock dump of
this mine. This study focused on the evaluation of tailings and waste rock at
Consolidated Murchison Mine to determine their economic viability and the extent of

tailings impact on the environment.
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1.2 Study area
The study area is described fully in terms of geographical location, climate,

topography, soil and land use.

1.2.1 Location

Consolidated Murchison mine is located approximately 10 km east-north-east of
Gravelotte which is approximately 50 km away from the Phalaborwa town in
Limpopo province, South Africa (Fig. 1.1). Geographically, the mine lies at
approximately 23°54’04” S and 30°41°15” E. It is located within the Ba-Phalaborwa
municipality in Mopani district.

N
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Figure 1.1: Map showing the location of Consolidated Murchison Mine tailings dam
(Esri, 2018).

1.2.2 Climate

This is a sub-tropical climate region with temperatures ranging from 23°C to 35°C
and even higher. Gravelotte normally receives rain mainly during mid-summer which
is approximately 429 mm of rain per year. Lowest rainfall (0 mm) in this area occurs
in June with highest rainfall (94 mm) occurring in December. The average midday
temperatures in Gravelotte from June to January range from 23.2°C to 30.3°C

2
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respectively. Coldest temperatures in this region are experienced in July which can
drop to 7.1° C.

1.2.3 Topography and drainage

This area is situated about 405 m above sea level. It consists of an undulating
topography with the occurrence of some natural kopjes and drainage features that
makes the development to be unsuitable. It is within the Olifants river primary
catchment area and the tertiary catchment water which is shed between the Letaba
river and Ga-Selati river taken along the topographical ridge line. Surface hydrology
with some of the flood plains of small drainage systems poses a risk for
development. This area consists of low groundwater yields of poor quality.

1.2.4 Soil

Generally, this area consists of sandy soil and is poor in nutrients and not fairly
suitable for crop production. All land developments require appropriate geotechnical
investigations to determine recommended foundation specifications. Soil forms
occurring within this area are Glenrosa and Mispah soil forms. The high lying areas

at the western part also consists of some red-yellow apedal soil forms.

1.2.5 Land-use

Land-use in this area is mainly mining. This include underground copper mining
operations at Phalaborwa by Phalaborwa Mining Company (PMC) and the
expansion of rock phosphate production by FOSKOR. This also include the mining of
gold and antimony at Gravelotte by Consolidated Murchison Mining Company. Small
scale mining also exists in the Murchison sequence near Gravelotte where antimony
and emerald is being mined. This area also consists of game reserves such as
Kruger National park and Selati Game reserve.

1.3 Problem statement

Gold has been mined at the Gravelotte deposit in the past, resulting in large volumes
of tailings and waste rocks. No work has been done on such mine wastes to
determine their impacts on the environment, hence there is need to ascertain the
amount of gold present within the tailings and determine the possibility of using such
mine waste as construction material. Tailings dams and waste rock dumps are
associated with various environmental impacts which requires special attention to

manage and prevent such impacts from occurring.
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1.4 Justification

Reprocessing of tailings is more economic because of the relatively low operational
costs involved as compared to mining the reef. Recent improvements in processing
technology together with the increase in the price of gold justify the need to
reprocess such tailings. Tailings dams are associated with environmental hazards
such as acid mine drainage. Using tailings, residues and waste rocks as construction
material will help minimize these large volumes and hence rehabilitation will be

taking place.

The reprocessing of the tailings has gained momentum in many parts of the world.
This shows that tailings reprocessing is the future of the mining industry. Tailings
reprocessing has been proven to be productive in the East Rand and is now being
adopted in the West Rand (Nel, 2008). Reprocessing of gold tailings has been found
to be productive at Moutech gold mine in Iran, where it has been estimated that
778.5 kg of gold (0.5 g/t) exist within the tailings (Dehghani et al., 2009). The
average assay of gold in the feed to the plant was found to be 2.5 g/t. Reprocessing
of gold tailings was also found to be productive at Ariab area where these tailings
contained 2500000 ton with gold values ranging between 1.1 and 1.4 g/t
(Mohammed, 2015).

An abandoned lead mining in Missouri has waste rocks that have been used for
many years for bituminous paving (Collins and Miller, 1979). This material has been
used in St Francois country and sold to the city of St. Louis for use in street paving.
A highly skid-resistant aggregate has been produced from waste rock from
Bethlehem Steel Company’s Grace iron ore mine in Berks country (Collins and
Miller, 1979).

1.5 Research questions
e What are the values of gold and heavy metals within the tailings?
e What is the economic potential of Consolidated Murchison mine waste?
e How is gold and heavy metals distributed within the tailings dam?

e To what extent do tailings impact on the environment?

1.6 Objectives
The main objective of the study was to ascertain the economic viability of tailings and

waste rock of Consolidated Murchison Mine.
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Specific objectives were to:

e Undertake auger drilling, sampling and logging of tailings from the top to the
bottom of the tailings dam using manual auger drilling tool;

e Analyze samples for gold using fire assaying method;

e Analyze samples for heavy metals using X-ray fluorescence (XRF)
spectrometry;

e Establish the distribution and dispersion of heavy metals within and around
Consolidated Murchison tailings dam;

e Conduct sieve analysis to classify waste rock for construction purpose;

e Conduct Atterberg limit tests to classify waste rocks for construction purpose;
and

e Conduct compaction test to determine the compaction strength of the waste

rock.
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CHAPTER TWO: LITERATURE REVIEW

2.1 Mine waste

Mine waste refers to the valueless material extracted with the ore material from the
surface or beneath the earth’s surface which cannot be processed at a profit. Waste
material can either be discarded at a suitable site or used to fill void spaces left
during mining. Waste material varies in the amount produced, properties of the
material and the type of the material depending on the resources being mined, the
geology and ore mineralisation and the technology used during mining and
processing operations. It is therefore essential for the mining company to handle and
manage the waste material with proper care to avoid any environmental
contamination. This can be done by proper selection and design of a suitable site for
waste storage, strategies to handle toxic waste and long-term stabilization of waste

material as part of mine closure.

Mining can be classified as the removal of rock and/or soil material to gain access to
the ore body and the valueless commodities (either solids, water or gases) left
behind after processing to separate valuable mineral from gangue. Waste material
can be considered as waste for that moment, but with change in market conditions
and processing technologies, waste can be considered to be valuable material.
There are several cases where material that was once considered as waste has

become a resource for modern mining operations (Rankin, 2011).

2.2 Tailings dams
Tailings dams are dispersal facilities for tailings from the processing plant after

separating valuable minerals from the ore.

2.2.1 Tailings characteristics

Characteristics of tailings vary greatly and depend on the mineralogy of the ore
together with the chemical processes used to extract the economic mineral. Tailings
may be of different mineralogy though they are of the same type, thus they will have
different chemical and physical characteristics (Ritcey, 1989). It is important to
determine the characteristics of tailings before deposition to know the tailings
behaviour. This is done to know and avoid the environmental impacts that may arise

after the deposition of tailings and the potential short and long-term liabilities.
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Water is liberated from the tailings after discharging the material into a storage
facility. The physical properties of the tailings have an influence in this liberation and
it is estimated through Ilaboratory testing of the tailings at different solid
concentrations. This can minimize seepage and evaporation losses and can also
prevent the discharge of water to a tailings storage facility. The following
characteristics of tailings are considered when designing a tailings dam (Engels,
2006):

e erosion stability;

e physical composition and stability;

e chemical composition;

e hard pan behaviour,

e behaviour under pressure and consolidation rates; and

e settling, drying time and densification behaviour after deposition.

The degree of thickening and the method of deposition of the tailings influence the
engineering characteristics of tailings. It is important to investigate the tailings
properties, physical characteristics and the material parameters such as particle size
segregation that can occur because of deposition techniques (SANS, 1998). The
process of deciding on which storage method to use can begin after identifying the
potential site parameters, for example, geotechnical and environmental as well as

costs.

2.2.2 Production of tailings

Tailings are produced when ore is crushed and milled to produce small particles (Fig.
2.1). The extraction method used to remove the economic product from the ore
determines the optimum degree of grinding. This can also be used to identify any
other economic minerals present in the ore and the type and quantities of chemical
reagents used in separating the economic mineral from the ore (Ritcey, 1989). The
final design of the tailings dam is always conditional and can only be approved once
the tailings are being produced (Blight, 1998).

The process of separating the economic mineral from the crushed ore is known as
‘concentration’ and tailings are the waste material from this process. Most mines use
the froth floatation concentration method. This is normally the initial stage in the
mineral processing sequence where chemical reagents are introduced (Vick, 1990).

7
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The froth floatation uses five basic types of reagents namely: frothers, activators,
collectors, depressants and modifiers. Gravity and magnetic methods of separation
are also used to get the economic product from the ground ore. Coarser particles are
recovered by the gravity method, whereas leaching is used to recover finer particles.

Pressure oxidation, bioleaching and roasting can be used to process refractory ores.
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Figure 2.1: Ore processing and generation of tailings and management (Environment
and Climate Change Canada, 2017).

Tailings dams and waste rock dumps are identified as the most significant source of
environmental impact in many mining operations (Vick, 1990). In some instances,
the volume of tailings that requires storage at a particular area can be more than the
in-situ total volume of ore that might be mined and processed. This may lead to

dams over-flowing and dam failure thus leading to environmental problems. In the

8
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1960’s, more than ten thousand tonnes of tailings had been produced daily in South
Africa and this increased to about 100’s of thousands of tonnes in 2000 (Jakubick et
al., 2003). Today, more than 200 000 tonnes of tailings are produced every day
(Jakubick et al., 2003).

2.2.3 History of tailings storage methods

Tailings in the past were discharged directly into the nearest surface water body
(Vick, 1990). This is still practiced in some parts of the world in areas of steep and
unstable terrain with high rainfall. Common examples include Grasberg mine in
Indonesia and the OK Tedi mine in Papua New Guinea (Vick, 1990). This leads to
vast environmental problems and could also lead to high costs during remediation
and reclamation (Jakubick et al., 2003). The impact of uncontrolled tailings disposal
was recognised in the early 1900’s (Engels, 2006). Downstream areas were
contaminated and plugging of irrigation ditches became a concern, thus creating

conflicts between land and water use.

2.2.3.1 Deposition methods of tailings

Tailings can be discharged using either subaerial or subaqueous techniques
(Engels, 2006). Tailings characteristics influence the behaviour of tailings after they
have been discharged. Natural segregation can occur after the deposition of tailings
after flowing away from an outfall. The pulp density of the slurry together with the
range of particle size of the tailings influences the degree of segregation (Vick,
1990). There will be less slurry to carry coarse fraction if the thickening of tailings
increases (Robinsky, 2000). This leads to tailings staking closer to the discharge

point, thus increasing the tailings beach slope.

Thickening of tailings lead to a non-segregated slurry because of high pulp density of
the depositing tailings. After this stage, fines fill up voids in the coarse fraction

resulting in a homogenous mixture. Paste tailings have these characteristics.

Five deposition techniques generally applied are (Engels, 2006):

subaerial technique;

subaqueous technique;

spigots technique;

single point technique; and
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e underground disposal technique.
Subaerial technique

The subaerial deposition technique forms a beach above water (BAW) sloping gently
towards the supernatural pond. Tailings form shallow low velocity braided streams
after being discharged (Fig. 2.2). This allows the tailings to settle and segregate
(DME, 1999). The deposition of tailings can rotate between different locations around
the tailings dam to allow newly deposited tailings to bleed, dry and consolidate. The
tailings are then allowed to discharge to other zones of the tailings dam. Climate,
tailings drying characteristics, tailings production rate and the tailings dam shape
influence the number of deposition zones and the frequency of discharge point

rotation (Engels, 2006). The subaerial technique is more commonly used as

compared to subaqueous technique.

Figure 2.2: Shallow low velocity braided streams of subaerial technique of tailings
deposition (Engels, 2006).

Subaqueous technique

This technique is suitable for tailings which contain sulphides that would oxidise,
produce acid mine water and mobilise metals (Engels, 2006). Oxidation is prevented

by placing tailings underwater to restrict oxygen to the tailings (Fig. 2.3). This also

10
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minimise the environmental problems associated with Acid Mine Drainage (AMD).
This technique can be practiced in conventional impoundments. This deposition can

create significant steeper slopes while discharging tailings below water than that of

subaerial deposition (Robertson and Wels, 1999).

Figure 2.3: Tailings being stored under water in subaqueous technique of tailings
deposition (Holden, 2012).

Spigots technique

In spigot disposal technique, tailings are discharged around the perimeter of the
tailings dam (Ritcey, 1989). By so doing, a beach between the supernatant and the
embankment is created. Beached tailings surround the pond completely (Fig. 2.4). A
deposition plan of the tailings must be established during the design stage,
implemented and managed throughout the entire operation. Deposition trials can be
used to determine the ideal spigot spacing. Incorrect spigot spacing has the potential
to cause undulating beaches between spigots. This also reduces the effectiveness of
tailings deposition. Blockages and ruptures that could occur can be managed by
using multiple spigots (Engels, 2006). Tailings deposition must be monitored and
maintained to ensure that tailings are being deposited to the desired areas and to

ensure that tailings are deposited in intended quantities.

The main delivery lines from the plant which are larger in diameter are fed by small
diameter Pipes (multiple spigots) that feed the main configurations (distribution
Pipes). Plugging of the lines and sanding can occur as a result of incorrect flow
velocities and Pipeline size reduction ratios (Engels, 2006). Sanding can be

prevented by introducing flushing lines and valve stations where multiple spigots are
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used. The discharge velocity of the tailings being pumped to the tailings dam can be

reduced by multiple spigotting.

Figure 2.4. Multiple spigots depositing tailings in spigots technique of tailings
deposition (Engels, 2006).

Single point technique

This technique places the tailings in fairly thick layers. Tailings are discharged into
tailings dams through a single Pipe with a large diameter opening (Fig. 2.5). Tailings
remain saturated for a long period of time if they are not dried before depositing new
layers (Norman, 1998). Single point is suitable in downstream embankment and
sometimes on centreline embankment design. This technique requires that the
discharge Pipes should have irregular movement. A single beach deposit of tailings
or deltas are normally formed (Vick, 1990). The possibility of seepage erosion is
increased by collecting the slimes at the lower end of the impoundment (Ritcey,
2005). This deposition cannot be employed where the slimes and/or the pond are to
be kept away from the embankment (Engels, 2006).

12
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Figure 2.5: Large diameter pipe depositing tailings in single point technique of
tailings deposition (Engels, 2006).

Underground disposal technique

Waste from underground can be taken back to underground openings. This is done
to reduce the amount of environmental impacts that may occur due to the exposed
material on the surface of the earth. Another reason for returning the waste material
is to improve the support on mine operations. Copper and gold mines with
underground operations may produce a large underground space after mining. After
comminution process, the volume of tailings become larger than their original

volume, normally there is insufficient room to store all the waste (Xinyi, 2012).

2.2.3.2 Conventional impoundment

Conventional impoundments are surface disposal methods which are the most
commonly used disposal methods world-wide. These impoundments are used to
store both water from the processing plant and tailings. Water can be reclaimed for
use in the processing plant. Water-retention and raised embankments are the two

classifications of embankment of surface disposal.
Water retention

Water retention type is constructed to its full height before it is used (Vick, 1990).
Water retention tailings dam is used where high volume of water should be stored.

13
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This water can be reused in the processing plant during dry seasons where surface

water inundation can occur.
Raised embankment designs

A raised embankment begins with a starter dyke and when the tailings approach the
height of that dyke, a second one is built above the first (Xinyi, 2012). The available
volume to store tailings and water is increased by raising the embankment at certain
time intervals. Raised embankment has lower capital costs as compared to water
retention dams. This is due to fill material and placement costs are phased over the
life of the impoundment (Vick, 1990).

There are basically three principal designs (Engels, 2006) namely:

e upstream design;
e downstream design; and

e centre-line design.
Upstream design

Primarily, a small starter dam (Starter dyke) is placed at the extreme downstream
side (stage 1) (Fig. 2.6). A beach that becomes the foundation for future
embankment raises is created by discharging tailings from the top of the dam crest.
Finer material settles at furthest away from spigots discharging tailings whereas
coarse material settles closest to spigots. This particle segregation can be
accelerated by cyclones. The conventional method of upstream raises relies on no

compaction of the spigoted beach that forms the embankment shell (Martin, 1999).

The wall of the dam is progressively raised on the upstream side. To discharge the
tailings, the top of the starter dyke is spigoted off and then the initial pond will be
nearly filled. The cycle is repeated after the dyke is raised. Various methods used to
raise the dyke include: material being taken from the dry surface of the previously
deposited tailings and the cycle being repeated, or building the wall from the coarse
fraction of the tailings separated out by spigots or cyclones and the fines can be
directed into the pond. This method was named upstream since the centre line

moves upstream to the pond (Xinyi, 2012).

14
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Starter Dyke

Supernatant Pond \ Tailings Discharge Line\ /

Spigotted Tailings Beach

Figure 2.6: Stages in upstream design of tailings dam construction (Engels, 2006).

The upstream method has the advantage of low cost and speed with which the dam
can be raised by each successive dyke increment. It is, however, disadvantaged by
the fact that the dam wall is to be built on the top of the previously deposited
unconsolidated slimes retained behind the wall. The upstream method is rarely
employed because of the limiting height to which the dam can be built before it fails
and the tailings flow out. This design is suitable in arid climate areas (Engels, 2006).
Rapid water accumulation is impossible and negligible amounts of water require
storage in the impoundment. This prevents frequent water level deviations that can
alter pond geometry, freeboard and phreatic surface within the impoundment area
(Engels, 2006).

Downstream design

In downstream embankment design, an impervious starter dyke is implemented
unlike the upstream design which starts with a pervious starter dyke (Engels, 2006).
The first tailings are deposited behind the dyke. The new wall is raised progressively
with raising the embankment and the wall is supported on top of the downstream
slope of the previous section (Fig. 2.7). The centreline of the top of the dam
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downstream will be shifted as the embankment stages are progressively raised
(Vick, 1990).

Tailings Discharge Line

Internal Drain

Impervious Layer
Ponded Water e T /
rd «— Starter Dyke 1
VT VS S S SRS S AV S S S~ i i
Tailings /

Figure 2.7: Stages in downstream design of tailings dam construction (Engels,
2006).

The downstream method is the reverse of upstream method. Sand for construction
of the dam is produced using cyclones in most operations. Acceptable tailings dam
by the engineering standards can only be constructed and built by downstream
method. The efforts to build larger and safer tailings dam evolved the need for
downstream method. To raise the dam wall, large amount of sand is required and it
is difficult to maintain the crest of the tailings dam above the rising pond levels. This
is more common on early stages of the operation. The sand supply can be
augmented with borrowed fill or employing a high starter dam and this will increase
the cost of tailings disposal.

The main advantage of this design is that it is not restricted to height because each
raise is structurally independent of the tailings (Engels, 2006). The main
disadvantage is that it is expensive to raise the embankment as it requires large
volumes of fill material which increases exponentially as the embankment height
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increases (Engels, 2006). When more raises are added, a large area around the

dam is required as the toe of the dam progressively moves out.
Centre-line design

The wall is raised and the crest remains in the same horizontal position (Fig. 2.8).
Tailings are discharged by spigots from the downstream design. Raising the crest to
any given height requires smaller volume of sand-fill and the dam can be raised
rapidly. This design is a compromise between both the downstream and upstream
design (Benckert and Eurenius, 2001). During the early stages of construction, fewer
troubles are encountered. Centre-line method is more stable than the upstream
method and does not require as much construction material as the downstream
method.

Tailings Discharge Line e

Internal Drain
Spigotted Tailings Beach\ S e / $ Dyk
- Starter e

Figure 2.8: Stages in centre-line design of tailings dam construction (Engels, 2006).

When raising the upstream face of the dam, care must be implemented to ensure
that unstable slopes do not develop temporarily. This method cannot be used as a
larger water retention facility since the subsequent raises are built on consolidated
tailings. Prevention of free water from submerging the beach around the dam crest is

done by installing suitable decant system.
17
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2.2.4 Tailings dams and their impacts

Mine tailings dams have the potential to cause various environmental problems if
they are not managed or sustained. Rehabilitation of tailings dams is of importance
in reducing the potential environmental impacts that may be caused by such dams.
The environmental problems caused by tailings can either be physical problems or

chemical problems (Xinyi, 2012).

Tailings dams have a risk of failure if not well built and managed. Tailings dams that
are not well constructed may result into stability failure. This may damage the local
terrestrial features around the tailings dam due to erosion that may result from
stability failure. On average, globally, one or two failures of tailings dams have
happened each year since 1960 with over 100 of these failures being disastrous or
catastrophic resulting in human death (Wise-Uranium, 2011). Environmental impacts
are caused by water which is in the waste within the tailings dam. Tailings dam’s
failure is mainly caused by two major factors which are hydraulic design and
inadequate water management (Xinyi, 2012). Rain water coupled with earth-quakes
and other natural causes also have the potential to cause stability failure of tailings
dams. Hydraulic failure in the form of overtopping by flood discharge accounts for
nearly 40% of all the earth dam disasters in the world (Xinyi, 2012). For example, the
failure of the Marriespruit tailings dam in South Africa in 1992 was due to

overtopping (Fig. 2.9).

Figure 2.9: Marriespruit tailings dam failure in 1992 due to overtopping
(www.tailings.info/casestudies/marrespruit.ntml).
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This was due to heavy rainfall that caused flowslide (static liquefaction) of part of the
embankment (Davies, 2002). The dam failure occurred due to an embankment
failure during heavy rains. A total of 17 people were killed due to this catastrophic
event and scores of houses were demolished (Ulrich and Fourie, 2003).

2.2.4.1 Acid mine water generation

The outflow of acidic water from metal or coal mines is referred to as AMD. The most
significant source of water pollution originating from mines is iron pyrite (FeS,) which
is also known as ‘fool’s gold’. Pyrite gets exposed to water, air and oxidizes resulting
in the formation of sulphuric acid, iron oxides and hydroxides (Baker and Banfield,
2013). This causes leachate pH to drop to 4 or lower. This oxidation reaction is
accelerated and extended by bacteria known as ‘Thiobacillus ferrooxidans’.
Sulphuric acid reacts with the host rock or residue deposit to formulate salts and

mobilize heavy metals contained in the host rock or residues.

The acidity is usually neutralized during this reaction. The resultant drainage
contains high levels of salts such as calcium and magnesium sulphates and metals
(mainly iron). The oxidation reaction is proceeded by prolonged contact between
water and pyrite and the bacteria also speeds it up and produces more acid. Coal
discard with exposed pyrite and old workings produces elevated concentrations of
AMD (Fuggle and Rabie, 1992).

The rate of acid mine drainage is determined by the following factors (Fuggle and
Rabie, 1992):

e low pH;

e temperature;

e chemical activity of Fe®*;

e oxygen content of the gas phase;

e degree of saturation of water;

e surface area of exposed metal sulphide;

e chemical activation energy required to initiate acid generation;

e OXxygen concentration in the water phase; and

e presence of certain bacteria (Thiobacillus ferrooxidans) that promote sulphur

and/or iron oxidation.
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Sources of acid mine drainage from mining operations include (Fuggle and Rabie,
1992):

e tailings deposits;

e waste rock dumps;

e surface runoff from open Pit mine faces and Pit workings;

e ore stockpiles and spent ore Piles from heap-leach operations; and

e drainage from underground workings.

Waste rock and tailings are exposed to precipitation, runoff and possibly seepage.
The greatest source of acid mine drainage is waste rock that contains sulphide
minerals, especially pyrite.

The potential for AMD is increasing because the quantities of waste rock from
underground mine workings from earlier operations were less than the recent large
open Pit mining operations (Sullivan et al., 1988). AMD can be generated long after
the mine has ceased operation from the tailings and waste rock dumps that are not

maintained.

2.2.4.2 Heavy metals pollution

Heavy metals vary in their chemical properties and biological functions. They are of a
heterogeneous group of elements. Heavy metals have toxic effects on human
beings, plants and animals, thus they are categorized under environmental pollutant
category. Heavy metals are exposed to the environment by anthropogenic and
natural activities. Anthropogenic activities include mining, smelting operations and
agricultural activities. Anthropogenic sources have increased the level of heavy
metals (such as Pb, Zn, Cu, As, Cd, Co, Ni, and Cr) on the environment up to a
hazardous level. Heavy metals accumulate in soils and plants because they are
persistent in nature. This affects human health through food chain because human
beings end up consuming such plants causing long term detrimental effects
(Environment Canada, 2012). Aquatic organisms get affected through the movement
of such pollutants from various diffuse or point sources. This gives rise to
coincidental mixtures in the ecosystem. This causes a great threat to aquatic fauna,

fish in particular, since they are the significant source of protein to human beings.
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Heavy metals pollution does not biodegrade and has harmful effects on the
biological systems. Pb, Co, Cd, and Hg are toxic and cannot biodegrade but
accumulate in living organisms causing various diseases and disorders on human
lives even at lower concentrations (Rajeswari and Sailaja 2014). These metals have
been extensively studied and their effects on human health regularly reviewed by
international bodies such as the World Health Organization (WHO) (Rajeswari and
Sailaja, 2014). Human beings get exposed to heavy metals through air inhalation,
diet and being physically exposed (Ogola, 2002). This can lead to serious health
effects. A common example includes the Minamata disease where 60 people
(excluding 34.2% under ten years old) were diagnosed of this disease (Harada et al.,
2011). Fetal Minamata disease can cause serious psychiatric disorders as well as
neurological signs and motor disturbance (Harada, 1964).

2.2.5 Geo-environmental modeling

Geo-environmental models are simply natural extensions of mineral deposits. Geo-
environmental models can be defined as compilation geologic, geophysical,
geochemical, hydrologic and engineering information pertaining to the environmental
behavior of geologically similar mineral deposit prior to mining and resulting from
mining, mineral processing and smelting (Plumlee and Nash, 1995; Seal et al.,
2002). A geo-environmental model provides information about natural geochemical
variations associated with its mining effluents, waste and mineral processing
facilities. The key elements of geo-environmental models include deposit type, host-
rock, wall-rock alteration, mining and ore processing method, deposit trace element,
geochemistry, primary and secondary mineralogy, topography and physiography,

hydrology and climate effects.

Geo-environmental models are used at a site as a guideline for potential range of
environmental impacts (Seal et al., 2002). Streams, soil and sediments are polluted
by rocks with particular element of enrichment and such enrichments may even bring
about adverse effects on local and regional ecosystems (Lottermoser, 2010). It is
important to have a solid understanding of the environmental geology of a mineral
deposit to any mining operation. This helps in providing knowledge about the
development of effective prediction, prevention and remediation tools necessary for

the successful environmental management of the contaminated area. Models are
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used to highlight likely and less-than obvious potential environmental impacts that

arise from geological attributes that are unique to a specific deposit.

Geo-environmental models are basically used to establish the cause-and-effect
linkages among the geological attributes of a deposit, its environmental setting,
mining history and/or future and its environmental behavior. These models are
beneficial to environmental scientists interested in remediating existing problems at
un-reclaimed tailings dams and mitigating potential problems associated with tailings
dams, land-use planners that are involved in reclaiming tailings and reprocessing of
the tailings dams. It can also be used by industries interested in mineral exploration,
mine planning. Environmental engineers and scientists use geo-environmental
models to highlight potential problems associated with mining and waste

management.

2.2.6 Tailings reprocessing technologies
There are generally three major approaches to reprocess tailings impoundments
(Xinyi, 2012):

e hydraulic reprocessing;
e mechanical excavation; and

e dredging.
Hydraulic reprocessing

Old tailings can be reprocessed through the use of hydraulic mining. It is also used
for mining of soft rock/material. A flow-sheet below (Fig. 2.10) shows a typical
hydraulic mining process. High pressure monitor guns are used to wash the tailings
downstream. The prevention of large objects from entering the stream is done by
collecting material in a sump with a screen to prevent them from blocking the flow
(Muir et al., 2005). The slurry is pumped to a thickener to achieve the required pump
density. The overflow returning for reuse by the monitors is processed with the

underflow.
Mechanical excavation

Sand material is better reclaimed by mechanical excavation, though, it is expensive

for slime materials. This is caused by the tendency of transfer points chocking up
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(Muir et al., 2005). Equipment such as bulldozers, trucks to load, front-end loaders

and haulage trucks are used to load and haul the material using this approach.
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Figure 2.10: Simplified diagram showing the hydraulic re-mining of tailings (Engels,
2006).

Dredging

The high costs of the dredging equipment make this approach to be the most
expensive method of reprocessing. This approach can only be employed where
mechanical excavation and hydraulic reprocessing cannot be used. This method is

generally employed in situations such as water-logged marsh areas.

2.2.7 Tailings dams retreatment

Environmental issues associated with tailings dams can be dealt with by
reprocessing tailings dam. This adds profits to the mine as well as increasing the life
span of the mine. An increase in metal price coupled with significant improvements
in technology makes the retreatment of old tailings dams to be effective and
productive. Other tailings dams can be well-thought-out as potential ore deposits due
to high metal value. For example, Codelco’s El Teniente mine in Chile which is the
largest underground copper mine in the world has tailings that are being reprocessed

by Amerigo Resources (Xinyi, 2012). TriAusMin have planned to retreat 10 million

23

© University of Venda



)
o

&5 ) university of Venda
C

tonnes of copper tailings from three dams at the Woodlawn mine in Australia
(TriAusMin, 2010).

Considerable amount of valuable minerals has been lost to the tailings dam in the
past due to the limitations in the past mineral processing technologies. For this
reason, tailings dams contain considerable amount of valuable minerals that can be
reprocessed at a profit. In British Columbia, Carolin mine which produced gold and
silver in the past is an ideal case (Xinyi, 2012). It had drilling tests and fire assaying
results which had proven reserves of almost 800 000 tonnes with gold values of 1.74
grams per tonne (Xinyi, 2012). This tailings dam has drawn significant attention due

to the high grades and current increased gold price (Daniel and Dowing, 2011).

It is remarkably simpler and more economical to reprocess tailings due to reduced
exploration, mining, processing and closure costs in the mining process. The
creation of new underground openings and/or open Pits is not required when
reprocessing tailings. It also does not require drilling and blasting activities. The
tailings can be exploited by the use of hydraulic mining with high pressure hoses and
simple launders or ditches to the new improved processing plant. The reduction in
grinding requirements reduces processing costs and energy since the material being
reprocessed had been milled in previous operations. Apart from retaining valuable
minerals from the tailings, retreatment also decreases the responsibility of sorting on

surface in-perpetuity (Xinyi, 2012).

2.2.8 Tailings reprocessing for gold

The strategy of reprocessing tailings dams has been adopted in many parts of the
world with old tailings dams. Mining activities in the Witwatersrand Basin
commenced from 1887 and by 1984 and a total of approximately 4.2 billion tonnes of
gold ore had been milled (Bosch, 1987). Metallurgists have conducted researches on
the extraction of gold from these tailings dams and several developments have been
combined to make reprocessing profitable (Bosch, 1987). Towards the end of the
seventies, at about the time of the Central Rand Mine closures, it was realized that a
valuable resource of gold and other commodities was present in the tailings dams of
the Witwatersrand mines’ dumps (Viljoen, 2009). In 1978, the East Rand Gold
Company (ERGO) started producing gold, uranium and pyrite from re-treated dams
(Viljoen, 2009). A similar programme of gold recovery commenced at about the

24

© University of Venda



)
o

&5 ) university of Venda
C

same time on the Central Rand on tailings dams averaging about 0.4 g/t of gold and

sand dumps averaging about 0.6 g/t (Viljoen, 2009).

The working costs of reprocessing old tailings dams are much lower than
conventional mining costs. Tailings dams in the East Rand are being reprocessed for
gold, uranium and sulphuric acid. These dams are being reprocessed by means of
diverting high-pressure jets of water at the working phase. Approximately 1.5 million
tonnes per month are being processed with an average gold value of 0.53 ppm, 40

ppm of uranium and 1.04% of sulphuric acid (www.miningreview.com/news/ergo-to-

be-reborn/). ERGO had commissioned one million tonnes per month Carbon-in-
Leach (CIL) plant in 1986 at the East Daggafontein mine site (Bosch, 1987).

A treatment plant was established a few kilometres southwest of Central
Johannesburg by the Rand Mines Miling and Mining Company (RMMM) to
reprocess 50 million tonnes of sand and 20 million tonnes of slime tailings delivered
from the Old Crown Mines (Bosch, 1987). This plant was commissioned in 1982 to
treat 370 000 tonnes per month for the recovery of gold and pyrite and included the
largest Carbon-in-Pulp (CIP) circuit yet built (Laxen, 1984). A similar plant was
commissioned by RMMM in 1987 at the old City Deep mine to reprocess
approximately 42 million tonnes of tailings (Bosch, 1987). 300 000 tonnes of tailings
were reprocessed for gold at Blyvooruitzicht Gold Mine using mechanical methods.

In this area, a bucket wheel excavator was used for tailings recovery (Bosch, 1987).

Joint Metallurgical Scheme (JMS) is the first large reclamation operation and it is an
arrangement amongst those gold mines in the Orange Free State managed by the
Anglo-American Corporation of South Africa (AAC) (Bosch, 1987). Several small
operations have occurred in both the West and East Rand. 70 million tonnes of
tailings on the East Rand is owned by a less well-known company, Egoli (Bosch,
1987). A plant which incorporates one of South Africa’s earliest CIP circuits is being
used to reprocess 55 000 tonnes per month of sand and slime in Modderfontein 74
(Bosch, 1987). A plant on the West Rand, managed by this company, is
reprocessing sand from several old Randfontein Estates dams. One of the well-
known mine in the Central Witwatersrand, Village Main, was saved from closing

down by retreating surface residues. Fairview mine in the eastern Transvaal reclaims
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and treats 25 000 tonnes of pyite per month of accumulated flotation tailings (Bosch,
1987; Dehghani et al., 2009).

Moutech Gold Mine, the main producer of gold in Iran located 272 km to the south-
west of Tehran has an annual production of 300 kg of gold (Dehghani et al., 2009).
Studies in this area show that the content of gold in tailings is more than expected
(0.1 g/t) (Dehghani et al., 2009). It has been estimated that the Moutech gold tailings
dam contains approximately 778.5 kg of gold with values ranging around 0.5 g/t and
the average assay of gold in the feed to the plant is 2.5 g/t (Dehghani et al., 2009).
Advancement of processing technologies have added potential benefits such as
providing extra gold and reducing environmental impacts. In this work, investigations
on a mixture of sulphide and non-sulphide minerals were conducted through
flotation, roasting and leaching (Dehghani et al., 2009). This was done to effectively

recover gold from the Moutech tailings.

Different processes of gold reprocessing were used where roughly 87.79% of gold
was recovered using floatation concentration for gold associated with sulphide
minerals (Dehghani et al., 2009). Regrinding, roasting and cynidation of the floatation
concentrate was used to recover about 87.8% to 98.4% of gold and about 98% of
gold was recovered using the carbon-in-column method (Dehghani et al., 2009). For
the floatation method, active carbon was separated using crude oil as the collector
and Aeorofloat 39 as the frother. Potassium ethyl xanthate was used as the collector
for conditioning the pulp and Sacsol 95 was used as the collector and Aeorofloat 39
as the frother to recover pyrite. A Taguchi design for four variables at two levels was

employed.

In regrinding, roasting and cynidation method, samples were roasted at 620°C for an
hour the cynidation tests were conducted on roasted samples and ground samples.
Fine grinding of concentrate was conducted in a ball mill (200 mm diameter X 200
mm) (Dehghani et al., 2009).

Gold tailings reprocessing studies were also conducted at an artisanal gold mining in
Nicaragua where findings had an average of value of 3.82 g/t. Gold values in this
tailings dam varied from 1.94 g/t to 5.6g/t (Annicaert, 2013). It has been concluded
that gold values from all collected samples were above the cut-off level of 1.75 g/t
(Murthy et al., 2003).
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2.3 Grain size distribution

The patrticle sizes of soil, especially granular soils, has effects on the engineering
behaviour of such soil, hence, there is need for soil classification (Holtz and Kovacs,
1981). Solil particle size range is very tremendous and can range from boulders/
cobbles or several centimetres in diameter down to ultrafine-grained colloidal
material. Particle size distribution is obtained by a process known as ‘Gradation test’.
Gradation test is basically a procedure used to assess the patrticle size distribution of
granular material by mechanical shaking the soil material through a series of sives of

progressively smaller mesh size.

2.3.1 Grain size analysis (sieve analysis)

Sieve analysis is basically a test that is performed on soil to determine the
percentage of different grain sizes contained in soil. This test is required when
classifying soil and it provides the grain size distribution within soil (Krishna, 2002).
The distribution of sizes of soil particles is of critical importance depending on the
way the material performs in use. Sieve analysis can be performed on organic or
non-organic granular material including crushed rocks, sands, coal, soil, clays,
granite, feldspars, grain, seeds or a wide range of manufactured powders to a

minimum size depending on the exact method (Mcglinchey, 2005).

2.3.2 Soil classification

Different soils with similar properties may be classified into groups and sub-groups
according to their engineering behaviour. Two classification systems are used by
engineers to classify soil taking into account the particle size distribution and
Atterberg limits. Soil can either be classified by the American Association of State
Highway and Transport Official (AASHTO) classification or Unified Soil Classification
System (USCS). The AASHTO classification system is mostly used by the state and
country highway departments and the USCS system is used by geotechnical

engineers.
American Association of State Highway and Transport Official (AASHTO)

This classification system was developed in the late 1920 for the USA Bueau of
Public Roads by Terzaghi and Hogentogler (Holtz and Kovacs, 1981). This system is
basically applied in all spheres of engineering designs. This classification system has

undergone several revisions. The present AASHTO classification used is given in
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Table 2.1 Revised AASHTO system of soil classification (Amadi et al., 2015)

table 2.1 where soil is classified into seven major groups: A-1 through A-7. Granular
materials of which 35% or less of the material passing through the No. 200 sieve are
classified under A-1, A-2 and A-3. Soils classified under groups A-4, A-5, A-6 and A-
7 are mostly silt and clay-type materials of which more than 35% passes through the
No. 200 sieve.

Silt-clay matenials (more than 35% passing

i P : -
General Classification General Matenals (33% or less passmg 0.075 mm) 0075 ram)
Al Al A7
Group Classification Ala | Alb A3 a4 | a2s | aze6 | A2 Ad Aj Ab i";
Sieve Analysis % passing
2.00 mm (No10) 5 0max
0.425 mm (No40) 30max | 30max | 51mm
0.725 mm (No200) 1imax | 2imax | 10max | 35max | 39max | 39max | 39max | 36mm | 36mn | 36mn | 36mn
Charactenstics of fraction
passing fmax
Liquid limit NP | 40max | 4lmn | 40max | 41min | 40max | 4lmn | 40max | 40mmn
Plastic Index 10max | 10max | 1lmin | lmin | 10max | 10max | llmmn | llmmn
Usual types of sigmficant | Stone fragment | Fne - N
Constituent matenal Gravelandsand | Sand Sity or clayey Gravel and sand Silty soils Clayey solls
(eneral rating Excellent to Good Fairto poor

e The classification is based on material passing a 75 mm (No. 3) sieve.

Unified Soil Classification System (USCS)

the following should be taken into consideration (Das, 2006):

This classification system was first proposed in 1942 by Casagrande during the
World War Il. This system was introduced for the use in airfield undertaken by the
Army Corps of Engineers. This system was revised in 1952 by the Corps in
cooperation with the U.S. Bureau of Reclamation. It is widely used by engineers and

e Coarse fraction = percent retained above No. 200 sieve = 100 — F200 = R2go.

e Fine fraction = percent passing No. 200 sieve = Fyqo.

e Gravel fraction = percent retained above No. 4 sieve = R,.

This classification system divides soil into two major categories:

1. Coarse-grained soils that are gravelly and sandy in nature with less than 50%

passing through the No. 200 sieve (that is, F2o0 < 50).The group symbols start

with prefixes of either G (gravel or gravelly soil) or S (sand or sandy soil); and

© University of Venda
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2. Fine-grained soils with 50% or more passing through the No. 200 sieve (that
IS, Fa00 =2 50). The group symbols start with prefixes of M (inorganic silt), C
(inorganic clay) and O (organic sitls and clays). The symbol Pt is used for
peat, muck and other highly organic soil.

2.3.3 Atterberg limits

Atterberg limits are a basic measure of the critical water contents of fine-grained soil.
This basically includes its liquid limit, plastic limit and shrinkage limit. Soil may
appear as solid, semi-solid, plastic or liquid state depending on its water content
(Fig. 2.11). The engineering properties, consistency and the behaviour of soil are
different from one state to another. The boundary between each state can be well
defined by the changes in soil behaviour and atterberg limits can be used to
distinguish between silt and clay. As water is added to any dry plastic soil, the
remoulded mixture will eventually have characteristics of a liquid. The material will
change from solid to semi-solid and as water is continuously added, it turns to liquid
state. The point at which soil changes from one state to another is known as the
atterberg limits (Das, 2010).

Increasing moisture Content ————
SOLID SEMI-SOLID | PLASTIC LIQUID

5L PL LL

Pl=LL-PL

Figure 2.11: lllustration of Atterberg limits.

Liquid limit

Liquid limit is the water content where the behaviour of a soil changes from plastic to
liquid. At this point, soil starts to lose its shear strength as liquid does not have its

shear strength (Atkinson, 1993). This transition is gradual over a range of water
contents and the shear strength of the soil is not actually zero at the liquid limit.

Plastic limit

Plastic limit is the water content at which a thread of soil crumbles when it is carefully
rolled out to a diameter of 3 mm (Karlsson, 1977). A thread of soil is at its plastic limit
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when it is rolled and begins to crumble. Plastic limit is determined by rolling out a
thread of soil on a flat, non-porous surface. If the thread of soil can be rolled out to a
diameter that is less than 3 mm, then the soil is too wet (above the plastic limit). The
sample can be remoulded and the test may be repeated. if it crumbles before
reaching the 3 mm diameter, then the plastic limit has been passed (Hansbo, 1957).
Soil is considered to be plastic if a thread cannot be rolled out down to 3.2 mm at

any moisture possible (Das, 2006).
Shrinkage limit

The shrinkage limit is the water content where further loss of moisture will not result
in any more reduction of volume (Seed and Idriss, 1967). Shrinkage limit is less used
than the liquid and plastic limits. Soil shrinks as moisture is gradually lost from it and
the continuous loss of moisture content results in a stage of equilibrium where more

loss of moisture will result in no further volume change (Das, 2006).

2.4 Production of construction materials from mine waste

Gold tailings are associated with serious environmental problems such as acid mine
drainage. The management of such tailings dams is expensive thus there is need to
find alternative use of tailings to minimize large volumes of tailings. The population in
South Africa has increased to about 52.98 million, increasing the number of houses
required to accommodate people (Lehohla, 2013). Tailings can be used for
brickmaking to reduce large volumes of the waste. Extensive research has been
conducted on the production of bricks using waste material (Ahmari and Zhang,
2012; Zhang 2013). A research has been conducted in utilizing copper mine tailings
and cement kiln dust to manufacture geopolymer bricks (Mathew et al., 2013).
Copper mine tailings bricks have been found to have good physical and mechanical
properties such as being water absorption (17.7%) compressive strength (260
kg/cm?2) and density of 1.8 g/cm3 (Sharp, 2012).

Gold tailings were mixed with Portland cement (OPC), red soils and black cotton
soils in different proportions to make bricks (Roy et al., 2007). The compressive
strength of the cement-tailings bricks was determined by immersing them in water for
different periods of time. Bricks which were cured for 14 days with 20% of cement
were found to be suitable. Gold mine tailings were used to produce autoclaved

calcium silicate bricks (Jain et al., 1983). Saturated steam was used to cure these
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bricks. During this process, lime reacted with silica grains to form a cementing
material consisting of calcium silicate hydrate. The idea of making bricks from
tailings material has been adopted by mining companies such as Bharat Gold Mine
in India (Malatse and Ndlovu, 2015).

Waste rock has been used for construction, particularly for highways. Waste rock
was used in Colorado in the United States during the 1930s where waste rock from
gold mining was used for road construction (Collins and Miller, 1979). A million dollar
highway road in the U. S. Route 550, which extends from Durango to Silverton, was
built from these waste rocks. In the south-eastern part of the United State, waste
rock from fluorspar mining in lllinois has been used as coarse aggregate. Poor rock
from copper mining in the Upper Peninsula of Michigan has been used for various
construction purposes (Collins and Miller, 1979). Coarse waste rock from Missouri
(underground iron mine) has been sold to an aggregate producer (Collins and Miller,
1979). This producer crushes and sells aggregates of approximately 110 000 tonnes

per year which is used as skid-resistant aggregate for bituminous paving.

An abandoned lead mining in Missouri has waste rocks that have been used for
many years for bituminous paving (Collins and Miller, 1979). This material has been
used in St Francois Country and sold to the city of St. Louis for use in street paving.
A highly skid-resistant aggregate has been produced from waste rock from
Bethlehem Steel Company’s Grace iron ore mine in Berks Country (Collins and
Miller, 1979). This aggregate has been used for several years in the bituminous
resurfacing of the Pennsylvania Turnpike from Morgantown to Valley Forge.
Approximately 75 000 tonnes of waste rock from two slate producers in Buckingham
Country, Virginia has been used each year as a stone base aggregate by the
Commonwealth of Virginia (Collins and Miller, 1979). The amount of flat and
elongated particles through more exacting crushing methods has to be controlled to

produce satisfactory aggregates.

2.5 Gravelotte gold deposit

The Murchison Greenstone Belt hosts the Gravelotte gold and antimony deposit.
This belt consists of three formations, La France and Weigel Formations that occupy
the central part of the belt, and MacKop Formation which occurs south of the

Baderoukwe gneiss pluton in the Bawa Schist Belt (Fig. 2.12). The Murchison range
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comprises rock types that are highly metamorphosed and are members of the
Swaziland System consisting of the oldest known rocks in Southern Africa
(Consolidated Murchison Limited information brochure, 1991). The range is flanked
on three sides by Archaean granite, which is the source of mineralisation.
Mineralisation strikes in the general direction of the Murchison range and consists of

five lines from north to south (Minnitt and Anhaeusser, 1992):

e titanium from iron ore line;
e copper-zinc line;
e antimony line; pyrite-gold line; and

e emerald line.

Operations at Consolidated Murchison mine are confined to the antimony line, which
also carries gold, cinnabar and tetrahedrite. The antimony ore, mainly consisting of
stibnite (Sb,S;), with some beberthierite (FeSSb,S,), is a medium temperature
hydrothermal deposit characterized by steeply dipping reefs (Consolidated
Murchison Limited information brochure, 1991). It consists predominately of phyllites,
talc schists and talc carbonate schists occurring mainly as an envelope engulfing the
more competent core of schistose and massive grey and green quartz-carbonate
rocks. The ore body is relatively shallow, Pinching and swelling both laterally and
vertically and attaining a boundinage structure (Consolidated Murchison Limited,
1991).

The ore body has a general dip ranging from 60° to 85°. Stibnite deposits are
separated from each other with the furthest separation of approximately 55 km apart
and mineralisation is not continuous along the line. The numerous ore minerals that
have been identified in the Consolidated Murchison’s claims testify to the rich
mineralisation of the region (Consolidated Murchison Limited Information Brochure,
1991).

The antimony line hosts major occurrence of antimony. The antimony line occurs
within the Weigel Formation (Davis et al., 1988). Quartz-carbonate are host rocks
which reveal high concentrations of SiO;, FeO, MgO, and Al,O3 with low CaO-to-
MgO ratio. According to Davis et al., (1988), quartz-carbonate host rocks were
originally magnesium-rich basalts or, more particularly, peridotitic komatites. These

host rocks contain dolomite, magnesite and quartz with minor talc, chlorite, fuchsite
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and some sulphides. There is a gross foliation between the quartz-carbonate and the
chromium-rich mica fuchsite which imparts a bright-green colour. A sharp contact
occurs with the surrounding talc rocks, especially where the quartz-carbonate bodies
are boudinaged. A good cleavage is developed where the host rocks are schistose
and the contact may be gradational. The contact zone is generally conformable with
the cleavage (Davis et al., 1988).

WrE IHIZI’HD'I:' I"E

MURCHISON GREENSTONE BELT

% TZANEEN
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Bl Rubbervale Formation 4 Fooiwater Complex s _f,.'; SOUTHAFRIGR : "
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T Mshishimala Suite
B Undifferentiated Gneisses

Figure 2.12: Geological map of Murchison Greenstone Belt (Schwarz-Schampera et
al., 2010).

2.6 Ore mineralisation

The main ore bearing rock type is the massive and generally fine-grained quartz-
carbonate rock. It generally displays a brecciated texture and it is highly fractured in
many places. These fractures are filled with quartz, stibnite and lesser amounts of
carbonate. They are erratic and discontinuous. Gold is more common in veins which
are predominately rich in stibnite and gold specks occur erratically in such veins
(Willson and Viljoen, 1986). There is no correlation between gold and antimony as

proven by the statistical analysis of assay results of the ore intersections, however,
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mineralogically, there is an association of gold, stibnite and quartz (Willson and
Viljoen, 1986).

Gold occurs in three different forms. It can either occur as coarse visible gold, as
finer disseminations or in close association as sub-microscoPic intergrowths within
the sulphides (Davis et al., 1988). The arsenopyrite horizon which forms discrete
lenses at or near the antimony mineralisation contains additional gold (Davis et al.,
1988). The most common minerals throughout the ore zone are pyrite, arsenopyrite
berthierite. The occurrence of gersdorfite is indicated by the microscoPic
examination of the mill feed. Quartz-carbonate rock contains disseminated pyrite and
is often biotitic in areas richer in iron (Willson and Viljoen, 1986). Veins are zoned
with berthierite and pyrite occurring at the margins of areas richer in iron and stibnite

occurring in the center.

Gold and antimony economically occur within the antimony line. Various known iron,
nickel, copper, lead and some antimony sulphides are present in lesser amounts
together with some minor arsenopyrite (FeAsS) and berthierite (FeS, Sb,S3) (Davis
et al., 1988).

2.7 Mining history

Mining activities started in 1934 when large scale production of gold began
(Consolidated Murchison Limited, 1991). Antimony was found as a by-product of
gold and was mined in small scale. Large scale mining began in 1937. In 1972, the
name of the mine changed from Consolidated Murchison (Transvaal) Goldfields to
Consolidated Murchison Limited. In 1991, Johannesburg Consolidated Investment
(JCI) acquired the company and disposed its shareholding and Metorex acquired the
mine in 1997 (Consolidated Murchison Limited, 1991). Trackless mining was
introduced in the mine in 2008 (Consolidated Murchison Limited, 1991). To The
Point (TTP) took over operational management in 2009/2010 and secured the offer
to purchase the mine. In 2010, the name was changed to Consmurch Mine
(Consolidated Murchison Limited, 1991).

Village Main Reef (VMR) acquired the mine in 2011 and put it up for sale in 2013.
From 2014 towards early 2015, VMR was going through business administration and
eventually provisional liquidation (Consolidated Murchison Limited, 1991).

Liquidators placed Consmurch Mine under care and maintenance in 2015 and
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employees were retrenched. Over 200 employees were recalled during mid-2015
due to the management deal that Stibium striked with liquidators. From 1937 to
1989, the total amount of gold recovered was 26 854 kg with an average production
of 516 kg per year (Consolidated Murchison Limited, 1991). From 1937 to 1989, the
average concentration of gold from the ore was 1.89 g/t and the highest and lowest
concentration were 10.55 g/t in 1940 and 0.21 g/t in 1971 respectively (Consolidated
Murchison Limited, 1991)
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CHAPTER THREE: MATERIALS AND METHODS

This chapter deals with the methods and procedures that were applied during the
study (Fig. 3.1).

& Work plan

Preliminary Reconnaissance
work survey

Desktop study

ok Augering,
Fieldwork sampling and
Profile logging

preparation

Sample analysis

= UOTES0enc Compaction
Atterberg fmit Fire assaying S Sy LN BARCR R

spectrometry test

tests ang seve

analysis

B

Data analysis
and discussion

Conclusions and
recommendations

Figure 3.1: Flow chart showing the methods and procedures applied in the study.
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3.1 Preliminary work

3.1.1 Desktop study

For desktop study, materials related to the research topic were reviewed. Journals,
topographic and geological maps, books, published and unpublished technical
reports and information retrieved from world-wide website were used to collect
secondary information and data. Information about the characteristics of the area
such as climate, topography, vegetation cover, and tailings were acquired during this

phase.

3.1.2 Reconnaissance survey

Reconnaissance survey was necessary to determine the accessibility of the study
area and to also plan how the work was to be undertaken. Sites to be sampled were
identified and this enabled the researcher to precisely gain information about the
study area. Reconnaissance survey provides first-hand information and feel about

the study area.

3.2 Fieldwork

This work was conducted at Consolidated Murchison mine tailings dam. Auger
drilling was used to collect samples from the tailings dam to a depth of 8 m and
logging of tailings was done simultaneously. Tailings samples were collected for gold
analysis to ascertain whether the tailings can be reprocessed for gold and determine
the values of heavy metals within such tailings. Soil samples around the tailings dam
were collected for heavy metal analysis to determine the extent of pollution (if any)
by heavy metals from the tailings dam. Waste rocks were collected from the waste
rock dump for the purpose of geotechnical testing of waste rock in order to determine
the usability of such rocks as sub-base layer for road construction or other

foundations. The following equipments were used during fieldwork;

e tape measure was used to measure the length, width and distance between
the Profiles and sampling points;

e GPS was used to locate sampling points;

e shovel was used to clear each sampling point before auger drilling was
conducted and to collect soil samples;

e hand auger was used to drill through the tailings dam to collect tailings

samples; and
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e polyethylene sampling bags were used to collect samples.

3.2.1 Augering and sampling of tailings

A total of four sampling Profiles with a spacing of 75 m between them were projected
over the tailings dam. The first Profile had two sampling points due to the irregular
shape of the tailings dam. The second Profile had three sampling points, the third
Profile had four sampling points and the fourth Profile had five sampling points (Fig.
3.2). For every Profile, sampling interval was 130 m. Augering was conducted from
the top of the tailings dam to a depth of 8 m. Every sampling point was cleared off
the top material with a shovel prior to drilling. Samples were collected at 1 m interval

with depth. A total of 112 tailings samples were collected with each sample weighing

approximately 5 kg.

Figure 3.2: Positions of profiles and sampling points over the tailings dam.

3.2.2 Profile logging

Profile logging of tailings was done simultaneously with augering of tailings. Changes
with depth in physical properties of the tailings such as colour, moisture content and
hardness were carefully recorded in a logbook. This information was used to
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correlate logs along the Profiles. This information was used to determine the

oxidation, transitional and unoxidized zones of the dam.

3.2.3 Soil Sampling

Soil samples were collected in a systematic manner around Consolidated Murchison
tailings dam to a distance of 5 km away from the dam, to the north, south, east and
west (Fig. 3.3). Samples were collected at a sampling interval of 250 m for the first
2.5 km away from the tailings dam. A control point was established at a distance of 5
km away from the tailings dam at the northern, eastern and western part of the dam.
Six instead of eleven samples were collected on the southern part of the tailings dam
due to lack of access to the area as the farm owner refused access. A shovel was

used to clear the identified sampling points as well as to collect the soil samples.
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Figure 3.3: Sampling points around the tailings dam.

A total of 39 samples were collected. Soil samples of approximately 2 kg each were
collected at a depth of about 30 cm. All samples were stored in marked and labelled
polyethylene sampling bags. To avoid contamination, the sample bags were tied

tightly with a string.
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3.2.4 Waste rock collection

Grab sampling method as illustrated in Figure 3.4 was used to collect waste rock
from the rock waste dump. This method was used because waste rock dumps do not
contain a uniform size of rocks and rocks are piled up on each other.

Figure 3.4: Collection of waste rock.
3.3 Laboratory work

3.3.1 Sample preparation

Collected samples were taken to the Department on Mining and Environmental
Geology Laboratory at the University of Venda for sample preparation. This involved
drying, milling and weighing of the samples prior to geochemical analysis of such

samples.
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Drying of samples

A total of 112 tailings and 39 soil samples were dried. Each of the collected samples
were split into four equal parts at the laboratory. About 1 kg of each sample was
placed inside a drying oven to dry the samples, using the Vacutec oven (Fig. 3.5).
The samples were dried for a period of 12 hours at 110°C. After drying, the samples

were removed and allowed to cool and ready for milling.

Figure 3.5: Bench Vacutec laboratory drying oven.

Milling of samples

Samples were milled using Restsch model RS 200 milling machine (Fig.3.6). Milling
of the samples was done based on the following procedure to ensure homogeneity

of samples for analysis (Tan, 2005):

¢ milling machine was cleaned to remove any dust particles before the milling
process begin;

¢ cleaning of the milling pots was done by quartz fragments for 5 minutes;

e pots were dusted to clean and to remove the milled quartz;

¢ samples were placed in milling pots and milled at 700 rmp for 5 minutes;

e samples were removed from the pots and transferred to sample bags; and

e milling pots were cleaned after the completion of each sample and milling

continued.

41

© University of Venda



g University of Venda
Creating Future Leaders

Figure 3.6: Restsch model RS 200 milling machine used to prepare samples.

Pelletisation of samples

After the milling process, samples were subjected to pelletisation using a 40-ton
pressing machine. In this process boric acid was used as a binding agent and
acetone used for cleaning the die-sets to avoid contamination from one another. The

following procedure was followed in preparing such samples (Tan, 2005):

e approximately 15-20 g of milled powder was added in a set of 40 mm
diameter die-set and about 30-40 g of boric acid was added as the binding
agent;

e samples were pressed using about 30 tons of pressure on the manual
operated pressing machine for about a minute each (Fig. 3.7);

e after pressing, the pellet was ready then removed from the die-set and placed
in a container which was labelled (Fig. 3.8);
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Figure 3.7: Pelletisation using a 40-ton pressing machine.

Figure 3.8: Prepared pellets ready for analysis.

Weighing of samples

A weighing balance, Redwag model AS 220/C/2 (Fig. 3.9) was used by precisely
weighing 100 grams of each tailings sample and transferring it into a clean paper

sampling bag ready for analysis.
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Figure 3.9: Redwag model AS 220/C/2 used to weigh the milled samples.
3.3.2 Fire assaying

Approximately 100 g of each milled tailings sample was sent to Australian Laboratory
Services in Johannesburg for gold analysis by fire assaying method. In this method,
an aliquot of powdered sample (approximately 30 g) was mixed with soda ash, flour,
borax (sodium borate), litharge, silica and nitrate. Silver and palladium are used as
collectors which were added in a solution or as a foil. The material was fired after
mixing at a temperature of 1100°C. Gold was then scavenged from the melt by the
settlement of silver and lead in the melt to the bottom of the crucible. The hot molten
mixture cooled after being poured into a mould. The lead button was placed in pre-
treated cupels. Silver which was used as a collector for gold and other Platinum
Group Elements (PGEs) was left and absorbed into the cupel. Gold was separated
from silver bead by dissolving in nitric acid (process known as partying). The entire
bead dissolved in acid and gold was determined by atomic absorption spectrometry.

A total of 84 tailings samples were analysed for gold.

3.3.3 X-ray Fluorescence spectrometry

After the pelletisation process, the end products (pellets) were taken for heavy
metals analysis using X-ray fluorescence spectrometry. In this process, each sample
was analysed for Pb, Zn, Cu, As, Cd, Co, Cr, and Ni.
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XRF analysis is non-destructive elemental analysis which can qualitatively and
guantitatively measure periodic table elements which are found in the sample.
Samples are comprehensively mixed to make sure of its homogeneity. The pressed
pellet was loaded in the sample port of the X-Ray Fluorescence analyser which was
connected to a computer system and the assembly left for about six to twelve
minutes after which the values of elements concentration were displayed on the
monitor (Fig 3.10).

S2RANGER

Figure 3.10: Analysis of heavy metals using X-Ray Fluorescence Spectrometry.

The XRF results were saved directly on the computer system and then printed out.
Prior to each cycle of analysis, the spectrometer was calibrated using a copper disk.
A sample was designated as a check sample to ensure repeatability of the analysis,
and the sample was analysed after a cycle of analysis. The standardised sample
SARM 42 was also used to ensure precision of the instrument for quality control. A
total of 151 tailings and soil samples were analysed.
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3.3.4 Sieve analysis

Dry sieve analysis was carried out to determine the particle size distribution of waste
rock. This is a simple laboratory test which was performed on the waste rock
material to determine the particle size distribution. This test is important because the
particle size composing the material ultimately determines the behaviour of the
material under the various conditions and thus dictates its applicability for various
geotechnical projects, for example, soil constituting more clay and silt material is
undesirable for geotechnical projects. This test was carried out as stipulated by the
Standard Methods of Testing Road Construction Material (1986); TMH1 Method Al.

A stack of standardized sieves were used for this procedure which guantitatively
separates gravel and soil particles according to their grain size. The sieves used had
the following apertures: 75 mm, 50 mm, 40 mm, 31.5 mm, 20 mm, 10 mm, 5 mm, 4
mm, 3.15 mm, 2 mm, 1 mm, 0.425 mm, 0.25 mm, 0.125 mm, 0.075 mm and the pan.
All these sieves together with the pan were cleaned by washing them with running
water from a tap to avoid contamination of the material. Sieves were weighed on the
scale balance before loading the material and their masses were recorded in the

notebook.

Each dried sample was emptied onto the stack of sieves, that is the upper most
sieve on the stack with the aperture of 75 mm, and then the sieve was closed with a
lid to contain all the material. The stack of sieves containing the waste material was
placed on the mechanical shaker as shown in Figure 3.11, which facilitated the
sieving process. The mechanical sieve operated at an amplitude of 40 and shook the
stack sieves for 60 minutes. The stack of sieves was then removed from the
mechanical shaker and the mass of each sieve and retained material was weighed
and recorded in the notebook. The mass of the retained material per sieve was
calculated by subtracting the mass of the sieve initially recorded from the mass of

the sieve recorded after sieving and the results used to plot a gradation curve.
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Figure 3.11: Stack of sieves with samples on the mechanical shaker.

3.3.5 Atterberg limit tests

Atterberg limit tests basically measure the critical water content of a fine-grained saill,
its shrinkage, plastic and liquid limits. Variation in water content in soil makes soil to
appear in four stages namely; solid, semi-solid, plastic and liquid. Engineering
properties of soil depend on these stages; thus, soil behaves differently from each
stage. Atterberg limits are used to distinguish soil between silt and clay. These tests
were conducted on all six waste rock samples. The finer material that passed
through the 0.075 mm sieve to the pan was used to conduct these tests.

Determining the liquid limit

Liquid Limit (LL) refers to the moisture content at which it will take 25 blows to close
a grove distance of 13 mm. This is the moisture content at which the soil starts
behaving as liquid. It is important because it assists in planning geotechnical project
such as road construction or selecting the most appropriate material for subgrade
since the material which acts as a liquid at low moisture content makes the road
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being more susceptible to damage during moist or slightly moist condition. The
equipment or apparatus used to determine the Atterberg limits were the

Cassagrande tool, a spatula, soil specimen, moisture cans and a grooving tool.

The soil collected from the pan was transferred into a clean dish and distilled water
was added. Soil was mixed with distilled water in a bottle until the soil becomes a
paste. Distilled water was used to prevent any reaction between ions in tap water
and those in the clay soil. A small portion of the paste was placed on a clean
Casagrande’s cup. The height of the cup was levelled to ensure that the distance at
which it was dropped to the hard rubber base was roughly 10 mm. The grooving tool
was used to cut a groove of 13 mm at the centre of the paste in the Casagrande’s

cup thus dividing the paste into two as shown in Figure 3.12.

Figure 3.12: Determining Liquid Limit using Cassagrande apparatus.

The crank was used to lift its cup and drop it several times onto the hard rubber base
at 2 drops per second. The aim was to acquire the moisture content at which the
groove in the centre closes after 25 blows. The cup was dropped and when the
groove closed, a slice of the paste was collected and placed onto the weighing trays
and weighed. The weight as indicated by the balance scale was recorded and the
paste sampled was placed into the oven to dry over 24 hours at 110°C. The paste in
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the weighing trays was then removed and weighed again. The moisture content at
which the groove closed was determined by subtracting the dried mass from the

mass weighed before the paste dried. Three trials were carried out for each sample.
Determining the Plastic Limit

The Plastic Limit (PL) refers to the moisture content in percentage, at which the soil
will crumble when it is rolled in threads of 3.2 mm. The plastic limit is the lower limit

of the plastic stage of soil (Das, 2008).

The ellipsoidal size soil mass was rolled repeatedly on the glass plate by hand. In so
doing, the water evaporated and the moisture content in the soil decreased, causing
the soil to eventually crumble (Fig. 3.13). The crumbled Pieces of soil were collected
and placed into the weighing trays. The crumbled soil was placed on the scale
balance and their weight was recorded on a notebook and then they were placed

into the Vacutec oven for drying over a period of 24 hours at 100°C.

Figure 3.13: Determining plastic limit by repeatedly rolling moist soil on glass plate.

It was then removed and weighed again. The dry mass of the tray with the crumbled
Pieces was subtracted from the moist mass to find the moisture content. A total of 3
trials were conducted for each sample and the average moisture content was
recorded to be the plastic limit of the soil mass. The difference between the Plastic
Limit (PL) and the Liquid Limit (LL) results in the Plasticity Index (PI) as shown below
(Das, 2010):

PI= LL-PL
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3.3.6 Determination of California bearing values

The California bearing ratio (CBR) test was conducted on all 6 waste rock samples.
This test was done to determine the bearing capacity of sub-grade soil for design of
flexible roads. The following apparatus were used; a Jack used as an extruder,
Mould and standard hammer, Lubricating grease, California Bearing Ratio base plate

and a steel cutting collar (Fig. 3.14).

Figure 3.14: Apparatus for Laboratory Compaction test: a) Jack used as an extruder;
b) Mould and standard hammer; c) Lubricating grease; and d) CBR Base plate.

The representative sample of material passing through 9.5 mm sieve was taken from
the sample bag containing waste rock from the field. The sampled material was
equally divided into three basins/containers. To ensure an equal division of material,
a balancing scale was used. Measuring cylinders were used to add water into the
three basins containing the soil samples, however, the water was in varying
guantities. The soil was mixed with water as it was added, and then water was
allowed to soak in for 15 minutes and the basins with samples were covered with

plastic to preserve the moisture content in the soil samples.

The 150 mm mould was weighed and the mass was recorded. The mould was then
placed on a base plate, screws on the base plate were used to tighten the mould and
hold it in place. The material was placed into the mould in five layers and a hammer
was dropped on each layer for 55 blows (equally distributed throughout the mould)
from a height of 300 mm. The mould with compacted soil specimen was weighed
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and the mass was recorded. The mass of the mould resulted from the difference
between the two masses. The diameter and the height of the compacted soil were

measured and the volume was calculated using the formula (Bronshtein et al., 2007):

Volume = Area X Height

And the density of the soil specimen was calculated using the formula (Das, 2013):

Weight of Solids + Weight of Water
Total Volume

ybulk =

The compacted soil specimen was removed from the mould using a jack. The
moisture content for the compacted soil specimen was determined by sampling the
compacted soil extruded from the mould and weighed. The sample was left to dry
overnight in the oven thermostatically controlled at 110°C and was then weighed.
The difference gave the pore water weight and moisture content was calculated
using the formula (Das, 2013):

weight of water
weight of solids

moisture content = X 100
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CHAPTER FOUR: RESULTS AND DISCUSSION

4.1 Correlation of tailings logs

Logging of tailings was done simultaneously with sample collection and this was
done to delineate the oxidized zone, transitional zone and the unoxidized zone of the
tailings. The extent of tailings oxidation with depth was recorded and tailings logs

were correlated along each Profile (Appendix A).
Correlation along Profile 1

Tailings along Profile 1, located along the southern part consisted of dark brown and
light brown material. The demarcation between the oxidized and unoxidized zone
was clear due to the difference in tailings colour (Fig. 4.1). The top O m to 2 m of
Profile 1 was mainly the dark brown material whereas between 2 m and 8 m tailings
were light brown in colour. It was concluded that the oxidation of P1H1 and P1H2
extended to a depth of 1.6 m and 2 m respectively. The transitional zone within this
Profile was not easy to identify.

Lithology Index

l Brown Sand
E] Light Brown Sand

Figure 4.1: Correlation of drillhole logs along Profile 1.
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Correlation along Profile 2

Correlation was conducted along Profile 2 and similar characteristics of tailings as
Profile 1 were observed. The colour of the tailings changed from dark brown to light
brown along each borehole. The oxidized zone extended to a depth of 2 m along
hole P2H2 (Fig. 4.2). The oxidized zone in holes P2H1 and P2H3 extended to a
depth of 1.7 m and 1.8 m respectively. The oxidized zone was easy to auger as
compared to the unoxidized zone which was quite competent and difficult to auger.
The transitional zone was not easy to identify as was the case in Profile 1. The
variation in oxidation zone with depth may be due to either the uneven topography of

the tailings dam and water retention.

Lithology Index

l Brown Sand
Light Brown Sand

Figure 4.2: Correlation of drillhole logs along Profile 2.
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Correlation along Profile 3

The oxidized zone along Profile 3 was quite extensive up to a depth of 3 m along
hole P3H4 and 2.7 m along hole P3H1. The oxidized zone of P3H2 and P3H3
extended to depths of 1.7 m and 2 m respectively (Fig. 4.3). The transitional zone
was not distinctive along this Profile. Drillhole P3H2, P3H3 and P3H4 consisted of
some sticky greyish material. This was encountered at depths of 3.6 m, 5.4 m and
6.2 m respectively. This material was grey sticky mud and was quite competent to
auger and contained higher moisture content. This material extended for 0.3 m at
P3H2, 0.5 m at P3H3 and 0.8 m at P3H4.

Lithology

Brown Sand

. :: : Light Brown Sand

Figure 4.3: Correlation of drillhole logs along Profile 3.

Correlation along Profile 4

Profile 4 was located at the northern part of the tailings dam. The oxidized zone

along Profile 4 was relatively extensive as in the case of Profile 3 where it extended
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to a depth of 3 m in hole P4H5. The oxidized zone of P4H1, P4H2, P4H3 and P4H4
extended to depths of 1.6 m, 2.0 m, 2.6 m and 2.4 m respectively. Like in Profile 1
and 2, the transitional zone was not distinctive. The greyish sticky material was
encountered in holes P4H1, P4H2 and P4H4 at a depth of 4.2 m, 44 m and 6 m
respectively (Fig. 4.4). This material extended for 0.3 m in hole P4H1, 0.7 m in hole
P4H2 and 0.6 hole P4H4.

Lithology

Brown Sand

Light Brown Sand

Figure 4.4: Correlation of drillhole logs along Profile 4.
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In general, the oxidation of tailings at Consolidated Murchison mine tailings dam was
uniform. The oxidation zone ranged from 1.6 m in hole P1H1 to 3 m in holes P3h4
and P4HS5. Limitation of oxidation zone to the first 3 m of the dam can be due to the
fact that moisture and oxygen was only limited to the topper part of the dam.
Oxidation was generally extensive on the western part of the tailings dam. This may
be due to the uneven topography of the tailings dam and uneven infiltration of water
along the tailings dam. The transitional zone was generally not distinctive although a
layer of sticky material was identified along Profile 3 and 4 that are attributed to this

Zzone

4.2 Evaluation of gold values within the tailings dam
Statistical analysis of heavy metals was conducted using the method of (Utochkin,
2015):

Range

Range refers to the difference between the largest and the smallest observed value

of each sample. The range was determined using equation 1.
Range (r) = Max. Observed — Min. Observed ................... Equation 1
Mean

Mean was determined by summing the observed values of the sample and divide by

the total number of samples. Equation 2 was used to determine the mean.

Mean (m) = 3(X; + X5... + X )
TL s Equation 2

Where; > =sum of all observed values

X = observed value of each sample
n = total number of samples

Median

Median is the middle value of a set of numbers after rearranging such numbers in

numerical order.
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Variance

Variance is used to measure how far a set of numbers are spread out. Variance was

determined by using equation 3.

ML= L Equation 3

Where; $%= Variance
> = sum of all observed values
X1 =sample observation
X = the mean
n = total number of samples

Standard deviation

Standard deviation refers to the measure that is used to quantify the amount of
variation or dispersion of a set of data values. Standard deviation was determined by

using equation 4.

2(z—7)*
S=A "7 1
. V N o= Equation 4
Where; S = the standard deviation

X = sample observation
X =the mean
N = total number of samples

Threshold

Threshold refers to the mean multiplied by two times the standard deviation (Bland

and Altman, 1996). Threshold was determined using equation 5.

Threshold (Th) = X X 2S.......cccoiiiiiiiiiiiie, Equation 5
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Where: X = Mean

S = Standard deviation

Samples from the first 6 m of each hole were analysed for gold, thus a total of 84
samples were analysed and results were presented in Appendix B. The lowest and
highest gold values were found to be 200 mg/kg and 1880 mg/kg respectively with
an average value of 670 mg/kg (Table 4.1). Based on the distribution pattern of gold
as shown on figure 4.5 to figure 4.8, the distribution of gold within the tailings dam

was generally erratic.

Table 4.1: Statistical analysis of gold within the tailings dam

Au (mg/kg)

Number of samples 84

Minimum 200

Maximum 1880

Range 1680

Mean 670

Median 660

Variance 40

Standard deviation 200

Threshold 270

4.3 Distribution of gold within Consolidated Murchison mine tailings dam

Distribution of gold along Profile 1

The distribution of gold along Profile 1 was erratic although along P1H2 there was a
general decrease with depth (Fig. 4.5). Gold values ranged from 200 mg/kg to 900
mg/kg. The lowest value of gold was observed at a depth of 2-3 m along hole P1H2
and the highest value was recorded along hole P1H1 at a depth of 1 m. The average

gold value along this Profile was 611 mg/kg.
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Figure 4.5: Distribution of gold along Profile 1.

Distribution of gold along Profile 2

The distribution of gold along Profile 2 was generally erratic within hole P2H1, P2H2
and P2H3. Gold values were increasing and decreasing from one meter to the next
along P2H2 and P2H3 (Fig. 4.6). In hole P2H1, gold values decreased with depth
from the surface to a depth of 5 m from which there was an increase. The lowest and
highest values of gold along Profile 2 were recorded to be 410 mg/kg and 910 mg/kg
respectively. The lowest value was recorded at a depth of 4-5 m in hole P2H1 and
the highest value was recorded at 1 m depth in hole P2H1. The average value of

gold along Profile 2 was found to be 656 mg/kg.
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P2H3 Au

Figure 4.6: Distribution of gold along Profile 2 within the three boreholes.

Distribution of gold along Profile 3

The distribution of gold along this profile was decreasing with depth along hole P3H2
and P3HS3. In hole P3H1, gold values were generally increasing with depth (Fig. 4.7).
Gold distribution in hole P3H4 was found to be erratic. The average value of gold
was calculated to be 747 mg/kg with the lowest and highest values found to be 450
mg/kg and 1880 mg/kg respectively. The lowest value occurred in hole P3H2 at 5-6
m depth and the highest value was found in hole P3H4 at 3-4 m depth.
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Figure 4.7: Distribution of gold along Profile 3 within boreholes P3H1-P3H4.

Distribution of gold along Profile 4

Along boreholes P4H1 and P4H4, gold values were generally increasing with depth,
whereas there was a general decrease in values with depth along borehole P4H2
(Fig. 4.8). Gold values along boreholes P4H3 and P4H5 were more or less uniform
with depth. The lowest and highest values were observed along hole P4H1 and
P4H4 respectively. Gold values along this Profile ranged from 280 mg/kg in P4H1 to
950 mg/kg in hole P4H4. The average value was calculated to be 639 mg/kg.
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PdH4 Au P4H3 Au

Figure 4.8: Distribution of gold along Profile 4 within boreholes P4H1-P4H5.

4.4 Estimation of gold content within the tailings dam

The geochemical data analysis for gold that was obtained was used to estimate the
total amount of gold within the tailings dam. To ascertain the total gold content within
the tailings dam, it was necessary to determine the area of the entire tailings dam,

the height, volume, tonnage and the value of gold within the tailings dam

The total area and height of the tailings dam were determined to be 250 100 m? and
30 m respectively. The volume of the tailings dam was calculated by multiplying the

total area with height, with the assumption that the dam was regular:
Where V= a X /2

=250 100 m?> X 30 m

=7 503 000 m®
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The tonnage of the tailings dam was determined by multiplying the volume by
density of the material. The average density of the material was considered to be
1.77 kg/m?® (Ramuada, 2014).

Therefore: Q = Vd, where Q = Tonnage,
V = Volume, and
d = Density
=7503000 X1.77
=13 280 310 tons
The value of gold within the tailings was calculated using the following formula:
P = QC, Where P = metal value in grams,
Q = tailings tonnage, and
C = average gold value

=13 280 310 X 0.67
1000

= 8 897. 81kg

Gold values within the Consolidated Murchison tailings dam were high since the
highest value was 1880 mg/kg. The average value of gold within this tailings dam
was 670 mg/kg. This value is high being compared to the average value observed at
the tailings of East Rand Gold and Uranium Company (ERGO) which was found to

be 530 mg/kg (www.miningreview.com/news/ergo-to-be-reborn/). A  similar

programme of gold recovery commenced at about the same time at the Central
Rand on tailings dams averaging about 400 mg/kg gold and sand dumps averaging
about 600 mg/kg (Viljoen, 2009). The lowest Au value was found to be 200 mg/kg. In
general, there was an erratic distribution of gold with depth. It was assumed that the

erratic behaviour of gold with depth continued to the bottom of the tailings dam.

ERGO is reprocessing tailings dams using hydraulic reprocessing method which can
also be effective in reprocessing Consolidated Murchison tailings. The total amount
of gold within the Consolidated Murchison tailings dam was determined to be 8 897.

81 kg. The total amount of tonnes within this tailings dam were 13 280 310 tons. In
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British Columbia, Carolin mine which produced gold and silver in the past is an ideal
case (Xinyi, 2012). It had drilling tests and fire assaying results which had proven
reserves of almost 800 000 tonnes with gold values of 1 740 mg/kg. The tonnage of
gold within the Carolin mine tailings dam was found to be lower than those of
Consolidated Murchison mine which makes tailings at this mine reprocessible. High
values of 583 mg/kg were found by Matshusa et al. (2012) in South Africa. High
values of 11, 200 mg/kg were recorded in Tanzania by Bitala et al. (2009).

The amount of gold within this tailings dam was found to be 8 897. 81 kg. According
to Dehghani et al. (2009) microscopic analysis of the Moutech gold tailings dam
revealed that sulphide minerals and active carbon are the main sources of gold in
the tailings residues. They conducted floatation and cyanidation tests on tailings and
were able to recover about 87.79% of gold, which was associated with sulphide
minerals were, active carbon was separated using crude oil as the collector and
Aeorofloat 39 as the frother. Potassium ethyl xanthate was used as the collector for
conditioning the pulp and Sacsol 95 was used as the collector and Aeorofloat 39 as
the frother to recover. The dominant suphide ore minerals hosting free gold and gold
telluride within the ore were noted to be pyrite and chalcopyrite (Dehghani et al.,
2009). Similar methods may be applied at Consolidated Murchison mine tailings dam

to reprocess gold.

Assuming that similar method of floatation and cyanidation used at Moutech gold
tailings dam is to be applied at the Consolidated Murchison tailings dam at gold
recovery of 87.79%, approximately 7 811.37 kg of gold can be recovered from the
Consolidated Murchison tailings dam. Currently, the price of gold is $39 293.03/kg,
thus a total of US$ 306 932 396.00 (R 4 281 706 924.20) in monetary terms can be

reprocessed from this tailings dam.

4.5 Statistical analysis of heavy metals within the tailings dam

Calculations of statistical summary of heavy metals within the tailings dam of the
Consolidated Murchison mine were done and the same formulae for gold analysis
were used to get such statistical summary. Heavy metal data from XRF spectrometry
were presented in Appendix C. From these data, the highest values of heavy metals
were recorded for Pb, Ni, Cr and As with values of (ppm); 9471.8, 2817, 1824.2 and
1016.6 respectively. Cd was found to have the lowest values below 1 ppm alongside
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with Cu, Co and Zn with minimum values of (ppm); 2.3, 16.7 and 49.6 respectively

(Table 4.2). Variance, Standard deviation and threshold were calculated and

presented in Table 4.2 below. This was done to quantify the dispersion of heavy

metals within the tailings dam.

Table 4.2: Statistical analysis of heavy metals within the tailings dam

Cr Co Ni Cu Zn As Cd Pb
(PPM) (PPM) | (PPM) | (PPM) | (PPM) | (PPM) | (PPM) | (PPM)
Number
of 112 112 112 112 112 112 112 112
samples
Minimum | 934.8 16.7 1690. | 2.3 49.6 4329 |0 4033
9
Maximum | 1824.2 25.1 2817 261 91.7 1016. | 0.1 9471.8
6
Range 889.4 8.4 1126. | 258.7 |42.1 583.7 |0.1 5438.8
1
Mean 1345 19.8 2062. [41.9 70 604.4 |0.01 5631.5
6
Median 1340.8 |19 1850. | 37.25 |10.4 80.8 0 5228.6
4
Variance | 205224 | 176 23293 | 72952 | 5634. | 73865 | 0.06 641257
55 .07 4 1 15
Standard | 1432.6 | 13.3 171.2 | 270.1 |75.1 8594 |0.3 8007.9
deviation
Threshold | 385369 | 526.6 | 70623 | 22634. | 10514 | 10388 | 0.006 | 901929
4 8 4.2 4 42.7 7.7

4.6 Distribution of heavy metals within the tailings dam

Data attained from X-Ray Fluorescence Spectrometry of heavy metals in Appendix C

were used to analyse the distribution of heavy metals with depth of the tailings dam.

The outcomes of the analyses are presented in Figures 4.9-4.22.
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Distribution of heavy metals along borehole P1H1

Heavy metals within borehole P1H1 generally showed erratic distribution with depth
as shown in Figure 4.9. Cd showed a uniform distribution with depth but elevated
values between 1 to 2 m depth (Fig. 4.9). However, some metals, for example, Cr,
Co and Zn had relatively even distribution with depth. The values of Cu and Cd were

extremely low and erratic.
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Figure 4.9: Distribution of heavy metals along borehole P1H1.

Distribution of heavy metals along borehole P1H2

Heavy metals within borehole P1H2 were generally changing with depth as
illustrated on Figure 4.10. The distribution of Cr, Co and Ni were more or less

uniform with depth. Cd within this borehole was below the detection limit of 0.1
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(Appendix C) throughout the entire borehole. The distribution of Cu was rather
erratic. However, As and Pb were generally decreasing with depth and Zn was found
to be generally increasing with depth. The highest value recorded was 8686.2 ppm in
Pb at a depth of 2-3 m.
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Figure 4.10: Distribution of heavy metals along borehole P1H2.
Distribution of heavy metals along borehole P2H1

The behaviour of heavy metals within borehole P2H1 were well illustrated on figure
4.11 below. Cr, Co and Ni were more or less. As and Pb were more or less uniform
apart from the first one meter and minor variations.. Cd was below the detection limit
throughout the entire borehole as was the case in borehole P1H2. In general, Zn

was found to be increasing with depth. Cu was found to be decreasing with depth
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from 0-5 m but increasing from 5-8 m (Fig. 4.11). The lowest and highest values

recorded were 0 ppm and 7508.3 ppm in Cd and Pb respectively.
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Figure 4.11: Distribution of heavy metals along borehole P2H1.
Distribution of heavy metals along borehole P2H2

The second borehole (P2H2) along Profile 2 showed different trends of heavy metals
distribution with depth. Cr, Co and Ni were more or less uniform throughout the
entire borehole. Zn was perfectly increasing with depth from 0-8 m. However, As and
Pb had a similar erratic distribution with depth throughout the entire borehole and Cu

was rather erratic (Fig. 4.12). Cd was below the detection limit except at 4-7 m.
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Figure 4.12: Distribution of heavy metals along borehole P2H2.

Distribution of heavy metals along borehole P2H3

In borehole P2H3, Cr and Cu were generally erratic and Zn was generally increasing
with depth. Co and Ni were more or less uniform, however, As and Pb appeared to
be more or less uniform with minor variations (Fig. 4.13). Cd was below the detection
limit except at a depth of 5-6 m where a value of 0.1 ppm was detected. The highest
value of 6234.5 ppm was recorded in Pb at at a depth of 0-1 m.
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Figure 4.13: Distribution of heavy metals along borehole P2H3.

Distribution of heavy metals along borehole P3H1

Heavy metals within borehole P3H1 had different behaviour with depth. The
distribution pattern of Cr, Co and Zn was generally uniform with a slight increase in
Zn at a depth of 5-6 m. Ni showed a more or less uniform trend except between 1-3
m where there was an increase with depth (Fig. 4.14). Pb was more or less uniform
except from 1-3 m from the surface. Cu was generally erratic with depth. A general
decrease with depth was observed in As, however, Cd was below the detection limit
with depth except at 2-3 m where a value of 0.1 ppm was detected. The highest

metal value of 6866.8 ppm was observed in Pb at a depth of 3 m.
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Figure 4.14: Distribution of heavy metals along borehole P3H1.

Distribution of heavy metals along borehole P3H2

In borehole P3H2, Cr, Ni, Cu, Zn and As showed a more or less erratic behaviour
with depth. Cd was below the detection limit throughout the borehole except at 4-5
m. However, Co and Pb were more or less uniform except the first one meter where
the highest value of 6524.4 ppm was recorded in Pb (Fig. 4.15).
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Figure 4.15: Distribution of heavy metals along borehole P3H2.

Distribution of heavy metals along borehole P3H3

In borehole P3H3, most of the metals were erratically distributed with depth. Cr, Ni,
Cu, Zn, As and Pb were erratically distributed (Fig. 4.16). A more or less uniform
trend was observed in Co, however, Cd was undetected except between 3-4 m and
5-6 m. The highest value of 6505.7 ppm was observed in Pb at a depth of 3-4 m.
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Figure 4.16: Distribution of heavy metals along borehole P3H3.

Distribution of heavy metals along borehole P3H4

Here, most of the metals were more or less uniform with depth. It was observed that
Cu was the only metal that was erratically distributed with depth (Fig. 4.17). A more
or less uniform distribution trend with depth was observed in Cr, Co, Ni, Zn, As and
Pb. Cd, like at most cases was undetected throughout the entire borehole.
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Figure 4.17: Distribution of heavy metals along borehole P3H4.

Distribution of heavy metals along borehole P4H1

In borehole P4H1, a more or less uniform trend with depth were observed in Co and
Zn. Cr, Ni and Cu were erratically distributed from the top to the bottom. Similar
general decreasing trend in metal values were observed in As and Pb (Fig. 4.18). Cd

was undetected throughout the entire borehole except between 0-1 m and 2-3 m

where a value of 0.1 ppm was detected.
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Figure 4.18: Distribution of heavy metals along borehole P4H1.

Distribution of heavy metals along borehole P4H2

In borehole P4H2, Cr, Cu, As and Pb were erratically distributed with depth. More or
less uniform distributions with depth were observed in Co and Ni. Like at most cases,
Cd was not detected except at 1-2 m where a value of 0.1 ppm was detected (Fig.

4.19). Zn was generally increasing with depth.
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Figure 4.19: Distribution of heavy metals along borehole P4H2.

Distribution of heavy metals along borehole P4H3

Heavy metals within borehole P4H3 were either erratically distributed with depth or
more or less uniform with depth. Cr, Ni and Cu were erratically distributed with depth,
whereas, Co, Zn, As and Pb were more or less uniform with depth (Fig. 4.20).
Though the distribution of Zn was more or less uniform, there was a slight increase
with depth. Cd values were only detected between 0-2 m deep and could not be
detected from 2-8 m deep.
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Figure 4.20: Distribution of heavy metals along borehole P4H3.

Distribution of heavy metals along borehole P4H4

Heavy metals within borehole P4H4 were more or less erratic though a uniform
behaviour was detected in some metals. Erratic distribution of metals with depth
were observed in Cr, Zn, As and Pb. However, a more or less uniform trend was
observed in Co and Ni with minor variations. Cu was generally increasing with depth
from 0-7 m and suddenly decreased at 7-8 m (Fig. 4.21). Cd was only detected at O-
1 mand 6-8 m
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Figure 4.21: Distribution of heavy metals along borehole P4H4.

Distribution of heavy metals along borehole P4H5

Heavy metals within borehole P4H5 were either erratically distributed with depth or
more or less uniform. Like other previous cases, Cd was not detected except at 0-2
m and 5-6 m. The distribution of Cr, Cu, As and Pb was rather erratic and the

distribution of Co, Ni and Zn were more or less uniform with depth.
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Figure 4.22: Distribution of heavy metals along borehole P4H5.

In general, the overall assessment of the distribution pattern was found to be erratic.
Few metals, Cr, Co and Ni, generally revealed a uniform distribution with depth,
though there were some instances were such metals were erratically distributed. Cu
was the only metal that maintained an erratic distribution with depth with a slight
decrease with depth in borehole P2H2. As and Pb had more or less similar
distribution trends, mostly erratic, throughout the entire tailings dam. Zn was
generally increasing with depth though a few erratic trend and uniform trend were
detected in some cases. In general, Cd was below the detection limit in many cases
and a value of 0.1 ppm was detected in few cases. This irregular trend of heavy
metal distribution was due to the undulating topography of the tailings dam. The

erratic distribution was due to the variation in the level of how far the oxidation level
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has extended. Cd was generally the heavy metal with the lowest value and Pb had

the highest value in all boreholes.

High values were detected in (ppm); Pb (9471.8), Ni (2817), Cr (1824.2), As (1016.6)
and Cu (261). These values in tailings can be attributed to their occurrence within the
primary ore that contains sulphide mineralisation, mainly; Galena (PbS),
pentlandite[(Fe, Ni)¢Sg], Chromatite (CaCrO,) Arsenopyrite (FeAsS) Chalcopyrite
(CuFeS,) respectively. High values of Cu are associated with the copper-zinc line
where the mineralisation strikes in the general direction of the Murchison range
(Consolidated Murchison Limited Information Brochure, 1991). Cd appears in low
amount of 0.1 ppm, because it usually occurs in trace quantities in sphalerite. The
Cd content in sphalerite varies widely, but is normally in the range 0.02 to 1.5%, with
a median value of around 0.3%, although up to 5% have been reported (Fergusson,
1990). Elevated Cr values are indicative of komatite and basalt, even in strongly-
weathered environments, such as laterite (Wedepohl, 1978). Co was generally low,
averaging 8.4 ppm. Co generally occurs within pyrite in trace quantities.

4.7 Distribution of heavy metals around the tailings dam

Soil data were used to determine the extent of pollution in the surrounding area due
to mine tailings. Prediction maps (Figs. 4.23 - 4.30) illustrate the distribution pattern
of each metal. The prediction map of each metal is made up of different colours from
red through orange and yellow to lime and green that represent the metal values.
Red colour indicates high values, orange indicates moderate values, yellow indicates
low values, lime indicates very low values and green indicates no values. Prediction
maps were drawn taking into account the heavy metal optimum allowable limits on

the environment as stipulated by the Government Gazette (2012).

It can be seen from appendix D that there is a wide range of heavy metals: Cr 27-
1712.2 ppm, Co 5.7-75.1 ppm, Ni 23.1-3060.6 ppm, Cu 14.6-291.8 ppm, Zn 14.3-
167.3 ppm, As 4.2-649 ppm, Cd 0-0.1 ppm and Pb 38.4-6046.5 ppm. Cd (Fig. 4.29)
was the only metal in the area which displayed no values at all as it was noted that
Cd concentration were ranging from 0-0.1 ppm and illustrated largely by a green
colour. Pb was found to be the metal with the highest values with the highest value

of 6046.50 ppm (Appendix D) along the eastern part of the tailings dam.
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It can be concluded that the area surrounding the Consolidated Murchison tailings
dam is highly enriched with heavy metals from the tailings dam to about 1-3 km away
from the tailings dam, but these values decrease with the increase in distance. High
concentrations were recorded in Pb, Ni, Cr and As where values of 6046.5 ppm,
3060.6 ppm, 1712.2 ppm and 649 ppm were observed respectively. The order of
abundance of heavy metals observed around the tailings dam was
Pb>Ni>Cr>As>Cu>Zn>Co>Cd. There was also a shift of metal values for Cr, Co, Ni
and As to the east and for Cu to the west and for Zn and Pb on top of the tailings
dam. The distribution pattern of Ni and As was found to be similar due to a shaft and

waste rock dump appearing on the eastern part of the tailings dam.

The prediction maps summarized the statistics of heavy metals around the tailings
dam of Consolidated Murchison Mine. High level of heavy metals were largely
dispersed on the eastern part of the tailings dam, due to a shaft and waste rock

dump located at about 1.5 km away from the tailings dam.
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Figure 4.23: Geo-environmental model of Cr around the tailings dam.
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Figure 4.24 Geo-environmental model of Co around the tailings dam.
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Figure 4.25: Geo-environmental model of Ni around the tailings dam.
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Figure 4.26: Geo-environmental model of Cu around the tailings dam.
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Figure 4.27: Geo-environmental model of Zn around the tailings dam.
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Figure 4.28: Geo-environmental model of As around the tailings dam.
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Figure 4.29: Geo-environmental model of Cd around the tailings dam.
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Figure 4.30: Geo-environmental model of Pb around the tailings dam.

4.8 Dispersion of heavy metals around the tailings dam

Figure 4.31 to 4.34 below are graphical presentation of how heavy metals are being
dispersed from the tailings dam to the surrounding area. With the exception of the
eastern direction, the dispersion of metals was decreasing with distance from the

dam.
Dispersion of heavy metals along northern part of the tailings dam

Data from the soil samples that were collected in the northern direction were
analysed and presented in graph form for all metals (Fig.4.31). Apart from Pb, Ni and
Cr, other metals showed insignificant change with distance from the tailings dam. At
the 500 m away from the tailings dam, Pb and Ni registered values that were higher
than 1000 ppm with Cr ranging from 754.6 ppm to 985.3 ppm. These values
decreased to less than 200 ppm at a distance of 2250 m away from the tailings dam.
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Figure 4.31: Dispersion of heavy metals along the northern part of the tailings dam.

Dispersion of heavy metals along the southern part of the tailings dam

The acquired soil geochemical data in the southern direction were used to determine
the distribution pattern. As in the northern direction, the dispersion of metals in the
southern direction was similar as Pb, Ni and Cr registered higher values near the
tailings dam but dying out with distance from the dam. The only difference here,
however, is that Pb decreased faster than Ni and Cr (Fig. 4.32). This was observed
at a distance of 250-500 m away from the tailings dam. At a distance of 1500 m from
the dam, Ni and Cr had values of 593.5 ppm and 427.5 ppm respectively, whereas
Pb registered a value that was below 200 ppm.

Dispersion of heavy metals along the western part of the tailings dam

The acquired soil geochemical data on the western part of the tailings dam were
used to determine the distribution pattern. Here, Pb, Ni and Cr were higher than
other metals but lower than 1000 ppm. Pb, Ni and Cr registered 520.6 ppm, 452.5
ppm and 386.9 ppm respectively which was more or less half of what was registered
at the same point along the north, east south directions. Co, Cu, Zn, As and Cd were
all lower than 200 ppm as was always the case with the north and south. Heavy

86

© University of Venda



b
o
&) i

metal values deteriorated to less than 100 ppm at 2250 ppm with Pb registering 79
ppm (Fig. 4.33).
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Figure 4.32: Dispersion of heavy metals along the southern part of the tailings dam.

Concentration values (ppm)

600

500

400

300

200

100

TN

D1 D2 D3 D4 D5 D6 D7 D8 D9 D10
Sampling points

——Cr (PPM) —@—Co (PPM) —&—Ni(PPM) —<—Cu (PPM)

—%—2n (PPM) —e—As (PPM) ——Cd (PPM) Pb (PPM)

Figure 4.33: Dispersion of heavy metals along the western part of the tailings dam.
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Dispersion of heavy metals along the eastern part of the tailings dam

Data from the soil samples that were collected in the northern direction were
analysed and presented in graph form for all metals (Fig.4.34). At this case, Pb was
a little below 1000 ppm at 250 m away registering 834.7 ppm. However, Cr and Ni
were both higher than 100 ppm. Co, Cu, As and Cd were lower than 100 ppm from
0-1000 m away from the tailings, with Pb, Cr and Ni deteriorating with distance.
Sudden peaks of nearly all heavy metal values were observed 1750-2000 m away
from the tailings dam (Fig. 4.34). Ni and Cr peaked at 1750 m away from the dam
with Pb and As peaking at 2000 m away from the dam. At these points, Pb and Ni
peaked to 6046.5 ppm and 3060.6 ppm respectively. The sudden peaks in metal
values were due to a mine shaft and waste rock dump which was located at around
this area. At 2500 m away from the tailings dam, metal values declined to less than
500 ppm besides Cr and Ni, were values of 553.9 ppm and 710.1 ppm were
recorded.
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0 Lo
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Figure 4.34: Dispersion of heavy metals along the eastern part of the tailings dam.

In general, the values of heavy metals were decreasing with distance as we move
further away from the tailings dam. The values of Pb, Ni and Cr were found to be

higher than other heavy metal values with Cd having the lowest value.
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The analysed heavy metals within this tailings dam vary in concentration with Pb
having the highest value of 9471.8 ppm with an average of 5631.5 ppm. Cd could
not be detected because its concentration was below the detection limit. High values
were also recorded in Cr, Ni and As where the average values were found to be
1345 ppm, 2062.6 ppm and 604.4 ppm respectively. Data obtained from the analysis
of Cd, Co and Zn showed low values within the tailings dam with 42.1 ppm as the
highest range recorded in Zn and 0.1 ppm recorded in Cd. The concentrations of
these metals were erratically distributed with depth. The main assumption of the
study was that the metal values as assessed for the first 8 m from the surface was

consistent with depth.

4.9 Pollution status of the soil around tailings dam
The pollution status of soil in this study was analysed and all 39 samples from four
different directions (north, west, south and east) around the tailings were analysed.

This analysis was done using the Single Factor Index Evaluation Method (SFIM).
Single factor index evaluation method

According to Hong-gui et al. (2012), the Single Factor Index Method is one of the
most current methods used in evaluation of the degree of heavy metal pollution in
soil. Concentrations of Cr, Co, Ni, Cu, Zn, As, Cd and Pb in soil were used to
determine the pollution status of the soil. The method is denoted by the formula that
was developed by Fang (Zheng et al., 2006);

Pi= GCil S
Whereby;
Pi= Environmental quality index of the pollutant
Ci= Concentration on the spot survey of the pollutant
Si= Assessment standard of the pollutant

If Pi < 0.7, heavy metals content of samples stands at good condition
(uncontaminated). If 0.7 < Pi £ 1, heavy metals content of soil does not exceed the
environment quality standard, crops develop normally and no harm to human health,
but heavy metals pollution of soil is already approaching the warning conditions
(Table 4.3). If Pi >1, the heavy metals content of soils is beyond the environment
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guality standard, thus can affect the growth of crops and human health. If 1 < Pi < 2,
denotes light pollution and 2 < Pi < 3 denotes moderate pollution and if Pi > 3

denotes heavy pollution (Zheng et al., 2006).

Table 4.3: The evaluation grading standards of the single-factor index method

Sub- Pi<0.7 0.7< Pi <1 1<Pi<20 |20<Pis Pi> 3.0

index 3.0

Quality | Not Approaching | Low degree | Moderate High

grade contaminated | pollution of pollution | degree of degree of
warning pollution pollution
conditions

The total distance of 2.5 km of each direction (north, west, south and east) was
divided into three parts. The first part, which is closest to the tailings dam, was 1 km
and the last two parts were 750 m each. The mean value of each heavy metal, from
each part, was determined by calculating the average concentration value of all
samples that fall within the same part. Determination of the rate of pollution was
done using the mean values as C; as indicated in the above formula and maximum
allowable limit of each metal (Table 4.4). The mean concentration values of Cr, Co,
Ni, Cu, Zn, As, Cd and Pb in table 4.5, were determined from concentration values of
soil around the tailings dam (Appendix D). Determination of the rate of pollution was
done using the mean values of C; as indicated from the formula above and maximum
allowable limit of Cr, Co, Ni, Cu, Zn, As, Cd and Pb.

Table 4.4: Table showing optimum allowable limits of heavy metals (Government
Gazette, 2012)

Sample Cr Co Ni Cu Zn As Cd Pb
(ppm) | (PpM) | (ppm) | (PPM) | (PPM) | (PPM) | (PPM) | (PPM)

Optimum

Allowable | o 129 |40 75 200 |15 1 100

Limits
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Table 4.5: Mean concentrations of heavy metals in soil around Consolidated

Murchison tailings dam

Sample | Cr Co Ni Cu Zn As Cd Pb
points

Al-A4 | 7019 |55.7 |1072.7 |109.2 |146.6 |101.6 |0.0 1139.2

A5-A7 | 2216 |29.4 |557.6 |56.5 115.6 |31.4 0.0 634.6

(A)

A8-10 |161.7 |19.3 |97.9 40.6 83.6 12.6 0.0 151.4

All 53.4 6.4 28.1 23.5 48.6 6.4 0.0 56.3

Northern direction

B1-B4 |906.7 |50.9 |930.0 |73.1 100.0 | 82.0 0.1 732.6

B5-B7 |1229.9 | 23.6 |2136.4 |93.8 148.8 | 137.7 | 0.0 1282.8

B8-B10 | 594.6 |24.7 |872.2 |140.3 |96.3 307.8 | 0.0 2867.8

Eastern direction
(B)

B11l 359.1 |17.2 |285.7 |115.2 |78.5 21.9 0.0 187.6

C1-C3 |596.2 |22.4 |8855 |133.8 |133.5 |110.2 |0.0 1026.6

C4-C6 |4559 |19.1 |651.0 |[1126 |924 27.2 0.0 253.8

Southern
direction
©

D1-D4 |307.1 |245 |4889 |161.2 |146.4 |40.9 0.0 381.0

D5-D7 |158.9 |23.4 |180.1 |84.7 124.6 | 18.0 0.0 167.6

(D)

D8-D10 | 92.2 172 | 72.2 51.3 87.8 9.1 0.0 85.2

Western direction

D11 27.0 5.7 23.1 14.6 14.3 4.2 0.0 38.4

Table 4.6 below shows the extent of contamination that heavy metals posed to the
environment. It was observed that at 1 km (Al1-A4), away from the tailings dam,
along the northern part, Cr, Ni, As and Pb contaminated the environment with high
degree of pollution (Table 4.6). Cr, Ni, As and Pb had a Pi of 9.4, 26.8, 6.8 and 11.4
respectively, which is greater than 3, the value denoting high degree pollution (Table
4.3). However, Co and Cu had low degree pollution with Pi values 1.9 and 1.5 with
Zn and Cd with low Pi values of 0.7 and 0.0 respectively, denoting to no
contamination. At A8-A10, which is 1750-2500 m away from the tailings dam, P;

values of Cr and Ni dropped to 2.2 and 2.4 respectively, denoting to moderate
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degree of pollution. However, As dropped to 0.8 meaning approaching pollution
warning conditions and Co, Cu, Zn and Cd had P;values lower than 0.7 denoting no
contamination. At A11, a control point which is 5 km away from the tailings dam, no
contamination due to heavy metals was recorded since the Pi value of all metals was

less than 0.7.

At a distance of 1 km away from the tailings dam B1-B4), along the eastern part, Pi
values of Pi > 3.0 were recorded in Cr, Ni, As and Pb, denoting high degree of
pollution. However, low degree of pollution was observed in Co, Zn and Cd had no
contamination with Pi values of lower than 0.7 (Table 4.6). Pi values of all the heavy
metals, with the exception of Co and Cd, increased at B5-B7 (1250-1750 m away
from the dam) due to a shaft and a waste rock dump located within that area. At this
point, Cr, Ni, As and Pb had high Pi values of 16.4, 53.4, 9.2 and 12.8 respectively.
However, these values dropped at B8-B10 with Co, Zn, and Cd having Pi values of
less than 1. At B11, a control point along the eastern part of the dam, which is 5 km
away from the tailings dam, Cu, As and Pb had Pi values of 1.5, 1.5 and 1.9
respectively, meaning low degree of pollution. However, Cr and Ni had Pi values of
greater than 3 denoting to high degree of pollution and Co, Zn and Cd had Pi values

of less than one meaning no contamination.

Pi values of metals along the southern part were ranging from 0.0 to 10.3. At 250-
750 m (C1-C3) away from the tailings dam, the Pi values of Cr, Ni, As and Pb were
higher than 3, meaning high degree of pollution, as was the north and east. Co, Zn
and Cd had Pi values of 0.7, 07 and 0.0 respectively, which is Pi< 0.7 denoting no
contamination. However, these values dropped at C4-C6 (1000-1500 m) away from
the tailings dam. As dropped from 7.3 to 1.8 meaning low degree of contamination,
Cr, Co, Ni, Cu, were still within the same range of contamination as they were at C1-
C3. There was no control point within the southern part of the tailings dam due to

lack of access within this area.

At the western part of the tailings dam, Cr, Ni and Pb had Pi values of greater than 3
at D1-D4 (1 km away from the dam), meaning high degree of pollution. Cu and As
had a moderate degree of pollution with Pi values of 2.1 and 2.7 respectively. These
values dropped with distance from the tailings dam and it was observed that at D5-
D7 (1250-1750 m) away from the tailings dam, Cu, As and Pb had Pi values of 1.1,
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1.2 and 1.7 denoting low degree of pollution. However, Co had a Pi value of 0.8
denoting that it is approaching pollution warning conditions whereas Zn and Cd had
Pi values of 0.6 and 0.0 respectively meaning that they have no contamination to the
environment. At control point D11, a point which is 5 km away from the tailings dam,
no contamination was recorded as the Pi values of all metals had Pi < 0.7 (Table
4.6).

Table 4.6: Pollution index values of soil around Consolidated Murchison tailings dam

Sample
points

0.6

(A)

0.4

Northern direction

0.2

0.5

0.7

0.5

Eastern direction
(B)

0.4

0.7

Southern
direction
©

0.5

c 0.7 2.7
S

3]

o D5-D7 |21 0.8 1.1 0.6 1.2 0 1.7
S A

Cv

3 D8-D10 | 1.2 0.6 1.8 0.7 0.4 0.6 0 0.9
w0

(0]

= D11 0.4 0.2 0.6 0.2 0.1 0.3 0 0.4

High degree of pollution | Moderate degree of pollution D Low degree of pollution
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In general, Pi values of greater than 3, denoting high degree of pollution, were
detected in Cr, Ni, As and Pb. However, these values were decreasing with distance
from the tailings dam. No contamination was observed at 5 km away from the tailings
dam along the northern and western part of the dam.

4.10 Grain size distribution

Sieve analysis of waste rock samples was conducted and results are well presented
in Appendix E. From the gradation curve in Figure 4.35, the efficient diameter (D10),
diameter corresponding to 30% passing (D30) and diameter corresponding to 60%
passing (D60) were determined. The coefficient of uniformity (Cu) and co-efficient of
curvature (Cc) were calculated using D10, D30 and D60. The following equations
were used to calculate Cu and Cc respectively, (Das, 2010):

D D2
Cu= €0 and Cc=—39
Do Do X Dy

Table 4.7 shows that the effect diameter ranged from 0.09 to 0.17 with an average of
0.13 mm. Sample 1 had the lowest effective diameter and Sample 3 had the highest
effective diameter (0.09 mm and 0.17 mm respectively). D30 and D60 had an
average of 2.39 mm and 20.55 mm respectively. The co-efficient of uniformity
ranged from 80.77 to 350 with an average of 165.97. The co-efficient of curvature
had an average 2.46 with the lowest and highest values of 0.99 and 5.93

respectively.

Table 4.7: Summary of key particle sizes and co-efficient

Sample ID | D10(mm) D30(mm) D60(mm) Cu Cc

Sample 1 | 0.09 0.90 9.10 101.11 0.99
Sample 2 |0.12 24 42 350 1.14
Sample 3 | 0.17 3.15 20.53 120.76 2.84
Sample 4 | 0.15 4.28 20.58 137.20 5.93
Sample5 |0.13 1.7 10.5 80.77 2.12
Sample6 |0.1 19 20.6 206.00 1.75
Average 0.13 2.39 20.55 165.97 2.46
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From the gradation curve in Figure 4.35, it can be deduced that the Consolidated
Murchison waste rock dump was well graded based on the general shapes of the
curves and key co-efficient in Table 4.7. This is so because the material shows

almost a uniform distribution of almost every particle size.

Particle Size Distribution Curve
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Figure 4.35: Gradation curves representing sieve analysis results.

It was observed from Figure 4.35 that, the highest (77.27%) and lowest (53.43%)
amount of material passing through the 20 mm sieve was from sample 1 and 3
respectively. The highest amount (36.94%) of material passing through the 2 mm
sieve was recorded in sample 1 and the lowest amount (22.75%) of material passing
through the 2 mm sieve was recorded in sample 4 (Fig. 4.35). However, sample 1
had the highest percentage of material passing through the 0.075 mm sieve, where

8.81% of the material passed through this sieve and the lowest was recorded in
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sample 5, whereas 6.16% of the material passed through the 0.075 mm sieve. From
these observations, it was concluded that the waste rock material is mainly

composed of rock fragments with gravel and sand material and minor clay/silt.

Table 4.8 depicts the amount and volume of rock fragments, gravel material, sand
and clay/silt material within the waste rock. The material from the waste rock dump
consisted of 42.7% of rock fragments, 29.6% of gravel material, 20.6% of sand
material and 7.1% clay/silt material. From these figures, the total volume of rock
fragments, gravel, sand and clay/silt material within the waste rock dump were
2

calculated. The total area of the waste rock dump was calculated to be 48 030 m

and the height was estimated to be 28 m.
The volume was then calculated using the following formula:
V=Axh
Where: V = Volume
A = Area of the waste rock dump
H = Height of the waste rock dump

The total volume was then calculated to be 1 344 840 m®. From this volume, the total
volume of each particle size was calculated and presented on table 4.8 below. It was
concluded that clay material had the lowest volume and percentage of 95 483.64 m®
and 7.1% respectively with rock fragments having the highest percentage of 42.7%
and volume of 574 246.68 m>. From these observations, it can be concluded that the
waste rock dump is suitable for sub-base layer for road construction since it contains
all particle size in required percentages, as stipulated from Table 4.14 (revised

AASHTO system of soil classification) (Amadi et al., 2015).

Table 4.8: Total percentage and volume contained in each  particle size

Rock Gravel Sand Clay/silt
fragments material Material material
Percentage 42.7 29.6 20.6 7.1

contained (%)

Total volume | 574 246.68 398 072.64 277 037.04 95 483.64
contained
()
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4.11 Atterberg limits

Data attained from Atterberg limit tests (liquid limit, plastic limit and plasticity index)
of the waste rock dump were used to analyse the suitability of waste rock material for
construction purpose. The outcomes of the analysis are projected in Appendix F,
Tables 4.9-4.11 and Figures 4.37 and Figure 4.38.

4.11.1 Liquid limit

The liquid limit of the waste rock material ranged from 27.49% to 34.96%. The
average liquid limit was calculated to be 30.25% (Table 4.9). The lowest and highest
liquid limit was found in sample 1 and sample 5 respectively and this was found to be
27.49% and 34.96% (Fig. 4.36). The waste rock material has a relatively low liquid
limit which corresponds with the relatively low moisture content in the material. This

is indicative of low water holding capacity.

Table 4.9: Average values of liquid limit test results

Sample | Sample | Sample | Sample | Sample | Sample | Averag

1 2 3 4 5 6 e
Mass of
can () 18.04 18.01 18.02 18.33 18.03 18.35 18.13
Mass of
can + | 28.65 32.41 32.86 30.59 29.71 31.96 31.03
moist soil
(9)
Mass of
can +dry 26.34 29.53 29.43 27.91 26.83 28.88 28.15
soil (g)
Mass of
soil solids | 8.3 11.51 11.40 9.58 8.77 10.50 10.01
(9)
Mass of
pore water | 2.27 2.93 3.44 2.69 2.89 3.08 2.88
9)
Moisture
content 27.49 31.51 29.79 28.29 34.96 29.45 30.25
(%)
Number of
blows 38 30 34 30 37 27 33
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Figure 4.36: Liquid limit values within the waste rock.

4.11.2 Plastic limit

The plastic limit ranges from 22.84% to 27.71% and the average plastic limit was

calculated to be 26.08% (Table 4.10). The lowest and highest plastic limit was found

on sample 3 and sample 4 respectively and this was found to be 22.84% and
27.31% (Fig. 4.37).

Table 4.10: Average values of plastic limit test results

Sample | Sample | Sample | Sample | Sample | Sample | Average
1 2 3 4 5 6

Mass of

can () 18.06 19.03 17.96 18.07 17.99 18.01 18.19

Mass of

can + 25.09 22.42 24.58 24.75 25.52 24.21 24.43

moist soil

(9)

Mass of

can +dry 23.67 21.58 23.36 23.32 23.95 22.95 23.14

soil (g)

Mass of

soil solids | 5.62 2.89 5.40 5.31 5.96 4.94 5.02

(9)

Mass of

pore water | 1.42 0.84 1.22 1.43 1.57 1.26 1.29

(9)

Moisture

content (%) | 25.21 26.91 22.84 27.71 26.47 27.31 26.08
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Figure 4.37: Plastic limit values within the waste rock.

4.11.3 Plasticity index
Plasticity index is the difference between the liquid limit and the plastic limit and it
was calculated using the following equation (Das, 2010);

Pl=LL-PL
Where: Pl = Plasticity index
LL = Liquid limit
PL = Plastic limit

Das (2010) classified plasticity index into six classes; non-plastic, slightly plastic, low
plasticity, medium plasticity, high plasticity and very high plasticity (Table 4.12).
According to Table 4.11, plasticity index of the waste material within the waste rock
dump of Consolidated Murchison mine ranged from 0.58% to 8.49% with the lowest
and highest values found on sample 4 and sample 5 respectively. These values are
well presented in Figure 4.38. The average plasticity index of the waste material
was calculated to be 4.17%. From Table 4.11, it can be deduced that the waste
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material from this waste rock dump is classified as slightly plastic. The relatively low

plasticity index shows that the waste rock material at Consolidated Murchison can

change from solid to a liquid with little change in moisture.

Table 4.11: Values of plasticity index

Sample | Sample | Sample | Sample | Sample | Sample | Average
1 2 3 4 5 6

Liquid
Limit
(LL)

27.49 31.51 29.79 28.29 34.96 29.45 30.25

Plastic
Limit
(PL)

25.21 26.91 22.84 27.71 26.47 27.31 26.08

Plasticity
Index

= LL -
PL

2.28 4.6 6.95 0.58 8.49 2.14 4.17

Water content
in percentage

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6
Sample ID

Figure 4.38: Plasticity index values within the waste rock.
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Table 4.12: Qualitative classification of plasticity index (Das, 2010)

Plasticity index (%) Description

0 Non plastic

1-5 Slightly plastic
5-10 Low plasticity
10-20 Medium plasticity
20-40 High plasticity

>40 Very high plasticity

4.12 Compaction test

The compaction test was applied on each sample for three trials and results are
presented in Appendix G. The average results of trials in each sample were noted as
indicated on Table 4.13 below. Sample 1 had the lowest moisture content of 2.41%
and sample 2 had the highest moisture content of 3.91% (Table 4.13). The average
was calculated to be 2.88%. Sample 3 had the lowest dry density of 10.62 g/cm® and
sample 5 had the highest dry density of 11.20 g/cm®. The average dry density of the

waste material was calculated to be 10.86 g/cm?®.
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Table 4.13: Average values of compaction test results

Sample | Sample | Sample | Sample | Sample | Sample | Averag

1 2 3 4 5 6 e
Mass of
bag (9) 10.57 10.42 10.43 10.51 10.31 10.49 10.46
Dry
density 10.86 10.67 10.62 10.76 11.20 11.06 10.86
(g/cm®)
Mass of

wet soil (g) | 5416.11 | 5389.97 | 5303.42 | 5377.37 | 5587.76 | 5523.13 | 5432.96

Mass of
dry soil (g) | 5289.00 | 5213.97 | 5173.52 | 5240.58 | 5454.56 | 5388.47 | 5293.35

Mass of
pore water |127.11 |201.57 |140.33 |147.31 143.51 150.15 151.66

(9)

Moisture
content 2.41 3.91 2.71 2.81 2.63 2.79 2.88
(%)

Actual
mass of 5278.43 | 5188.40 | 5163.09 | 5230.06 | 5444.26 | 5377.98 | 5280.37
dry sample

(9)

4.13 Classification of waste rock

AASHTO classification was used to classify the waste rock. According to the
AASHTO classification, the material is classified into seven major groups: A-1
through A-7. Granular materials of which 35% or less of the material passing through
the No. 200 sieve are classified under A-1, A-2 and A-3. Soils classified under
groups A-4, A-5, A-6 and A-7 are mostly silt and clay-type materials of which more
than 35% passes through the No. 200 sieve. The waste rock material of
Consolidated Murchison has material with 29.6% passing through the 2 mm sieve,
20.6% passing through the 0.425 sieve and 7.1% passing the 0.075 mm sieve.

It was determined that the waste rock dump had an average liquid limit of 30.25%,
an average plastic limit of 26.0% and an average plasticity index of 417%. These
calculations where used to classify the waste rock material. Based on these
calculations, it was concluded that the waste rock material falls under Group A-1-a

where less than 15% of the waste material passed the No. 200 sieve. This means
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that the material consists largely of rock fragments (42.7%) with gravel (29.6%) and
sand (20.6%) and minor silt/clay (7.1%) material. Hence, the material is excellent to
good according to the AASHTO classification (Table 4.14).

Table 4.14 Revised AASHTO system of soil classification (Amadi et al., 2015)

e T
General Classification General Matenals (33% orless passmg 0.073 mm) S cay matena&sﬁo;ﬁ;anl R
Al Al AT

Group Classification Aia | Alb Al 04 | a5 | aze | a2 Ad Al Ab i;
Steve Analysis % passmg

200 mm (No10) Hlmax

0425 mm (Nod0) Smax | 0max | 31mm

0.725 mm (No200) max | 29max | 10max | 33max | 33max | 39max | 33max | 36mm | 36min | 36mun | 36min
Charactenstics of fraction

passing fmax

Liquid bt NP | 40max | 41mn | 40max | 41min | 40max | 4lmn | 40max | 40mn

Plastic Index 10max | 10max | Ilmn | Ulmmn | 10max | 10max | llmn | llmm
Usual types of sigmficant | Stone fragment | Fe N

Constituent matenal Gravelandsand | Sand Sty ordayey Gravel and sand Silty solls Clayey sols

(seneral ratmg Excellent to Good Fair to poor

From the sieve and Atterberg limit data, it was deduced that less than 15% of the
materials passed the 0.075 mm diameter sieve, thus the material is granular.
Furthermore, less than 30% passed the 0.425 mm diameter sieve and less than 50%
of the material passed the 2 mm diameter sieve. Atterberg limit tests indicated that
the mine waste rock had liquid limit and plastic limit of 30.25% and 26.08%
respectively with a plasticity index of 4.17%. This means that the mine waste rock is
suitable for construction purposes as a sub-base layer since the material fulfil the
given standards. The waste rock was classified under Group A-1-a which has a
general sub-grade rating of “Excellent to Good” in the AASHTO classification.

Under the AASHTO system, granular soils fall into classes A-1 to A-3. A-1 materials
consist of well-graded granular materials (Das, 2010). Material classified under
group A-1l-a can be used satisfactorily as subgrade or sub-base material if properly
drained (Das, 2010). In addition, material must be properly compacted and covered
with an adequate thickness of pavement (base and/or surface cover) for the surface

load to be carried. The results from compaction tests showed that the waste rock
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material had a high dry density which was determined to be 11.06 g/cm3 obtained at
a slightly low moisture content of 2.88%. This indicates that the waste rock is

competent and has an acceptable dry density.
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CHAPTER FIVE: CONCLUSONS AND RECOMMENDATIONS

5.1 Conclusions

e The Consolidated Murchison tailings dam was found to have distinct oxidation
zone extending from the surface up to a depth of 3 m. The transitional zone
was not established. The unoxidized zone was quite extensive, starting from a

depth of 3 m up to the bottom of the dam.

e This study established that gold was erratically distributed within the tailings
dam of Consolidated Murchison mine with the lowest and highest values of
200 mg/kg and 1880 mg/kg respectively averaging at 670 mg/kg. The value of
gold within the tailings dam was found to be 8 897. 81 kg which at the current
gold market price is equal to US$ 306 932 396.00 (R 4 281 706 924.20).

e This study shows that Pb, Ni and Cr had the highest average values of (ppm);
5631.5, 2062.6 and 1345 respectively, with the lowest values obtained in Cd,
Co and Cu averaging (ppm); 0.01, 19.8 and 42.1 respectively.

e The values of heavy metal were found to be decreasing away from the tailings
dam along the north, west, east and south. Pollution index values at 5 km
away from the tailings dam (along north and west) were less than 0.7.
However, pollution index values of 4.8 and 7.1 were recorded in Cr and Ni
respectively at a distance of 5 km away from the tailings dam along the
eastern direction. This implies that this area (eastern direction) was highly

polluted by Cr and Ni.

e The waste rock was classified under Group A-l-a using the AASHTO
classification system. The waste rock consisted mainly of rock fragments of
42.7% with gravel material of 29.6%, sand material of 20.6%, and limited
clay/silt material of 7.1%. The waste rock material was found to be having
relatively low water holding capacity

5.2 Recommendations

e The current study of the Consolidated Murchison tailings dam was limited to
the first 8 m due to technical limitations. It is therefore recommended that
future assessment of heavy metals within the tailings dam should cover the

entire thickness of the dam which is 30 m.

105

© University of Venda



)
o

&5 ) university of Venda
C

The study recommends reprocessing of gold within this tailings dam.
Reprocessing of gold from gold tailings dam in South Africa is currently
increasing. It has been proven that it is possible to extract gold from tailings
up to 87.79% (Dehghani et al., 2009). Tailings residues (waste after
reprocessing) should be kept in a more convenient area where no pollution
will result from such tailings.

It is recommended that waste rock be used as material for road construction
since it is of excellent to good quality for road construction as indicated on the
AASHTO classification system.
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Appendix A
Description of Tailings Sampling Holes

Tailings descrition along hole P1H1

From (m) To (m) Colour .Description

0 1.6 Dark brownish Fine dry tailings
and easy to auger

1.6 8 Light brownish Fine moist tailings
and competent to
auger

Tailings descrition along hole P1H2

From (m) To (m) Colour Description

0 2 Dark brownish Fine dry tailings
and easy to auger

2 8 Light brownish Fine moist tailings
and competent to
auger

Tailings descrition along hole P2H1

From (m) To (m) Colour Description

0 1.7 Dark brownish Fine dry tailings
and easy to auger

1.7 8 Light brownish Fine moist tailings
and competent to
auger

Tailings descrition along hole P2H2

From (m) To (m) Colour Description

0 2 Dark brownish Fine dry tailings
and easy to auger

2 8 Light brownish Fine moist tailings
and competent to
auger
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From (m) To (m) Colour Description

0 1.8 Dark brownish Fine dry tailings
and easy to auger

1.8 8 Light brownish Fine moist tailings

and competent to
auger

Tailings descrition along hole P3H1

From (m) To (m) Colour Description

0 2.7 Dark brownish Fine dry tailings
and easy to auger

2.7 8 Light brownish Fine moist tailings

and competent to
auger

Tailings descrition along hole P3H2

From (m) To (m) Colour Description

0 1.7 Dark brownish Fine dry tailings
and easy to auger

1.7 3.6 Light brownish Fine moist tailings
and competent to
auger

3.6 3.9 Greyish Sticky wet mud
and very
competent to
auger

3.9 8 Light brownish Fine moist tailings
and competent to
auger

Tailings descrition along hole P3H3

From (m) To (m) Colour Description

0 2 Dark brownish Fine dry tailings
and easy to auger

2 5.4 Light brownish Fine moist tailings

and competent to
auger
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5.4 5.9 Greyish Sticky wet mud
and very
competent to
auger

5.9 8 Light brownish Fine moist tailings

and competent to
auger

Tailings descrition along hole P3H4

From (m) To (m) Colour Description

0 3 Dark brownish Fine dry tailings
and easy to auger

3 6.2 Light brownish Fine moist tailings
and competent to
auger

6.2 7 Greyish Sticky wet mud
and very
competent to
auger

7 8 Light brownish Fine moist tailings
and competent to
auger

Tailings descrition along hole P4H1

From (m) To (m) Colour Description

0 1.6 Dark brownish Fine dry tailings
and easy to auger

1.6 4.2 Light brownish Fine moist tailings
and competent to
auger

4.2 4.5 Greyish Sticky wet mud
and very
competent to
auger

4.5 8 Light brownish Fine moist tailings

and competent to
auger
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From (m) To (m) Colour Description

0 2 Dark brownish Fine dry tailings
and easy to auger

2 4.4 Light brownish Fine moist tailings
and competent to
auger

4.4 5.1 Greyish Sticky wet mud
and very
competent to
auger

5.1 8 Light brownish Fine moist tailings
and competent to
auger

Tailings descrition along hole P4H3

From (m) To (m) Colour Description

0 2.6 Dark brownish Fine dry tailings
and easy to auger

2.6 8 Light brownish Fine moist tailings
and competent to
auger

Tailings descrition along hole P4H4

From (m) To (m) Colour Description

0 2.4 Dark brownish Fine dry tailings
and easy to auger

2.4 6 Light brownish Fine moist tailings
and competent to
auger

6 6.6 Greyish Sticky wet mud
and very
competent to
auger

6.6 8 Light brownish Fine moist tailings

and competent to
auger
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From (m) To (m) Colour Description

0 3 Dark brownish Fine dry tailings
and easy to auger

3 8 Light brownish Fine moist tailings

and competent to
auger
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Appendix B

Gold values within the tailings dam

Sample ID Au (mg/kg)
P1H1S1 895
P1H1S2 704
P1H1S3 779
P1H1S4 514
P1H1S5 830
P1H1S6 542
P1H2S1 665
P1H2S2 351
P1H2S3 195
P1H2S4 626
P1H2S5 534
P1H2S6 702
P2H1S1 905
P2H1S2 709
P2H1S3 605
P2H1S4 671
P2H1S5 406
P2H1S6 629
P2H2S1 696
P2H2S2 619
P2H2S3 819
P2H2S4 567
P2H2S5 595
P2H2S6 484
P2H3S1 717
P2H3S2 869
P2H3S3 604
P2H3S4 734
P2H3S5 534
P2H3S6 652
P3H1S1 706
P3H1S2 643
P3H1S3 777
P3H1S4 894
P3H1S5 596
P3H1S6 745
P3H2S1 961
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P3H2S2 832
P3H2S3 648
P3H254 591
P3H2S5 499
P3H2S6 454
P3H3S1 733
P3H3S2 557
P3H3S3 907
P3H3S4 796
P3H3S5 700
P3H3S6 567
P3H4S1 694
P3H4S2 820
P3H4S3 769
P3H4S54 1880
P3H4S5 496
P3H4S6 661
P4H1S1 334
P4H1S2 276
P4H1S3 629
P4H1S4 499
P4H1S5 699
P4H1S6 829
P4H2S1 778
P4H2S2 933
P4H2S3 758
P4H254 441
P4H2S5 732
P4H2S6 575
P4H3S1 659
P4H3S2 625
P4H3S3 557
P4H3S4 458
P4H3S5 o547
P4H3S6 614
P4H4S1 689
P4H4S2 748
P4H4S3 584
P4H4S4 864
P4H4S5 947
P4H4S6 778
P4H5S1 670
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P4H5S2 610
P4H5S3 590
P4H554 540
P4H5S5 620
P4H5S6 580
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Appendix C

Heavy metal values within the tailings dam

Sample | Cr Co Ni Cu Zn As Cd Pb

ID (PPM) | (PPM) | (PPM) | (PPM) | (PPM) | (PPM) | (PPM) | (PPM)
P1H1S1 | 1203.8 | 21.8 2046.5 | 43.6 59.2 624.4 |<0.1 5817.3
P1H1S2 | 1281.6 | 22.9 1930.7 | 8.1 63.4 6475 | 0.1 6033
P1H1S3 | 1299.2 | 24.9 2209.8 | 6.1 65.8 565.7 | <0.1 5270.6
P1H1S4 | 1336.3 | 25.1 2435.6 | 3.3 67 641.6 |<0.1 5977.2
P1H1S5 | 1217.8 | 23 24349 |1 10.2 65.4 7819 |<0.1 7284.7
P1H1S6 | 1132.7 | 21.7 1789.9 | 19.8 70.4 5179 |<0.1 4825.3
P1H1S7 | 1171.9 | 18.6 2238.3 | 76.6 52.8 524.1 |<0.1 4883.3
P1H1S8 | 1174.1 | 21.1 2103.5|11.3 59.8 743.7 |<0.1 6929.2
P1H2S1 | 1025.9 | 21.2 1887.8 | 55.1 55.4 896.2 |<0.1 8349.6
P1H2S2 | 934.8 | 19.1 1955 | 23.1 49.6 648.4 |<0.1 6040.7
P1H2S3 | 1160.7 | 22.6 2817 |18.4 59.8 932.3 |<0.1 8686.2
P1H2S4 | 1290.9 | 19.7 1968.6 | 67.2 64.7 567.4 |<0.1 5286.2
P1H2S5 | 1303.7 | 22.7 2378.4 | 2.3 69.3 618.2 |<0.1 5759.7
P1H2S6 | 1373.9 | 20.3 2040.9 | 12 75.2 614.3 | <0.1 5723.6
P1H2S7 | 1125.8 | 20.6 1736.1 | 8.8 72.3 471.8 |<0.1 4395.9
P1H2S8 | 1135.4 | 20.4 1841.4 | 15.7 85.1 558.7 |<0.1 5205.7
P2H1S1 | 1119.8 | 20.1 2247.5 | 56.8 53.9 805.9 |<0.1 7508.3
P2H1S2 | 1233.3 | 17.8 1858.8 | 39 60.2 510.7 |<0.1 4757.7
P2H1S3 | 1314.6 | 18.6 1988.4 | 41.1 61.3 5146 |<0.1 4794.7
P2H1S4 | 1362.2 | 19.9 1953.5 | 24.8 66.8 549.4 |<0.1 5118.8
P2H1S5 | 1630.8 | 21.1 2201.6 | 3.7 83 500.3 |<0.1 4661.6
P2H1S6 | 1453.4 | 21.1 1986.7 | 8.9 80.7 571.2 |<0.1 5321.7
P2H1S7 | 1355.7 | 19 1868.7 | 10.2 78.4 510.7 |<0.1 4758.6
P2H1S8 | 1228.5 | 18.9 1690.9 | 21.4 72.4 569 <0.1 5301.2
P2H2S1 | 1153.1 | 21.3 2082.3 | 38.5 55.6 650.9 |<0.1 6064.7
P2H2S2 | 1212.5 | 21.3 2112.3 | 40.3 61.7 652.8 | <0.1 6081.7
P2H2S3 | 1173.3 | 19.6 1892.9 | 28.5 61.4 540.3 |<0.1 5034
P2H2S4 | 1267.1 | 21.1 2158.4 | 32.6 61.8 601.7 |<0.1 5606.1
P2H2S5 | 1497.8 | 21.7 2091.4 | 22.1 4.7 545.7 | 0.1 5084.5
P2H2S6 | 1439.3 | 23.1 2154 |44 88.1 607.7 | 0.1 5661.5
P2H2S7 | 1566.3 | 22.3 2268.6 | 13.7 88.7 5705 | 0.1 5314.9
P2H2S8 | 1278.6 | 21.1 2246 |9 91.7 774 <0.1 7211.4
P2H3S1 | 1299.5 | 19.8 2049.3 | 75 65.9 669.2 |<0.1 6234.5
P2H3S2 | 1420.5 | 19.3 2239.2 | 46.3 68.2 575.6 |<0.1 5362.4
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P2H3S3 | 1306.4 | 19.5 2253.7 | 46.4 63.8 641.2 |<0.1 5974.2
P2H3S4 | 1514.7 | 19.9 2003.6 | 52.2 70 527.4 |<0.1 4913.5
P2H3S5 | 1331.7 | 21.9 2028.7 | 5.9 72.4 587.8 |<0.1 5476.2
P2H3S6 | 1666.5 | 21.8 2065.2 | 13.2 83.8 549.8 | 0.1 5122.1
P2H3S7 | 1730.6 | 22.1 2094.6 | 19.3 86.4 496.8 | <0.1 4628.6
P2H3S8 | 1496.2 | 19.9 1790.9 | 23.7 87.1 5279 |<0.1 4918.5
P3H1S1 | 1180.1 | 18.5 1744.1 | 83.4 59.9 7189 |<0.1 6697.6
P3H1S2 | 1273.6 | 19.5 2085.4 | 42.6 65.8 800.5 |<0.1 7458.1
P3H1S3 | 1231.1 | 19.8 2708.2 | 76 65 737 0.1 6866.8
P3H1S4 | 1269.1 | 18.5 2282.5 146.9 65.5 620.2 |<0.1 5777.9
P3H1S5 | 1231.8 | 18.2 2021.3 | 32.6 68.3 619.5 |<0.1 5771.4
P3H1S6 | 1292.2 | 18.2 1973.5 | 48.1 82.1 572 <0.1 5329.7
P3H1S7 | 1210.1 | 19.4 2085 | 22.7 72.8 6314 |<0.1 5883

P3H1S8 | 1250.2 | 18.9 1961.7 | 15.9 72.3 612.1 |<0.1 5702.9
P3H2S1 | 1269.2 | 19.2 2216.9 | 49.1 64.4 700.3 |<0.1 6524.4
P3H2S2 | 1271.8 | 18 2042.4 | 33.3 61.2 546.2 |<0.1 5088.5
P3H2S3 | 1567.3 | 19.1 2190.5 | 48.7 70.1 547.8 |<0.1 5104

P3H2S4 | 1358.1 | 19 1880.9 | 16.1 68.7 525.2 |<0.1 4892.9
P3H2S5 | 1397 | 20.4 2016.6 | 7.9 81.7 576.8 | 0.1 5374.2
P3H2S6 | 1374 | 20.3 2012.7 | 6.6 82.2 5456 |<0.1 5083.1
P3H2S7 | 1462.9 | 19 1994.9 | 10 82.5 582.1 |<0.1 5423.3
P3H2S8 | 1218.6 | 18.9 1705.8 | 10.7 79.1 540.3 |<0.1 5033.9
P3H3S1 | 1258.9 | 22.4 2096.8 | 106.5 |65 636.4 |<0.1 5928.8
P3H3S2 | 1258.4 | 20.9 1784.7 | 80.7 62.3 4525 |<0.1 4215.6
P3H3S3 | 1369.5 | 20.2 1913.5 | 69.8 65 556.5 |<0.1 5184.4
P3H3S4 | 1643 | 22.1 2164.1 | 148.6 | 79.5 698.3 | 0.1 6505.7
P3H3S5 | 1660.8 | 21.6 1968.1 | 77.4 75.5 528 <0.1 4919.4
P3H3S6 | 1570 | 22.1 1998 | 27.4 77.8 504.6 |0.1 4701.1
P3H3S7 | 1229.2 | 20.6 2040.3 | 56.5 61.9 668.7 |<0.1 6230

P3H3S8 | 1704.6 | 21.7 2078.4 | 26.4 87.1 462.3 |<0.1 4306.9
P3H4S1 | 1509.7 | 19.2 1985.9 | 61.3 64.2 517.3 |<0.1 4819.7
P3H4S2 | 1824.2 | 19.6 2049.1 | 261 81.7 494.8 |<0.1 4609.9
P3H4S3 | 1687.4 | 19.3 2060.1 | 84.8 78 481.1 |<0.1 4482.6
P3H4S4 | 1672.3 | 19 2106.3 | 139.8 | 76.2 523 <0.1 4873.1
P3H4S5 | 1632.1 | 19.8 1894.1 | 72.4 74.4 518.8 |<0.1 4833.3
P3H4S6 | 1397.6 | 19.1 1862.7 | 22.2 69.9 5015 |<0.1 4672.6
P3H4S7 | 1597.3 | 20.7 1919.3 | 18.1 82.1 4674 |<0.1 4354.7
P3H4S8 | 1620.1 | 21 1939.6 | 26.8 89.7 543.3 |<0.1 5061.8
P4H1S1 | 1111 18.9 2353.6 | 60.6 59.7 1016.6 | 0.1 9471.8
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P4H1S2 | 1125.2 | 19.6 2143 | 34 63 773.7 |0 7208.2
P4H1S3 | 1282.3 | 20.1 2483.8 | 56.8 64.3 659.6 | 0.1 6145

P4H1S4 | 1395.6 | 20.6 2363 |14.1 70.3 627.6 |<0.1 5847.1
P4H1S5 | 1217.9 | 19.4 1939.2 | 54.2 63.7 719.6 |<0.1 6704.8
P4H1S6 | 1270.9 | 18.2 1892.3 | 47 66.7 670.3 |<0.1 6245

P4H1S7 | 1179 19.1 1880.3 | 38.4 61.8 719 <0.1 6698.5
P4H1S8 | 1298.3 | 18.5 2024.6 | 50.3 72.6 539.7 |<0.1 5028

P4H2S1 | 1329.9 | 19 2123.4 1 92.5 66.3 687.9 |<0.1 6409.5
P4H2S2 | 1462.2 | 18.1 1995 | 87.1 69.3 532.7 | 0.1 4963.1
P4H2S3 | 1459.3 | 18 1967.7 | 50.1 66.7 513 <0.1 4779.4
P4H2S4 | 1463.3 | 20.8 2190.6 | 12.7 74.6 572 <0.1 5329

P4H2S5 | 1664.1 | 19.2 2001 |16.3 74.7 517.8 |<0.1 4824.2
P4H2S6 | 1439 19 1920.6 | 17.6 78.9 490.3 |<0.1 4568.3
P4H2S7 | 1162.9 | 18.1 1756.7 | 12.5 73.3 4329 |<0.1 4033

P4H2S8 | 1463.8 | 18.9 1781.1 | 25.5 81.3 549.9 |<0.1 5123.4
P4H3S1 | 1246.3 | 17 2000.5 | 21.4 59.7 540.2 | 0.1 5033

P4H3S2 | 1429 18.7 2042.6 | 26.9 69.2 552.7 | 0.1 5149.4
P4H3S3 | 1488.7 | 19.2 2156.5 | 13.5 71 581.7 |<0.1 5420

P4H3S4 | 1337 | 20.1 212451 26.9 70.7 586.8 |<0.1 5467.5
P4H3S5 | 1348.5 | 18.5 1954.7 | 17.3 69 617.1 |<0.1 5749.4
P4H3S6 | 1311.3 | 17.6 1989.9 | 25.2 73 596.4 |<0.1 5556.4
P4H3S7 | 1161.3 | 17.9 1773.7 | 23.2 73.7 562.9 |<0.1 5244.2
P4H3S8 | 1227.6 | 18 2160 |36.1 77 583 <0.1 5432

P4H4S1 | 1266 | 20.1 2247.2 | 46.2 63.1 7915 |0.1 7373.9
P4H4S2 | 1312.9 | 20 2653.4 | 52.7 68 716.6 |<0.1 6676.6
P4H4S3 | 1188.4 | 18.9 2241.9 | 90.1 61.6 901.3 |<0.1 8396.9
P4H4S4 | 1270.3 | 19 2059.6 | 93.4 61.7 7476 |<0.1 6964.9
P4H4S5 | 1302 17.3 2166.3 | 110.3 | 65.9 521.8 |<0.1 4861.1
P4H4S6 | 1374 | 18.7 21259 | 132.4 | 68.9 636 0.1 5925.5
P4H4S7 | 1289.9 | 17.3 2129.1 | 41.7 62.2 558.7 | 0.1 5205.2
P4H4S8 | 1292.6 | 17.5 1986 | 45.9 66.6 5221 |<0.1 4864.4
P4H5S1 | 1280.7 | 18.7 2123.7 | 53.4 63.0 673.2 |0.1 6272.1
P4H5S2 | 1401.4 | 18.9 2230.3 | 55.6 68.8 600.7 | 0.1 5596.4
P4H5S3 | 1378.8 | 18.7 2122.0 | 51.2 66.4 665.3 | <0.1 6198.8
P4H5S4 | 1356.9 | 20.0 2124.9 | 44.3 69.0 6355 |<0.1 5920.5
P4H5S5 | 1438.2 | 18.3 2040.7 | 48.0 69.9 552.2 |<0.1 5144.9
P4H5S6 | 1374.8 | 18.4 2012.1 | 58.4 73.6 5742 | 0.1 5350.1
P4H5S7 | 1204.7 | 17.8 1886.5 | 25.8 69.7 518.2 |<0.1 4827.5
P4H5S8 | 1328.0 | 18.1 1975.7 | 35.8 75.0 551.7 |<0.1 5139.9
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Dispersion of heavy metals along northern part of the tailings dam

Sample | Cr Co Ni Cu Zn As Cd Pb

ID (PPM) | (PPM) | (PPM) | (PPM) | (PPM) | (PPM) | (PPM) | (PPM)
Al 985.3 66.4 1235.8 | 138.1 158.3 130.5 <0.1 1482.1
A2 754.6 58.2 1164.9 | 1145 144.8 117.2 <0.1 1240.6
A3 682.4 52.3 981.5 98.2 150.9 85.1 0.1 982.4
A4 385.1 45.9 908.4 86.1 132.4 73.6 <0.1 851.7
A5 257.6 38.2 784.3 64.8 120.9 52.8 <0.1 768.1
A6 207.8 26.1 562.9 51.9 112.8 21.9 <0.1 687.1
A7 1994 23.8 325.7 52.8 113.1 194 <0.1 448.6
A8 175.3 24 149.7 35.6 103.5 15.9 <0.1 253.1
A9 166.2 19.2 86.2 44.8 84.9 13.7 <0.1 116.7
A10 143.7 14.6 57.9 41.5 62.3 8.3 <0.1 84.5
All 534 6.4 28.1 23.5 48.6 6.4 <0.1 56.3
Dispersion of heavy metals along eastern part of the tailings dam
Sample | Cr Co Ni (PPM) | Cu Zn As Cd Pb

ID (PPM) | (PPM) (PPM) | (PPM) | (PPM) | (PPM) | (PPM)
B1 1206.7 | 75.1 1136.2 87.2 128.3 | 98.5 0.1 834.7
B2 1006.4 | 62.9 1017.5 56.8 106.7 | 83.4 <0.1 735.1
B3 984.9 54.5 946.6 31.9 95.3 74.8 <0.1 |696.6
B4 428.7 11.2 619.6 116.5 |69.5 71.3 0.1 664.1
B5 819.6 20.7 1475.2 89.2 129.9 | 78.3 <0.1 729.9
B6 1157.8 | 25.3 1873.4 63.4 156.1 |198.5 |<0.1 1849.4
B7 1712.2 | 24.7 3060.6 1289 |160.5 |136.2 |<0.1 1269.1
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B8 850.1 27.4 1376.0 204.70 | 152 649 0.1 6046.50
B9 379.70 |23.10 530.40 87.60 |50.90 |227.20|<0.1 2117.10
B10 553.90 |23.50 710.10 128.70 | 86.00 |47.20 |<0.1 |439.80
B11 359.10 | 17.20 285.70 115.20 | 78.50 |21.90 |<0.1 187.60
Dispersion of heavy metals along southern part of the tailings dam
Sample | Cr Co Ni Cu Zn As Cd Pb

ID (PPM) | (PPM) (PPM) | (PPM) | (PPM) | (PPM) | (PPM) | (PPM)
C1l 784 24.21 1054.8 | 1456 |167.3 |1956 |<0.1 1822.6
C2 506.7 |20.4 874 1321 | 1216 |729 <0.1 679.2
C3 497.8 | 22.7 727.8 |123.6 |1115 |62 <0.1 577.9
C4 484.7 | 21.6 690.8 |116.7 |109.7 |45.9 0.1 427.7
C5 4554 | 18.8 668.6 | 115 81.9 21.5 <0.1 200.6
C6 427.5 |16.9 593.5 |106.1 |855 14.3 <0.1 133
Dispersion of heavy metals along western part of the tailings dam
Sample | Cr Co Ni Cu Zn As Cd Pb

ID (PPM) | (PPM) | (PPM) | (PPM) | (PPM) | (PPM) | (PPM) | (PPM)
D1 386.9 22.9 452.5 291.8 165.6 55.9 <0.1 520.6
D2 316.1 19.8 512.8 1231 144.5 44.9 <0.1 418.4
D3 259.2 27.8 506.7 121.7 143.1 29.7 <0.1 308
D4 266.3 27.6 483.6 108.1 132.5 33.1 <0.1 277.1
D5 213.3 25.3 280 89.4 128.9 221 <0.1 180.6
D6 133.8 24.3 158 83.2 125.9 194 <0.1 206.2
D7 129.5 20.5 102.2 81.6 118.9 12.5 0.1 116.1
D8 105.6 18.3 62.1 57.6 117 10.6 <0.1 99.1
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D9 93.1 16.9 68.5 51.2 73.9 8.5 <0.1 79
D10 78 16.5 86.1 45 72.6 8.3 <0.1 77.4
D11 27 5.7 23.1 14.6 14.3 4.2 <0.1 38.4
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Sieve Mass of | Mass of | Mass of | Percentage | Cumulative | Percentage

(mm) empty sieve + |soil (g) |retained retained passing
sieve (g) | Soil (9) (%) (%) (%)

40 772.35 1032.66 | 260.31 |5.27 5.27 94.73

31.5 774.1 1231.10 | 487.00 9.86 15.14 84.86

20 757.97 1132.38 | 374.41 | 7.58 22.72 77.27

10 626.11 1474.18 | 848.07 17.18 39.91 60.09

5 582.10 1158.96 | 576.86 |11.68 51.60 48.40

4 388.74 516.09 |127.35 |2.58 54.18 45.82

3.15 369.22 583.25 |169.03 |3.42 57.60 42.39

2 327.03 596.05 |269.02 |5.45 63.05 36.94

1 293.90 625.69 |331.79 |6.72 69.78 30.22

0.425 293.14 540.48 |247.34 |5.01 74.79 25.21

0.25 242.95 47590 |232.95 |4.72 79.51 20.49

0.15 258.21 538.60 |280.39 |5.68 85.19 14.80

0.075 263.42 559.40 |295.98 |5.99 91.19 8.81

Pan 530.38 965.00 |434.62 |8.80 100 0.00

Sieve analysis results of sample 2

Sieve Mass of | Mass of | Mass of | Percentage | Cumulative | Percentage

(mm) empty sieve + |soil (g) |retained retained passing
sieve (g) | Soil (9) (%) (%) (%)

50 1059.70 |1771.40 |7117.70 | 11.70 11.70 88.30

40 772.35 2667.45 |1895.10 | 31.15 42.85 57.14

315 744.10 1213.31 |469.21 |7.71 50.57 49.42

20 757.97 380.57 |377.40 |6.20 44.36 55.63

10 626.11 1353.81 | 727.70 |11.96 56.33 43.66

5 582.1 1043.13 | 46.03 7.58 63.91 36.08

4 388.74 505.91 117.17 1.92 65.64 34.15

3.15 369.22 500.89 | 13.67 2.16 68.00 31.99

2 327.03 531.65 |204.62 |3.36 71.36 28.63

1 293.90 552.96 |259.06 |4.25 75.62 24.37

0.425 293.14 483.08 |189.94 |3.12 78.75 21.24

0.25 242.95 531.7. 288.78 | 4.74 83.49 16.50

0.15 258.21 501.48 |243.27 |3.99 87.49 12.50

0.075 263.42 620.26 |356.84 |5.86 93.36 6.63

Pan 530.38 933.87 |403.49 |6.63 100 0
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Sieve Mass of | Mass of | Mass of | Percentage | Cumulative | Percentage

(mm) empty sieve + |soil (g) |retained retained passing
sieve (g) | Soil (9) (%) (%) (%)

50 1059.70 | 1506.84 | 447.14 8.47 8.47 91.53

40 772.35 1188.55 |416.20 |7.88 16.36 83.64

315 744.10 1722.31 |978.21 |18.53 34.89 65.11

20 757.97 1374.05 | 616.08 11.67 46.57 53.43

10 626.11 1234.66 | 608.55 |11.53 58.10 41.9

5 582.10 1018.12 | 436.02 | 8.26 66.36 33.64

4 388.74 496.83 |108.09 |2.04 68.41 31.59

3.15 369.22 482.30 [113.08 |2.14 70.55 29.45

2 327.03 506.72 |179.69 |3.40 73.96 26.04

1 293.90 519.86 |225.96 |4.28 78.24 21.76

0.425 239.14 47185 |178.71 | 3.38 81.63 18.37

0.25 242.95 41753 |17458 |3.30 84.94 15.06

0.15 258.21 458.48 | 200.27 | 3.79 88.73 11.27

0.075 263.42 487.71 | 22429 |4.25 92.98 7.02

Pan 530.38 900.49 |370.11 |7.01 100 0

Sieve analysis results of sample 4

Sieve Mass of | Mass of | Mass of | Percentage | Cumulative | Percentage

(mm) empty sieve + |soil (g) |retained retained passing
sieve (g) | Soil (g) (%) (%)

50 1059.70 |1931.55 | 871.85 | 14.88 14.88 85.12

40 772.35 997.69 |225.34 |3.84 18.72 81.27

31.5 744.10 1173.18 | 429.08 | 7.32 26.04 73.96

20 757.97 1645.67 | 887.7 15.15 41.18 58.82

10 626.11 1620.54 | 994.43 16.97 58.15 41.85

5 582.10 1198.06 | 615.96 |10.51 68.66 31.34

4 388.74 527.87 |139.13 |2.37 71.04 28.96

3.15 369.22 516.30 |147.08 |2.51 73.55 26.45

2 327.03 544,12 |217.09 |3.70 77.25 22.75

1 293.90 551.07 |257.17 |4.39 81.64 18.36

0.425 239.14 47257 |233.43 |3.98 84.7 15.30

0.25 242.95 401.98 |159.03 |2.71 87.41 12.59

0.15 258.21 409.01 |150.8 2.57 89.99 10.01

0.075 263.42 466.97 | 203.55 |3.47 93.46 6.54

Pan 530.38 913.35 |382.97 |6.53 100 0
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Sieve Mass of | Mass of | Mass of | Percentage | Cumulative | Percentage

(mm) empty sieve + |soil (g) |retained retained passing
sieve (g) | Soil (9) (%) (%) (%)

50 1059.70 | 1636.48 | 576.78 | 11.77 11.76 88.24

40 772.35 978.72 |206.37 |4.21 15.98 84.02

31.5 744.10 1067.06 | 322.96 |6.59 22.57 77.43

20 757.97 1380.57 | 622.6 12.70 35.27 64.73

10 626.11 1160.87 |534.76 |10.91 46.18 53.82

5 582.10 1116.66 | 534.56 [10.91 57.09 42.91

4 388.74 527.69 13895 |2.84 59.93 40.07

3.15 369.22 514.29 |145.07 |2.96 62.89 37.11

2 327.03 557 229.97 |4.69 67.58 32.42

1 293.90 587.52 |293.62 |5.99 73.57 26.43

0.425 239.14 513.55 |274.41 |5.60 78.07 21.93

0.25 242.95 455.23 | 212.28 |4.33 82.4 17.6

0.15 258.21 484.21 | 226 4.61 87.01 12.99

0.075 263.42 598 334.58 |6.83 93.84 6.16

Pan 530.38 832.1 301.72 |6.16 100 0

Sieve analysis results of sample 6

Sieve Mass of | Mass of | Mass os | Percentage | Cumulative | Percentage

(mm) empty sieve + |soil (g) |retained retained passing
sieve (g) | Soil (g) (%) (%)

50 1059.70 | 1520.06 | 460.36 | 8.66 8.66 91.34

40 772.35 1174.42 | 402.07 | 7.56 16.23 83.77

31.5 744.10 1366.52 | 622.42 |11.71 27.94 72.06

20 757.97 1395.52 | 637.55 |12.00 39.94 60.06

10 626.11 1266.3 | 640.19 |12.04 51.99 48.01

5 582.10 1073.32 | 491.22 |9.24 61.24 38.76

4 388.74 507.14 |118.4 2.22 63.47 36.53

3.15 369.22 493.1 123.88 | 2.33 65.8 34.2

2 327.03 513.78 |186.75 |3.51 69.31 30.69

1 293.90 561.63 |267.73 |5.03 74.35 25.65

0.425 239.14 513.19 |274.05 |5.15 78.5 21.5

0.25 242.95 448.28 | 205.33 | 3.86 82.36 17.64

0.15 258.21 48496 | 226.75 |4.26 66.63 33.37

0.075 263.42 585.57 |322.15 |6.06 92.69 7.31

Pan 530.38 918.37 |387.99 |7.30 100 0
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Appendix F
Atterberg limit results

F.1 Liquid limit results

Liquid limit results for Sample 1
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Trial 1 Trial 2 Trial 3 Average
Mass of the can, W1 (g) | 18.04 18.07 18.01 18.04
Mass of can + moist 28.95 26.05 30.94 28.65
soil, W2 (g)
Mass of can + dry soil, | 26.33 24.37 28.32 26.34
W3 (9)
Mass of soil solids (g) 8.29 6.3 10.31 8.30
Mass of pore water (g) | 2.52 1.68 2.62 2.27
Moisture content (%) 30.4 26.67 25.41 27.49
Number of blows 14 31 70 38
Liquid limit results for Sample 2

Trial 1 Trial 2 Trial 3 Average
Mass of the can, W1 (g) | 18 18.04 17.98 18.01
Mass of can + moist 32.23 36.74 2841 32.46
soil, W2 (g)
Mass of can + dry soil, | 29.06 33.01 26.51 29.53
W3 (9)
Mass of soil solids (g) 11.06 14.97 8.53 11.52
Mass of pore water (g) | 3.17 3.73 1.9 2.93
Moisture content (%) 38.78 32.35 23.39 31.51
Number of blows 11 26 54 30
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Liquid limit results for Sample 3
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Trial 1 Trial 2 Trial 3 Average
Mass of the can, W1 (g) | 18.07 18.02 17.98 18.02
Mass of can + moist 35.48 31.35 31.76 32.86
soil, W2 (g)
Mass of can + dry soil, | 30.82 28.37 29.09 29.43
W3 (9)
Mass of soil solids (g) 12.75 10.35 11.11 11.40
Mass of pore water (g) | 4.68 2.98 2.67 3.44
Moisture content (%) 36.55 28.79 24.03 29.79
Number of blows 12 26 63 34
Liquid limit results for Sample 4

Trial 1 Trial 2 Trial 3 Average
Mass of the can, W1 (g) | 17.96 19.09 17.94 18.33
Mass of can + moist 31.08 29.44 31.26 30.59
soil, W2 (g)
Mass of can + dry soil, | 27.94 26.98 28.8 27.91
W3 (9)
Mass of soil solids (g) 9.98 7.89 10.86 9.58
Mass of pore water (g) |3.14 2.46 2.46 2.69
Moisture content (%) 31.46 31.19 22.21 28.29
Number of blows 15 26 49 30
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Liquid limit results for Sample 5
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Trial 1 Trial 2 Trial 3 Average
Mass of the can, W1 (g) | 18.1 17.94 18.06 18.03
Mass of can + moist 28.78 28.55 31.81 29.71
soil, W2 (g)
Mass of can + dry soil, | 26.25 25.25 28.98 26.83
W3 (9)
Mass of soil solids (g) 8.15 7.26 10.9 8.77
Mass of pore water (g) | 2.53 3.3 2.83 2.89
Moisture content (%) 31.04 45.45 25.96 34.15
Number of blows 16 31 64 37
Liquid limit results for Sample 6

Trial 1 Trial 2 Trial 3 Average

Mass of the can, W1 (g) 17.99 18.97 18.08 18.35
Mass of can + moist soil, W2 31.62 29.52 34.74 31.96
I(\sllzlss of can +dry soil, W3 (g) | 28.24 27.13 21.27 25.55
Mass of soil solids (g) 10.25 8.16 13.09 10.50
Mass of pore water (g) 3.38 2.39 3.47 3.08
Moisture content (%) 32.56 29.29 26.5 29.45
Number of blows 12 24 44 27
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F.2 Plastic limit results

Plastic limit results sample 1
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Trial 1 Trial 2 Trial 3 Average
Mass of the can, W1 (g) 18.09 18.06 18.02 18.06
Mass of can + moist soil, W2 | 25.03 25.27 24.97 25.09
SIJ;SS of can + dry soil, W3 (g) | 23.68 23.74 23.60 23.67
Mass of soil solids (g) 5.59 5.68 5.58 5.62
Mass of pore water (g) 1.35 1.53 1.37 1.42
Moisture content (%) 24.15 26.94 24.55 25.21
Number of blows 14 31 70 38
Plastic limit results sample 2

Trial 1 Trial 2 Trial 3 Average

Mas of the can, W1 (g) 18.98 19.05 18.06 18.70
Mass of can + moist soil, W2 21.70 21.75 23.81 22.42
SIJ;SS of can + dry soil, W3 (g) 20.94 21.09 22.72 21.58
Mass of soil solids (g) 1.96 2.04 4.66 2.89
Mass of pore water (g) 0.76 0.66 1.09 0.84
Moisture content (%) 38.78 32.35 23.39 31.51
Number of blows 11 26 54 30
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Plastic limit results for sample 3
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Trial 1 Trial 2 Trial 3 Average
Mass of the can, W1 (Q) 17.94 17.98 17.97 17.96
Mass of can + moist soil, W2 22.11 26.40 25.24 24.58
f\%ss of can +dry soil, W3 (g) |21.31 24.93 23.85 23.36
Mass of soil solids (g) 3.37 6.95 5.88 5.40
Mass of pore water (g) 0.8 1.47 1.39 1.22
Moisture content (%) 23.74 21.15 23.64 22.84
Number of blows 15 26 49 30
Plastic limit results for sample 4

Trial 1 Trial 2 Trial 3 Average
Mass of the can, W1 (g) 18.26 18.05 17.91 18.07
Mass of can + moist soil, W2 23.18 23.33 27.73 24.75
I(\sllzlss of can + dry soil, W3 (g9) 21.95 22.25 25.75 23.32
Mass of soil solids (g) 3.69 4.4 7.84 5.31
Mass of pore water (g) 1.23 1.08 1.98 1.43
Moisture content (%) 33.33 24.54 25.26 27.71
Number of blows 12 31 64 36
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Plastic limit results for sample 5
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Trial 1 Trial 2 Trail 3 Average
Mass of the can, W1 (g) 18.02 17.99 17.96 17.99
Mass of can + moist soil, W2 24.20 27.44 24.91 25.52
f\%ss of can +dry soil, W3 (g) | 22.83 25.48 23.53 23.95
Mass of soil solids (g) 481 7.49 5.57 5.96
Mass of pore water (g) 1.37 1.96 1.38 1.57
Moisture content (%) 28.48 26.17 24.77 26.47
Number of blows 16 31 64 37
Plastic limit results for sample 6

Trial 1 Trial 2 Trial 3 Average
Mass of the can, W1 (g) 18.05 17.97 18.02 18.01
Mass of can + moist soil, W2 | 23.66 24.15 24.82 24.21
I(\sllzlss of can +dry soil, W3 (g) | 22.50 22.87 23.49 22.95
Mass of soil solids (g) 4.45 4.9 5.47 4.94
Mass of pore water (g) 1.16 1.28 1.33 1.26
Moisture content (%) 26.07 26.122 29.75 27.31
Number of blows 12 24 44 27
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Appendix G
Compaction test results

Compaction test results for sample 1
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Trial 1 Trial 2 Trial 3
Mass of bag (g) 10.23 10.58 10.90
Dry Density 10.84 11.06 10.67
(g/cm?®)
Wet soil (g) 5397.88 5512.55 5337.90
Dry soil (g) 5281.82 5381.82 5199.84
Mass of pore 116.06 130.73 138.06
water (Q)
Moisture content | 2.20 2.43 2.66
(%)
Actual mass of | 5271.59 5371.24 5188.94
dry sample
Compaction test results for sample 2

Trial 1 Trial 2 Trial 3
Mass of bag (g) 10.61 10.32 10.34
Dry Density 11.11 10.36 10.54
(g/cm?®)
Wet soil (g) 5560.26 5275.14 5334.52
Dry soil (g) 5411.57 5095.45 5134.90
Mass of pore 148.69 179.69 199.62
water (9)
Moisture content | 2.75 3.53 3.89
(%)
Actual mass of | 5400.96 5085.13 5124.56
dry sample
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Compaction test results for sample 3
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Trial 1 Trial 2 Trial 3
Mass of bag (g) 10.21 10.48 10.61
Dry Density 10.3 10.61 10.95
(g/lcm?)
Wet soil (g) 5128.64 5301.92 5479.69
Dry soil (g) 5016.56 5170 5334.01
Mass of pore 112.08 131.92 145.68
water (Q)
Moisture content | 2.23 2.55 2.73
(%)
Actual mass of | 5006.35 5159.52 5323.40
dry sample
Compaction test results for sample 4

Trial 1 Trial 2 Trial 3
Mass of bag (g) 10.61 10.92 10.01
Dry Density 10.46 10.70 11.11
(g/lcm?)
Wet soil (g) 5218.64 5349.01 5564.46
Dry soil (g) 5096.82 5212.07 5412.84
Mass of pore 121.82 136.94 151.62
water (Q)
Moisture content | 2.39 2.63 2.80
(%)
Actual mass of | 5086.21 5201.15 5402.83
dry sample
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Compaction test results for sample 5
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Trial 1 Trial 2 Trial 3
Mass of bag (g) 10.24 10.36 10.32
Dry Density 10.97 11.23 11.40
(g/lcm?)
Wet soil (9) 5461.62 5598.16 5703.51
Dry soil (g) 5343.53 5468.71 5551.45
Mass of pore 118.09 129.45 152.06
water (Q)
Moisture content | 2.21 2.37 2.74
(%)
Actual mass of | 5333.29 5458.35 5541.13
dry sample
Compaction test results for sample 6

Trial 1 Trial 2 Trial 3
Mass of bag (g) 10.64 10.38 10.45
Dry Density 10.78 11.09 11.31
(g/lcm?)
Wet soil (g) 5381.26 5541.81 5661.32
Dry soil (g) 5252.22 5403.20 5510
Mass of pore 129.04 138.61 151.32
water (Q)
Moisture content | 2.46 2.57 2.75
(%)
Actual mass of | 5241.58 5392.82 5499.55
dry sample
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